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Abstract:
X-rays and neutrons, vital in numerous industries, necessitate effective shielding to mitigate health
risks. Traditional shielding materials like lead and concrete pose issues such as toxicity and
structural limitations. This has driven global research towards exploring non-toxic heavy metal
oxide glass materials for enhanced radiation protection. This study examined the impact of Bi2O3
on the radiation shielding efficiency of a glass composition (x)Bi2O3 – (20 – x)BaO – 60Fe2O3
– 0.3SrO – 19.7B2O3, with x values of 0, 5, 10, 15, and 20 mol%, over the 15 to 300 keV X-ray
range. The Linear Attenuation Coefficient (LAC) of this glass series increased by 12%, 1.7%,
and 13% in the energy ranges of 15−30 keV, 40−80 keV, and 100−300 keV, respectively, per 1
mol% Bi2O3 increase. The Half Value Layer (HVT), Tenth Value Layer (TVT), and Mean Free
Path (MFP) decrease by 4% per mol% of Bi2O3 at energies less than 40 keV and above 100 keV,
while decreasing at a rate of 1% in the 40−100 keV region. Sample S1, without Bi2O3, exhibited
the lowest shielding efficiency, while sample S5, with the highest Bi2O3 content, demonstrated the
highest shielding efficiency. Increasing Bi2O3 concentration notably improves X-ray shielding
efficacy, especially below 40 keV and above 100 keV.
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1. Introduction

The usage of ionizing radiation in various industries is in-
evitable due to the advancements in modern technology.
Two types of such radiation are X-rays and neutrons, which
serve in multiple applications such as inspection of printed
circuit boards, computed tomography scans, Radiotherapy,
dental imaging, and many other radiographic testing. How-
ever, without proper shielding, X-rays and neutrons pose
significant health hazards to personnel in these industries.
There exists a plethora of materials suitable for shielding
against X-rays and neutrons. Traditionally, lead plates and
concrete have been employed for shielding. However, these
materials present various drawbacks, including lead toxicity
and the cumbersome nature of moving and maintaining both
lead and concrete [1–3]. Moreover, prolonged exposure to
nuclear radiation can induce heating in concrete, leading
to structural integrity issues such as cracking and poten-

tial radiation leakage [2, 4, 5]. Additionally, the lack of
light transparency in lead and concrete poses challenges
for real-time observation, hindering the timely detection of
irregularities where visual monitoring is crucial [2].
Consequently, there is considerable global research inter-
est in identifying optimal heavy metal oxide glass materi-
als, which are lead-free, for ionizing electromagnetic radi-
ation shielding [6–29]. For instance, recent studies have
investigated various glass compositions, revealing promis-
ing findings. Studies on bismuth-borate glass doped with
rare-earth ions indicated enhanced X-ray shielding efficacy,
with samarium-doped glass outperforming neodymium and
cerium counterparts [16]. Computational investigations
into Bi2O3 – B2O3 – TeO2 – TiO2 glass for X-ray shield-
ing within the 30 to 80 keV energy range highlighted its
potential for protective mask fabrication during oral cav-
ity irradiation [17]. Similarly, research on Li2O – B2O3 –
MgO – Er2O3 glass, doped with Sm2O3, demonstrated im-
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proved photon shielding capabilities with increasing Sm2O3
content [18]. Investigations into La2O3 – CaO – B2O3 –
SiO3 glass revealed enhanced X-ray shielding efficiency
with higher La2O3 content [19]. Moreover, recent studies
explored the photon shielding properties of borate glass
compositions, revealing enhancements with the inclusion
of various additives, namely Cr2O3, TeO2, Gd2O3, WO3,
TeO2/MoO3, and CeO2 [20–26]. In the same vein, Ref.
[27] investigated bulk metallic glass samples and showed
that Ti41.9Zr36.3V12.1Cu6.3Be3.4 which has the lowest Ti and
highest Zr contents has the superior radiation shielding ca-
pability among the studied samples. The study of Ref. [28]
explored the impact of Ag content on neutron shielding
properties of glass samples and revealed enhancements with
increased Ag concentration. Furthermore, computational
analyses of Li2B4O7 – Bi2O3 – ZrO4 – CaWO4 highlighted
improved neutron shielding efficiency with higher Bi2O3
concentration [29]. Moreover, Ref. [30] investigated the im-
pact of Dy concentration on the neutron shielding efficacy
of 15Li2O – 25BaO – (40–x)B2O3 – 20P2O5 – (x)Dy2O3
(x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mol%), and showed that
the sample with no Dy has the highest fast neutron removal
cross sections (FNRCS). In the work of Ref. [31], the fast
and slow neutron removal cross sections of five SiO2 –
Pb3O4 – (5− x)ZnO – (x)WO3 glass samples were studied.
The results revealed that both slow and fast neutron removal
cross sections improve with the increase in the concentra-
tion of WO3. Similarly, the study of Ref. [32] investigated
neutron shielding characteristics of Y2O3 reinforced B2O3
– SiO2 – BaO – Na2O glass configuration, and showed that
FNRCS increase with the enhancement in Y2O3 concentra-
tion.
In this study, we delve into a comprehensive examina-
tion of the X-ray and fast neutron shielding capabilities
of the five novel glass compositions, comprising (x)Bi2O3 –
(20−x)BaO – 60B2O3 – 0.3Fe2O3 – 19.7SrO, where x = 0,
5, 10, 15, 20 mol%. These were recently synthesized by
Ref. [33], but their neutron shielding characteristics and
X-ray shielding properties (in the energy region below 280
keV) remain unexplored. Specifically, computational assess-
ments were carried out to evaluate key parameters including
the mass attenuation coefficient (MAC), linear attenuation
coefficient (LAC), half-value layer (HVL), tenth-value layer
(TVL), mean-free path (MFP), effective electron density
(Neff), and fast neutron removal cross sections (FNRCS).
Thus, this work quantitively and systematically reveals the
effect of Bi2O3 on the (x)Bi2O3 – (20− x)BaO – 60B2O3
– 0.3Fe2O3 – 19.7SrO glass configuration. Bismuth is pre-
ferred in heavy metal oxide glasses for radiation shielding
applications, just like in perovskite solar cells, because it is
a non-toxic heavy element, unlike Pb which is toxic.

2. Computational tools and theoretical
framework

Analysis of the X-ray and fast neutron shielding prop-
erties of our five glass samples was conducted using
Phy-X/PSD software. Phy-X/PSD operates on a remote
server equipped with an Intel(R) Core(TM) i7-2600 CPU
@ 3.40 GHz processor and 1 GB of installed memory,

running on the Ubuntu 14.04.3 LTS operating system
[34, 35]. Across the energy range of 15 keV to 300
keV, Phy-X/PSD was employed to compute MAC, LAC,
HVL, TVL, MFP, and Neff of the five glass samples
20BaO – 60B2O3 – 0.3Fe2O3 – 19.7SrO, 5Bi2O3– 15BaO
– 60B2O3 – 0.3Fe2O3 – 19.7SrO, 10Bi2O3– 10BaO –
60B2O3 – 0.3Fe2O3 – 19.7SrO, 15Bi2O3– 5BaO – 60B2O3
– 0.3Fe2O3 – 19.7SrO, and 20Bi2O3 – 60B2O3 – 0.3Fe2O3 –
19.7SrO, which are denoted by S1, S2, S3, S4, and S5 in the
rest of this document. The FNRCS of the samples were also
computed with Phy-X/PSD. The densities of these glass
systems, which are some of the input data used in the calcu-
lations, are shown in Figure 1. The theoretical framework
of these radiation shielding calculations is provided below.
The linear attenuation coefficient (µ) serves as a metric for
assessing the probability of photon interaction with radia-
tion shielding material, encompassing contributions from
the photoelectric effect, Compton scattering, and pair pro-
duction. This coefficient’s variation with photon energy (E)
and absorber atomic number (Z) mirrors the dependencies
of these processes on E and Z. The linear attenuation coef-
ficient (LAC) is governed by the Beer-Lambert law, linking
it to both photon intensity and absorber thickness, x, as
follows [35]

I(x) = I0e(−µx) (1)

where I0 and I(x) represent the photon intensities before and
after traversing an absorber with thickness x, respectively.
The effectiveness of attenuating X-rays is directly linked to
the value of µ . A higher µ value implies enhanced material
capability in attenuating radiation.
Similarly, the mass attenuation coefficient (MAC) provides
a measure of the probability of attenuating X-rays within
an absorber material. However, in contrast to the linear
attenuation coefficient, it remains independent of material
density. Instead, the mass attenuation coefficient is solely
determined by the photon energy and the absorber’s intrinsic
structure. It is calculated according to [35]

MAC = ∑wi

(
µ

ρ

)
i

(2)

Figure 1. Density of the glass samples S1, S2, S3, S4, and
S5 [33].
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where wi represents the weight of the ith constituent element
in the absorber.
The half-value thickness (HVT) and tenth-value thickness
(TVT) stand as crucial parameters in explicating the shield-
ing efficacy against X-ray radiation. Analogous to the tem-
poral concept of half-life in nuclear decay phenomena, the
HVT denotes the material thickness requisite to halve the
initial photon intensity. Likewise, the TVT signifies the
absorber thickness needed to diminish photon intensity by
a factor of ten. A reduction in both HVT and TVT val-
ues indicates enhanced efficiency in radiation attenuation.
These are computed from the linear attenuation coefficient
as follows [35]

HVT =
0.693

µ
(3)

and
TVT = 3.32 HVT (4)

Moreover, the mean free path (MFP) represents the mean
distance traversed by a photon within an absorber before
encountering either photoelectric effect, Compton scatter-
ing, or pair production. Materials exhibiting lower MFP
values are regarded as more proficient in shielding X-rays
compared to those with higher MFP values. It is given by
[35]

MFP = 1.44 HVT (5)

The effective atomic number (Ze f f ) is derived from the
linear attenuation coefficient and the density of an absorber,
as specified in the expression below [35].

Ze f f =

∑ j f jA j

(
µ

ρ

)
j

∑ j
f jA j
Z j

(
µ

ρ

)
j

(6)

where f j, A j, and Z j denote the mole fraction, atomic
weight, and atomic number of each constituent element
within the sample, respectively. Higher values of Ze f f cor-
respond to heightened radiation shielding efficacy exhibited

by the material.
The effective electron density (Ne f f ) of each glass sample
is computed from its MAC using the equation [35, 36]

Ne f f =
MAC

σe
(7)

where σe is the total electronic cross-section which is ob-
tained

σe =

MAC
NA ∑i(wi/Ai)

Ze f f
(8)

The variables Ai and wi are atomic weight and weight frac-
tion of the ith elements in the sample, respectively, while
NA is the Avogadro´s number.
Furthermore, in neutron beam applications, the effective-
ness of each glass sample in attenuating neutrons can be
assessed using the fast neutron removal cross sections (FN-
RCS), ∑R. This parameter measures the likelihood that
neutrons will be attenuated within a material. The higher
the ∑R value, the better the material is in reducing neutron
intensity as the neutrons pass through it. It is computed
using [34]

∑
R
= ∑

i
(Wi ∑

Ri
) (9)

where Wi and ∑Ri are, respectively, partial density and fast
neutron removal cross sections (in cm2/g) of the ith con-
stituent element of the absorber material. The partial density
of each element is obtained from the weight fraction, Si,of
the element and density, ρ , of the absorber according to

Wi = Siρ (10)

3. Results and discussions
In this section, we discuss our new results on the depen-
dence of the radiation shielding efficacy, of the (x)Bi2O3
– (20− x)BaO – 60B2O3 – 0.3Fe2O3 – 19.7SrO glass fam-
ily, on the Bi2O3 concentration. Table 1 shows the mass

Table 1. The mass attenuation coefficient of S1, S2, S3, S4 and S5 computed with Phy-X/PSD.

E (keV) S1 S2 S3 S4 S5

15 23.487±0.939 38.386±1.535 49.546±1.982 58.218±2.329 65.151±2.606

20 20.917±0.837 33.246±1.330 42.481±1.699 49.657±1.986 55.394±2.216

30 7.103±0.284 11.510±0.460 14.811±0.592 17.376±0.695 19.427±0.777

40 9.182±0.367 9.188±0.368 9.192±0.368 9.196±0.368 9.198±0.368

50 5.150±0.206 5.152±0.206 5.154±0.206 5.155±0.206 5.156±0.206

60 3.197±0.128 3.209±0.128 3.217±0.129 3.224±0.129 3.229±0.129

80 1.526±0.061 1.544±0.062 1.557±0.062 1.567±0.063 1.575±0.063

100 0.880±0.035 1.718±0.069 2.346±0.094 2.834±0.113 3.224±0.129

150 0.362±0.014 0.662±0.026 0.887±0.035 1.062±0.042 1.201±0.048

200 0.220±0.009 0.363±0.015 0.470±0.019 0.553±0.022 0.620±0.025

300 0.133±0.005 0.184±0.007 0.221±0.009 0.251±0.010 0.274±0.011
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attenuation coefficient (MAC) of S1, S2, S3, S4, and S5 as
a function of photon energy in the energy range of 15−300
keV. We observe that the MAC increases with an increase
in the Bi2O3 in the energy ranges of 15 to 30 keV, and
100 to 300 keV, with S1 and S5 remaining the lowest and
highest, respectively. On the other hand, the MAC remains
relatively constant in the 40 to 80 keV energy region. At
these energies, S1, which does not contain Bi2O3, is com-
parable to the S2, S3, S4, and S5. This is because of the
sharp increase in the MAC of S1 resulting from the K-edge
electrons, which have enhanced contribution to the pho-
toelectric effect component of the MAC. A similar sharp
increase in the S2, S3, S4, and S5 is observed at 100 keV.
This is attributed to the K-absorption edge resulting from
the addition of Bi2O3. The enhancement in the MAC due to
K-edge electrons has been reported in other studies in the
literature [37]. Furthermore, Table 1 shows that on average,
the MAC is the fast-decreasing function of energy. This
is because the photoelectric cross-section, which is domi-
nant in this energy region, is inversely proportional to E3.5,
where E is the photon energy. In particular, the MAC of S1,
which is the lowest in the 15 to 30 keV and 100 to 30 keV
regions, ranges from 23.487 to 0.133 cm2/g, S5 which is
the highest in these energy regions ranges from 65.151 to
0.274 cm2/g.
Figure 2 shows the linear attenuation coefficient (LAC) of
S1, S2, S3, S4, and S5 as a function of X-ray energy. The
LAC shows trends that are similar to those of the MAC,
and this is consistent with Equation (2) which relates the
MAC to the LAC. However, unlike the MAC, the linear
attenuation coefficient increases with an increase in the
Bi2O3/BaO ratio, even in the 40 to 100 keV region. A
similar trend has been reported in other studies [38]. The
glass sample S1 is the lowest in the whole 15 to 300 keV
energy range, while S5 is the highest at all X-ray energies.
The LAC of S1 ranges between 88.780 and 0.504 cm−1,

Figure 2. Linear attenuation coefficient as a function of
photon energy.

Figure 3. Variation of the LAC with the mol% of Bi2O3 at
three energy regions.

while it ranges between 325.755 and 1.371 cm−1 for S5.
The enhancement in the linear attenuation coefficient with
the increase in the Bi2O3/BaO ratio results from the fact
that the photo-absorption cross section is proportional to Z5,
where Z is the atomic number of an absorber material, and
the Z of Bi is much higher than that of Ba.
We also conducted a thorough quantitative examination of
the dependence of the linear attenuation coefficient, of our
five glass samples, on the Bi2O3 concentration in the three
X-ray energy regions, namely 15 to 30 keV, 40 to 80 keV,
and 100 to 300 keV. In particular, we explored the variation
of the LAC with Bi2O3 and extracted the percentage rate at
which the LAC changes with the mol% of Bi2O3. This is
depicted in Figure 3, which shows this linear relationship
at the photon energies of 20 keV, 50 keV, and 200 keV,
which are, respectively, within 15− 30 keV, 40− 80 keV,
and 100−300 keV energy ranges. This linear increase of
LAC with Bi2O3 concentrations is consistent with the lit-
erature [10]. Nevertheless, at 20 keV the LAC increases
by δ = (9.88/80.09)× 100 = 12% per 1% mol of Bi2O3,
while at 50 and 200 keV, it increases by δ = 1.7% and
δ = 13% per 1% mol of Bi2O3, respectively. Figure 2 sug-
gests that the δ values remain approximately constant in
their entire respective energy regions. Thus, the LAC in the
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15 to 30 keV X-ray energy range increases 7 times faster
than it does in the 40 keV to 80 keV region, for every 1%
mol of Bi2O that is added to the system, while for X-ray
energies above 100 keV, it creases 8 times faster than it does
at energies between 40 keV and 80 keV.
Furthermore, Figure 4 shows the mean free path (MFP) of

S1, S2, S3, S4, and S5 in the 15 to 300 keV X-ray energy re-
gion. The new MFP of S1 increases fast with the increase in
photon energy, as the energy approaches 30 keV, after which
it sharply decreases at 40 keV and continues to increase fast
as a function of energy. On the other hand, S2, S3, S4,
and S5 rise fast with energy up to 80 keV, and suddenly
decrease at 100 keV and continue increasing as the energy
approaches 300 keV. The sudden decrease in the MFP at
40 keV and 100 keV is due to the K-edge electrons which
suddenly increase the photo-absorption cross-sections at
these energies, and thus, drastically reduce the mean-free
path. It is also evident that S1 which has the lowest Bi2O3
concentration has the highest MFP in the whole energy re-
gion, while S5 which has the highest Bi2O3 content has the
lowest MFP. This means that the mean free path decreases
with an increase in the Bi2O3/BaO ratio. This trend is simi-
lar to the recent observations that have been reported in the
literature [39]. In particular, it ranges from 0.011 to 1.985
cm for S1 and 0.003 to 0.729 cm for S5.
In the same vein, Figures 5 and 6 depict the half-value thick-
ness (HVT) and tenth-value thickness (TVT) of our five
glass samples as a function of photon energy. The HVT
and TVT reveal a trend similar to that of the MFP. Thus,
further confirming that the radiation shielding ability of the
(x)Bi2O3 – (20− x)BaO – 60B2O3 – 0.3Fe2O3 – 19.7SrO
glass network improves with an increase in the Bi2O3 con-
centration, and reduces with an increase in the X-ray energy.
The HVT and TVT of sample S1 remain the highest in the
entire 15 to 300 keV photon energy range, while S5 is the
lowest. The sudden reduction in HVT and TVT at 40 keV
and 100 keV due to the K-absorption edges is also revealed.

Figure 4. Mean free path as a function of photon energy.

Figure 5. Half-value thickness as a function of photon en-
ergy.

Similar reductions in these quantities have been recently
reported in other studies [39]. Quantitatively, the HVT and
TVT of S1, respectively, range from 0.008 to 1.376 cm and
0.026 to 4.571 cm, while for S5 they are in the range of
0.002 to 0.506 cm and 0.007 to 1.679 cm, respectively.
We also conducted a thorough examination of the rates at
which the MFP, HVT, and TVT change with the increase in
the Bi2O3 concentration, at energies of 15 to 30 keV, 40 to
80 keV, and 100 to 300 keV, using the same approach that
was employed for the LAC and depicted in Figure 4. The
results showed that MFP, HVT, and TVT, decrease by 4%
at X-ray energies of 15−30 keV, and 100−300 keV, per
1% mol of Bi2O3 that is added to the system, while they
decrease by 1% in the 40 to 80 keV energy region.
Furthermore, Figure 7 shows the effective electron density

(Ne f f ) of glasses S1, S2, S3, S4, and S5 in the photon energy
region of 15 to 300 keV. The Ne f f , on average, decreases
fast with an increase in the X-ray energy. The sample S1,
which has the lowest Bi2O3 concentration, has the smallest
effective electron density at energies below 40 keV, while
S2, S3, S4, and S5 are higher and comparable. In the 40 to
80 keV energy region, all samples have practically the same
Ne f f . This is because the K-edge electrons in S1 greatly
enhance the magnitude of Ne f f at these energies. At X-ray
energies greater than 100 keV, S1 remains the lowest, and
S2, S3, S4, and S5 are significantly higher due to the K-
edge electrons of Bi, and the Ne f f clearly improves with
an increase in Bi2O3 content. The trends revealed by Ne f f
are consistent with our observations in MAC, LAC, MFP,
HVT, and TVT, which show significant improvements at
energies below 40 keV and above 100 keV, with an increase
in Bi2O3, but little improvement in the 40 to 80 keV energy
range.
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Figure 6. Tenth-value thickness as a function of photon
energy.

The fast neutron removal cross sections of S1, S2, S3, S4,
and S5 are depicted in Figure 8. We observe that S1 > S2 >
S3, and S3 < S4 < S5. This means that FNRCS decrease as
the Bi2O3 concentration increases from 0 to 10% mol, and it
increases again as Bi2O3 concentration increases from 10 to
20% mol. This trend can be attributed to the dependence of
FNRCS on the weight fractions of the constituent elements,
as described by Equation (9). In the range from 0 to 10%
mol Bi2O3, the weight fractions of other elements, including
boron—which has the highest ∑Ri (see Table 2)—decrease.
This reduction leads to lower FNRCS for samples S2 and
S3. This also means that although boron is known for being
efficient in neutron absorption, its contribution to our glass
system deteriorates with the increase in Bi2O3 content. In
contrast, for samples S4 and S5, the weight fraction of Bi
increases significantly (to 45% in S4 and 54% in S5, see
Table 2) as the Bi2O3 concentration approaches 20% mol.
Thus, Bi starts to significantly affect the FNRCS, leading
to the observed increase in samples S4 and S5. Sample S5
which has FNRCS of 0.115 cm−1 is the only one slightly
higher than S1 which has FNRCS of 0.114 cm−1.

Figure 7. Effective electron density as a function of photon
energy.

Figure 8. Fast neutron removal cross sections of S1, S2, S3,
S4, and S5.

4. Conclusion

The study evaluated the impact of varying Bi2O3 concen-
tration on the radiation shielding effectiveness of the glass
composition (x)Bi2O3 – (20− x)BaO – 60Fe2O3 – 0.3SrO
– 19.7B2O3 with x values of 0, 5, 10, 15, and 20% mol,

Table 2. Weight fractions and ∑Ri of constituent elements of S1, S2, S3, S4, and S5.

∑Ri (cm2/g) Si in S1 Si in S2 Si in S3 Si in S4 Si in S5

Ba 0.0129 0.2943 0.1890 0.1102 0.0490 0.0000

O 0.0405 0.3782 0.3386 0.3090 0.2859 0.2675

B 0.0575 0.1390 0.1191 0.1041 0.0925 0.0832

Fe 0.0214 0.0036 0.0031 0.0027 0.0024 0.0021

Sr 0.016 0.1849 0.1584 0.1385 0.1231 0.1108

Bi 0.0103 0 0.1918 0.3355 0.4471 0.5363
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across 15 to 300 keV X-ray energies. Findings revealed
that the LAC of this glass series increased by 12%, 1.7%,
and 13% in the energy ranges of 15 to 30 keV, 40 to 80
keV, and 100 to 300 keV, respectively, per 1% mol increase
in Bi2O3. The HVT, TVT, and MFP decrease by 4%
per mol% of Bi2O3 at energies below 40 keV and above
100 keV, whereas they decrease by 1% per mol% within
the 40 to 80 keV range. Sample S1 (no Bi2O3) had the
lowest MAC, LAC, and highest HVT, TVT, and MFP, with
values from 23.487−0.133 cm2/g, 88.780−0.504 cm−1,
0.008− 1.376 cm, 0.026− 4.571 cm, and 0.011− 1.985
cm. Sample S5 (highest Bi2O3) showed the highest
MAC, LAC, and lowest HVT, TVT, and MFP, ranging
from 65.151 − 0.274 cm2/g, 325.755 − 1.371 cm−1,
0.002− 0.506 cm, and 0.007− 1.679 cm, 0.003− 0.729
cm. Thus, increasing Bi2O3 boosts X-ray shielding efficacy,
especially below 40 keV and above 100 keV, with negligible
effects between 40 and 80 keV. This conclusion is further
supported by the trends revealed by Ne f f of the five glass
samples. The results also revealed that increasing Bi2O3
concentrations from 0 to 15% mol led to a decrease in the
fast neutron removal cross section (FNRCS). However,
at 20% mol, the FNRCS improved, with S5 showing the
highest value 0.115 cm−1.
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