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A B S T R A C T   

CaSiO3 doped at different ppm of Eu were synthesized by the devitrification method. Polycrystals exhibit a 
prominent high-temperature TL peak that increases in intensity and shifts toward higher temperatures with 
increasing amounts of dopant. TL emission spectrum of CaSiO3: Eu displays two very broad bands centered at 
400 and 440 nm corresponding to the temperatures of 229.5 and 373.5 ◦C, respectively. PL measurements 
indicate the presence of Eu2+ and Eu3+ ions. EPR spectrum arises from two defect centers. One of the centers with 
principal g-values 2.016, 2.0091, and 2.0051 is attributed to O− ion and the center correlates with the TL peak at 
236 ◦C. Center II with an isotropic g-value of 2.0018 is attributed to an F+ center and the center relates to the TL 
peak at 120 ◦C. Center III is also tentatively identified as the F+ center which is associated with the TL peak at 
365 ◦C.   

1. Introduction 

Studies involving high-dose irradiation have been and are up to now 
of great interest in different research centers such as nuclear centers and 
industry due to its various applications such as sterilization of medical 
equipment, food preservation, and treatment of various materials. That 
is why a dosimetry system for the control of absorbed radiation must be 
carried out by different measurement techniques, including dosimetry 
by passive radiation detectors based on ionic crystals [1]. On the other 
hand, it is important to mention that silicate-based luminescent mate
rials, either in their naturally occurring form or synthetically produced 
in a laboratory, have been the subject of interest for several years due to 
their diverse properties and uses. These materials present chemical and 
thermal stability [2–4], high sensitivity to ionizing radiation, low 
fading, and mechanical stability [5–10]. Among the silicates, we have 
tourmaline, aquamarine, lapis lazuli, quartz, calcium silicate, 

magnesium silicate, strontium silicate, and lithium silicate, among 
others. [5,7,10-12]. The advantage of synthetic silicates is that they can 
be manipulated and often doped with rare earth, transition metals, or 
any other element. This is, according to what is required by the 
researcher and for a specific purpose, either for its use as a detector of 
gamma radiation, protons, neutrons, and even heavy ions, etc. [6,7,9, 
13]. In addition, these dopants within a silicate matrix can improve their 
luminescence and be used as a passive detector to be later taken and 
analyzed in the laboratory using different spectroscopic techniques such 
as Thermoluminescence (TL), Optically Stimulated Luminescence (OSL), 
Radioluminescence (RL), Photoluminescence (PL), Electron Para
magnetic Resonance (EPR), and Optical Absorption (OA), among others 
[14–16]. TL is the emission of light from a material when it is heated, 
and is used in radiation dosimetry applications, whilst EPR is a spec
troscopic technique that detects unpaired electrons in a material, and is 
useful for studying the electronic properties of materials. 
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Synthetic silicates used as matrices for various dopants have attrac
ted the attention of many researchers, resulting in various studies that 
indicate silicates as one of the best host materials for rare earth ions [9, 
17-24]. Among these, we have calcium silicate (CaSiO3) and this ma
terial has been widely studied in recent years by several authors as an 
interesting host for Eu3+, which shows remarkable luminescence spectra 
in the red region and with potential application in plasma technology [2, 
4,6,25-27]. Additionally, it has been observed that when silicate-based 
materials are doped with Eu3+ and irradiated with ionizing radiation, 
these dopants can change their valence state by oxidation, reduction, or 
ionization processes, producing or creating defect centers such as F 
centers, centers of recombination, traps, absorption bands in the crystal 
structure [28,29]. Besides, Dai et al. [30] have shown that both Eu2+ and 
Eu3+ can coexist in the silicate phosphor of Ba(1− x)MgSiO4:xEu when 
synthesized under an air atmosphere. This is because the substitution of 
Eu3+ cations for Ba2+ cations triggers the formation of VBa vacancies that 
play the role of electron donors towards the EuBa defects. 

In a previous study, we prepared pure synthetic polycrystals of 
β-CaSiO3 (pseudowollastonite) and a relation of the EPR centers 
responsible for the TL emission reported. This polymorph of CaSiO3 
shows O− ion and F+ defect centers in the lattice structure which behave 
like recombination centers in the TL process. These centers are respon
sible for the high-temperature TL peaks in β-CaSiO3 [8]. The 
high-temperature TL peak at about 250 ◦C shows good stability, low 
fading, good reproducibility, and a dosimetric behavior when irradiated 
at a low gamma radiation dose, of the order of mGy to Gy. This behavior 
makes the study of the CaSiO3 of great interest since higher temperature 
peaks are normally more stable at room temperature than lower tem
perature ones, and because it is possible to monitor the deposited 
gamma radiation through the intensity of the dosimetric and stable TL 
peak. 

In this context, studies carried out by Katyayan et al. [12,31] have 
shown that the CaSiO3 sample when doped with Eu presents three 
prominent TL peaks, standing out among them the highest temperature 
TL peak (at about 700 K at a constant heating rate of 5 ◦C/s), showing 
differences compared to the non-doped sample. This difference and the 
effect of the Eu dopants in the CaSiO3 sample will be analyzed and 
studied in the present work in order to find the defects responsible for 
these differences in the TL response. 

In this work, we will focus on calcium silicate due to its excellent 
luminescent properties. Properties such as TL, OSL, and PL of CaSiO3, 
whether in its pure form, as well as doped with elements such as Eu, Tb, 
or Ce, have been reported and extensively studied [2,3,6-9,12,17,18,26, 
27,32-35]. However, EPR studies of this doped material have not been 
found, and thus understand crystalline defects responsible for its lumi
nescent properties. 

2. Experimental details 

2.1. Synthesis 

In the production of the synthetic polycrystalline Eu-doped CaSiO3, 
the devitrification method was employed [7,8]. 12.0 g (44.4 wt.%) of 
CaO (Anidrol-PA ACS, 99.9 %), 15.0 g (55.6 wt.%) of SiO2, and an 
appropriate quantity of Eu2O3 (Sigma Aldrich/PA ACS, 99.99 %) were 
used to obtain an amount of 100, 550, and 1000 ppm of Eu as dopant in 
the CaO-SiO2 mixture. All the initial reagents were placed in a pot with 
two alumina balls inside and sealed on the outside. The sealed pot was 
taken to a rotary mill for 8 h, thus obtaining a homogeneous mixture. 
Finally, the mixture with the dopant is then placed in an oven heated to 
1500 ◦C to melt the above mixture, for two hours in an ambient atmo
sphere. The melt is then cooled slowly using a temperature controller so 
that the room temperature is reached after about 24 h. This poly
crystalline sample of CaSiO3 was crushed and sieved to retain grains 
80–180 µm in size for TL and EPR measurements, while grains smaller 
than 0.080 mm in diameter were used in the structural analysis by X-ray 

diffraction (XRD) method. XRD data of powder sample at room tem
perature were obtained on Rigaku Miniflex 300 diffractometer with Cu 
Kα1 (0.15406 nm) radiation between 10◦ and 60◦ at a 0.02◦ (in 2θ) 
scanning step and a 1 s step time. 

2.2. Gamma irradiation 

Irradiations of Eu-doped CaSiO3 samples (in powder form) for high 
doses in the region of hundreds of Gy up to 50 kGy were carried out at 
the Radiations Technology Center (CTR) of IPEN using Co-60 source 
type gamma-cell with a dose rate of 0.64 kGy/h. For ultra-high doses in 
the region of kGy and MGy (from 70 kGy to 0.9 MGy), samples were 
irradiated with a Co-60 gamma beam from the gamma-cell irradiator at 
the Nuclear Energy Department of the Federal University of Pernambuco 
(UFPE), Brazil, operating at 2.571 kGy/h (at the time of irradiation). 
Gamma irradiations at both institutions were performed at room tem
perature and under conditions of electronic equilibrium. 

2.3. Luminescence measurements 

TL measurements were carried out using Harshaw TL reader model 
4500 in a nitrogen atmosphere; the heating rate was kept at 4 ◦C/s. 
Luminescence 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 using a mass of about 1.8 mg of grain-shaped polycrystals 
(80–180 µm). All TL readings were carried out 24 h after the irradiation 
took place, time enough to reach the stability of the TL peaks in Eu- 
doped CaSiO3 polycrystals. 

TL emission spectrum was carried out with a RISØ TL/OSL DA-20 
reader. Measurements were performed using different aliquots and a 
monochromator from 240 to 680 nm with a step of 20 nm. 

Photoluminescence (PL) measurements were recorded at room 
temperature using Horiba Fluoromax-4 spectrofluorometer equipped 
with a 150 W CW Ozone-free xenon arc lamp. The light emission was 
detected by photomultiplier R928P, with spectral coverage between 
200–870 nm. 

2.4. EPR measurements 

EPR measurements were performed at room temperature utilizing a 
MiniScope MS-5000 spectrometer from Freiberg Instruments. The EPR 
spectra were recorded at 9.45 GHz (X-band) microwave frequency, 20 
mW microwave power, field modulation of 0.2 mT at 100 kHz, and a 
sweep time of 300 s. Additionally, a Bruker EMX spectrometer with a 
rectangular cavity (ST ER4102) with the same parameters was employed 
to compare EPR results. The g-factors of defect centers were calibrated 
using Diphenyl Picryl Hydrazyl (DPPH) as a standard sample. 

3. Results 

3.1. X-ray diffraction studies 

The pseudowollastonite phase is a high-temperature polymorph of 
the CaSiO3. This crystal structure has been studied by Yamanaka and 
Mori [36]. They have identified the presence of at least three polytype 
structures of β-CaSiO3: four-layer, six-layer, and disordered stacking 
polytypes. First, the structure of the four-layer polytype is the dominant 
phase in their studies with a triclinic unit cell and solved in space group 
C1. Parameters of this structure were found to be: Z = 24, a = 6.853, b =
11.895, c = 19.674 Å, α = 90.12, β = 90.55, γ = 90.00◦. This structure 
consists of four Ca-octahedra layers and ternary rings of three tetrahedra 
of Si3O9 interposed between the layers. These Ca-octahedra in a layer 
are compressed in the c-direction, while tetrahedra of the rings are 
elongated in the same direction (stacking direction). Seryotkin et al. 
[37] have shown graphically the stacking sequence of layers for the 
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four-layer polytype structure with ternary rings of three tetrahedra in 
gray, Ca2+ ion in blue, and O2− ion in red as shown in Fig. 1. The 
six-layer polytype has been indicated as having a pseudosymmetry C2/c 
and is probably isostructural with SrGeO3. Finally, the disordered 
structure was confirmed by diffuse streaks along c* axis with the pres
ence of many polytypes along c axis [36]. 

In the present work, XRD diffraction patterns were analyzed using 
the X’Pert HighScore Plus software [38] to identify the crystalline 
phases present in the samples. The diffractograms obtained are shown in 
Fig. 2. For all samples, the diffraction peaks correspond mainly to 
diffraction patterns of different phases such as CaSiO3 and SiO2. For the 
case of CaSiO3 doped with Eu at 100 and 550 ppm, similar diffraction 
patterns are shown. All the diffraction peaks in the spectrum are coin
cident with the calcium silicate (pseudo-wollastonite CaSiO3), and 2 
types of silicon oxide (Cristobalite low and Quartz Alpha - SiO2) 
matched with 01-089-6463, 01-077-1317, and 01-089-8937 PDF-2 files, 
respectively. Similarly, for the case of CaSiO3 doped with Eu at 1000 
ppm, all the diffraction peaks in the spectrum are coincident with the 
calcium silicate (pseudo-wollastonite CaSiO3), and 2 types of silicon 
oxide (tridymite and Cristobalite – SiO2) matched with 01-074-0874, 
96-810-4535, and 96-900-1580 PDF-2 files. Calculated 
semi-quantitative phase percentages using the X’Pert HighScore Plus 
software have shown that, for all cases, about 85 % of the sample be
longs to pseudo-wollastonite and 15 % to silicon oxide. β-CaSiO3 type 
polycrystalline structure is observed to dominate in this sample. The 
pseudo-wollastonite phase found for the Eu-doped CaSiO3 at 1000 ppm 
corresponds to the same crystal structure found by Yamanaka and Mori 
[36] with the same crystal data, and whose four-layer polytype structure 
of CaSiO3 is shown in Fig. 1. It is worth noting that the final formation of 
the polycrystalline compound using the devitrification method depends 
on the appearance of seeds within the liquid which depends largely on 
the shape of the crucible that contains the substance or on some impurity 
within the compound that breaks the homogeneity of the compound. 

Both samples doped with 100 and 550 ppm of Eu present a similar 
crystalline structure, which indicates that the dopant has the same in
fluence on the crystalline formation of the compounds (Fig. 2). On the 
other hand, the same sample doped with Eu 1000 ppm, presents 
different phases to those mentioned before. This is because, amounts of 
doping greater than 1000 ppm can influence the formation of the crys
talline structure which may be acting as a greater number of starting 
points (seed points), especially in a process of high temperature and 
instability. This influence is seen not in the change of the compounds 
itself from CaSiO3, and SiO2, but rather in the formation of different 
phase types of the same compounds as can be seen in Fig. 2. 

3.2. Luminescence studies 

The Eu-doped CaSiO3 samples were irradiated with a gamma dose of 
30 kGy dose from a Co-60 source. TL glow curves of irradiated samples 
are shown in Fig. 3. As can be seen in this figure, the sample of CaSiO3 
doped with 100 ppm of Eu exhibits two TL peaks at approximately 208 
and the prominent peak at 340 ◦C. For the case of CaSiO3 doped with Eu 
with 550 ppm, TL glow curves show peaks at about 260 and a prominent 
peak at 338 ◦C. Finally, for the case of CaSiO3 doped with Eu at 1000 
ppm, TL glow curves display peaks at about 120 ◦C, 236 ◦C, and a 
prominent TL peak at 365 ◦C. Among the samples prepared in this work, 
the TL glow curve for the case of 1000 ppm of Eu shows more intense TL 
peaks with better clarity which can be more easily identified compared 
to the other two doped samples. 

TL glow curves shown in Fig. 3 are composed of several TL individual 
peaks as can be seen in the GDC process as shown in Fig. 6(b). In 
particular, the highest temperature TL peak is mainly composed of three 
individual peaks and the most prominent is the highest temperature 
individual TL peak at about 383 ◦C. This individual peak appears to be 
highly dependent on the concentration of the Eu dopant. Therefore, for 
increasing ppm amount of Eu dopant, this individual TL peak shows a 
higher TL intensity, thus showing a greater intensity in the corre
sponding experimental TL peak. This process gives the effect of 

Fig. 1. Stacking sequence of layers of (Si3O9) rings in four-layer pseudo- 
wollastonite polytype. After [37]. 

Fig. 2. XRD patterns of CaSiO3 doped with Eu at 100, 550, and 1000 ppm. (*) 
belongs to CaSiO3; (o) and (β) corresponds to the different polymorphs of SiO2. 
The match PDF-2 files to the diffraction patterns using the X’Pert HighScore 
program are shown. 
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displacement towards the right side of the experimental high- 
temperature TL peak when irradiated to a high gamma radiation dose 
(50–900 kGy). 

CaSiO3 doped with 1000 pm Eu was irradiated at different doses of 
gamma radiation from 500 Gy to 900 kGy to study the dose dependence 
as its thermoluminescence is concerned. Fig. 4(a) shows the TL curves of 
the mentioned sample irradiated from 500 Gy to 50 kGy while Fig 4(b) 
shows the TL curves for gamma radiation doses from 70 to 900 kGy. It is 
important to note here that the TL peaks shown for the Eu-doped CaSiO3 
sample differ from our previous studies for the undoped CaSiO3 sample 
[7–9]. For the undoped sample of CaSiO3 irradiated at high doses (above 
500 Gy), three peaks around 124, 250, and 306 ◦C are observed. The 
second peak around 250 ◦C is the prominent peak, visibly standing out 
from the other two, reaching its saturation for a dose of 3 kGy. It can be 
seen that the Eu-doped sample converts the third TL peak around 365 ◦C 
into the prominent peak compared to the undoped sample. In this work 
with the EPR analysis, we will try to reveal which defects could be 
contributing to the decrease in the TL intensity of the second peak and 
the predominance of the third TL peak. The behavior of this prominent 
third peak has also been previously reported by Katyayan et al. [12,31]. 

Fig. 5(a) and (b) show the TL response of the two main TL peaks for 
doses ranging from 500 Gy to 900 kGy for TL peaks at 236 ◦C and 365 ◦C, 
respectively. Analyzing the dose-response curves with log axes on the 
same scale, the TL peak at 236 ◦C shows an increasing behavior from 
500 Gy to 15 kGy. From this point, the TL peak at 236 ◦C shows satu
ration at 15 kGy followed by a linear decrease in the logarithmic scale 
with the increase in dose. A linear fitting within the dose range between 
15 and 900 kGy can be expressed as log (TL) = − 0.243*log (dose) +
5.030. In that sense, this second experimental TL peak presents prom
ising characteristics for its use in high radiation dosimetry (kGy - MGy). 
On the other hand, Fig. 5(b) shows an increasing non-linear behavior of 
the TL peak at 365 ◦C from 500 Gy to 30 kGy reaching its saturation 
point. After that, the dose dependence of the TL peak at 365 ◦C shows a 
second growth curve which reaches a second saturation for a dose of 
500 kGy and then has a decrease in TL intensity with the dose. 

It is seen that the TL curve of the Eu-doped CaSiO3 sample with 1000 
ppm Eu presents TL peaks that can be identified and studied in more 
detail. In order to find the number and position as well as the activation 
energy of the TL peaks contained in the complex experimental glow 
curve of the phosphor, the TM− Tstop, E− Tstop, initial rise method, and 

glow-curve deconvolution methods were used [39–41]. 
The initial rise method is based on the fact that the initial part of the 

TL glow curve can be described by exponential behavior as exp(− E/kT). 
To obtain reliable results, points below 15 % of the maximum TL in
tensity should be considered [40]. Subsequently, using the Arrhenius 
diagram: ln(ITL) vs 1/T which will be approximated as a straight line, the 
activation energy E can be easily obtained from the slope − E/k. For the 
E− Tstop method, the activation energy was found using different 
pre-heating temperatures (Tstop) from 55 to 400 ◦C at a 5 ◦C scanning 
step. For each Tstop, the TL glow curve was recorded and its corre
sponding activation energy was calculated. Obtained activation energies 
(E) using the E− Tstop method for the Eu-doped CaSiO3 sample are shown 
in Fig. 6(a). In this figure, we can distinguish seven possible activation 
energies that accumulate in the form of increasing horizontal segments. 
This in turn indicates the number of individual TL glow curves present in 
the experimental TL glow curve of the Eu-doped CaSiO3 sample. 

As an important complement, the glow-curve deconvolution (GCD) 
method is also used in several studies to compute characteristic pa
rameters like E, s and the order of the kinetic (b) of individual glow peaks 
on the experimental TL glow curve [42]. 

Fig. 3. TL glow curves of CaSiO3 doped with 100, 550, and 1000 ppm irradi
ated with a gamma dose of 30 kGy from a Co-60 source. The heating rate was 
kept at 4 ◦C/s, and a mass of about 1.8 mg was used for each measurement. 

Fig. 4. TL glow curves of CaSiO3 doped with 1000 ppm of Eu irradiated with 
low gamma doses of 500 Gy up to 50 kGy, and (b) of 70 up to 900 kGy. A 
heating rate was kept at 4 C/s, and a mass of about 1.8 mg was used for each 
measurement. 
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The position of the first and second experimental TL peaks at about 
120 and 236 ◦C peak shift to lower temperatures with increasing doses 
as shown in Fig. 4. Thus, a second-order peak will be more appropriate 
for these peaks. For the third peak, however, the position at about 365 ◦C 
seems to be the same with increasing doses. Hence, a first-order peak 
will be more appropriate. Using the previous results found by the 
E− Tstop method, the position of the possible TL peak by the TM− Tstop 
results, and applying the equation proposed by Kitis et al. [42] we obtain 
the deconvolution of the TL glow curve of the phosphor that has been 
irradiated with a gamma dose of 50 kGy (see Fig. 6b). The measurements 
carried out for the deconvolution analysis were carried out several days 
after its irradiation to avoid the fading effect, especially in the 
high-temperature TL peaks around 236 ◦C and 365 ◦C which are of 
greatest interest for dosimetry purposes. The TL glow curves in Fig. 4 
present three well-defined peaks and the GCD method shows seven 
overlapping TL peaks. Fig. 6(b) shows these computed TL peaks sepa
rated using different orders of kinetics at about 140, 185, 239, 298 320, 
370, and 383 ◦C. Quality of fit was tested with the Figure of Merit (FOM) 
[43]. FOM = 1.07 % shows that the data fit is satisfactory. Fig. 6(a) 
shows the obtained activation energies (E) using the E− Tstop method. 
The position, activation energies (E), and frequency factor (s) of TL 
peaks of the Eu-doped CaSiO3 (1000 ppm) sample are shown in Table 1. 

Fading studies of Eu-doped CaSiO3 have shown the same fading as 
the undoped polycrystalline CaSiO3 produced previously [8,9]. After 48 
h, TL peaks of the Eu-doped samples exhibit no decay. 

The TL emission spectrum of the polycrystalline Eu-doped CaSiO3 
presented two very broad bands centered at 400 and 440 nm corre
sponding to the temperatures of 229.5 and 373.5 ◦C, respectively, as 

Fig. 5. (a) TL glow curves of CaSiO3: Eu (1000 ppm) irradiated with gamma 
dose of 0.5–900 kGy. (b) T intensity vs. dose-response using a mass of about 
1.8 mg. 

Fig. 6. (a) Activation energy vs. Tstop method. (b) TL glow curve of CaSiO3 
doped with 1000 ppm of Eu irradiated with gamma dose of 50 kGy from 60-Co 
source. A good fit between the experimental glow curve (circles) and the 
simulated glow curve (red line) can be achieved by assuming the presence of 
seven peaks.(For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Table 1 
Kinetic order, TL peak position, activation energy (E), frequency factor (s) of TL 
peaks of Eu doped CaSiO3 calculated by GCD. FOM = 1.07 %.  

Peak Kinetic 
order 

TL peak (◦C) E (eV) s (s− 1) τ (years at 25 ◦C) 

1 2nd 140 0.991 3.31 × 1011 0.005 
2 2nd 185 1.015 3.28 × 1010 0.139 
3 2nd 239 1.024 2.16 × 109 2.99 
4 1st 298 1.162 2.96 × 109 469 
5 1st 320 1.231 4.68 × 109 4.36 × 103 

6 1st 370 1.363 7.33 × 109 4.74 × 105 

7 1st 381 1.444 2.09 × 1010 3.89 × 106  
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observed in Fig. 7. Furthermore, this spectrum shows two low-intensity 
peaks centered at 440 and 600 nm that corresponds to the temperature 
of 153 and 238.5 ◦C, respectively. Low-temperature TL peaks do not 
appear because they must have decayed by the time that has passed 
since irradiation and reading measurements. Thus, the majority of 
contribution comes from photons with wavelengths between 400 and 
440 nm, which represent the TL peaks around 153, 229.5, and 373.5 ◦C 
and photons of wavelengths between 580 and 600 nm contribute to the 
low-intensity TL peak around 238.5 ◦C. 

As seen above, the TL peak for the CaSiO3 samples doped with Eu at 
1000 ppm and irradiated at 50 kGy gamma dose (as shown in Fig. 3) 
shows three TL peaks around 122, 236, and 369 ◦C. The small discrep
ancies found in the TL peaks in the emission spectrum in Fig. 7 and the 
TL curve in Fig. 3, arise from using two different instruments viz., the 
RISØ TL/OSL DA-20 reader and Harshaw 3500 equipment, respectively. 

Usually, Eu3+ ions display an orange-red or red emission which is 
produced by the 5D0-7FJ (J = 0–4) transition, whilst Eu2+ ions show 
strong and broad blue, blue-green, or green emission produced by the 
4f65d1-4f7 transition (350–560 nm) [44,45]. It is important to mention 
that Eu displays different luminescence characteristics according to its 
valence. Eu3+ exhibits a red-light emission, while Eu2+ according to the 
host may emit anywhere from UV to the deep red region (250–400 nm) 
[25,45]. In the present work for the TL process, the presence of Eu2+ ion 
is evident since wavelengths between 400 and 440 nm are shown in the 
TL spectra (Fig. 7). It is important to mention that, the second peak at 
about 236 ◦C, although its emission corresponds to 400 nm as shown in 
Fig. 7, it would not depend entirely on the same process of emission from 
Eu2+ ion. In this case, the O- ion center could be related to this TL peak 
as will be explained in the next section. Furthermore, this peak is also 
observed in the undoped CaSiO3 as shown in our previous research work 
[8]. In this sense, the contribution of the emission of Eu2+ ions could 
contribute mainly to the highest temperature peak at 356 ◦C. In addi
tion, TL spectra show a low-intensity peak centered at 600 nm which 
could correspond to the presence of Eu3+ ions. In this sense, PL mea
surements were carried out to demonstrate the presence of both Eu2+

and Eu3+ ions. 
Fig. 8 shows the PL emission spectra in the broad wavelength region 

at the range of 300–750 nm of non-irradiated and 50 Gy gamma- 
irradiation (from Co-60 source) of CaSiO3: Eu (1000 ppm) monitored 
at the wavelength excitation of 227 nm ([6]). The axis corresponding to 
the PL intensity is shown on a logarithmic scale to visualize the PL peaks 
corresponding to the Eu3+ ion. In this figure, the broad band between 
300 and 550 nm corresponds to the presence of Eu2+ ions whereas the 
peaks at 551, 601, and 700 nm could correspond to the emission bands 
from the 4f6 electronic configuration of Eu3+ ions. It can be observed that 
the irradiated sample shows a decreasing intensity of about 18 %, con
cerning the PL intensity of the non-irradiated sample, especially in the 
band corresponding to the presence of the Eu2+ ion. Besides, in Fig. 8 is 
possible to observe that PL emission in the Eu2+ band (330 and 550 nm) 
results in the higher luminescence intensity of Eu2+ ions while Eu3+ ions 
luminescence is negligible. Consequently, it is possible to mention that 
the sample produced by the devitrification method at a temperature of 
1500 ◦C under ambient conditions presents both Eu2+ ions as well as 
Eu3+ ions, although the latter is in low concentrations, as previously 
predicted. Other authors have reported that Eu3+ ions could be reduced 
to Eu2+ (reduction process) and at the same time oxidation process 
(Eu2+ → Eu3+) by initial gamma irradiation at room temperature [46, 
47]. However, after the results shown in Fig. 8, it can not be concluded 
that these reduction or oxidation processes are occurring in the 
Eu-doped CaSiO3 matrix. PL measurements of silicate-based samples 
doped with Eu and irradiated at high radiation doses of the order of kGy 
are being carried out. These results will be presented in future research 
reports. 

3.3. EPR measurements 

The room temperature Electron paramagnetic resonance (EPR) 
spectrum of gamma irradiated (dose: 30 kGy) CaSiO3: Eu phosphor is 
displayed in Fig. 9. Based on thermal annealing studies, it could be 
inferred that two defect centers contribute to the observed spectrum. 
The two defect centers are labeled in Fig. 9. Center I is characterized by a 
rhombic g-tensor with principal values 2.016, 2.0091, and 2.0051. The 
linewidth of the central line (g = 2.0091) is about 11 gauss. 

Calcium metasilicate, CaSiO3, is known as Wollastonite and exists in 
Fig. 7. TL spectra of Eu-doped CaSiO3 (1000 ppm) sample after gamma irra
diation dose of 50 kGy from a Co-60 source. 

Fig. 8. PL emission spectra of polycrystalline CaSiO3: Eu for excitation wave
length 227 nm. The solid line is for the non-irradiated sample and the dotted 
line is for the sample irradiated with 50 Gy of gamma dose. 
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two structurally different forms. The high-temperature form called 
pseudo-wollastonite (β-CaSiO3) crystallizes in the triclinic form. The 
low-temperature form has two structural modifications, viz., 
wollastonite-2M and wollastonite-Tc. Wollastonite-2M crystallizes in 
monoclinic symmetry while the wollastonite-Tc has triclinic symmetry. 
Wollastonite-M has a perovskite structure with space group P2/c. The 
structure has been refined by Hesse [48] and it was observed that three 
bridging oxygens connect the Si tetrahedron. Six non-bonding oxygen 
connect only to one Si. Wollastonite-2M has a chain silicate structure 
and the repeat unit contains three (SiO4) tetrahedra. Oxygen atoms 
coordinate the Ca atom and form an approximate octahedron. Ca2+ ion 
in CASO (Ca–Si–O) lattice is in octahedral coordination and the ionic 
radius of Ca2+ ion in a sixfold coordination is 1.0 Å [49]. Si4+ ion has an 
ionic radius of 0.26 Å in fourfold coordination. Eu3+ ion has an ionic 
radius of 0.947 Å in sixfold coordination whilst Eu2+ ion has an ionic 
radius of 1.17 Å in sixfold coordination. As the ionic radius of Eu3+/ 
Eu2+ ion is close to that of Ca2+ ion as compared to Si4+; Eu3+ or Eu2+

ion most likely substitutes Ca2+ ion in CASO lattice as shown in Fig. 10. 

The crystal structure of CaSiO3 was obtained from the 9011222.CIF file 
of the Crystallography Open Database (COD) which is based on the 
studies of Yamanaka and Mori [36]. 

Oxide systems in general, after γ-irradiation exhibit F+ centers, F 
centers, and O− ions (V centers). γ-irradiation also produces oxygen ion 
vacancies through the displacement of oxygens to interstitial sites. The 
anion vacancy thus formed can trap electrons to form F+ centers. On the 
other hand, interstitial oxygens can trap holes to form O− ions. In an 
earlier study on an oxide system, BeO, Herve and Maffeo [50] observed 
after electron beam irradiation a single absorption line with an isotropic 
g-value of 2.0117. The line was attributed to an O− ion. The support to 
this assignment of center in electron irradiated BeO single crystal is 
provided by correlation with a previous study [51] on the same BeO 
single crystal which was gamma irradiated at room temperature. O− ion, 
in general, is characterized by an axial g-tensor with the perpendicular 
component greater than ge (2.0023) while the parallel component will 
be nearly equal to ge. An example is the O− ion in Magnesium Oxide 
[52]. O− ion also displays a rhombic g-tensor in some lattices. In a study 
on anatase nanoparticles, Misra et al. [53] observed the ion to have a 
rhombic g-tensor with principal values, gx = 2.0, gy = 2.01, and gz =

2.03. There are also oxide systems where an isotropic g-value is observed 
for the O− ion as in the BeO system. An example is the study on MgAl2O4 
by Ibarra et al. [54]. After X-irradiation, MgAl2O4 shows a center with 
similar features as the center I. The g-value is 2.011 and an optical ab
sorption band is observed at about 3.4 eV. Based on the optical ab
sorption spectra, it was concluded that the center responsible for the 
EPR spectra and the associated absorption band is a hole-trapped oxygen 
ion i.e., a V-type center. Based on the previous studies mentioned above 
and consideration of centers that are likely to be formed in CaSiO3, 
center I in CaSiO3 is tentatively assigned to an O− ion. The observed 
positive g-shifts of center I are also in accordance with the expectations 
of an O− ion. The stability of center I was measured using the 
pulse-thermal annealing method. After heating the sample to a given 
temperature, it was maintained at that temperature for three minutes. 
Later it was cooled to room temperature for EPR measurements. Fig. 11 
shows the thermal annealing behavior of center I. It is observed that the 
center becomes unstable at about 120 ◦C and decays in the temperature 
region 120–280 ◦C. This decay indicates that center I has the possibility 
of relating to the TL peak at 236 ◦C. Gamma irradiation can induce the 
formation of an F+ center (an electron trapped at an anion vacancy) in 

Fig. 9. EPR spectrum of Eu doped CaSiO3: Eu phosphor irradiated with 30 kGy 
gamma dose from a Co-60 source. 

Fig. 10. Substitution of the Ca2+ ion by the Eu3+ or Eu2+ ion in the CaSiO3 
lattice. The crystal structure of CaSiO3 was obtained from the 9011222.CIF file 
of the COD database. 

Fig. 11. Thermal annealing behavior of Center I (O− ion), Center II (F+ center), 
and Center III (F+ center) in CaSiO3: Eu phosphor. The intensity was normalized 
by the maximum value of the EPR signal for each center. 
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an oxide system like CASO. In the first EPR observation in an alkali 
halide, F+ center displayed a relatively large linewidth of about 100 
gauss [55]. However, the inherent linewidth of the center is small and is 
about 1 gauss [56]. The observed linewidth is decided by the amount of 
delocalization of the unpaired spin and its interaction with the neigh
boring ions. The observed linewidth also depends on the relative 
abundance of the isotopes of the neighboring ions and their respective 
magnetic moments. In alkali halides, where large line widths are 
generally observed, there is considerable delocalization of the unpaired 
electron that results in interaction not only with the immediate neigh
bors but also with alkali and halide ions in successive neighboring shells. 
For example, in LiCl and KCl, linewidths of 58 gauss and 20 gauss are 
respectively observed [57]. Irradiation causes an anion vacancy to 
capture an electron resulting in the formation of an F+ center. The center 
displays positive and also, negative g-shifts, and the observed g-values 
are found to be close to the free-spin value (2.0023). In CASO: Eu 
phosphor, center II has a g-value equal to 2.0018 and the g-shift is 
relatively small. The linewidth is small and is about 2 gauss. Based on 
the known features of the F+ center, center II is tentatively assigned to an 
F+ center. As mentioned earlier, oxygen vacancies are present in CASO 
lattice and these vacancies trap electrons forming F+ center. Fig. 11 
shows also the thermal annealing behavior of center II. Center II be
comes unstable at about 90 ◦C and decays in the temperature range of 
90–290 ◦C. Hence, it is speculated that center II may be associated with 
the low TL peak at 120 ◦C. 

Experiments have been carried out to observe the effect of increasing 
dopant ion concentration on the EPR spectrum. Fig. 12 displays the EPR 
spectra for Eu3+ ion concentrations ranging from 100 ppm to 1000 ppm. 
It is seen that apart from centers I and II observed in the phosphor with 
high Eu3+ ion concentration, an additional EPR line (center III) is 
observed at a g-value equal to 2.0004 in the phosphor with low dopant 
concentration (100 ppm, 550 ppm, and 750 ppm). The linewidth of the 
line is about 4 gauss. Center III line is not clearly seen at high dopant 
concentration as the center I and II lines dominate the spectrum. Based 
on the reasons mentioned earlier for the center II assignment, center III 
is also tentatively identified as an F+ center. The result of the thermal 
annealing of center III is displayed in Fig. 11. It is seen that the center is 
unstable at around 240 ◦C and decays in the temperature range of 240 to 
420 ◦C. It appears that this center is associated with the TL peak at 
365 ◦C. 

4. Conclusions 

CaSiO3 doped with 100, 550, and 1000 ppm of Eu has been syn
thesized by the devitrification method and the XRD pattern displays a 
main phase identified as pseudowollastonite (β-CaSiO3) accompanied by 
a minor phase composed of two types of silicon oxide (tridymite and 
Cristobalite – SiO2). 

With increasing amounts of Eu dopant, the highest temperature TL 
peak shows a higher TL intensity. As a consequence, TL glow curves give 
the effect of displacement towards the right side of the experimental 
high-temperature TL peak when irradiated to a high gamma-radiation 
dose (50–900 kGy). 

CaSiO3: Eu (1000 ppm) exhibits TL peaks at 120 ◦C, 236 ◦C, and a 
prominent TL peak at 365 ◦C. This material shows a range dosimetric 
capability to very high gamma radiation dose within the dose range 
between 15 and 900 kGy for the TL peak at 236 ◦C. The best fit between 
the experimental TL glow curve and the simulated TL glow curve is 
found with seven computed TL peaks, the first three being of second 
order and the last four of the first order. Tm-Tstop, GCD, and initial rise 
technique were the methods used in this fit. 

According to the TL emission spectrum for the CaSiO3: Eu (1000 
ppm) phosphor, the largest contribution of the TL response comes from 
photons with wavelengths of 400 and 440 nm corresponding to the 
temperatures of 229.5 and 373.5 ◦C, respectively. In addition, photons 
between 580 and 600 nm wavelength contribute to the low-intensity TL 

peak around 238.5 ◦C. The prominent highest temperature TL peak 
appears for high gamma-radiation in Eu-doped CaSiO3 where the 
appearance of Eu2+ is mainly responsible for the 440 nm photon emis
sion and Eu3+ ions for the photon emission at 600 nm. The PL mea
surements of the CaSiO3: Eu samples before and after gamma irradiation 
show the presence of Eu2+ and Eu3+ ions. These results confirm the 
emission of the two types of Eu ions in the TL spectrum. 

Three defect centers have been identified in the gamma-irradiated 
CaSiO3: Eu phosphor. These are tentatively assigned to O− ion, and F+

centers. O− ion is observed to correlate with the 236 ◦C TL peak while 
one of the F+ centers (center II) relates to the TL peak at 120 ◦C. The 
other F+ center (center III) is associated with the TL peak at 365 ◦C. 
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