
Vol.:(0123456789)1 3

Applied Physics A (2020) 126:4 
https://doi.org/10.1007/s00339-019-3182-8

Experimental studies on the gamma photons‑shielding competence 
of  TeO2–PbO–BaO–Na2O–B2O3 glasses

M. I. Sayyed1 · Farah Laariedh1,2 · Ashok Kumr3,4 · M. S. Al‑Buriahi5

Received: 2 November 2019 / Accepted: 25 November 2019 / Published online: 5 December 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
In this work, glass composed of (40 + x) PbO–5  TeO2–15 BaO–(20 − x)  Na2O–20  B2O3 (x = 0, 5, 10, 15, and 20 mol%) was 
prepared via melt-quenching and the gamma-shielding competency was studied. The results showed that the density and 
molecular weight increased from 5.006 to 7.121  (gcm−3) and 146.579 to 178.823 (g) as  Na2O was replaced by PbO. The direct 
and indirect bandgap energies decreased from 3.512 to 3.357 and 2.791 to 2.525 eV as the lead concentration increased from 
Pb40Na20–Pb60Na0. We employed the Geant4 simulation code for narrow-beam geometry with a mono-energetic photon 
beam imposed on a glass specimen. The mass attenuation coefficient (µ/ρ) for the fabricated glass was determined using 
the Geant4 simulation code. The difference between the theoretical values (XCOM) and simulated values (Geant4) was less 
than 7%, confirming the accuracy of the present results. The µ/ρ values increased quickly with the increasing PbO content 
at low photon energies, while increasing the energy reduced the increase of the µ/ρ values. The linear attenuation coefficient 
(LAC) was also evaluated and the results showed that increasing the density increased the attenuation behavior. The Pb60Na0 
sample with the highest density (7.121 g/cm3) had the largest LAC values at all energies (in the range of 0.29–1.69 cm−1). 
The effective atomic number values of the fabricated samples were in the range of 33–70. Pb60Na0 glass with the lowest 
half-value layer is a promising candidate for radiation-shielding applications among Pb40Na20–Pb60Na0 glass.

1 Introduction

For over a decade, the importance of radiation-shielding 
materials has increased. Certain measures have been estab-
lished to diminish the probability of radiation hazards to the 
human biological system. Most nuclear and radiation tech-
nologies cause many dangerous diseases in those vulnerable 
to radiation [1]. Many new materials have been introduced 
for radiation-protection applications, from lead and concrete. 
Their main purpose is to absorb harmful radiation to mini-
mize human exposure [2, 3].

The demand for transparent shielding materials in the 
radiation-shielding field is increasing. The mechanical and 
structural properties of glass mainly depend on its compo-
sition. The radiation-shielding properties are related to the 
density of heavy materials such as bismuth and barium. 
Radiation-shielding glass should be prepared at low tem-
peratures and should have a high density to improve their 
radiation-shielding properties. Moreover, the primary mix-
ture should be combined with heavy elements that give 
modified glass a high density [4–6].

Heavy metal oxide (HMO) glass, that is, lead, tellurite, 
bismuth, and antimony, have many extraordinary character-
istics such as high electrical conductivity, high solubility of 
rare earth ions, suitable infrared transmissivity, high opti-
cal bandwidth, and low glass transition and melting tem-
peratures. HMO-based glass improves shielding materials 
against ionization radiation compared to conventional glass 
[7–9].

The mass attenuation coefficient, linear attenuation coef-
ficient, effective atomic number, exposure buildup factor, 
tenth-value layer, mean free path, electron density, and 
half-value layer are the main parameters that estimate the 
gamma-ray attenuation characteristics for any glass system 
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[10–16]. In the present work, glass composed of (40 + x) 
PbO–5  TeO2–15 BaO–(20 − x)  Na2O–20  B2O3 (x = 0, 5, 10, 
15, and 20 mol%) was prepared and studied for its radi-
ation-shielding properties. The current glasses have good 
radiation-shielding properties since they contain heavy metal 
oxides such as PbO and BaO.

2   Materials and methods

Glass composed of (40 + x) PbO–5  TeO2–15 BaO–(20 − x) 
 Na2O–20  B2O3 (x = 0, 5, 10, 15, and 20 mol%) was pre-
pared via melt-quenching (Table 1). High-purity oxides 
such as PbO,  TeO2,  BaCO3, NaOH, and  H3BO3 were used. 
All the chemicals were of AR grade (99.99%) and of make 
LOBA Company. The preparation technique was the same as 
described in our previous paper (Kumar et al. [17]).

3   Results and discussion

The formulas used for the calculation of all of the physical 
quantities can be obtained from our recent publication (Kaur 
et al. [18]).

Table 2 shows the physical properties of the Pb40Na20, 
Pb45Na15, Pb50Na10, Pb55Na5, and Pb60Na0 glasses. 
The density and molecular weight increased from 5.006 
to 7.121  (gcm−3) and 146.579 to 178.823 (g) as  Na2O was 
replaced by PbO. The increasing trend may have been due 

to the higher molar volume of PbO compared to sodium 
oxide. However, the molar volume decreased from 29.278 to 
25.112  (cm3) as the lead concentration increased. This was 
attributed to the increase in the non-bridging oxygen and the 
loss of the B–O bonds that occurred [9]. The trends in the 
density and molar volume with the PbO content are shown 
in Fig. 1. The ion concentration and field strength increased 
from 0.823 to 1.439 (× 1022 ions  cm−3) and 0.753–1.093 
 (1016 cm−2). The field strength and polaron radius were 
opposite to one another. The polaron radius and internuclear 

Table 1  Chemical composition 
and density of the prepared 
glass samples

Sample Mole fraction Density (g/cm3)

PbO TeO2 BaO Na2O B2O3

Pb40Na20 40 5 15 20 20 5.0065
Pb45Na15 45 5 15 15 20 5.3346
Pb50Na10 50 5 15 10 20 6.2138
Pb55Na5 55 5 15 5 20 6.7687
Pb60Na0 60 5 15 0 20 7.1210

Table 2  Physical properties of 
the prepared glass samples

Properties Glass samples

Pb40Na20 Pb45Na15 Pb50Na10 Pb55Na5 Pb60Na0

ρ  (gcm−3) 5.006 5.335 6.214 6.769 7.121
M (g) 146.579 154.64 162.701 170.762 178.823
Vm  (cm3) 29.278 28.988 26.184 25.228 25.112
N (× 1022 ions  cm−3) 0.823 0.935 1.149 1.313 1.439
Vm

b 24.398 24.156 21.819 21.024 20.926
⟨dB–B⟩ × 10−8 (m) 3.434 3.423 3.309 3.268 3.263
rp × 10−8 (m) 1.996 1.913 1.785 1.708 1.657
ri × 10−8 (m) 4.954 4.747 4.430 4.239 4.111
F × 1016  (cm−2) 0.753 0.820 0.941 1.028 1.093
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Fig. 1  Variations in the density and molar volume with the lead con-
centration
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distance declined from 1.996 to 1.657 (× 10–8 m) and 4.954 
to 4.111 (× 10–8 m). This decrease may have been due to the 
increase in the ion concentration of lead oxide from 0.40 to 
0.60 mol%. The average boron separation also decreased 
from 3.434 to 3.263 (× 10–8 m) as Pb40Na20 transitioned 
into Pb60Na0. This may represent the compact borate struc-
ture of the glass network [19].

Figure 2 shows the Fourier transform infrared (FTIR) 
spectra of the Pb40Na20, Pb45Na15, Pb50Na10, Pb55Na5, 
and Pb60Na0 glasses. There were many bands and small 
kinks at different wavelengths in these spectra. Their peak 
positions and assignments are shown in Table 3. Three 
major bands occurred at 600–800 nm, 800–1200 nm, and 
1200–1500 nm. The first band near the lower wavelength 
side at approximately 600–800 cm−1 occurred due to the 
bonding vibrations of the B–O–B groups in the differ-
ent borate segments [20]. The second band in the middle 
region near ~ 800 to 1200 cm−1 may have been caused by 
the B–O stretching vibration of the  BO4 in the tri-, tetra-, 
and pentaborate groups [21]. The higher wavenumber 
region ~ 1200 to 500 may have been due to the asymmetric 

stretching reduction in the B-O bonds of the trigonal  BO3 
[22]. Other small bands occurred at ~ 470 cm−1, ~ 510 cm−1, 
706 cm−1, 950 cm−1, and 1360 cm−1. The small band at 
approximately ~ 470 cm−1 may have been due to the pres-
ence of vibrating  Ba2+ ions in their network sites [23]. The 
small kink near this band at ~ 510 cm−1 may have been due 
to the vibration of metal cation  Na+ [24]. The major band 
at approximately ~ 706 cm−1 represented the bending vibra-
tions of the B–O–B linkages in the borate network [25]. 
The band near ~ 950 cm−1 was due to the vibrations of pent-
aborate along with tetrahedral  BO4− [26]. The last band 
near 1360 cm−1 represented the asymmetric B–O stretching 
vibrations of the  BO3 and  BO2O [25].

Tauc plots for both the direct and indirect bandgaps are 
shown in Figs. 3 and 4. These bandgap values were utilized 
to find the various optical quantities including the dielec-
tric constant, refractive index, molar refractivity, reflection 
loss, optical dielectric constant, molar polarizability, and 
metallization. These values are shown in Table 4. Both 
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Fig. 2  FTIR spectra of the glass samples

Table 3  Peak positions and 
FTIR assignments

Peak positions Peak assignments

470 Vibrations of  Ba2+ ions in their network sites
510 Vibration of metal cation  Na+

706 Bending vibrations of the B–O–B linkages in the borate network
950 Vibrations of pentaborate along with tetrahedral  BO4−

1360 Asymmetric B–O stretching vibrations of  BO3 and  BO2O
600–800 Bonding vibrations of the B–O–B groups in the various borate segments
800–1200 B–O stretching vibration of the  BO4 in the tri-, tetra-, and pentaborate groups
1200–1500 Asymmetric stretching reduction in the B–O bonds in the trigonal  BO3
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Fig. 3  Tauc plot of the indirect bandgaps



 M. I. Sayyed et al.

1 3

4 Page 4 of 9

the direct and indirect bandgap energies decreased from 
3.512 to 3.357 and 2.791 to 2.525 eV as the lead concen-
tration increased in the Pb40Na20–Pb60Na0. This trend 
may have been due to the increase in the non-bridging 
oxygen, which makes glass less tight [27]. The refractive 
index increased from 2.456 to 2.538 as the PbO increased, 
while the dielectric constant increased from 6.031 to 6.443 
with the increasing amount of PbO. As the PbO increased, 
the optical dielectric constant and reflection loss also 
increased, respectively, from 5.031 to 5.443 and 0.177 to 
0.189. The refractive index value of glass depends on the 
density. As the density increases, the refractive index also 
increases [28]. The dielectric and optical dielectric con-
stants depend on the ion concentration. As the ion concen-
tration increases with the lead concentration, these values 
also increase [29]. However, the molar refractivity and 
molar polarizability of the glass in this study decreased 
from 18.341 to 16.189 and 7.275 to 6.421 with the increas-
ing amount of lead oxide. The metallization values of the 

present glass samples are less than unity, confirming their 
non-metallic nature, demonstrating that these samples can 
be used as non-linear optical materials [30].

Geant4 is a Monte Carlo radiation transport code used 
for modeling the propagation of radiation through mat-
ter [31]. This model provides the full set of electromag-
netic cross sections needed to describe the interactions of 
photons with matter in an energy range of 1 keV–1 PeV, 
with uncertainties of approximately 3% [32]. We used the 
Geant4 simulation code for narrow-beam geometry with a 
mono-energetic photon beam imposed on a glass specimen. 
The simulation code was written using C++ language to 
define the gamma source, glass samples, Pb shielding, and 
gamma detector. One million photons were produced by a 
mono-energetic source to hit the glass sample target. The 
transmitted photons were recorded using a NaI detector. 
Lead was utilized to shield the NaI detector. The following 
energy was used in the simulation: 0.356, 0.511, 0.662, 
0.826, 1.173, and 2.510 MeV. The Pb40Na20, Pb45Na15, 
Pb50Na10, Pb55Na5, and Pb60Na0 glasses were modeled 
with respect to their mass number, elemental weight frac-
tions, and densities. The mass attenuation coefficient (µ/ρ) 
of the fabricated glass was determined using Geant4 simu-
lation code at the aforementioned photon energies. The 
validation of the simulated values with theoretical predic-
tions plays a basic role in understanding the accuracy of 
the present results. The Geant4 results of µ/ρ were com-
pared to theoretical values calculated using XCOM soft-
ware [33] in Fig. 5. Table 5 shows the deviation between 
the theoretical results and the Geant4 values of µ/ρ for the 
Pb40Na20–Pb60Na0 glasses. The theoretical and Geant4 
µ/ρ results are generally in good agreement. The deviations 
between the Geant4 simulations and the XCOM values 
were evaluated using the following equation:

(1)Dev. =
(�∕�)

XCOM
− (�∕�)

Geant4

(�∕�)
XCOM

× 100.
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Fig. 4  Tauc plot of the direct bandgaps

Table 4  UV parameters of the 
glass samples

Properties Glass samples

Pb40Na20 Pb45Na15 Pb50Na10 Pb55Na5 Pb60Na0

Indirect bandgap (eV) 2.791 2.728 2.672 2.563 2.525
Direct bandgap (eV) 3.512 3.494 3.451 3.369 3.357
Refractive index (n) 2.456 2.474 2.492 2.526 2.538
Dielectric constant (ε) 6.031 6.123 6.208 6.380 6.443
Optical dielectric constant 5.031 5.123 5.208 5.380 5.443
Reflection loss (RL) 0.177 0.180 0.182 0.187 0.189
Molar refractivity (Rm)  (cm3  mol−1) 18.341 18.282 16.613 16.197 16.189
Metallization 0.374 0.369 0.366 0.358 0.355
Molar polarizability × 10−24 (αm)  (10−3 nm) 7.275 7.251 6.589 6.424 6.421
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As shown in Table 5, the deviations in the µ/ρ values of 
the glass samples varied from 1.14 to 6.38% for Pb40Na20, 
from 1.18 to 6.49% for Pb45Na15, from 1.23 to 6.56% for 
Pb50Na10, from 1.28 to 6.66% for Pb55Na5, and from 1.30 
to 6.74% for Pb60Na0. The high XCOM values occurred 
because the XCOM program settings used the mixture rule 

as discussed by Singh et al. [34]. The difference between 
the theoretical values (XCOM) and the simulated values 
(Geant4) was less than 7%, confirming the accuracy of the 
present results.

Figure  5 shows that  the µ /ρ  values of the 
Pb40Na20–Pb60Na0 glass exponentially decreased as the 

Fig. 5  Comparison between the simulated (Geant4) and theoretical (XCOM) results of the mass attenuation coefficients of the prepared glass 
samples



 M. I. Sayyed et al.

1 3

4 Page 6 of 9

photon energy increased. The µ/ρ values increased in the 
low-energy region (E = 0.356 MeV) and decreased in the 
high-energy region (0.662 MeV < E < 2.51 MeV). The 
behavior of µ/ρ can be attributed to the main photon–mat-
ter interactions [35]. The rapid decrease in the µ/ρ val-
ues in the low-energy zone is related to the photoelectric 
interactions. Afterward, a slight decrease in µ/ρ values 
occurred due to Compton scattering. The third main inter-
action for shielding gamma rays was the pair production 
that started at 1.022 MeV. However, this interaction domi-
nated above 3 MeV, but this energy is out of the scope 
of the present work. Figure 6 shows the effect of PbO on 
the gamma-ray attenuation in the Pb40Na20–Pb60Na0 
glasses. The µ/ρ values increased quickly with the increas-
ing PbO content at low photon energies, while increasing 
the energy reduced the increase. This occurred because the 
photoelectric process depends on Z (with Z4−5), whereas 
Compton scattering has a weak dependence on the atomic 
number.

Figure 7 shows a plot of the linear attenuation coefficient 
(LAC) vs the density of the samples. As demonstrated, µ 
depends on the density of the glass; increasing the den-
sity leads to an increase in the attenuation behavior. The 
Pb60Na0 sample with the highest density (7.121 g/cm3) 
had the highest LAC values at all energies (in the range of 
0.29–1.69 cm−1). This implies that the interactions between 
the photons and the high-density sample are relatively high 
and accordingly, the photons could not move throughout the 
sample. Pb40Na20 (ρ 5.006 g/cm3) had the lowest density 
and LAC (between 0.207 and 1.609 cm−1). The photons 
penetrated this sample and its attenuation properties were 
relatively low.

The effective atomic number (Zeff) of the fabricated 
Pb40Na20–Pb60Na0 glasses was evaluated according to:Ta
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pared glass samples with PbO content
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This equation was used to obtain the Zeff values of the 
Pb40Na20, Pb45Na15, Pb50Na10, Pb55Na5, and Pb60Na0 
glasses. The results are plotted in Fig. 8. The Zeff values of 
the fabricated samples were in the range of 33–70. Pb60Na0 
had the most Zeff, and Pb40Na20 had the least Zeff. Pb60Na0 
contained the highest weight fraction of Pb (0.695214%), 
which increased its Zeff. Pb40Na20 contained the least 
amount of Pb (0.565431%), which explains its relatively 
low Zeff. Good radiation-shielding glass systems should 

(2)Z
eff

=

∑

i fiAi

�

�

�

�

i

∑

j fj
Aj

Zj

�

�

�

�

j

.

have higher Zeff values. This demonstrates that the gamma 
photons interact more with higher Zeff glass, reducing the 
intensity of the photons so they are incapable of penetrating 
the glass. As shown by the Zeff curves, Pb60Na0 had the best 
shielding features among the prepared glasses.

The half-value layer (HVL) is important for determin-
ing the shielding competence of fabricated glass against 
photons. The HVL values were calculated from the LAC 
parameter according to the following equation:

The HVL results for the Pb40Na20–Pb60Na0 glasses are 
plotted in Fig. 9. The HVL increased with the increasing 
energy. This was similar to the previous discussion of µ/ρ. 
The surplus of PbO content in the prepared samples consid-
erably improved their shielding effectiveness. The Pb60Na0 
glass with the lowest HVL is a promising candidate for radi-
ation-shielding applications.

The average distance traveled by the photons was meas-
ured via the mean free path (MFP). The MFP evaluation 
confirmed the present samples as a promising photon-shield-
ing candidates. Figure 10 represents the variations in the 
MFP with the PbO (mol%) content in the glass samples. 
The addition of more PbO in the glass sample increased 
the number of successive collisions of the photons within 
the sample, reducing the MFP and improving the shielding 
properties. The MFP was small when the photon energy was 
low and increased as the photon energy increased. Conse-
quently, in practical applications, it is better to incrementally 
increase the thickness of glass because photons are able to 
more deeply penetrate it. Figure 10 shows the economic and 
commercial reasons for using the prepared glass as radia-
tion-shielding material. The MFP values changed slightly 

(3)HVL =
0.693

LAC
.

Fig. 7  The variations in the linear attenuation coefficients of the pre-
pared glass samples with density

Fig. 8  The variations in the effective atomic number of the prepared 
glass samples with energy

Fig. 9  The variations in the half-value layers of the prepared glass 
samples with energy



 M. I. Sayyed et al.

1 3

4 Page 8 of 9

when PbO greater than 50 mol% was added. Therefore, it 
is economical to use less PbO in the present glass system, 
especially when the radiation is higher than 662 keV (for 
example, in applications that frequently use radioactive 
sources such as Co).

4   Conclusions

Glass composed of (40 + x) PbO–5  TeO2–15 BaO–(20 − x) 
 Na2O–20  B2O3 (x = 0, 5, 10, 15, and 20 mol%) was pre-
pared via melt-quenching. The density and molecular 
weight increased from 5.006 to 7.121  (gcm−3) and 146.579 
to 178.823 (g) as the  Na2O was replaced by PbO, while the 
direct and indirect bandgap energies decreased from 3.512 
to 3.357 and 2.791 to 2.525 eV. The ion concentration and 
field strength increased from 0.823 to 1.439 (× 1022 ions 
 cm−3) and 0.753 to 1.093  (1016 cm−2). The field strength 
and polaron radius were opposite to one another. The 
Geant4 simulation code was applied to study the radiation-
shielding properties of the glass specimens. The µ/ρ of the 
Pb40Na20–Pb60Na0 glasses was also determined using 
Geant4. The results revealed that the difference between the 
XCOM and simulated values (Geant4) was less than 7%. The 
µ/ρ values increased rapidly as the PbO content increased at 
low photon energies, while increasing the energy reduced 
the increase. The LAC was also computed and the results 
demonstrated that increasing the density also increased the 
attenuation behavior. The Pb60Na0 sample had the highest 
LAC values at all energies (in the range of 0.29–1.69 cm−1). 
The Zeff values of the fabricated samples were in the range 
of 33–70. The surplus PbO content in the prepared sam-
ples considerably improved their shielding effectiveness. 

The addition of more PbO in the glass sample increased 
the number of successive collisions of the photons within 
the sample, reducing the MFP and improving the shield-
ing properties. The Pb60Na0 glass with the lowest HVL is 
a promising candidate for radiation-shielding applications.
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