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The thermoluminescence (TL) of calcium silicate phosphor (CSO) prepared by the sol-gel method and sintered at
1200 °C were investigated. From Tm-Tstop curve, TL emission spectrum and computer deconvolution using
electron traps with discrete and continuous distributions, the glow curves were found to be composed of four TL
peaks (117, 190, 250 and 275 °C) with a single emission band centered at 370 nm. Electron paramagnetic

resonance (EPR) investigation has been carried out to identify the defect centers formed in the CSO phosphor by
y-irradiation and find the centers related to the TL process in the phosphor. At room temperature, three defect
centers were observed. The first center, characterized by the principal g-values of 2.014, 2.011, and 2.0080 was
assigned to an O~ ion. The second center with g-values 2.015, 2.013, and 2.010 is also attributed to an O~ ion and
is associated with the TL peak at 280 °C. The third center, with an isotropic g-value of 2.0011 was identified as
the F' center (singly ionized oxygen vacancy) and relates to the TL peak at 280 °C.

1. Introduction

Dosimetry plays a fundamental role in all irradiation processes since
it makes it possible to ensure acceptable dose levels in a radiation
exposure procedure, establishing radiological protection for the envi-
ronment and for the individual. Therefore, the search for new materials
with suitable properties to measure the radiation dose continues to be of
scientific interest for dosimetry.

Radiation absorbed by a material medium produces ionization. Part
of the absorbed energy is transformed into heat, while a fraction causes
the breaking of chemical bonds. In some solid materials, part of the
energy of the absorbed radiation is stored in metastable energy states
within the forbidden band by capturing charge carriers (free electrons
and holes). These metastable states are due to the presence of imper-
fections (intrinsic, extrinsic, structural, etc.) in the crystal lattice of the
material, formed during the synthesis process of the crystalline material.
When the material is stimulated with heat, the charge carriers are
released from their trapping centers, resulting in the emission of

thermoluminescence (TL) light after recombination (McKeever, 1985).
Therefore, a study of the TL properties and the elucidation of the defect
centers responsible for the luminescent emission of a material is essen-
tial to determine the TL properties and to understand the charge capture
and recombination mechanisms leading to the TL light emission process.
This understanding allows us to establish the suitability of a material for
a given application in radiation dosimetry. The identification of the
defect centers responsible for trapping and luminescence emissions in a
material is not straightforward. In fact, the studies of TL give only a
phenomenological picture, while the possibility of comparing the elec-
tron paramagnetic resonance (EPR) features as a function of irradiation
and thermal treatments with the luminescence properties can allow
determining which are the centers responsible for them (Marfunin,
1979).

In a TL glow curve as a function of temperature, the position of the
peaks can be associated with the energy levels of the traps. The behavior
of the TL glow curve of a material as a function of the dose is associated
with the processes of charge carrier transfer both in the irradiation stage
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and in the heating process during the TL readout and can provide evi-
dence of the existence of competition processes between defects for the
capture of charge carriers. These TL glow curves obtained have to be
studied using correct correlation between experimental methodologies
and numerical tools, using mathematical models that only can give ac-
curate results if these are based on empirical data. This strong correla-
tion has been evaluated using numerical simulations, which reproduces
realistic TL materials behavior during both irradiation and heating
stages (Benavente et al., 2021). Therefore, a wide-ranging set of
experimental techniques, based on TL properties can be used to obtain
all the kinetic parameters (E, s, Tyax, IMax, D and o) related to each dis-
tribution. These methods include the Initial Rise (IR) and the Variable
Heating Rate (VHR) methods, which are only effective when these
contributions do not overlap. Otherwise, only deconvolution techniques
can give optimal results. However, in this case, the mathematical model
used to fit the experimental data must be as precise as possible, trying to
reduce the possible systematic error of the model as much as possible.
Therefore, the well-interpreted Tm-Tstop method facilitates the corre-
lation of mathematical models with the contributions of the TL material.

Similarly, in a measurement of TL intensity as a function of wave-
length (), spectral bands can be associated with the recombination
centers responsible for TL emission. In this way, we can interpret the
charge transfer mechanisms during the recombination process that gives
rise to TL light. Therefore, the TL emission spectrum of a phosphor, with
emission band(s) centered at a wavelength (), and others, if any,
indicate the number of recombination centers involved during TL
emission.

Among the solid luminescent materials with interesting dosimetric
characteristics for ionizing and non-ionizing radiation dosimetry are the
silicates (Cano et al., 2023; Watanabe et al., 2015; Barbosa et al., 2014),
among which we can highlight calcium silicate.

Calcium silicate, also known as wollastonite, exists in two structur-
ally distinct forms. The high-temperature form, called pseudo-
wollastonite, has a triclinic crystal structure. On the other hand, the
low-temperature form can have two different structures: wollastonite-
2M, which has a monoclinic symmetry, or wollastonite-Tc, which has
a triclinic symmetry. Wollastonite-2M has a chain silicate structure, with
a repeat unit containing three silicon-oxygen tetrahedra. The oxygen
atoms coordinate with the calcium atom to form an approximate octa-
hedron. Wollastonite-M, on the other hand, has a perovskite structure
with a space group of P2/c. Three bridging oxygens connect the silicon
tetrahedra in this structure, while six non-bonding oxygens only connect
to one silicon atom. The structure of wollastonite-M has been refined by
Hesse (1984).

The TL properties of natural and synthetic calcium silicate doped
with different impurities were studied in some detail by several re-
searchers (Souza et al., 2007a; Souza et al., 2007b; Gonzales-Lorenzo
et al., 2018; Gonzales-Lorenzo et al., 2020; Gonzales-Lorenzo et al.,
2021; Kulkarni et al., 2011; Jain et al., 2022; Nijalingappa et al., 2020;
Palan et al., 2016. However, no serious attempt has been made to
identify the defect centers responsible for the TL emission of pure cal-
cium silicate.

In the present study, we have studied the TL properties of calcium
silicate (CSO) produced by the sol-gel process. In addition, we have
reported the results of EPR studies of CSO and tried to correlate the EPR
results with TL results for a possible explanation of the defect centers
responsible for the TL emission. The main motivation for this study is
related to the importance that luminescent signals play in dosimetry.
Consequently, a better understanding of the physical mechanisms and
centers involved is of great importance both from a theoretical point of
view and for dosimetric applications of this material.
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2. Experimental details
2.1. Synthesis

Calcium silicate (CSO) phosphor was synthesized by the sol-gel
process. All chemicals and reagents are of analytical grade and used
without any further purification. The starting materials are calcium ni-
trate tetrahydrate (CaN2Oge4H20) (99% Sigma-Aldrich), tetraethyl
orthosilicate (TEOS) (CgH2004Si) (99% Sigma-Aldrich), nitric acid
(HNO3) (53% Delta Quimica) as the catalyst, 2-propanol (98.9% Sigma-
Aldrich), and distilled water. For the preparation, a stoichiometric
amount of TEOS was mixed with a sufficient amount of 2-propanol in a
magnetic plate with constant stirring (solution A). On the other hand,
stoichiometric amounts of CaN,Oge4H0 are dissolved in distilled water
with constant stirring on a magnetic hot plate at 70 °C for 30 min (so-
lution B). Finally, solution A was added to solution B at 70 °C, in addi-
tion to adding a few drops of HNOs, this whole process of calcium
silicate sol-gel formation was carried out with continuous stirring for 1h
at 70 °C. Finally, for the drying process of the sol-gel sample, it was kept
in a furnace at 70 °C for 48 h. The dried sample was ground using an
agate mortar and proceeded to separate into three groups for sintering at
1100, 1200, and 1300 °C for 2 h, respectively. The desired sintering
(1100, 1200 and 1300 °C) for 2 h was performed at a heating rate of
3 °C/min using a high-temperature furnace, followed by cooling to room
temperature by shutting the furnace. The sintered samples were further
ground for X-ray diffraction (XRD) measurements and compacted and
sintered pellets were produced for TL measurements.

2.2. Instrumentation

2.2.1. X-ray diffraction

The crystalline structure of the calcined samples was characterized
by XRD using a Rigaku MiniFlex 600 laboratory diffractometer with Ni-
filtered Cu-Ka radiation at 40 kV and 15 mA, with a scanning step of
0.02 in the 20 range from 10 to 60, and analyzed with the X’pert
HighScore Plus software.

2.2.2. Thermoluminescence

In this study, the CSO samples were first pressed into 5 mm diameter
and 1 mm thick tablets using a mass of 50 mg. Prior to TL measurement,
the pressed samples were calcined at 1100, 1200, and 1300 °C for 2 h to
study the effect of sintering temperature on the pellets. The TL glow
curves were recorded using two Harshaw TL reader systems (models
3500 and 4500), both readers equipped with a Hamamatsu bi-alkaline
photomultiplier tube (PMT) for light detection. A filter with a trans-
mission band between 330 and 690 nm was used in front of the PMT.
The TL measurements were carried out in a nitrogen atmosphere in the
temperature range of 50-400 °C with a heating rate of 4 °C/s. For each
glow curve, five measurements were performed using the same pellet.
The incandescent background signal was directly subtracted from the TL
data. The TL emission spectrum measurements were carried out on the
same Risp TL/OSL readout by connecting a monochromator in front of
the detection system.

2.2.3. Electron paramagnetic resonance

EPR spectra of the powdered sample were recorded at room tem-
perature on a MiniScope 5000 EPR spectrometer of Bruker operating at
the X-band frequency (9.50053 GHz) with a 100 kHz field modulation,
microwave power of 20 mW and using an average sample mass of 150
mg. Powder samples were filled in quartz capillary tubes and placed
inside the EPR cavity.

2.3. Irradiation

The CSO samples were irradiated with two %°Co y-ray sources. For
low doses in the region of mGy to Gy, the samples were irradiated with a
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source irradiator, Gammatron model, with a dose rate of 97.3 mGy/min
at a distance of 10 cm from the source. High doses in the region of
hundreds of Gy up to kGy were performed on a gamma-cell type source
with a dose rate of 0.380 kGy/h (at the time of irradiation). Irradiations
with both ®°Co sources were performed at room temperature and under
electronic equilibrium conditions.

3. Results and discussion
3.1. X-ray diffraction studies

XRD studies were used to reveal the nature of the crystallinity of the
sample synthesized and calcined at 1200 °C for 2 h. Fig. 1(a) shows the
diffractogram of the CSO phosphor calcined at 1200 °C, together with
the calcium silicate reference standard. Comparing the XRD pattern of
the CSO powder sample with the No. 96-900-2180 file of the Match
Program, the crystalline peaks are identified as belonging to calcium
silicate corresponding to the pseudo-wollastonite phase, as shown in
Fig. 1(a). Based on this result, we can confirm the validity of the
methodology used to obtain calcium silicate. Fig. 1(b) depicts the
monoclinic crystal structure of CSO phosphor designed by VESTA soft-
ware. The lattice parameters are a = 5.5104 10\, b = 6.7507 /o\, c=
10.4354 ;\, a =1y =90.00°, p =117.23°, and crystalline size 107 nm.

3.2. Thermoluminescence studies

3.2.1. Effect of the thermal treatment

It is known that heat treatment of the material below the melting
temperature can modify the shape of the TL glow curve and the intensity
of the peaks (Gonzalez et al., 2013; Bizarri and Moine, 2005). Therefore,
in this work, before studying the TL properties of the material, the effect
of heat treatment on the TL glow curve of CSO samples has been
investigated.

Fig. 2 shows the TL glow curves after annealing the CSO sample at
different temperatures of 1100, 1200, and 1300 °C for 2 h. Each
annealed sample was irradiated at a dose of 3.5 Gy prior to TL reading. It
is observed that the properties of the TL peaks of the CSO sample are
slightly changed in their position and significantly changed in their in-
tensity after annealing. For the TL glow curve corresponding to 1100
and 1300 °C annealing, it is observed that the TL peak around 120 and
110 °C are of higher intensity than the other two peaks, respectively. On
the other hand, the TL glow curve of the sample annealed at 1200 °C
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Fig. 2. Glow curve of CSO phosphor samples calcined at temperatures of 1100,
1200, and 1300 °C for 2 h. The samples were irradiated with a dose of 3.6 Gy
before TL reading.

shows a TL peak of higher intensity around 190 °C, and it is 6.0 and 4.6
times more intense than the samples calcined at 1100 and 1300 °C,
respectively. Therefore, for the studies to follow we use the sample
calcined at 1200 °C. Furthermore, for possible practical application, a
stable TL peak above 200 °C is desirable.

3.2.2. Fading

The possible fading effects of the TL response of CSO phosphor due to
storage conditions is an important parameter that needs to be deter-
mined. For this study, the phosphor CSO pellets were irradiated with a
dose of 1 Gy and then stored in the dark with a red light at room tem-
perature (20-25 °C), remaining in this condition for 30 days. The fading
of the phosphor CSO for the peak at 120, 190, and 280 °C was calculated
as the area under the region of interest (ROI) for temperatures between

Fig. 1. (a) XRD patterns of CSO phosphor calcined at 1200 °C for 2 h along with the standard spectrum of calcium silicate. (b) The crystal structure of CSO phosphor.
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50 and 135 °C, between 135 and 230 °C and between 230 and 330 °C,
respectively. Fig. 3 shows the fading of the TL intensity of the peaks at
120, 190 and 280 °C. The inset of Fig. 3 shows the glow TL curve of the
CSO phosphor irradiated at 1 Gy and the regions of interest ROI-1, ROI-
2, and ROI-3 corresponding to the peaks at 120, 190, and 280 °C,
respectively. The TL intensity of each TL peak was normalized to the TL
response obtained immediately after irradiation of the CSO phosphor.
The peak at 120 °C showed a greater fading of the TL response with a
loss of up to 80% of the TL signal after approximately two days (44 h) of
storage. However, the TL peaks at 190 and 280 °C remained constant
with a slight 8% decay of TL intensity in the first 5 h. Thus, it is
concluded that the TL peak at 120 °C corresponds to more unstable or
shallower traps in this material, making the probability of recombina-
tion higher at room temperature. On the other hand, the two TL peaks at
190 and 280 °C correspond to deep traps with good thermal stability.
The TL maxima at 280 °C could arise from the recombination of holes
released from the O~ ion (center II) during TL readout with unknown
centers that act as electron traps. Similarly, the TL maxima at 280 °C
could be linked to the F* center (center IIT) that releases electrons during
heating and the subsequent recombination of these electrons with un-
known hole trap centers. It was not possible to detect any defect centers
in the present study that could be linked to the TL glow peaks maxima at
120 °C, and 190 °C. For a period further than the time analyzed, no
additional fading was obtained for the three TL peaks, as shown in Fig. 3.
This result allows establishment applications of the CSO phosphor in
radiation dosimetry using the TL peak at 190 and 280 °C.

3.2.3. Dose response

Due to the high fading of the peak at 120 °C, the phosphor CSO
pellets were preheated at 100 °C for 10 s in the same tray of the TL
reader in order to empty the surface traps responsible for the unstable
luminescence at low temperatures. TL measurements were performed
immediately after this procedure. After being exposed to y-radiation
doses between 20 mGy up to 5 Gy, the samples of the CSO phosphor
show two TL glow peaks at around 190 °C and 280 °C (see Fig. 4). The
glow peak at 190 °C is more prominent, while the peak at 280 °C has a
relatively lower intensity. It is clearly observed in the inset of Fig. 4 that
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Fig. 3. Normalized TL fading of peaks at 120, 190, and 280 °C as a function of
storage time interval. In the inset, deliminations of the three regions of interest
in the TL glow curve of the CSO phosphor.
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Fig. 4. TL glow curves of CSO phosphor irradiated with y-radiation doses from
20 to 200 mGy (top) and from 0.5 to 5 Gy (bottom). Inset: intensity variation of
TL peak at 190 and 280 °C as a function of y-irradiation dose. Both axes are
presented in logarithmic scale for a better representation of the data. Pink- and
blue-dashed lines indicate linearity.

both lines (blue- and pink-spaced lines) are parallel, indicating that both
TL peaks at 190 and 280 °C present a linear response in the analyzed
dose range. Souza et al. (2007a,b) observed similar behavior for pellets
of calcium silicate-Teflon composite. The linear behavior of TL intensity
with a dose of CSO phosphor sintered at 1200 °C and a low fading of the
TL signal show the potential usefulness of this material in the detection
of radiation in the order of mGy in the field of personal and environ-
mental dosimetry.

3.2.4. TL emission spectrum

Fig. 5 shows the 3D TL emission spectrum of CSO phosphor irradi-
ated with a p-radiation source of 6.73 Gy at room temperature. This
result shows that the shape and position of the TL peaks are similar to
the TL glow curve obtained with y-radiation. The TL emission spectrum
of CSO phosphor presents a band in the range of 250-550 nm centered at
370 nm.

EPR experiments in the present study have detected two defect
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Fig. 5. TL emission spectra of the CSO phosphor measured for a dose of 6.73
Gy. 3D representation (bottom) and contour plot (top).

centers that are found to be associated with the TL peak at 280 °C.
Centers that could relate to the low-temperature TL peak at 120 °C, the
TL peak at 190 °C, and the recombination center could not be observed
in the EPR experiments. Nevertheless, the broad emission band centered
at 370 nm results from the charges released from the observed defect
centers and also from the centers that could not be detected.

3.2.5. Tm-Tstop

Information on the kinetic parameters of the TL glow curve peaks,
such as the activation energy, the frequency factor, and the order of
kinetics associated with each TL peak is important for the character-
ization of a new TL material. To determine the kinetic parameters of the
experimental glow curve of CSO phosphor, initially, an analysis of the
number of peaks and the order of kinetics of each peak was performed
using the Tm-Tstop method (McKeever, 1980, 1985).

Fig. 6 shows the Tm-Tstop curve, in which we can observe three
regions with behaviors that differ from each other. For the first region
between Tstop temperatures from 50 to 100 °C, the Tm-Tstop curve
presents a plateau, indicating the presence of a peak with first-order
kinetics. For the second region corresponding to Tstop temperatures
between 110 and 210 °C, a linear behavior with a slight slope is
observed. This result indicates the presence of a peak with kinetics of
order different from 1. On the other hand, the third region between
Tstop temperatures of 220 and 350 °C presents two subregions,
evidencing the presence of at least two superimposed peaks.

The invariance of the TL peak position as a function of dose (see
Fig. 4) and the behavior of the Tm-Tstop curve for the third region
indicate the presence of at least two TL peaks that obey a continuous
distribution of charge carrier traps with first-order kinetics.

3.2.6. Deconvolution and calculation of kinetic parameters

With the preliminary results of the Tm-Tstop method, and using the
deconvolution method (Benavente et al., 2019), we determined the ki-
netic parameters of each TL peak of the glow curve of the material.

Fig. 7 shows the result of the deconvolution of the glow curve for the
CSO sample irradiated with a y-radiation dose of 0.539 Gy. Similar re-
sults were obtained for other y-radiation doses (0.067, 0.135, 0.269,
0.404, 0.539, 0.674, 1.347 and 3.368 Gy). The kinetic parameters

Applied Radiation and Isotopes 202 (2023) 111069

350 - e
; 000 ;
Q
300 - P
. 250 1
e
£ R ¥
200 -
150 -
1004 e---7

I I
50 100 150 200 250 300 350
Tsrop °C)

Fig. 6. Tm-Tstop plot of CSO sample. The temperature range regions corre-
sponding to the four TL peaks are indicated.
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Fig. 7. Deconvolution of the whole glow curve of the CSO phosphor irradiated
with 0.539 Gy of y-radiation. Circles correspond to experimentally collected
data and the calculated glow curve (full line in pink) can be achieved by
assuming the presence of four peaks. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

obtained from the deconvolution for each y-irradiation dose are shown
in Table 1. For all TL curves, deconvolution evidenced the presence of
four overlapping peaks at 117, 190, 252, and 278 °C. The mathematical
model used to fit the experimental result of the TL glow curves is based
on a linear combination of four functions. This approach aligns with the
results of the Tm-Tstop method (Benavente et al., 2020), which indicates
that the peaks at 117 and 190 °C correspond to a distribution of localized
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Table 1

Details of activation energy (E), maximum temperature (T), frequency factors (s), order of kinetics (b) and distribution width (c) of the TL peaks of the CSO phosphor obtained by the deconvolution method of the glow

curves for different doses. Bottom: the average and coefficient of variation (CV).

Peak 3: FOK (Continuous) Peak 4: FOK (Continuous)

Peak 2: GOK (Discrete)

T (°C)

Peak 1: FOK (Discrete)

FOM

Dose (Gy)

E (eV) T (°C) 6 (eV) sis™H E (eV) TCC) 6 (eV) s

s(s™h

T (°C) s E (eV)

E (eV)

2.32:10'3

0.0652
0.0663
0.0698
0.0712
0.0772
0.0630
0.0619
0.0678
0.07(2)

277
279
280
278
276
280
276
275
277.5(5)

1.528
1.522
1.534
1.552
1.549
1.550
1.533
1.480
1.53(6)

1.70-10'2

0.0155
0.0145
0.0152
0.0198
0.0179
0.0164
0.0162
0.0182
0.02(1)

254
255
254
250
252
253
252
250
252.5(4)

1.346
1.308
1.278
1.253
1.150
1.255
1.311

5.17-10°

1.186
1.195
1.190
1.185
1.241
1.252
1.241
1.196
1.21(6)

189
191
194
191
188
190
185
186
189.0(6)

6.28-10° 0.692

118
119
121
119
117
118

0.808
0.814

1.35%
1.24%
1.29%
1.40%
1.32%
1.41%
1.33%
1.57%

0.067
0.135
0.269
0.404
0.539
0.674

1.82-1012

6.73-10*!

4.48-10°

0.689
0.696
0.700
0.692

6.92:10°

2.23.10'3

3.60-10!!

4.79.10°

3.97-10°

0.800
0.783
0,807

3.66-10'3

2.48-10'

6.06-10°

2.70-10°

3.87.10'%

2.13.10'°

5.50-10°

6.59-10°

3.16-10'%

2.18.10!!

6.29-10°

0.699
0.682

2.96-10°

0.784
0.812

2.86-10'%

8.34.10"!

4.86-10°

9.57-10°

114

1.347
3.368

9.35.10'2

3.46-10'°

1.169
1.25(9)

4.70-10°

114 2.40-10° 0.682
0.69(3)

116.9(6)

0.769
0.79(6)

2.40-10'3

4.60-10*!

5.08-10°

4.70-10°

Average
CV%

7%

1%

2%

9%

1%

5%

2%

1%

1%

3%

3%
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(discrete) trap values that obey first-order and general-order kinetics
with b values closed to 1.2, respectively. On the other hand, the peaks at
252 and 278 °C obey first-order kinetics with continuous trap distribu-
tion. The fit between the data was verified by the figure of merit (FOM)
(Balian and Eddy, 1977), showing values lower than 1.57%.

3.3. EPR studies

The room temperature electron paramagnetic resonance (EPR)
spectrum of y-irradiated CSO phosphor is shown in Fig. 8. The spectrum
arises from three defect centers which are labeled in Fig. 8. Center I has a
rhombic g-tensor with principal values 2.014, 2.011, and 2.0080. The
center displays hyperfine splitting arising from the interaction of the
unpaired electron with three equivalent nuclei with % spin. The four
lines seen in Fig. 8 are the result of this interaction. The hyperfine
splitting is estimated to be about 41 Gauss. Thermal annealing studies
have determined the inference that the spectrum results from three
defect centers.

In the calcium silicate structure described in the introduction sec-
tion, there is a possibility of the existence of antisite cation exchange
(Kuklja, 2000) in CSO crystal. This cation exchange results in the partial
occupancy of Ca®' sites by Si** ions. Antisite cation exchange is also
known as cation exchange disorder and is considered a point defect in
crystal systems. Theoretical calculations have predicted their occurrence
(Kuklja, 2000) in a crystal lattice. They have also been observed
experimentally by Truong et al. (2013). This disorder results in the
formation of vacancies in the lattice.

Trapping sites for electrons and holes can be created in a crystal due
to antisite disorder. One of the most likely defects formed in this case is
the O™ ion, which is a positive hole localized on an oxygen ion near a
cation vacancy. Further, y-irradiation can cause an electron to be trap-
ped at an anion vacancy, forming F' centers. Yuan et al. (2015) have
demonstrated that anion vacancies can easily form in a lattice with
cation disorder.

O~ ions, on the other hand, can be formed by trapping holes at cation
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Fig. 8. (a) Room temperature EPR spectrum of y-irradiated CSO phosphor
(y-dose: 10 kGy). The four pink rectangles show the lines from Center I. These
lines are from an O~ ion. Center III is attributed to an F' center (blue rectangle).
(b) The five lines from center II are shown in green rectangles. Center II is
assigned to an O~ ion. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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vacancies (Holston et al., 2015). The stability of the hole is provided by
nearby cation vacancies through electrostatic attraction. The hole re-
sides in an oxygen p-orbital in an O™ ion and exhibits positive g-shifts.
Center I in the present study displays a rhombic g-tensor and it is
observed that all three principal values show positive g-shifts. Based on
the relatively large g-shifts, center I is tentatively identified as the O~
ion. O™ ion normally exhibits an axial g-tensor with the parallel
component close to the free-spin value (2.0023) and the perpendicular
component greater than the free-spin value (Williamson et al., 1971).
However, there are systems where O~ ion has a rhombic g-tensor as
observed in anatase nanoparticles (Misra, et al., 2016). The principal
g-values are gy = 2.0, gy = 2.01, and g, = 2.03. Another example is SiO2
studied by Stapelbroek et al. (1979). Here also, a rhombic g-tensor is
exhibited by the hole-trapped oxygen ion. On the other hand, the ion
also displays an isotropic g-value as in MgAl;O4 (Ibarra et al., 1991). The
identification of center I as O ion is mainly based on the above findings
and the observations of Ibarra et al. (991).

The stability of center I was determined using the pulse-thermal
annealing method. The sample was heated to a specific temperature
and held at that temperature for 3 min before being cooled to room
temperature for EPR measurements. Fig. 9 illustrates the thermal
annealing behavior of center I. Center I becomes unstable around 60 °C
and undergoes decay in the temperature range of 60 °C-160 °C. No
specific TL role could be assigned to this center.

The center labeled as Center II in Fig. 8 exhibits a rhombic g-tensor
with principal values 2.015, 2.013, and 2.010. Similar to center I, center
II displays five hyperfine lines (Fig. 8) with hyperfine splitting equal to
45 Gauss. These five lines result from the interaction of the unpaired
spin with nearby four equivalent nuclei with spin !;. Based on the rea-
sons mentioned earlier for the center I assignment, center II is also
tentatively attributed to the O~ ion. The thermal annealing behavior of
center II is shown in Fig. 9. It is seen that there are two stages where the
intensity of the EPR lines decreases. The first stage is from about 60 °C to
175 °C and most probably results from the recombination of charges
released elsewhere from unknown defect centers with the hole on the O™
ion. The second stage is from about 230 °C to 350 °C and represents the
actual decay of center II. This stage of decay relates to the TL peak at
280 °C and it is inferred that this center correlates with this TL peak.
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Fig. 9. Thermal annealing behavior of center I (O~ ion), center I (O~ ion), and
center III (F* -center) in CaSiO3 phosphor.
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An F' center is a defect center that can form in an oxide system like
calcium silicate, where an electron is trapped at an oxygen vacancy. In
its first study in an alkali halide (Hutchison, 1949), the center displayed
a relatively large linewidth of about 100 Gauss. The center’s main
characteristic feature is the g-value close to the free-electron value of
2.0023. The intrinsic linewidth of the center is quite small and is in the
range of one Gauss (Wertz et al., 1957).

The amount of delocalization of the unpaired electron and its
interaction with nearest neighbor ions determines the observed line-
width. The linewidth also depends on the magnetic moments of the
nuclei of the neighboring ions and the relative abundance of the isotopes
of the ions. In alkali halides, where large line widths have been
observed, the unpaired electron interacts not only with the immediate
neighbors but also with alkali and halide ions in successive neighboring
shells (Holton and Blum, 1962).

An anion vacancy captures an electron during irradiation and results
in the formation of the F' center. The F' center exhibits both positive
and negative g-shifts. The g-value of center Il is 2.0011 and the g-shift is
small. The linewidth of the center is 2 Gauss. On the basis of these
observed features, center III is tentatively assigned to an F* center. The
thermal annealing behavior of the center is shown in Fig. 9. It is
observed that the center becomes unstable around 240 °C and decays in
the temperature range 240 °C-400 °C. It is suggested that center III
correlates with the TL peak at 280 °C.

The deconvolution of the experimentally observed TL glow curve has
shown the presence of four overlapping peaks at 117, 190, 252, and
278 °C. An examination of the thermal annealing behavior of the centers
indicates that centers II and III are linked to the TL maxima at 252, and
278 °C of the deconvoluted glow curve. The physicochemical processes
are the same as the ones mentioned for the observance of the experi-
mentally observed TL peak at 280 °C.

4. Conclusion

CSO phosphor was successfully synthesized by the sol-gel method.
XRD studies verify the crystallinity of the material as calcium silicate in
its so-called pseudo-wollastonite phase. TL sensitivity optimization
shows the best results for CSO phosphors sintered at 1200 °C. The CSO
phosphor sintered at 1200 °C exhibited three TL peaks at 120, 190, and
280 °C. The TL emission spectrum of CSO phosphor showed a broad
band centered at 370 nm. The TL intensity of the peaks at 190 and
280 °C increases linearly with increasing y-dose between 20 mGy and 5
Gy. The activation energy (E), frequency factor (s), and kinetic order
have been estimated using Tm-Tstop and deconvolution methods,
revealing four TL peaks. y-irradiation is found to induce three defect
centers in the CSO phosphor. A tentative assignment has been made of
the centers to O~ ion, and F* center. O~ ion (center II) is suggested to be
associated with the TL peak at 280 °C. The F' center appears to be also
linked to the 280 °C TL peak.
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