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This paper presents the results of the combined study of the thermoluminescence (TL) and electron paramagnetic
resonance (EPR) properties of La-doped CaF; (CaF2: La) phosphor. X-ray diffraction (XRD) results confirmed that
CaF, has been successfully synthesized. Scanning electron microscopy (SEM) results and energy dispersive
spectrometer (EDS) spectra show that the synthesized phosphor is pure and has a good overall morphology. The
glow curve of CaFs: La phosphor shows an emission band between 230 and 500 nm centered at 340 nm. The Tm-
Tstop method and the deconvolution technique were used to find the number of overlapping TL peaks in the
50-300 °C region and their kinetic parameters. A linear dose-response curve was obtained for the range 1-9 Gy,
with the onset of a slight supralinear behavior for doses higher than 9 Gy. Gamma-irradiated CaFo: La phosphor
has been studied using the technique of EPR to identify the defect centers and also to infer the centers involved in
the TL process. Thermal annealing studies indicate the presence of three defect centers. One of the centers (center
1) is identified as the O3 ion and is characterized by an axial g-tensor with principal values g; = 2.013 and g, =
2.0053. This center correlates with the TL peak at 200 °C. Center II with an isotropic g-value of 2.0005 is
attributed to an F center and also relates to the 200 °C TL peak. The third center (center III) is assigned to an F
center.

1. Introduction

and thus establish the suitability of the material for a given application
in dosimetry. In this sense, electron paramagnetic resonance spectros-

Rare earth-doped CaF, phosphors have attracted great attention in
all areas of science and technology due to their interesting physico-
chemical properties and their potential applications in many new areas
of scientific interest. Among them, we can highlight radiation dosimetry
by luminescence. In this context, dopants play an important role in
obtaining materials with high radiation sensitivity. The sensitivity of the
material is generally due to defect centers formed during the synthesis of
the material.

Identifying the defect centers responsible for the luminescent emis-
sion is fundamental to understanding the transfer mechanisms during
the luminescent emission process. In addition, it allows for the estab-
lishment of dopant quantities to improve their luminescent properties

copy (EPR) is a sensitive technique that allows for the detection of un-
paired electrons in a material, allowing for the acquisition of
information about the electronic structure of the defects or para-
magnetic centers.

CaF, presents important optical properties and the high solubility of
rare earth, making it possible to use the material in radiation dosimetry
[1-3]. For this reason, many synthetic crystals have been investigated,
considering different amounts of dopants and different synthesizing
techniques for sensitizing the CaF, crystal. CaF, can be obtained by
many techniques, the most common being combustion, precipitation,
liquid phase, solid-state reaction, and sol-gel [4-8].

Salah et al. [9] obtained TL results of CaFs doped with Eu, Cu, Ag,
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and Tb exposed to gamma rays. The TL curve shows weak glow peaks
below 125 °C, whereas the Dy-doped one is found to be highly sensitive,
with a prominent peak at 165 °C.

Vasconcelos et al. [10] studied CaF doped with Tm synthesized by
liquid phase technique and obtained a material very sensitive to radia-
tion with a good thermoluminescence response for samples irradiated
with 8Co gamma radiation, showing a linear response up to 10 kGy.

Aslar and Sahiner [11] investigated the thermoluminescent response
of commercial CaFy: Dy dosimeters on the effect of three different
irradiation sources (°°Sr/°°y, '37Cs, and X-rays). The CaFjy: Dy dosime-
ters show a good response for all three irradiation sources, with similar
glow curves for all sources. Also, they investigated the effect of daylight
on the TL of this material, showing a decay of TL intensity as a function
of light exposure time.

Rodriguez et al. [12] studied pellets obtained from the simple
mixture of calcium fluoride (CaFs) and thulium oxide (Tm,O3) to
improve the TL response of CaFs. According to the authors, during the
preparation, trapping centers were created due to new intrinsic defects
in the CaF, matrix resulting from the mixture with thulium oxide.

Xie et al. [13] prepared CaFy co-doped with Nd and La by the
coprecipitation technique. Compared with CaFy: Nd, Y ceramics, CaFy:
Nd, La ceramics have a longer luminescence lifetime due to the larger
radius of La®" ions at the same doping concentration.

Vasconcelos et al. [14] produced Tm-doped CaF; by the combustion
method. These authors show that CaFs phosphor doped with 0.2 mol%
of Tm and heat treatment at 400 °C for 8 h after synthesis presents the
best TL response, with a stable glow peak at about 175 °C and an
emission band between 455 and 482 nm.

Recently, Rivera-Garcia et al. [15] synthesized and investigated the
TL properties of CaFy phosphor doped with different concentrations of
Ce. By XRD analysis, they showed the formation of a well-defined crystal
structure of CaFy without any interference of the Ce dopant in the
structure. The sample doped with 0.3 mol% of Ce presented the best TL
response for two glow peaks at 120 and 280 °C, with the latter being the
most stable at room temperature. Based on correlation studies between
TL results and EPR, the authors identified the defect centers responsible
for the TL emission of this material.

As we can see, the CaFy crystal was synthesized using different
techniques and doped with different rare earths to improve its lumi-
nescence properties. Despite the interesting luminescence properties of
CaF; doped with La and Dy or La and Nd, the study of CaF4 doped only
with La has not yet been performed. Therefore, in this work, we syn-
thesized the La-doped CaF; crystal by precipitation followed by the
combustion technique to study its TL and EPR properties. In addition, we
performed correlation studies between TL and EPR results to identify the
point defect centers responsible for the luminescence of the material.
Some investigations on the EPR properties of CaF have been carried out
to study the defect centers and their importance as color centers of the
material [13,14]. However, there is no combined study between TL and
EPR results to elucidate the defect centers responsible for TL emission
for La-doped CaF,.

2. Materials and methods

La-doped calcium fluoride phosphor (CaFy: La) was synthesized
using a modified combustion route. For which, a precipitated material
was obtained from the mixture of calcium nitrate tetrahydrate (Ca
(NO3)2-4H50), ammonium fluoride (NH4F), lanthanum nitrate hexa-
hydrate (La (NO3)3-6H20) as dopant, and urea (CO(NH>)») as fuel, and
then the combustion procedure was performed. All the chemicals used
for the synthesis are of high purity and were purchased from Merck
Company.

X-ray diffraction (XRD) measurements of the synthesized phosphors
were carried out using a Rigaku MiniFlex model 600 diffractometer with
CuKo radiation. The XRD measurements were taken at the interval of
Bragg angle 20 (20° < 26 < 80°) with 0.005° step size and speed 4°/min
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at room temperature, in all cases, measurements were taken in triplicate.
Morphology analysis of the CaFy: La phosphors was performed using a
Jeol JSM-IT700HR scanning electron microscope coupled to a Jeol en-
ergy dispersive spectroscopy (EDS) microanalysis system.

TL glow curves were recorded using a Harshaw model 3500 TL
reader with a linear heating rate of 4 °C/. On the other hand, TL emis-
sion spectrum measurements were recorded using a Risg TL/OSL reader
(DA20) and a monochromator placed under the photomultiplier tube of
the TL reader.

EPR spectra were measured using a Freiberg Instruments MiniScope
MS5000 spectrometer at room temperature and operating at X-band
frequency. All EPR measurements were performed using 150 mg of the
powdered sample placed in a quartz tube with an internal diameter of 4
mm. The equipment parameters used are: sweep time: 120 s, modulation
amplitude: 0.1 mT, modulation frequency: 100 kHz, microwave power
of 0.1 and 20 mW.

For TL measurements, the samples were irradiated with doses be-
tween 1 and 11 Gy using a ®°Co gamma source with a dose rate of 97.3
mGy/min, and for TL emission spectrum measurements, the CaFg
phosphor samples were irradiated with °°Sr/?°Y beta irradiation with a
dose rate of 0.069 Gy/s. For EPR measurements, CaFs phosphors were
irradiated with a dose of 500 Gy, 2.5 kGy, and 10 kGy using a ®°Co
source with a dose rate of 379.43 Gy/h.

3. Results and discussion

The crystal structure, crystallinity, and crystallite size of the syn-
thesized samples for different La concentrations (x = 0.1, 0.2, 0.3, and
0.4 mol%) were characterized by XRD. The results indicate that the
synthesized products exhibit high purity and good crystallinity (see
Fig. 1(a)). The XRD patterns were compared with ICDD file no. 77-2245,
and the recorded data agree well with the CaFy XRD database with
centered cubic phase and Fm3m space group. For a more detailed
analysis of possible alterations with dopant concentration, the position
of the main peak (111) has been plotted as a function of lanthanum
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Fig. 1. (a) Typical XRD diffraction pattern plots of the CaF, phosphor for
different concentrations of La. The dark blue vertical lines indicate the Bragg
positions of the CaF, pattern. (b) Principal peak (111) of the CaF, phosphors as
a function of La concentration. (c) Crystalline size and lattice strain in per-
centage of the CaF, phosphors as a function of La concentration. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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dopant concentration. Fig. 1(b) shows a slight shift of the main peak
toward a lower 26 value between the 0.1 and 0.2 mol% concentrations.
However, for the following concentrations, the position of the main peak
remains at the same value, demonstrating that the material’s crystal
lattice structure is not affected by doping of 0.2, 0.3, and 0.4 mol% La.

The crystallite size (Ds) was evaluated by the Debye-Sherrer equation
(equation (1)).

kA

s _Bhkl cos 0 (1)
where 1 is the X-ray wavelength (0.1541 nm), ¢ is the diffraction angle, «
is the shape factor (x = 0.9), and By is the width (full-width at half-
maximum) of the X-ray diffraction peak. By = Bops — Binst , Where Bgps
is the experimental peak broadening of a sample pattern, By, is the
instrumental peak broadening computed from a standard pattern of Si.
Table 1 shows the By of the main peak (111), crystallite size, and lattice
strain induced due to crystal imperfections and distortions for the La-
doped CaF;, samples.

Fig. 1(c) shows the crystallite size behavior of phosphor CaFs as a
function of dopant concentration. The particle size of the material in-
creases with dopant concentration. On the other hand, the lattice strain
of all samples decreases regularly with the dopant concentration; their
values are less than 0.19 % throughout, confirming high crystallinity in
each case.

To study the effect of the dopant concentration on the lattice pa-
rameters, we performed Rietveld refinement of the experimental XRD
data using the X’Pert HighScore Plus program, with reference code ICDD
01-077-2245, which corresponds to calcium fluoride. Fig. 2 shows the
Rietveld refinement for the sample doped with 0.3 mol% La using the
Pseudo-Voigt function. The refinement data confirms the centered cubic
phase structure and the Fm3m space group for all CaF, samples. Table 2
shows the refinement parameters, lattice parameters, and volume for the
La-doped CaF; samples.

Fig. 3 shows the SEM image and energy dispersive spectrometer
(EDS) spectrum of La-doped CaF; phosphor. Fig. 3(a and b) represents
the homogeneous morphology of particle agglomerations with irregular
geometry and different sizes that cluster together to form larger parti-
cles. A similar result was obtained by Gonzalez et al. [16] for Ce-doped
CaF; phosphor. According to the particle size distribution histogram, the
average particle size is 210 + 95 nm, as shown in Fig. 3(c), which agrees
well with the results obtained by XRD. On the other hand, the elemental
mapping profiles (Fig. 3(d) to 3(f)) and EDS spectrum (Fig. 3(g)) of an
agglomerate of CaFy: La particles confirm the presence of calcium
(53.17 wt %) and fluorine (46.36 wt %) uniformly distributed together
with the lanthanum dopant. These results are in agreement with the
stoichiometric calculations previously performed to synthesize the ma-
terial. A similar result was obtained by Gonzales et al. [16] for Ce and
Dy-doped CaF; phosphor synthesized by chemical reaction.

Fig. 4 shows the TL glow curves of CaFy phosphors doped with
different La concentrations (x = 0.1, 0.2, 0.3, and 0.4 mol%). The TL
glow curves were recorded after irradiation with gamma radiation at a
dose of 1 Gy, using a linear heating rate of 4 °C/s in a temperature range
of 50-300 °C. It is observed that the TL intensity is minimum for CaFs
phosphors doped with 0.1 mol% La, and that of CaF, phosphors doped

Table 1
The full-width at half-maximum of the main peak (111), crystallite size, and
deformation of CaF, phosphors doped with different concentrations of La.

La concentration Bpjq of the main peak Crystallite size Lattice strain

(mol%) (111) (nm) (%)
©)
0.10 0.05476 147.92 0.1876
0.20 0.04975 162.83 0.1769
0.30 0.04737 171.00 0.1716
0.40 0.03970 204.04 0.1541
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Fig. 2. Powder XRD pattern of the La-doped CaF, sample. Experimental (black
circles), calculated (pink line), and residual (orange line) diffraction patterns.
Bragg reflections of CaF, are indicated by blue vertical lines. The face-centered
cubic crystal structure of the CaF, phosphor unit cell is shown in the inset of the
figure. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Table 2
The Rietveld refinement parameters, lattice parameters, and volume of CaFy
phosphors doped with different concentrations of La.

La Refinement Lattice parameters Volume
concentration parameters
(mol%) R, Rup ;(2 a, band c a, pand y (As)
(A) ©)

0.10 9.04 13.77 3.05 5.4623 90 192.98
0.20 8.94 13.05 3.13 5.4628 90 162.97
0.30 872 1275 296 5.4641 90 163.14
0.40 851 12.80 3.01 5.4639 90 163.12

with 0.3 mol% is higher than that of CaF, phosphors doped with 0.2 and
0.4 mol%. Moreover, after increasing the La concentration above 0.4
mol%, the TL intensity decreases. The position of the first peak in the
region from 110 to 120 °C remains invariant with the dopant concen-
tration, except for the concentration of 0.1 mol%. On the other hand, the
second peak shifts slightly with increasing La concentration. Therefore,
the sample of CaFy phosphor doped with 0.3 mol% La has been selected
for further analysis. The positions of the peaks of the 0.3 mol% doped
phosphors are recorded at 115 and 205 °C.

Another result of TL emission is the efficiency of the phosphor glow
curve response as a function of gamma irradiation dose. The glow curves
of the CaFy: La sample were measured by varying the gamma irradiation
dose in the range from 1 to 11 Gy, and it was observed that the TL in-
tensity increases with the gamma irradiation dose (Fig. 5(a)). Two
slightly overlapping peaks centered at 130 and 205 °C appear in the TL
glow curve. The existence of other possible overlapping peaks is further
analyzed by Tm-Tstop and deconvolution methods. In principle, as the
gamma irradiation dose increases, the trap density increases due to the
formation of a large number of charge carriers that are trapped in cen-
ters or levels located within the forbidden band, and during the heating

35679



J. Mosqueira-Yauri et al.

ac. [81x85,000

Ceramics International 50 (2024) 35677-35687

— 200 nm

Mean size = 210 nm
30 §’\\
% 20 — \
\
" - §§§\
NI
, AN

S M

100 200 300 400
Particle size (nm)

(9)

Ca

2 JLa

500 0 2 4 6
Energy (keV)

Fig. 3. (a) SEM image at a magnification of 20000. (b) SEM image at a magnification of 85000. (c) Histogram showing particle size distribution. (d-f) EDS analysis
showing the distribution of Calcium and fluorine in CaF, phosphor. (g) Spectra showing the main components present in CaF,, demonstrating that the presence of Ca

and F.

or TL reading, depending on the dose applied, the charge carriers are
released to recombine. The increase in the charge carrier density gen-
erates an increase in the TL intensity.

Since the TL intensity varies proportionally to the absorbed gamma
dose, for possible dosimetric applications, it is very important to have a
linear variation between the TL intensity and the absorbed dose. The
linearity of the TL response of CaFy: La phosphor was analyzed using the
linearity index f(D), defined by equation (2) [17].

fD)= 2

where S(D) is the TL intensity for dose D, and D; is the lowest dose in the
linear dose interval analyzed. When f(D) = 1 indicates the linearity in-
terval, f(D) > 1 indicates supra-linearity, and f(D) < 1 indicates sub-
linearity. Fig. 5(b) at the top shows the TL intensity behavior as a

function of dose for the peaks centered at 130 and 205 °C, and at the
bottom shows the linearity index f(D). Both peaks show linear behavior
in the range from 1 to 9 Gy. For higher doses above 9 Gy, it shows a slight
supra-linear growth.

The effect of temperature on TL emission is characterized by the
shape of the glow curve, which is generally the superposition or sum of
several individual peaks, which correspond to several electron traps
associated with defect centers with a given energy depth (E). Therefore,
the glow curve needs to be separated into its components, or peaks, to
then find the kinetic parameters associated with each TL peak. To
establish the number of peaks and their position, the Tm-Tstop and
deconvolution methods have been used in combination.

Initially, we employ the Tm-Tstop method to obtain information
about the positions of the constituent glow peaks of the glow curve [17].
The Tm-Tstop method helps to separate the overlapping peaks and
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determine the approximate value of the peak temperature for each of
them. Plateau regions on the Tm-Tstop plot indicate the presence of
peaks with first-order kinetics (FOK), and sloping regions may indicate
the presence of peaks with kinetics other than b = 1, or may also indicate
peaks with first-order kinetics with continuous energy distribution.

For the Tm-Tstop analysis, 41 aliquots of CaFy: La were irradiated
with 5 Gy, and then we recorded the glow curve at different Tstop
temperatures from 60 to 260 °C with 5 °C steps. The behavior of Tm as a
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function of Tstop is shown in Fig. 6. The plot shows the presence of six
regions with different behaviors. This result indicates that the CaFy: La
glow curve presents at least six overlapping peaks in the temperature
range from 60 to 260 °C. As the Tstop increases, it is only possible to
observe a plateau, corresponding to the first region. For the other re-
gions, an increase in Tm relative to Tstop is observed. However, this
increase is not monotonic; jumps between regions are observed, and
each region has a completely different increase from the others, indi-
cating the presence of overlapping TL peaks. The invariance of the po-
sition of the peaks observed in Fig. 5 and the Tm-Tstop results show the
presence of TL peaks that obey first-order kinetics (FOK), with the first
peak corresponding to traps with localized energy distribution and the
other five peaks corresponding to traps with continuous energy
distribution.

On the other hand, the superposition of broad peaks can be solved
using computational methods of glow curve deconvolution (CGCD) [18]
using mathematical models based on band theory. Thus, using the pre-
liminary analysis of the Tm-Tstop result that evidenced a complex trap
structure with localized and/or continuous energy distributions, all
glow curves were complemented by the CGCD method to obtain the
number of peaks and their kinetic parameters for each peak. Fig. 7 il-
lustrates the close similarity between the experimental and theoretical
glow curve obtained by deconvolution by the CGCD method for samples
irradiated between 1 and 11 Gy. A figure of merit (FOM) [19] less than
2.0 shows a good fit between the experimental and CGCD-calculated
results. The position of the peaks, and the parameters of the traps for
each dose are shown in Tables 3 and 4. In addition, the lifetime of the TL
peaks at room temperature has been determined, and the results are
presented in Tables 3 and 4 The lifetime values of the TL peaks and the
linearity of the TL intensity as a function of radiation dose (see Fig. 5(b))
indicate that this material has potential application in clinical dosim-
etry, specifically in radiotherapy applications [20-22].

The mathematical model utilized to perform the deconvolution
fitting of the experimental curves is based on a linear combination of six
functions, as shown in the following expression:

FOK

ITL( ): localized (Eh TMax IMax;b T)
+ Z Contmuous E vlTMax>lIMaX7 o; T) 3)
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Fig. 6. Tm-Tstop plot for TL glow curve of CaFjLa phosphor. Dashed lines
indicate the temperature region for the TL peaks of the glow curve.
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Table 4

Details of activation energy (E), maximum temperature (T), distribution width (o), frequency factors (s), and lifetime (1) of the TL traps of the peaks 4, 5, and 6 of the CaF:La phosphor obtained by the deconvolution

method of the glow curves for different doses. Bottom: the average.

Peak 5: FOK (Continuous) Peak 6: FOK (Continuous)

Peak 4: FOK (Continuous)

FOM (%)

Dose (Gy)

T (year)

ssh

T (°C) s(isH T (year)  E(eV) o (eV T (°C) s(isH T (year)  E(eV) o (eV) T (°C)

o (eV

E (eV)

0.0020373 241.16 5.70-10%° 1.26-107

1.663
1.699
1.719

635.7
692.6
738.3

1.10-10™*
1.25.1014

1.40-10'4

207.421

0.02683
0.02683

1.3916
1.3969
1.4013
1.3995
1.3930
1.4043

0.1153
0.1030
0.1213
0.1124
0.1567
0.1153

3.0-10°
3.7-10°
3.0-10°
4.3.10°
3.5.10°
6.6-10°

0.914 0.0022302 180.29

2.00

241.16 1.32:10'° 1.78-107

0.0020275
0.0020341

207.421

180.29

0.0022268
0.0022193

0.922

2.00
1.77
1.89
1.93
1.81

2.12:107

2.09-10°

241.28

207.374

0.02640

180.03

0.914

1.21-107

0.0020406 241.63 2.42.10'°

0.0020310

1.727
1.695
1.728

717.4
649.0
777.6

1.34.10'*

207.408
207.400

207.454

0.02655
0.02672

0.0022292 180.20

0.927

1.17-10'° 2.12:107

2.52.10°

241.55

1.14-10"*
1.50-1014

0.0022204 180.27

0.920

1.26-107

241.59

0.0020353

0.02659

180.50

0.0022275

0.944

11

0.002226(5) 180.3(2) 4.0(1)-10° 0.1186 1.398(5) 0.0267(2) 207.41(3) 1.3(2)-10™* 701.8 1.70(3) 0.002034(5) 241.4(2) 1.7(8)-10'¢ 1.43-107

0.92(1)

Average
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Equation (4) has been written using non-geometric parameters, these
are the frequency factor (s), the heating rate ($) and the initial con-
centration of trapped electrons (1), in order to establish a relationship
between these parameters and the geometric parameters or kinetic pa-
rameters, defined as derivation energy (E/E;), temperature of the
maximum (Ty.y), intensity of the maximum (Iy.x), amplitude of the
contribution (¢) and order of kinetics (b) according to as described by
Benavente [18], a maximum condition is used:

di(T)

ar =0 — I(Tyax) = Intax )

T=TmMax

Then the following mathematical expression can be obtained, where
Tmax, and Iy, are respectively the temperature and intensity of the
maximum:

T;f,,ax _E E
A e (k—. TMax) ®)

Where k is Boltzmann’s constant in (eV/K), E is the activation energy (in
eV).

Now (4) can be rewritten in terms of their kinetic parameters, as
follow:

17 e (s e (i~ )R () a2
FB)eH exp [k;ﬁz exp (kfﬁu - ﬂ) R (W)} *

Glow curves, or TL emission curves, are extremely important for
determining kinetic parameters. However, they do not provide infor-
mation about the recombination centers involved in the TL intensity
curve, i.e., the centers responsible for the emission of TL light. Important
information about the recombination centers responsible for TL emis-
sion can be obtained from the TL emission spectrum, which in practice is
a three-dimensional plot whose X, y, and z axes represent temperature
(in °C), wavelength (in nm), and TL intensity (in a. u.) respectively.
Fig. 8 shows the TL emission spectrum for CaFs: La phosphor irradiated
with a dose of 5 Gy. From the spectrum, we identify just one band
extending in the region from 230 to 500 nm, centered at 340 nm (3.65

FOKT (T) = Ivax 9

=

(ne) Rysus aL

Fig. 8. 3D representation (bottom) and contour plot (top) of the TL spectrum of
La-doped CaF, phosphor irradiated with a dose of 5 Gy.
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eV).

The electron paramagnetic resonance (EPR) spectrum of y-irradiated
CaFy: La phosphor is shown in Fig. 9. Thermal annealing and microwave
(MW) power dependence studies indicate that the observed spectrum
has contributions from three defect centers. These centers are labeled in
Fig. 9. Fig. 9 also shows the spectrum recorded at low MW power levels
(0.1 mW) (see Fig. 9(a)) and high powers (20 mW) (see Fig. 9(b)). At low
power levels, center III lines are more intense. On the other hand, center
I and II lines are seen more clearly at high powers (20 mW, Fig. 9(b)).
Center I is characterized by an axial g-tensor with principal values g =
2.013 and g, = 2.0053.

CaF; is a member of the alkaline earth halide group and has a crystal
structure in the Fm3m space group. In the lattice, the octahedral sites are
filled with Ca®" ions, which are bonded to six equivalent F~ ions. The F~
ions, in turn, are surrounded by six Ca®* ions. Both cations and anions
are symmetrically arranged such that each Ca2* ion is surrounded by F~
ions and each F~ ion is surrounded by Ca®" ions.

The Ca®" ion has six-fold coordination in the CaF, lattice with an
ionic radius of 1.0 A in this six-fold coordination [23]. The La®" ion
likely substitutes the Ca?" jon in the lattice because the La>* ion has an
ionic radius of 1.03 A in a six-fold coordination, which is close to that of
the Ca?" ion. The charge neutrality requirements will form cation va-
cancies as the trivalent La®* ion substitutes the divalent Ca®" ion.

The observed EPR line of center I is broad and lacks resolved features
(Fig. 9). To understand the intrinsic nature of the EPR spectrum of this
center without broadening, the EPR spectrum of center I was simulated
using the g-values derived from the observed spectrum, assuming a small
linewidth (no broadening from unresolved hyperfine splitting). The
simulated spectrum is shown in Fig. 10. This simulated spectrum reveals

Magnetic Field (mT)
328 332 336 340 344 348
| | | |

(@)

Center Il

CaF,.La - 10 kGy

CaF, - 10 kGy

CaF,La-2.5kGy

CaF,La-500 Gy
T T T T T T T

2.06 2.04 2.02 2 1.98 1.96 1.94
328 3:|32 3?6 34|10 34|14 34|18
(b) Center Il
"ﬂ/\‘]l ; , Center Il
) =V
CaF,La- 10 kGy
—— CaF, - 10 kGy - Center |
T T T T T T T

2.06 2.04 2.02 2 1.98 1.96 1.94

g - Factor

Fig. 9. (a) Room temperature EPR spectrum of y-irradiated CaF5: La phosphor
(gamma dose: 500 Gy, 2.5 kGy, and 10 kGy). The five green rectangles show the
lines from center III. These lines are from an F center. (b) Center I is attributed
to an O; ion. Center II is assigned to an F center. The EPR spectrum from the
pure CaF, sample is also shown. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Experimental - 20 mW

Calculated

L//\/
W

Center | g”

Center Il

Experimental - 0.1 mW

EPR Intensity (a.u.)
—

T T T T
330 335 340 345
Magnetic Field (mT)
Fig. 10. EPR spectra of La-doped CaF2 phosphor. Experimental with a micro-
wave power of 20 mW (black line), experimental with a microwave power of
0.1 mW (dark blue line), simulated signal (pink line) obtained by summing
three spectra (Center I + Center II 4+ Center III). Simulated signal for Center I
(blue line), simulated signal for Center II (green line), and simulated signal for

Center III (orange line). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

a clear line shape characteristic of a center with an axially symmetric g-
tensor. Further simulations with increasing linewidth were performed,
and the final spectrum, with a linewidth of approximately ~9.75 G,
matches the experimental spectrum reasonably well. The spectral posi-
tions used to determine the g-values of center I are indicated in Fig. 10.

The current study of the CaF, powder sample provides limited in-
formation on center I, specifically the g-values derived from the spec-
trum. To identify this center, we need to consider the potential defect
centers that gamma irradiation can induce in the CaF; system. The most
likely defect center in CaFj is the F center, which consists of an electron
trapped in an F- ion vacancy. The F center typically exhibits an isotropic
g-value close to the free-electron value (g = 2.0023). Study by Bill [24]
has shown that the O3~ ion can be present in the CaF, lattice. Upon
irradiation, two defect centers can form from the O3~ ion: the O~ ion and
the O3 ion. Generally, the O™ ion is characterized by an axial g-tensor,
with the perpendicular component being greater than the free-electron
value, while the parallel component is close to g.. An example of this
is the O~ ion in MgO [25]. The observed g-values in MgO are g = 2.0016
and g, = 2.041. O3 ion is also characterized by an axial g-tenor. How-
ever, contrary to O~ ion, the perpendicular component is close to the
free-spin value while the parallel component is greater than g.

Osada et al. [26] observed the oxygen ion (O3) in a study on the
binary oxide system Y203-CaO. EPR investigations revealed that this ion
exhibits an axial g-tensor with principal values gy = 2.040 and g, =
2.0030. This oxygen ion has been identified as the superoxide ion (03)
and is formed by the adsorption of molecular oxygen by the binary oxide
system. The Oz ion, which exhibits significant g-anisotropy, has also
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been detected in various zeolites and metal oxides [27-29]. In these
systems, the g value is highly dependent on the host lattice and ranges
between 2.0150 and 2.080.

Comparing the observed g-values in the present system with that of
the above three centers (F center, O~ ion, and O3 ion), center I is
tentatively assigned to an O3 ion. It may be mentioned that the O3 ion
has been previously observed in CaFj single crystal by Bill [24]. The ion
displayed a rhombic g-tensor with principal values g = 2.0038, g» =
2.0092, and g3 = 2.0178 at 292 K. Bill [24] proposed a model of the O3
ion in the CaF; lattice, and the model is shown in Fig. 11. As per this
model, the O3 ion in CaF; originates from an 03~ molecule located in the
space left by two missing mutually neighboring F ions. A neighboring
cation vacancy accompanies the Oy ion. This model is derived from the
results of Raman and EPR studies carried out by Bill [24]. The neigh-
boring cation vacancy provides stability to the ion.

A pulsed thermal annealing method was used to study the stability of
center I. The method involves heating the sample to a particular tem-
perature and then the sample is kept at this temperature for 3 min. Later
the sample is cooled to room temperature for EPR experiments. The
thermal annealing behavior of center I is shown in Fig. 12. It is observed
that the center becomes unstable at about 155 °C and decays in the
temperature range 155 and 320 °C. Based on this behavior, it is inferred
that center I is associated with the TL peak at 205 °C in the CaFy: La
phosphor.

Gamma irradiation can induce the formation of F centers, which are
electrons trapped at an anion vacancy, in alkaline-earth halide systems
such as CaF,. In the first observation of an F center in an alkali halide
system, a relatively large linewidth of about 100 G was observed, as
reported by Hutchinson [30]. However, in MgO, the inherent linewidth
of the center was observed to be quite small, about 1 G [31]. The
observed linewidth is determined by the delocalization of the unpaired
electron and its subsequent interaction with neighboring ions. The
relative abundance of isotopes and their respective magnetic moments
of neighboring ions also play a role in determining the linewidth. In
alkali halides, there is considerable delocalization of the unpaired
electron, resulting in interaction with immediate neighbors and alkali
and halide ions in successive neighboring shells. For example, large
linewidths of 20 G and 58 G were observed in KCl and LiCl respectively
[32].

During irradiation, an anion vacancy captures an electron forming an
F center, which displays positive and negative g-shifts. The observed g-
value of F centers is close to the free-electron value of 2.0023. Center II
in CaFy: La has a g-value of 2.0005 and a linewidth of 14 G. Based on the
known features of the F center, center II is tentatively identified as the F
center. Anion vacancies are likely to be present in CaF; and these va-
cancies can trap electrons to form F centers. Center II displays a two-line
spectrum and the two lines can be explained by the unpaired spin’s
interaction with a nearby fluorine ion which has a nuclear spin of /4. The
hyperfine splitting is estimated to be 103 G. The large linewidth of the

b

Fig. 11. Model of O3 ion in the CaF, lattice as derived from EPR and Raman
results [24].
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Fig. 12. Thermal annealing behavior of center I (Oz ion), center II (F center),
and center III (F center) in CaF,: La phosphor.

individual lines suggests the presence of additional hyperfine interac-
tion. This unresolved hyperfine structure may arise from the nuclear
spins nearby interacting with the center. The isotope of fluorine that can
potentially interact with the unpaired spin and cause the broad line is
198, which has 100 % abundance and a magnetic moment of 2.6 [33].

Well-resolved hyperfine splitting has also been reported in various
systems. For example, in a study on SrO single crystals, Culvahouse et al.
[34] report a hyperfine interaction of the F' electron (one electron in an
0% vacancy) with the nearest neighbor (nn) sr®” nuclei. The hyperfine
splitting is resolved and the isotropic part (the dominant part) of the
hyperfine interaction is observed to be A = 14.7 G and the dipolar part is
small (B ~ 1.6 G). Similarly, in BaO [35], the F' center exhibits resolved
hyperfine splitting as the unpaired electron interacts with the nearby Ba
nucleus. There are two magnetic isotopes Ba'® and Ba'®”. Resolved
hyperfine splitting is seen due to both isotopes (the isotropic part of the
splitting is 68.2 G and 76.4 G for Ba'® and Ba'®” respectively). Addi-
tionally, resolved hyperfine splitting is observed in a-Al,O3 [36] where a
broad spectrum with 13 resolved components is reported for the F
center.

Fig. 12 illustrates the thermal annealing characteristics of center IL.
The ESR lines linked with center II exhibit two phases of intensity
reduction. The initial phase spans from roughly 156 °C-290 °C and is
characterized by the recombination of charges that were released from
other defect centers with center II. It is plausible that the holes dis-
charged from center I are combined with center II, implying that center
II could function as a recombination center associated with the TL peak
at 205 °C. The second phase of intensity reduction for center II occurs
from 350 °C to 430 °C and corresponds to the actual decay of center II.

The EPR lines labeled as center Il in Fig. 9 arise from a single species
and are due to a center characterized by an axially symmetric g-tensor
with principal values g|| = 2.0016 and g, = 2.0057. The center exhibits
hyperfine splitting due to the interaction of the unpaired spin with two
equivalent spin % nuclei resulting in the spectrum shown in Fig. 9. The
hyperfine tensor is also axially symmetric with principal values A|| = 68
Gauss and A | = 35 Gauss.

In general, F centers (halide anion vacancy with one electron) are
characterized by an isotropic g-value, and center III in the present system
exhibits an axially symmetric g-tensor. Systems like Yttria stabilized
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Zirconia (YSZ) [37], as well as CaZrO3: Tb [38], display a center that
shows axially symmetric g-values. For example, in YSZ, the principal
g-values are g|| = 1.996 and g, = 1.972. It is observed that the g-values
are smaller than the free-spin value. The center in these two systems was
identified as the F' center (oxygen vacancy with one electron). Cos-
tantini et al. [37], in their study on YSZ interpreted the axial nature of
the g-values by considering the presence of a symmetry-breaking defect
at an anion site close to the F' center. They considered the symmetry
braking defect to be the neutral F center (oxygen vacancy with two
electrons) which has a high probability of forming in YSZ lattice due to
the presence of a large density of oxygen vacancies in the YSZ lattice.
Center III in the present system is also tentatively attributed to an F
center (an electron trapped in a halide vacancy) and this center needs to
be close to an entity (like the F center in YSZ) that gives rise to the
observed features. It is to be noted that X-irradiated sodium f-alumina
[39] also displays an axial g-tensor with positive g-shifts as observed for
center III. It has not been possible to identify the symmetry-breaking
defect in the present study.

The thermal annealing behavior of center III is displayed in Fig. 12.
The EPR lines associated with the center exhibit two phases of intensity
changes. In the initial phase spanning from 80 °C to 210 °C, the intensity
increases and indicates the increase in the concentration of center III. A
possible explanation for this increase is as follows. After gamma irra-
diation, there are still precursors of center III present in the lattice.
Assuming these precursors to have a higher cross section for the capture
of charges, the charges released from unknown defect centers during
thermal annealing are trapped by the precursors to form center III. This
will appear as an increase in the intensity of center III EPR lines. In the
second phase ranging from 210 °C to 500 °C, the center exhibits insta-
bility at about 210 °C and undergoes decay within this temperature
range.

In the EPR spectrum presented in Fig. 9, it is observed that centers I
and II increase in intensity with MW power while center III intensity
appears to be almost the same. It thus appears that center III has a longer
relaxation time as compared to the other two centers. Similar behavior is
observed for the defect centers observed in irradiated Quartz. In quartz,
three defect centers are observable at room temperature: the E, the Ge,
and the peroxy centers. The E center saturates at very low MW powers
(~0.1 mW) while the other two centers saturate at high MW powers.
Saturation at very low powers is a characteristic feature of the E center.
Center II and Center III are attributed to an F' center. Both exhibit hy-
perfine interaction with nearby nuclei and apart from this there are no
apparent differences and it is difficult to understand the different
relaxation times.

EPR spectra of centers I, II, and III were simulated and the simulated
spectra are shown in Fig. 10. The principal g and A values derived from
the experimental spectrum were used in this simulation. Apart from the
individual spectra corresponding to the three centers, the overall spec-
trum was obtained by combining all three spectra and this spectrum is
also displayed in Fig. 10. It is seen that the simulated spectrum
reasonably matches the experimental spectrum.

4. Conclusions

In this work, we study for the first time the TL properties in combi-
nation with the EPR properties of La-doped CaFy phosphor. The con-
centration of the dopant does not interfere with the crystal structure of
the material, as confirmed by XRD results. The CaFy phosphor doped
with 0.3 mol% La presented a higher sensitivity in its TL light emission.
The structure of the glow curve of the La-doped CaFs phosphor presents
two peaks centered at 130 and 205 °C and an emission band between
230 and 500 nm centered at 340 nm. Both peaks present a linear
behavior in the dose range from 1 to 9 Gy. From the deconvolution
analysis of the TL glow curves for different doses of gamma radiation, it
was shown that it is formed by the superposition of six peaks that obey
first-order kinetics. Also, trap depths, TL peak positions, and frequency

Ceramics International 50 (2024) 35677-35687

factors were estimated for all peaks. These TL results for CaFs: La
phosphor confirm good future possibilities in the field of TL dosimetry.
Three defect centers have been identified in the irradiated CaF,: La
phosphor. These centers are tentatively assigned to an Oz ion, and two F
centers. O3 ion correlates with the 205 °C TL peak while the F center
(center II) appears to act as a recombination center for the 205 °C TL
peak. No specific TL role could be assigned to Center III.
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