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This article contains detailed evaluation of thermal, mechanical, radiation shielding and
thermoluminescence (TL) properties of heavy metal oxide (HMO) borosilicate glasses having composition
xBi,0,- (60-x) B,0,- 20Si0,- 12Zn0O- 8BaO (withx=0, 2,4, 6, 8, 10 and 12 mol%). Gamma shielding
capacity of these glasses was examined in terms of mass attenuation coefficient (MAC) values, exposure
and energy absorption build- up factor (EBF/EABF). The experimental MAC values were found to
agree well with the theoretical results obtained from Photon Shielding and Dosimetry (PSD/Phy-X)
software. Geometric Progression fitting method was used for the calculation of build- up factors in
the photon energy region of 0.015-15 MeV with the help of five parameters (a, b, ¢, d and X)). The
pattern followed by build-up factors with the gamma energy and their variation for different penetration
depths up to 40 mfp was observed and analysed. High values of equivalent atomic number and build
up factors for high bismuth sample (12 mol%) gave evidence for its improved radiation shielding
capacity. Furthermore, thermoluminescence study was done to assess the suitability of the synthesized
glasses as a radiation dosimeter in the gamma dose range of 0.25 — 30 kGy. Here, 5 kGy irradiation
exhibited major quenching in TL signal on adding bismuth to the glass network. TL performance of
ZBiB-8 was noteworthy with charges trapped in high temperature trap centres with longer lifetime.
TL dose response curve of ZBiB-8 showed good linearity in the dose range of 0.25 — 5 kGy. Fading
analysis was done for this sample to find the loss in TL intensity in the course of one month. Heating
the ZBiB-8 sample to 323 K (50 °C) for 15 min was found to be a proper annealing condition for
re-using it as a thermoluminescence dosimeter (TLD).

Keywords: Mass-attenuation coefficient (MAC), build-up (BF) factors, bismuth glasses,

irradiation, thermoluminescence.

1. Introduction

Shielding materials used in nuclear radiation environment
such as nuclear power plants, X-ray facilities, radiotherapy
centres, particle accelerator centres and research laboratories
would be more advantageous if they are transparent in nature'.
Borosilicate glasses are known for their highly transparent
nature, good radiation interaction probability, high mechanical
and chemical stability**. However, addition of heavy metal
oxides (ZnO, BaO, BiZOS) to such matrix would raise the
effective atomic number and density of the glass composition,
in turn raising the probability of interaction with radiation*.

*e-mail: sudha.kamath@manipal.edu.in

To assess the radiation shielding ability of a material,
the knowledge of radiation interaction processes responsible
for energy loss of radiation photons is necessary. When
gamma photons interact with the material, they lose energy
by three major processes- photoelectric absorption, Compton
scattering and pair production process. Usually, the radiation
shielding parameters are calculated by means of Lambert-
Beer’s law, which is valid only for narrow- beam geometry,
monochromatic rays, and thin shielding material. In violation
of any of the three conditions (broad- beam geometry),
Lambert- Beer’s law becomes “I = Bl e*”” where, B is the
correction term known as photon build- up factor’. I and
I, being intensities before and after passing through the
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shielding material, p linear attenuation coefficient (LAC)
and t being thickness of the shield. When gamma photons
lose their energy by Compton Scattering process inside
the shielding material, their direction changes giving rise
to scattered secondary photons and build up factor is used
to estimate these scattered photons. When it comes to total
radiation attenuation including absorption and scattering
interaction by a composite material containing number of
elements, the term effective atomic number (Z ;) is used
to indicate the atomic number of the material by assuming
it as a single element. Similarly, another term known as
equivalent atomic number (Zeq) is used to quantify the
atomic number in case of scattering interaction process only.
In addition, while the Z . parameter has the highest values
in the photoelectric region where absorption is dominant,
Z, takes maximum values in the region where Compton
scattering is dominant. Gamma ray build- up factor (BF)
is a multiplicative factor and can be defined as the ratio of
total detector response to un- collided photons. Build-up
factors are of two types- exposure build-up factor (EBF)
and energy absorption build-up factor (EABF). In case of
EBF, the focus is on exposure and the detector response is
a function of energy absorption in air. Whereas in case of
EABEF, energy absorbed or deposited is the matter of interest
and the detector response is a function of absorption in the
material'. To obtain the build- up factors for the shielding
material, geometric progression (GP) fitting formula was
developed by Harima et. al®. This formula is found to be
accurate within 5% of uncertainty and is able to reproduce
the data over entire range of distance, energy and atomic
number within few percent™. BFs have been calculated and
explored for different shielding materials such as concretes
in many literatures'’.

Thermoluminescent dosimeters (TLD) are being used
for high radiation dosimetry in radiation environment such
as food irradiation, radiotherapy and nuclear power plants!’.
Many TLDs such as LiF:Mg,Ti and Li,B,0,:Mn with good
sensitivity and reproducibility have been developed' 2.
But, glasses would be good candidates for TLD application
because of their properties such as good heat resistance,
anti-corrosion, anti-wear and light weight'®. When radiation
interacts with the glass network, secondary electrons and
non- bridging oxygens are formed which are responsible for
TL glow curves'. It has been reported that adding bismuth
to the network causes quenching in TL intensity'*. No much
study has been done on the influence of Bi** ions on TL glow
curves. The purpose of the present study is to investigate
the depth of trap centres and half- life of charges trapped in
them along with the evaluation of fading of TL glow curves,
sensitivity, reproducibility, and effective atomic number of
the optimum sample at optimum dose.

Table 1. Physical parameters of the synthesized glass samples.
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In the present investigation, the mass attenuation
coefficient (MAC) values were determined theoretically and
experimentally for bismuth varied zinc barium borosilicate
glasses at different gamma energies. EBF and EABF
parameters were calculated for such glasses in the gamma
photon energy ranging from 0.015 to 15 MeV. The variation
of BF parameters with different mean free path (up to 40 mfp)
was also evaluated. The current study will be useful for the
estimation of the dose deposited in such shielding glasses.
The radiation dosimetry property of the synthesized glasses
was investigated by irradiating the samples with different
gamma doses from ®Co source and then measuring the
TL intensity. The TL depth parameters were determined
by deconvoluting the TL glow curves with the help of
Computerized Glow Curve Deconvolution (CGCD) technique
and Chen’s peak- shape method and compared with each
other. An optimum sample was chosen for studying linearity,
sensitivity, fading analysis and reproducibility.

2. Experimental

Melt quench technique was employed to prepare zinc
bismuth barium borosilicate glasses with a matrix: (60-x)
B,0,- 208i0,- xBi,0,- 12Zn0- 8Ba0 in mol% (with x= 0,
2,4,6,8, 10 and 12 mol%). The chemical powders of high
purity (>99%) were weighed and crushed together to obtain
ahomogenous fine powder. Alumina crucible containing that
powder was kept inside a muffle furnace with temperature
1300-1320°C, for two hours until the powder melted to form
a highly viscous liquid. By quenching that liquid melt upon
a brass slab maintained at 350 °C, bubble- free glass samples
were obtained. Later the glasses were subjected to annealing
for three hours at 350 °C (below glass transition temperature
T,) for getting rid of any thermal stress developed during
melting. The fabricated glasses were cut to a desired shape
and polished well to a thickness of 3 mm on Bainpol- VT
polishing machine using silicon carbide abrasive sheets.
The densities of the synthesized glasses were determined
using Archimedes’ principle by taking distilled water as an
immersion liquid on a Contech Analytical Weighing balance.
The sample codes, Bi,O, concentration, molecular weight,
density, and molar volume values of the fabricated glasses
are listed in Table 1. The DTA and TGA curves for ZBiB-0,
4, 8 and ZBiB-12 glasses were recorded with a heating rate
of 10°%min from room temperature to 900 °C by using Hitachi
STA7200 Thermal Analyser. Microhardness (H) measurement
was done in three trials with the help of diamond indentations
taken in Micro- Vickers Hardness tester (Matsuzawa MMT
X 7A)atadwell time of 15 seconds. The indentation images
were taken on CARL ZEISS FESEM 03-81 instrument.

Sample code ZBiB-0 ZBiB-2 ZBiB-4 ZBiB-6 ZBiB-8 ZBiB-10 ZBiB-12
Bi,O, concentration (mol%) 0 2 4 6 8 10 12
Average molecular weight, M (g/mol) 75.82 85.14 94.46 103.78 113.10 122.42 131.74
Density, p (g/cc) (£ 0.01) 2.65 3.07 3.12 3.32 3.63 3.83 3.85
Molar volume, V_ (cm®) 27.51 26.79 28.67 29.12 30.07 29.52 31.35
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A software known as Photon Shielding and Dosimetry
(Phy-X/PSD) was utilised to get the theoretical values of
MAC values for the synthesized samples. For experimental
validation of the theoretical results, the radiation intensity
measurements were carried out using a gamma ray
spectrometer (NUCLEONIX, GR611M) consisting of a
detector and NUCLEONIX, MC 1000U multi-channel
analyser. The experimental set up used for this measurement
has been explained along with a diagrammatic representation
by D. K Gaikwad et al.'. The glass samples polished to the
thickness (t) range of 0.2-0.4 cm were chosen. The radioisotopes
13Ba, ¥7Cs and “Co emitting gamma radiation of 0.356,
0.662, 1.173 and 1.33 MeV, respectively were procured
from Bhabha Atomic Research Centre (BARC), Mumbai,
India. The MAC values were determined with the help of
Lambert- Beer law'®, by measuring the initial (I)) and final
intensity (I) (after passing through the samples) as follows,

=4[ 2} M

P 1 )pt

Here in Equation 1, p represents linear attenuation coefficient,
while p and t represent the density and thickness of the glass
samples. The BF parameters for these glasses were also
determined theoretically in gamma energy range of 0.015-
15 MeV using PSD/ Phy-X software. The calculation steps
followed by the software in calculating Z_ and BF parameters
have been explained by Sakar et al.'’, Harima et al.® and
Sayyed et al.>. The powdered glass samples were irradiated
with gamma radiation inside a Gamma Chamber-5000
maintained at room temperature by using “Co radioisotope
with dose rate of 5 kGy/h. Thermoluminescence measurements
were done with Nucleonix 10091 TL reader at the heating
rate of 2.85 K/s.

3. Results and Discussion

3.1. Thermal analysis

Thermal properties of the ZBiB glass series were studied
by means of Differential Thermal Analysis (DTA) and
Thermogravimetric Analysis (TGA). DTA measurements
were done so as to obtain the characteristic temperatures such
as glass transition temperature (Tg), onset- crystallization
temperature (T ), crystallization temperature (T ) and melting
temperature (T ) for ZBiB-0, 4, 8 and ZBiB-12 glasses.
The DTA curves recorded for the chosen glass samples
are depicted in Figure 1. T, and T values correspond to
endothermic peaks and exothermic peaks as shown in Figure 1.
Since the T, peaks are not much evident for all the samples,
the closer view of T, peak for ZBiB-8 glass is shown in the

inset of Figure 1. The starting point of crystallization peak
is taken as T . The melting temperatures were calculated
using Kauzmann’s two- third rule'®!” given by

Ty 0.666
T 2

m

and the values were marked on the DTA curves with
arrow marks. Table 2. gives a list of all the characteristic
temperatures determined with the help of DTA curves.

DTA curves can also be found useful for finding the thermal
stability of the glasses for practical applications. Hruby’s criterion
given in Equation 3, utilizes the characteristic temperatures
marked in DTA curves to determine the thermal stability!"

T,
T (T —Ty) 3)

The calculated H, values were high and were noted
in Table 2. This suggested higher thermal stability of the
synthesized glasses against crystallization process. Some of
the other parameters useful for checking thermal stability are

Xi= Ty -T, (4)
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Figure 1. DTA curves of ZBiB-0,4,8,12 glasses in the temperature
range of 300-800°C.

Table 2. Characteristic temperatures and thermal stability parameters of the selected glasses obtained using DTA curves.

X,=T -T AT=T T,

Sample  T,(C) T,(C) T.(C) T, (C) o8t XA TG X, X,
ZBiB-0 513 684 726 770 1.988 257 0.888 171 9327 4.841
ZBiB-4 482 659 698 725 2.681 243 0.908 177 9.521 8
ZBiB-8 468 613 661 702 1.629 234 0.873 145 9.914  4.707
ZBiB-12 448 600 637 672 2.111 224 0.892 152 8.369 5.4
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AT =Ty - T, (©6)

X3 1, (7
(Tc —Tg)
4= (Tm _Tc) (8)

From these calculations, the parameters obtained were
listed in Table 2. Here AT is the term which decides the
thermal stability of the glasses and we observed that AT
values in the present case are higher than other bismuth
glasses studied by Shaaban et al.?, Stehle et al.?! and M.
Mary et al.2. However, decreasing trend of AT with the
increasing Bi,0, concentration suggested reduction in glass
stability. Similar observation was made by Stehle et al!, where
B,0, was replaced by Bi,O,. According to Shaaban et al.>’,
the decreasing glass stability with increasing Bi,O, may be
attributed to increasing number of non- bridging oxygens and
replacement of stronger B-O bonds by weaker Bi-O bonds.
Studies have also showed the improvement in glass stability
of high bismuth glasses by adding Fe,O, to the matrix*.

The X, values of ZBiB glasses calculated from Equation
8 were high and this suggested good glass forming ability
in the investigated glass samples. T — T, values were all
greater than 100 °C, which is also a sign of good thermal
stability. Small values of T _-T_ also signify the hindering
of crystallization which means the glasses have good glass
forming ability.

TGA measurements done for ZBiB-0, 4, 8 and ZBiB-
12 samples produce mass loss values while heating the
samples in the temperature range of 250 — 900 °C. TGA curve
of ZBiB-8 glass (as an example) is represented in Figure 2.
There was no loss of weight below 100 °C which suggested
the absence of water evaporation. The weight loss% at each
step were noted down and the overall weight loss % in the
temperature range of 250- 900 °C for ZBiB-0, ZBiB-4,
ZBiB-8 and ZBiB-12 samples were found to be 2.96%,
2.85%, 6.155% and 3.985%, respectively. It is worth noting
that ZBiB-8 glass exhibited significantly higher weight
loss % compared to other three glasses. Similar weight
loss of about 6% was reported by V. Naresh?® for bismuth
borosilicate glasses in the temperature range of 535-1000 °C,
where decomposition of Bi,CO, into Bi,0, and CO, as well
as phase transformation from a- Bi,0, to §- Bi,0, takes
place. Since in ZBiB-8 glasses, Bi,O, molecules have
replaced B,0, molecules remarkably, such phase changes
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can be expected in this composition leading to higher
weight loss. Further addition of Bi,0, (ZBiB-12 glass)
has not produced much weight loss while heating which
suggested good thermal stabilization in high bismuth
glass network.

3.2. Mechanical studies

The mechanical properties of ZBiB glasses were explored
by calculating Young’s modulus (Y) on the basis of Makishima
and Mackenzie’s theory*, according to which

Y=2GV, ©)

Here G, and V, are dissociation energy/volume and packing
density of the constituent oxides. The Y values calculated
for ZBiB-0, 4 and 8 glasses are noted in Table 3 along
with microhardness (H) values determined using Vickers
microhardness tester with 9.8 N load. It can be noted that
H decrease with increase in bismuth content because of
replacing stronger B-O bonds by weaker Bi-O bonds.
This decrease is also in accordance with the decreasing
glass transition temperature (Tg). The half crack length
(L) values for ZBiB-0, 4 and 8 glasses around the edges
of micro- indentation were measured by recording SEM
images and noted down in Table 3. Also, Figure 3 contains
SEM image of ZBiB-8§ glass surface (as an example). There
are many models for calculating fracture toughness K in
different materials, but we have chosen a model suggested
by Anstis et al.”> which says,

100+
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Figure 2. TGA curve for ZBiB-8 glass while heating in the
temperature range of 50-900°C.

Table 3. Young’s modulus, Half crack length, Vickers hardness values, fracture toughness and brittleness of selected glass sample at 9.8 N load.

Young’s modulus Y  Vickers hardness H ~ Half crack length L Fracture toughness

Brittleness B

) —1/2
Sample (GPa) (GPa) (um) F (MPa m"?) (um)
ZBiB-0 57.597 4427 +0.01 46.88 0.754 5.871
ZBiB-4 53.924 4319 +0.011 52.88 0.738 5.852
ZBiB-8 50.102 4.194 £ 0.029 55.96 0.676 6.203
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1/2
Kk -X] _E (10)
c gy 132

where F is the load applied. The relation between F and L
i.e F ¢ L¥ holds good for many glasses with bismuth borate
composition as per the literature. The values of fracture toughness
calculated from Equation 10, is found to be in the range of
0.754- 0.676 MPam'?. The increasing half crack length (L)
and decreasing fracture toughness (K ) values with Bi mol%
(Table 3), indicates easy transmission of cracks through the
network and this can be attributed to weak bond strength of Bi-O
bonds compared to B-O bonds. Such rapidly decreasing trend
of K values on substituting Bi,O, with B,0, has been reported
carlier for lead bismuth borate glasses by T. Watanabe et al.?.
Also, it was found that bismuth glasses here exhibited much
higher K (~0.23 MPa'?) value compared to tellurite glasses
found in literature, but the values were matching with those
of soda- lime silicate glasses (~0.75 MPa'??)*,

S5.946 pm

Figure 3. SEM image of micro-indentation for ZBiB-8 glass at 9.8N
of load. The yellow line represents the half crack length.
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Determining brittleness is a very important aspect of
designing glass materials for practical application. Brittleness
(B) is defined as ratio of hardness to fracture toughness
values as proposed by Lawn and Marshall?’,

(1)

The increasing B values with bismuth addition (Table 3)
suggested the fragility of these glasses at higher concentration
of bismuth mainly because of weaker Bi-O bonds.

3.3. Gamma radiation shielding

3.3.1. Mass attenuation coefficient

The theoretical MAC values of the chosen glass samples
calculated from PSD/Phy-X software at 0.356, 0.662,
1.173 and 1.33 MeV gamma energies are listed in Table 4.
The values were comparable with other reported lead, bismuth
and concrete shielding materials®. The experimentally
determined MAC values were calculated using Equation
1 with the help of radiation count results obtained from
gamma ray spectrometer. The values are listed in Table 4,
which also includes the standard error values for three trial
measurements. Very low standard error values as seen in
Figure 4 confirmed the accuracy level of the measurements
done. The experimental MAC values are in good agreement
with the theoretical values with relative difference (RD in %)
between the two values not exceeding 3.5%. The representation
in Figure 4 clearly shows that the MAC values increase
with the increase in Bi,0, mol% at each energy, indicating
higher radiation attenuation property of ZBiB-12 sample.
The increase in MAC values can be attributed to the increasing
density values (Table 1) and replacement of lighter ions
of boron by heavier ions of bismuth®. Also, a decreasing
trend followed by MAC values with energy increase gives
an implication of photoelectric absorption of the gamma
photons at such lower energies.

0.060 -

——1.173 MeV

0.058 - ——1.33 MeV
b)

0.056 4

0.054

T T T T T

0 2 4 6 8 10 12
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Figure 4. Graphs showing the dependence of experimental MAC values with Bi,O, concentration at 0.356, 0.662, 1.173 and 1.33 MeV.
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3.3.2. Equivalent atomic number (Z, )

The variation of Z_ is represented in Figure 5. In this
figure, ZBiB-12 sarnple exhibits maximum Z Values (in the
range of 26 to 63), while ZBiB-0 exhibits lowest values (in
the range of 15 to 32). The highest mol% and the absence of
heavy metal oxide (Bi,0,) in ZBiB-12 and ZBiB-0 samples
respectively, are responsible for such kind of behaviour of
Z, values. The trend followed by Z__values with the gamma
energy is same for all the selected samples as evident in
Figure 5. The predominance of photoelectric effect in the
low photon energy region is the reason for lower values
of Z, in that region. The direct proportionality of Z, with
photon energy in the mid- energy area till 1.02 MeV is due

70
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—e—ZBiB-2
604 . zBiB4
1 —v»—ZBiB-6
50 —*—ZBiB-8
—<—2ZBiB-10
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N’ 40
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0.01 0.1 1 10
Energy (MeV)

Figure 5. Variation of equivalent atomic number (Zeq) values with
gamma energy.
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to the Compton scattering process*, where Z_ also exhibits
maximum values for all the investigated samples. At higher
energy (after 1.02 MeV), the reduction in Z, indicates that
the build- up factors depend on chemical composition of
the sample due to predominance of pair production process.
Therefore, the study in this regard reveals that the highest
range of Z_ exists for ZBiB-12 sample, providing better
radiation shielding effect compared to other samples.

3.3.3. EBF/ EABF variation with photon energy

Table 5 gives GP fitting parameters for exposure and energy
absorbance build-up factors in the case of ZBiB-8 sample
(as an example), computed by the PSD software. Using
the GP fitting parameters obtained for all the investigated
samples, the EBF and EABF values were calculated and their
variation with photon energy at different penetration depths
(1,5, 10,20, 30 and 40 mfp) was represented in Figure 6 and
Figure 7 (curves of only selected samples are represented
in these figures). Here EBF values increase with increase
in penetration depth/thickness of the sample because of the
multiple interaction of the gamma photons with the sample
particles and photon build-up. The trend followed by EBF
is same as that of the concretes and composite materials
with high atomic number'7#. The discontinuities at 0.04 and
0.1 MeV (Figure 6 and Figure 7) correspond to K- absorption
edges of Ba and Bi respectively?. Only in the case of ZBiB-
10 and ZBiB-12 samples, BF curves showed an extra peak
at 0.02 MeV which corresponds to L, - absorption edge of
Bi element’’. It can also be observed that L, - absorption
edges in both ZBiB-10 and ZBiB-12 samples are dominant
over K- absorption edge of Bi, which may be due to the
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—<+— 40mfp
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Figure 6. Variation of EBF of the selected glass samples with the gamma energy at different mfps in the range of 0.015-15MeV.
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Table 5. GP fitting parameters for EBF and EABF in the case of ZBiB-8 (as an example) in the energy range of 0.015-15 MeV.

Energy G-P Fitting Parameters for EBF G-P Fitting Parameters for EABF
MeV a b c d X, a b c d X,
1.50E-02  -0.428 1.005 1.349 0.303 5913 -0.425 1.005 1.347 0.300 6.503
2.00E-02 0.740 1.010 0.108 -0.986 10.884 0.421 1.007 0.235 -0.473 13.563
3.00E-02 0.201 1.129 0.390 -0.058 12.839 0.241 1.038 0.400 -0.175 11.958
4.00E-02 0.180 2.184 0.327 -0.071 17.964 0.162 1.216 0.364 -0.193 24.572
5.00E-02  -0.007 1.979 0.213 -0.053 12.476 0.066 1.210 0.219 -0.024 10.844
6.00E-02 0.656 1.738 0.190 -0.141 15.467 0.516 1.221 0.187 -0.170 14.714
8.00E-02 0.503 1.445 0.222 -0.189 14.203 0.410 1.275 0.225 -0.180 14.200
1.00E-01 0.678 1.425 0.049 -0.262 14.049 0.652 1.382 0.059 -0.284 13.747
1.50E-01 0.332 1.203 0.268 -0.188 13.814 0.506 1.432 0.134 -0.270 13.789
2.00E-01 0.190 1.208 0.460 -0.102 14.287 0.380 1.540 0.227 -0.219 13.857
3.00E-01 0.130 1.311 0.582 -0.062 13.854 0.269 1.813 0.353 -0.154 13.550
4.00E-01 0.088 1.409 0.710 -0.051 14.128 0.202 2.065 0.482 -0.134 13.854
5.00E-01 0.062 1.474 0.794 -0.041 14.107 0.146 2.090 0.602 -0.103 13.876
6.00E-01 0.044 1.516 0.852 -0.031 13.798 0.116 2.145 0.673 -0.086 13.700
8.00E-01 0.027 1.568 0.919 -0.025 13.667 0.082 2.174 0.768 -0.068 13.608
1.00E+00 0.016 1.582 0.962 -0.022 13.314 0.065 2.145 0.823 -0.060 13.525
1.50E+00  -0.009 1.538 1.072 -0.011 13.643 0.038 2.007 0.924 -0.050 13.541
2.00E+00  -0.012 1.555 1.094 -0.012 13.096 0.027 1.879 0.969 -0.045 13.164
3.00E+00 0.000 1.557 1.065 -0.028 12.838 0.034 1.720 0.956 -0.057 13.208
4.00E+00 0.014 1.517 1.023 -0.038 13.234 0.041 1.583 0.937 -0.062 13.680
5.00E+00 0.032 1.501 0.971 -0.053 13.445 0.055 1.518 0.903 -0.074 13.942
6.00E+00 0.038 1.461 0.960 -0.057 13.508 0.057 1.444 0.902 -0.074 14.159
8.00E+00 0.053 1.418 0.930 -0.071 13.739 0.064 1.359 0.898 -0.077 14.138
1.00E+01 0.047 1.356 0.963 -0.064 14.004 0.055 1.285 0.933 -0.069 14.336
1.50E+01 0.047 1.296 1.010 -0.063 14.392 0.059 1.215 0.964 -0.069 14.664

— ZBiB-0 .
'S

m |-|-
o

ﬁ 10 5 104

1 = 1 =

0.1 1 10 0.1 1 10
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Figure 7. Variation of EABF of ZBiB-0 and ZBiB-8 glass samples with the gamma energy at different mfp in the range of 0.015-15MeV.
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orientational changes arising in the glass structure for higher
concentration of bismuth.

From the graphs in Figure 6 and Figure 7, it is clear
that in the low energy region, BF values are small (order
of 1) and large in high energy region. The variation of BF
values with energy can be explained based on three photon
interaction processes. The interaction probabilities mainly
depend on the photon energy and the atomic number of
the interacting materials. Except ZBiB-12, all the samples
produce low and almost same BF values for initial gamma
energy values (0.015, 0.02 and 0.03 MeV) at all penetration
depths because of the predominance of photoelectric
absorption process. At these gamma energies, maximum
gamma photons are absorbed the glass samples leading to
minimum build-up factors. Additionally, in the intermediate
range of gamma energy, BF values show increasing
trend because of multiple scattering events occurring by
Compton scattering process. This intermediate energy range
varies from one sample to another due to the variation in
Bi,0, concentration. For bismuth- less glass (ZBiB-0), the
build- up factor increases up to 0.6 MeV due to Compton
scattering and then decreases for further increase in energy
due to pair production process. Such kind of behaviour is
also observed in certain brick materials reported by Singh
and Badiger’. But bismuth glasses exhibit increasing trend
of EBF till 1 MeV and give almost constant values for higher
energies. Also, a slight rise in EBF values can be noticed for
higher penetration depths (30 and 40 mfp). This suggests
that on adding bismuth to the glass network, the increase
in Z,, causes the gamma photons to behave differently in

1.06 1

0.015MeV

1.04
™
o
w
1.02-
1.00
1 10
Penetration depth(mfp)
[’
m
w

1 10
Penetration depth(mfp)

high energy region. Similar behaviour of bismuth glasses
has been reported before by Sayyed et al., where very large
EBF values were observed in pair- production region for
large penetration depth’. As a result, photons may escape
from the glass material at low penetration depth and undergo
multiple scattering at large penetration depth.

It can be noted from Figures 6 and 7 that both the build-
up factors (EBF and EABF) followed the same pattern for
all the glasses. However, EBF and EABF values are not
same at all energies There is a large difference between EBF
and EABF values in the intermediate energy region due to
Compton scattering dominance. At low energy, both have
almost same values. Also, there is possibility that EBF is
greater than EABF in some region and lesser in other region.
If EBF is more than EABF, then the absorption of photons
in air is same as the materials having low Z,. The sample
with lowest range of Z, (15 to 32) is ZBiB- O and highest
Z,, range (26 to 63) is ZB1B 12. If for a sample, EABF is
greater than EBF, then there is more photon absorption
inside the sample rather than at the surface of the sample
EABEF. For 0.6 MeV energy photons, it is seen that EABF
is higher than EBF for both ZBiB-0 and ZBiB-12 samples
at 40 mfp of penetration depth.

3.3.4. EBF variation with penetration depth

In Figure 8, the variation of EBF values with the
penetration depths at different gamma energies (0.015, 1.5,
3 and 15 MeV) are depicted. Clearly, for different energies,
the order of increase in EBF values with Bi content was
different. At lower penetration depths up to around 10 mfp,

—=—2ZBiB-0
60 4 —e—ZBiB-2
——ZBiB-4
—v»—2ZBiB-6
——ZBiB-8
40+ ——2ZBiB-10
——2ZBiB-12

1.5MeV

EBF

201 b)

S .
1 10
Penetration depth (mfp)

3000 +

15MeV

2000 —v—ZBiB-6

BF
f
B
o]
R

1000

1 10
Penetration depth (mfp)

Figure 8. Variation of EBF values of fabricated glass samples with the penetration depth for 0.015, 1.5, 3 and 15 MeV energies.
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the EBF values for all the samples are independent of the
composition. The dependence of EBF values on the composition
arises for higher depths as indicated in Figure 8. When the
gamma energy provided is low (0.015 and 1.5 MeV), the
EBF values obtained for less bismuth- containing samples
are higher than the samples containing more Bi. Whereas
in case of 3 and 15 MeV, the ZBiB-12 sample provided
highest EBF values.

At photon energy of 15 MeV, the EBF values for
penetration depth of 40 mfp in case of ZBiB-0, 6 and
12 samples were found to be 17.7, 147 and 2920 respectively.
At 0.6 MeV ("*"Cs equivalent), the EBF values for ZBiB-0,
6 and 12 samples for 40 mfp penetration depth were found
to be 113, 18.3 and 10.8 respectively.

3.4. Thermoluminescence studies

3.4.1. TL glow curves

Figure 9 displays the overlaid TL glow curves measured
for powdered ZBiB glass samples irradiated with gamma
dose of 5 kGy of 1.25 MeV energy. ZBiB-0 sample produces
highest TL peak intensity. Due to the presence of divalent
Zn*" ions in this glass network, more number of electron and
hole trapping centers exist initially'*. When Bi O, is added to
the network, the TL intensity drops down drastically. Further
addition of bismuth decreases the TL intensity (Figure 9),
because with Bi,0, incorporation, the Zn*" ions reduce to
Zn" ions and do not form Si-O-Zn linkages to polymerize
the glass network. BiO, fragments usually create defect
centers in the network. But with the increase in Bi*" ions, the
number of BiO, fragments decrease, which further increases
the degree of polymerization of glass network, leading to
increasing non- radiative loss'>. Among the samples containing
higher bismuth concentration (> 6mol%), the ZBiB-8 glass
produced TL glow curve of comparably higher intensity.

It can be observed from Figure 9, that the glow curves
are broad enough and may consist of overlapping peaks
inside them due to the existence of multiple trapping centres
in the glass network. To acquire further information about
such trap centres, the TL glow curves of ZBiB-0,2,4,6 and

6000 - =
—=— ZBiB-0
—e— ZBiB-2 _ 500
—A— 7BiB-4 H
5000 v 7BiB6 Z %o
——ZBiB-8 2
-

—<4—ZBiB-10

5 4000 7gig-12 200

L

&

2 3000

2 150 200 250 300
O Temperature (°C)

2

E 2000

-

=

1000

r T T T T T T
50 100 150 200 250 300 350 400 450
Temperature (°C)

Figure 9. Glow curves of 5 kGy gamma- irradiated glass samples
in the temperature range of 250-600K.
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8 samples were deconvoluted using CGCD (Computer Glow
Curve Deconvolution) technique with the help of Wolfram
Mathematica program. Kitis general order equation was
used for least square fitting. The approximated equation for
general- order kinetics is given below**3*:

1(T)=1 b(bbljexp{ E T-Tp }

kgT T,
v (12

e R

Where I is the intensity of the peak, b is the order of kinetic,
E is the energy of activation, k is Boltzmann- constant and
T, is the temperature correspondmg to the peak. Figure of
Merit (FOM) less than 5% was used to judge the goodness
of fit curve. On fitting the curve, the program provides the
exact values of order of kinetics (b), trap depth or activation
energy (E in eV) and peak temperature (Tp in K). The escape
frequency factor (S) and lifetime (t) of the trapped charges
were calculated using the following equations™:

(13)
E

5= iEl 2%k exp[kET ]
- T
kBTZ{H( )2 ”} Bp

lexo| £ 14
s p[kBT] (14)

where £ is the heating rate (2.85 K/sec) and room temperature
T was 300 K*.

The values of b, Tp, E, S, and t for different peaks in TL
glow curves of ZBiB-0,2,4,6 and 8 glasses were tabulated in
Table 6. Also, Figure 10 illustrates the deconvoluted glow
curves of selected glass samples (ZBiB-0 and ZBiB-8).
The charges trapped in the temperature region of 420-430 K
(147-157 °C) had very small activation energy and lifetime (in
the order of 10 year) for 0-6 mol% of bismuth samples. In the
case of ZBiB-0, the charges trapped at 550.75 K had highest
activation energy (0.956 ¢V) and the corresponding half- life
was calculated to be 14.7 years. Whereas in ZBiB-8 sample,
the trap center at 577.4 K provided activation energy and
the lifetime of 0.991 eV and 87 years, respectively. This
indicates the feasibility of using ZBiB-8 sample for radiation
dose measurement and it was taken as optimized sample for
further analysis. Although the TL intensity of ZBiB-0 sample
is higher than ZBiB-8, the presence of high temperature
deeper trap centers in ZBiB-8 and bismuth is an advantage
for both shielding and dosimetry application.

Another method known as Chen’s peak shape method is
most commonly accepted for analyzing the TL glow curves
theoretically. With the help of deconvoluted TL glow curves
in Figure 10, the lower and higher temperatures (T, and T,)
at half maximum for each TL peak was noted and used for
the calculation of following terms: @ =T,-T , 1= T-T, and
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Table 6. TL parameters (b, E, T, S and 1) corresponding to the three TL peaks in the case of 5 kGy irradiated ZBiB-0, 2, 4, 6 and ZBiB-8 samples.

Open window (5kGy) TL parameters Peak 1 Peak 2 Peak 3
ZBiB-0 b 1.13 1.02 1.08
FOM (%) =3.76 E (eV) 0.528 0.558 0.956
T (K) 428.9 485.7 550.75
S (s 0.305x10° 0.126x10° 248.02x10°
T (year) 7.709x10* 6.098x10° 14.703
ZBiB-2 b 1.5 1.005 1.1
FOM (%) = 4.7638 E (eV) 0.63 0.77 0.73
T (K) 434 500 553
S (s 4.525x10° 16.34x10° 1.191x10°
T (year) 2.688x107 0.167 0.488
ZBiB-4 b 1.5 1.005 1.05
FOM (%) =4.78 E(eV) 0.769 0.77 0.79
T (K) 430.8 496.5 554
S (s 267.49x10° 18.52x10° 4.43x10°
T (year) 9.84x107 0.147 1.336
ZBiB-6 b 1.5 1.005 1.05
FOM (%) =4.78 E (eV) 0.75 0.77 0.72
T (K) 433 481 530
S (s 34.32x10° 1.543x10° 1.858x10°
T (year) 5.315x10° 0.017 0.2128
ZBiB-8 b 1.5 1.006 1.03
FOM (%) = 4.483 E (eV) 0.88 0.666 0.991
T (K) 4232 492.8 577.4
S (s 9379.96x10° 1.583x10° 162.241x10°
T (year) 0.0205 0.0309 87.04

5000 -

Z 4000 —
2 g
2> 2000 .
Z £
D @2 i
S 2000 g
.- -
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B= 1000 -
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Figure 10. The deconvoluted glow curves of 5 kGy irradiated ZBiB-0 and ZBiB- 8 glasses obtained using CGCD technique.

8=T,—-T . Order of kinetics was calculated from a geometrical _ o
factozr, u:: &/ ®. The calculated M, values suggested that all Co=151% 3(’ug _0'42)’bf B 1'58+4'2('”g _0'42) (16)
the peaks in all the samples follow general order kinetics.
Finally, the activation energy or trap depth, E;, E_and E,
was determined using Chen’s equation®, C5 =0.976+ 7.3( Hg _0.42); by =0 (17)
2
E, =Ca(k%)—ba(2kTp) (15)
Cr =2.52+102(ptg ~0.42):b, =1 (18)

Where k is Boltzmann constant, T _ is peak temperature,
o represents 8,  and 7 in different case and C, values are Activation energy is the average of E;, E and E . On the
calculated from following equations®, other hand, the escape frequency factor and lifetime of
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trapped charges were calculated from Equations 13 & 14,
respectively by substituting these values of activation energies.
The trap parameters determined using Chen’s peak shape
method were listed in Table 7, and it was observed that the
values were almost same as those calculated from CGCD
method. However, small differences in E values give rise
to difference in values of S and t due to the existence of E
term in the exponent of Equations 13 & 14.

3.4.2. Linearity of TL dose response

Linearity of dose response is an important factor to
determine the suitability of a TLD in different radiation
application. On this regard, ZBiB-8 glass was irradiated
with various gamma doses in the range of 0.25- 30 kGy dose
and TL measurement was done. The integrated TL intensity
values were plotted against the gamma doses and represented
in Figure 11. It can be observed that ZBiB-8 sample showed
linear response for the doses till 5 kGy. The increase in TL
intensity is due to the increase in the number of radiative
centers. The TL response up to 5 kGy was taken and linear
regression coefficient was found to be 0.989, which confirms
a good linear behavior of ZBiB-8 glass till high dose (5 kGy).
The TL response got saturated for doses higher than 5 kGy.
The reason behind such TL quenching is ‘non-monotonic
dose-dependence’ where the number of non- radiative centers
raise beyond the radiative centers at higher doses*.

3.4.3. Sensitivity and minimum detectable dose

Sensitivity of a TLD is usually determined to characterize
its efficiency and it is the TL intensity per unit mass per unit
dose, which is equal to the slope of graph of integrated TL
intensity per unit mass against gamma dose (Figure 12)'.
As a result, the sensitivity of ZBiB-8 glass in the dose
range of 0.25- 5kGy was 12393 counts g kGy!, which

Materials Research

substantiates the possibility of using ZBiB-8 glass as a
dosimeter in this range.

Detecting a TL signal of low intensity is essential when
the irradiated material approaches background level'’.
With the knowledge of standard deviation of integrated TL
intensity op of the background TL signal of non- irradiated
ZBiB-8 glass, the minimum detectable dose (MDD) for
ZBiB-8 can be calculated using the threshold equation®’,

Do=30'bF (19)

Here F (calibration factor) is reciprocal of the sensitivity of
that sample. Thus, the calculated MDD was 37 Gy, which
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Figure 11. TL dose response curve for ZBiB-8 glass in the dose
range of 0.25 to 30 kGy.

Table 7. TL trap parameters calculated for 5 kGy irradiated ZBiB-0, 2, 4, 6 and ZBiB-8 samples glasses using Chen’s peak shape method.

Sample code Peaks tem};):?elt{ture Activation enerey (1) Frequencz Half -life
T (K) E. E, E factor, s (s) (year)

1 428.9 0.553 0.624 0.589 0.589 3.05x10° 829 x 10*

ZBiB-0 2 485.7 0.598 0.68 0.638 0.639 1.57 x 10¢ 1.10 x 102
3 550.75 0.993 0.994 0.966 0.964 2.47 x 108 20.88

1 434 0.36 0.257 0.322 0.313 1.43x10° 4.07x 10°
ZBiB-2 2 500 0.851 0916 0.88 0.884 3.05 x 10% 0.76
3 553 0.694 0.7833 0.737 0.738 1.95 x 10° 0.41

1 430.8 0.789 0.836 0.816 0.814 1.18 x 10° 1.2 x 102
ZBiB-4 2 496.5 0.831 0.888 0.861 0.860 1.99 x 10* 0.45
3 554 0.742 0.813 0.776 0.777 432 x 10° 0.84

1 433 0.647 0.708 0.68 0.678 2.75 x 107 2.8 x 103

ZBiB-6 2 481 0.692 0.762 0.727 0.727 1.54 x 107 3.4 %102
3 530 0.712 0.776 0.743 0.743 431 x 10° 0.22

1 4232 1.001 1.009 1.010 1.006 3.47 x 101 7.5 x 102

ZBiB-8 2 492.8 0.679 0.751 0.714 0.714 7.52 x 10° 4.3 x 10
3 577.4 0.981 1.013 1.001 0.998 1.9 x 108 99.45
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suggests the suitability of dose as low as 30 Gy during high
dose measurement.

3.4.4. Thermal fading

Loss in TL signal over a period of time is known as
fading and this mainly depends on the trap depth and the
temperature at which the TLD materials are stored*. An ideal
TLD must have low fading effect and this is possible when the
traps are deep enough to trap the charges for a longer time,
so that there is no recombination of charges®. The fading
behavior of ZBiB-8 glass is studied by irradiating a set of
samples with 5 kGy dose and recording the TL glow curve
at different interval of days such as 1, 7, 15 and 30 days and
illustrated in Figure 13. In one day alone, the TL signal faded
to 37%. Then the fading on 7, 15" and 30" days were 39%,
56% and 67% respectively. This indicated the presence of
shallow traps in the investigated glass.

3.4.5. Reproducibility

Thermal treatment done on the TLD material to counteract
its irradiation effects is known as annealing and this is to
check the reproducibility or reusability of the TLD, by

90000 . ———

Equation y=a+b'x

Weight No Weighting
a Residual Sum 5.09315E

of Squares 7
E 75000 Pearson's r 0.98998 ]
s Adj. R-Square  0.97342
o Value Standard
o Intercept  13629.77 2712.1764
"] 60000 ¢ Slope 12393.61 1020.5604
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Figure 12. Plot of integrated TL intensity per unit mass for ZBiB-8
glass at gamma doses from 0.25- 5 kGy.
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Figure 13. Thermally faded TL intensity curves of ZBiB-8 glass
over a period of month.

removing the dosimetric traps of residual signal®’. To find
the proper annealing condition (temperature and time) for
ZBiB-8 glass, it was subjected to 5 kGy dose of gamma
rays initially and TL was measured. Then, a set of three
ZBiB-8 glasses were irradiated with 5 kGy and heated
inside an oven at three temperatures such as 323, 423 and
523 K (50, 150 and 250 °C) for a fixed duration of 15 min.
TL glow curves were recorded for these three samples
(Figure 14) and compared with the non- annealed glow
curve. The curve corresponding 323 K (50 °C) showed lowest
standard deviation. With 323 K as an annealing temperature,
another set of three 5 kGy irradiated ZBiB-8 was annealed at
different time 15, 30 and 45 minutes. The TL was measured
and plotted in Figure 15, in which 15 min curve showed
more similarity with the original curve. Therefore, the best
annealing condition for reusing the ZBiB-8 glass was heating
at 323 K for 15 minutes.

3.4.6. Effective atomic number “Z,)

The knowledge of effective atomic number of a dosimeter
is essential for its application in radiotherapy mainly because
Z .. of the TLD material should match with that of human
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Figure 14. TL glow curve of thermally annealed ZBiB-8 glass at
different temperatures for 15 min.
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Figure 15. TL glow curve of thermally annealed ZBiB-8 glass at
323 K for different duration of time.
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16.0 and half- life for charges trapped at 577.4 K (304.4 °C) at

5 kGy gamma dose. The calculated TL trap parameters from

15.5 4 Chen’s peak and CGCD method agreed well with each other.
The fading of TL glow curve is significant in ZBiB-8 sample

15.0 due to the presence of shallow traps. ZBiB-8 exhibited good
linearity and sensitivity for TLD application. The TL glow

g 1454 curves of 5 kGy irradiated ZBiB-8 sample can be reproduced
N by following annealing procedure at 323 K for 15 minutes.
14.0 The effective atomic number of ZBiB-8 at 1.25 MeV
was found to be 13.08 which is closer to that of bone and

13.54 therefore found suitable during radio-treatment of bone
cancer. In future, it is aimed to improve the TL properties

Ly of such glasses by adding rare earth oxides to the network

0.5 1.0 15 2.0 25 3.0 which may also contribute to the enhancement of radiation

Gamma energy (MeV)

Figure 16. Effective atomic number of ZBiB-8 glass in the gamma
energy range of 0.5- 3 MeV.

tissue (Z = 7.5)*>* while treating cancer or other diseases.
For this purpose, the Z  values of ZBiB-8 glass, calculated
previously using Phy-X/PSD software were plotted with
gamma energy in the range of 0.5- 3 MeV in Figure 16.
Since the TL measurement was done for gamma radiation
from ®°’Co source whose energy is 1.173 and 1.332 MeV, the
average energy 1.25 MeV was selected for noting down the
Z . value. At 1.25 MeV, the Z  of ZBiB-8 was observed to
be 13.09. This result indicated that this sample was not tissue
equivalent and therefore, the deposition of gamma dose in
human tissue must be corrected and calibrated. Meanwhile,
it can also be noted that Z  is not much far from that of
human bone (Z ;= 13.8)*" and therefore, can be used in the
treatment of bone cancer.

4. Conclusion

Overall, the glass samples prepared were found to be
thermally and mechanically stable. A detailed investigation
on gamma ray shielding parameters has been carried out.
The MAC values increased with the bismuth concentration,
confirming the superior shielding ability of ZBiB-12 glass.
The experimental values of MAC matched with theoretical
values with relative difference less than 3.5%. The BF values
increased with the increase in penetration depths for all the
selected samples. However, the higher EABF value compared
to EBF at 0.6 MeV for 40 mfp penetration depth inside
ZBiB-12 indicated that there is higher photon absorption
inside ZBiB-12 sample than in air. The dependence of
build- up factors on the chemical composition was analysed
at different energy regions for maximum penetration depth
(40 mfp) and it was found that EBF is increasing with Bi
for higher energy (above 3 MeV) and decreasing for lower
energy region (below 3 MeV). It can be concluded that ZBiB-
12 sample with its higher value of equivalent atomic number
and build up factors is proved to be a better shielding agent
compared to other selected samples. But when transparent
shielding material is required ZBiB-8 sample would be of
more convenience rather than ZBiB-12. The TL quenching
role of bismuth has been identified in the present work.
However, ZBiB-8 glasses showed comparably higher intensity

blocking application.
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