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Impact of TeO,-B,0; manipulation on optical and radiation shielding properties
of mixed glass former borotellurite glass
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(80-x)B,0;3-xTe0,-10Li,0-A1,03 (x=10-60 mol%) mixed glass former (MGF) glasses
were prepared by using melt-quenching method to investigate the effect of mixed glass
former between B,O; and TeO, on the optical properties and to evaluate the radiation
shielding ability of the glass. Extremes observed at x=40 mol% for all optical properties’
parameters were suggested due to large number of non-bridging oxygen. The radiation
shielding properties of the glass samples were determined for 0.284 MeV-1.333 MeV
energy range by using Phy-X/PSD software. The studied radiation parameters have shown
enhancement due to high density and high atomic number, Z of Te over B.
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1. Introduction

Oxide glasses have been substantially explored because of their excellent advantages such
as easy-production and glorious physical as well as chemical properties of glasses which have
intrigued the mind of researchers and industrial players toward the amorphous solids over
crystalline materials [1-3]. Besides that, multiple unique traits of glasses also have made glasses
such a good potential for noble optical devices [4-6]. Oxide glasses can be categorized into three
groups namely former, intermediate and modifier based on their single bond strength value [7].
Recently, composing a glass with two glass former has been a special focus among the research
community as the approach is believes to improve the properties of the glass. Interestingly, this
approach of mixing two glass formers whilst other constituent be at constant molar amount has
create an anomalous behavior which later addressed as the mixed glass former effect or MGFE [8].
Particularly, borotellurite MGF glass which from borate and tellurite are expected to be
significantly important in the fast-pace technological and industrial demands especially in laser
and solid electrolytes applications [9].

On one hand, borate (B,0O;) is known to be the best glass former due to its wide array of
advantages such as low melting point, high toughness, low viscosity and reliable chemical-
withstand [6, 10, 11]. It comprises of two functional groups of trigonal-BO; and four-fold-BO, in
boroxol ring with various superstructural units such as tri-, penta-, tetra-, di-, pyro- and ortho-
borate [7]. Additionally, the introduction of glass modifier such as alkali or alkaline group will
modify the structure through the evolution of those two functional groups [12, 13]. On the other
hand, tellurite (TeO,) is a conditional glass former which need assist from the modifier to make up
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the glass structure through enhancing glass forming ability. TeO, has numerous remarkable
advantages such as high refractive index, non-hygroscopic, high thermal stability and good
mechanical strength [14-16]. TeO, consist of trigonal bypyramid-TeO, and trigonal pyramid-TeO;
unit structure with a lone pair at the equatorial position [17]. Combining these two glass formers at
a proper ratio will potentially maximize the inner potential and efficiency whilst reduce the flaw.
Presence of these two glass formers will interestingly influence the glass network conductivity
which consequently affecting the structural and optical properties of the glass systems.

Previous optical studies on MGF glass systems have produced different kinds of results.
An optical study conducted on 20Li,0-(80—x)Bi,05-xSi0, MGF glass system has unexpectedly
resulted in a monotonous pattern where the optical band gap, E,, were increased whilst optical
basicity, 4 and electronic polarizability, a,2- were decreased with increasing SiO, [18]. This was
suggested to due to the plunge in BiOg octahedral units which is a non-bridging oxygen (NBO)
unit. However, an opposite monotonous behavior was observed in 10ZnO-xBi,0;-(90—x)B,03
MGF glass system where increasing Bi,O; content has exhibited a decrease in E,, as well as an
increase in the 4 and a,2- in which these occurrences were attributed to the increase in the
formation of NBO [19]. In the meantime, a non-linear behavior of optical properties was also
observed in certain MGF glass system. For example, the 30Li,0-20Zn0-xBi,05-(50—x)B,0; MGF
glass system has depicted a decrease with an anomalous at 40 mol% [12]. It was suspected to be
due to the role-changing behavior of Bi,O; from a modifier to a former which produces lesser
number of NBO as Bi,0; increases. This situation was also reflected and coincided with other
parameter such as the Urbach Energy (E,), 4 and a,2-; hence, it was suggested to be related to the
MGEFE influence. Overall, the contradictory, multi-kind obtained results have emphasized that the
issue of MGF glass system is still scarce and not well-elucidated; thus, further investigation is
much needed for better enlightenment.

Prolonged overexposure to radiation or nuclear accident might lead to severe
consequences as well as casualties. Current lead-based material is highly toxic whereas various
kind of concrete are prone to crack, heavy, immobile and non-transparent [22-24]. Recently, oxide
glasses have attracted attentions as alternatives in radiation shielding that edges other materials
with their magnificent qualities such as affordability, high transparency and portability.
Specifically, research on MGF glass as radiation shielding material has gained popularity as study
was conducted on B,0;-Li,0-P,05-PbO[3] and Bi,05-Li,0-B,0;3 [24] MGF glass system with
outstanding outcomes. Therefore, addition of TeO, into this MGF glass was expected to improve
overall shielding power due its high density and high atomic number whilst the presence of Al,O;
can upgrade the mechanical strength of the glass. To the date, manipulating borotellurite content
with constant amount of modifier is yet to be reported, hence, it is worth to study the potential of
borotellurite MGF glass system on the radiation shielding matter.

Nevertheless, this paper attempted to explore the effect of (80-x)B,O3;-xTeO,-10Li,O-
ALO; (x=10-60 mol%) mixed glass former on optical and radiation shielding properties. These
properties were investigated by using optical absorption spectroscopy and radiation simulation
software. The radiation simulation software was used to determine the crucial radiation shielding
parameters such as mass attenuation coefficient (MAC), half-value layer (HVL) and etc.

2. Experimental methods

2.1. Sample preparations

(80-x)B,03-xTe0,-10L1,0-A1,05 (x=10-60 mol%) quaternary mixed glass former (MGF)
glass system has been prepared by using the conventional melt-quenching technique. An
appropriate amount of high purity (>99%) analytical grade commercial chemical powders of
Tellurium (IV) Oxide (TeO,), Boron Oxide (B,0;), Lithium Carbonate (Li,COs;) and Aluminium
Oxide (Al,O3) were weighed accordingly with pre-calculated mass and hence, ground by using
agate pestle and mortar for approximately 1 hour to achieve fine and homogenous mixture. The
fine mixture powder was then transferred into alumina crucible to undergone melting process at
1000C for 3 hours. After that, the molten glass powder was quenched into pre-heated stainless
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steel mold and hence, annealed at 350C for 2.5h to reduce any internal mechanical stress of the
quenched sample. The sample was eventually cooled to the room temperature. The bulk samples
were then crushed into powder form for further sample characterization.

2.2. Sample characterization

2.2.1. Optical absorption spectroscopy

The optical absorption spectroscopy of (80-x)B,0;-xTeO,-10Li,0-Al,0; (x=10—60 mol%)
glass samples was recorded at room temperature in the wavelength range of 200—1100 nm using
Double Beam Shimadzu UV-Vis-NIR spectrophotometer.

2.2.2. Radiation shielding

Meanwhile, the radiation shielding parameters of (80-x)B,05;-xTeO,-10Li,0-AL,0; (x=10—
60 mol%) were determined using Phy-X/PSD software for energy range 0.284 MeV-1.333 MeV.
Crucial and important parameters were evaluated such as linear attenuation coefficient (LAC),
mean free path (MFP), half-value layer (HVL) and many more. The interaction between photon
and glasses’ atom via attenuation and absorption were discussed.

3. Results and discussions

3.1. Optical absorption spectroscopy

Optical study is very useful to elucidate the optically-induced electronic transitions and
provide information on energy gap and band structure of material which is closely related to glass
network modification. Fundamental absorption edge corresponds to the electronic transition from
valence to conduction band which require minimum energy for the excitation [20]. The absence of
sharp absorption edge along the optical absorption spectra as a function of the wavelength of (80-
x)B,03-xTe0,-10Li,0-10A1,0;5 (x =10—60 mol%) glass samples (Figure 1) further confirms the
amorphous nature of the samples.
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Fig. 1. Plot of UV-Vis-NIR absorption spectra of (80-x)B,0;-xTeO,-10Li,0-10A41,0;
(x=10—60 mol%) glass samples.

Optical band gap, E,,, is the forbidden region between valence band and conduction band.
When electromagnetic waves in the UV-Vis-IR region are absorbed by the electrons in the valence
band maximum, they will jump to minimum conduction band if the energy absorbed is enough.
The values of E,,, between valence and conduction bands are discrete for each material which can
be explained by the behavior of optical absorption edge of the optically induced transition type.
Optical transitions and electronic band structures in amorphous and crystalline materials can be
investigated using UV-Vis-NIR absorption spectroscopy method [21, 22]. For oxide glasses, direct
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and indirect optical transition can occur at the fundamental absorption edge, which obeys selection
rules. Direct transitions are the electronic transition from the maximum valence band to minimum
conduction band located at the same K value, while indirect transitions show the maximum
valence and minimum conduction band occurred at different K values [22, 23]. The changes in
direct and indirect E,, can be understood by the changes in NBOs number, structural changes, and
chemical bonding with addition of TeO, [24, 25].

E, of the glass can be determined by using Davis and Mott relation [26]:

«(v) = B (Q) (1)

v

where a is the absorption coefficient, B is a constant, 4v is the incident photon energy, and E, is
the optical energy band gap. The E,, of the samples were obtained from the zero intercept
whereby the linear regression on the slope of the linear region of the plot of (akv)”" on the y-axis
versus photon energy (hv) in eV on the x-axis meets the zero (ahv)"”. However, this study has
employed Kubelka-Munk (K-M) method that offers a great advantage to a highly light scattering
materials and absorbing particles in a matrix that is where F(R) is corresponds to absorption
coefficient (a):

(1-R)?

F(R) = —— )

where R is the reflectance value obtained from UV-Vis-NIR data and hence, the equation (1) has
been modified to become:

(F(R)hv) = B(hv — Egp,)" A3)

The modified K-M plots were plotted for various values of n, that is, 1/2, 2, 1/3, and 3
corresponding to direct allowed, indirect allowed, direct forb1dden and 1nd1rect forbidden
transitions, respectively. For arnorphous materials, the indirect (plotted as (F(R)hv)"” versus hv)
and direct (plotted as (F(R)hv)’ versus hv) allowed transition corresponding to n=2 and n=1/2 [7,
27].

The variations of E,, with TeO, addition are shown in Figure 2 and 3, while the values are
listed in Table 1. Values of the E, lies in the range of 3.23—3.84 eV for direct allowed transition
and 4.15—4.54 eV for indirect allowed transition, respectively (Table 1) which is quite close to that
found in boro-tellurite glasses, such as (60-x)B,0s-(10+x)Te0O,-10Zn0O-10Al1,0;3-5Li,0-5MgO
[25] and {((TeO2)0.70(B203)0.30)1-(ZnO)x} 1.((Er;0,), [24] Non-linear increase in E’,, is seen for
direct allowed optical band gap. E’,, initially increased at high rate from 3.28 eV (x=10 mol%) to
3.84 eV (x=20 mol%) but begin to drastically decrease to 3.64 eV (x=30 mol%) and reach
minimum at x=40 mol% TeO, at 3.23 eV (Figure 4). However, for x>40 mol% TeO,, E",,, started
to increase to 3.58 eV (x=50 mol%) before decreased to 3.36 eV (x=60 mol%). Meanwhile, it is
seen that for indirect allowed transition, £7,,, exhibits almost similar trend with direct transition at
x>40 mol%. E”,, initially decreased from 4.54 eV (x=10 mol%) to 4.18 eV at x=40 mol% TeO..
For x>40 mol% TeO,, E”,, shows similar trend with direct transition, whereby it started to
increase to 4.25 eV (x=50 mol%) before decreased to 4.15 eV (x=60 mol%).

The initial increase in E’,,, for x < 20 mol% is suggested to be due to the increase in BO
formation via TeO, and AlO,. Meanwhile, the decrease of £, and E£”,, to a minimum at x=40
mol% (Figure 4) was strongly influenced by a large number of NBOs formation via TeO; and BO;
units resulting from strong competition between both B,O; and TeO, glass formers which is
destructive to the glass network [23, 28, 29]. Previous study reported that NBO has higher
polarizability than BO, thus NBO binds excited electrons less tightly than BO. Hence, NBO’s
electrons require less energy to induce electron excitation than BO’s electrons leading to the
decrease in £, and E”,,, with an increase in NBO [28, 30, 31]. Moreover, a large NBO ion
indicates in shifting of valence band maximum to higher energies, which result to a smaller optical
energy gap [12, 29, 32]. On the other hand, the increase in £’ and E”,, for x>40 mol% is
attributed to the increase in formation of BO via BO, units. The minimum in E’,,, and E”,, at
x=40 mol% indicate that this quantity was also affected by the MGFE.
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Table 1. Values of direct, Eyy, and indirect, E;pt allowed optical band gap, direct, n’ and indirect, n”

allowed E,,,, based-

opt

10—60mol%) glass samples.

Direct allowed

>

n

Indirect allowed

2

n

E

refractive index and Urbach energy (E,) for (80-x)B,05-xTeO,-10Li,0-1041,0; (x =

X u
(mol %) | transition n =2, Eqpe (direct) transition n = 2, (indirect) (eV)
(eV) Eopt (€V)
10 3.28 2.325 4.54 2.072 0.95
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30 3.64 2.244 4.38 2.099 0.48
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Fig. 2. Plots of (ahv)’ against (hv) of (80-x)B>03-xTeO»-10Li>O-1041,0; (x=10—60 mol% for (a) to (f),

respectively) glass samples.
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Fig. 4. Plots of Direct, E opt and Indirect, E”opt with TeO, Content for
(80-x)B,03;-xTeO2-10Li,0-1041,0; (x = 10—60 mol%,) glass samples.

Refractive index, n of a glass corresponds to the interaction between electromagnetic rays
with NBOs’ electrons of the glass [24, 32]. It was suggested that n of glass can also be affected by
electronic polarizability of oxide ion at optical frequencies and optical basicity Direct and indirect
allowed E,,, based-n were calculated using the following equation [33, 34]:

i S [
Wz L 20 S

Compared to direct allowed E,,, n shows an opposite trend (Figure 5) where » initially
decreased from 2.32 (x=10 mol%) to 2.20 (x=20 mol%) before starting to increase to a maximum
of 2.34 at x=0.4 mol%. However, for x>40 mol%, the n values dropped drastically to 2.26 (x=50
mol%) before rapidly increased to 2.31 (x=60 mol%). On the other hand, for indirect allowed E,
based-refractive index, the values show linear increase with the addition of TeO, (x=10-40 mol%)
from 2.072 to 2.136, respectively. For x>40 mol%, the values follow similar trend with direct »
which rapidly decreased to 2.124 (x=50 mol%) before a large increased to 2.142 (x=60 mol%).

The initial decrease in 7 (x<20 mol%,) for direct transitions was suggested to be due to the
presence of high BO via TeO, units. The massive increase in n especially in the MGFE region
(x<40 mol%) where a maximum was seen at x=40 mol% for both transitions (Figure 5) was
suggested to be due to the increase in NBO formation via TeO; and BOj; units, which possessed
higher polarizability than BO [17, 35]. Meanwhile, for x>50 mol%, n was observed to increase
with decrease in NBO formation. This can be suggested by the high concentration of TeO*" ions
which possessed higher cation polarizability (0.242 A’) than B** ions (0.002 A%) that increases the
polarizability of the glass thus supporting the increase in n [35, 36].
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Fig. 5. Plots of direct, n’ and indirect, n” allowed E,,, based-n with TeO, content for (80-x)B,0;-xTeO;-
10Li,0-1041,0; (x = 10—60 mol%) glass samples.

In non-crystalline materials, different type of optical absorption edge can be observed
where absorption still occurred even when the photon energy is less than energy gap. This type of
optical absorption edge that involves electrons in the localized state within the energy gap is
known as Urbach tail. The Urbach tails are characterized by the band tail parameter of Urbach
energy, E, which exhibits the degree of defects in the glass network [30, 37]. These defects can
either be caused by oxygen vacancies due to volatilization loss of oxygen during glass melting or
formation of NBO [38, 39]. E,, is calculated based on the following equation [39]:

a(hv) = Ce(g_::) (%)

where E, is the Urbach energy in eV and C is a constant. Then, the values of E, were obtained
from reciprocals of the slope of the linear part of the curve of the plot of In (o) versus /v.
Dielectric constant, € can be calculated based on the following equation [40, 41]:

£ =n? (6)

The variations of £, with TeO, content for all glass samples were listed in Table 1. The
values of E, exhibit similar trend with direct allowed E,,, based-n in which a large decrease is seen
from 0.95 eV (x=10 mol%) to 0.43 eV (x=20 mol%), initially upon TeO, addition before it begin
to increase rapidly until x = 40 mol% (0.66 eV) where anomalous peak is visible. However, for
x>40 mol%, E, decreased to 0.46 eV (x=50 mol%) before increased to 0.53eV (x=60 mol%). The
variation of ¢ was illustrated in Figure 6. The values of ¢ shows similar trend with £, in which a
large decrease is seen from 4.41 (x=10 mol%) to 3.85 (x=20 mol%) initially before increasing
rapidly to a maximum of 4.46 (x=40 mol%). For x=50 mol%, ¢ decreased to 4.10 before
increasing back to 4.32 (x=60 mol%).

Urbach energy, E, corresponds to the width of the localized states (band tail) within the
optical band gap which originating from the formation of defects. These defects may come from
the presence of NBO or oxygen vacancies as a result of volatilization loss of oxygen during glass
melting [4, 28, 30]. A large value of E, indicates large concentration of defects. The peak of E,
observed at x=40 mol% (Figure 6) suggests high defect concentration contributed by large NBO
concentration via TeO; and BOj; units. This finding is consistent with our FTIR results [42].
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Fig. 6. Plot of € and E, with TeO; content of (80-x)B,0;-xTeO,-10Li,0-10A41,0;
(x=10—60 mol%) glass samples.

Optical basicity, 4 is the measure of acid-base properties of oxide glasses. In other word, it
determines the average electron donating power of oxygen of the oxide species in the glass system.
The 4 is a parameter related to the electron donor power of the oxygen in glasses which can be
used to estimate the character of bonds present in the glass network. High and low values of A
corresponds to ionic and covalent characters, respectively [32]. Increase in oxide ion polarizability
is related to the increase of electron donor power. Therefore, A has close connection with oxide ion
polarizability [24].

Meanwhile, the oxide ion electronic polarizability, a,2-is directly associated with the
deformability of ion’s electronic clouds upon applied electromagnetic field [36, 43]. High value of
ap2- indicates stronger ability of electron donor of oxide ion. According to Fajan’s rule, the
polarizability of anion should be decreased in the coulomb field of cation [36]. This is due to the
increase in electrostatic potential which came from the increase in positive charge around the
anion. Thus, the electron donor power of oxygen atom decreases which in turn increase its
covalency. Hence, an increase in NBO formation should decrease anion covalency and increase its
polarizability together with optical basicity.

Average a,z-can be estimated based on E,, or n for any polycomponent oxide glasses.
For quaternary oxide glasses with a general formula of X,4,0,-X>B,0,-X;C,0,-X,D,0, where X,
denotes the molar fraction for each oxide, p, r, n, and ¢ represents the proportion of respective
cation atoms and g, s, m and u represents the proportion of oxygen atoms in 4,0,, B,O, C,0,, and
D,0O, compounds, respectively [7], the Eq-based ayz2-for each glass is calculated using the
following equation [33, 34]:

2.52

ap-2 (Eopt) = [V_m<1 - EZ?) -2 acat] (No—z)_1 (7

where V, is the molar volume, o, is the cation polarizability given by X;pa-Xsrag-Xsnoc-X,top
(where molar cation polarizability () values of Te*', B, Li" and AI*" ions are ar, = 1.595 A3,
ap = 0.002 A3, a;; = 0.024 A% and a,; = 0.054 A3, respectively [33, 36] and N,2- is the
number of oxide ions in the chemical formula given by X;g+X,s+X;m+X,u [36, 44].
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Meanwhile, the increase in ag,2-is related to the increase of electron donor power;
therefore, A has close connection with a2-. This relationship can be understood by the equation
given as follows [45, 46]:

A (Egpe) = 167 [1 - (=] (8)

aoz—(Eopt)

The variation of a,2- and 4 were depicted in Figure 7 and Table 2. The a,2-displayed
almost linear increasing trend throughout the doping range except at x=20 mol% and x=40 mol%
where the trend is interrupted by a drop and slight slope change, respectively. Meanwhile, the
trend of A is seen to exhibit a,2- where A4 increase almost linearly throughout the doping range
except at x=20 mol% and x=40 mol% where the trend is interrupted by a drop and slight slope
change, respectively.

Although a large number of NBO via BO; units were formed at x=20 mol%, a minimum
was observed for both a,2-and 4. This is suggested to be due to large presence of TeO, units that
indicates high BO concentration and compactness of the glass network which results in formation
of larger cation Coulomb field around anion and reduces polarizability, as compared by FTIR
results [42]. Hence, the electron donor power of oxygen was reduced and increase in anion
covalency. a2- and 4 showed almost linear increase for x>20 mol% which suggested to be due
to the replacement of B,O; (0.002 A’ and 0.425) with higher electronic polarizability and basicity
TeO, (0.242 A’ and 0.93) [17, 36]. Thus, the addition of higher polarizability cation reduced the
influence of boron on electron cloud charge of oxygen ions which results in increased electronic
polarizability and optical basicity of the glass. However, a slight slope changes in a,2- and 4 was
observed at x=40 mol% (Figure 7) which suggested to be due to the large formation of NBO via
TeO; and BO; units which possess high polarizability. NBO exhibit high iconicity indicating
stronger electron donating power of oxide ion which results in enhancement of 4.

Table 2. Variations of electronic polarizability (a,2-), optical basicity (A), dielectric constant (¢)
of (80-x)B,03-xTeO,-10Li,0-1041,0; (x = 10—60 mol%) glass samples.

X ag2- A €
(mol %)

10 2.94 1.10 | 541
20 2.81 1.08 | 4.85
30 2.96 1.11 5.03
40 3.11 1.13 | 5.46
50 3.17 1.14 | 5.10
60 3.29 1.16 | 5.32
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Fig. 7. Plot of ayz2-and A with TeO, content of (80-x)B,03-xTeO,-10Li,O-10A41,0;
(x=10—60 mol%,) glass samples.

3.2. Radiation shielding parameters

It is necessary to have radiation shielding in order to protect people as well as technology
from the highly unsafe ionizing radiation's effects. It is helpful to have information on the kind of
shielding material, its thickness, the energy of radiation that needs to be shiclded against, and the
type of radiation. In order to get the required information about the suitable shielding materials, we
must determine some attenuation factors of different materials. These factors are necessary for
evaluating the overall efficacy of the shield in terms of minimizing the level of radiation that is
exposed to the humans. The shielding factors are utilized in the planning and optimization of the
shielding in attempt to achieve the highest expected degree of protection with the fewest possible
resources and expenses. The amount by which the intensity of radiation is reduced when it travels
through a shield material is measured using the attenuation factors. In this study, the Phy-X/PSD
software was employed to determine the shielding parameters precisely [47].

One of the most common attenuation factors is the linear attenuation coefficient (LAC),
which is the percentage of the photon that is absorbed by the shields for every unit of thickness
that it possesses. The LAC depends on the radiation's energy, the shielding material's atomic
number, and its density. Figure 8 plots the linear attenuation coefficient (LAC) of the glasses as a
function of the incoming photon energy. As the energy of the radiation increases, all the LAC
values decrease. The x=30 mol% sample starts out at 0.396 cm™ and drops to 0.252 cm™ at 0.511
MeV, 0.192 cm™ at 0.826 MeV, 0.152 cm™ at 1.275 MeV, while the x=50 mol% sample has the
LAC values equal to 0.500, 0.296, 0.221, and 0.174 cm’ at the same respective energies. This
drop in LAC values with energy is similar to the trend found for MAC, which reaffirms the
conclusion that the glasses can stop more photons at lower energies. Unlike the previous figure,
however, there is a much greater difference between the LAC values at all energies, including at
higher energies. For instance, at 0.347 MeV, the x=10 mol% sample has an LAC of 0.251 cm™,
while the x=60 mol% sample has an LAC of 0.447 cm™, while at 1.333 MeV, they have LAC
values equal to 0.126 cm™ and 0.183 cm’, respectively. In short, increasing the TeO, content of
the glass system leads to an improvement in the shielding ability of the glasses.
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Fig. 8. The linear attenuation coefficient (LAC) against energy of (80-x)B,03-xTeO,-10Li,0-10A41,0;
(x=10—60 mol%,) glass samples.

By dividing the LAC for a given material by the density of the shielding material, the mass
attenuation coefficient (MAC) for that material can be obtained through this formula given [48]:

LAC
density

MAC = 9

The mass attenuation coefficients (MAC) of the glass samples are compared against
incoming photon energy (Figure 9). The greatest MAC values occur at the lowest tested energy,
0.2835 MeV, and decrease to their minimum at 1.333 MeV. Specifically, the 20 mol% glass
sample has MAC values equal to 0.129, 0.087, 0.067, and 0.052 cmz/g at 0.284, 0.511, 0.826, and
1.333 MeV, respectively. The inverse relationship between MAC and energy signifies that the
shielding ability of the glasses is greatest against lower energy photons, and decreases with higher
energy photons. Moreover, at all energies, the glass sample with 10 mol% TeO, has the lowest
MAC, while the sample with 60 mol% TeO, has the highest MAC at all energies. This is most
evident at 0.284 MeV, where the difference between the values is the highest. At this energy, the
MAC values are equal to 0.119, 0.129, 0.137, 0.144, 0.150, and 0.155 cmz/g for x=10-60 mol%
TeO,, respectively. At higher energies, such as at 1.333 MeV, the difference between the MACs is
much smaller, varying at 0.053 cm?g for x=10 mol% to 0.050 for x=60 mol% of TeO,,
respectively. Therefore, at all energies, the 60 mol% TeO, glass has the best shielding ability, but
its advantage is best observed against lower energy photons.
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Fig. 9. The mass attenuation coefficients (MAC) against energy of (80-x)B,03-xTeO,-10Li,0-10A41,0;
(x=10—60 mol%,) glass samples.

Besides that, other attenuating factors also can be evaluated such as the half value layer
(HVL). Radiation safety is reliant on a proper understanding of this concept. It is the thickness of a
medium that halves the level of radiation that is transmitted through the medium while it is in
place [49]. In addition to this, it could be utilized to estimate the amount of shielding that is
necessary to reduce the quantity of radiation exposure to a healthy level and identify the degree to
which specific photons can penetrate. Practically, we can compute the HVL for certain material
using [50, 517:
0.693
HVL = 22 (10)
Figure 10 shows the half value layer (HVL) of the glasses as a function of increasing
energy. At any single energy, the HVL of the glasses are in the order of 10 mol% > 20 mol% > 30
mol% > 40 mol% > 50 mol% > 60 mol%. For instance, at 0.511 MeV, they are equal to 3.387 cm,
3.009 cm, 2.745 cm, 2.467 cm, 2.338 cm, and 2.144 cm for x=10-60 mol%, respectively.
Meanwhile, at 1.275 MeV, the HVL values are equal to 5.361 cm, 4.884 cm, 4.547 cm, 4.155 cm,
3.995 cm, and 3.707 cm for the same respective glasses. Therefore, by increasing the TeO, content
of the glasses, the space-efficiency of the glasses improves. Furthermore, the HVL values are
lowest at the lowest tested energies, and highest against higher energy photons. The x=20 mol%
glass has an HVL of 2.018 cm at 0.284 MeV, and 4.998 cm at 1.333 MeV, while the x=50 mol%
glass has an HVL of 1.385 and 4.090 cm at the same respective energies. Because HVL increases
as the energy of the incoming photons increases, a thicker glass sample is required to attenuate the
same number of higher energy photons.
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Fig. 10. The half value layer (HVL) against energy of (80-x)B,03-xTeO,-10Li,O-10A1,0;
(x=10—60 mol%,) glass samples.

The tenth value layer, or TVL, of the glasses evaluates how thick the glass samples need
to be to reduce the level of radiation to one-tenth of its original value at a specific energy [52]. It
can be calculated by using this relation [50]:

in10

=2 11
VL == (11)

The TVL of the glasses against the energy of the photons are graphed in Figure 11. For
every glass, its TVL values are higher than its HVL values, especially at higher energies. For
instance, at 1.333 MeV, the TVL values are equal to 18.223 c¢cm for x=10 mol%, 16.604 cm for
x=20 mol%, 15.460 cm for x=30 mol%, 14.128 cm for x=40 mol%, 13.585 cm for x=50 mol%,
and 12.608 cm for x=60 mol%. These results also reveal that the 60 mol% glass has the lowest
TVL out of the investigated glasses, while the 10 mol% glass has the highest TVL. At lower
energies, this trend also occurs, with TVL and TeO, content having an inverse relationship,
although they are at their lowest. Specifically, at 0.284 MeV, the TVL values range between
4.108—8.083 cm and range between 12.608—18.223 cm at 1.333 MeV. Thus, increasing the TeO,
content and decreases the energy of the incoming photons causes a thinner shield to be required to
attenuate nine-tenths of the incoming radiation.
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Fig. 11. The tenth value layer (TVL) against energy of (80-x)B,03-xTeO,-10Li,0-1041,0;
(x=10—60 mol%,) glass samples.

The concept of the mean free path, also referred to as MFP, is essential for the
investigation of transport mechanisms, especially in the areas of radiation protection. It is
the distance a photon is capable of passing through a type of media before coming into contact
with another photon [53]. The MFP is capable of providing information into the behavior of
photons in a given medium and can be used to assess the performance of a specific material in
terms of its ability to shield radiation. It is related to the LAC as in next equation [50]:

1

MFP = — (12)
Figure 12 illustrates the mean free path, or MFP, of the investigated glasses against
energy. The MFP of all six glasses is directly proportional to the energy of the incoming radiation.
In other words, at lower energies such as 0.347 MeV, the MFP values are between 2.236 and 3.978
cm, while at higher energies such as 1.173 MeV they are between 5.112 cm and 7.407 cm. Higher
energy photons tend to penetrate through the glasses more easily, which leads to less collisions,
and thus a smaller distance between subsequent collisions, or MFP. Meanwhile, lower energy
photons tend to collide more with the atoms in the glasses, leading to greater attenuation, and a
better shielding ability. The lower MFP without changing the energy of the incoming photons, the
TeO, content can be increased while substituting the B,O; of the glasses. At 0.662 MeV, the glass
with 10 mol% of TeO, has MFP value of 5.555 ¢m, which drops to 4.996 ¢cm for x=20 mol%,
4.603 cm for x=30 mol%, 4.169 cm for x=40 mol%, 3.979 cm for x=50 mol%, and 3.668 cm for
x=60 mol%. The increased TeO, raises the density of the glasses, increasing the probability of
collisions within the material, and thus decreasing MFP. Therefore, to optimize the shielding

ability of the glass system, the TeO, content should be maximized, such as for x=60 mol%.
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Fig. 12. The mean free path (MFP) against energy of (80-x)B,03-xTeO,-10Li,0-1041,0;
(x=10—60 mol%,) glass samples.

Last but not least, the effective atomic number, Zeff is a radiation parameter that correlates
with the elements of a material and affected by the incoming energy. Higher Zeff material is
encouraged as it helps the shielding properties with higher number of electrons per atom [54]. It
can be acquired by using the following relation [48]:

M(p/
0, = "L, (13)
o, = ;—; (14)
1 iAi
0 = 7S ()i (15)
Zegr =3¢ (16)

where f; is the fractional abundance of the element 7 relative to the number of atoms providing that
Y. fi = 1, A;is the atomic weight, and Z; is the atomic number.

Figure 13 demonstrates the Z. of the glasses as a function of energy. The Z.; values can
be split into two general regions. At low energies, the Z.i of the glasses are at their maximum, and
decrease at a relatively rapid rate. For instance, glass with x=40 mol% has the Z.; value drops
from 15.64 to 14.32 at 0.284 MeV and 0.347 MeV, respectively, and then to 12.97 at 0.511. As
energy further increases, this decrease in Z. rapidly slows down, and Z.; remains almost constant
with energy. Continuing, 40 mol%’s Z. is equal to 12.53, 12.30, and 12.07 at 0.662, 0.826, and
1.333 MeV, respectively. The trends associated with these regions are caused by the photoelectric
effect and the Compton scattering effect, respectively, which have different relationships with
energy. The figure also shows that the 60 mol% glass has the highest Z. at all energies. This
result can be attributed to the fact that Te has a higher atomic number than B (52 vs. 6), so
substituting more TeO, for B,O; raises the atomic number of the glass system. Because a higher
Z.gis typically associated with a more efficient material, increasing the TeO, content of the glasses
leads to an improvement in the attenuation capability of the glass system.
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Fig. 13. The effective atomic number (Z,z) against energy of (80-x)B,03-xTeO»-10Li,0-10A1,0;
(x=10—60 mol%,) glass samples.

4. Conclusions

The optical properties of (80—x)B,0;-xTe0,-10Li,0-10A1,0; (x=10—60 mol%) MGF
glasses were determined. Optical band gap, E., showed minimum values at x=40 mol% due to
high formation of NBO as indicated by BO; and TeO; concentrations, requiring less energy to
induce electron excitation. The n value has shown contrasting behavior than E,, where a
maximum was seen at x=40 mol% due to the increase in NBO which possess high polarizability.
The increase in NBO also leads to a maximum in E, at the same location which indicates large
concentration of defects. A slight slope changes also observed at x=40 mol% for a2~ and 4 due to
the large concentration of NBO which possess high polarizability and strong electron donor power.
Phy-X/PSD simulation software has been employed to investigate the radiation shielding
properties of (80—x)B,03;-xTe0,-10Li,0-10A1,03 (x=10—60 mol%) MGF glasses at 0.284 MeV to
1.333 MeV.

Increasing TeO, content in the glass has improved the MAC and LAC values where
highest value was recorded at x=60 mol% and glass samples performed best at lower energy
region. Meanwhile, higher density of TeO, has contributed to the enhancement in HVL, TVL and
MFP values as TeO, added where lowest value were seen for these parameters at x=60 mol%;
hence, effectively shielding radiation at thinner dimension. Lastly, continuous substitution of B,O;
with TeO, has improved the Z g values due to higher atomic number of Te over B with better value
obtained at x=60 mol%; thus, indicates better attenuation capabilities of the glass system.
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