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A B S T R A C T

The current study, a new Pb-free glasses of host (H) and four samples (S1-S4) of tellurite-bismuth-tungsten oxide 
according to formula: (70-x) TeO2–10Bi2O3–10ZnO-10Al2O3- xWO3, x = 0, 5, 10, 15, 20 mol %, were prepared 
by traditional melt-quenching method. The phase formation of all samples is analyzed by XRD (x-ray diffraction) 
were found they are without any crystallization network. Some physical properties like density and molar vol
ume were estimated as well. Within energy of 0.015MeV-15MeV, samples are investigated in terms of gamma ray 
radiation shielding features. The MCNP5 stimulation code and theoretical XCOM software in addition to the 
other relevant equations are implemented to determine the mass attenuation coefficient (MAC) values where the 
other parameters are identified depending on its value such as mean free path (MFP), effective atomic number 
(Zeff) and half-value layer (HVL). Also, the exposure build factor (EBF) and energy absorbed build factor (EABF) 
are evaluated by the geometric progression (G-P) fitting method. The appearance of synthesized glasses reflects 
that, the increment of WO3 contents leads to increase the glasses opacity due to their density between 3.532 - 
3.912 g/cm3. The uncertainty concentrations of the samples are calculated were they emphasized the accuracy of 
glass compositions. Moreover, the calculation results of stimulated MCNP5 code and theoretical XCOM program 
are closely matched, as the difference between them can be neglected. Further, the comparison with other works 
is made which emphasized the enhancement of the findings. Finally, according to above merits and results, the 
effectiveness of the radiation shielding features can be obviously recognized which is due to the WO3 incorpo
rated concentrations.

1. Introduction

Nowadays, radiation shielding material glasses plays a crucial role in 
mitigation the negative impact of ionizing radiation like gamma and X- 
rays in addition to subatomic particles, such as electrons, neutrons, and 
alpha particles. Recently, borosilicate and borotellurite based glasses 
doped with rare-earth or heavy metals attracts the researcher’s attention 
due to their properties and performance in various applications [1–5]. 
Also, there is more interest in developing an optimized radiation 
shielding materials against gamma rays and neutrons radiations [1–3]. 
Bismuth-tellurite glass takes place in this field where it proofs excellent 
shielding as well [6]. Actually, tellurite-based glasses are preferable due 
to their merits as they introduce low phonon energy, high refractive 
index, excellent durability and good thermal stability [7,35,37,39]. The 

tellurite low phonon energy reduces the non-radiative transition prob
ability which is in turn minimize the non-radiative energy [8,9]. Most 
importantly, tellurite glasses exhibit superior third-order optical 
non-linearity and ultrafast non-linear optical response in both its linear 
and non-linear optical (NLO) properties [7]. So, tellurite glasses are 
helpful for optical communication, non-linear optics and in laser ap
plications [10]. Additionally, bismuth (Bi2O3) heavy metal may function 
as conditional glass formers, and the possibility of forming a more stable 
glass increases with the inclusion of aluminum and zing [8]. Thus, to 
increase the tellurium oxide’s ability of glass formation, modifier oxides 
such as alkali, alkaline, or heavy metal oxides must be added to the 
composition [2]. In fact, ZnO considered as transition metal oxide 
(TMO) as modifier which takes place in glass preparation [24]. Also, 
ZnO contributes to oxide glasses by extending their UV optical 
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transparency and improving the glass-forming region in addition to the 
non-hygroscopic glass nature improvement.

The aluminum oxide (Al2O3) addition improves the chemical dura
bility and mechanical strength [11]. As known, tungsten has remarkable 
radiation attenuation capabilities due to its high density and atomic 
number. According to the last paragraph, the importance of this study is 
coming up by developing a pb-free glass is due to the lead toxic prop
erties. Also, tungsten metal (W) is included in our composition due to its 
attractive merits as it has high atomic number (74) and density of 
(19.250 g/cm3). Tungsten plays an important role in many applications 
like radiation shielding, super alloys, X-ray tubes, and light bulb fila
ments. Various studies have concentrated on figuring out how well the 
performance of W-based glasses in radiation shielding field [13]. 
Ersundu et al. [19] was examined the tungsten-molybdenum-tellurite 
radiation shielding at photon energies of 0.808, 0.2764, 0.3028, 
0.356, and 0.3838 MeV. According to their findings, the glass sample 
encoded W10M10T80 exhibits the best gamma-ray attenuation perfor
mance. The Li2B4O7-Bauxite glass system was created by Kavaz et al. 
[14] in order to assess the glasses potentiality as radiation shielding 
materials. They claimed that the 40 % bauxite glass sample had the best 
neutron and gamma shielding capability. The binary and trinary glass 
system were produced by El-Mallawany et al. [33] where emphasized 
their capabilities of shielding the ionized radiations. Above studies and 
more has inspired us to carry out the research that we are currently 
doing. So, the purpose of this study is to produce a new Pb-free samples 
of tellurite-bismuth based glass systems. At the same time, to investigate 
the impact of tungsten metal on these glasses in terms of radiation 
shielding properties. This investigation is done by employing the 
necessary stimulation code and theoretical calculations software in 
addition to the comparison with other relevant work findings.

2. Experimental

2.1. Glass fabrication

Host (H) and four samples (S1-S4) of tellurite-bismuth-tungsten 
oxide: (70-x) TeO2–10Bi2O3–10ZnO-10Al2O3- xWO3, x = 0, 5, 10, 15, 
20 mol %, were prepared by traditional melt-quenching method using 
analytical grade chemicals TeO2, Bi2O3, Al2O3, ZnO and WO3 (Table 1). 
To create a batch of 20 g, the proper weights of the raw components 
were measured and thoroughly combined in an agate pestle and mortar. 
Also, to keep the composition molarity of 100 % one can observe that, 
the increasing of WO3 molarity percentage facing decrement in TeO2 
content (see Table 1). At the same time, we optimize the cost of base 
glass former (TeO2) content as much as possible according to the glass 
transparency. The ramping rate of furnace to reach 930 Co is done in 
steps. Firstly, the furnace reaches 300 Co within one hour and keeping 
the armpit with this degree for a half hour. Then, reach the temperature 
of 900 Co with three hours and keeping it for 5 h to have time for samples 
preparation. For half an hour, the powder was heated to 930 Co in an 
alumina crucible. In order to achieve a uniform melt with bubbles free, 
the crucible was rocked repeatedly. After being cooled with room tem
perature, the melt was annealed for five hours at 300 Co. For the purpose 
of measurement, the final state of the samples is in powder and bulk 
form where they polished after cutting to 3 mm thickness with diameter 

of 5 cm as illustrated in Fig. 2. The phone camera Samsung(S20+) of 
high resolution was used for samples image with specifications of Triple 
lenses (12 MP, 26 mm (wide), dual pixel PDAF, 1–3x hybrid optical 
zoom) and LED flash auto-HDR.

2.2. X-ray diffraction (XRD) and density investigations

Four samples of tungsten-bismuth-tellurite in addition to the host 
glass were subjected to X-ray diffraction (XRD) analysis. At room tem
perature, XRD spectra have been acquired from the Philips system. For 
glass samples, the patterns have been measured in the 2θ scan step from 
10◦ to 100◦ (degree per minute).

2.3. Density, molar volume and uncertainty

Glass sample densities (ρ) were measured using the Archimedes 
method as follows: 

ρ =
wg

wg − wl
× ρl (1) 

Where wg, wl and ρl are weight of the glass in air and liquid and density 
of liquid, respectively. Using measured density and molecular weight of 
ith oxides (M), the molar volume Vm of all glasses has been calculated as 
following: 

Vm =

∑
ixiMi

ρ (2) 

Where, xi is the mole fraction of each oxide and ρ is the density of the 
glass sample.

Moreover, the uncertainties of the sample concentrations are iden
tified as following (Table 1).

The sample concentration c is defined as 

c =
m

M.V
(3) 

where m is the mass, V is the volume and M is the molar mass of sub
stance. Thus, the concentration uncertainty u(c) can be defined as: 

(u(c)
c

)
=
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2.4. Radiation parameters measurements

Montecarlo code (MCNP5) stimulated code and XCOM program [15,
16] were employed to determine the radiation attenuation parameters 
by utilizing the mass attenuation coefficient (MAC) data according to the 
following equation [12]. 

MAC =
Ln(Io/I)

ρx
(5) 

Where, Io and I are the photon intensity without absorber and intensity 
of transmitted photon, respectively. ρ and x are the densities and 
thickness of the prepared samples.

In present study, MCNP5 simulation code has been used to identify 

Table 1 
Glass composition, molar volume, density and uncertainty.

Glass Compositions (mole %) Molar Volume (cm3/mol) Density (g/cm3) Uncertainty u(c) (mol*l-1) *10–7

TeO2 Bi2O3 Al2O3 ZnO WO3

H 70 10 10 10 0 30.071 3.061 1.4162
S1 65 10 10 10 5 30.204 3.532 1.3878
S2 60 10 10 10 10 30.337 3.816 1.3606
S3 55 10 10 10 15 30.470 3.854 1.3344
S4 50 10 10 10 20 30.603 3.912 1.3092
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the MAC of the samples where the input parameters are defined in the 
simulation file with consideration of composition properties and 
experimental setup. The geometrical forms of the samples in addition to 
the physical parameters are defined in the cell card and surface card of 
the simulation input file. The geometries of cylindrical form were 
implemented for our 4 samples with 3 mm thickness as can be shown in 
Fig. 1. The collimator and point source are putted on z-axis as the 
introduced to the data card of the MCNP5 in addition to the ERC com
mands of energy and particles type. To calculate the intensity of photon 
which related to gamma flux over the surface, point detector tally F2 
was employed. Also, the material card of MCNP5 includes the weight of 
each element of glass composition. The performance of simulation is 
done with one million histories and the results are reported with error >
0.1 % percentage of the output file.

The mean free path (MFP), half-value layer (HVL) and effective 
atomic number (Zeff) are identified according to the following Eqs. (6, 7 
and 8) [11]. 

MFP =
1
μ (6) 

HVL =
0.693

μ (7) 

Zeff =

∑
ifiAi

(
μ
ρ

)

i
∑

jfj
Aj
zj

(
μ
ρ

)

j

(8) 

Where zj is the atomic number, fi is the fractional abundance of the 
element “i”, Ai is the atomic weight and μ is the linear attenuation co
efficient and equal to (μ/ρ * density) of the glasses. The theoretical mass 
attenuation coefficient (μm) values are obtained through XCOM soft
ware of the glasses [16].

Exposure build factor (EBF) and exposure absorbed build factor 
(EABF) are identified within energy range of 0.015MeV-15MeV as the 
approach of G-P fitting parameters are identified in order to reflect the 
radiation properties of prepared glasses [21].

Regarding to EBF calculation where the scattered – radiation affects 
the beam detector; thus, the transmitted beam intensity could be 
calculated by the modified Lambert–Beer’s law as following Eq. (9) [17]: 

EBF =
[(

μth − μexp

)
t
]

(9) 

3. Results and discussion

Chemical compositions details of the studied glasses with the molar 
volumes, densities and uncertainty are given in Table 1. Glance on this 
table, one can say that the density increases with the increase of WO3 
content from 0 to 20 mol %. Also, the range of density is in good 
agreement with tellurite glass systems reported by [18,19]. In fact, the 
atomic weight and molar volume of the constituent oxides are affecting 
the compositions density of the glasses in addition to their molecular 
weight. The molar volume in the same table is determined by using Eq. 
(2), where increased from 30.071 to 30.603 cm3/mol. Furthermore, the 
concentration uncertainty is calculated which is emphasize the high 
accuracy of the calculations and identifications of densities, molar mass 
in addition to the molar volume of the glasses.

Fig. 3 shows the XRD patterns for present samples (H, S1– S4) within 
range of 20 ≤ 2θ ≤ 80 in 2θ scan with CuKα as a target and Ni as a filter 
in 2◦ /min scanning step.

It’s clear that, the glass profiles are clear from the continuous or 
discrete sharp crystalline peaks. At the same time, the XRD profiles 
exhibit a broadly diffused scattering from 25◦ to 50◦, which indicates the 
structural disorder for the glasses. One can notice that in H sample 
profile which is WO3 free content, has more prominent peak at 25 de
grees comparing with other samples being more boarded. That’s due to 
the WO3 contribution increment in (S1-S4) glasses and the decrement of 
the TeO2, which affect the glass matrix (please see Table 1). Also, it’s 
worthy to mention that there is no any shift or deviation is recognized in 
the hump’s profiles of present glasses. Upon above one can say that, 
theses samples have amorphous nature.

3.1. Mass attenuation coefficients (MAC)

The mass attenuation coefficient parameter is the base one where the 
other shielding parameters are calculated through its value. This 
parameter can be calculated through deferent software, such as phy-x 
program, XCOM and MNCP5 code simulation [16,20].

The last code is implemented to identify the shielding parameter 
starting with MAC of the present glasses with energy range of 0.015 – 
15MeV [22–24]. The MNCP5 setup and details already mention in 
previous section (2.4). Furthermore, The XCOM code was utilized to 
highlight the simulated outcomes and to emphasize the MNCP5 results. 
The variation of MAC of the synthesized glasses within above energy 
range according to the composition changes are shown in Fig. 4.

At the same time, the Monte Carlo simulation program (MCNP5) and 
the XCOM code findings of the synthesized glasses are presented in 
Table 2 (please see supplementary material file). The error difference of 
MAC values between the two codes is calculated through the following 
equation: 

Diff(%) =
MCNP(value) − XCOM(value)

XCOM(value)
× 100% (10) 

From Table 2, the researchers can obviously recognize that, the 
MCNP5 code results are very closed to the XCOM data. In fact, this small 
difference is due to the mathematical rendering. Also, both of them are 
uses the same input data. So, the differences are coming from the code 
performance ability as each of them store the calculations to different 
decimal places, often 12 or 14 depending on their accuracy. Therefore, 
the calculations will be a bit different. Further, this closeness of findings 
can be found in many reported works [36,38]. So, we can conclude that 
the results in the current work accurately gives the MAC values of the Fig. 1. Simulation geometry of MCNP5 with dimensions.
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samples (S1-S4). According to Fig. 4 (inset fig) and Table 2, the MAC 
values for all synthesized glasses have the maximum level at 0.015 MeV 
photon energy and S4 is the heights. Above 0.015 MeV, values, the quick 
reduction is clear for all glass due to the photoelectric interaction (PE) 
[24].

At 0.07 MeV, values of the MAC for all synthesized glasses suffered a 
quietly reduction where the interaction of Compton scattering (CS) takes 
place as its interaction cross section inversely proportional to photon 
energy. Also, the mass attenuation for the samples is constant due to the 
pair creation (PC) [24]. Moreover, it’s clear that the K-absorption edge 
causes the sharp peak for the sample’s patterns in the low region of 
energy precisely on 0.7 MeV. Upon all above, one can say that the 
increment of the WO3 contents improve the MAC value of the fabricated 
glasses where the S4 (20 mol %) has the heights value among all glasses 
within energy variation.

3.2. Effective atomic number (Zeff)

The effective atomic number (Zeff) patterns for the present glasses 
within 0.015–15 -MeV photon energy range is illustrated in Fig. 5 and its 
inset figure. It’s clear that the curves trend is consistent with the re
ported Zeff values in Ref. [25].

Also, it can be observed that, the Zeff parameter of the glasses has the 
largest value in low energy range especially at 0.03 MeV then quickly 
reduced with energy increasing till 0.06 MeV to jump suddenly again 
and made another sharp edge at 0.1 MeV. These changes are due to the 
photon interaction with the heavy metals.

In fact, the sharp edge around 0.1 MeV as seen in inset figure where 
Zeff got increases is attributed to the photoelectric effect around the k- 
absorption of the heavy metals [26]. Thereafter, in the energy range 
0.15 - 1.5 MeV, the Zeff value sharply decrease as the energy increase. 
This phenomenon is due to the dominance effect of the photoelectric 
process in the low energy region. Following the same figure, the Zeff 
value increased again above 1.5 MeV and up to 15 MeV since the pair 
production process takes place in the higher energy region. It is 
important to note that the S4 glass sample has the highest value of Zeff 
among all samples where it has the highest WO3 content.

3.3. Half value layer (HVL) and mean free path (MFP)

The HVL value identify the thickness of shielding material which 
reduce the initial incident photon energy to 50 % percent [2]. This value 
is calculated as mentioned earlier through Eq. (7). At the same time, the 
effective shielding can be done with the lower MFP value which can be 

Fig. 2. Glass samples images.

Fig. 3. X-ray diffraction patterns of the prepared glasses.
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identified by Eq. (6). So, both of these parameters reflect superior 
shielding effect with their lowest values. In the current work, the HVL 
and MFP are calculated to comprehend the characteristics of radiation 
shielding for the present glasses S1-S4. The profiles of prepared glasses 
regarding these parameters are depicted in Fig. 6 and Fig. 7. Following 
the figures, it is clear that their values are depends on the chemical 
composition of the samples and incident photon energy as well. Further, 
one can observe that, the HVL and MFP findings are decrease with 
increasing of WO3 content and increase with increasing of energy 
especially at 1- 6 MeV range. These changes are happened due to the 
sample’s densities increment which are proportional to the increment of 
WO3 concentrations.

In order to investigate the effectiveness of the prepared glasses (S1, 
S2, S3 and S4) from point of gamma ray shielding, the comparison of 

their HVL values were made with other works after justifying their re
sults (see Fig. 8). In fact, the comparison was made with lead glasses (S1, 

2) of work Ref. [27] in addition to concrete samples (4, 5 and 6) of work 
Ref. [28] at energy interval (0.123–1.33) MeV. It is clear that HVL re
sults are increased proportionally to the photon energy increment. At 
the same time, the concrete HVL values are higher than all glasses while 
our present samples have the lower values especially S3 and S4 glasses, 
as depicted in Fig. 8.

Thus, it is evident that the shielding capability of our glasses (S3 and 
S4) is higher than others glasses at 0.123–1.33MeV Energy range as they 
possess low HVL values.

Furthermore, to authenticate the shielding performance of present 
glasses, the comparison of MFP values is made with the same other 
works mentioned in previous paragraph at photon energy range of 

Fig. 4. Mass attenuation coefficients (MAC) for all glasses.

Fig. 5. Effective atomic number (Zeff) patterns for all glasses.
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(0.123- 1.33) MeV, as plotted in Fig. 9. The MFP values of samples (S1,2) 
of work [27] are lower than present glasses (S1 and S2), especially at 
energy range (0.1- 1) MeV, while S3 and S4 present glasses possess lower 
MFP values than the other work samples (see Fig. 9) where they reflect 
superior radiation shielding among other glasses.

3.4. Exposure and energy absorbed buildup factor (EBF and EABF)

In general, the ratio of the total number of photons at any medium to 
the number of photons entering that environment independently is 
known as the buildup factor (EBF and EABF) [29].

EBF is the degree to which the material is exposed to the incoming 

photons while the EABF represents the absorbed energy in the material 
which interacting with the incident photon. These parameters are 
identified with the Geometric Progression (G-P) fitting method which 
explained in many studies [30–32]. Figs. 10 and 11 display both (EBF 
and EABF) buildup factor against gamma- ray energy with deferent 
penetration depths (1, 5,10,20,30, 40) mfp. A glance on these figures, 
one can recognize three zones of buildup factors regarding to the energy 
(low, intermediate, and high). In these figures the S1 and S4 glasses of 
the current work are chosen as they represent the minimum and 
maximum values of WO3 contents.

Regarding to these figures, one can observe that the EABF and EBF 
patterns possess quite low values at low energy range. In this region, the 

Fig. 6. Variation of HVL as a function of energy for all glasses.

Fig. 7. Variation of MFP as a function of energy for all glass samples.
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photons almost are absorbed completely due to the photoelectric effect 
which cause the less values of the buildup factors. Further, around 0.07 
MeV in Fig. 10 there are very sharp peaks for S1 sample where they 
disappear for S4 glass due to the increment of WO3 content. At the same 
time this raise is related to the K-absorption edge process [25].

After 0.15 MeV, EBF and EABF values are increases gradually to the 
maximum value at energy of 2 MeV. In other word, with intermediate 
photon energy, the Compton scattering is the major process of interac
tion which assist the degradation of photon energy and leads to remove 
the photon completely [34]. So, the probability of photon to escape the 
material is related to its long life. This mechanism affects the values of 
the EBF and EABF to be higher.

It is known that, the effect of secondary scatterings being high in the 
middle energy range which is leads to increase the number of photons to 
buildup factor. So, the EBF and EABF values are related proportionally 
to the penetration depth enhancement where the increasing in MFP 
leads to more scattering. Moreover, there is swiftly grown of buildup 
factors at high range of energy and large penetration depth (20–40 mfp), 
due to the changing in pair production mechanism (PP). Consequently, 
one can distinguish a steep increment or sharp peaks at high energy 
(~10 MeV) in addition to large penetration depth. This is due to the 
photons of secondary gamma were produced by electron – positron 
annihilation in the medium due to the multiple scattering process. 
Finally, upon the Figs. 10 and 11 the EBF and EABF values are decrease 
as the WO3 contents increasing, thus, the S4 glass values of these pa
rameters are lower than S1 glass as it has highest effective atomic 
number (Zeff) among all samples.

4. Conclusion

In this research, the radiation shielding parameters of new compo
sition (70-x) TeO2–10Bi2O3–10ZnO-10Al2O3- xWO3, x = 0, 5, 10, 15, 20 
mol %, Pb free glasses (H, S1-S4) were examined. The uncertainty 
concentrations of the samples are calculated were they emphasized the 
accuracy of glass compositions. For these glasses, the MCNP-5 code 
simulation was employed to evaluate the MAC values. These findings are 
compared with the theoretical results of XCOM software which reflect 
neglectable differences. With implementation of MAC values upon en
ergy range of (0.015–15) MeV, other shielding parameters (Zeff, HVL, 
MFP, EBF and EABF) are utilized. The lead glass (S1, 2 of work Ref. [27]) 
and concrete (4, 5 and 6 of work Ref. [28]) samples are chosen for the 
comparison with the current study results at energy interval 
(0.123–1.33) MeV. Regarding to HVL values, our present samples have 
lower values especially S3 and S4 glasses as they possess low HVL 
values. The same comparison of MFP is made with aforementioned other 
works which reflect that, the samples (S1,2) of work [27] are lower than 
our glasses (S1 and S2), especially at energy range (0.1- 1) MeV, while 
S3 and S4 glasses possess lower MFP values than the other work samples. 
The last two samples are showing superior radiation shielding. Further, 
a glance on the EBF and EABF findings of our glasses with minimum and 
maximum contents of WO3 of S1 and S4 samples respectively, it’s clear 
that the S4 sample possess lower value. Consequently, we can say that 
the S4 sample with highest WO3 content and lowest TeO2 concentration 
is achieved the highest absorption of gamma photons with low trans
parency advantage of visible light. On that, the contribution of WO3 

Fig. 8. Comparison of HVL values of our glasses with other works at 0.123–1.33MeV Energy range.
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concentration to the examined glasses enhancing their nuclear protec
tive features and can be considered as potential candidate for radiation 
shielding purposes.
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