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Abstract: The aim of this study is to assess the individual
gamma-ray transmission factors (TFs) and some funda-
mental gamma-ray attenuation properties of several types
of glasses based onWO3–TeO2–B2O3 glasses system.MCNPX
(version 2.7.0) is used for the calculationof TFs.Other critical
parameters are determined using the Phy-X/PSD program.
To determine the TFs of studied glasses, several medical
radioisotopes are determined along with their character-
istic gamma-ray energies. The superior values for the
investigated parameters are found in glass sample S6.
Furthermore, the exposure build-up factor and energy

absorption build-up factor values for glass sample S6
were the lowest. S6 glass sample with the chemical com-
position 0.03833B + 0.26075O + 0.11591Zn + 0.52783Te +
0.05718W and a density of 3.3579 g/cm3 is found to have
exceptional gamma-ray attenuation qualities, according
to our findings. It can be concluded that the prospective
attributes of WO3-doped glass systems and associated
glass compositions would be beneficial for scientific
community in terms of providing a clearer view for
some advanced applications of these glass types.

Keywords:WO3–TeO2–B2O3 glasses, Phy-X/PSD, MCNPX,
radiation shielding

1 Introduction

Photon–matter interaction, which allows us to examine
the interior structure of a material, is a commonly used
concept in the medical sector for the purposes of diag-
nosis and therapy [1,2]. Although the sort of energy cre-
ated by the radioisotopes used for diagnosis and treat-
ment is advantageous for research, it has, on the other
hand, harmful effects on biological tissues [3,4]. For the
best protection conditions against the hazardous conse-
quences of ionizing radiation, it is essential to compre-
hend all the quantifiable shielding properties of materials
that may absorb the given radiation energy [5]. Mean-
while, lead (Pb) is one of the most traditional materials
used for shielding purposes in various radiation fields.
However, Pb is a toxic element that has detrimental bio-
logical effects when it enters the body by breathing and
skin absorption. Therefore, various ongoing research aim
to extend the design of shielding materials made without
Pb and Pb-based compounds. In recent years, various
types of alternative materials such as polymers, glasses,
concrete, building supplies, ceramics, etc. have all been
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used due to the enormous scientific motivation provided
by these drawbacks of Pb. The development of radiation
shielding materials with innovative and environmentally
advantageous properties has been pursued. The removal
of Pb from the design of glass materials, which are vital
components of nuclear medicine units [6–10], is one of
the primary objectives of researchers. It has been shown
earlier [11–15] that glasses containing oxide-based addi-
tions possess intriguing shielding properties. In the mean-
time, it is difficult to achieve a glassy structure without a
glass modifier. Hereby, borate is one of the most often
used and effective materials for producing glass (B2O3).
Strong tungsten–oxygen (W–O) bonding and a strong
polarization capacity make tungsten-oxide (WO3) a fasci-
nating material for application in glass technology [16]. To
improve their mechanical and shielding characteristics,
glasses often include WO3 such as telluride, borate, and
phosphate glasses [16–19]. The telluride glass systems,
particularly binary TeO2–WO3 glasses, on the other hand,
are the subject of the most popular research [19,20].
Tellurite’s glass formation and thermal stability may
be improved by adding ZnO [21]. As a result, researchers
are focused on expanding the spectrum of shielding
glass material groups and developing the ideal glass
structure for this use. The creation of radiation shielding
materials made of glass is the subject of extensive inves-
tigation. Glass systems like ZnO–TeO2, B2O3–P3O4–ZnO,
and WO3–ZnO–PbO–B2O3 that include zinc oxide as one
of its components have been studied recently for their
radiation shielding characteristics [21–23]. Recent stu-
dies have examined how the addition of WO3 to the
synthesis and nuclear safety features of the telluride
glass system might significantly modify the nuclear
shielding properties [24–26]. Particularly, if the radia-
tion shielding parameters could be defined for each
energy value generated by radioisotopes used in nuclear
medicine, it would be simpler to decide the structure that
can be employed for shielding and give the maximum

degree of protection [27]. Radiation shielding operates on
the attenuation principle, which states that a barrier mate-
rial will stop or deflect particles while decreasing the effi-
cacy of waves or rays. Moreover, it is crucial to investigate
the tenth value layer, half value layer, effective atomic
number, exposure build-up factor (EBF), and energy
absorption build-up factor (EABF) of the sample glasses
in terms of better understanding the overall attenuation
behaviours of the shielding materials. To expand the
earlier work [28], the unstudied shielding parameters of
the WO3–TeO2–B2O3 composite system, whose structural,
physical, and optical aspects have been thoroughly stu-
died, but only a few of its shielding parameters have been
explored, are reviewed in detail. Moreover, transmission
factor (TF) values are determined for some well-known
radioisotopes’ energies, which ranged from 0.0086 to
1.3325MeV, to investigate the shielding capabilities using
the Monte Carlo method. The results of this investigation
maybeutilized in future investigationsor toassist researchers
with similar scientific goals.

2 Materials and methods

2.1 Studied glass samples

The previous investigation’s findings served as the foun-
dation for the current investigation’s objective, which was
to expand the scope of those findings [28] by giving a
deeper understanding of themonotonic effects of increasing
WO3 contribution on unstudied gamma-ray attenuation
parameters.Moreover, another purpose of the current inves-
tigation was also to explore the individual TF values of
these glasses against various types of radioisotopes using
advanced Monte Carlo simulation methods. The following
are the physical features of the glasses studied:

Table 1: Samples code, elemental weight fraction, density, and molar volume of (1−x)[0.7TeO2–0.3B2O3–0.3ZnO]−xWO3 (x = 0.00, 0.01,
0.02, 0.03, 0.04 and 0.05 mol% glasses)

Samples code Elemental weight fraction (wt%) Density, ρ (g/cm3) [28] Molar volume, Vm (cm3/mol) [28]

B O Zn Te W

S1 0.04131 0.26492 0.12492 0.56885 0 5.4794 28.793
S2 0.04070 0.26407 0.12309 0.56049 0.01165 4.7368 33.465
S3 0.04010 0.26323 0.12127 0.55220 0.02320 4.2931 37.098
S4 0.03951 0.26239 0.11946 0.54401 0.03463 3.8798 41.050
S5 0.03892 0.26157 0.11768 0.53588 0.04595 3.6826 43.451
S6 0.03833 0.26075 0.11591 0.52783 0.05718 3.3579 47.875
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S1: 0.04131B + 0.26492O + 0.12492Zn + 0.56885Te +
0W with density and molar volume (ρ = 5.4794 g/cm3 and
molar volume [Vm = 28.793 cm3/mol]).

S2: 0.04070B + 0.26407O + 0.12309Zn + 0.56049Te +
0.01165W with density and molar volume (ρ = 4.7368
g/cm3 and molar volume [Vm = 33.465 cm3/mol]).

S3: 0.04010B + 0.26323O + 0.12127Zn + 0.55220Te +
0.02320W with density and molar volume (ρ = 4.2931
g/cm3 and molar volume [Vm = 37.098 cm3/mol]).

S4: 0.03951B + 0.26239O + 0.11946Zn + 0.54401Te +
0.03463W with density and molar volume (ρ = 3.8798
g/cm3 and molar volume [Vm = 41.050 cm3/mol]).

S5: 0.03892B + 0.26157O + 0.11768Zn + 0.53588Te +
0.04595W with density and molar volume (ρ = 3.6826
g/cm3 and molar volume [Vm = 43.451 cm3/mol]).

S6: 0.03833B + 0.26075O + 0.11591Zn + 0.52783Te +
0.05718W with density and molar volume (ρ = 3.3579
g/cm3 and molar volume [Vm = 47.875 cm3/mol]).

Table 1 lists the codes, weight fractions, and densities
of these glasses. In this investigation, the following codes
were applied to the chosen glasses [28].

2.2 Shielding parameters and gamma TFs

To achieve the goals of this study, six glasses containing
tungsten trioxide, tellurium dioxide, and boron trioxide
(WO3–TeO2–B2O3)were chosen fromprevious research [28].
As a means of keeping the photon energy range explored in
thiswork at amuch higher level, the gamma-ray energies of
various radioisotopes (0.0086–1.3325MeV) are utilized to
determine TFs. However, the unexplored shielding charac-
teristics of the glasses were assessed with the aid of the
Phy-X/PSD (Photon Shielding andDosimetry) software [11].
ThegammaTFswere calculatedusingMCNPX2.7.0general-
purpose Monte Carlo simulation program. The TFs of
glasses (i.e., S1–S6) having diverse chemical composi-
tions of WO3–TeO2–B2O3 were comprehensively evalu-
ated and compared using several evaluation parameters
[29–32]. During the computation of TFs for a wide number
of radioisotopes, as shown in Table 2, each input file has
been designed considering the elemental mass fractions,
densities, and other related parameters of the glasses that
are essential for an input determination. Figure 1 depicts
the layout of the MCNPX simulation used to determine the
gamma-ray transmission coefficient. The TFof the absorber
was calculated by dividing the total radiationflux (F) by the
radiation flux (I) after absorption process by attenuator
material. To estimate the TF of the investigated glasses,
the average gamma-ray flux in the F4 tallymeshwasmulti-
plied by the average gamma-ray flux in the uniform

Table 2: Gamma ray energies of nuclear-type radioisotopes

Radioisotopes Gamma-ray energy (MeV)
67Ga 0.0086, 0.0093, 0.1840
57Co 0.0144, 0.1221, 0.1365
111In 0.0230, 0.1710, 0.2450
133Ba 0.0532, 0.0796, 0.0810, 0.2764, 0.3029,

0.3560, 0.3838
201Tl 0.0710, 0.1350, 0.1670
99mTc 0.1405
51Cr 0.3201
131I 0.2843, 0.3645, 0.6370, 0.7229
58Co 0.5110, 0.8108
137Cs 0.6617
60Co 1.1732, 1.3325

Figure 1: 2-D and 3-D illustration of designed MCNPX setup (2-D and 3-D views are obtained from MCNPX Visual Editor VisedX22S).
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detection field. Two detecting fields, one in front and one
behind the glass,were used to convert this formulation into
MCNPX code. This formulation was translated into MCNPX
[33] code by using two detecting fields, one in front of the

glass and one behind the glass. Both the main gamma-ray
intensity in frontof theglassand theattenuatedgamma-ray
intensity behind the glass were measured and detected
instantly.

3 Results and discussions

The direct contribution of structural changes to the absorp-
tion qualities of glass materials may be examined by calcu-
lating the radiation absorption characteristics of glass
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Figure 2: Variations of effective atomic number (Zeff) with photon
energy (MeV) for all S1–S6 glasses.

Table 3: Effective atomic number (Zeff) values of all glasses

Energy (MeV) S1 S2 S3 S4 S5 S6

0.015 73.92 47.50 48.57 49.58 50.53 51.43
0.02 73.93 47.53 48.63 49.67 50.63 51.55
0.03 73.93 47.56 48.69 49.75 50.74 51.67
0.04 73.74 50.95 51.19 51.42 51.66 51.89
0.05 73.74 50.87 51.11 51.35 51.58 51.82
0.06 73.74 50.74 50.97 51.21 51.45 51.69
0.08 73.94 51.11 52.11 53.03 53.90 54.72
0.1 73.94 50.49 51.51 52.47 53.36 54.20
0.15 73.93 48.26 49.30 50.26 51.17 52.03
0.2 73.91 45.80 46.78 47.71 48.59 49.42
0.3 73.87 42.00 42.82 43.60 44.36 45.09
0.4 73.82 39.86 40.54 41.21 41.85 42.48
0.5 73.78 38.68 39.27 39.86 40.43 40.99
0.6 73.76 37.99 38.53 39.06 39.58 40.09
0.8 73.72 37.26 37.74 38.21 38.67 39.13
1 73.70 36.90 37.35 37.79 38.22 38.65
1.5 73.67 36.68 37.10 37.51 37.92 38.32
2 73.68 36.96 37.38 37.79 38.20 38.61
3 73.71 37.92 38.36 38.79 39.22 39.64
4 73.73 38.91 39.37 39.82 40.26 40.70
5 73.75 39.79 40.27 40.73 41.19 41.64
6 73.76 40.53 41.02 41.49 41.96 42.42
8 73.78 41.69 42.20 42.69 43.17 43.65
10 73.80 42.54 43.05 43.55 44.05 44.53
15 73.82 43.85 44.38 44.90 45.41 45.91

0.01 0.1 1 10

2.6×1023

2.8×1023

3×1023

3.2×1023

3.4×1023

3.6×1023

Ef
fe

ct
iv

e 
El

ec
tro

n 
D

en
si

ty
 (N

el
)

Energy (MeV)

 S1
 S2
 S3
 S4
 S5
 S6

Figure 3: Variations of effective electron density (electrons/g) with
photon energy (MeV) for all S1–S6 glasses.
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Figure 4: Variations of equivalent atomic number (Zeq) with photon
energy (MeV) for all S1–S6 glasses.
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materials in accordance with specified parameters [34–45].
The term effective atomic number (Zeff) is of great interest
for radiation researchers due to its role during the absorp-
tion process of initial photons in the material. It is worth
mentioning that the gamma-ray radiation scattering and
absorption are related to the Zeff values of the investigated
glass samples. As seen in Figure 2, Zeff values changed as a
function of incoming photon energy (MeV). As the photon

energy increased, it was obvious that the Zeff values for the
glass samples also altered. In the low-energy zone, the
photoelectric effect predominates due to the photon–matter
interaction. Consequently, the low-energy photons on the
absorbing layer interact with the electrons in the orbit of the
material medium, contributing their whole energy to this
interaction and achieving complete absorption. In response
to an increase in photon energy, electrons in this orbit are
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Figure 5: Variation of EBF of investigated glasses at different mean free path values.
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ejected, and photons with decreasing energy are released to
generate secondary and subsequent collisions. In this situa-
tion, Compton scattering is the most prominent photon–
matter interaction in the mid-energy region. Due to the
k-absorption edge of Te (i.e., 0.31 keV), the Zeff values
reached their maximum at 0.3MeV on the graph. On the
other hand, Zeff value exhibits a progressive rise when
energies above 2.0 MeV are considered (Table 3). For the
photon-exposed sample glasses, the effective electron

number (Neff) changes in the same way as Zeff does
[46–48]. The effective atomic number (Zeff) and the
effective electron density (Neff) both show contradictory
tendencies in their relationship with the energy of the
incident photon (MeV), with values beginning to diverge
in opposite directions around 0.04 MeV. For the photon-
exposed sample glasses, the effective electron number
(Neff) changes in the same way as Zeff does. This is
mostly due to the correlation between the effective
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Figure 6: Variation of EABF of investigated glasses at different mean free path values.
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atomic number and the effective electron number. As is
well known, the number of electrons a nucleus contains
is proportional to its atomic number. As the atomic
number grows, so does the number of electrons, which
is the primary reason that elements with a high atomic
number are better in their ability to absorb photons. The
photon that reaches the atomic orbit contacts several
times with a large number of electrons and is absorbed
more efficiently and in less time as a consequence. The
effective atomic number (Zeff) and the effective electron
density (Neff) both show contradictory tendencies in
their relationship with the energy of the incident photon
(MeV), with values beginning to diverge in opposite
directions around 0.03 MeV. The Zeff values (Figure 2)
converge until 0.08 MeV, after which they diverge with
a significant rise in the value difference. They continue
in the same sequence until the very end, when S6 shows
the highest values, followed by the remaining glasses in
descending order until S1 reports the lowest values. At
0.04 MeV, the Neff values diverge, making it simpler to
discern the S6–S1 values in decreasing order. Before
proceeding, they momentarily swap to S1–S6 decreasing
values (Figure 3). In Figure 4 one can see that the
photon’s energy level correlates with the atomic equiva-
lent number Zeq. This pattern is most notable for the
rapid rise at 0.03 MeV, which is followed by a less
abrupt increase at 0.07 MeV, with S1 having the lowest
value and the other glasses rising steadily until S6 has
the highest value. Meanwhile, the terms EBF and EABFs
are crucial for assessment of photon absorption process
considering the interacted and un-interacted photons
with the absorber material. In this study, both the EBF
and the EABF were calculated, and the results are pre-
sented in Figures 5 and 6 as a function of energy (MeV)
over a range of mean free paths (from 0.5 to 40 mfp).
Consistent increases in these quantities are seen for
increasing photon energies, with the largest increases
occurring at 0.04, 0.06, 0.08, 0.1, and 15 MeV. However,
the EBF and EABF values alter significantly when the
energy is increased up to 15 MeV, although they are less
visible at shorter penetration depths. In general, with
denser materials and a broader spectrum of incoming
X-rays or gamma rays, larger mfp values result in photon
accumulation. Energy ranges serve as the basis for EABF
and EBF values. High values are visible in high energy,
while low values are visible in low energy. This is caused
by pair production at high energies, which results in the
total absorption of photons, and the dominance of photo-
electric processes at low energies. The energy of incident
photons is decreased throughout this process, yet they are
not entirely absorbed. Consequently, multiple scattering is

generated by this mechanism, which leads to an accumu-
lation of photons in the medium. Based on our results, S6
has the highest EBF and EABF values, while S1 has the
lowest. To estimate the effective atomic number (Zeff) of
the studied glasses, it is necessary to establish the radia-
tion shielding parameters such as atomic cross-section
(ACS) and electronic cross-section (ECS). Figure 7 illus-
trates the variation of the ACS as a function of the photon
energy entering the system, whereas Figure 8 depicts the
variation of the ECS. Out of the six glasses tested, S1
sample had the maximum attenuation of gamma rays,
indicating that it is the most effective gamma-ray shield.
To calculate the effective atomic number (Zeff) of the
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Figure 7: Variations of atomic cross-section with photon energy
(MeV) for all S1–S6 glasses.
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examined glasses, it is essential to know the radiation
shielding parameters such as ACS and ECS. As can be

seen in both figures, as the photon’s energy rises, both
the ACS and ECS values decrease. Moreover, in every glass
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Figure 9: TFs of investigated glasses as a function of used radioisotope energy (MeV) at different glass thicknesses.
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sample, the ACS values were greater than the ECS values.
This is due to the fact that the likelihood of full atomic
interaction in any given material is far greater than the
probability of full electrical contact with incoming photons
in any given material. In the last part of this study, the
values of the gamma-ray TF were determined for each of
the glass samples that were evaluated for a range of radio-
isotope energies between 0.0086 and 1.3325MeV. Two
different methods were used determine the glasses’ TF
values. The TF factors of samples S1–S6 with varied glass
thicknesses were measured first. These samples were put
through a series of tests. Figure 9 depicts the TF of the exam-
ined glasses as a function of the radioisotope energy (MeV).
Transmission increases as the energy of the radioisotope
increases from 0.0086 to 1.3325 MeV. This is due to an
increase in the number of photons capable of penetrating
the opposite side of the material. Moreover, as shown in

Figure 9, although transmission values reach their max-
imum at low glass thicknesses, TF values tend to decline
as glass thickness increases. This indicates that the number
of photons that travel through the glass at low thicknesses
is higher, whereas this rate decreases as the thickness
increases. At around0.1MeV, however, a distinct separation
becomes apparent. Glass samples of varying thicknesses
respond to gamma rays in differentways. As the energy level
grows, these distinctions becomemore prominent. For all
the analysed glass samples, the maximum attenuation
values (and the lowest transmission values)were obtained
at a thickness of 3 cm. This effect demonstrates that an
increase in shield thickness will result in a greater attenua-
tion of incoming gamma rays. Figure 10 depicts TFs as a
function of radioisotope energy for various glass thick-
nesses (MeV). At different glass thicknesses, such as 0.5,
1.5, 2.5, and 3 cm, the TFs of all glass samples are changed.

Figure 10: Comparison of the TFs as a function of used radioisotope energy (MeV) for different glass thicknesses.
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4 Conclusion

The aim of the research was to broaden the scope of a
previous study conducted on WO3–TeO2–B2O3 glasses in
order to gain a better understanding of the effects of
varying quantities of WO3 additive by calculating crucial
gamma-ray absorption parameters and analysing its con-
tribution to the absorption properties in a more compre-
hensive manner. Accordingly, some critical gamma-ray
attenuation properties such as Zeff, Neff, Zeq, EBF, EABF,
ACS, ECS, and TFs of six different glass samples were
determined in a wide-range photon energy. In transmis-
sion tests using the MCNP code, the gamma-ray transmis-
sion ratios of the glasses investigated with a broad variety
of radioisotopes were also evaluated. As WO3 concentra-
tion and molar volume increase, it has been observed
that sample density decreases. In addition to confirming
previously published gamma-ray absorption values, the
findings of this investigation also demonstrated that
the decrease in density caused by the higher WO3 ratio in
the TeO2/WO3 translocation had a detrimental effect on all
those parameters. The glass sample S1 (ZnO–B2O3–TeO2),
which has the highest proportion of TeO2, is found to have
the best shielding composition among the samples investi-
gated in this investigation. According to the findings of
this investigation, the density of the oxide type added to
the glass composition plays an essential role in defining
its absorption properties. Among the various translocated
oxides, the percentage increase in the composition of the
low-density oxide has the potential to generate a disadvan-
tage by reducing the absorption capabilities.
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