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(MFP) are evaluated. Further, by using geometric progression method, expo-
sure buildup factor (EBF) values were also calculated in the incident photon
energy range 0.015-15 MeV, up to penetration depth of 40 mfp (mean free
path). The macroscopic effective removal cross sections (3 _r) for fast neutrons
have been calculated. The maximum values of /p and Z.; were found for
PbO-introduced glass though it possesses a lower value for MFP and EBF. The
obtained results indicate that PbO-based glass is the best radiation shielding
material among the studied glasses.

Introduction

In the optical materials (e.g., glasses) research, it is
well known that the optical properties and quantum
efficiency of the rare-earth (RE) ions depend sub-
stantially on the ligand field environment around the
RE ions site and phonon energy of the host glass
matrix [1, 2]. Thus, it is crucial to find a suitable host
glass matrix for RE ions doping due to their impor-
tant role in the fabrication of efficient lasers, optical
amplifiers, and optoelectronic devices. Recently, one
can find an enhanced interest among researchers for
the addition of two or more glass formers to fabricate
host glass for the RE ions doping with attractive
optical properties for their potential scientific and
technological applications [3-7]. So, it becomes nec-
essary to design a particular composition of glasses
keeping in view of the requirement and optimize
them for the production of highly significant and
useful optical devices.

It is well known that among several glass formers
(510,, P05, GeO,, As,O5 etc.,), boric acid (B,O5) is
one of the excellent glass formers and can form glass
with high thermal stability, better chemical durabil-
ity, good optical transparency, and considered
promising candidate for RE ions doping [8-11].
Usually, the doped RE ions retain most of their
individual properties in the glass matrix. However,
borate glasses possess relatively higher phonon
energy (~1300-1500 cm™'), which leads to nonra-
diative transitions in RE ions and restricts their use in
practical applications. On the other hand, tellurite-
rich glasses exhibit good mechanical stability, chem-
ical durability, low melting point, low phonon energy
(~ 700-800 cm™"), high linear and nonlinear refrac-
tive indices, high RE ion solubility (10-50 times larger
than in silica) without inducing crystallization, and a
wide optical transparency window (typically
0.4-6 pm), which make them promising materials for

photonic applications such as lasers [12], optical fiber
amplifiers [13, 14], nonlinear optical devices [15], and
planar waveguides [16]. These fascinating properties
of tellurite-rich glasses are mainly caused by the high
polarizability of the Te**-ions (1.595 A), which pos-
sess a nonbonding electron lone pair 5s*5p". In fact,
tellurium dioxide (TeO,) is a conditional glass former
and does not have the ability to form glass itself
under normal quenching rates/conditions and TeO,
requires addition of modifiers such as alkali or alka-
line earth and transition metal oxides or other glass
formers, for example, B,O; to form glass [17-19].

Based on the above description of borate and tel-
lurite glasses, one can expect that borotellurite glasses
should demonstrate a suitable compromise between
the requirements of low phonon energy, wide trans-
parency in near- and far-infrared regions, relatively
high thermal stability, good chemical durability, and
ease of glass fabrication [20, 21]. All these parameters
are crucial for the fabrication of optical fibers. It is
well known that addition of zinc oxide (ZnO) to
borotellurite glass network produces low rates of
crystallization and increases the glass-forming ability
(GFA) [22-24].

In TeO,-based glasses, MoO; improves the func-
tionality of glasses; as an example, Chung et al. [25]
recently reported that the addition of MoOj into tel-
lurite glasses shows ~1.5 times wider Raman scat-
tering bandwidth, without any significant decrease in
Raman gain coefficient than that of the tellurite glass
without MoQOs. It was identified that the characteristic
Mo = O bonds formed by MoO; addition in sodium-
zinc-tellurite glass network are mainly responsible
for the obtained flatter Raman scattering band [25]. In
tellurite glasses, usually, the MoOj3; addition exhibits
vibrational modes like Mo-O-Mo, and Mo = O in the
Raman spectra with energy higher than 800 cm™
[25-27], which considerably increases the phonon
energy of the glasses. In optical glasses, structural
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studies are of high importance owing to the interre-
lation between the medium-range atomic arrange-
ment and properties. In glass formers, alkali or
alkaline and heavy metal oxide modifiers such as Li,
Na, K, Mg, Ca, and Pb usually enhance the GFA by
altering or breaking chains of structural units causing
changes or modifications in structural units and by
increasing the entropy of the glass [17, 28]. Usually,
the type and the amount of the modifier oxide in the
glass composition will play a crucial role in the
properties of the host glasses. It is well known that
the addition of alkali and/or alkaline earth modifiers
or heavy metal oxides to the tellurite-rich network
causes a change of the Te-coordinated polyhedron
(breakage of bridging oxygen (BO) bonds) from TeO,
trigonal bipyramid (tbp) to TeOs,,, then to TeO;
trigonal pyramid (tp), in which one of the Te sp’
hybrid orbitals is occupied by a lone pair of electrons
[28-30]. This transformation also causes an increase
in the number of nonbridging oxygen (NBO) atoms
due to increasing molar mass from Li to K, Mg to Ba
or Pb and also to accommodate themselves into the
glass network matrix during the glass formation
[17, 28].

In the field of radiation physics, optical glasses can
be used as an alternative and effective shielding
material to concrete or in combination with concrete.
It is well known that the traditional radiation
shielding material, concrete is opaque to the visible
light and deterioration of mechanical properties
occurs when it is exposed to the y-radiations for
longer periods of time. For this purpose, very
recently, there has been an increasing interest among
researchers in the evaluation of different kinds of
optical glasses such as tellurite, phosphates, borates,
and silicates as new radiation shielding materials for
their possible applications in gamma radiation
detection [31-35].

In our recent publication [28], we have reported a
comprehensive analysis of the physical, structural,
thermal, and optical spectroscopy properties of
TeO,-B,05-M00O3;-ZnO-R,0O (R = Li, Na, and K)/
MO (M = Mg, Ca, and Pb) glasses. In the present
work, we have performed the XPS measurements for
alkali (Li-, Na-, K-), alkaline (Mg-, Ca-), and heavy
metal (Pb) oxide-based zinc molybdenum borotellu-
rite glasses in order to study their microstructural
properties. We also report the essential radiation
shielding parameters such as mass attenuation coef-
ficient (u/p), effective atomic number (Z.), and
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mean free path (MFP) for these glasses. The macro-
scopic effective removal cross sections (3> gr) for fast
neutrons have also been evaluated.

Experimental
Synthesis

The synthesis of the studied glasses was described in
detail in our recent publication [28]. In brief, the
conventional melt quenching method was used to
prepare the zinc molybdenum borotellurite glasses
containing different network modifier ions such as Li,
Na, K, Mg, Ca, and Pb. The starting materials used in
the present work were high-purity TeO, (99.995%),
B,03 (99.98%), M0oOj3 (99.97%), ZnO (99.99%), Li,CO3
(99.99%), Na,COs; (99.5%), K,CO; (=99%), MgO
(99.99%), anhydrous CaO (>99.99%), and PbO (>99).
All the chemicals were purchased from Sigma-
Aldrich. The nominal composition of the glasses
synthesized in this work was 60 TeO,-10 B,O3-10
MoO3-10 ZnO-10 MO (MO = Li;O, NayO, KO,
MgO, CaO, and PbO). The synthesized six glasses are
indicated as “G1” (Li;O), “G2” (Nay0), “G3” (K,0),
“G4” MgO), “G5” (Ca0), and “G6” (PbO), respec-
tively, for convenience. All the appropriate chemicals
were weighed in the stoichiometric ratio in 20-g batch
each separately, thoroughly mixed using an agate
mortar and a pestle, and then, each of those powders
is collected into a high-purity alumina crucible and
heated in an electric furnace for melting at 930 °C for
30 min. The melts were subsequently poured onto a
stainless steel plate and then quickly pressed with
another steel plate. The obtained glass disks were
optically transparent, having a diameter of 3—4 cm
and a thickness of ~0.3 cm. The internal stress
induced in the glasses during the melt quenching
was released by annealing the samples below glass
transition temperature at 300 °C for 5 h in air and
then allowed to cool down slowly to ambient tem-
perature. Finally, the glass samples were prepared in
powder form for XPS measurements.

XPS characterization

The glass powders chemical composition, as well as
the local chemical environments, was analyzed using
Kratos Axis Ultra DLD XPS spectrometer in an ultra-
high vacuum chamber (base pressure ~ 10~ Torr).
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The XPS data sets were collected with a monochro-
matic Mg K, X-ray source at an output power of 150
watts with a photon energy of 1253.6 eV and a step
size of ~1.0eV and 0.1 eV, respectively, for the
survey (wide) scan and high-resolution (narrow)
spectra. Survey scans (~1.0-eV step size) were per-
formed with the pass energy of 160 eV to gain qual-
itative information such as peak identification and
peak position. Peaks identified in all the survey scans
were used to adjust high-resolution scan binding
energy range with pass energy, 20 eV. The analyzed
area was equal to 300 x 700 pm in diameter. For self-
consistency, the measured binding energy of the
peaks was corrected based on the calibration factor
calculated from the difference between the measured
binding energy of the C 1s peak and its reference
value of 284.6 eV. Here, the C 1s peak generally
originates from hydrocarbon contamination and its
binding energy (BE) is usually assumed to be con-
stant, irrespective of the chemical oxidation state of
the material.

Radiation shielding parameters: theoretical
basis and method of computation

Mass attenuation coefficient

The mass attenuation coefficient (i/p) is a measure of
the average number of interactions for the gamma
rays with a material that occur in a particular mass
per unit area thickness of the material. When a nar-
row beam of monoenergetic photons penetrates a
layer of material with thickness ¢, it follows the
Lambert-Beer law given by [36]:

I = Ipexp[ /)] (1)

where I, and I are the incident and transmission
intensity, respectively, ¢ is the sample thickness, and
1t/p is the mass attenuation coefficient (in cm? g_l).

For materials, which consist of different elements,
it is assumed that the contribution of each element of
the material to the total photon attenuation is addi-
tive. In such case, the p/p can be calculated using the
following relation [37]:

u/p= Zwi(u/p)i (2)

where w; is the proportion by weight and (u/p); is
mass attenuation coefficient of the ith element, which
can be calculated by using WinXCom software [38].
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Effective atomic number

The values of u/p are then utilized to evaluate the
photon interaction cross section (o) of the glasses
though the following equation [39]:

M(u/p)
"N e
where M =" A;jn;, the molecular weight of the
sample, A; is the atomic weight of the ith element, ;
is the number of formula units of a molecule, and N
is the Avogadro’s number.

Effective atomic cross section ¢, is calculated by
using the following equation [40]:
Oy

B doini

Total electronic cross section ¢, is calculated by
[40]:

_ 1 fidi
Oc _N_AZ Z; (Mm)i (5)

(4)

Oa

where f; and Z, represent the fractional abundance of
the element “i” and the atomic number of the con-
stituent element, respectively.
Finally, the following relation was used to calculate
the effective atomic number (Z.g) [40]
Oa

Zog =22
ff s (6)

€

Mean free path

The mean free path (MFP) of any material is the term
to depict the effectiveness of gamma-ray shielding. It
can be defined as the average travelled distance
between two successive photon interactions [41]. The
lower MFP indicates more interaction of gamma rays
with the material; hence, the better shielding prop-
erties can be obtained. The MFP is calculated using
the relationship [42]:

1
MFP =~ 7
p (7)

where p is the linear attenuation coefficient (mass

attenuation coefficient value multiplied by the den-
sity of the sample).

Exposure buildup factor (EBF)

To calculate the EBF, the GP fitting parameters were
obtained using logarithmic interpolation method
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from the equivalent atomic number (Zeq). Zeq is a
parameter, which describes the composite material
properties in terms of equivalent elements similar to
atomic number for a single element. The photoelec-
tric absorption and pair production are both the
photon removal processes. Therefore, the buildup of
photons in a medium is mainly due to the multiple
scattering events in Compton scattering region, so
that Z.q is derived from the Compton scattering
interaction process. For the detailed knowledge on
the calculations of the Z.q and EBF of the glasses, the
readers can refer to Refs [43—45].

Macroscopic effective removal cross section for fast
neutrons (> r)

The macroscopic effective removal cross section for
fast neutrons is the probability of one neutron
undergoing a particular reaction per unit path length
of travel through the shielding medium. The follow-
ing relation was used to evaluate the ) g for the
selected glass samples [46]:

-y w(30) ®
R i R i
where W; is the partial density (g cm ™) and g/
(cm? g™') is the mass removal cross section of the ith
constituent obtained from [47, 48].

Results and discussion
XPS analysis of G1-G6 glasses

A thorough analysis of structural, thermal, and
optical absorption properties for Li-, Na-, K-, Mg-,
Ca-, and Pb oxide-based glasses (labeled here as
“G1,” “G2,” “G3,” “G4,” “G5,” and “G6,” respectively)
was reported by us, recently in Ref. [28]. In this
article, we analyze the XPS spectral data for deeper
understanding of the local environment of the Te
atoms and to obtain an information about the BOs
and NBOs, TeO4 and TeO3/TeO5,1 structural units,
molybdenum (Mo), and zinc (Zn) oxidation states,
which could present in the G1-G6 glasses network
matrices.

It is well known that the XPS is an important
experimental technique to evaluate the environment
of particular atoms for a given matrix composition
and the fusibility of various chemicals used during
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the glass synthesis and it provides chemical oxidation
states and bonding information of atoms [49]. Gen-
erally, XPS of solids consists of core-levels and
valence band and the intensity of core-levels
decreases with decreasing BE where BE for a given
level is assigned to a particular element. Particularly,
within the solid, the BE of core electron is affected by
both the local electron density around the atom and
structural arrangement (chemical bonding) for the
other atoms and this is generally defined as a chem-
ical shift in the XPS spectra [50, 51].

Relatively low-resolution XPS survey scans in the
binding energy region 0-1200 eV with 1.0-eV incre-
ment (step size) were recorded for G1-G6 glasses
using Mg K, incident photons, and as an example, a
typical wide-scan XPS spectrum for the sample “G2”
is shown in Fig. 1. Besides the expected main com-
ponent elements Te 4d, Na 2s, Zn 3p, B 1s, Mo 3d, Te
3d, Te 3p, Zn 2p, Na 1s, and O 1s peak, a C 1s peak
was also observed for the “G2” sample. This C 1s
peak at 284.6 eV is caused by the hydrocarbon con-
tamination. The XPS profile shown in Fig. 1 confirms
the initial glass composition and shows the electronic
configurations or the core-levels associated with “G2”
glass cations. Generally, here the binding energies
from 0 to ~50eV represent electronic structure
related to electrons of the outer valence molecular
orbitals of the elements (Te, Zn, Na, etc.) and O
2p outer valence shells, and electrons of inner valence
molecular orbitals and related to electrons of the fil-
led low-energy valence shells for the elements
including O 2s of neighboring atoms. Although the

Tedd,, G2
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o
T B
=

Ols

Intensity (Counts)
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Figure 1 Wide-scan (low-resolution) XPS spectrum from the
surface of the glass “G2” obtained using Mg K, radiation
(hv = 1253.6 eV).
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<«Figure 2 a High-resolution Ols core-level spectra for the “G1,”
“G2,” “G3,” “G4,” “GS,” and “G6” glasses and b—g correspond-
ing least squares curve fitting spectra.

inclusion of alumina (Al) occurred during the glass
synthesis from the crucibles used in the melting of
the glass powder mixtures, which is identified by
EDAX analysis [28], no peaks for aluminum were
detected through the XPS studies for G1-G6 glasses.
From the measured high-resolution XPS spectra of O
1s (Fig. 2a), Te 3d (Fig. 3a), Mo 3d (Fig. 4a), and Zn
2p (Fig. 5a), the peak positions of the O 1s, Te 3d, Mo
3d, and Zn 2p core-levels relative to C 1s (284.6 eV)
peak and their corresponding FWHM (full width at
half maximum) values for G1-G6 glasses were eval-
uated and the corresponding data are presented in
Table 1. Here the experimental uncertainties in the
spectral peak positions are less than + 0.10 eV and
for FWHM +0.20 eV.

The XPS O 1s spectra have been successfully used
to distinguish various oxygen (O) local sites and to
evaluate the proportions of BO atoms and NBO
atoms for various glass systems [52-57]. Figure 2a
shows the high-resolution O 1s core-level spectra for
G1-G6 glasses investigated in this study. The O 1s
spectra show variation in peak intensity between
alkali (G1, G2, and G3; G2 > G1 > G3), alkaline (G4,
and G5; G4 > G5), and heavy metal oxide-added (G6)
glasses in the order G2 > G4 > G1 > G6 > G3 > G5
producing more oxygen atoms in the corresponding
glasses. The O 1s peak exhibits slight changes in BE
values for the glass compositions (see Table 1), and
the O 1s peaks for all the glasses are considerably
broader as evidenced by the larger FWHM values
(see Table 1). In fact, this broadening can be attrib-
uted to spectral asymmetry in the peak resulting
from the appearance of a slight nonsymmetrical
shape on the higher BE side of the main peak. Here,
this peak asymmetry may be caused prevailingly by a
change in the local oxygen environment caused by
the Te atoms coordination state transformation from
TeO, (tbp) to TeOs3,, polyhedron or TeO;™ (tp) with
the addition of alkali (Li, Na, and K), alkaline (Mg,
Ca), or heavy metal (Pb) oxide in G1-G6 glasses [28].
(Analysis of Te 3ds,, XPS peak has also confirmed
this statement (see Fig. 3)). Since the asymmetry in
the O 1s spectra could indicate the existence of more
than one type of oxygen sites in the synthesized
samples, for G1-G6 glasses, O 1s spectra were fitted
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to two Gaussian—Lorentzian peaks by means of least
squares curve fitting and are shown in Fig. 2b-g in
order to determine the spectral peak positions and
related FWHM values for two different oxygen sites.
The BOs and NBOs show higher and lower binding
energies, respectively, due to the higher effective
charge on the latter. The evaluated results of these fits
are displayed in Table 2 in terms of the contributions
arising from a higher BE sites (designated as BO) and
lower BE sites (designated as NBO). It is necessary to
emphasize that the BE values are given after correc-
tion with respect to the C 1s reference. Following our
previous Fourier transform infrared (FTIR) spec-
troscopy, and Raman structural studies on these
glasses [28], here the NBO sites mainly consist of
oxygen associated with Te = O, Te-O"M™', Mo-O~
bonds in the MoOg octahedral units, Zn-O bonds
from ZnO, groups; and the BO sites with oxygen in
Te-O-Te, B-O-B, Mo—-O-Mo, and Te-O-Mo bonds.
Further, it is reasonable to assume that the BE of these
different BO type sites will be almost similar because
the electronegativity (EN) value of Te, B, and Mo is
identical among them (EN of Te = 2.1, B = 2.04, and
Mo = 2.16) [28]. For all of the fitted O 1s spectra, the
dominated peak represents NBO for all the G1-G6
glasses and NBO peak shows higher intensity than
BO peak. For G1-G6 glasses, the NBO and BO peaks
position varied in the BE range 530. 258 eV (G2)-
530.483 eV (G4) and 531.397 (G2)-531.693 (G4). Here
it should be worth mentioning that this so-called
chemical shift strongly depends on the electron space
density distribution of the atoms and the higher
electron density around an atom results in a lower BE
of the ejected photoelectrons [58]. It is well known
that usually TeO; unit formed in the glass structure
contributes two NBOs [59]. The oxygen atoms in B-
O-B and Mo-O-Mo bonds are probably more non-
bridging in character compared to those in Te-O-Te
units. Moreover, these rather large relative abun-
dances of NBO indicate that MoO3; and ZnO (both are
in 10 mol %) play the role of a network modifier
rather than a glass former in G1-G6 glass system.
One can, in general, state that both ZnO and MoO;
can be considered as glass formers and modifiers at
higher and lower molar concentrations [28]. Gener-
ally, when alkali or alkaline and heavy metal oxides
are added to the glasses, they influence the glass
network structure creating more NBOs, and as an
example, Sekiya et al. [60] also proposed through
Raman spectroscopic studies that NBOs, which are a
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<«Figure 3 a High-resolution Te 3d core-level spectra for the “G1,”
“G2,” “G3,” “G4,” “GS,” and “G6” glasses and b—g correspond-
ing deconvoluted Te 3ds,, peak spectra.

part of the TeOs;;; polyhedra and TeOj; trigonal
pyramid (tp) units, were formed in alkali tellurite
glass system due to the addition of alkali oxides. In
our study, the presence of Mo and Zn produces a
more connected network than in binary alkali tellu-
rites. Though the role of Zn and Mo is intermediary,
either as a network former (ZnO, and MoQO,) or as a
network modifier (ZnOs and MoOg,) depending on
their molar concentration, at lower concentrations,
alkali or alkaline and heavy metal oxides and Zn in
G1-G6 glasses act as modifiers, contributing to the
conversion of TeOy to TeO3,1/TeO; units, primarily
[28]. Thus, as shown in Fig. 2 and Table 2, the Ols
spectra show slight composition-dependent changes
and these results indicate that, in addition to NBO
atoms, also BO atoms are present in the neighbor-
hood of Te*" and B> ions.

It is well known that in crystalline form, TeO,
possesses four coordination of Te atom, with the
nearest neighbors, arranged at four vertices of a
trigonal bipyramid (tbp) and a lone pair of electrons
situated at the fifth position [61, 62]. Similarly, pure
TeO, glass consists of TeO, trigonal bipyramids, in
which one equatorial site is occupied by a lone pair of
electrons and the other two equatorial and axial sites
are occupied by oxygen atoms [52]. However, in
TeO,-based glasses, basic structural units of TeO,
trigonal bipyramid (tbp), TeOs;; polyhedra, TeO;
trigonal pyramid (tp), and Te-eqOax-Te bond where
the symbol “eqO” refers to an oxygen in an equatorial
plane and “Oax” refers to the oxygen in an axial
position with respect to the Te atom exist and the
structural change of [TeO,](tbp) — [TeO54] — [-
TeOs;](tp) takes place along with the addition of glass
network modifier oxides such as alkali or alkaline
and heavy metal oxides through the continuous cre-
ation of NBOs [28, 52, 60]. Also, it is well known that
in glasses PbO plays the dual role, one as a modifier
in PbOg structural units (if Pb—O is ionic) and the
other as a glass former in PbOy structural units (if Pb—
O is covalent). In Fig. 3a, we present the high-reso-
lution Te 3d core-level spectra (spin—orbit doublet)
for G1-G6 glasses and the observed higher BE peak is
attributed to Te3d3,, and the lower BE peak is due to
Te3ds,, [52, 63]. Following Fig. 3a, the evaluated
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Te3ds/, and Te3ds,, peak positions values, FWHM,
and energy separation between Te3d;,, and Te3ds,»
are listed in Table 1. For G1-G6 glasses, these two
peaks are varied within the BE range 586.42 eV (G2)-
586.62 eV (G4) for Te3d;,, and 576.07 eV (G2)-576.19
(G4) eV for Te3ds,, (see Table 1), respectively. The
FWHM values varied within the range 1.76 eV (G6)-
1.88 eV (G1) and 1.72 eV (G6)-1.87 eV (G1) for
Te3d;,, and Te3ds,,, respectively, for G1-G6 glasses.
An energy separation calculated between these
Te3d;,, and Te3ds,, peaks is varied within the range
10.34 eV (G1)-1045 eV (G6) eV for GI1-G6 glass
compositions. For pure TeO,, values of 576.10, 2.07,
and 1043 eV; and 576.1, 2.1, and 10.40 eV were
reported for the BE, FWHM, and spin—orbit peak
separation (AE), respectively, following the Te 3d
spectra [64, 65]. For G1-G6 glasses, the observed
variations of the BE, FWHM, and AE of the Te 3d
core-level spectra to the above reported values
[64, 65] for TeO, suggest that there may exist different
structural units for Te atom in the Li-, Na-, K-, Mg-,
Ca-, or Pb oxide-added glasses. For example, Sekiya
et al. [60] also proposed that in tellurite glasses, TeO4
trigonal bipyramids (tbps) can be deformed into
lower symmetry TeOj3; polyhedra with the addition
of alkali oxides, and further, TeOj; trigonal pyramids
(tps) form at higher alkali oxide content. Moawad
et al. [66] and Mekki et al. [52] also have observed a
variety of Te-O units for Te atom in silver vanadium
tellurite and vanadium tellurite glasses, respectively.
In order to confirm the existence of various structural
units of Te (different bonding states of Te atoms) in
G1-G6 glasses, the Te3ds,» peak XPS spectrum of
each glass is tried to deconvolute into several sym-
metrical Gaussian functions and all of the spectra are
fitted well into three bands, which are attributed to
TeO,, TeO3™, and TeOj,; structural units [66, 67],
respectively. Figure 3b—g shows the resultant decon-
voluted spectra of the Te 3ds,, peak for G1-G6
glasses, and these Te3ds,, deconvoluted XPS results
concerning the structural evolution of the Te poly-
hedra in function of the chemical composition are
consistent with our recently reported results of G1-
G6 glasses using the Raman spectroscopy [28].

Here it should be emphasized that the TeO;~
structural units are predominant for the G1-G6
glasses amorphous structure (Fig. 3b—g) and this can
be justified due to formation of NBOs in the glasses
with the presence of Zn, Mo, including addition of
alkali (G1-G3) or alkaline (G4, G5) or heavy metal
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<«Figure 4 a High-resolution Mo 3d core-level spectra for the
“Gl,” “G2,” “G3,” “G4,” “GS5,” and “G6” glasses and b-
g corresponding least squares curve fitting spectra.

(G6) oxides. Figure 3b—g spectra also confirm the
observed O 1s NBO strong and high-intensity peak
than BO peak (Fig. 2b—g) results which are discussed
earlier. In Table 3, we present the evaluated results
(peak position, FWHM, and AE) of the deconvoluted
Te3ds,, peak spectra for G1-G6 glasses due to the
contributions arising from TeOy, TeOs;, and TeOs,,4
structural units of Te atom. Here the binding energy
values are given after correction with respect to the C
1s reference. For G1-G6 glasses, the TeO,4, TeO3, and
TeO;,1 peak positions are varied in the BE range
577.61 eV (G3)-578.13 eV (G1); 576.08 (G2)-576.28
(G4); and 573.70 eV (G6)-574.60 eV (G4), respec-
tively. The AE between TeO, and TeO3, and TeO; and
TeOs,4 structural units is varied in the range 1.46 eV
(G3)-1.96 eV (G1) and 1.68 eV (G4)-2.44 eV (G6),
respectively, for G1-G6 glasses. Therefore, we could
conclude that the above discussion about Te3ds,»
XPS peak corroborates our reported FITIR and Raman
results of the G1-G6 (Li-, Na-, K-, Mg-, Ca-, and Pb
oxide-based) glasses [28].

In order to identify the valence state of Mo ions in
the G1-G6 glasses, high-resolution XPS spectra for
the Mo 3d core-level were measured, and the Mo 3d
spin—orbit doublet spectra for these glasses are
shown in Fig. 4a. For G1-G6 glasses, the observed
two peaks changed within the BEs range 232.17 eV
(G2)-232.51 eV (G1) and 235.40 eV (G6)-235.68 (G1)
eV (see Table 1) are assigned to the BEs of Mo 3ds,»
and Mo 3d3;,, (spin—orbit components) of Mo®" ions,
respectively [65]. The AE noticed between the Mo
3ds,, and Mo 3d3,, peaks is changed within the
range 3.10 eV (G5)-3.31 eV (G2) eV for all the glass
compositions. Recently, Pal et al. [68] have been
reported the existence of Mo**, Mo®", and Mo®"
valence states simultaneously, for Mo ions in the
MoO;-TeO, glasses. In our study also, keeping in
view that molybdenum (Mo) ions can exist in more
than one oxidation state, each of the Mo 3d spectra
was tried to fit into multiple Gaussian-Lorentzian
peaks by means of least square fitting method, and
the resulting fitted spectra are presented in Fig. 4b—g.
As one can see from Fig. 4b—g, the fitting procedure
always results in a single peak for Mo 3ds,, spectra.
Since no peaks are resolved at BEs ~ 230 eV (for
Mo°" state) and ~ 229 eV (for Mo*" state) [65, 68] in
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any of the Mo 3d spectra of G1-G6 glasses, we
assume that there are no Mo°", and Mo*" oxidation
states present in our glasses, as the near-Gaussian
shape of the Mo 3ds,, peak indicates that most of the
Mo are present in +6 charge state (Fig. 4a). Thus, the
analyses of the Mo 3d spectra confirm the existence of
only Mo ions in the 6+ oxidation states for all the G1-
G6 glass compositions from the XPS measurements.

High-resolution Zn 2p core-level spectra for G1-G6
glasses are shown in Fig. 5a. The observed two peaks
from the spin-orbit splitting of the Zn 2p core-level
are attributed to Zn2p;,, and Zn2p,,, core-levels
with the lower and higher BEs, respectively [55, 69].
Though the Zn 2p peak profile of core-level spectra
looks similar, the variation in peak intensity was
observed for G1-G6 glasses. From Fig. 5a, the eval-
uated Zn2p;,, and Zn2p;,, peak positions values,
FWHM, and AE between Zn2p;3,,, and Zn2p,,, are
given in Table 1. For G1-G6 glasses, these two peaks
were changed within the BE range 1021.27 eV (G2)-
1021.62 eV (G3) for Zn2pz,, and 1044.27 eV (G2)-
1044.76 eV (G4) for Zn2p,,, (see Table 1), respec-
tively. The FWHM values are varied within the range
1.50 eV (G1)-2.17 eV (G5) and 1.21 eV (G2)-3.32 eV
(G1) for Zn2ps,, and Zn2p,,, respectively, for G1-
G6 glasses. The AE calculated between these Zn2p;,»
and Zn2p,,, peaks is changed within the range
2293 eV (G3)-23.28 eV (G5) eV for G1-G6 glass
compositions. Using XPS measurements, Khattak
et al. [55] have been reported that pure ZnO powder
exhibits Zn2p core-level doublet peaks at 1021.11 eV
and 1044.18 eV, respectively, for Zn2ps,, and Zn2p;,
>. These two peaks showed an energy separation
value of 23.07 eV and FWHM values of 2.03 eV and
2.05 eV, respectively [55]. Comparing with the ZnO
powder Zn 2p core-level values, for the G1-G6 glas-
ses the Zn 2p core-level doublet peaks are shifted in
the range 0.16 eV (G2)-0.51 eV (G3) (Zn2p5,,) and
0.09 eV (G2)-0.58 eV (G4) (Zn2pq,2) toward higher
BEs and this could be possibly due to the presence of
different molecular environments [56], formed by
other glass components (TeO,, B,O3, MoO3) complex
network structures that exist around Zn atom in the
glasses with the addition of Li, Na, K, Mg, Ca, and Pb
oxides.

In order to verify the various molecular coordina-
tions that exist around Zn atom in G1-G6 glasses, the
slight asymmetric Zn2p;,, peak XPS spectrum of
each glass is deconvoluted and fitted well into three
symmetrical Gaussian functions, and Fig. 5b-g



J Mater Sci (2017) 52:7394-7414 7405

(a) 2x10* (b) 1.3x10'{ zn2p G1
2x10*
2 2 1.3x10'
=] =
2 S
) c
& >
Z £
= @
g g 1.2x10° A
= =
= 1023.33 eV
1020.23 eV
1.2x10°
T T T T T T T T T T T T T
1020 1025 1030 1035 1040 1045 1050 1024 1023 1022 1021 1020 1019
Binding energy (eV) Binding energy (eV)
(c) (d) L23x10' | Zn2P Zn2p,, 1021.47eV  G3
1.5x10" |
_ o 1.20x10'4
£ £
g =
2 (3 4 |
S a0 O 1.18x10
z z
£ Z \
5 S 1.15x10°4
= =
= Lot 1024.41 eV
1.13x10" 4
T T T T T T T T T T T T T
1025 1024 1023 1022 1021 1020 1019 1026 1025 1024 1023 1022 1021 1020 1019
Binding energy (eV) Binding energy (eV)
(e)l 48x10° 3 ®
.48x. Zn2p Zn2p,, 1021.6 eV G4 1.3x10" 4 Zn2p Zn2p,, 1021.53 eV G5
1.45x10" 4
1.2x10°
4
7 143x10' 2
g | ‘
S 14010 S 10
<2 2
z , g
7 1.38x10' 2 1.2x10°'
[} P
= <] 10236ev E
= 1.35x10" - =
1019.9 eV 12x10°
1.33x10" A
: . : ; . ; 1.2x10° T T T T T T T
1025 1024 1023 1022 1021 1020 1019 1018 1026 1025 1024 1023 1022 1021 1020 1019 1018
Binding energy (eV) Binding energy (eV)
(g) Zn2p Zn2p,, 1021.57 eV G6
1.3x10°*
@ 4
£ 1.3x10" 4
=
=
=
1S 4
z 1.3x10
w
=
3 4
= 1.3x10° A
|
1.2x10" 4

T T T T T T =
1024 1023 1022 1021 1020 1019
Binding energy (eV)

Figure 5 a High-resolution Zn 2p core-level spectra for the “G1,” “G2,” “G3,” “G4,” “G5,” and “G6” glasses and b—g corresponding
deconvoluted Zn 2p;/, peak spectra.
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Table 1 Peak positions (in eV) relative to C 1s (284.6 eV) and their corresponding FWHM (full width at half maximum) given in the parenthesis for the core-levels Te 3d, Zn 2p,

Mo 3d, and O 1s of “G1,” “G2,” “G3,” “G4,” “GS5,” and “G6” glasses

A
9
et
=,
5
oq
g

O Is

AE Mo
3d

Mo 3(13/2

(FWHM)

Mo 3(15/2

Zn 2p;)p Zn 2p;) AE Zn
2p (FWHM)

AE Te
3d

Te 3d3/2

Te 3(15/2

Sample

(FWHM)

(FWHM)

(FWHM)

(FWHM)

(FWHM)

code

530.43 (2.26)

3.17
3.31
3.21
3.20
3.10
3.12

235.68 (1.34)

232.51 (1.78)

23.14

1044.48 (3.32)

1021.34 (1.50)

10.34
10.35
10.35
10.43
10.43
10.45

576.16 (1.87)  586.50 (1.88)

Gl

G2

530.41 (2.18)

235.48 (1.27)

232.17 (1.56)

23.00
22.93

1044.27 (1.21)

1021.27 (1.71)

586.42 (1.79)

576.07 (1.73)

530.54 (2.27)

235.53 (1.32)
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1044.55 (2.34)
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576.11 (1.76) 586.46 (1.84)

576.19 (1.77)

G3

530.60 (2.25)
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G5

530.41 (2.30)

235.40 (1.10)

232.28 (1.34)

1044.62 (1.98)

1021.49 (1.69)

576.09 (1.72)  586.54 (1.76)
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shows the curve fitting of the Zn2p;,, photoelectron
peak. Here the high-intensity band is related to Zn
bonded to oxygen with BEs of 102143 eV,
1021.39 eV, 1021.47 eV, 1021.60 eV, 1021.53 eV, and
1021.57 eV for “G1,” “G2,” “G3,” “G4,” “G5,” and
“G6” glasses, respectively, and the other two side
components could be related to more complex
structures formed inside the glass matrices. Though
in oxide glasses, the zinc atoms are usually bonded to
four oxygen atoms, the addition of Li, Na, K, Mg, Ca,
and Pb oxides should induce changes (creating
NBOs) in the zinc molybdenum borotellurite glass
network structure acting as modifiers. As a result, the
2p core-level spectra of zinc are formed by three
bands. Therefore, here we should state that probably
in G1-G6 glasses, there is a considerable percentage
(around 20-30%) of zinc that is not described by a
simple single bond with four oxygen atoms. Previ-
ously, Speranza et al. [56] and Medda et al. [70] have
also reported that in oxide glasses Zn can possess a
coordination number different from four such as in
borate [56] and phosphate [70] glasses, respectively.
Thus, different mutual interactions between tel-
lurium, boron, and zinc ions mediated by oxygen
atoms could explain the presence of the two zinc side
bands or components in the 2p;,, peak fitting as the
ability of the Zn cation to accommodate six oxygen
neighbors, when more oxygen atoms (say, NBO) are
available, was earlier reported in the literature [71].

Radiation shielding parameters of G1-G6
glasses

Mass attenuation coefficients

Figure 6 shows the mass attenuation coefficients (u/
p) for the selected borotellurite glasses for the inci-
dent photon energy from 1 keV to 100 GeV. From
Fig. 6, it is observed that the 1/p values for all the
samples initially decrease very sharply and then
slowly and finally again increase to become nearly
constant. Therefore, this variation has been divided
into three regions as low-, intermediate-, and high-
energy regions and can be explained using different
partial photon interaction processes.

In the low-energy region (E < 200 keV), the p/p
value reduces very sharply due to the photoelectric
effect. Since the photoelectric interaction cross section
is proportional to Z*~°/E>?, results are in dominance
for an atomic number of elements as well as
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Table 2 Peak positions and

FWHM of NBO and BO
including AEgo ngo (€V)

resulting from the curve fitting
of the O 1s core-level for the
G1-G6 glasses

7407

Sample code O 1Is (BE) (eV) FWHM (eV) AEgo nBo (€V)
NBO BO NBO BO
Gl 530.378 531.518 1.649 2.522 1.140
G2 530.258 531.397 1.554 2.354 1.139
G3 530.350 531.512 1.589 2.396 1.162
G4 530.483 531.693 1.611 2419 1.210
G5 530.326 531.447 1.545 2.328 1.121
G6 530.282 531.424 1.544 2.328 1.142

Table 3 Peak positions and FWHM of TeOj; 1, TeO3, and TeO, including AE (TeO4—TeOs) (eV), AE (TeO3-TeO; 1) (eV) resulting from
the deconvolution of the Te 3ds,, peak for the G1-G6 glasses

Sample Te3d5/2 (TCO4) Te3d5/2 (TeO3) Te3d5/2 (TCO3+1) AE (TCO4*TCO3) AE (TeO37TeO3+1)
code . . n V) V)
Position FWHM Position FWHM Position FWHM
V) (eV) (eV) V) (eV) (eV)
Gl 578.13 1.75 576.17 1.59 574.33 0.95 1.96 1.84
G2 577.78 1.58 576.08 1.62 573.98 0.65 1.70 2.10
G3 577.61 1.94 576.15 1.47 574.21 0.96 1.46 1.94
G4 578.00 1.39 576.28 1.45 574.60 1.06 1.72 1.68
G5 577.68 1.81 576.15 1.67 574.29 0.58 1.53 1.86
G6 577.90 1.70 576.14 1.42 573.70 0.61 1.76 2.44
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Figure 6 Mass attenuation coefficients for the G1-G6 glasses for
total interaction from 1 to 100 GeV.

reduction with the increment of incident photon
energy. In the intermediate energy region
(200 keV < E <5 MeV), the values of p/p vary slowly
because photon goes under Compton scattering
process where incoherent scattering is linearly

Photon energy (MeV)

Figure 7 Effective atomic numbers for the G1-G6 glasses for
total interaction from 1 to 100 GeV.

proportional to Z. In the high-energy region, u/p
values increase, where the pair production is signif-
icant as cross section is dependent upon Z7.

Also, in the low-energy region, different sharp
edges can be observed which may be due to
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Table 4 Equivalent atomic

number for G1-G6 glasses Energy (MeV) Gl G2 G3 G4 G5 G6
0.015 21.772 21.900 22.350 21.892 22.329 24.381
0.02 23.965 24.066 24.433 24.046 24.413 27.432
0.03 24.567 24.631 24.940 24.615 24.930 28.029
0.04 38.783 38.829 39.001 38.786 38.948 40911
0.05 39.366 39.379 39.531 39.342 39.498 41.404
0.06 39.799 39.799 39.923 39.761 39.899 41.757
0.08 40.333 40.319 40.429 40.282 40.393 42.236
0.1 40.698 40.678 40.766 40.638 40.741 47.452
0.15 41.225 41.190 41.272 41.156 41.244 48.342
0.2 41.522 41.498 41.562 41.462 41.527 48.867
0.3 41.894 41.850 41.893 41.829 41.885 49.494
0.4 42.082 42.057 42.076 41.997 42.040 49.902
0.5 42.199 42.145 42.197 42.126 42.169 50.137
0.6 42.256 42.236 42.283 42.203 42.235 50.293
0.8 42316 42.313 42.340 42.241 42.349 50.468
1 42.408 42.368 42.359 42.339 42.331 50.560
1.5 40.894 40.955 40.936 40.785 41.013 49.322
2 37.120 37.228 37.571 37.168 37.613 45.838
3 33.398 33.723 34.332 33.706 34.269 41.256
4 32.112 32.467 33.153 32.425 33.081 39.445
5 31.508 31.886 32.609 31.835 32.537 38.492
6 31.118 31.499 32.243 31.431 32.127 37.956
8 30.628 31.005 31.759 30.991 31.655 37.253
10 30.441 30.842 31.584 30.785 31.491 36.945
15 30.312 30.722 31.498 30.730 31.420 36.721
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Figure 8 Mean free path (MFP) of the selected glasses as a
function of photon energy in comparison with some standard
shielding materials.

absorption edges of K, L, M shell electrons of the
elements (Na, K, Mg, Ca, Zn, Mo, Te, and Pb). Fig-
ure 6 shows that the p/p values for sample “G6,”
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Figure 9 Variation in exposure buildup factors with energy for
G6 (as an example) with photon energy at selected penetration
depths 1, 5, 10, 15, 30, and 40 mfp.

which contains high Z-element (i.e., Pb), are the lar-
gest among the selected glasses while sample G1
shows the minimum values. The largest values of p/p
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Figure 10 Variation in exposure buildup factors for the G1-G6 glasses with penetration depth at selected energies 0.015, 0.15, 1.5, and

15 MeV.

signify that the removal of the photon from the
materials is the highest. Therefore, sample “G6”
provides superior gamma-ray shielding effectiveness.

Effective atomic number

The variation of Z.¢ with the incident photon energy
for all samples G1-G6 is shown in Fig. 7. As in the
case of mass attenuation coefficients, this figure also
shows the dominance of several interaction processes
in different energy regions. Obviously, it can be seen
that the values of Z.¢ depend on the modifier oxides
in the studied glasses and incident photon energy.
With changing of the modifier oxides, the values of
Zei increase or decrease, which indicates the

significance of selection of certain oxides for required
radiation shielding applications. It is also noted that
in the low-energy region, two sudden jumps occur-
red at 4 and 40 keV, and these jumps can be
explained on the basis of absorption edges of Te. The
incident photon energy corresponding to L- and
K-absorption edge of Te appears at the incident
photon energy L3 (4.34 keV), L2 (4.61 keV), L1
(4.94 keV), and K (31.18 keV). Additionally, it can be
observed that in the moderate energy region
(0.4-5 MeV), the minimum value of Z. is found.
Beyond 5 MeV, the Z. increases with an increment
in energy, and at incident photon energy 60 MeV, the
Z. value becomes nearly constant. It was observed
that among the selected G1-G6 glass samples, the Zq
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Table 5 EBF for all the G1-

J Mater Sci (2017) 52:7394-7414

G6 glasses at different Energy (MeV) Gl

G2 G3 G4 G5 Go6

penetration depths and
different energies

(a) Exposure buildup factor for 1 mfp

0.015 1.01 1.01 1.01 1.01 1.01 1.01
0.15 1.26 1.27 1.25 1.26 1.26 1.22
1.5 1.63 1.63 1.63 1.63 1.63 1.57
15 1.24 1.25 1.28 1.25 1.27 1.43
(b) Exposure buildup factor for 5 mfp
0.015 1.02 1.02 1.02 1.02 1.02 1.01
0.15 1.65 1.65 1.65 1.65 1.65 1.46
1.5 491 491 491 4.92 491 4.41
15 2.36 2.45 2.63 2.45 2.61 3.85
(b) Exposure buildup factor for 10 mfp
0.015 1.02 1.02 1.02 1.02 1.02 1.01
0.15 1.92 1.92 1.91 1.92 1.91 1.62
1.5 10.34 10.33 10.33 10.35 10.32 8.93
15 4.84 5.16 5.77 5.16 5.71 10.57
(c) Exposure buildup factor for 20 mfp
0.015 1.02 1.02 1.02 1.02 1.02 1.01
0.15 2.34 2.35 2.33 2.35 2.34 1.87
1.5 24.84 24.82 24.83 24.88 24.80 20.65
15 20.77 22.97 27.52 23.02 27.04 73.07
(e) Exposure buildup factor for 40 mfp
0.015 1.02 1.02 1.02 1.02 1.02 1.01
0.15 2.86 2.87 2.85 2.87 2.85 2.17
1.5 61.87 61.80 61.82 61.99 61.74 49.54
15 272.73 321.71 433.14 322.72 420.67 2240.15

Table 6 Values of effective removal cross sections Y g (em™)
for the G1-G6 glasses

Samples

Gl G2 G3 G4 G5 G6

STr(em™) 0.1273 0.1099 0.1047 0.1191 0.1204 0.1183

of sample G6 was the largest (since it contains the
highest atomic number constituent element, i.e.,
lead), which means that it absorbs effectively incident
photons; therefore, it has been shown with the
highest gamma-ray shielding competence, whereas
the Z.s values for sample G1 were found lower than
for all other samples. Hence, it has weak gamma-ray
shielding property. The equivalent atomic number
values for G1-G6 glasses in the energy region
0.015-15 MeV are presented in Table 4.

Mean free path

Mean free path (MFP) has been compared between
samples G1-G6 including literature values for some

@ Springer

standard shielding glasses and basalt magnetite
concrete [72-75] as shown in Fig. 8. From Fig. 8, it is
obvious that the values of MFP are very small for
E < 0.1 MeV and the values of MFP for samples G1-
G6 increase rapidly thereafter and reach a maximum
at about 10 MeV. Also, it can be observed from Fig. §
that for incident photon energy higher than 200 MeV
the MFP values are almost constant. It is observed
that all samples G1-G6 have lower values of MFP
than S7, basalt-magnetite concrete, and 70 BaO: 30
5i0;,. In light of these results, we can conclude that
our glasses studied in this work possess better
shielding properties than some standard shielding
glasses and basalt-magnetite concrete.

Exposure buildup factor (EBF)

The variation in exposure buildup factors for sample
G6 (as an example) with the photon energy at selec-
ted penetration depths 1, 5, 10, 15, 30, and 40 mfp is
shown in Fig. 9. Similar plots with same features
were obtained for the G1-G5 glasses also and are not
shown here. From Fig. 9, it can be seen that the EBF
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values for all the penetration depths are about one in
the low-energy region and the sudden jump occurs at
40 keV which could be attributed to k-edge absorp-
tion of Te at 31.18 keV. Also, the EBF values increase
with an increase in the mean free path of the glass.
This behavior of EBF profile shows that more photon
buildups for large penetration depths and high-en-
ergy photons. The variation for EBF can be explained
by photon interaction process similar to mass atten-
uation coefficients.

Variation of the EBF for the samples G1-G6 with
penetration depth (0-40 mfp) is shown in Fig. 10a—d.
The EBF values for all the G1-G6 glasses at different
penetration depths and different energies are shown
in Table 5. It is worth mentioning that the EBF for the
glass samples increases with photon energy and
penetration depth. At incident photon energy
0.015 MeV (Fig. 10a), the EBF values for the glass
samples G1-G6 were found to be in the range of
1.004-1.011 with the lowest for sample G6 (which
possesses the highest Z.,). As the photon energy
increases (Fig. 10b—c), the values of EBF almost
remain the same for all the penetration depths for
samples G1-G5 and the lowest EBF was observed
again for sample G6 for the penetration depth range
0—40 mfp. From Fig. 10d, one can see the reverse
behavior of the dependence of EBF in Z, i.e., the
highest Z., (sample G6) show the largest EBF. This
can be explained by the formation of electron and
positron pairs in high-energy region (pair production
region). The positron at rest annihilates with an
electron to produce secondary photons of equal
energies (0.511 MeV). In low penetration depths,
these photons can pass through the glass samples,
whereas multiple scattering will occur for the large
penetration depths.

Effective removal cross section of fast neutrons

The effective fast neutron removal cross sections (3 g,
cm ™) for the different glasses were calculated using
Eq. (4), and the results are presented in Table 6. It is
found that the ) r value slightly higher for the
sample G1 and the minimum values were recorded
for sample G3, and this leads to the conclusion that
sample G1 is more effective and suitable for neutron
radiation shielding than the other samples. An ele-
vated value of ) g for sample G1 can be attributed to
the lithium (Li, light element) which has a high value
of mass removal cross section compared to other
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elements (3"r/p = 0.084 cm® g~ ). We found that Zg
(cm™") for sample Gl is in an order of experimental
values of basalt-magnetite and Xy for all samples G1-
G6 were higher than the ordinary concrete, haema-
tite—serpentine, and ilmenite-limonite [72]. In addi-
tion, we found that =g (cm™") for sample G5 is equal
to TeO,—B,0Oj3 glass composition g (cm™) value [75].

Conclusions

In summary, transparent and stable zinc molybde-
num borotellurite glasses containing various network
modifiers have been fabricated by melt quenching
technique and their local environment around O, Te,
Mo, and Zn atoms (using XPS measurements) was
investigated. The O 1s core-level XPS spectra indicate
the BO atoms in Te-O-Te, B-O-B, Te-O-Mo, and
Mo—-O-Mo configurations at a slightly higher BE than
the NBO atoms in the Te = O, Te-O"M*, Mo-O~
bonds in the MoOg4 octahedral units, and Zn-O bonds
from ZnO, configurations. The Te 3d XPS spectra for
the glasses showed the presence of different struc-
tural units of the tellurium atom, and the coordina-
tion of the Te atom changes from 4 to 3, which leads
to the formation of TeO,4 TeO;~, and TeO3,; units,
respectively. The study of the Mo 3d XPS spectra
indicates the existence of Mo ions in the 6+ oxidation
state for the glass compositions. The Zn 2p core XPS
spectra show that zinc is mainly coordinated by four
oxygen atoms. However, the zinc 2p;,, photoelectron
peak shows the presence of oxygen atoms which
mediate the interaction among tellurium, boron, and
zinc atoms. The Zn 2p;,, peak shifted to higher BE
side in comparison with standard ZnO powder,
probably due to the changes in the chemical envi-
ronment in the glasses complex network structures
that exist around Zn atom. Both B,O3; and TeO, play
network formers role, MoO; and ZnO mainly act as
network modifiers, and by comparison, the Te and
Zn XPS valence band spectra show significant sys-
tematic changes that were consistent with the varia-
tion of chemical composition in the glasses. All the
selected alkali or alkaline and heavy metal oxides
entered the glass structure as network modifiers.
Further, the radiation shielding parameters such as
mass attenuation coefficient, effective atomic number,
mean free path, exposure buildup factor, and
macroscopic effective removal cross section (3 _r) for
fast neutrons of the synthesized glasses were

@ Springer
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investigated using WinXCom program. Among the
studied glasses, PbO-introduced glass shows the best
gamma-ray shielding properties due to its higher
values for mass attenuation coefficient, effective
atomic number, and lower values of both MFP and
EBF. The obtained results of the glasses were com-
pared in terms of the mean free path with different
shielding glasses and basalt-magnetite concrete.
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