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ARTICLE INFO ABSTRACT

Keywords: p: CaSiOs polycrystal was synthesized by the devitrification method. The polycrystal exhibits three thermolu-
CaSiO3 minescence (TL) peaks at 124 °C, 250 °C and 306 °C. Electron paramagnetic resonance (EPR) spectroscopy was
Defects centers used to study the defect centers induced in the polycrystal by gamma irradiation and to identify the centers
EII;R responsible for the TL process. Three defect centers contribute to the observed spectrum at room temperature.

Center I with principal g-values 2.0135, 2.0094 and 2.0038 is attributed to O~ ion and the center appears to be
the recombination center for 124 °C, 147 °C and 306 CTL peaks. Center II exhibiting an isotropic g-value of
2.00025 is identified as an F'-center (singly ionized oxygen vacancy). F'-center is also observed to be a
recombination center for several TL peaks. Center III is assigned to a Ti* center displaying an orthorhombic g-
tensor with principal values g; = 1.9830, g» = 1.9741 and g3 = 1.9046. This center is associated with 124 °C and

147 °CTL peaks. TL emission spectrum of $-CaSiO3 shows two emission bands at 370 and 520 nm.

1. Introduction

Many natural and synthetic materials based on silica have been
widely studied due to their applications which include radiation
dosimetry using TL [1-5]. The defect centers created by ionizing radi-
ation are responsible for TL. In this context, EPR spectroscopy provides a
convenient and sensitive method to identify and characterize the defect
centers in crystalline and amorphous materials [6-11], providing sup-
port in the identification of luminescent centers to understand the
mechanisms of TL process. Therefore, luminescence studies must be
combined with EPR for the full identification of the exact nature of the
centers or defects responsible for the capture of the electrons. The
knowledge of defects or traps and their distribution in the band gap of a
solid are very essential in order to understand the luminescence process
of materials and to use them in various applications.

The calcium metasilicate or also known as wollastonite (CaSiO3) is
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an interesting material for study in mineralogy, either in its natural or
synthetic form, due to the different polytypes described in many studies
[12-14].

According to literature, natural and synthetic wollastonite can be
classified by the formation conditions of pressure and temperature. In
this way, three different structural modifications of wollastonite have
been reported [12-14]. The low-temperature polymorphs are the
triclinic wollastonite (1 T) and monoclinic wollastonite (2 M), the last
one also known as parawollastonite. The high-temperature polymorph is
a cyclosilicate called pseudowollastonite. Wollastonite polymorph
(triclinic and monoclinic lattice) exist below about 1150 °C and contains
single chains with three [SiO4]4' tetrahedron as the repeat unit. In
addition, the pseudowollastonite polymorph is stable above 1150 °C and
melts at about 1550 °C with a structure containing rings of three silicates
(Si300)® [12,13].

Kulkarni et al. [15] reported EPR and photoluminescence studies on
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CaSiO3:Pb, Mn-nanophosphors which exhibits a broad resonance signal
centered at g=1.994 and an emission band at 353 nm in the UV region
due to Pb*t. Chakradhar et al. [16] have carried out EPR studies on Fe3"
- and Ni?* - doped CaSiOs. The EPR spectrum of Fe3* ions in CaSiOs
exhibits a weak signal at g=4.20+0.1 and an intense signal at
g=2.0+0.1 while the spectrum of the Ni?* jon exhibits a symmetric
absorption at g=2.23 +0.1.

Palan et al. [17] studied the TL and optically stimulated lumines-
cence (OSL) properties of CaSiO3:Ce. They conclude that this material is
a good alternative dosimeter compared to a-Al1203:C. Souza et al. [18]
investigated the main features of the dosimeter of the Wollastnite-Teflon
pellets. In this study, the authors show that the TL emission curve of the
pellets is simple, has good response and reproducibility. Furthermore, its
fading is minimal. Kulkarini et al. [19] studied the TL properties of
p-CaSiO3 nanophosphor under beta irradiation. They have observed that
the TL intensity increases with radiation dose, a property desired by all
TL dosimeters.

In recent years, defect centers in other silicate minerals, natural and
synthetic, were investigated using the EPR technique in order to study
their correlations with the peaks of the TL glow curve emission [8,9,
20-23].

As far as we know, no work has been published on the studies carried
out on the role of defect centers in TL of the wollastonite. In this context,
we perform EPR and TL studies of the synthetic wollastonaite irradiated
with gamma rays and with different thermal treatments in order to
identify the defect centers responsible for TL emission.

2. Experimental details

The synthetic CaSiO3 polycrystal was produced by the devitrification
method. In this work, we used 12.0g (48.3wt %) CaO and 12.8g
(51.7 wt %) of SiO5 and the starting materials was mixed. The mixture is
then placed in an oven heated to 1500 °C for 2 h. This flux melt is then
cooled slowly so that the room temperature is reached after about 24 h
to obtain polycrystalline material.

This polycrystalline sample of CaSiOs was crushed and sieved to
retain grains 0.080-0.180 mm in size for TL and EPR measurements,
while grains smaller than 0.080mm in diameter were used in the
structural analysis by X-rays diffraction (XRD) method.

TL measurements were carried out using Harshaw TL reader model
4500 in a nitrogen atmosphere; heating rate was kept at 4 °C/s. Lumi-
nescence was detected by a Hamamatsu R647 photomultiplier tube
through a Schott KG1 filter (transmission band 330-690 nm). Five TL
reading measurements were carried out to obtain an average TL glow
curve. All TL readings were carried out 24 h after the irradiation took
place, time enough to reach the stability of the TL peaks in CaSiO3
polycrystals, except for the study of the fading of TL peaks at room
temperature.

XRD data of powder sample at room temperature were obtained on
Rigaku Miniflex 300 diffractometer with Cu K,; (0.15406 nm) radiation
between 10° and 60° at a 0.02° (in 20) scanning step and a 1 s step time.

EPR measurements were performed at room temperature utilizing a
MiniScope MS-5000 spectrometer from Freiberg Instruments. The EPR
spectra were recorded at 9.45GHz (X-band) microwave frequency,
20 mW microwave power, field modulation of 0.2 mT at 100 kHz, and a
sweep time of 200 s. Three-accumulation scans were performed for each
spectrum.

The irradiations for low dose of the order of mGy were done using a
137Gs source of gamma rays and with a dose rate of 9.44 pGy/s at 30 cm
from the source. For high doses in the region of hundreds of Gy and kGy
were done using a %°Co source type gamma-cell with a dose rate of
0.64 kGy/h, and a panoramic type source with a dose rate of 7.88 Gy/h
at 40 cm from the source. The y-irradiation was performed at room
temperature and under conditions of electronic equilibrium.
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3. Results and discussion
3.1. X-ray diffraction studies

The diffractogram of polycrystal sample is shown in Fig. 1. From the
analysis of the diffractogram using computer software and compared
with standard spectrum (PDF-2) of different crystals cataloged by ICDD
(International Center for Diffraction Data), the peaks of the sample were
identified as belonging to the principal phases of the pseudowollastonite
(or p-CaSiOs). This result shows that the devitrification method is
adequate to obtain samples with a crystalline structure.

3.2. Thermoluminescence studies

p-CaSiO3 sample exhibits TL peaks at approximately 124, 250, and
306 °C. The glow curves of $-CaSiO3 sample irradiated with gamma low
dose from 30 mGy to 500 mGy are shown in Fig. 2(a). Fig. 2(b), (c) and 2
(d) show the glow curves of $-CaSiO3 sample irradiated with gamma ray
dose from 1 to 10 Gy, 30 to 300 Gy and 500 to 50 kGy, respectively. This
shows that the main glow peak is at 306 °C when irradiated from 30 mGy
to 10 Gy and after that, the main glow peak at 250 °C becomes dominant
due to the saturation of the TL peak at 306 for doses above 10 Gy.

Fig. 3 shows the TL response of the main TL peaks for dose ranging
from 30 mGy to 50 kGy. Analyzing the dose-response curves with log
axes on the same scale, as shown in Fig. 3, it can be observed that the TL
response of all peaks at 124, 250 and 306 °C have a linear behavior in
the dose range from about 30 mGy to 2.5 Gy. After that, TL responses are
supralinear up to about 300Gy for 124 and 306 °CTL peaks, and
supralinear up to 3kGy for 250 °C TL peak. Afterwards, all peaks are
saturated.

With the purpose of finding the number and position as well as the
activation energy of the TL peaks contained in the complex experimental
glow curve of the $-CaSiO3 polycrystals, the E-Tsp, method was used
[24,25].

Further, by the initial rise method it is possible to calculate the en-
ergy of the trap activation. This method is based on the fact that at low-
temperature end of the peak, that is, the initial part of the TL glow curve
can be well described by exponential behavior such as exp(-E/kT). Later,
by the Arrhenius plot: In(TL) vs 1/T which will be approximated as
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Fig. 1. X-ray diffraction of $-CaSiO3 produced in this work and the main
pseudowollastonite diffraction peaks.
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Fig. 2. TL Glow Curves of -CaSiOs, (a) irradiated with gamma rays low dose from 30 to 500 mGy, (b) from 1 to 10 Gy, (c) from 30 to 300 Gy, (d) from 500 Gy to

50 kGy. In all cases, a mass of about 1.93 mg was used.
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Fig. 3. TL intensity behavior of the 124, 250 and 306 °C peaks as a function of
gamma radiation doses; dashed lines indicate linearity.

straight line, the activation energy E can be easily obtained from the
slope -E/k. For a reliable result, it is only considered below 15% of the
maximum TL intensity [26].

In this work, the activation energy was found using different pre-
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Fig. 4. Activation energy vs. Tgop method. In the inset, TL glow curve of
p-CaSiOs irradiated with gamma dose of 5Gy from *°Co source. A good fit
between the experimental glow curve (circles) and the simulated glow curve
(pink line) can be achieved by assuming the presence of seven peaks. (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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Table 1
Kinetic order, TL peak position, activation energy (E), frequency factor (s) of TL
peaks of -CaSiO3 calculated by GCD. FOM = 1.335%.

Peak  Kinetic TL peak E s (s<sup>—1</ 7 (years at
order Q) (eV) sup>) 25°QC)
1 1% 121 1.16 2.40 x 10 0.005
2 1% 133 1.2 2.69 x 10 0.023
3 ond 147 1.22 1.39 x 10™* 0.095
4 ond 201 1.28 1.07 x 103 12.80
5 ond 247 1.33 1.77 x 10'2 543.8
6 1.5 306 1.61 2.27 x 10*2 2292 x 10°
7 1.4 336 1.68 1.62 x 103 3929 x 10*
1.0 —=— 124 °C
: —0—250°C
—A— 306 °C
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Fig. 5. Thermal stabilities of main TL peaks at 124, 250 and 306 °C.

heating temperature (Tsop) from 60 to 330°C at a 5°C scanning step.
Fig. 4 shows the obtained activation energies (E) using the E-Top
method for $-CaSiO3 samples.

Another broadly used method is the glow-curve deconvolution
(GCD) to compute characteristics parameters like E, s and the order of
the kinetic (b) of individual glow peaks on the experimental TL glow
curve [27].

The position of the first peak is the same with increasing doses. In
this way, a first-order peak will be more appropriate. For the second
peak, however, the peak shift to lower temperature with increasing
doses as shown in Fig. 2(d). Therefore, this peak is considered as a
second-order peak. The third peak shows a better fitting with a general-
order kinetic. Therefore, using the previous results found by the E-Tgp
method and applying the equation proposed by Kitis et al. [27] we
obtain the deconvolution of the TL glow curve of the $-CaSiO3 sample
irradiated with gamma dose of 5 Gy (see Fig. 4).

The TL glow curves in Fig. 2 present three well-defined peaks and the
GCD method shows seven overlapping TL peaks. The inset of Fig. 4
shows these computed TL peaks separated using different orders of ki-
netics at about 121, 133, 147, 201, 247, 306 and 337 °C. Quality of fit
was tested with the Figure of Merit (FOM) [28]. FOM = 1.335% shows
that data fit is satisfactory.

The position, activation energies (E) and frequency factor (s) of the
TL peaks of $-CaSiO3 sample are shown in Table 1. The thermal stabil-
ities of main TL peaks at 124, 250 and 306 °C are shown in Fig. 5.

Anomalous fading is an important characteristic of natural and
synthetic crystalline materials [25]. For this purpose, $-CaSiO3 sample
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Fig. 7. TL spectra of #-CaSiO3 sample after beta irradiation dose of 12.2 Gy.

was irradiated with 5Gy gamma dose and kept in the dark at room
temperature for different storage time. Its TL was read after 1, 3, 6, etc.
hours up to about 32 days (775 h). Fig. 6 shows the results of fading for
TL peaks at 117-130, 250, and 306 °C. The TL peak at 117°C is a
low-temperature peak and is commonly unstable at room temperature
and decays by about 84% after 32 days storage time. TL peak at 250 and
306 °C are the high-temperature peaks having a decay of about 7% and
3% respectively in the first 48 h, after that time, there is no decay.

The TL emission spectrum of the polycrystal -CaSiO3 presented two
very broad bands centered at 370 and 520 nm (Fig. 7). This means that
one should expect two recombination centers. TL glow curves with the
emission in the region 370 nm show TL peaks at around 70, 140 and



C.D. Gonzales-Lorenzo et al.

6 -
Center |
- Center Ill

w
1

Nl

u.) [107]

o
1

'
w
|

EPR intensity (

Center Il

6 -

p- CaSio,

I I I
330 340 350 360

Magnetic Field (mT)

Fig. 8. Room temperature EPR spectra of irradiated $-CaSiO3 (gamma dose:
6 kGy). The line labeled as I is due to an O~ ion and center II line is from an F*
-center. The Ti®* -center is indicated as center III.

306 °C, whereas that emission band at 520 nm corresponds to two TL
peaks at approximately 70 and 135 °C. It is important to mention that
the peak around 70 °C shown in Fig. 7 decays completely in a few mi-
nutes than the other peaks. In the emission spectrum TL of Fig. 7, TL
peaks are observed at approximately 70 °C as measurement of the TL
emission curve was done immediately after irradiation.

3.3. Electron paramagnetic resonance studies

The room temperature EPR spectrum of gamma irradiated (dose:
6 kGy) p-CaSiOs is shown in Fig. 8. It is inferred from thermal annealing
studies that three different centers contribute to the observed spectrum.
The centers are labeled in Fig. 8.

In a perfect $-CaSiOg lattice, Ca and Si atoms are expected to be
situated in their respective sites. However, antisite cation exchange may
be present resulting in partial replacement of Ca atoms by Si atoms. This
exchange called as cation exchange disorder is a point defect in crystal
lattices where cations exchange positions. Kuklja [29] has predicted the
presence of such defects based on theoretical calculations. This predic-
tion is supported by X-ray diffraction [30] and X-ray absorption fine
structure studies [31]. It has also been possible to directly observe these
defects using advanced electron microscopy [32].

The line labeled as center I in Fig. 8 is characterized by a rhombic g-
tensor with principal values g; =2.0135, go =2.0094 and g3 = 2.0038.
The linewidth of the line corresponding to g =2.0094 is about 12 Gauss
(1.2mT). The EPR line is broad and could arise from a possible unre-
solved hyperfine structure. The unresolved structure can arise from the
interaction of the unpaired electron with nearby nuclear spins. Calcium
and silicon in CaSiO3 have isotopes with nuclear spins 7/2 and 1/2 (*°Ca
and 2°si respectively) [33]. It is possible that the electronic spin will
interact with Ca ions and also with Si ions. In CaSiO3, a number of lattice
defects may form due to non-stoichiometry and cation disorder
mentioned earlier. First principle calculations suggest that the possi-
bility of formation of oxygen vacancies is high in a lattice with antisite
cation disorder [34]. F"-center will form easily in a lattice with cation
disorder by trapping electrons at oxygen vacancies. On the other hand,
calcium and silicon vacancies can trap holes and form V-centers or O~
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Fig. 9. Thermal annealing behavior of Center I (O~ ion), Center II (F* center)
and Center III (Ti®* center) in p-CaSiO3 (pseudowollastonite). The intensity was
normalized by the maximum value of the EPR signal for each center.

ions [35]. The relatively broad line of center I arising from unresolved
hyperfine structure indicates the delocalization of the unpaired electron
and an interaction with nearby nuclei. It has been suggested that in
oxides [36] charges must be trapped near double or more charged de-
fects allowing the charge to be delocalized and interact with nearby
nuclei. The observed magnitude of g-values and the large ortho-
rhombicity of g-tensor are characteristic of an O~ ion which results from
capture of a hole at 0%~ ions. Examples are O~ ion observed in systems
like KNbO3 [37] and SrTiOs [38]. The hole resides in O~ (2p) orbital
resulting in one of the principal g-value close to free-spin value. On the
basis of these observations, center I in CaSiOj is tentatively attributed to
an O~ ion. The thermal annealing behavior of center I is shown in Fig. 9.
It is observed that the center decays in the broad temperature range
starting from about 50 °C to 290 °C. It is speculated that the decay ex-
tends a little beyond 290 °C and the spectrometer may not have sensi-
tivity to detect this weak signal. As the decay of the center extends over a
range of TL peaks, it is suggested that center I (O™ ion) could be the
recombination center for TL peaks at 124°C, 147 °C and 306 C. The
thermal stabilities of individual dominant TL peaks are shown in Fig. 5.
This behavior of TL peaks indicates that neither center I or II can be
associated exclusively with an individual TL peak. Rather it appears that
center I is the recombination center for multiple TL peaks.

The EPR line labeled as center II in Fig. 8 has an isotropic g-value of
2.00025 and a linewidth of 2 G (0.2 mT). Oxygen vacancies present in
the lattice due to reasons mentioned earlier can trap electrons and form
F'-centers. Earlier observation of this center is in LiF [39] where the
center exhibited a very large linewidth and a g-value close to
free-electron value. The inherent linewidth of F™-center is very small
(~1G) as observed in MgO [40]. Amount of delocalization of the un-
paired electron decides the linewidth along the magnetic moment and
relative abundance of the isotopes of the ions. In alkali halides, electron
is observed to be considerably delocalized and F'-center in these sys-
tems exhibit large linewidths. For example, linewidth of 58 G and 20 G
are observed in LiCl and KCI, respectively [41]. On the other hand, the
center in BaO has a small linewidth of 3.5G [42]. Apart from alkali
halides, F'-center can form in oxide systems. In both alkali halides and
oxides, the g-value has been found to be close to free-electron value with
g-shifts being either positive or negative. In f-wollastonite, the linewidth
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is not large and the g-shift is small. On the basis of these observations,
center II is tentatively identified as an F'-center. Fig. 9 shows the
thermal annealing results of center II. It is seen that the intensity of EPR
line decreases in the temperature range from about 70 °C to 300 °C. It is
observed that the decay temperature range of center II is almost the
same as center 1. This behavior compels us to speculate that this center is
also associated with 124 °C, 147 °C and 306 °C TL peaks and perhaps is
also a recombination center for all these peaks. Center II line intensity is
quite small and as with center I may completely decay at a temperature
which is slightly higher than 300 °C.

EPR line labeled as center III in Fig. 8 originates from a single defect
center displaying an orthorhombic g-tensor with principal values
g1 =1.9830, go =1.9741 and g3 = 1.9046. The center is seen to exhibit
relatively large g-anisotropy and the principal values are similar to Ti**
center [43]. It is speculated that titanium ion is present in CaSiOg3 as an
impurity and incorporated into the lattice during synthesis of CaSiOs,
Large g-shifts are expected for the Ti®* center as the spin-orbit coupling
of titanium ion is high (A =154 cm ™ ': free-ion value). The first obser-
vation on Ti®" center was in X-irradiated rose quartz by Wright et al.
[43]. In rose quartz, centers arise from titanium ion located substitu-
tionally at silicon sites. Two sets of lines were observed and both were
assigned to Ti%* centers. Wright et al. [43] attributed the centers to T3t
centers based on the weak anisotropic hyperfine structure coming from
low abundance odd titanium isotopes namely, 4’ Ti and *°Ti. On the basis
of the experimentally observed orientation of the principal g-axes and
from the fact that titanium forms tetrahedral compounds, it was sug-
gested that titanium has substituted silicon atoms. It was further sug-
gested that the titanium center is formed from the capture of an electron,
released due to X-irradiation, on the titanium central atom located at the
center of a distorted tetrahedron in a-quartz.

Several Ti centers have been observed in silicate minerals and CaSiO3
is also a silicate system. Ding et al. [44] have shown in a theoretical
study that Ti®* ion located in an orthorhombically elongated tetrahedral
[TiO4]> cluster on W8 site in ZnwWOy is characterized by the principal
g-values 1.967, 1.955 and 1.989. The experimentally observed g-values
in ZnWOQy4 are 1.843, 1.895 and 1.933 [45]. In another case of Ti®* ions
at a low symmetry tetrahedral Si*" site in Beryl (Be3AlySigO1g), Yang
et al. [46] have calculated the principal g-values to be 1.998, 1.917 and
1.875. In an EPR study on Beryl, the experimentally observed values are
1.998, 1.907 and 1.866 [47]. On the basis of these theoretical and
experimental results, center III in CaSiOs is tentatively attributed to a
Ti>* center. Titanium impurity ions are located at Si sites in CaSiOs.
They capture an electron during irradiation resulting in the formation of
Ti®" center.

Fig. 9 shows the thermal annealing behavior of center IIL It is
observed that the center becomes unstable around 110 °C and decays in
the temperature range 110°C-210°C. This decay relates to the
147 °CTL peak and perhaps also with the 124 °C peak.

4. Conclusions

p-CaSiO3 sample of the calcium silicate polycrystal exhibits TL peaks
at 124 °C, 250 °C and 306 °C. This material shows a broad range dosi-
metric capability to low gamma radiation dose of the order of 30 mGy
and to high doses in the region of kGy. Thermal fading for f-CaSiO3 have
shown an unstable low-temperature peak but stable high-temperature
peaks which decay about 7% in the first 48 h, but after that, there is
no decay up to 32 days. Furthermore, the high luminescent sensitivity
shown by this synthetic sample to gamma radiation dose make it an
interesting material for applications in radiation dosimetry.

The TL spectra emission of the f-CaSiOs presents a very intense
370 nm band and a weak 520 nm band. This result shows that -CaSiO3
polycrystal has in principle two recombination centers that participate
in TL process. The electron transition responsible for these emission lines
will be the main aim of study in a near future.

Three defect centers are observed in f-CaSiOs and these are
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tentatively attributed to an O~ ion, F'-center, and Ti®* center. O~ ion
and F'-center seem to be the recombination centers associated with
124°C, 147 °C and 306 °C TL peaks. Ti>center is related to 154 °C and
also possibly with the 124 °C TL peak.
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