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In this work, the natural fluorapophyllite crystal (KCa4SigO20(F,0H)-8(H20)) has been studied by techniques
such as X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM), energy disper-
sive spectroscopy (EDS), thermoluminescence (TL), optical absorption (OA), and electron paramagnetic reso-
nance (EPR). This crystal, sensitized by heat treatment at 700 °C, has four TL peaks which, when superimposed,
give rise to a broad peak centered at 225 °C, and an emission band between 300 and 600 nm centered at 475 nm.
The kinetic parameters of the TL peaks were determined using the Tm-Tstop and deconvolution methods. In
addition, a statistical analysis of the deconvolution residue was performed to evaluate the accuracy of the
deconvolution. Electron paramagnetic resonance (EPR) analysis identified the defect centers induced in the
crystal by gamma radiation: a center due to V4, and a center associated with oxygen (O~ ion). The V** center is
interpreted as a (VO?*) radical (g ~ 1.967). The O~ center is characterized by axial symmetry, and the center

relates to the TL peaks from 230 to 306 °C.

1. Introduction

Silicates are the most abundant group of minerals in the Earth’s
crust, constituting more than 95 % of its volume and acting as essential
components in the formation of rocks [1]. These minerals are of great
economic and technological relevance and are used in industrial sectors,
high technology, gemology, and fundamental research in the fields of
geology, chemistry, and physics. During the genesis of these materials,
many elements foreign to their fundamental structure are incorporated,
which are called impurities. Within the predominantly ionic crystal
structure of silicates, impurities and thermodynamic imperfections of
the crystal lattice itself play a fundamental role in defining peculiar
physical properties with numerous practical applications, especially
significant in radiation dosimetry [2-4]. Originally, apophyllite was
classified as a single mineral [5], characterized by a variable
fluorine-hydroxyl composition. However, in 1978, the International
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Mineralogical Association (IMA) proposed a revision of this classifica-
tion, subdividing the mineral species into two distinct ones: fluo-
rapophyllite and hydroxyapophyllite [6]. Later, in 1981, a third rare
species, natroapophyllite, was identified, characterized by the substi-
tution of potassium for sodium in its crystal structure [7]. More recently,
to standardize mineralogical nomenclature and facilitate cataloging and
alphabetical indexing, the IMA revised the names of these species [8].
The new names are apophyllite-(KF) (previously fluorapophyllite),
apophyllite-(KOH) (previously hydroxyapophyllite), and apophyllite-(-
NaF) (previously natroapophyllite).

Fluorapophyllite, chemical formula KCa4SigO20(F,0H)-8(H20), is a
mineral belonging to the phyllosilicate group and corresponds to a hy-
drated fluorosilicate of calcium and potassium [6]. It crystallizes in the
tetragonal system, often presenting well-formed prismatic crystals with
characteristic pyramidal terminations [9]. Its structure shows excellent
cleavage in one direction, giving rise to lamellar fragments, and the

Received 15 August 2025; Received in revised form 3 October 2025; Accepted 26 October 2025

Available online 27 October 2025

0022-2313/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-5134-0756
https://orcid.org/0000-0002-5134-0756
mailto:nilocano@if.usp.br
mailto:nilo.cano@unifesp.br
www.sciencedirect.com/science/journal/00222313
https://www.elsevier.com/locate/jlumin
https://doi.org/10.1016/j.jlumin.2025.121631
https://doi.org/10.1016/j.jlumin.2025.121631
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2025.121631&domain=pdf

R. de Melo Ferreira et al.

crystals generally have a glassy to pearly luster, with colors ranging from
colorless, white, pale green, light yellow, and light pink. Its tetragonal
crystal lattice has typical P4/mnc space group parameters, z = 2, a =
8.976 nm, and ¢ = 15.792 nm at 295 K [10]. This mineral is widely
found in cavities of volcanic rocks, mainly basaltic, and is highly
appreciated by collectors due to the beauty and sharpness of its crystals.
Fluorapophyllite is a low-temperature mineral that is usually found
filling cavities or veins in basic alkaline and calcareous rocks. In these
environments, it is usually associated mainly with minerals of the zeolite
group [11]. Although it is not a zeolite, part of the water is considered
zeolitic as it is trapped between the layers of the mineral, and another
part is bound to the crystalline structure itself [12].

Luminescent materials, whether natural or synthetic, are widely used
in radiation dosimetry and archaeological and geological dating. The
defect centers created by ionizing radiation are responsible for the
luminescence of the material. The identification and characterization of
these centers is an essential step in elucidating the mechanism respon-
sible for the luminescent emission [13-15]. Apophyllite can exhibit
luminescent properties under certain conditions. However, this char-
acteristic can vary depending on the specific chemical composition,
purity, heat treatment, trace impurities present, and the geological
origin of the material, and it can show fluorescence, mainly under
short-wave UV radiation, exhibiting colors such as bluish or greenish,
although this response is not universal and can vary depending on the
impurities present in the sample [16]. These results suggest the potential
use of this material in thermoluminescence (TL) and electron para-
magnetic resonance (EPR) dosimetry. However, to date, no work has
been published specifically addressing the TL and EPR properties of this
crystal. Therefore, this study aims to investigate the nature of the
luminescence and paramagnetic centers in natural fluorapophyllite and
their correlations, analyzing the effects of gamma irradiation and heat
treatment by both TL and EPR techniques, to better understand its
physical properties and explore possible applications of this crystalline
material in the area of ionizing radiation dosimetry.

2. Materials and methods

The fluorapophyllite crystal with chemical formula KCa4SigO20(F,
OH)-8(H20) used in this study comes from the state of Rio Grande do Sul,
Brazil, and was acquired from the mining and marketing company
LEGEP. For TL and EPR measurements, part of the crystals were crushed
and sieved, selecting grains with diameters between 0.080 and 0.180
mm. Grains with a diameter less than 0.080 mm were used for X-ray
fluorescence (XRF) and X-ray diffraction (XRD) analyses.

The chemical analysis by XRF was carried out on a pressed sample of
fluorapophyllite powder in calibration with STD-1 (Standardless), using
a Bruker XRF spectrometer model S8 Tiger. Powder XRD measurements
were performed on a Rigaku diffractometer model Miniflex 600. The
XRD measurements were taken at the interval of Bragg angle 260 (10° <
260 < 80°) with 0.005° step size and speed 4°/min at room temperature.

The morphological analysis of the fluorapophyllite sample after the
sensitization process was performed using a Jeol model JSSM-IT700HR
scanning electron microscope (SEM) coupled to energy dispersive
spectroscopy (EDS), which allows qualitative determination of the dis-
tribution and homogeneity of the constituent elements of the sample.

A Varian Cary model 7000 spectrophotometer was used for the
analysis of the optical properties of fluorapophyllite in the spectral range
from 250 to 2500 nm.

EPR experiments were carried out on a Miniscope spectrometer
operating in the X-band. Samples, with a mass of 150 mg, were placed in
quartz capillary tubes with an internal diameter of 4 mm. EPR spectrum
measurements were performed on a fluorapophyllite powder sample,
using the following experimental conditions: (i) natural sample not
irradiated and (ii) natural sample irradiated with 1 kGy and subjected to
different heat treatments between 230 °C and 900 °C. The parameters
adopted for the EPR measurements were as follows: microwave
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frequency in the X-band, modulation frequency of 100 kHz, modulation
amplitude of 0.06 mT, and microwave power of 20 mW. The magnetic
field was calibrated using 2.2-diphenyl-1-picrylhydrazyl (DPPH), and
measurements were performed at room temperature (~20 °C).

TL measurements were performed using a Harshaw model 4500 TL
reader in a nitrogen atmosphere; the heating rate was maintained at
5 °C/s. For all TL measurements, aliquots with a mass of 50 mg in
powder form with grain sizes between 0.080 and 0.180 mm in diameter
were used. Luminescence was detected using a Hamamatsu R647 pho-
tomultiplier tube through a Schott KG1 filter, with a transmission band
between 330 and 690 nm. Each TL glow curve is the average of five
readings using aliquots of samples irradiated with the same dose.

The TL emission spectra were measured by connecting a mono-
chromator in front of the Risp TL/OSL reader detection system. For each
wavelength previously selected with the monochromator, the TL glow
curve of the sample previously irradiated with a dose of 1 kGy was
recorded, with a step size of 10 nm.

The irradiation of powder samples for TL and EPR measurements was
carried out using a ®*Co gamma source with a dose rate of 379.43 Gy/h
at room temperature.

The kinetic parameters, namely, the activation energy (E), the dis-
tribution width (c), the peak intensity of each component (I, and the
temperature corresponding to the maximum intensity (Ty), were ob-
tained by deconvolution analysis of the TL glow curves acquired at a
constant rate of 5 °C/s after irradiation with increasing doses ranging
from 50 Gy to 3 kGy. The analysis was carried out using a mathematical
model consistent with the Tm-Tstop approach, which assumes that the
TL glow curves can be described as a linear combination of four com-
ponents governed by first-order kinetics (FOK).
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where f(E) are functions that describe the density of trapped charges
associated with the energy E. In the case of continuous trap distribution,
this function can be written by a Gaussian expression [17]:
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The deconvolution fitting was performed using version 0.0.2 of the
Python CGCD library, developed by J.F. Benavente and J.E. Tenopala.
This library implements a least-squares numerical fitting procedure
based on an iterative Levenberg-Marquardt algorithm.
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3. Results and discussion

Initially, an XRF chemical analysis of the fluorapophyllite sample
was carried out, the results of which are shown in Table 1. Comparing
the composition obtained (KCa4SigO2(F,0H)-8(H20)) with data from a

Table 1
Main oxide components in (weight%) of fluorapophyllite crystal.

Sample Compound (wt%)

Fluorapophyllite SiO, CaO K20 F Na,0 CoO
50.6 24.3 5.24 2.12 0.046 0.013
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previous study [9], the absence of water was attributed to an ignition
loss of 17.6 %, intrinsic to the analytical method used.

Fig. 1 shows the X-ray diffractogram of the powdered fluo-
rapophyllite sample. The XRD data of the sample were compared with
the records of the COD (Crystallography Open Database) database. The
result, illustrated in Fig. 1, confirmed the identification of the sample as
fluorapophyllite, according to the COD file number 9000254. Due to the
presence of low-intensity diffraction peaks in the XRD diffractogram, the
XRD data were analyzed using the Rietveld refinement method. This
analysis was performed using X'Pert HighScore Plus software. The re-
sults show the presence of two crystalline phases: 97.9 % fluo-
rapophyllite in its tetragonal phase, with space group P4/mnc, and 2.1
% quartz in its trigonal phase. The unit cell of the tetragonal phase of
fluorapophyllite, generated with the VESTA program from the lattice
parameters obtained from the Rietveld refinement, is shown in the inset
of Fig. 1.

Fig. 2 shows an image of the fluorapophyllite sample obtained by
SEM and magnified 10000 times. This result shows that the surfaces of
the fluorapophyllite particles are irregular and present incrustations of
smaller particles. In addition, the cleavage planes of the crystal are
observed. Elemental mapping profiles (Fig. 2(b) to 2(e)) and EDS spectra
(Fig. 2(f)) of one of the fluorapophyllite particles confirm the presence of
K, Ca, Si, and O uniformly distributed in the crystal. In addition, the
elemental analysis by EDS confirms the results obtained by the XRF
technique.

The optical absorption (OA) analysis of the natural fluorapophyllite
sample was performed in order to identify the presence of water mole-
cules within the crystal structure, corroborating previous studies and
justifying the anomalies observed in the analyses of the TL glow curves
observed in this work. Fig. 3 shows the OA spectrum of the fluo-
rapophyllite sample, revealing the presence of three main spectral re-
gions: (i) between 1200 and 1600 nm, due to overlapping vibrations of
hydroxyl and water molecules (with absorption at 1442 nm, charac-
terizing weakly hydrogen-bonded water molecules); (ii) between 1800
and 2100 nm, a band associated with weakly surface-bound water

—@— Experimental
Calculated °K,Na
—— Difference
| Fluorapophyllite °
| Quartz

Intensity (a.u.)

v A.l' l y A A A
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Fig. 1. XRD patterns of the fluorapophyllite sample. Experimental (black full
circle), calculated (pink solid line) and residual (light blue solid line). The rows
of vertical lines give the positions of all possible Bragg reflections for fluo-
rapophyllite (green vertical line), COD 9000254, and quartz (orange vertical
line), COD 9005019. COD - Crystallography Open Database.
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Fig. 2. (a) SEM image at 10000 times magnification of a fluorapophyllite
crystal particle after heat treatment at 700 °C. (b-e) Elemental mapping and (h)
EDS analysis of a fluorapophyllite crystal particle.

molecules (peak at 1914 nm); and (iii) between 2340 and 2600 nm,
corresponding to stretching and deformation of hydroxyl modes [18]. A
less intense band was also identified at 1550 nm, attributed to the NHy
radical; this result indicates the presence of ammonia molecules in the
fluorapophyllite sample.

Initially, natural fluorapophyllite samples were subjected to different
thermal treatments to remove the natural radiation-induced TL signal
from their geological formation and to investigate the sensitization of
their TL response to such treatments.

The TL response of samples subjected to a dose of 1 kGy previously
heat-treated at different temperatures presented incoherent and almost
random signals when subjected to heat treatments below 500 °C; this
behavior in their TL response is possibly due to the presence of water
molecules within their crystalline structure. However, heat treatments
between 500 and 700 °C resulted in more intense, coherent, and
reproducible TL glow curves, as shown in Fig. 4. To study the TL emis-
sion as a function of radiation dose, the heat treatment at 700 °C was
adopted, which provided higher sensitivity and intensity of the TL signal
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Fig. 3. Optical absorption spectrum of a natural fluorapophyllite sample.
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Fig. 4. TL glow curves of natural samples heat-treated from 500 to 900 °C,
irradiated with a dose of 1 kGy. The inset of the figure shows the same TL glow
curves in a semi-logarithmic scale.

(see Fig. 4), ensuring the complete dehydration of the sample [19,20].
For annealing temperatures above 800 °C, the TL intensity of the glow
curve decreases and presents TL peaks around 250 and 320 °C super-
imposed on the main peak at 230 °C. From these results, a temperature
of 700 °C was established as the sensitization temperature of the fluo-
rapophyllite crystal.

Fig. 5(a) shows the TL glow curves of fluorapophyllite samples pre-
viously irradiated with gamma radiation doses in the range of 1 Gy-3
kGy. The TL glow curve for all doses shows the superposition of two or
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Fig. 5. (a) TL glow curves of fluorapophyllite samples previously heat-treated
at 700 °C and irradiated with various doses of gamma. The inset of the figure
(right side) shows the same TL glow curves in a semi-logarithmic scale. (b)
Behavior of TL intensity as a function of gamma radiation dose. The blue
dashed line shows the fit using equation (4).

more peaks giving rise to a broad peak centered at 225 °C for doses
between 300 Gy and 3 kGy. For radiation doses in the 1-50 Gy range, the
presence of a peak around 310 °C is more evident. The central peak at
225 °C is more intense and grows faster than the peak at 310 °C, as can
be seen in the representation of the TL glow curves on a semi-
logarithmic scale (see the inset in Fig. 5(a), right side).

The position of the peaks does not vary with the irradiation dose.
This means that the maximum peaks (Tm) are independent of the initial
carrier concentration [21]. According to Pagonis and Kitis [22], this
type of behavior is characteristic of TL peaks that obey first-order
kinetics.

Fig. 5(b) shows the linearity analysis of the TL response of the
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maximum peak intensity centered at 225 °C for the sample. The linearity
coefficient was analyzed using the equation proposed by Halperin and
Chen [23]:

ITL(D) =a-D" (4)

where Ity is the TL intensity, a is a coefficient, D is the dose, and « is the
linearity factor, which must be equal to 1 for a linear dependence on the
logarithmic scale graph.

The behavior of the peak intensity at 225 °C as a function of dose was
fitted with a linear correlation coefficient of 0.991, indicating a linear
dependence for the peak at 225 °C, with no saturation for the highest
dose range used.

Fig. 6 shows the 2D TL emission spectrum of the fluorapophyllite
sample irradiated with a dose of 1 kGy. This result shows that the broad
TL peak centered at 225 °C has a main TL emission band at 475 nm.

The TL glow curves of the fluorapophyllite samples are considered to
exhibit several TL peaks, superimposed on each other, forming a broad
peak centered at 225 °C.

The Tm-Tstop method [24] was applied to the sample previously
heat treated at 700 °C and then irradiated with a gamma ray dose of 1
kGy. The results obtained using the Tm-Tstop method reveal a series of
overlapping TL components linked to continuous electron trap distri-
butions (see Fig. 7). Furthermore, the invariance of the position of the
peaks observed in Fig. 5 shows the presence of TL peaks that obey
first-order kinetics (FOK). Also, in Fig. 5, we can see that the peak
located at 225 °C showed a significantly higher intensity than the others,
which caused their overlapping, giving the appearance of a broad peak.

The mathematical model selected is supported by recent studies
[25], which demonstrate that applying kinetic models of order higher
than one can introduce substantial systematic errors, particularly under
conditions of significant peak overlap. Such errors often lead to notable
discrepancies between the fitted and true kinetic parameter values.

To avoid these issues, a first-order kinetics approach was employed,
wherein the observed peak broadening is attributed to the width of the
trap energy distributions, an interpretation consistent with the outcomes
of the Tm-Tstop analysis.

Fig. 8 shows four TL peaks obtained by the deconvolution method
using a mathematical model based on first-order kinetics.

The proposed model, consisting of four components governed by
first-order kinetics with continuous trap distributions, has been applied
to the experimental data. The results of the deconvolution analysis are
tabulated in Annex I, while the validity of the implemented mathe-
matical model is assessed through both the statistical analysis of the
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Fig. 6. 2D TL emission spectrum of the fluorapophyllite sample irradiated with
a gamma dose of 1 kGy.
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residuals and the reproducibility of the estimated scientific parameters,
reflected in their low associated uncertainty. In addition, the quality of
the fits is supported by the low values of the Figure of Merit (FOM) [26],
all below 1.5 % and ranging from 0.45 % to 1.46 %. These thermolu-
ninescent analyses were carried out based on TL glow curves obtained
after irradiation in the range of 1 Gy-3 kGy, as shown in Table V of
Annex I, which allowed for to study of the linearity of the response of
each TL peak, component by component. The results of the corre-
sponding adjustment are presented in Table 2.

Analysis of the parameters shows that most peaks exhibit sublinear
behavior, given that their a values are less than one. In this regard, Peak
IV (o« = 0.47) shows the most pronounced deviation from linearity, while
Peaks I (a = 0.67) and III (o« = 0.71) exhibit moderate sublinearity. In
contrast, peak II is the only exception, reaching a value of o = 1.06,
which indicates slightly supralineal behavior and, therefore, a response
whose magnitude increases slightly more rapidly than the administered
dose.

Assuming that the probability of electron release from an electron
trap, characterized by an activation energy E, defined as the energy
difference between the trap level and the conduction band, at a given
temperature, can be described by the expression proposed by McKeever
[27]:

P :V~K-e’% 5)

where v is the vibrational state of the lattice, which has values between
10'2- 10 s’l, K is a value related to the possibility (K = 1) or not (K =
0) of transition, and F is the free Helmholtz function expressed as:

F=E-T-AS (6)

Therefore, the release probability can be expressed as:

_E
. kT = s-e kT @
and the frequency factor is expressed as a constant of the form:

AS
s=v-K-ek (8)

The electron release process corresponding to the first component is
characterized by the highest entropic contribution, whereas the third
component exhibits a comparatively lower degree of entropy change.
This behavior can be explained by the compensation effect between the
activation energy and the frequency factor: the high activation energy
associated with the first component is balanced by a correspondingly
high frequency factor, while in the third component the lower activation
energy is accompanied by a reduced frequency factor. Nevertheless, the
fitting results remain graphically consistent, as the low-temperature
region shows a steep slope that correlates with high activation energy
values, whereas the temperature range mainly associated with the third
component corresponds to lower E values, as evidenced by the broad-
ening of this region.

Fig. 9 shows the normalized TL intensity for a series of ten successive
TL measurements of the fluorapophyllite sample, to verify the repro-
ducibility of the TL signal centered at 225 °C. Reproducibility allows
sensitivity changes to be evaluated during several reuse cycles or mea-
surements. The measurements were performed with a sample previously
heat treated at 700 °C, subjected to gamma ray irradiation cycles with a

Table 2
Coefficient (a) and linearity factor (a) for the four TL peaks obtained by
convolution of the TL glow curve for a dose range between 1 Gy and 3 kGy.

Area a a

Peak I 579.5 0.67
Peak II 252.6 1.06
Peak III 2097.7 0.71
Peak IV 161.4 0.47
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Fig. 9. Reproducibility of the TL signal from fluorapophyllite sample over ten
repeated cycles of annealing-irradiation-readout.

dose of 1 kGy, and TL reading. Reproducibility was evaluated using the
coefficient of variation (CV), defined as:

CV= %"100% ©)

where & represents the standard deviation and I is the average intensity
of the ten measurements. The CV value was approximately 2.82 %,
indicating good reproducibility, since according to Fureta [28], CV
values below 5 % are considered acceptable.

Fig. 10 shows the TL signal fading characteristics of the
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Fig. 10. Fading of the TL peak at 225 °C for the fluorapophyllite sample. Before
performing the TL reading, the irradiated samples were stored in the dark at
room temperature.
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fluorapophyllite sample. The fading signal was obtained for the main TL
peak, centered at 225 °C. The figure shows that the TL intensity de-
creases rapidly during the first 9 h, and then the signal decreases very
slightly. After one day, the TL signal intensity had decreased by 27 %.
For times longer than one day, the TL signal does not show any fading.
Therefore, the TL measurements of the previously irradiated fluo-
rapophyllite sample were performed after one day of storage.

The EPR spectroscopy technique has been used to identify the
possible defect centers involved in the charge transfer mechanisms
responsible for the thermoluminescent emission. The objective of this
study is to correlate the TL and EPR results to identify the centers
responsible for both physical properties, i.e., the centers responsible for
the material’s paramagnetic and luminescent properties.

Fig. 11 shows the result of the EPR measurement performed on the
natural material. One center associated with the V** ion was identified,
interpreted as the vanadyl ion (V02+), as described by Vassilikou-Dova
and Lehmann [29]. In addition, an oxygen-associated (O~ ion) center
was identified, characterized by its axial symmetry and by presenting a
broad absorption line (0.4 mT). The g values determined for this center
were g| = 2.002 and g, = 2.044, which agree with the results reported
by Mao and Pan [19].

To investigate the effect of heat treatment on the identified para-
magnetic centers and fluorapophyllite structure, as well as to correlate
them with TL and OA results, a series of successive heat treatments
between 300 and 470 °C were performed on samples previously irra-
diated with a gamma radiation dose of 1 kGy. Fig. 12 shows the EPR
spectra of some of the heat treatments. At 310 °C and above, attenuation
of the oxygen-associated center (g = 2.044) was observed. This result
corroborates the results obtained by AO (see Fig. 3) and the EPR results
obtained by Mao and Pan [19]. The centers related to V0%t and O~ ions
showed a progressive reduction in intensity until they disappeared
completely around 430 °C. Despite a significant decrease in the intensity
of the VO?* center, it remains present even at 430 °C.

The crystal structure of fluorapophyllite consists of silicate layers
interconnected by Ca?t and K* ions as well as oxygen atoms via
hydrogen bonds. The silicate layers are centered at positions z = 1/4 and
3/4 and are perpendicular to the (001) plane. The K*, Ca%*, and F~ ions

0.3 vo?*
34 Ca 2+

02 VO

2l
2 0.0 1

-0.14

-0.2 1 g=2.044

-0.3 4

T T T
310 320 330 340 350
A Magnetic Field (mT)

EPR Intensity (a.u.)
|

| | | |
300 320 340 360 380 400
Magnetic Field (mT)

Fig. 11. EPR spectrum of the natural fluorapophyllite powder sample as
received. An enlargement of the weak EPR signals is shown in the inset of
the figure.
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Fig. 12. EPR spectra of fluorapophyllite powder samples irradiated with a
gamma dose of 1 kGy and heat treated at 310, 350, 390, 430, 470, and 700 °C.

are located in specular planes at positions z = 0 and z = 1/2. The K™ ion
coordinates eight oxygen atoms of the water molecules, while the Ca®*
ion coordinates four oxygen atoms of the silicate layers. The polyhedron
K'(OH,)g is connected to the silicate layers through both direct
hydrogen bonds and indirect coordination with Ca?*. The water mole-
cules in the fluorapophyllite structure, although crystallographically
equivalent, have two types of interactions: a stronger H (1)-O (3) type
and a weaker H (2)-O (2) type [30].

Although fluorapophyllite is not classified as a zeolite, part of the
water in its composition is considered zeolitic and is trapped between
the layers of the mineral, while another part is directly coordinated to
the crystal structure [12,31]. The fraction of water lost in the initial
stages of heating, up to about 200 °C, corresponds to water molecules in
the layers of the mineral. The water loss between 200 °C and 500 °C,
which directly influences the TL behavior of the mineral, is associated
with crystal structure-coordinated water molecules. According to Stahl
[30], the dehydration process of fluorapophyllite between 300 and
500 °C is governed by thermal diffusion and occurs in two distinct
stages: the first involves the release of water molecules coordinated to
the K ion, and the second causes the destabilization of the coordination
of K™ and Ca?" ions, resulting in the formation of an amorphous phase.
Mao and Pan [19], using EPR analysis, observed that the decrease in the
intensity of VO3 centers at K sites between 300 and 340 °C is comparable
to the results obtained by Ramakrishnan et al. [32] after heat treatment
of apophyllite crystals at 230 °C. Around 430 °C, the disappearance of
the signal associated with the VO3 center indicates the collapse of the
sites occupied by the vanadyl ion, suggesting the transition to an
amorphous phase [19,30,33]. These observations are corroborated by
Marriner et al. [20], who, using differential thermal analysis (DTA),
identified two dehydration bands related to water molecules coordi-
nated to the cations in fluorapophyllite: the first between 310 and
340 °C, and the second between 430 and 450 °C. From these results, we
can infer that the TL emission observed in fluorapophyllite up to a
temperature of 500 °C is not exclusively related to dehydration but
rather to the nature of the water present in the crystal structure.

Mao and Pan [19] report that eight water molecules are exhaled in
the first stage of the dehydration process, suggesting the onset of a
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permanent amorphous phase after the second stage. On the other hand,
Marriner et al. [20], who used DTA analysis, found that only five water
molecules are released in the first stage, corresponding to approximately
10 % of the total mass. The remaining three molecules are released in the
second stage, when the crystal lattice is destabilized and the amorphous
phase begins to form. However, most of the crystal structure is pre-
served, which is attributed to the presence of fluorine, an essential
element for the structural integrity of the system. Thus, the higher the
fluorine content, the higher the resistance of fluorapophyllite to struc-
tural fragmentation at high temperatures. According to Marriner et al.
[20], no significant loss of fluorine was detected up to around 460 °C.
However, at temperatures around 800 °C, a loss of approximately 1 % of
the fluorine content was observed, a value that may vary depending on
the applied heating rate; the higher the rate, the greater the loss. Com-
plete fluorine removal was observed at 930 °C. Considering that the
release of water molecules coordinated to cations occurs between 430
and 450 °C, as indicated by Marriner et al. [20], it can be inferred that
dehydration is not the determining factor for the appearance of the
amorphous phase, which is only observed around 600 °C. Fluo-
rapophyllite dehydrates completely at 600 °C and initiates the formation
of an amorphous phase that persists until shortly after 700 °C. From
about 780 °C, a significant loss of fluorine is observed, which substan-
tially compromises the structural integrity of the mineral, a fact that
justifies the decrease in the intensity of the TL signal from this tem-
perature onwards. This process culminates, at around 860 °C, with the
transformation of fluorapophyllite to wollastonite-p and subsequently to
wollastonite-o at a temperature of around 1100 °C [20].

Fig. 12 shows the EPR spectra of fluorapophyllite irradiated with 1
kGy and subjected to heat treatments up to 700 °C. The importance of
calcium in maintaining the fluorapophyllite structure lies in the fact that
it simultaneously coordinates four oxygen atoms of the silicate layers
and four fluorine atoms. The persistence of the VO2* center, albeit to a
lesser extent, together with the stability of the center labeled as I in
Fig. 12 (g = 2.002) between 470 and 700 °C, suggests that most of the
basic crystal structure is maintained, although not necessarily its crys-
tallographic planes. The stability of the O™ center remains constant in
the samples analyzed at room temperature (no heat treatment) and up to
about 200 °C. From this point, there is a sharp drop in its intensity,
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Fig. 13. EPR signal intensity behavior of the O™ ion (g, = 2.044 component) as
a function of heat treatment.
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which reaches zero at around 470 °C (see Fig. 13). As for the signal at g
=2.002, it is observed that this center presents low intensity and relative
stability up to approximately 220 °C. However, from this temperature
onwards, there is an unstable increase in signal intensity, which lasts up
to 470 °C. From this level, the intensity begins to grow continuously
until it reaches its maximum value at 700 °C, at which point a process of
decrease begins with increasing temperature.

Variations in the intensity and stability of the O~ centers are the
result of irradiation, which favors the appearance and growth of these
centers. However, the increase in temperature is closely related to the
dehydration process of the crystal. In this context, it is observed that the
signal intensity at g = 2.002 increases, while the O~ ion intensity de-
creases. These results suggest that the O™ ion originates from the ioni-
zation of hydroxyl groups (OH") located at sites with coordinates z =
0 and z = %. As these groups volatilize, there is an immediate and
instantaneous reduction in the intensity of the associated center.

The center, due to the O~ ion corresponds to the main TL peak of the
fluorapophyllite sample. This center is formed when oxygen captures a
positively charged hole, thus creating a TL center that acts as an electron
capture trap. Due to the structural configuration of the crystal, as long as
water is present in the lattice, radiation-induced paramagnetic centers
are more likely to form from OH groups than their silicate-related
counterpart. This difference explains the intensity variation observed
in the EPR spectra, associated with the presence of water in the crystal
structure. However, this dynamic changes with heat treatment: the
reduction in water content causes the progressive elimination of centers
related to OH groups and increases the formation of center I from the
silicate. This increase is not only due to the absence of H,0O, but also to
the increased availability of positive lattice voids, which are created
both by water loss and thermodynamic diffusion of these defects. As a
result, after heat treatment at 700 °C, a single center (center I) pre-
dominates, detectable by EPR with a signal at g = 2.002 (see Fig. 14).

Center I (Fig. 12) displays an isotropic EPR line with a g-value of
2.002 and a linewidth of approximately 7 G. Irradiation can lead to the
formation of F centers (or F' centers in oxides), where electrons become
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Fig. 14. EPR spectra for different heat treatments of fluorapophyllite samples,
which were previously annealed at 700 °C and irradiated with 1 kGy. The inset
of the figure shows an enlargement of the EPR spectrum of the sample after heat
treatment at 210 °C (black line), along with the identification of the defect
centers responsible for the EPR signals.
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trapped at anion vacancies. This phenomenon is well known in materials
such as alkali halides, alkaline-earth halides, and various oxides. Early
studies by Hutchinson [34] reported broad F-center linewidths of
approximately 100 G in alkali halides. In contrast, the intrinsic line-
width in MgO is much narrower, around 1 G [35]. The linewidth is
influenced by the degree of electron delocalization and interactions with
nearby ions, as well as factors such as isotopic composition and the
magnetic moments of surrounding atoms. For example, F center line-
widths in KCI and LiCl are reported to be approximately 20 G and 58 G,
respectively [36].

During irradiation, an anion vacancy can trap an electron, forming
an F center that may exhibit either a positive or negative g-shift. The g-
value of such centers generally remains close to the free-electron value
of 2.0023. In fluorapophyllite, Center I is observed with a g-value of
2.002 and a linewidth of 7 G. Given these characteristics and the known
behavior of F centers (or F' centers in oxides), Center I is tentatively
assigned to an F' center.

The sample, previously treated at 700 °C and irradiated with 1 kGy
and heat treated at 210 °C before EPR spectrum measurement (see inset
of Fig. 14), clearly shows EPR signals from a center that exhibits an axial
g-tensor with principal values g; = 2.0 and g, = 2.020. The center
displays hyperfine splitting arising from the interaction of the unpaired
spin with a spin !, nucleus. The doublets seen in the inset of Fig. 14 are
the result of this interaction. The hyperfine splitting is estimated to be
about 16 G.

One of the likely defect center that can form in the present system is
the O™ ion, which is a positive hole localized on an oxygen ion near a
cation vacancy. Cation vacancies provide the stability of the hole
through electrostatic attraction. The hole resides in an oxygen p-orbital
inan O~ ion and exhibits positive g-shifts. Based on the relatively large g-
shift, center II is tentatively identified as the O™ ion.

Previous studies have demonstrated that O™ hole centers can exhibit
hyperfine interactions with nearby ions. For example, in LINbO3, the O™
ion interacts with three neighboring ions. In Li3VO4, Murata and Miki
[37] reported a hyperfine interaction between an O~ ion and a neigh-
boring vanadium ion, as each oxygen ion in that system has one
nearest-neighbour vanadium atom. By analogy, the hole localized on an
oxygen ion in fluorapophyllite may also interact with a nearby ion,
giving rise to similar hyperfine features.

4. Conclusions

XRD analysis confirmed the crystalline structure of fluorapophyllite,
and elemental analyses by XRF and EDS confirmed the presence of the
constituent elements of this crystal. Four optical absorption bands
associated with O-H + H,0, NH,, H,0, and OH molecules were found.
Fluorapophyllite sensitized by heat treatment at 700 °C showed four TL
emission peaks at 172, 230, 306, and 413 °C, which overlap to form a
very broad TL peak centered at approximately 225 °C, and an emission
band between 300 and 600 nm centered at 475 nm. The broad peak
centered at 225 °C increases linearly with the gamma radiation dose in
the range of 50 Gy to 3 kGy. EPR analysis of y-irradiated fluorapophyllite
reveals two primary defect centers: a VO?* center and an O~ ion. The O~
center is closely associated with the main TL peak at 230 °C. Upon
thermal annealing, two more centers (centers I and II) become apparent.
The thermal evolution of the sample indicates a transition in the origin
of the TL centers, initially associated with OH-groups, and later with the
oxygens of the silicate network, as a result of the dehydration process.
The structural stability observed up to 700 °C reinforces the potential of
fluorapophyllite as a sensitive material for radiation dosimetry
applications.
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