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ABSTRACT

A new set of bismuth lead borate glasses is synthesized using melt quenching
technique with the chemical composition 39B,O5; + 30PbO + 20MO + 10Bi,.
O3 + 1Eu,03 (where M = K, Na, Ca, Sr and Ba). Lead based host matrix has
been chosen since it acts as an effective material for radiation shielding appli-
cations. 30% of Lead oxide is used in every glass along with the varying mod-
ifier oxides and the comparative study is reported. The amorphous nature is
confirmed via XRD analysis for the synthesized glasses. The physical and
structural properties are calculated to get a clear idea about the potentiality of
shielding that every glass can withstand. Mechanical strength of the glass is
checked by calculating the Poisson’s ratio, since breakage of glasses under stress
conditions also need to be tested very much in the nuclear reactors for safety
purposes. Optical studies are carried out through UV-Vis absorption spectra
and the transitions between the energy levels of Eu®* ions are reported. By using
Tauc’s plot direct and indirect band gap values are calculated along with
Urbach energy values. Additionally, the radiation shielding properties of the
synthesized glasses are also calculated by using both XCOM and ESTAR
programs.
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1 Introduction

Host of Bismuth Lead borate rich glasses with alkali
and alkaline earth oxides like K,O, Na,O, CaO, SrO
and BaO along with Europium oxide are synthesized
for applications in radiation shielding. Radiation
screening glasses are of high demand in the increas-
ing industrial areas with nuclear power reactors as
one of the quick surroundings [1]. Therefore utmost
care is to be taken and it is a strict necessity to build
screening wardrobes which is essential for the sur-
vival of human kind without any dreadful diseases
like cancer. Glasses with neutron absorbing materials
have high responsibility in providing shielding. Lead
(Pb) with high molecular density has been used to
effectively stop gamma and X-rays to escape from its
coverage [2]. Thick block of Lead is normally used to
store radiation waste or used as an apron for
shielding purposes yet, taking this technique to the
next level, lead based glasses are marvelous substi-
tute for shielding purposes around the nuclear reac-
tor. In Hospitals, X-Ray shielding glasses are used for
high energy radiation therapy oncology, these glasses
are preferred since it has a clear view and protection
against the radiation is the absolute priority in diag-
nostic and therapeutic procedures [3].

In the recent times, Kavaz et al. [4] analyzed on the
radiation shielding properties of BaO-Bi,O3-B,Os—
xCeO, glasses for various concentration of CeO, and
found that the glass with highest cerium content
possess highest value of 1/ p and HVL and is best for
shielding radiation. Laariedh et al. [5] investigated
the radiation shielding properties on lead based
borate glasses with different modifiers like Tungsten,
Sodium and Magnesium oxides and identified that
the glass with 50% of Pb content exhibit larger ability
to screen gamma radiations. Kawa et al. [6] theoreti-
cally and experimentally validated the gamma
shielding properties with a new series of bismuth
borate glasses modified with Zinc and Magnesium
oxides. They estimated the radiation protection effi-
ciency (RPE) and mass attenuation coefficient values
and concluded the fact that the glass with 10% of
Bismuth content exhibit more protection against the
radiation when compared with the glass with 60% of
Bismuth. Much earlier in 2004, Singh et al. [7] made a
comparative study on lead borate and bismuth lead
borate glasses and concluded that bismuth can be
substituted with lead to attain the radiation shielding
behavior near to lead based glasses. Newly, Marzouk
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et al. [8] investigated on the new series of heavy metal
oxides like SrO, CdO, BaO, PbO or Bi,O; doped
borate glasses and studied the before and after effects
on radiation and reported that Bismuth borate glasses
exhibit excellent shielding material against gamma
radiation. Based on the above findings, the present
composition of glasses is synthesized.

In the present work, Borate is chosen as a glass
former because of its technical importance and the
flexibility of B,O3 to accommodate additives which
facilitate the modified glass to be used for several
applications. Heavy metal oxides like PbO, Bi,Oj is
added into the glass matrix so that they can act as a
glass modifiers and they have lower melting tem-
perature, higher stability with flexible optical prop-
erties and reduce the phonon energy of the host
matrix [9, 10]. Heavy metals incorporated glasses can
be used extensively for gamma shielding applications
as it aids in absorbing most of the fast moving neu-
trons [11]. Europium plays the role of dopant ion
since it possesses many optoelectronic applications.
Interestingly, apart from the optoelectronic device
applications, high density RE-doped heavy metal
alkali borate glasses exhibit improved radiation
shielding properties for radiation shielding windows
[11-13]. A host of borate rich glass containing alkaline
earth oxides along with PbO, Bi,O3, SrO, BaO, CaO as
glass modifiers are optimistic materials for their
probable applications in the fields of optical com-
munications, laser hosts, optical filters, X- and y-ray
absorbers, photonic devices, and so forth [14-16].

In the present work, bismuth lead borate glasses
doped with europium ions were fabricated and their
physical, structural, optical and radiation shielding
properties were investigated. X-Ray Diffraction
analysis was used to examine the amorphous nature
of the fabricated glasses. Density and refractive index
measurements employing Archimedes principle and
Abbe refractometer respectively. Bandgap studies
were calculated using Tauc’s plot. The radiation
shielding features of the fabricated glasses were
inspected over a wide range of energy up to 15 meV.

2 Experimental and computational
techniques

To synthesize a new series of bismuth lead borate

glasses doped with europium ions, high purity Sigma
Aldrich chemicals are used. Synthesized glasses with
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their codes and chemical composition are given
below;

BPBKE: 39B,0O3 + 30PbO + 20K,O + 10Bi,O5 +
1Eu,0s.

BPBNaE: 39B,0; + 30PbO + 20NaO + 10Bi,O5 +

1EU203.

BPBCaE: 39B,05; + 30PbO + 20CaO + 10Bi,O3 +
1EUQO3.

BPBSrE:  39B,0; 4 30PbO + 20SrO + 10Bi,O5 +
1Eu,0Os.

BPBBaE: 39B,03 + 30PbO + 20BaO + 10Bi,O3 +

1EUZO3.

Also, the weight fractions of the elements of the
prepared glasses are given in Tablel. 15 gm batch
chemicals for BPBCaE, BPBSrE, BPBBaE glasses are
weighed and minced as a homogeneous mixture
which is taken in a porcelain crucible and melted in a
furnace for 1.5 h at 1000 °C while the other two
glasses BPBNaE and BPBKE are melted at 1200 °C for
10 and 11.5 h respectively. The melt is poured onto a
preheated brass plate which is kept in the annealing
furnace at 330 °C and 400 °C for different melting
temperatures. The glasses are annealed for 10 h in
order to improve the mechanical stability and to
withstand stress and strain [17]. The annealed glasses
are further polished and used for optical studies. The
XRD analysis is performed by utilizing JEOL 8030
X-ray diffractometer (between 20° < 6 < 80°) [18].
The XRD pattern of the BPBSrE glass is given in
Fig. 1. The elemental analysis of glasses using EDX
investigations is shown in Fig. 2. The oxidation states
of elements are found out using XPS characterization
and the increase or decrease of binding energy value
of each photoelectron peak can be related to change
of atoms environment, oxidation state in the chemical
bonds. The intensity of Bls photoelectron peak is
observed at 189.7 eV corresponding to + 3 oxidation
state for Boron which also nearly matches the litera-
ture value of 191.1 eV. This small shift of the peak
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Fig. 1 XRD profile of the Eu*" ions doped Bismuth Lead borate
glass

positions can be explained due the addition of bis-
muth and lead into the chemical composition. The
Bi4f photoelectron core level spectra point out a spin—
orbit splitting of about 5.4 eV between 4f;,, and 4fs,»
peaks. The peaks at 165.1 eV and 159.7 eV can be
linked to the Bi®* oxidation state of Bismuth in glass
[19]. The Pb4f spectrum consists of two deconvoluted
peaks such as 4f;,, and 4f5,, components positioned
at 138.2 eV and 143.1 eV respectively and the oxida-
tion state of Pb is + 2. In Eu3d spectra, the peak
positions at 1135.2 eV and 1163.3 eV refers to Eu 3ds,
» and Eu 3d3,, with the spin-orbit splitting of 28.1 eV
which explains the Eu*" oxidation state in glass. For
Barium, there are two peaks 3ds,, and 3d3,, observed
at 777.8 eV and 793.3 eV respectively with the split-
ting of 15.5 eV with the oxidation state of + 2 [20-22].
The appearance of an asymmetry in the Ols spectra is
anticipated as it is well-known that the Ols peak in
glasses arises from different oxygen binding sites. In

Table 1 The weight fraction and density of the new prepared glasses

Glass codes Element (in wt.)

Density (g/cm’)

B O Eu Pb Bi K Na Ca Sr Ba
BPBKE 0.12112 0.33601 0.00863 0.27849 0.08969 0.1660 4.501
BPBNaE 0.12112 0.35367 0.00863 0.27849 0.08969 0.14837 4.597
BPBCaE 0.12112  0.35910 0.00863 0.27849 0.08969 0.14293 5.379
BPBSrE 0.12112  0.33292 0.00863 0.27849 0.08969 0.16911 5.982
BPBBaE 0.12112 0.32291 0.00863 0.27849 0.08969 0.1791 6.721
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Fig. 2 EDX spectrum of Eu*" e
Spectrum: sample BPBKE
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Bi 83 L-series 21.25 24.44 4.82 0.80
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b

general, a higher energy contribution arises from the = 2.4 eV [22]. XPS spectrum of individual elements and
presence of bridging oxygen (BO) atoms and oxygen survey spectrum for BPBBaE glass is shown in Fig. 3.
atoms bonded to higher electronegativity cations (like The MAC () of the current glasses was deter-
B-O-B) and the lower energy peak results from the = mined by using the online XCOM program for wide
contribution of oxygen ions linked to the cations with ~ range energy of 0.01 to 10 meV [23]. Based on the
lower electronegativity (such as Bi-O-Bi) and non- MAC, a series of shielding properties such as LAC,
bridging oxygen (NBO) atoms. Thus, the two  MFP, Z.s and N are determined by using the for-
deconvoluted peaks 5289 eV and 531.3 eV are  mulae mentioned in the Table 2.

observed in the Ols spectra with the splitting of
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Fig. 3 XPS spectra of 20000 1 . :
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3 Results and discussions lead glasses. On the basis of effect of different mod-
ifiers, densities increases uniformly from 4.501 to
3.1 Physical properties 6.721 g/cc corresponding from BPBKE to BPBBaE

glasses. The refractive index lies in the ranges

In the case of applications which involve shielding of ~ 1583-1.795 and all the glasses are polished to an
radiation, density and thickness are the important

physical factors to be studied. Possession high den-
sity is one of the main characteristic features of all

equal thickness of 3 mm. Molar volume (V,,) and
Average molecular weight (M,,) are calculated the-
oretically using the formulae referred from the
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Table 2 Mathematical expressions for evaluating Radiation Shielding properties according to the Beer- Lambert’s law [24]

Parameter Formula Symbols
LAC LAC =MAC x p p: density of glass
HVL HVL = 0.693 W linear attenuation coefficient = (density x u/p)
I
MFP MFP =1/u
Zesr Z fiAi(5), fi is the fractional abundance of the element i, A; is the
Zeiy = A atomic weight, and Z; is the atomic number
;flz_j(ﬁ)/
Nesr Ne = (54)Na L M molecular weight
1

ni number of formula units

literature [24, 25] and the observation shows the lin-
ear decrease of molar volume in relation with density
and average molecular weight. Metallization criterion
value (M) indicates the nature of solid as metals/non-
metals. Heavy metal oxides doped glasses have R,/
Vm value ranging from 0.334 to 0.426 while the pos-
itive values of M indicates that the glasses come
under the category of non-metals according to the
theory by Dimtrov et al. [26]. All the physical prop-
erties of the Eu’* ions doped bismuth lead borate
glasses are listed in Table 3. The relationship among
average molecular weight, density, and molar vol-
ume are pictorially represented in Fig. 4.

3.2 Structural analysis

3.2.1 Molar volume of oxygen (V,), Oxygen packing
density (OPD)

As the glasses are mainly of oxides compounds there
is an importance to check for the oxygen bonds as
bridging or non-bridging since it connects the net-
work as loosely or tightly packed structure. Molar
volume and oxygen packing density reveals the
structural changes occurred in every glass.

The theoretical formulae to calculate the above
mentioned structural parameters are taken from the
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Fig. 4 Relationship among molar volume (V,,), average
molecular weight (M) and density (p) with respect to the
corresponding BPBxE glasses

literature [27, 28] and presented below. For Molar
volume of oxygen (V, in cm®/mol),

Vi
> (xno);

1

Vo=

For Oxygen Packing Density (OPD in mol/cm?),

Table 3 Physical properties of
Eu*" ions doped Bismuth

Lead borate glasses

Physical properties BPBKE BPBNaE BPBCaE BPBSrE BPBBaE
Density p (g/cm®) 4.501 4.597 5.379 5.982 6.721
Refractive index 14 (589.3 nm) 1.583 1.671 1.707 1.782 1.795
Average molecular weight M (g) 168.83 162.38 161.20 170.71 180.65
Molar volume V, (cm*/mol) 37.509 35.324 29.969 28.538 28.808
Optical dielectric constant (P 1.505 1.792 1.913 2.175 2.222
Ri/Vin 0.334 0.373 0.389 0.420 0.426
Metallization criterion (M) 0.665 0.626 0.610 0.579 0.574
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p
PD =1 -
O 000><C><M

As of Table 2, Molar volume of oxygen and oxygen
packing density has values in the opposite trends
which are the expected outcome. From BPBKE to
BPBBaE glasses there is a linear decrease in V,, values
from 13.946 to 10.028 cm’/mol. On the other hand,
OPD increases from 63.984 to 89.291 mol/cm’. It is
inferred from the results that, the increases in OPD is
attributed to the increase in Bridging oxygens (BO)
which makes the glass more connective [29]. The
relation between Molar volume of oxygen and OPD
is depicted in Fig. 5.

3.2.2  Boron—Boron separation (< dg—p >), Bond density

(np)

Boron-Boron separation is calculated to explore the
arrangement of boron atoms as they are the basic
building blocks in the present glasses. The alteration
of boron atoms due to the introduction of different
modifier cations can be known from this value. Based
on the separation distance of glass former atoms and
oxygen atoms, bond density is calculated theoreti-
cally using the formulae [30] and they are present
below. For Boron-Boron separation (dg_g in m),

VB 1/3
Na
15
—@— Molar volume of oxygen (V)

90

// :

—W— Oxygen Packing Density (OPD)

Ny

70

S

Molar volume of oxygen (V)
Oxygen Packing Density (OPD)

10

60

T T T T T
BPBKE BPBNaE BPBCaE BPBSrE BPBBaE

Glass codes

Fig. 5 Relationship between molar volume of oxygen (V,) and
Oxygen Packing Density (OPD) with respect to the corresponding
BPBXE glasses
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v,
VB ="
™ 2(1— Xp)

For Bond density (1, in m),
Na

N,
- _A (xnc)i = Ny
Vi & v,

My

From Table 4, it is observed that for the glasses
from BPBKE to BPBCaE, the dg—g value decreases
and there is again an increase in for glasses BPBSrE
and BPBBaE. This variation can be explained due to
the non-linear changes in the average molecular
weight and abrupt rise in density from 5.379 to 5.982
and 6.271 g/cc for BPBSrE and BPBBaE glasses
respectively observed from Table 1. These changes
affects the molar volume which in turn is responsible
for the nearest neighboring co-ordination added
bond density. Nearest neighbor co-ordination (11,)
have the same trend as of dgz-5. Moreover, the values
of n,, lie approximately in the range in between 4.056
and 4.059, which is negligible. Therefore the occur-
rence of BO/NBO bonds can only be confirmed with
bond density [30]. It is clear from the values of bond
density that, there is a progressive rise in the number
of bonds per unit volume from 6.52 to 9.12 (x 10** m)
for BPBKE to BPBBaE glasses respectively as of their
densities. This is due to the increase in the number of
bridging oxygens and the network becomes more
rigid [31]. Relation prevailing among Boron-Boron
separation and Bond density is pictorially reported in
Fig. 6.

Table 4 The boron-boron separation (dg_g x 107'° m), molar
volume of oxygen (V, cm’/mol), oxygen packing density (OPD
mol/ ecm?®), nearest neighbor coordination number (11,,), bond
density (11, x 10*® m™), optical basicity (Ag) of Eu*T ions doped
Bismuth Lead borate glasses

Parameters BPBKE BPBNaE BPBCaE BPBSrE BPBBaE

dp 5 44579 42461 39916  4.096  4.1244
v, 13.946 13.064 11066  10.624  10.028
OPD 63.984 67.944  80.084  84.101  89.291
Nay 4056  4.053 4053 4056  4.059
1 6.52 6.92 8.16 8.57 9.12
Heal 0214 0223 0256 0277  0.298
Am (ng  1.1347  1.0490  1.0075  1.046  1.0710
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3.2.3  Optical basicity (Ay,), ionicity (1.%)

Optical basicity is an important parameter which
determines the electron donating power of an oxygen
atom in the oxide glass. The oxygen atoms behave as
lewis bases since the oxygen atoms transfer part of its
negative charge to cations and generally when
basicity decreases there is a decrease in polarizability
which further decreases the formation of NBO’s [32].
In precise, there is increase in the formation of BO’s.
The ionic/covalent nature of the bonds in the glass
system is checked using theoretical formulae [31]. For
Optical Basicity,

n
Ap = in/\i
7

For Ionic/covalent nature (in %),
Ciconic(Ie, %) = [1 — exp{—0.25(Ay*)}] x 100
Ceovatent (Ce, %) = [1 — exp{—0.25(Ay*)}] x 100

As of Table 4, Optical basicity values decreases
linearly from BPBKE to BPBCaE but for BPBSrE and
BPBBaE glass there is a slight increase, the same kind
of trend is observed while calculating the Bond
density and Boron-Boron separation. These structural
changes supports that there is an escalating connec-
tivity in the glass network [31, 32]. From Table 5,
Ionic character is found to be roughly between 74 and
79% while the covalency is much lesser around 20%.
So, it is illustrated clearly that the network is more

4.6 9.5

—B— Boron-Boron separation (dyy )

—%—Bond density (ny,)

4.5 - 9.0
[} +
. /

434

T
g
n

T
5
o

T
)
n

42

41 —

Boron-Boron separation (dB_B)
-
T
=
(=3
Bond density (n)

T T T T T
BPBKE BPBNaE BPBCaE BPBSrE BPBBaE

Glass codes

Fig. 6 Relationship between Boron-Boron
separation < dg-g > and Bond density (n,) with respect to the

corresponding BPBxE glasses
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towards ionicity due to the addition of different
modifiers even if the host is a lead based medium.

3.2.4 Poisson’s ratio (ue)

Poisson’s ratio is one of the elastic properties which is
used to determine the rigidity of the glass samples
using the following theoretical formulae [33-35],

1
luCal = 0'5 - 7.2Vt
V, = Pelass. Z XV
Mglass
47N
Vi % (nry —mrl)

Packing density V is used to calculate the value of
poisson’s ratio, ionic radii of cation and anion is
represented as 7 and ro. From the Table 4, ., values
are found to increase with increasing density.
Reviews from different literature notify the fact that a
high cross-link density has Poisson’s ratio in the
order of 0.1 to 0.2, while a low cross-link density has
Poisson’s ratio between 0.3 and 0.5. With this sup-
position, it can be concluded that the glass system has
large cross-link density [33]. Thus, it can be said that
the present glasses have high cross-link density.

3.3 Optical studies
3.3.1 UV-Vis-NIR studies

The optical absorption spectra of the Eu®" ions doped
Bismuth Lead borate glasses are recorded in the
wavelength region 200-2500 nm and as a represen-
tative case UV-Vis-NIR absorption spectrum of the
BPBKE glass is shown in Fig. 7. From the figure, it is
observed that the absorption bands around 465, 2090
and 2203 nm corresponds to the transitions
"Fo — °D,, "Fy —» "Fg and 'F; — "Fy respectively [36].
The “Fy — °D, transition is termed as hypersensitive
transitions since it obeys the selection rules AJ <2
and AL < 2. No transitions could be observed below
400 nm due to the abrupt rise in the absorption edge
as reported in Table 4 of the glass matrix [37].

3.3.2  Band gap studies with Tauc’s plot

The absorption coefficient is calculated from the for-
mula [37],
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Table 5 Electro negativity

] Mater Sci: Mater Electron (2020) 31:21486-21501

(AX), ionic character factor Glass chemical compound Electro negativity of elements X X4 AX  Ic (%) Cc (%)
gzz’r) (‘g‘: ‘;/‘Z)V zlfr}guﬂa;z::r B,O; B (2.04), O (3.44) 408 1032 624 99.99 0.0l
doped Bis;nuth Lead borate PbO Pb (1.87) 1.87 3.44 1.57 46.00 54.00
glasses K,0 K (0.82) 1.64 3.44 1.80 55.51 4449
Na,O Na (0.93) 1.86 3.44 1.58 4643 53.57
CaO Ca (1.00) 1.00 344 244 7743 2257
SrO Sr (0.95) 095 344 249 7878 21.22
BaO Ba (0.89) 089 344 255 8032 19.68
Bi,O3 Bi (2.02) 4.04 1032 6.28 99.99 0.01
Eu,05 Eu (1.20) 240 1032 7.92 100 0
39B,03 + 30PbO + 20K,0 + 10Bi,03 + 1Eu,03 7490  25.10
39B,03 + 30PbO + 20Na,O + 10Bi,O3 + 1Eu,04 73.08  26.92
39B,0; + 30PbO + 20CaO + 10Bi,0; + 1Eu,03 79.28  20.72
39B,0; + 30PbO + 20SrO + 10Bi,O53 + 1Eu,0; 79.55 2045
39B,05 + 30PbO + 20BaO + 10Bi,O; + 1Eu,03 79.86  20.14

BPBKE

(R

Absorbance (a.u)

T T T T T
1900 2000 2100 2200 2300

Wavelength (nm)

Absorbance (a.u)

- . . . .
450 475 500 525
Wavelength (nm)

Fig. 7 UV-Vis absorption spectrum of the BPBKE glass [Inset
shows the NIR region absorption spectrum of the BPBKE glass]

a(v) = (1/d) In(L, /1)

where d is the thickness of glass sample, I, and I; are
the intensities of the incident and transmitted radia-
tions respectively. Davis and Mott gave a relation
that exist between the optical band gap, the absorp-
tion coefficient, and the same is given as,

ohv = B(hv — Egp)"

where & is the plank’s constant, B is the band tailing
parameter, E., is the optical band energy, and
m denotes the index number as 1/2, 2 corresponding
to direct and indirect allowed transitions. Figures 8
and 9 show the Tauc’s plot for direct and indirect
transitions and the transitions are extrapolated to
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X-axis to get the band gap values. It is observed from
the Tauc’s plot and Table 4 that the glasses have band
gap lying in the range 2565-2.741 eV and
2.313-2.515 eV for direct and indirect transitions
respectively. The linear increase in the bandgap value
from BPBKE to BPBBaE glass explains the formation
of bridging oxygens in the glass network which
makes the glass more rigid [38].

Urbach energy (AE) measures the disorderliness in
the glass system; therefore much less the value of
AE indicates the much less the number of defects in
the glass. From Table 6, it is found that the values lie
in between 0.257 and 0.459 eV. Therefore this indi-
cates the much lower extension of tail width of
localized states into the forbidden band gap.

—— BPBKE
—— BPBNaE
—— BPBCaE

(chv)’(eV)’(em™)’

T T T T T T T T
23 24 25 2.6 2.7 2.8 29 3.0 3.1

hv (eV)

Fig. 8 Tauc’s plot for the allowed direct transitions of Eu** ions
doped Bismuth Lead borate glasses
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(ohv)*(eV)'(em™)’

T T T T T T T T T
23 2.4 25 2.6 2.7 2.8 2.9 3.0 3.1 32

hv (eV)

Fig. 9 Tauc’s plot for the allowed indirect transitions of of Eu*™
ions doped Bismuth Lead borate glasses

3.4 Radiation shielding studies

The density of the prepared glasses and the weight
fraction of the preceding materials are listed in
Table 1. Except the value obtained at BPBKE, the
density of the glasses was enhanced obviously by
increasing of atomic number and to molecular weight
of K;,O, Na,O, CaO, SrO, and BaO. This trend is
expected that the increment of these oxides be on the
expanse of B,O;. The density of BPBKE was slightly
less than BPBNaE, and this is because sodium is
denser than potassium and there is a slightly
increase in atomic size and atomic volume as we
move from sodium to potassium.

Figure 10 shows the mass attenuation coefficient
(un) values of the prepared glasses, obtained by
XCOM program between 0.01 and 10 meV [39]. In
this figure, the enhancement of the p,, values is con-
sistent with increasing of glass density. Therefore, the
glass with BaO (BPBBAE) owns the highest y,, value,
whereas that with K,O (BPBKE) is the lowest, which
is consistent at all energies. This behavior can be
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attributed to the higher effective atomic cross section
of K;O, NaO, CaO, SrO, and BaO than B,Os. The
highest u,, values for the glasses is found at 10 keV
and equal to 81.123, 85.631, 88.316, 89.882 and 91.437
cm?/ g for BPBKE, BPBNaE, BPBCaE, BPBSrE and
BPBBaE respectively. In addition, we reported dis-
continues in the values of the attenuation at
0.09 meV. These discontinues are related to the
K-absorption edge of Pb. At 1.0 meV, the u,, values
for the prepared samples are respectively 0.064, 0.066,
0.069, 0.072 and 0.075 cm?/g. This emphasizes that
the calculated u,, values improved by increasing of
glass density. At low energy level (< 0.4 meV), the p,,
for all prepared glasses showed large values and
become to decrease gradually with increasing of
photon energy. The sudden increase at 0.1 meV is
expected due to the K absorption edge of PbO.
Sequentially, the values reduced with slower rate
between 0.1 and 1.0 meV compared to that at low
energy < 0.4 meV. Above 1.0 meV, the p, values
were very low and become almost stationary.
According to the energy of incident photon, three
possible interactions are expected photoelectric
absorption (PE), Compton scattering (CS) and pair
production (PP) at low, intermediate and high ener-
gies, respectively. Consequently, the absorber will
show high u,, values at 0.8 to 0.1 meV due to the
dominant of PE absorption, which has high effective
cross section related to the incident energy and
atomic number of absorber (1/E>° and Z*).Therefore,
BPBBaE sample that has the highest atomic number
(BaO) showed the highest p,, and this energy level
[40, 41]. At intermediate energy level, the cross sec-
tion of Compton scattering varies with less effect of
photon energy and atomic number of absorber 1/
E and Z, respectively (compared with low energy
level) [40-42].

The half value layer (HVL) is a term used in the
radiation shielding aspect to determine the thickness
of the absorber that can show that half of the incident

Table 6 The fundamental

absorption edge (Aegge), Optical Glass code Nedge n="% n=2 AE (eV)
band gap (E,y), band tailing Eopt (€V) B (cm™2 eV)? Eopt (€V) B (cm™2 eV)2

parameter (B) corresponding

to the direct (n = ¥2) and BPBKE 444 2.565 520.88 2313 4.62 0.275
indirect (n = 2) allowed BPBNaE 433 2.648 629.03 2.415 4.94 0.381
transitions and Urbach energy BPBCaE 419 2.689 695.13 2.418 5.17 0.416
(AE) of Eu** ions doped BPBSrE 419 2.692 726.24 2.463 5.75 0.437
Bismuth Lead borate glasses BPBBaE 417 2.741 787.53 2.515 6.06 0.459
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Fig. 10 Variation of a mass and b linear attenuation coefficient with photon energy for the new prepared glasses

radiation. In other term, it is important to get
appropriate thickness to attenuate the intending
radiation by the absorber intend to be used in the
radiation facilities. This concept can be directly esti-
mated from the u,, values of the absorber as shown in
Fig. 11. We revealed the HVLs of the prepared glas-
ses at different energies (0.01 to 10 meV). The small-
est HVL is achieved with BPBBaE glass. For example,
at 0.1 meV the HVL is varied between 0.0711 cm (for
BPBKE), 0.0691 cm (for BPBNaE), 0.0587 (for
BPBCaE), 0.0505 (for BPBSrE) and 0.0404 (for
BPBBaE). The maximum HVL for all glasses was
reported at 10 meV (4.5482, 4.6071, 3.8028 and 2.7688
respectively) and this direct relation between incident
energy and HVL thickness is expected. The BaO has
higher density than that of B,Oj3, therefore has higher
attenuation factor (the ability to attenuate of radiation
beam per unit distance). Thus, the replacement of
B,O; by BaO increases the density in this work to
6.721 g/cm® (the highest glass density). The high

density absorber can shield and attenuate more

photons, so the HVL is small for the high density

medium. Comparing the obtained HVL for BPBBaE

with some standard shielding materials like (ordi-

nary concrete, hematite-serpentine concrete, ILC:

ilmenite-limonite concrete, BMC: basalt-magnetite

concrete, IC: ilmenite concrete, SSC: steel-scrap con-
crete, SMC: steel-magnetite concrete [43]) at specific

energy (for example 0.5 meV) got the lowest HVL
(0.8852 cm).

@ Springer

Py, >

E 1
2 BPBKE
-4 BPBNaE
i BPBCaE
3 ol BPBSIE
& BPBBaE
<
=

0.01

SrO
Na.O CaO ( P 0{\6@
(& a (e
e K50 2 \;\(“06‘
2 WO
e [,) nNe

Fig. 11 Variation of the half value layer (HVL) with photon
energy for new glass samples

Figure 12 illustrates the relation between incident
photon energy and calculated MFP for the new
glasses. At low energies, a gradual increase in MFP
was observed with increasing of photon energy.
Except of BPBSrE that showed gradual increase of
MFP (maximum value at 10 meV), the maximum
MFP values of other glasses were reported at ~ 8
meV then started to decrease with low rate (almost
constant) at higher energies. This behavior may
ascribe to the different possibilities of photon
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Fig. 12 Variation of the mean free path (MFP) with photon
energy for new glasses compared with standard materials
(TBZP10 [44], RS-253-G18 [45], RS-360 [46], Ordinary
concrete [46], and Barite concrete [46])

interaction with the glasses. Then the glass includes
BaO content, exhibited the smallest MFP and it owns
promising gamma shielding properties. In the new
prepared glasses, the MFP achieved by BPBBaE is
also favorable with that obtained by standard
shielding glass and concrete materials like RS-253-
G18, RS-360, ordinary concrete, and barite concrete
and very close to that obtained by TBZP10.

The effective atomic number (Z.y) profile for the
new prepared glasses is similar to other borate based
glasses reported recently by different groups [47—49].
As shown in Fig. 13, the Z.4 shows several trends
with the energy and the maximum values for this
parameter occur at the first several photon energies
(firstly Z.g is high and reaches maxima at 0.02 meV).
The maximum values reported at 0.02 meV for all
glasses are equal to 64.65, 70.54, 64.75, 60.23 and
71.47. The photoelectric effect explains that the high
Zeg at E < 0.02 meV illustrates the sharp reduction in
the Z.g values for 0.02 meV < E < 0.08 meV. After
that, the values increased suddenly at 0.1 meV (PE
dominant) then starts to reduce radically up to
0.8 meV, which become the values almost constant
up to 3 meV. Above this energy level, the Z. starts
increasing softly up to 10 meV. Finally, the addition
of K50, Na,O, CaO, SrO and BaO enhances the Z.
and this is expected since the atomic number of ele-
ments are higher than B. The effective electron den-
sity (Neg) is also determined for the new prepared
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Fig. 13 Variation of the effective atomic number (Z.y) with
photon energy for new glasses

glasses as shown in Fig. 14. The values were mea-
sured at various energies (0.01 up to 10 meV) showed
the same pattern obtained in Z.s curves. The maxi-
mum N is found at low energy and the minimum
values occurred above 3 meV. The variation in these
values ascribed to the possibility of photon cross
section in the absorber (photoelectron, Compton
scattering and pair production) as we mentioned in
the previous paragraph.

The SAFE is referred to the specific absorbed
fraction of the energy (the portion of energy emitted
by a specific source and absorbed per unit mass of
absorber). In this study, we measured the SAFE up to
40 mfp at a 0.001 cm thickness for the highest p,,
(BPBBaE) shown in Fig. 15. The obtained results
show a gradual reduction in the SAFE values up to
(0.15 meV), after that the SAFE values start to
increase up to 0.8 meV. The Compton scattering at
this energy (intermediate range) exceeds and radia-
tion scattering increased and be dominant compared
to the absorption effect. The minimum SAFE values
noticed at high energies in which the pair production
is dominant and the possibility of specific absorption
reduced [50]. Another significant particle for radia-
tion shielding concerning the particulate radiation
emission is the total stopping power (TSP). In the
current study, the prepared glasses for electron were
determined by using the ESTAR program [51-53] as
shown in Fig. 16. The maximum TSP values of
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Fig. 15 The variation of SAFE with incident photon energy for
BPBBaE at 0.001 cm at various mfps

electron was reported at low energy and start to
reduce with high rate with increasing incident kinetic
energy (up 1meV), and above this energy level
(> 1 meV) the TSP values become almost constant.
The slightly increase in the high energy level
(> 3 meV) is referred to the pair production proba-
bility at this level. The sample with the highest p,,
(BPBBaE) revealed the lowest values of electron TSP.
Furthermore, calculating continuous slowing down
approximation range (CSDA) is one of the conve-
nient ways to estimate the electron stopping in dif-
ferent absorber. This parameter gives an approximate
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Fig. 16 Variation of mass stooping power (for electron emission)
with photon energy for new glasses

average about the path length of traveling electrons
before absorption. The direct relation between CSDA
and kinetic energy released by electron is expected as
we shown in Fig. 17. The highest CSDA values in the
new glasses were reported at 10 meV. Finally, similar
findings of TSP and CSDA parameters were reported
for different glasses elsewhere [54-57].

4 Conclusion

In summary, Eu®* ions doped Bismuth Lead borate
glasses are synthesized by melt quenching technique
and following results are observed;

1. From the XRD analysis, the glass is found to be in
amorphous nature since there are no significant
peaks to denote the crystalline nature of the
sample.

2. Densities and refractive indices increases when

one move from BPBKE to BPBBaE glasses.

3. From structural studies, it is found that the

glasses have high connectivity with large number
of bridging oxygens and so the glass has more
rigid network.

4. From optical studies, the transition "Fy — °D, is

termed as hypersensitive transition since it obeys
the selection rules A] < 2 and AL < 2. Band gap
increases with the increase in the density of
glasses and Urbach energy values gives the
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17 Variation of continuous slowing down approximation

(CSDA) with photon energy for new glasses

results that the glasses possess
disorderliness.

The smallest HVL is achieved with BPBBaE glass.
Such that at 0.1 meV the HVL is varied between
0.0711 cm (for BPBKE), 0.0691 cm (for BPBNaE),
0.0587 (for BPBCaE), 0.0505 (for BPBSrE) and
0.0404 (for BPBBaE).

The obtained results show a gradual reduction in
the SAFE values up to (0.15 meV) and then start
to increase up to 0.8 meV.

The maximum TSP values of electron was
reported at low energy and start to reduce with
high rate with increasing incident kinetic energy

very less

(up 1meV), and above this energy level
(>1meV) the TSP values become almost
constant.
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