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Abstract

The use of heavy metal oxide as shielding material attracted great interest among researchers
in recent years due to its high shielding efficiency without loss of transparency, good physical
properties, good thermal stability, and good optical properties. In this work, the physical,
optical, and shielding effectiveness of tellurite glass with composition “80Te0,-5Nb,0,-10Zn0O-
5LiF” (TNZL) were investigated at photon energies range between 15 keV and 15 MeV. The
shielding parameters of the proposed glass system such as linear attenuation coefficients, half
value layer (HVL), the mean free path (MFP), effective atomic number (Zeﬁ), effective electron
number (Neﬁ), and the optical properties such as the oxygen packing density (OPD), the molar
refraction (R_), and the molar electronic polarizability (&_) were investigated. The present glass
showed a superior performance at the diagnostic energy range between 40 keV and 80 keV.
The maximum values of the percentage differences between the prepared sample and the
standard materials were recorded at 40 keV. The maximum value of Z, (49.7) was recorded at
40 keV, while the minimum value (21.8) was recorded at 1.5 MeV.
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Introduction in the different applications were widely addressed

The use of ionizing radiation in the medical field by several researchers [4-8].

increases dramatically over the past few years due The use of ionizing radiation required safety
to the increasing use of computed tomography standards to be established and implement to en-
examination in addition to the medical application sure the protection of people and the environment,
of radiation in cancer treatment [1-3]. The severity many standards for radiation protection and safety
of radiation injuries depends on the radiation Wwere established [9-12]. Exposure time, distance
exposure dose rate. The radiation risk and injuries from the source, and shielding are the basic prin-
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ciples of protection considered when dealing with
ionizing radiation. Shielding is the most important
consideration for any facility that performs diag-
nostic or therapy procedures. Many factors affect-
ing the effectiveness of a shielding material used to
protect people working in radiation facilities such
as radiation energy, radiation type, the thickness
of shielding material. The denser the material the
more effective shielding materials against X-rays
and gamma rays. Lead is the most common mate-
rial use in most radiation applications as shielding
material due to its high atomic number. Although,
lead is the most effective material in attenuating
gamma and X-ray photons but can cause pollution
through the release of lead particles and can affect
all the system body [13-15].

Several studies have been conducted to
develop alternative materials that replace lead
such as tellurite base glasses, phosphate-based
materials, metal alloy, polymers [16-25]. These
studies showed a good shielding performance in
terms of high shielding efficiency without loss of
transparency, good physical properties, thermal
stability, and good optical properties.

The shielding effectiveness has been studied
in terms of the physical properties, radiation
shielding parameters, LAC, MAC, HVL, MFP, Zef'F, and
N_. Hussein, et al. [16] have studied the shielding
effectiveness of four novel tellurite-based glasses
samples doped with oxide metals (75TeO,- 10P_O.-
10ZnO- 5PbF_- 0.24Er,0,; 70TeO,- 10P,O.- 10ZnO-
5PbF,- 5MgO- 0.24Er,0,; 70Te0,- 10P,0,- 10Zn0O-
5PbF,- 5BaO- 0.24Er,O,; and 70TeO,- 10P,0.-
10ZnO- 5PbF,- 55rO. Their results showed the
prepared sample that contains Barium Oxide (BaO)
has superior shielding effectiveness compared with
other samples. Sayyed, et al. [20] have studied
the performance of tellurite glasses system with
different oxides at photon energy ranging between
1 keV to 100 GeV. The results showed that the two
systems (TeO,-WO, and TeO,-B,0O,) have superior
shielding properties for gamma-ray and neutrons,
respectively. Al-Hadeethi, et al. [21] have studied
the X-ray photons attenuation characteristics for

two glass-based systems (Bi,O,-B,0,-TeO, - TiO,and
PbO-ZnO-TeO,-B,0,) at photon energies ranging
from 30 to 80 kVp. Their results showed that the
increase of Tellurium dioxide (TeO,) concentration
increases the attenuation coefficients of the glass
system with a decrease in the half-value layer
especially at photon energy range between 70 and
80 keV. Lakshminarayana, et al. [22] have studied
the radiation shielding effectiveness of borosilicate
glasses doped Tm?** ions for gamma application.
Their results indicate that the sample that contains
the highest mole concentration of Tm.O, has the
greater ability to attenuate gamma-rays.

In this work, the shielding effectiveness of
Tellurite based-glass system was investigated at the
photon energy range between 15 keV and 15 MeV.
The radiation shielding parameters and the optical
parameters of the prepared glass system such as
LAC, MAC, HVL, Z_, Zeq, MFP, N_. were calculated
using the online developed software (Phy-X/
PSD) [24]. The optical properties of the prepared
glass were also investigated. Computed values
were compared with other commercial shielding
materials commonly used in photon applications.

Theory and Method

A Tellurite glass sample contains different oxides
(80Te0,-5Nb,0, -10ZnO-5LiF) was prepared by
putting the raw material in the platinum crucible in
the heating furnace at a temperature in the range
from 850 to 950 °C for 30 min. The melting material
was stirred to increase the viscosity before cast in
the brass mold. The prepared sample was put in
the annealing furnace for 2 h at 320 °C. The sample
density was measured using Archimedes' Principle.
Table 1 shows the density, molar weight (M, ), and
chemical compositions of the prepared sample.

The average molar weight of mixtures M can
be calculated using mole by fractions x. and molar
masses M, of the constituent elements of the
component using the following equation [25]:

M = inMl.’
Where x,

(1)

is the molar fraction of each

Table 1: The Physical parameters and chemical compositions of the proposed glass samples.

‘ Sample Mw Density (g/cm?3) Composition (mol%)
‘ code (g/mo[) +0.04 TeOZ Nb205 Zn0 LiF
TNZL 150.4 5.231 80 5 10 5
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component i, M, is the molecular weight of the
sample.

The molar volume (V, ) of glass material can be
calculated by the following equation [25]:

(2)
Where M is the average molar weight of the
sample, p is the density of the sample.

OPD = IOOOinni[ ] (3)

1
VM
Where V,, is the molar volume of the glass
materials, n, is a molar fraction, n, is the number
of oxygen atoms in each oxide. The molar refraction

of R_can be calculated using the following equation
[25]:

n*—1
—5——X
n+2
The reflection loss, R in percentage, can be
calculated using the following equation [25]:

(n-1)

(n+1)

Where n is the refractive index of the glass
material. The molar electronic polarizability (a )
can be calculated using the following equation [25]:

o, = R, , (6)
2.52

The effectiveness of a shielding material can be
investigated by the physical propertiesand radiation
shielding parameters. The MAC, LAC, Z ., N_, HVL
and MFP are the most important radiation shielding
parameters that characterizing the effectiveness of
the shielding materials. Cross section for scattering
and absorption can be express in term of the total
mass attenuation coefficient (u/p), which can be
calculated using the program Xcom [26]. The mass
attenuation coefficient of a compound can be
computed using the following relation [26-30]:

M M.
= = w|—|i
4]
Where w, is the fraction by weight of the i*"

atomic element and I

P
of the of the i atomic element.

Vs (4)

m

2

; (5)

. =

(7)

i is the mass attenuation

The probability of photon interaction with
material can be characterized by the total atom
cross-section (o, ) and total electronic cross-section
(o,) using the following relations [29,30]:

1 M.
o, = — Af;Ai[—]l
NA Zl p

1 Aj M.
o, = — L=
’ NAijj Zj[p]]

Where f; is fraction by mole of the i*" atomic
element, A4 is atomic weight of the i atomic
element, Z, is atomic number and N, is Avogadro
constant.

(8)

(9)

The effective atomic number which varies with
energies can be calculated from the ratio of atomic
and electronic cross-sections by the following
relation [29,30]:

g
Z, o (10)
1 o,
The effective electron number (N_) is

representing the number of electrons per unit
mass of the shielding material can be computed
using the following relation [29,30]:

N

N - TAZeff (11)

e

Where and A is the mean atomic mass equal to
ZifiAi; f; is fraction by mole of the i atomic

element, A4, is atomic weight of the i atomic
element.

The half-value layer (HVL) and the mean free pass
(MFP) are considered as important parameters for
the estimation of the required effective shielding
thickness for each photon energy. The HVL is the
required thickness to reduce radiation intensity of
the mono-energeticbeam toits half value, while the
MFP is representing the average distance between
two successive interaction. These parameters can
be computed according to the following relations
[29,30]:

gL — 2093 (12)
W
1

MFP = — (13)
L

Where (o is the linear attenuation coefficient.
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Table 2: The optical properties of the prepared sample compared with RS 253 G18, RS 520, and RS 360.

Sample code Refractive Index OPD Rm am
@ A=535nm (mol/I) (m3) (x10%.cm3)
TNZL 2.14 67.82 15.61 6.19
RS 253 G18 1.52 71.18 8.2 3.25
RS 360 1.62 38.22 13.32 5.29
RS 520 1.81 37.45 14.62 5.80
A B 0
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Figure 1: The LAC (A), and MAC (B) values for prepared glass sample compared with some common commer-
cial shielding materials at photon energy range between 15 Kev and 15 MeV.

Results and Discussion

Table 2 shows the optical properties of the
prepared sample. The oxygen packing density
(OPD), the molar refraction (R ), and the molar
electronic polarizability (a ) of the prepared sample
compared with some commercially available
glass shielding materials such as that developed
by Schott Co., Germany standard shielding glass
materials (RS 253 G18, RS 520, and RS 360) [31].
The measured refractive index at wavelength 535
nm of the prepared sample recorded the highest
value compared with the refractive indices of
standard materials taken from the literature [31].
As shown in Table 2, the prepared sample recorded
high values compared with other glass systems.
This indicates that the proposed glass has more
non-bridging oxygen, which improves the stability
of glass as a host matrix for rare earth elements.

Figure 1A and Figure 1B show the computed
linear and mass attenuation coefficients (LAC,

MAC) of the prepared sample compared with
some commercially available shielding materials
such as Schott Co., Germany standard shielding
glass materials (RS 253 G18, RS 520, and RS 360)
[31] and some common oxide used with concrete
materials such as Chromite, Ferrite, Magnetite and
Barite [32] at energy range between 15 keV and 15
MeV. The LAC and MAC for the prepared sample
glass were computed using the online developed
software (Phy-X/PSD) [24]. As shown in Figure 1A
and Figure 1B, the prepared sample show superior
performance in terms of shielding effectiveness in
the diagnostic energy range between 40 keV and
80 keV compared with the standard materials. In
addition to that, the prepared sample shows good
performance in the higher photon energies (> 1
MeV). For example, the value of mass attenuation
coefficient recorded of prepared sample was 12.5
cm? compared to 1.15, 6.19, 10.63, 2.11, 2.45,
2.47 and 10.86 cm™ at 80 keV, with percentage
differences of 90.8%, 50.6%, 15.2%, 83.2%, 80.5%,
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80.3% and 13.5% for the RS 253 G18, RS 360, RS 520,
Chromite, Chromite, Ferrite, Magnetite and Barite
respectively. As shown in Figures 1A and Figure 1B
the mass and the linear attenuation coefficients
decrease as the photon energy increased. This is
due to the contribution of the photoelectric effect,
Compton scattering, and pair production which are
the most predominant interactionsin the diagnostic
and therapeutic energies range.

Figure 2A and Figure 2B show the computed

half-value layers (HVL) and mean free path (MFP)
of the prepared sample compared with some
commercially available standard (RS 253 G18, RS
360,RS520, Chromite, Chromite, Ferrite, Magnetite,
and Barite) at energy range between 15 keV and 15
MeV. The HVL and MFP are mainly depending on
the linear attenuation of glass samples. As shown
in the Figure 2A and Figure 2B the recorded HVL
and MFP values of prepared sample is lower than
the values recorded for standard materials at
energy range between 40 keV and 80 keV and at

—8— TNZL
—8—RS-253-G18
—&— RS-360

¥ RS-520
—&— Chromite
< Ferrite
—»— Magnetite
—&— Barite

Prepared Glass TNZL
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—4A— RS-360
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—@— Chromite
—<— Ferrite
—»— Magnetite
—&— Barite

0.1+

MFP (cm)

0.01 4

Prepared Glass TNZL
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0.01

Figure 2: The HVL (A), and MFP (B) values for prepared glass sample compared with some common commer-
cial shielding materials at photon energy range between 15 Kev and 15 MeV.
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Figure 3: The ACS (A), and ECS (B) values for prepared glass sample compared with some common commer-
cial shielding materials at photon energy range between 15 Kev and 15 MeV.
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higher photon energies. These recoded values of
HVL and MFP are expected due to the higher linear
attenuation recorded for the sample compared
with other samples. For example, the computed
HVL value of the prepared sample was found 3.21
cm compared to 6.20, 4.22, 3.24, 3.10, 3.1, and
3.63 cm at 80 keV, with percentage differences of
93.00%, 31.50%, 1.05%, 4.75%, 3.44% and 13.08%
for RS 253 G18, RS 360, Chromite, Chromite, Ferrite,
Magnetite and Barite respectively. The prepared
sample recorded slightly higher values than RS 520,
which is expected due to a higher concentration of
lead oxide in the RS 520 (71%) glass system.

Figure 3 shows the values of the total atom
cross-section (ACS) and total electronic cross-
section (ECS) as a function of photon energy for the
prepared samples materials. The prepared sample
recorded comparable values of ACS and ECS when
compared with the common commercial shielding
materials specifically in the diagnostic range
between 40 and 80 keV as indicated in Figure 3.
The recorded values of the prepared sample, which
an indication of better efficiency of the sample
as a shielding material compared with the other
samples. These results consistent with findings
discussed before for linear and mass attenuation.

Figure 4A and Figure 4B illustrated the effective
atomic number (Z) and effective electron
numbers (N_) against photon energy (MeV) of
the prepared glass samples. As shown in Figure 4A

the recorded values of effective atomic number
(Z.,) are higher than the values recorded for the
standard materials (RS 253 G18, Chromite, Ferrite,
Magnetite, and Barite), while the prepared sample
recorded slightly lower values compared to the
commercial standard glasses RS-520 and RS-360,
this is due to the high concentration of lead oxide
in these standard materials. The values of the
effective atomic number are slightly decreased due
to the influence of the photoelectric absorption in
low energy range, then decrease dramatically in the
region where the Compton scatter is predominant
before it rises again in the high energy region due
to the effect of pair production.

Conclusion

Shielding, physical and optical properties of
tellurite glass at photon energies range 15 keV
and 15 MeV have been studied. The shielding
parameters of the proposed glass such as the
oxygen packing density, the molar refraction,
and the molar electronic polarizability, linear and
mass attenuation coefficients, half value layer, the
mean free path, effective atomic number, effective
electron number were evaluated. The prepared
glass sample recorded comparable values of
shielding and optical properties compared with the
common standard materials. The proposed sample
showed a superior performance at the diagnostic
energy range between 40 keV and 80 keV. The
maximum values of the percentage differences

Zeff

0.1 1
Photon Energy (MeV)

1E24 -
9E23 -
8E23 - —m— TNZL
—8— RS-253-G18
TE23 5
6E23
5E23 4
&=
Q
z
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Figure 4: The Z _(A), and N_ (B) values for prepared glass sample compared with some common commercial
shielding materials at photon energy range between 15 Kev and 15 MeV.
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between the prepared sample and the standard
materials were recorded at 40 keV. The maximum
value oneﬁ(49.7) was recorded at 40 keV, while the
minimum value (21.8) was recorded at 1.5 MeV.
These results show the efficacy of the prepared
glass material as a promising shielding material
in medical imaging as well as radiation therapy
applications.
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