
Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Radiation shielding properties of bismuth borate glasses doped with
different concentrations of cadmium oxides
Y.S. Alajeramia,b,∗, D. Drabolda, M.H.A. Mharebc,d, Katherine Leslee A. Cimatue, Gang Chena,
M. Kurudirekf

a Physics and Astronomy, Science Faculty, Ohio University, USA
b Medical Imaging Department, Applied Medical Sciences Faculty, Al Azhar University-Gaza, Palestine
c Department of Physics, College of Science, Imam Abdulrahman Bin Faisal University, P.O. Box 1982, 31441, Dammam, Saudi Arabia
d Basic and Applied Scientific Research Center, Imam Abdulrahman Bin Faisal University, P.O. Box 1982, 31441, Dammam, Saudi Arabia
e Department of Chemistry and Biochemistry, Ohio University, 100 University Terrace, 136 Clippinger Laboratories, Athens, OH, USA
f Department of Physics, Faculty of Science, Ataturk University, Turkey

A R T I C L E I N F O

Keywords:
Bismuth borate glass
Radiation shielding
Buildup factor
Neutrons

A B S T R A C T

The current study is aimed to investigate the gamma ray and neutron shielding properties of the bismuth borate
glass system with various concentration of cadmium oxide (0, 5, 10 and 15 mol%). The XRD spectra confirms the
amorphous state of the prepared samples. A number of physical and mechanical properties (molar volume,
oxygen molar volume, oxygen packing density, Poisson’s ratio, optical absorption and dissolution rates) have
been determined. The mass attenuation coefficients were estimated at different energy levels by using XCOM and
EXABcal programs. The gamma and neutron beam shielding properties are evaluated through the calculation of
several parameters such as equivalent number, specific gamma ray constant, gamma dose rate, specific absorbed
fraction of energy and total neutron removal cross-section. Comparing with the standard gamma ray shielding
materials, the new composition exhibits promising properties in terms of mass attenuation, halve value layer and
mean free path. The glass with the highest concentration of CdO was found to be good shielding material for
neutrons compared with some standard shielding materials (water, graphite, ordinary concrete and hematite-
serpentine concrete).

1. Introduction

The using of ionizing radiation (electromagnetic and particle) in
medical and industrial fields increases steadily. The benefits of these
radiations are harnessed even more in electric power generation,
medical diagnosis, radiotherapy, nuclear power and in many of the
industrial processes. Several institutes and organizations have estab-
lished guides for the safety use and deal with this type of radiation. The
three cardinal principles of radiation protection are time, distance, and
shielding [1]. The efficiency of shielding material can be improved by
increase absorption of this material to the different types of ionizing
radiation [2,3]. This principle can be classified into two types, struc-
tural and personal shielding. Concerning the structural shielding, two
areas must be protected from ionizing radiation; the control panel area
(the operator site) and the room walls to avoid external leakage of io-
nizing radiation [4,5]. For several years, lead and concrete were the
best choice for shielding. These two materials exhibit some limitations

and problems (toxicity, opacity, installation difficulties and space
consumption). Glass shielding is natural when transparent protection
against ionizing radiation is essential [6]. Several studies have been
conducted to show the efficiency of borate glass as an alternative for
lead and concrete shielding [7–10]. The borate glasses show promising
features in terms of the lowest melting point, transparency, and high
thermal stability [11]. In order to improve radiation absorption per-
formance of borate glass, heavy elements and oxides are included as
modifiers to the borate-glass network. Among the different types of
oxides, bismuth oxide shows excellent compatibility with borate
glasses. Besides, it has a higher density and effective atomic number
than lead (Pb) leading to improved radiation absorption, with less
thickness [12–14]. Another candidate is cadmium oxide, which has
high atomic number, high density, low binding energy and two dif-
ferent oxidation states [15,16].

Based on previous related studies, the attenuation efficiency of any
proposed material can be classified into three main categories; gamma
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ray-homogenous beam (narrow beam) shielding properties, gamma ray-
heterogeneous beam (broad-beam) shielding properties and neutron
shielding properties [17]. The shielding properties of the homogenous
beam start with mass attenuation coefficient calculation and stop at the
buildup factor (absorbance and exposure) which is related to hetero-
geneous beam shielding properties. Concerning fast neutron shielding
properties, several calculation can be estimated to demonstrate mate-
rial efficiencies such as removal cross-section, ΣR (cm-1), neutron scat-
tering (coherent, incoherent and total) and absorption cross-section
parameters. In the current study, the shielding properties of gamma-ray
and neutron beam related to cadmium bismuth borate glasses in addi-
tion to some of significant physical and mechanical properties have
been determined and will be discussed.

2. Material and methods

2.1. Experimental base

Based on melt-quenching techniques, bismuth–borate glasses with
different concentrations of cadmium oxide (CdO) were prepared.
Highly purified reagents (>99.5%) were weighed for 15g per batch and
mixed mechanically for more than 3 h. The different concentrations of
CdO were added based on the following stoichiometric equation:

(70-x) B2O3 + 30 Bi2O3 + (x)-CdO (X: 0, 5, 10 and 15 mol%)

The heating treatment used in this preparation was 900 °C
(40–60 min) for melting and 450 °C (3 h) for annealing and finally
cooling to room temperature with a cooling rate of 10 °C per minute.

The structure and optical properties of the prepared samples were
investigated 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 Optical (UV–visible) absorption and transmission
measurements were performed by using UV–Vis–NIR spectrometer
(Agilent 8453).

The section glass durability or dissolution rate (DR) has been used to
definite the resistance offered by a glass towards aqueous solutions and
atmospheric agents [18]. In the current study, the durability of the
prepared glasses was evaluated by immersing the glasses in jar filled
with distilled water, then checked the weight of the glasses after spe-
cific time (2, 7 and 14 days). The dissolution rate was determined at
room temperature based on the following expression [19]:

=DR At/ (g.cm 2.d 1) (1)

where, Δω is the weight change after glass immersion; A refers to the
glass area and t is the immersion time.

2.2. Theoretical base

2.2.1. Gamma ray shielding properties
The expected interaction of narrow beam, has mono-energetic

photons, with thin absorbing material is governed by the Lambert-Beer
law:

=I I exp µt
0 (2)

where, I0 is the intensity of incident photon, and I is the intensity of the
same photon when it passes through absorbing material of thickness t
and linear attenuation coefficient of μ. This equation will not be valid in
case of broad-beam geometry in which case the equation turns out to
be:

=I BI exp µt
0 (3)

B is a correction factor and is referred to as the buildup factor that
used to correct the beam heterogeneity and material absorber thickness.
B >1, where the Lambert-Beer assumption does not apply otherwise
will equal to 1. In other word, B is an expression for the ratio of the

broad beam to the narrow beam. Based on the radiation interaction, B is
divided to two types: (i) energy absorption buildup factor (EABF) and
this correction is used when the deposited energy in the absorber or the
detector system are of interest; (ii) exposure buildup factor (EBF) and
this is related to the absorption obtained for detector and KERMA in air
[20–22]. The buildup of the photon is an essential concept to evaluate
the significance of secondary radiation for nuclear experiments,
shielding design and absorbed dose estimation [17]. Basically, either
EABF and EBF are photon energy and penetration depth-dependent.
Photon attenuation coefficients are most often presented as atomic
cross sections. The average distance that a photon/particle streams
from the point of its emission to other point at which it creates its first
interaction is called the mean-free-path length (mfp). Thus, the in-
tensity of the incident photon is reduced by a factor of 1/e based on the
number of used mfp.

The effective atomic cross-section ( aeff ) of the new glasses was
calculated by using Eq. (4):

= µ
N
( / )

aeff
m

A i
w
A

i
i (4)

where µ( / )m is the mass attenuation coefficient of the sample, NA is the
Avogadro number, wi is the weight fraction of the element and Ai refers
to the atomic weight of each element in the composition.

One of the methods used to calculate B is the Geometric Progression
(G-P) method. G-P is a fitting method that used to calculate EABF and
EBF through the following three steps:

- Determining the equivalent atomic number (Zeq).
- Evaluation of fitting parameters relies on the GP method.
- Estimation of EBF and EABF using different coefficients.

The Zeq can be calculated by using the following equation:

= +Z Z logR logR Z logR logR
logR logR

( ) ( )
eq

1 2 2 1

2 1 (5)

where, R is the ratio of mass attenuation coefficient from the Compton
interaction to the total interaction. The ratio of µ Compton µ Total( / )m m
must be defined at a certain energy for a specific material. The value of
R must be calculated between two adjacent elements Z1 and Z2 atomic
number. R1 and R2 are the ratios of Compton scattering to the total
interaction of the pure elements obtained from the WinXcom program
[21,23].

In the second step, five different fitting parameters are required to
evaluate the buildup factor by the G-P method. These coefficient
parameters are provided by the American Nuclear Society (ANS) report

Fig. 1. XRD spectra of the prepared samples.
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[24] for 23 elements and 25 standard photon energies. If there Ratio of
the new composition does not match any of the 23 elements, the values
of the G-P fitting parameters can obtain from following logarithmic
interpolation formula:

=
+

P
F logZ logZ F logZ logZ

logZ logZ
( ) ( )eq eq1 2 2 1

2 1 (6)

where, F1 and F2 are the values of the G-P fitting coefficients corre-
sponding to the elements with atomic numbers Z1 and Z2 respectively
[24].

In the final step, the buildup factor is estimated at a specific energy
and penetration depth (up to 40 mfp) by using the following

consequence equations (7)–(9):

= +B E x b K
K

( , ) 1 ( 1)( 1)
1

, for K 1
x

(7)

= + =B E x b x for K( , ) 1 ( 1) 1. (8)

where,

= +
( )

K E x cx d for x mfp( , )
tanh 2 tanh( 2)

1 tanh( 2)
, 40a

x
Xk

(9)

where, E x, , are the photon energy and the penetration depth (mfp)
respectively. The other factors such as c a d x( , , , )k are the G-P fitting
parameters as clarified in Ref. [24].

Specific gamma ray constant (Γ) or gamma factor is the exposure
rate (in R/hr) due to photons (E ) at a distance of 1 m from a source
with the activity of 1 Ci can be computed based on the following
equation [25]:

= X E
µ R m

Ci hr
657.68 .

.
en

2

(10)

Based on the specific gamma ray constant ( ), the dose (D) obtained
in the glass network placed at a distance (r: in meters) from a radioactive
source with activity (A: in Becquerels) at a time (t:in hours) can estimated
by the following expression:

=D At
r2 (11)

The values of the energy absorption buildup factor (EABF) can be
used to estimate the absorbed dose in a homogenous target. At a spe-
cific distance (x) between a radiation source and the target (glass
sample), the specific absorbed fraction of the energy (SAFE) can be
calculated based on the following equation [26]:

=SAFE
µ µ EABFexp( )( )

4
( g 1)en

2 (12)

where, μen is the linear absorption coefficient, x distance between ra-
diation source and glass and ρ is the glass density.

2.3. Total Macroscopic cross section parameters

The removal cross-section (ΣR) is the probability of a neutron col-
lision in a specific homogenous material. The effective removal cross-
section of the current glasses can be calculated based on the value of ΣR

for each element that is used to prepare the current glass mixture
[26,27]:

= W i( / )R
i

i R
(13)

where, Wi is the partial density of each element in the glass sample (g
cm-3), ΣR refers to the mass removal cross-section and ρ is the total
sample density (g cm-3). In the current study, the effective removal
cross-section was also determined by using the new friendly Phy-X
program [28].

The shielding properties of a fast neutron in a condensed matter
requires the calculation of both scattering length and absorption cross-
sections of the constituent elements [29]. In the current study, the

Table 1
Some of the physical and mechanical properties of the prepared glasses.

Sample Codes Density (p)
(g.cm-3)

Molar volume (Vm)
(m3.mol-1)

Oxygen Molar Volume (OMV)
(cm3.mol-1)

Oxygen Packing Density (OPD)
(g. atom.l-1)

Poisson’s ratio (σ) Number of Bonds per Unit Volume (NB)

S1 4.315 46.689 14.563 68.667 0.229 6.893
S2 4.711 40.641 14.014 71.357 0.241 8.892
S3 5.068 38.358 13.699 72.996 0.249 9.421
S4 5.375 36.714 13.598 73.541 0.253 9.843

Fig. 2. Dissolution rates of the prepared glass for 14 days.

Fig. 3. The Optical absorption of all prepared glasses (Inset, corresponding
transmission spectra) in the wavelength range 300–800 nm.
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neutron shielding properties (NPS) was expressed based on the fol-
lowing formula:

=NSP f NSP i( ) ( )compound i (14)

where, fi is the mass fraction of each element in the glass mixtures, and
(NSP)i is the neutron shielding parameters of the ith element in the
glass mixture [29]. In the current glass samples, the scattering lengths
and the absorption cross-sections of the incident neutron determined by
the following measurements:

- Coherent neutron scattering length (bcoh),
- Incoherent neutron scattering length (binc),
- Coherent neutron scattering cross-section (σcoh)
- Incoherent neutron scattering cross-section (σinc)
- Total neutron scattering cross-section (σtot)
- Neutron absorption cross-section (σabs)

3. Results and discussion

3.1. Amorphous characterization

The amorphous nature of the prepared glasses was determined by
using the X-ray Diffraction technique (XRD). Fig. 1 Shows broad peaks
at 28° and 47° at 2ϴ angle, the spectra obtained from the measurement
confirm the total amorphous structure of the prepared samples.

3.2. Physical and mechanical properties

Some of significant physical and mechanical properties of the pre-
pared glasses are listed in Table 1. The calculated density showed a
direct relation with the implemented percentage increment of CdO. The
current enhancement is expected and attributed to the substitution of
lighter compound (B2O3) by the heavier ones (CdO). The CdO has
higher molecular weight and higher compound density compared to
B2O3. Oppositely, a reduction in the molar volume was reported with an
increase of CdO. The indirect relation between density and molar vo-
lume gives an indication of glass compactness [30–32]. Based on that,
we can assume that the increase in CdO content at the expense of B2O3

results to the opened glass network structure.
Also, it was observed that when B2O3 is substituted by CdO, the

oxygen molar volume (OMV) values decreases from 14.563 to
13.598 cm3 mol−1. This reduction may be associated with a decrease in
the number of oxygen atoms in the unit chemical composition. The
oxygen packing density (OPD) is another parameter to explain the
structure of prepared glasses. The calculated values show an increase in
OPD with an increase of CdO from 68.667 g.atom.l-1 to 73.541 g.atom.l-
1 for S1 and S4 respectively. The increase of OPD combined with the
decrease of molar volume results to increase of mass density of the
prepared glasses.

The Poisson ratios are < 0.3 which gives an indication of the high

Fig. 4. (a)Variation of mass attenuation coefficient with photon energy for new glass samples, (b). comparison of the new prepared sample S4 with barite concrete
and RS 360.

Table 2
Equivalent atomic number for the new glasses for energy region 0.015–15 MeV.

Energy (MeV) S1 S2 S3 S4

Theo. EXAB
Cal

Theo. EXAB
Cal

Theo. EXAB
Cal

Theo. EXAB
Cal

0.015 20.38 20.66 21.00 21.24 21.43 21.82 21.94 22.35
0.02 24.24 24.99 25.04 25.37 25.48 25.76 25.91 26.2
0.03 25.80 26.22 27.49 27.88 28.98 29.46 30.47 31.25
0.04 26.64 27.26 28.34 28.91 29.91 30.75 31.55 32.44
0.05 27.28 28.08 28.97 29.86 30.53 31.65 32.76 33.25
0.06 27.80 28.76 29.49 30.44 31.02 32.36 34.06 34.89
0.08 28.63 29.09 30.27 31.51 31.83 32.41 41.03 41.82
0.1 47.52 48.12 48.23 48.86 49.08 49.58 51.11 51.87
0.15 49.55 50.12 50.16 51.09 50.84 51.21 52.11 52.52
0.2 50.73 51.09 51.35 52.59 51.99 52.52 53.00 53.88
0.3 52.17 53.88 52.47 53.37 53.49 54.17 54.75 55.65
0.4 52.94 53.13 53.49 54.51 54.03 55.12 55.21 56.33
0.5 53.27 54.62 54.04 55.27 54.49 55.93 56.22 57.49
0.6 53.79 54.22 54.31 55.91 54.81 55.44 56.51 57.96
0.8 54.01 54.46 55.2 56.41 56.03 57.94 57.11 58.46
1.0 54.26 55.08 54.76 55.6 55.55 56.31 56.61 57.63
1.5 51.93 52.19 52.47 53.81 53.05 54.44 53.89 54.37
2.0 43.89 44.33 44.97 45.39 43.45 44.80 47.43 48.12
3.0 32.09 32.32 33.62 34.03 35.29 35.76 36.95 37.49
4.0 27.5 27.87 29.34 29.59 31.13 31.66 32.99 33.15
5.0 25.57 25.71 27.33 27.88 29.15 29.72 30.97 31.29
6.0 24.52 24.88 26.29 26.32 28.13 28.88 29.62 30.06
8.0 23.37 23.91 25.09 25.39 26.87 26.93 28.14 28.78
10.0 22.85 23.03 24.56 24.89 26.32 27.14 27.81 28.28
15.0 22.45 22.58 24.15 24.27 25.92 26.22 27.33 27.72

Fig. 5. The variation of Zeq with incident photon energy.
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cross-linking density of the prepared glasses. Furthermore, an increase
in the value of Poisson's ratio as a function of CdO concentration in-
dicates that an equal amount of stress was applied throughout the glass
composition and the lateral strain was gradually leveled out [33]. The
number of bonds per unit volume shows remarkable enhancement from
6.893 to 9.843 × 1028 m3 that is due to the high coordination number
of CdO [CdO6].

3.3. Glass durability

Fig. 2 shows an increase in the DR with increasing immersion time,
and this is highly expected to the possibility of ion exchange and hy-
dration inside the glass network [18,34]. Obviously, the DR had de-
creased gradually from 7.523 × 10-7 to 1.415 × 10-7 g.cm-2.d-1 due to
an increase in CdO content. This current result proved the ability of

CdO to reduce hygroscopic of the bismuth-borate glass and improved
the water-resistance of the prepared glasses.

3.4. Optical properties

The transparency of the current glasses was evaluated by using
UV–Vis–NIR Agilent 8453 absorption spectrophotometer in the wave-
length region of 200 nm to 900 nm. Fig. 3 illustrates that all prepared
glass has good visible light transmission (>50% from 550-850 nm).

3.5. Radiation shielding properties

The mass attenuation coefficient (μm) of the prepared glasses was
determined based on the weight fraction of the compounds used to
create the glass mixture by applying the following formula:

Fig. 6. Variation of EBF values as a function of photon energy for different CdO mol%.

Fig. 7. Variation of EABF values as a function of photon energy for different CdO mol%.
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=µ wm
i

i
(15)

where, wi is the compounds’ weight fraction (B2O3, Bi2O3 and CdO) and
μm is the mass attenuation coefficient of the mixture obtained by using
XCOM and EXABCal software [35]. Basically, the mass attenuation
coefficient increase with increasing density of composition and de-
crease with increasing energy of an incident photon. Fig. 4 demon-
strates the relation between the new prepared glasses and a wide range
of photon energy (0.01 to 15 MeV). A sharp decrease in the attenuation
coefficient was reported with the continuous increasing of photon beam
energy. At intermediate energy level (150 keV to 5 MeV), the reduction
became slow then started to increase reaching a constant response. This
trend refers to the different interaction possibilities of photon with the
material (photoelectric, Compton and pair production). Concerning to

the three sharp peaks observed in this pattern, the peaks at 0.004 and
0.2 MeV refer to the L- and K-absorption edges of the CdO compound
[36], and the peak at 0.09 MeV refer to the K-absorption edge of Bi
[34]. Also, it is noted that by increasing the CdO concentration the
interaction between the incident photon and the prepared glasses in-
creases. Simply, the increment of CdO increases the glass density and
this leads to an increase interaction and consequently, the release of
electrons via photoelectric effect or Compton scattering. Consequently,
S4 has the highest μm value and the number of absorbed photons in this
sample will be the highest compared to the other samples. Compare
with the standard shielding materials (Barite concrete and RS 360),
35% shortness in the Mean Free Path (MFP) was achieved with S4
(show Fig. 4b).

The equivalent atomic number (Zeq) for the new glass systems was
estimated by the Geometric Progression (G-P) method [37–39] and by
using the friendly computer software EXABCal [35]. The recording
values are obtained from the mass attenuation coefficient estimated by
using the XCOM program. The equivalent atomic number can be re-
presented as the average weighted electron per atom for the whole
composition. Eventually, the radiation interaction properties of the
composition can be described based on the interaction probabilities.

Computation of the Zeq of the current glasses for total photon in-
teraction has been estimated using Eq. (4). Table 2 shows great com-
patibility between the calculated values of Zeq and that obtained by
using the online software Phy-X [28]. The values show a direct relation
between CdO content and Zeq as shown in Fig. 5 (S4 has the highest Zeq).
This trend is highly expected due to increase glass density by replace-
ment of a small atomic number of boron with high atomic number
element such as Cd. The sharp peak observed at low energy level is
ascribed to the K- and L-absorption edges of Cd, which is clearly en-
hanced by increasing of CdO concentration.

The values of the exposure buildup factor (EBF) and energy ab-
sorption buildup factor (EABF) were also determined as a function of
penetration depth (mfp) for all prepared glasses at wide energy range
(0.015–15 MeV) as shown in Fig. 6 and Fig. 7. Generally, both of EBF
and EABF are increased with increasing of penetrating depth, but the

Fig. 8. Exposure buildup factor for all prepared glasses with penetration depths at specific photon energies.

Fig. 9. Variation of the specific gamma ray constants for the new glasses at
different energies.
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effect of CdO was varied and reported as energy-dependent:

- At low energy level (<0.1 MeV), the values of buildup factor for
exposure and absorption are the lowest and this refers to the
abundancy of the photoelectric effect and a sharp peak at the level
of 0.09 MeV is ascribed to the K-absorption edge of Bi (this peak was
observed in all observed glasses). Another peak was reported at
0.2 MeV with starting the increment of CdO (S2–S4), which is
clearly related to the K-absorption edge of Cd [36].

- At intermediate energy level (0.1–10 MeV), both EBF and EABF
increase with increase energy and raised to the maximum value at
1.5 MeV that is expected to high possibilities of Compton scattering
effect.

- At very high energy level (>10 MeV), the values had a tendency to
gradually increase by increasing incident energy due to the pair

production phenomenon. The current results agreed with previous
related studies [40–42]. The probability of pair production in pho-
ton–matter interactions increases with photon energy and increases
approximately as the square of atomic number. Consequently, the
buildup of secondary gamma photons generated by electron-posi-
tron annihilation in the medium due to multiple scattering events. In
addition, the increase in penetration depth of the materials leading
to in-crease the thickness of the interacting material which in turn
leads to increase the scattering events in the interacting medium, in
particular for the material with the highest equivalent atomic
number (such as Cd in this study). Hence it results in large EABF and
EBF values [43,44].

Fig. 8 illustrates the EBF values at different energies (0.1, 1.5, 3 and
15 MeV). At 0.1 MeV, it can clearly observe the EBF variations between
the prepared glasses (S1–S4) and these variations are reduced by

Fig. 10. Variations of gamma dose rate at different energy levels for the prepared glasses.

Fig. 11. The variation of SAFE with incident photon energy for S4 at 0.001 cm
for various mfps.

Table 3
The removal cross-sections and mass removal cross-section of the prepared
glasses.

Sample
Code

Element Mass
fraction

Weight
Fraction

Partial
Density P
(g cm-3)

Removal Cross Section
ΣR (cm-1)

Manual
Calculation

Using
Phys-X

S1 B 0.080 0.217 0.936 0.103 0.094
O 0.253 0.514 2.218
Bi 0.667 0.269 1.161

S2 B 0.074 0.202 0.952 0.109 0.100
O 0.241 0.485 2.285
Cd 0.030 0.044 0.207
Bi 0.655 0.269 1.267

S3 B 0.067 0.186 0.943 0.115 0.105
O 0.230 0.457 2.316
Cd 0.058 0.087 0.441
Bi 0.645 0.270 1.368

S4 B 0.061 0.171 0.919 0.122 0.108
O 0.218 0.429 2.306
Cd 0.085 0.131 0.704
Bi 0.636 0.269 1.446
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increasing the energy as shown at 1.5 MeV. This variation ascribed to
the different concentrations of CdO, which means, the EBF depends on
the glass composition and reduce by increasing the CdO mol%. At
3 MeV, the EBF values become independent of the composition of the
glass matrix. The same trend was remarked at 15 MeV with little var-
iation at high penetrating depth (>10 mfp). According to Fig. 6, 7 and
8, the glass with a high concentration of CdO (15 mol%) has the highest
equivalent atomic numbers and the lowest EBF and EABF values
[36,45].

The variation of the specific gamma ray constants for the new
glasses at different energies is shown in Fig. 9. In the low energy level
(0.1 up to 0.4 MeV) the variation of the specific gamma ray constant
decreased in all prepared glasses (predominant of absorption effect)
then starts to increase gradually with increasing of incident photon
energy (predominant of scattering effect and penetrating power). The
effect of CdO on the trend of the specific gamma ray is obvious, in
which the glass with the highest CdO content got the highest constant
[46].

Fig. 10 shows the variations of gamma dose rate (R/hr) at different
energy levels with different thicknesses (1, 5, 10 and 15 mm) for the
prepared glasses. The gamma dose rate was reduced with increasing the
energy from 0.1 MeV to 0.5 MeV, then gradually increased with in-
creasing photon energy. Generally, the gamma dose rate decreased with
increasing thickness of glass thickness. Also, the effect of CdO is clear
that the gamma dose rate was the highest with the glass contains the
highest CdO (S4).

The specific absorbed fraction of the energy (SAFE) up to 40 mfp at
a 0.001 cm thickness in S4 was shown in Fig. 11. The obtained results
show an increase in the SAFE values up to (0.4 MeV) and then decrease.
The maximum value of SAFE at this energy level is ascribed to the
crossing or matching between the photoelectric interaction coefficients
and Compton scattering interaction coefficients, which directly depends
on the glass composition and density. At this energy level, the Compton
scattering exceeds, which leads to high scattering events that starting
from partial to full absorption. Regarding the low and high energy le-
vels, the SAFE values reduced due to the dominance of photoelectric
effect and pair production phenomena respectively. As expected, the
minimum SAFE values reported at the high energy levels (dominant of
pair production) in which the possibility of reduced specific absorption
[36].

The removal cross-section of the fast neutron was determined by
calculation (Eq. (12)) and by using the friendly program Phys-X
(Table 3). The values are very close and showed the same trend by
increasing the CdO content. Both of removal cross-section and mass
removal cross-section are increased by increasing the CdO content and
the highest value is 0.122 cm-1 for glass sample S4, which is better
compared to some standard shielding materials (water = 0.102 cm-1,
graphite = 0.077 cm-1), and concrete (ordinary = 0.094 cm-1, hema-
tite-serpentine = 0.097 cm-1) [47,48]. This can be attributed to the
increment and spontaneous increasing of Cd weight fraction at the
expense of B and O. In addition, the mass removal cross-section (ΣR/ρ)
of Cd is larger than B and O as shown in Table 3.

Fig. 12 shows the number of neutron shielding parameters (NSP)
that were estimated for the new. Obviously, the values of bcoh, binc and
σcoh decreased with increasing of CdO content. On the contrary, the
absorption neutron scattering cross-section (σabs) increased with in-
creasing of CdO. The NSP attained by S4 are (bcoh = 7.511 fm;
binc = 0.796 fm; σcoh = 7.338 b and σabs = 4.272 b).The material with
these properties is expected to be potential candidate for neutron
shielding applications [44].

4. Conclusion

A new glass system of bismuth-borate with different concentration
of cadmium oxide was prepared and proposed for radiation shielding
applications. The current results revealed an improvement in the net-
work stability and chemical durability with the increment of CdO. The
gamma and neutron shielding properties such as μm, Zeq, SAFE, EBF,
bcoh, binc, σcoh and σabs of the new glasses have estimated at different
energy levels. The results exhibited the improvement of shielding
properties with increasing of CdO content. The MFP new glass exhibits
around 35% and 19% shorter between successive collisions in that
obtained with barite concrete and RS-360. Regarding the fast neutron
effective removal cross-section, the glass with 15 mol% of CdO (S4) has
ΣR = 0.122 cm-1, which is higher than some standard shielding mate-
rials (water = 0.102 cm-1, graphite = 0.077 cm-1), and concrete (or-
dinary = 0.094 cm-1, hematite-serpentine = 0.097 cm-1). This new
glass composition is a good and an improved shielding material that can
be used in various radiation protection applications (personal and
structural).

Fig. 12. The neutron scattering and absorption parameters for new prepared samples (bcoh: the coherent neutron scattering length, binc: the incoherent neutron
scattering length, σcoh: the coherent neutron scattering cross-section, σinc: the incoherent neutron scattering cross-section, σtot: the total neutron scattering cross-
section, σabs: the absorption neutron scattering cross-section).
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