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Abstract

various applications.

Keywords

Emission

The functionality and dosimetric properties of a tissue-equivalent thermoluminescent glass detector doped with Dy>* were investi-
gated in this work. This work investigated an Aluminium-Lithium-Zinc borate oxide matrix using the melting-quench method. X-ray
diffraction confirms the glass sample is amorphous. Dysprosium ions doping raises the glass’s tissue equivalent effective atomic
number (Z ), improving its ability to absorb radiation and its sensitivity, with reproducibility almost at the tolerable limit. The glass
detector also reduces the fading rate and signal loss over time. The minimum detectable dose values were 53.04 mGy and 45.1
mGy for the un-doped and 1.5 mol Dy>* doped Al-Li-Zn borate glasses, respectively. A bright peak was seen in photoluminescence
spectra at 348 nm (yellow), 529 nm (green), and 625 nm (orange hue). These correspond to the Dy3“ transitions at 4H15/2 — 6P7/2,
4F9/2 — OH15/2, *F9/2 — OH15/2, and *F9/2 — ®H13/2, respectively. There was a noticeable drop in Tg from 257°C in the undoped
sample to 101°C in the doped sample, Tm from 862°C to 815°C, and Tc from 756°C to 444°C in the doped sample. These results
may indicate a lower temperature at which the material transitions from a solid to a liquid state and a lower crystallisation threshold.
The frequency component and energy of activation of the 1.5 mol Dy3* doped Aluminium-Lithium-Zinc borate are 2.1x10 27 s™
and 1.03 eV, respectively. The 1.5 Dy3* doped Aluminium-Lithium-Zinc borate glasses exhibit promising dosimetric properties of
the tissue-equivalent thermoluminescent glass detector, indicating its potential for accurate and consistent radiation dosimetry in
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1. INTRODUCTION

Radiation dosimetry is essential in many domains, such as
industrial processes, radiation therapy, environmental moni-
toring, and medical diagnostics (Ullah et al., 2024). Ensuring
worker safety, maximising treatment eflicacy, and adhering to
regulatory requirements all depend on accurate and trustwor-
thy ionising radiation measurement (Aljewaw et al., 2023; El-
Faramawy et al., 2021). Because of its tissue-equivalent quali-
ties, high sensitivity, and broad dynamic range, thermolumi-

nescent dosimeters (TLDs) have become valuable instruments
among the various dosimetry techniques available (Khandaker
etal., 2024; White et al., 2024). With the dynamic needs of
radiation dosimetry applications, significant research efforts fo-
cused on developing innovative TLD materials with improved
properties in recent years (Godwin et al., 2023).
Tissue-equivalent thermoluminescent glass detectors based
on Al-Li-Zn borate oxide doped with Dy®" ions are one vi-
able possibility in this endeavour. Compared to typical TLD


https://crossmark.crossref.org/dialog/?doi=10.26554/sti.2024.9.4.965-980&amp;domain=pdf
https://doi.org/10.26554/sti.2024.9.4.965-980

Efenji et. al.

materials, these glass detectors have higher tissue equivalency,
increased sensitivity, and stability in various environmental
conditions (Ullah et al., 2024). When rare-earth dopants like
Dy?* are added to the glass matrix, luminescent centres are
created that can effectively absorb and store energy from ion-
ising radiation; this allows for precise dosage assessments to
be made when the material is heated later (Bootjomchai and
Laopaiboon, 2014; Pawar et al., 2017).

This study’s primary goal is to thoroughly examine the
features and dosimetric attributes of tissue-equivalent thermo-
luminescent glass detectors made of Dy?* doped Al-Li-Zn
borate oxide. This study attempts to clarify the material’s suit-
ability for various radiation dosimetry applications by method-
ically investigating its structural, optical, thermal, and lumines-
cent properties (Godwin et al., 2023; Stankovi¢ Petrovic et al.,
2021).

A multidisciplinary strategy that includes a range of charac-
terisation approaches to examine various facets of the behaviour
of the glass detector will be used to accomplish this goal. We
use X-ray diffraction (XRD) analysis to determine the glass
matrix’s crystalline phases and structural makeup (Pal et al.,
2011). UV-vis spectroscopy optical characterisation will allow
the glass’s absorption and emission properties to be examined,
especially with Dy®* jons. Thermogravimetric analysis (TGA)
in conjunction with differential thermal analysis (DTA) will
evaluate the glass’s behaviour and thermal stability at various
temperatures, offering information on how the material will
react to radiation exposure (Bradley et al., 2020; Sani et al.,
2020).

Moreover, the molecular structure and bonding topologies
inside the glass matrix were examined using Fourier-transform
infrared (FTIR) spectroscopy, which will provide essential de-
tails on the material’s chemical makeup and any interactions
with ionising radiation. Using a TLD reader, the thermolumi-
nescence characteristics of the glass detector will be carefully
examined to determine whether it is suitable for precise dosage
measurement. This analysis will include background noise
measurements, glow curve deconvolution, and trap parameter
estimation (Prabhu et al., 2021; Aljewaw et al., 2020).

This study comprehensively examines tissue-equivalent
thermoluminescent glass detectors’ characteristics and dosimet-
ric performances based on Al-Li-Zn borate oxide doped with
Dy?* ions to develop radiation dosimetry approaches. With
the help of this research, novel dosimetry solutions with en-
hanced performance, dependability, and adaptability may be
developed to meet the changing requirements of diverse fields
that depend on precise radiation dose assessments.

2. EXPERIMENTAL SECTION

2.1 Chemicals Elements

The following chemicals were purchased from reliable suppli-
ers and were of analytical quality: ‘Sigma Aldrich Germany,
which had 99.99% purity. These include Boron oxide (ByOy),
Aluminium oxide (AlyOg), Lithium oxide (LigO), Zinc oxide
(ZnO) and Dysprosium oxide (DyqOg)

© 2024 The Authors.
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2.2 Instrumentation

Stainless steel mould, electric weighing balance, platinum cru-
cible, mixing mortar, TLD (Harshaw TLD 3500), XRD (PAN-
alytical X’Pert PRO MRD PW3040 X-ray diffractometer),
FTIR (PerkinElmer Model System 2000, USA), UV-Vis-NIR
spectroscopy (Agilent Cary 5000), DTA (Thermogravimetric
Analyzer, STA 600), and PL (PerkinElmer LS 55 Fluorescence
Spectrometer).

2.3 Glass Fabrication

The glass samples were fabricated by employing a special tech-
nique known as melt-quenching. The glass samples were mea-
sured and mixed according to the formula in mole percent
created by employing the standard melting and quenching
technique. The raw ingredients were purchased from Sigma
Aldrich Germany with the appropriate amounts of AlgOg,
LigO, B9Og, ZnO, and DyyOs. According to the combination
formula above, they were weighed and mixed in various mole
percentages. These components were hand-mixed and ground
for 20 minutes to create a sufficient or uniform mixed pow-
der. After being dissolved in a platinum crucible for uniform
melting, the powder combination was heated for three hours
at 1300°C in an electrical heating furnace, as seen in Figure 1.
The liquid samples were then transferred into a stainless-steel
mould and transferred to an annealing machine for gradual
annealing at a maximum of 400°C for two hours to relieve in-
ternal stresses and cool to ambient temperature. Each sample
batch was then polished to ensure smooth surfaces, shaped to
a desired shape, and ground-to-powder characterisation.

2.4 Glass Characterisation and Measurement

A CuKa (1 = 1.5405 A) was used for powder X-ray diffraction
at 40 kV tube voltage and 40 mA tube current. This was carried
out on the Bruker D8 advanced X-ray diffractometer to verify
the phase purity of samples. For refinement, the high-quality
XRD data was recorded at intervals of 0.2°C throughout a
20 range, from 10 to 80°C. Thermoluminescence (TL) emis-
sion spectra were captured using a fluorescence spectrometer
(LS 55 Perkin Elmer, School of Chemical Science Laboratory,
USM). The samples were scanned from a wavelength range of
200-900 nm, with 400 nm of light on the material. Utilised
The TL reader (HARSHAW TLD 3500, Medical Physics
Laboratory, USM) was in conjunction with the samples’ ther-
moluminescence light curves to examine the dose-response
(5-45 mGy), reproducibility (24 cycles), and fading (24 days)
using the Hamamatsu Photonics R6095 model. The sample
was annealed, exposed to radiation, and monitored 24 times
to track each shift in the TL integrated signal to evaluate the
repeatability. As the practice, the sample was heated to 400°C
for ten minutes before naturally cooling to room temperature.
It was heated from ambient temperature to 400°C after ex-
posure to 5-45 mGy X-ray to produce a matching TL glow
curve. The above method was repeated to determine the TL
intensity, and the highest temperature TL band was integrated.
Six sets of glass samples, three samples per set, were individ-
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Figure 1. Glass Sample Preparation in Sequential Order

ually exposed to a range of X-ray radiation starting from 5
mGy X-ray before being kept in a lead chamber at room tem-
perature to minimise any potential interference from cosmic
rays or outside light to assess the fading property. Every day, a
set of samples was removed from the lead chamber, and the
TL glow curves were immediately measured. The final set
of samples was measured after 24 days. The TL band with
the highest temperature was integrated. Each set of samples’
average result was computed to assess the fading property and
lower the statistical error. All TL curve measurements in this
paper had a 10 °C/s rate of heating. The UV-1800 radiation
excitation and emission spectra were employed to capture the
spectra of absorption in the 200-900 nm VUV-UV range (Med-
ical Physics Laboratory, USM). Differential thermal analysis
was carried out in the School of Chemical Sciences Laboratory,
USM, using a Thermogravimetric Analyser, STA 600, to assess
the thermal stability by gradually raising the samples’ tempera-
ture from ambient temperature to 1000°C (10 °C/min). The
PerkinElmer LS 55 Fluorescence Spectrometer, which gauges
the wavelength distribution and intensity of light emitted from
the sample when a specific light source activates it, was used to
quantify photoluminescence (PL). Both the effective atomic
number (Z.q ) and the minimum detectable dose (MDD) were
calculated theoretically using Equations (12), (14), (15), and
(16), respectively.

© 2024 The Authors.

3. RESULT'S AND DISCUSSION

3.1 Glass Formulation

The composition of the manufactured glass (Denoted B), in-
cluding Dy®* ions, ByOg, ZnO, LigO, and AlyOy, is displayed
in Table 1. AlgOg boosts endurance, ZnO enhances optical
qualities, B9Og offers a stable matrix, and LigO decreases melt-
ing temperature and improves stability. Luminous centres
are produced using different percentage moles of Dy?* ions,
enabling accurate radiation monitoring. Excellent thermolumi-
nescence, structural stability, and radiation sensitivity with an
appropriate molar volume and density are the reasons behind
the compositional choice of the glass. These characteristics
and the glass’s unique molecular structure and thermal stability
will make it ideal for radiation dosimetry (Satkar et al., 2021;
Shafaei and Moradi, 2023).

3.2 X-Ray Diffraction Analysis (XRD)

The X-ray diffraction (XRD) examination technique was em-
ployed to investigate the properties of different materials, such
as glasses. When examining the Al-Li-Zn doped Dy?* borate
glass for radiation dosimetry, XRD analysis is crucial for com-
prehending and identifying the crystal structure, estimating
the proportions of crystalline and non-crystalline phases, cal-
culating lattice parameters, and evaluating the size of crystal
particles (El-Adawy et al., 2010; Prabhu et al., 2019). These
insightful observations help to clarify the relationship between
the structure of the glasses and their intended usage as radiation
dosimeters. The XRD spectra of samples varying in the quan-
tity of Dy®* doped Al-Li-Zn glass host throughout the range
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Table 1. Al-Li-Zn Borate Glass Composition
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Samples Compositions of Glass (Mole Fraction%)

Of Glass DYQO3 LIQO A1203 Zn0O BQO3

B1 (CS) 0 4.0125 27.3852 21.8572 46.7452
B2 0.4989 3.9925 27.2485 21.7481 46.5119
B3 1.4849 3.9529 26.9785 21.5326 46.0511
B4 2.45563 3914 26.7128 21.3205 45.5974
B5 3.4106 3.8757 26.4512 21.1117 45.1509
B6 4.816 3.8193 26.0663 20.8045 44.4939

of 100 < @ < 80 are displayed in Figure 2. The produced glass Saidu et al. (2014) have established a correlation between

sample’s XRD pattern lacks identifiable peaks, suggesting that a
long-range periodic lattice arrangement that resembles crystals
is not present, this demonstrated that the glass was amorphous

(Hashim et al., 2017).

3.8 Physical Characteristics

The density of the manufactured glass is one of the primary
physical characteristics examined. According to Khazaalah
et al. (2022), thickness measures the geometric configuration’s
structural rigidity and diversity. Equation (1) was used to verify
it using the values in Table 2, following Archimedes’ principle.

a
pP = ﬁpdist. water (1)
a—

Here, pgist. water 18 the distilled water’s density, and is the
glass sample’s weight in the air, and b is the glass sample’s
weight in the distilled water (Saidu et al., 2018). Equation (2)
was used to calculate the Molar volume (V,,) using the values

found in Table 2.

Vo = (2)

Glass density is related to its structure and composition (see
Figure 3). Because they enhance the number of atoms already
there without appreciably altering the size of the network, ex-
ternal network ions frequently result in an increase in density.
The increase in density caused by the external network ions
is more significant, according to Saidu et al. (2014), than the
loss in density caused by the network’s fracture, expansion, and
volume growth. The densities and molar volumes of the glasses
are summarised in Table 2.

As shown in Figure 8, the glass composition with the densi-
ties of glass samples B3, B4, B5, and B6 increase as the dopant
element increases (Dy®"). The dopant’s relative atomic mass
is 373 times greater than the glass former’s (Bggg) 70.0034,
which accounts for the changes. As a result, the glass density
increased similarly when heavy atoms were added to the sys-
tem (Saidu et al., 2014). The B2 glass sample has a lower
density, indicating more excellent compatibility between the
glass nodes, because the mass of the dopant element is bigger
than that of the glass former (Jamil et al., 2023).

© 2024 The Authors.

compaction of the glass network, the molar volume value and
the atomic radius. Put otherwise, they elucidate that the molar
volume diminishes as the glass structure compactness increases.
A slight rise in molar volume was seen in B2 as the dopant
element increased, indicating that the addition of secondary
flux (Zn0) did not cause the glass network to constrict.

The permitted molar quantities of B3, B4, and B6 in com-
parison to B1 indicate that Bggg functions within the glass
network structure as a glass former, incorporating B04 into the
glass to increase density and decrease molar volume (Khazaalah
et al., 2022). Compared to the other glasses, glass samples B3
and B4 have the densest glass networks since they have the
smallest molar volumes.

3.4 Behaviour of the TL Glow Curve
The glow curve is an essential component of TL dosimeters,
which provides important information on the signal-fading
characteristics, trapping states, and trap depths of the TL ma-
terial being studied. The various trapping levels and the corre-
sponding light peaks can be identified by evaluating the glow
curve’s form and location (Aljewaw et al., 2023; Bradley et al.,
2020). The graph of the glow curve shows the sample tem-
peratures versus the TL intensity. A perfect light curve and a
desired TL material should show one peak between 180 and
250. A phosphor’s glow curve is its most important feature;
where the glow peaks are located suggests the existence of deep
traps At lower temperatures, if any are discovered. Under such
circumstances, TL deposited progressively disappears and be-
comes unusable for extended periods. On the other hand, let
us assume that the temperature at which the glow peak is posi-
tioned is sufficiently high. Then, at the temperature required
for the TL to release, the phosphor emits infrared radiation,
which could cause incorrect interpretations of the data.
Figure 4 presents the TL glow curves of Al-Li-Zn borate
glass of undoped and doped samples containing different con-
centrations of Dy3* ions. Table 2 displays the samples’ corre-
sponding Dy®* concentrations are 0.0, 0.5, 1.5, 2.5, 8.4, and
4.8 moles. The samples are in batches (B): B1, B2, B3, B4,
B5, and B6. The undoped and doped samples were exposed to
5-45 mGy X-ray radiation. The best TL intensity, as shown in
Figure 4, was obtained by adding ions to the glass network in
batches B2, B3, B4, B5, and B6, as indicated by the TL glow
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Figure 2. The XRD Spectrum of the Undoped and Dy®* Doped Al-Li-Zn Borate Glass

Table 2. Al-Li-Zn Borate Glass Compositions, Density, and Molar Volume of Undoped and Dy®* Doped Samples

Glass Glass Compositions (Mole Faction %) Density Molar Volume
Samples DyyOg  LigO AlyOgq 7ZnO ByOg  (g/cm®) £0.08  (cm®/mol) = 0.08
B1(CS) 0 4.0125 27.83852 21.8572 46.7452 2.606 29.48
B2 0.4989 3.9925 27.2485 21.7481 46.5119 2.592 29.75
B3 1.4849 3.9529 26.9785 21.5326 46.0511 2.675 29.78
B4 2.4553 3914 26.7128 21.3205 45.5974 2.695 29.79
B5 3.4106 3.8757 26.4512 21.1117 45.1509 2.745 29.83
B6 4.816 3.8193 26.0663 20.8045 44.4939 2.804 29.89
T - T T T - T — 30.0 4.8 mole at 300°C.
5504 The Dy®* doped Al-Li-Zn borate glasses exhibit uncom-
- 29.8 plicated glow curves featuring a prominent peak for dosime-
2  ters under consideration. As depicted in Figure 4, the glow
2754 | 20.6 g peak demonstrates a consistent and smooth curve when the
mg mg Dy?* dopant is introduced, unlike the undoped glass (figure 4a),
= | 504 = Wwhich lacks Dy?* concentration, as shown in Figure 4. Also,
-‘E 2704 E the peak temperature shifted further, supporting this observa-
g . E tion. The varying concentration of dopant (Dy®* ions) is likely
2,654 “ £ responsible for this shift in the maximum peak temperature
= (El-Adawy et al., 2010; Pekpak et al., 2011).
- [2%0 Meanwhile, the displacement of glow peaks towards higher
2.60 — Nieliroline temperatures benefits the thermoluminescence (TL) yield, as
T T T T T T T — 2838 glow peaks at more elevated temperatures exhibit improved
000 005 010 015 020 025 030 035

Fraction mole of Dy+3 (mole)

Figure 3. Al-Li-Zn Borate Glass with Undoped and Dy®*
Doped Density and Molar Volume and Fractional Mole

curves in (b, ¢, d, e, and f). However, the most dominant is 1.5
mol. Of Dy®" (), even at 800°C, the charge collected is still
ongoing at 25k compared to the other Dy3* concentrations, (d),
(e), and (), respectively. The intensity is approaching 15k for

© 2024 The Authors.

thermal stability compared to those at lower temperatures (Ul-
lah et al., 2024; White et al., 2024). Notably, Batch B3, the
sample with the highest TL intensity, has a glow peak tem-
perature that is within the permissible dosimetry glow peak
temperature range. However, burn peaks with temperatures
higher than the dosimetry peak limit may harm the residual
TL signal (Pekpak et al., 2009; Pekpak et al., 2014).

3.5 Kinetic Parameter Analysis
One must comprehend a material’s trapping levels to ascertain
its forms, intensities, and peaks of glow. The kinetic factors
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Figure 4. T'L Glow Curve of (a) Undoped Al-Li-Zn Borate Glasses and (b), (c), (d), (e), and ([) Dy?* Doped Al-Li-Zn Borate

Glasses Irradiated by X-Ray Dose 45 mGy

linked to these values could potentially include crucial infor-
mation about the dosimetric features of the material, particu-
larly the process underlying its TL behaviour (Aljewaw et al.,
2023;Wahib et al., 2020).

The frequency factor (s), trap depth, kinetic order (b), and
activation energy (E) are the three most important kinetic

© 2024 The Authors.

components. The Peak Shape (PS) technique was used in this
investigation to evaluate the activation energy and frequency
factor. This technique involves measuring the width of the
glow curve and the temperatures corresponding to half of the
peak intensity on both the rising and descending sides of the
curve (Table 3). Following Chen and Winer’s 1970 peak shape
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technique (Equation (3)), the geometric component (g ) was
first approximated using the following relation:

0 T2 - Tm (3)
e = = Ty—Ty
1400
1200 4 ]
Dy** = 1.5 Mol. 1
1
. 1000 4 (Tm) =573 k 1
= 1
- 1
=< 300 4 1
= T,=539.5k '
2 @ l--ccecee e ___A-2 1
= -
g °%° T, =596 k s
= 5]
400 o ! I
! 1
! I
200 - h ,
! 1
! 1
0 - - v . e -
50 100 150 200 250 300

Temperature (°C)

Figure 5. Kinetic Parameters of 1.5 Mol% of Dy Doped of
Al-Li-Zn Borate Glass Using the Peak Shape Method

where Ty and T are the temperatures on both sides of 7},
where the high-temperature side corresponds to half of the
width. w = Ty = T} and half-intensity, § = Ty — T, T, is
the temperature at which the most astounding TL intensity
occurs. The kinetic order determines the value of p,. It has
been observed that the TL material exhibits first- and second-
order kinetics, with pg values approximately equal to 0.42 and
0.52, respectively. The frequency factor and activation energy
(E) at work can were obtained from the combined operation of
Equations (4), (5), (6), (7) and (8) from (Chen and W., 1970)
and (Chen and W., 1970):

2
E=c, (’f) — by (T,) 4)

Where & is Boltzmann constant (8.62 x 107%) eV K-1 and
a can take the place of 7, 6, and w. The values of C;, Cs, and
C,, are obtained using the following equations.

Cr=1.151+8.0( - 0.42); b = 1.58 +4.2(p — 0.42)

%)
Cs =0.976 +7.3( - 0.42); bs = 0 (6)
C,=2.52+10.2(u—0.42);b, = 1 7)

Based on prior values, the factor of frequency (S) is com-
puted using the formula:

B E E
S = K72 exp (/eTm 8)
© 2024 The Authors.
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Where B is the heating rate, and & is the Boltzmann con-
stant (Wahib et al., 2020).

The kinetic properties of Dy®* doped Al-Li-Zn borate glass
samples are determined by graphing the temperature versus
TL intensity, as illustrated in Figure 5, using the peak shape
approach. Using Chen’s Equations (3), (4), (5), and (6) corre-
spondingly, TL glow curves at 300°C for the ideal Al-Li-Zn
borate glass exposed to a 45 mGy X-ray dosage were calculated
for the current experiment as shown in Table 3 (Morsi et al.,
2016; Saidu et al., 2015).

After the glow curve’s kinetic parameters were ascertained
by its use, a geometrical factor (1) of 0.42 was obtained. Based
on the geometry and design of the dosimeter system, this value
shows how the system reacts to radiation. The dosimeter sys-
tem may have a unique spatial sensitivity to radiation, which
could affect its accuracy in measuring absorbed doses under
particular geometrical settings, as indicated by the geometric
factor of 0.42 (Chen and W., 1970; Chen, 1969). This num-
ber supports earlier findings by showing that recombination
follows second-order kinetics (Aljewaw et al., 2023)ig. 5. Ta-
ble 3 displays the optimal Al-Li-Zn borate glass’s frequency
factor and activation energy, where the mean values of S and
E are 2.1x10%7 s! and 1.08 eV, respectively. The kinetics
characteristics of the proposed Al-Li-Zn borate glass showed a
dose-dependent development that suggested the presence of
trap states with stable energy distributions. Higher energy and
temperature were required to release the electrons from the
deeper-level traps. According to previous research (Saidu et al.,
2015; Wahib et al., 2020), these results are consistent.

The number of ionising events per unit when the dosimeter
is subjected to radiation is represented by the frequency factor
(S). The factor in this instance is 2.1x1027 s, a very high
figure. This value indicates that the dosimeter can quickly de-
tect many ionising events. The bare minimum energy needed
for a radiation event to trigger a discernible reaction in the
dosimeter is the activation energy (E). The activation energy
in this instance is 1.03 eV. The dosimeter can detect radiation
events with a comparatively low energy threshold thanks to its
relatively low value. These measurements offer details on the
dosimeter’s sensitivity and response properties. Its low activa-
tion energy and high-frequency factor indicate the dosimeter’s
high sensitivity to radiation and ability to detect various radi-
ation events. The values are essential for accurately calculat-
ing the absorbed dose across multiple radiation environments
(Morsi et al., 2016).

3.6 Glass’s Sensitivity to X-Rays
The TL sensitivity of a material is a measure of its vulnerability
to ionising radiation. It concerns how much light a material
can release when heated after exposure to ionising radiation.
Selecting a dosimeter of highly thermal shock-sensitive mate-
rial is better since heated material emits more light, indicating
a higher radiation exposure level (Mhareb et al., 2016).

The sensitivity of TL dosimeters is defined as the mass and
dosage of the glass material (nCg-1mGy-1) divided by the
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Table 3. Al-Li-Zn Borate Glass’s Frequency Factor and Activation Energy in 1.5 Mol% Dy3*

T,, k) He A w Average
Activation Energy E(eV) 573  0.42 3.1 0.0002 0.0006 1.03
Frequency Factor Ss™') 578  0.42 6.3x10%27 6.83x10% 9.6x10"* 2.1x10%7

strength of the glass samples’ TL signal (Prabhu et al., 2021).
The following sources were consulted to calculate the value of

(S):

3 T L intensity (nC)
~ Mass (g) X Absorbed Dose (mGy)

Srr )
Table 4 shows the total light sensitivity (nC/gmGy) values
for Al-Li-Zn borate glasses that are not doped and those doped
with 1.5 mol. percent Dy®". Next, each glass sample’s TL sen-
sitivity was ascertained using Equation (9) once the values were
acquired by taking the mean of three measurements. It was
shown that the optimal Al-Li-Zn borate glass had the highest
TL sensitivity, measuring 6527.9 nC/mg Gy. 2731.08 nC/mg
Gy was the undoped glass’s sensitivity, as shown in Table 4.
The 1.5 mol% Dy?* doped glass showed a 3796 nC/mgGy
times higher TL sensitivity than the un-doped glass. There-
fore, using 1.5 Mol. Dy®* doped, any low radiation doses can
be calculated. Based on the comparison with the un-doped
glass, the recommended Dy?* doped optimal Al-Li-Zn borate
glass appears to have potential as a TL dosimeter material.

8.7 Dose Reproducibility

Reproducibility It is crucial to recognise that a TLD material’s
repeatability quotient, which indicates its TL efficacy and qual-
ity, determines its reusability. The TL signal at a given dosage
should hold for several readings. Materials that are repeatedly
exposed to readout, annealing, and radiation should not change
their physicochemical characteristics. A cluster of dosimeters
with comparable features and dosages, or a single dosimeter,
can be used to assess the repeatability of thermoluminescence
measurement. The repeatability of the system was determined
by the SVI or CV percent, which is the mean of the percent
standard deviations of each TL detector (De Carvalho et al.,
2012). To determine the CV percent caused by the reader, sys-
tem, and detector, data from annealing, irradiating, and reading
multiple dosimeters with identical doses should not be more
than <7.5 percent (Aydas et al., 2016). According to De Car-
valho et al. (2012), the detector’s CV percent is expressed using
the following formula:

DVI = \J(SVT)2 - (RVT)? (10)

The reader variability index is called RV I, and the percent
standard deviations of the mean values of each cycle of readings
is calculated as CV” percent = STD/mean x 100. On the other
hand, SV'1, also known as CV" percent = STD/X x 100, is the

© 2024 The Authors.

average of the percent standard deviations for every specimen
in the TL detector. The index of detector variability is DV I
(Aljewaw et al., 2023).

The matching SV I and RV I values of the doped and un-
doped Al-Li-Zn Borate glass, derived from the mean of three
measurements, are displayed in Tables 5 and 6. The repeatabil-
ity of the current glass samples was calculated using Equation
(10). To examine the repeatability of both doped and un-doped
1.5 mol percent Dy®*, six samples of each type were subjected
to 45 mGy of X-ray radiation, followed by reading, annealing,
and six more rounds of radiation exposure under identical con-
ditions. For undoped and optimally doped Al-Li-Zn Borate
glass, the observed difference in the SV I value was 4% and
7.8%, respectively. The RV I or CV percent numbers show the
reader’s repeatability over the long term. Table 5 demonstrates
that the RV I variance for Al-Li-Zn Borate, 1.5 mol percent
Dy3* doped and undoped, was 1.6 percent and 12.9 percent,
respectively. The DV'I is a metric used to quantify the TL de-
tectors’ repeatability (glass samples). Equation (10) and Table
6 define it; they display results for the high repeatability of
12.8% of the undoped sample and the reproducibility of 7.1
for 1.5 mol of Dy?* doped is close to the acceptable limit of
7.5 percent (Aljewaw et al., 2023; Muhammad et al., 2019).

The repeatability of both doped and non-doped Glass Al-
Li-Zn Borate was evaluated for six repeated cycles in a dose-
dependent manner, as demonstrated in Figure 6 (a and b).
Interestingly, with a standard deviation of less than 0.08 per-
cent, the undoped Al-Li-Zn Borate glass sample’s 4.0 percent
thermoluminescence (TL) response is nearly within allowable
bounds. Furthermore, the doped TL is within the permissi-
ble level by 7.1 percent. After calculation, the coefficient of
variation (CV') was 7.1 percent, within the allowable range of
7.5 percent (De Carvalho et al., 2012; Mendoza-Anaya et al.,
2018).

Initial T'L signal — Final T'L signal
Intial 7'L signal

Loss of T'L signal = (11)

The fading of the current glass samples was evaluated with
Equation (11). The TL intensity and fading features of the
equivalent un-doped and optimally doped 1.5% of Dy®* The
glass sample of Al-Li-Zn Borate, subjected to a 45mGy x-ray
radiation, as illustrated in Figures 7(a) and 8(a), correspond-
ingly. To stop trapped electrons from escaping owing to light
or temperature stimulation, the samples were stored in a black
box at normal temperature. At regular intervals of 24, 48, 72,
96, 120, and 144 hours, the data were recorded. To obtain con-
sistent readings from three samples of each data point, compre-
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Table 4. The Response to 45.0 mGy X-Ray Dosages of Undoped and 1.5 mol% Dy®* Doped Al-Li-Zn Borate Glass

Glass Samples Dose Range (mGy)  Sensitivity (nC/gmGy)
Undoped Al-Li-Zn borate glass 05-45 2731.08
Dy?* doped Al-Li-Zn borate glass 05-45 6527.90

Table 5. SVI Values Derived from the Mean of Three Measurements for Dy-Doped and Un-Doped LLAZB Glass

Average Standard Deviation Covariance Average
Number (SD) CV=X/SD Valneof Cy  SVIZCVX100
0.80 0.033 0.041 0.04 4.0
Undoped LAZB 0.82 0.032 0.040
0.82 0.030 0.040
25 1.6 0.064 0.073 7.3
Doped LAZB 24.5 2.2 0.090
24.7 1.6 0.065

Table 6. RVI Values Derived from Average Dy-Doped and Un-Doped Al-Li-Zn Borate Glass Measurements

Glass Samples 1 Reading  2"¥ Reading 8" Reading 4" Reading 5" Reading Mean SD  RAVI
Undoped LAZB 1.70 1.48 1.37 1.34 1.86 .55 0.2 129
Doped LAZB 36.92 36.83 36.83 35.57 35.61 36.35 0.8 1.6
90 50
1.5 mol. % doped
60 (b) ==—1.5mol. % Dy op- (a) —a— Un-doped
=70 . 404
g €
£ £ 5.
]
2 50 :
o =]
@ @
é’ 40 « & 20 4
=304 =
10 4
20 o
10 Ll Ll L Ll Ll 0 Ll Ll L . .
1 2 3 4 5 1 2 3 4 5

Number of meas urements

Number of meas urements

Figure 6. (a) Repeatability of Un-Doped Al-Li-Zn Borate Glass Sample (b) Consistency of Dy?* Sample of Doped Al-Li-Zn

Borate Glass

hensive calibration and quality assurance measurements were
performed. Subsequently, for the dosimeters composed of un-
doped and optimally doped 1.5 mol% of Dy®*Al-Li-Zn Borate
glass sample, the mean value of TL responses was calculated,
with the error indicating percentage uncertainty. Twenty-four
hours after irradiation, the signal for the un-doped glass was
reduced by 0.84%, and for the optimally doped glass, by 0.79%.
The percentage signal loss was 0.79%, 0.93%, and 0.91% af-
ter 72 hours and 0.90%, 0.91%, and 0.84% after 144 hours.
These results indicated that after irradiation, the optimum
doped 1.5 mol% of Dy?*Al-Li-Zn Borate glass sample has
dose-independent stability, showing an insignificant percent-

© 2024 The Authors.

age signal loss of 0.21. According to standard and commercial
dosimeters, glass dosimeters exhibit good dose linearity and low
fading effects, making them valuable tools for dose measure-
ments with low signal losses over time (Aljewaw et al., 2023;
Bradley et al., 2020).

3.8 Photoluminescence (PL) Spectrum

A photoluminescence spectrum generally shows light emis-
sion peaks or bands at wavelengths, signifying changes in the
electronic energy levels of the material. A photoluminescence
spectrum generally shows light emission peaks or bands at
wavelengths, signifying changes in the electronic energy levels

Page 973 of 980



Efenji et. al.

300.0

250.0 4

200.0 4

150.0 4

100.0 4

Residual Signal (%)

50.0 4

0.0

24h  48h  72h  96h  120h  144h
Time (Hour)

Science and Technology Indonesia, 9 (2024) 965-980

e 24
200004 () ——120h
0.0 Mol. % Dy** e 240h
~ ——480h
S e 504
i15000-
2
w
c
210000 +
£
-
| ]
5000 o
0

0 5 100 150 200 250 300
Temperature (°C)

Figure 7. (a) Shows the TL Fading Response Characteristics and (b) the TL Intensity of an Un-Doped Dy®" Al-Li-Zn Borate
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Figure 8. (a) Shows the TL Fading Response Characteristics and (b) the TL Intensity of a 1.5 Mol% Doped Dy3* Al-Li-Zn

Borate Glass Sample Exposed to a 45mGy X-Ray Dosage

of the material. When excited by light, these peaks’ locations
and intensities reveal essential details about the material’s struc-
ture, composition, and behaviour. The phenomenon of PL
emission in these glasses is explained by the mechanism men-
tioned below. The electrons are contained in the host boron
ions’ electron centres upon activation. The relaxation process
subsequently releases the electrons, which Dy3* ions then ab-
sorb. When electrons are eventually absorbed by the holes
in the boron oxygen hole centre (BOHCs), also known as the
recombination centre, PL is released. The PL intensity rises
when Dy?* is added to increase the electron sources and traps.
PL spectra of the suggested Dy®* doped Al-Li-Zn borate glass
at 400 nm excitation are shown in Figure 9. With bright peaks
at 348 nm (yellow), 529 nm (green), and 625 nm (orange hue),
the composition demonstrated a good and distinct sensitivity
to light which corresponded to *H15/2 — 5P7/2, *F9/2 —
6H15/2,4F9/2 — SH15/2, and *F9/2 — ®H18/2 transitions

© 2024 The Authors.

in Dy®*, respectively. (Duragkar et al., 2019; Efenji et al.,
20238).

The emission photons at 348 nm and 529 nm, respec-
tively, have yellow and blue wavelengths, which can be regarded
as the hypersensitive transition in the selected rules of AL =
+2: A] = £2. These are the outcomes of transitions between
magnetic dipoles (MD) and electric dipoles (ED). As Figure
9 shows, this observation validates the asymmetry of the host
network topology. Furthermore, this shift is consistent with
the *H15/2 — 5P7/2 transition in Dy®* jons at 848 nm (white
light), which is frequently used as a reference for calibration in
radiation dosimetry due to its high photoluminescence (PL)
efficiency. Strongly impacting the microscopic environment
of Dy3* doped emission channels might impact the transition
with selection rules of AL = £2; A] = +2, with intensity being
highly dependent on the host. (Aljewaw et al., 2023; Hegde
etal.,, 2019).
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3.9 Minimum Detectable Dose (MDD)

The lowest amount of ionising radiation that can be detected
by a detector and have a noticeable effect is referred to as the
“minimum detectable dose” (MDD). It is necessary to assess its
sensitivity and accuracy in detecting radiation doses. This as-
sessment determines the lowest radiation dose level, the MDD,
that the dosimeter can reliably detect (Efenji et al., 2024). Us-
ing Equation (12), the MDD values for the suggested glasses
were estimated (Aljewaw et al., 2023).

MDD = (B *+20;) X F (12)

Where is a standard deviation, Bx* is the dosimeter’s mean
background T'L prior to irradiation (zero doses), and F is the
calibration factor (Aljewaw et al., 2023).

The MDD values of the Al-Li-Zn borate that is undoped
and Dy®" doped glasses exposed to 45 mGy X-ray doses are
shown in Table 7. The present glass samples’ MDD was deter-
mined using empirical Equations (12). Three undoped Al-Li-
Zn borate glasses and Dy®* doped were annealed for the MDD
measurement. The mean background signals, B+ were found
to be 0.44 and 0.82 nC mg~!. The corresponding standard
deviation, o, , was found to be 0.04 and 0.05 nC mg~!. The
un-doped and Dy®* doped Al-Li-Zn borate glasses have cali-
bration factors (F) of 102 and 55 mGy m,g~' .n~! respectively.
These values were entered into Equations (12) (table 6) to
obtain the mean value. The MDD values were 53.04 mGy
and 45.1 mGy for the un-doped and Dy®* doped Al-Li-Zn
borate glasses (doped with 1.5 mol% of Dy®*), respectively. As
a dosimeter, it was determined that the ideal 1.5 mol% of Dy3*
doped and undoped Al-Li-Zn borate glasses could detect low
amounts of gamma ray.

70
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— Dy** = 1.5 mol.
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Figure 9. 45mGy X-Ray Dose Photo-Luminescence Spectrum
of a 1.5% Doped Dy?* Al-Li-Zn Borate Glass Sample

3.10 Effective Atomic Number (Z.g)
In estimating the initial dosage, tissue equivalency is a critical
factor that affects the effective atomic number (Z.q.). According

© 2024 The Authors.
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Table 7. MDD Values of the Un-Doped and Al-Li-Zn Borate
Doped with Dy3* Glasses

Glass " F(mGymg MDD
Samples B oB -InC-1)  (mGy)
Undoped  0.44 0.04 102 53.04
Dy? doped 0.82 0.05 55 45.10

to Aljewaw et al. (2023) and Bootjomchai and Laopaiboon
(2014), a material is deemed “tissue equivalent” if it is Z.g
value is near to that of human tissue, which is 7.4 or 11.28.
The evaluation was conducted using:

Zoys. = {jalz;ﬂ +agZ2 4 .+ a LY (13)
n; (Z;)
— 14
“ Xin; (Z;) ()
Nyxz;
n; = ( jw.i Z.Wi) (15)

Here, m is the photoelectric interaction’s power dependence,
which is usually adopted and equals 2.94. n; is the amount of
electrons contained in a mole, 4, ; is the atomic weight, 7} is
the fractional weight, N4 is Avogadro’s number (6.02 x 1023
mol™), and ¢; is the percentage of each element’s electrons that
make up the composite’s overall electron content.

Equations (13), (14), and (15) were used to calculate the
Z.eft. value of the current glass samples. Tables 8 and 9 display
the physical properties of the optimal Dy®* following the Zeff.
calculation, the doped Al-Li-Zn borate glass and the undoped
Al-Li-Zn borate glass. Any dosimetric material’s Z.; value
must be near biological tissues (Zqr = 7.420) or bone (Z.g. =
11.28). The undoped Al-Li-Zn borate glass and optimal Dy®*
doped Al-Li-Zn borate glass was found to have Z . values of
7.30 and 9.3, which are human tissues and near-bones values,
respectively (Bootjomchai and Laopaiboon, 2014).

The Z.g value of 7.30 in undoped glass represents the
effective nuclear charge that an electron experiences in the ma-
terial, which influences the material’s interaction with radiation.
Stronger interactions, which affect the material’s reaction to
radiation, are indicated by a more considerable Z.g value. Dop-
ing glass with Dy3+ ions raises the Z.g to 9.3, improving the
material’s capacity to absorb and react to radiation. Its higher
7. value indicates better radiation sensitivity, which increases its
effectiveness as a radiation dosimetric material (Aljewaw et al.,

2023; Rivera, 2012).

3.11 Differential Thermal Analysis (DTA)

The stability of its glass network is determined by the transition
temperature (T,) and crystallisation temperature (7;), which
both indicate the glass-forming ability (GFA). High GFA and
strength are typically found in materials with low 7, and high
T,. On the other hand, the stability and glass-forming ability
(GFA) of materials with low and high Tg are inferior. As shown
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Table 8. Characteristics of the Undoped Al-Li-Zn Borate Glass Dosimeter for Z¢I Analysis

Awilg) Zi Wi o AT gxy o 729 a.z*M
Al 2698 13 1.158 0.012 056 048 1883.62 92.30
7/n 6598 30 1.371 0.013 0.62 0.45 22015.90 292.46
B 10.81 5 2.137 0.021 0.99 0.46 113.49 2.39
O 16 8 5.339 0.057 2.67 0.50 451.94 25.71
Total 4.84 342.86
Lot 7.30
Table 9. Characteristics of the Dy®" Infused Al-Li-Zn Borate Glass Dosimeter for Z¢™ Analysis
Awile) Zi W e TV N Y
A 26.98 13 1.310 0.077 0.310 041 1883.6 21.66
7Zn 6598 30 1.575 0.016 0.759 048 220159 662.92
B 10.81 5 1.607 0.016 0.731 0.45 118.5 0.59
O 16 8 5354 0.053 2.476 0.46 451.9 18.57
Dy 162.5 66 0.153 0.001 0.077 0.50 223593.4
Total 4.042 698.73
ZEFF. 9.3
Table 10. The Values of Ty, T;, and 7,, Were Undoped and 1.5 0.20
mol Dy?* Doped Al-Li-Zn Borate Glass
Dy3+ =15 mol.
Parameters  Undoped Sample 1.5 mol Dy** Doped 0.15 -
T, 257 101 %
T, 756 444 Y
Ty 862 815 ‘Eo_. 0.10 4
#
0.20 0.05 -
Dy3+ =15 mol.
. 0151 000 g 200 400 600 800 1000
E Temperature {(°c)
2 010
= Figure 11. Differential Thermal Analysis of 1.5 mol Dy®*
2 Doped Al-Li-Zn Borate Glass
0.05 -
0003 200 ado 600 300 1000

Temperature (°c)

Figure 10. Differential Thermal Study of the Undoped
Al-Li-Zn Borate Glass

in Table 10, Equations (16) and (17) were used to determine
the materials’ glass-forming ability (GFA) and glass stability
(GS).
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Grd= L= 1e (16)
T, -T,
T. - T,
GS = (T—g) (17)
g

The values for the three parameters Ty, T;, and 7T, un-
doped and at 0.5 mol are given in Table 9, Figures 10 and 11.
Al-Li-Zn borate glass doped with Dy?*. The symbols Ty, T},
and T, stand for the glass transition, crystallisation, and melt-
ing temperatures, respectively, of the material. Due to their
potential to affect the material’s luminescence qualities, these
parameters are relevant to thermoluminescence investigations.
For example, Tg indicates the energy required to activate the
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material’s luminous centres. Likewise, 7, affects the motion
of the flaws that provide the luminescence signal when heated
(Jaidass et al., 2018). The ideal T, value would guarantee the
material’s thermal stability and be low enough to allow for the
effective migration of flaws during heating. Depending on the
study’s objectives, T}, can also be pertinent (I\zra et al., 2024;
El-Faramawy et al., 2021).

The doped material transitions towards a more flexible and
rubbery state at lower temperatures, as seen by the considerable
T, dropped in the doped sample from 101°C to 257°C in the
undoped sample. The radiation sensitivity of the material and
its capacity to precisely record radiation doses may be impacted
by this modification (Razak et al., 2016). Reduced 7, values
might improve the material’s radiation sensitivity, making it
better suited for TLD applications. The doped samples T,
decreased from 756°C to 444°C, indicating a lower tempera-
ture at which crystallisation starts (Bradley et al., 2020). This
alteration may impact the material’s dosimetric capabilities by
changing its structural characteristics and electron-trapping ca-
pacity. A lower T, indicates increased radiation sensitivity and
better dosimetric performance in TLDs. The doped samples
T, decreased somewhat from 862°C to 815°C, indicating a
lower transition temperature for the material from a solid to a
liquid state. The material’s stability and reaction to radiation
exposure may be affected by this modification. A lower Tm
might make the material better suited for TLD applications by
improving its capacity to hold onto radiation-induced signals

(Furetta et al., 2001).

3.12 Fourier Transform Infrared Spectroscopy (FTIR)
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Figure 12. FTIR Spectra of Dy®* Doped and Undoped
Al-Li-Zn Borate Glasses with Different Composition

The glass’s functional groups were bonded together, as seen
in Figure 12, by means of FTIR spectroscopy (Perkin Elmer,
USA). With a resolution of 0.85 ¢cm™!, the FTIR provides
spectra in the thin pellet method that span 400-4000 cm™!
at a pressure of 77.2 MP. To cut down on inaccuracies, the
average of the standard pellets is displayed in each infrared
spectrum. Four components of the borate are visible in the
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infrared transmittance spectra of the glasses, as shown in Figure
12: clusters of BO4, BOg groups, and OH groups, in addition
to B-O-B vibrations. These were broad, weak, medium-sized,
and considerable peaks.

Important chemical structures and functional groups are
seen in the FT-IR spectra of Al-Li-Zn borate glass activated
by Dy" ions. In line with the reported work of Ullah et al.
(2024), the peak at 702 em™', which could be a representa-
tion of boroxol rings or borate structures, indicates B—O—B
bending vibrations. The absorption at 1047 cm™! reflects the
asymmetric stretching of B—O bonds in BO, units, which is
suggestive of tetrahedral boron. The band located at 1250
em™!, which is associated with B—O stretching in BOjg units,
represents trigonal borate groups. The presence of hydroxyl
groups in the glass network was suggested by the B—O—H
bending vibrations displayed by the 1433 cm™! peak. Our re-
sults, in agreement with earlier studies, validate the complex
borate network with tetrahedral and trigonal boron environ-
ments and tiny hydroxyl impurities, which are essential for
characterising the glass for radiation dosimetry applications
(Abdou et al., 2020; Ullah et al., 2024).

4. CONCLUSIONS

This study and investigation results highlight the tissue-equivalent
thermoluminescent glass detector based on Al-Li-Zn borate ox-
ide doped with Dy3*, which shows promising features and dosi-
metric performances. Its tissues’ equivalent effective atomic
number (Z.¢ ) value was increased from 7.30 to 9.3 after dop-
ing the glass with Dy®* ions, enhancing its radiation sensitivity
and capacity to absorb and react to radiation. The material is a
good choice for precise and trustworthy radiation dosimetry
because of its amorphous structure, stability, structural capac-
ity, and particle size dispersion, which were verified with XRD
examination, FTIR, and FESEM. The glass samples’ FTIR
analysis indicates four parts of the borate, namely: B—-O-B vi-
brations, clusters of BO,, BOg groups, and OH groups. These
peaks were substantial, medium, weak, and broad. The mea-
sured bandgap values suggest the possibility of effective energy
absorption and thermoluminescent emission. The 1.5 mol%
Dy?* doped glass showed a 8796 nC/mgGy times higher T'L
sensitivity than the un-doped glass with the reproducibility of
12.8% of the undoped sample and high reproducibility of 7.1
for 0.10 mol of Dy®* doped, which is close to the acceptable
limit of 7.5. The sample shows a fading reduction of 0.84%
for the undoped and 0.79% for the 1.5 moles doped glass 24
hours after irradiation. The percentage signal loss was 0.79%,
0.93%, and 0.91% after 72 hours and 0.90%, 0.91%, and 0.84%
after 144 hours. The MDD values were 53.04 mGy and 45.1
mGy for the un-doped and 1.5 moles Dy®* doped Al-Li-Zn
borate glasses, respectively. The bright peaks in the PL spectra
were located at 348 nm (yellow), 529 nm (green), and 625 nm
(orange hue), corresponding to the *H15/2 — 5P7/2, *F9/2
— OH15/2,1F9/2 — SH15/2, and 1F9/2 — SH13/2 transi-
tions in Dy®*, respectively. The frequency factor and activation
energy of the 1.5 mol Dy®* doped Al-Li-Zn borate are 2.1x10
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27 s~! and 1.08 eV, respectively. Future research endeavours
might concentrate on refining the glass’s composition and reac-
tion to various radiation intensities to improve its dosimetric
performance further and increase its usability in all areas of
radiation dosimetry applications.
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