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A B S T R A C T

Natural prehnite was evaluated as a thermoluminescence (TL) material for high-dose dosimetry. XRF identified 
SiO2, Al2O3, and CaO as major constituents. Prehnite samples annealed between 200 and 800 ◦C (1 h) were 
examined by XRD and Rietveld analysis, confirming prehnite as the majority phase and revealing calcite and 
vaterite after heating. The 600 ◦C sample provided the highest TL yield and was selected for detailed study. 
Fading tests showed a ~40 % loss in the 240/350 ◦C peaks over 5.42 days (130 h), followed by signal stability. 
Dose–response demonstrated, for the 245 peak and 325 ◦C, a linear region in the 0.1–2 kGy and 0.5–20 kGy 
range, respectively, with saturation occurring between 30 and 100 kGy. Kinetic parameters were obtained using 
TM-Tstop, initial-rise, and variable-heating-rate methods; glow-curve deconvolution resolved five TL compo
nents. TL spectra display an intense band near 530 nm and a weak 550 nm band, suggesting two main recom
bination centers.

1. Introduction

The development of thermoluminescent (TL) materials for radiation 
dosimetry is essential for applications in medical, industrial, and envi
ronmental monitoring, as well as in extreme radiation environments 
such as space exploration and nuclear accident scenarios. Silicate-based 
minerals, including feldspar and quartz, have been extensively investi
gated due to their efficient charge trapping mechanisms and well- 
characterized TL properties, in particular for high-dose radiation sensi
tivity [1–5]. Several studies of natural and synthetic minerals have been 
based on the high and very high sensitivity to ionizing radiation, such as 
aqua marina, tourmaline, LiF, and CaSiO3 [6–10]. Nevertheless, 

limitations still exist regarding sensitivity, thermal stability, and signal 
fading, especially in applications involving high radiation doses. As a 
result, the search for alternative TL materials with improved stability, 
high-dose linearity, and resistance to environmental degradation re
mains a key area of research.

Prehnite (Ca2Al(AlSi3O10) (OH)2) is a naturally occurring calcium- 
aluminum silicate mineral that has recently gained interest for its 
defect center studies and potential dosimetric applications [11,12]. Its 
stable layered structure and resistance to thermal degradation make it a 
strong candidate for high-dose gamma radiation monitoring. Previous 
studies have suggested that the presence of transition metal ions, such as 
Fe3+ and Mn2+, can significantly influence TL sensitivity by acting as 
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charge trapping and recombination centers [13,14]. Additionally, the 
ability of the prehnite sample to maintain its crystalline integrity after 
exposure to high temperatures suggests that it could be a suitable ma
terial for dosimetry in extreme conditions, where traditional dosimeters 
may lose effectiveness.

One of the critical factors in evaluating a material for radiation 
dosimetry is its TL response, which is governed by charge trapping 
mechanisms, recombination efficiency, and fading characteristics. 
Studies on silicate minerals have demonstrated that controlled anneal
ing processes can optimize TL sensitivity by modifying defect centers, 
enhancing charge carrier trapping, and reducing unwanted recombina
tion centers [15,16]. Moreover, previous research on feldspar, quartz, 
and other silicates has displayed that deep trap levels contribute to 
long-term signal stability, which is crucial for retrospective dosimetry 
and prolonged exposure monitoring [3,9,17,18]. Another essential 
aspect of TL material is its ability to maintain a measurable and repro
ducible response over time. Fading, or the loss of stored charge over 
time, is a well-known challenge in radiation dosimetry, particularly for 
materials with shallow trap levels [2,19,20]. Electron paramagnetic 
resonance (EPR) spectroscopy has been widely used to study the sta
bility of radiation-induced defect centers, providing complementary 
insights into charge carrier dynamics that affect TL response [21]. 
Furthermore, a correlation of TL and EPR data enables a more precise 
characterization of the defect structure and charge-trapping mecha
nisms. In aluminosilicate thermoluminescent phosphors, the trapping 
and subsequent release of radiation-induced charge carriers are 
controlled by intrinsic and extrinsic point defects within the framework 
lattice. Under ionizing radiation, electrons and holes are generated and 
subsequently captured by anion and cation vacancies, interstitials, and 
substitutional impurity sites, giving rise to classical Frenkel- and 
Schottky-type defect pairs that function as charge traps and recombi
nation centers [22,23].

Despite the growing interest in alternative dosimetric materials, 
there remains a significant gap in the systematic study of TL behavior in 
prehnite samples under controlled thermal treatments and high radia
tion doses. Most previous research on natural silicates has focused on 
feldspar and quartz, leaving prehnite relatively unexplored in this 
context. In TL analysis, kinetic parameters are commonly extracted 
using classical single-curve procedures such as the initial-rise (IR) 
method, which exploits the low-temperature exponential part of the 
glow peak and is largely insensitive to the kinetic order, and peak-shape 
(PS) techniques based on Chen-type relations between peak geometry 
and trap depth/order [2,24,25]. Multi-curve strategies, including 
various-heating-rate (VHR) protocols and computerized glow-curve 
deconvolution (CGCD), improve the internal consistency of the 
retrieved parameters and are particularly suitable for complex, multi
peak systems [26,27]. More recently, alternative modelling frameworks 
have been proposed in which the full TL rate-equation system is solved 
assuming a sigmoid-type evolution of trapping and recombination cen
ters during irradiation, providing a physically motivated approach for 
the analysis of experimental TL glow curves of the kind considered here 
[28–30].

Thus, this study aims to provide a comprehensive structural and 
luminescent analysis of prehnite using XRF, XRD, EPR, and TL spec
troscopy. By investigating the effects of thermal treatment and gamma 
irradiation on TL response, charge trapping mechanisms, and kinetic 
parameters, we seek to establish prehnite as a viable dosimetric material 
for high-radiation environments, contributing to the advancement of 
alternative silicate-based dosimeters.

2. Experimental details

The prehnite sample investigated in this work was purchased from 
the LEGEP stone store in São Paulo, Brazil. A large fragment, approxi
mately 5 cm in diameter, was crushed and sieved to obtain grains be
tween 80 and 180 μm for thermoluminescence (TL) and electron 

paramagnetic resonance (EPR) analyses. In contrast, finer particles 
(<80 μm) were reserved for XRD.

A commercial X-ray diffractometer (Rigaku Miniflex 600) equipped 
with CuKα radiation was used to assess the crystal structure. XRD data in 
the range of 20◦ ≤ 2θ ≤ 80◦, with steps of 0.02◦, were recorded. The XRD 
patterns of all samples were analyzed by the Rietveld method using the 
GSAS software program. During the process of refinement, all the pa
rameters, such as lattice parameters, peak profile parameters (shft, Lx, 
GU, GV, GW, S/L, etc.), atomic coordinates (x, y, z, U, and occupancy), 
were varied.

Before irradiation, all samples underwent annealing at 200, 400, 
600, and 800 ◦C for 60 min in an ambient atmosphere to eliminate re
sidual TL signals and stabilize charge trapping states. XRD was 
employed to analyze the crystalline structure of prehnite before and 
after thermal treatments, assessing its structural integrity and any phase 
transitions induced by heating. Gamma irradiations were conducted at 
the Radiation Technology Center (CTR) at the Institute for Energy and 
Nuclear Research (IPEN) using a Co-60 source. The dose rates applied 
were 2.04 kGy/h for low-dose exposures and 0.47 kGy/h for high-dose 
exposures. All irradiations were performed at room temperature under 
conditions of electronic equilibrium.

The TL measurements were performed in a nitrogen atmosphere 
using a Harshaw model 4500. Luminescence was detected by a Hama
matsu R647 photomultiplier tube through a Schott KG1 filter (trans
mission band 330–690 nm). The heating rate was set to 4 ◦C/s, and 
background subtraction was applied for each measurement. Each glow 
curve data point represents the average of five readings using a mass of 
about 1.8 mg of grain (80–180 μm). To ensure peak stability, most TL 
readings were conducted more than 24 h post-irradiation, except in 
fading studies, where periodic measurements were performed to assess 
signal decay over time.

EPR measurements were conducted at room temperature using a 
Bruker EMX spectrometer with a rectangular cavity (ST-ER4102), 
operating at 9.75 GHz (X-band) with a microwave power of 20 mW and 
a modulation field of 100 kHz.

Chemical analysis of the prehnite sample was performed at the 
Laboratory of Technological Characterization (LCT), Polytechnic 
School, University of São Paulo, using a PANalytical Zetium X-ray 
fluorescence (XRF) spectrometer. The sample was analyzed as an 
anhydrous lithium tetraborate–fused bead using the ROC-1 (rocks) 
calibration. Loss on ignition (LOI) was determined at 1020 ◦C for 2 h. 
Major oxides are reported in wt.% with an estimated uncertainty below 
5 %.

Electron paramagnetic resonance (EPR) spectroscopy was applied to 
investigate paramagnetic centers associated with structural defects. 
These measurements were performed to identify and characterize 
charge trapping mechanisms relevant to the thermoluminescent 
response.

Thermoluminescence (TL) analyses were conducted to study the 
dosimetric properties of prehnite. The TL response was examined as a 
function of radiation dose and storage time. Kinetic parameters of TL 
peaks were determined using the TM-Tstop method to estimate trap 
activation energies, while glow-curve deconvolution techniques were 
employed to resolve individual TL components. First- and second-order 
kinetic models were used to describe charge recombination mecha
nisms. Fading studies were carried out to assess the temporal stability of 
TL peaks, with samples stored under controlled conditions and 
measured at specific time intervals. Additional experiments with vary
ing heating rates were conducted to examine the influence of thermal 
treatments on the luminescent response.

3. Results and discussion

3.1. X-rays fluorescence

The prehnite sample investigated in this work shows a greenish 
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coloration, with a variable hue depending on the presence of impurities. 
This sample presents a light green color, as shown in Fig. 1. XRF analysis 
of the prehnite sample revealed that the dominant components are SiO2 
(43.0 %), Al2O3 (22.3 %), and CaO (27.6 %), which collectively form a 
robust matrix supporting high thermal stability and effective charge 
trapping as displayed in Table 1. The presence of Fe2O3 (1.82 %) is 
particularly significant, with a low concentration of MnO (<0.10 %). 
Similar results have been found by Cairncross et al. (2000) [31]. These 
authors have shown that microprobe and XRF analyses of prehnite 
mineral from South Africa reveal typical chemical compositions such as 
SiO2, Al2O3, and CaO with very low FeO and Na2O contents, and MnO 
(±0.4 wt%).

In this work, the main presence of SiO2, Al2O3, and CaO in the pre
hnite mineral makes its study and subsequent use as a radiation 
dosimeter of great interest to the scientific community. This is because 
various studies on materials such as Al2O3 and CaSiO3 have demon
strated their potential and continued use as radiation detectors using 
techniques such as TL and OSL [5,18,19,32–35].

3.2. X-ray diffraction studies

Thermal treatments were carried out on the prehnite samples, which 
were in powder form, at 400 ◦C, 600 ◦C, and 800 ◦C for 1 h. Fig. 2(a)–(d) 
shows the X-ray diffraction pattern along with Rietveld refinement ob
tained for all samples. This analysis reveals the presence of Prehnite 
compound (Ca2Al2Si3O10(OH)2) as the majority phase with an ortho
rhombic structure and P2cm space group. Spurious reflections belonging 
to calcium carbonate compounds (CaCO3) were also observed. Calcite 
and Vaterite phases were identified; the latter was observed only for 
samples treated at temperatures of 200 ◦C and 600 ◦C. Both phases 
belong to the rhombohedral space group R3c, but with very different 
lattice parameters.

From Rietveld refinement, the background for the natural sample is 
more pronounced when compared with the other samples. Indeed, the 
XRD pattern background for this sample was described in terms of a 
sixteenth-order polynomial, whereas for the other samples we have used 
a twelfth-order polynomial. Amorphous crystals appear as a background 
on the diffraction pattern. We believe that amorphous calcium carbon
ate compounds are present in the natural sample. The crystallization of 
the calcite and vaterite phases is achieved by heat treatments. Fig. 2(c) 
shows the Bragg peaks positions for the three observed phases. The 
(111) reflection corresponds to the most intense peak of the Vaterite 
phase. This reflection disappears for samples with T = 200 ◦C and 
600 ◦C. The (104) reflection localized at 29.4◦ (2θ) corresponds to the 
most intense peak of the Calcite phase, whereas the other reflections 
belong to the Prehnite phase. Furthermore, it is observed that Bragg 

reflections are very narrow, revealing the bulk size of the grains. From 
Fig. 2(d), we can see that the unit cell volume decreases with the heat 
treatment temperature for both Prehnite and Calcite phases.

Values of lattice parameters, composition, and quality factors from 
refinement are given in Table 2. The values of lattice parameters for both 
Prehnite and Calcite phases decrease due to the heat treatment. This 
result is in agreement with the behavior observed for the unit cell vol
ume. The goodness of refinement is judged from S = Rwp∕Re and Х2 
parameters, which indicate that the obtained parameters are accurate.

The reduction of the crystal cell volume suggests that the distances 
between atoms tend to decrease after heat treatments. This can change 
the local environment of defect centers, altering their energy gap. On the 
other hand, it is well known in the literature that calcium carbonate 
compounds display robust luminescent properties [36–38]. We believe 
that both the reduction in the unit cell volume and the presence of 
CaCO3 compounds improve the luminescence properties in our prehnite 
samples.

3.3. EPR measurements

The EPR spectrum of natural prehnite, shown in Fig. 3, provides 
insight into the paramagnetic species present in the crystal structure. 
The spectrum reveals distinct features that indicate the contributions of 
both Fe3+ and Mn2+ ions. A distinctive line at g = 4.0 is associated with 
Fe3+ in distorted octahedral coordination. This pattern reflects the in
fluence of crystal distortion on the chemical environment of iron, as 
described by Zandona et al. [39].

Additionally, multiple peaks in the region around g = 2.0 are 
attributed to Mn2+, which presents a hyperfine interaction with I = 5/2, 
resulting in six regularly spaced lines. These signals reinforce the mixed 
contribution of manganese and iron ions to the EPR spectrum of pre
hnite, as suggested by previous studies. Besides, an examination of the 
EPR spectrum in the g = 2.0 region reveals that a low-intensity, broad 
line overlaps the six-line EPR spectrum. The line width of the broad line 
is about 470 Gauss, and the g-value is estimated to be 1.990. The wide 
line may be attributed to the presence of Fe3+ ions at locations of rela
tively high symmetry. A simulated spectrum with contributions from 
Mn2+ and Fe3+ ions is shown in Fig. 4. The studies mentioned indicate 
that factors such as the presence of weakly bound water, heating, and 
irradiation processes can influence the intensity and width of the lines 
associated with Fe3+. These spectral variations, observed in natural 
minerals, were also identified in the current analysis, showing similar
ities with previously studied samples.

Irradiation of prehnite samples with varying doses of gamma radia
tion did not yield a significant increase in the EPR signal for Fe3+ and 
Mn2+ ions. This can be explained by the stability of the electronic states 
of these ions in specific crystallographic environments, limiting the 
creation of new paramagnetic centers even with increasing radiation 
doses. Furthermore, the saturation of defect centers and the possible 
recombination or relaxation of these defects contribute to the lack of 
growth in the EPR signal [21]. Thus, the observed EPR spectra are 

Fig. 1. Natural prehnite, with a characteristic light green colorused, used in 
this study. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Table 1 
Main oxide compounds of the prehnite sample.

Components P1

SiO2 (%) 43
Al2O3 (%) 22.3
Fe2O3 (%) 1.82
MnO (%) <0.10
MgO (%) 0.1
CaO (%) 27.6
Na2O (%) 0.1
K2O (%) <0.10
TiO2 (%) <0.10
P2O5 (%) <0.10
LOI (%) 5.29
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consistent with the presence of Fe3+ and Mn2+ ions in different crys
tallographic environments in prehnite.

In this section, it is essential to note that in the natural prehnite, 
Ca2Al(AlSi3O10) (OH)2, the structural OH groups give rise to intrinsic 
metal–hydroxyl (M–OH) complexes that can be actively involved in 
luminescence processes under high-dose irradiation.

García-Guinea et al. proposed that, in insulating materials with 
metal–hydroxyl surface terminations, the oxygen species responsible for 
the UV–green cathodoluminescence bands most likely originate from a 
nonspecific radiolytic process described by the reaction: electron beam 
+ 2(Metal–OH) → H2O + O + photons [40]. In other hand, calcium in 
crystalline systems such as calcite (CaCO3) and pseudowollastonite 
(CaSiO3) forms materials that exhibit high sensitivity to gamma and 
X-ray irradiation. These crystalline structures contain defect centers 
such as O− , F+, and Ti3+ centers. Within the framework of the present 
TL–EPR investigation, it is therefore reasonable to assume that 
OH-related centers and other defect centers related to the presence of 

calcite in prehnite form part of the trapping/recombination network. 
These distributions may contribute to the broad TL band observed 
around 550 and 530 nm, together with other intrinsic lattice and 
impurity-related defects [5,9,18,35–37,41].

3.4. Thermoluminescence results

The thermal treatment procedure on the prehnite samples was per
formed to optimize their TL response. Fig. 5 presents the TL glow curves 
of the prehnite sample irradiated with 1 kGy of gamma dose, both 
naturally and after thermal treatments carried out at 400 ◦C, 600 ◦C, and 
800 ◦C. TL glow curves for all samples, except the sample with previous 
thermal treatment of 800 ◦C, display three main peaks at 145 ◦C, a 
prominent peak at 250 ◦C, and a high-temperature peak at 362 ◦C. 
Among these, the peak located at approximately 250 ◦C stands out, as it 
shows the highest TL emission intensity at all different temperatures. 
This peak is considered thermally stable, as it is associated with deep 

Fig. 2. X-ray powder diffraction along with Rietveld refinement for (a) natural sample, and heat-treated samples with (b) T = 200 ◦C, (c) 400 ◦C, and (d) 600 ◦C. (e) 
Bragg peaks positions for Prehnite, Calcite, and Vaterite compounds. (f) The unit cell volume as a function of heat treatment temperature for Prehnite and 
Calcite phases.
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traps capable of retaining charges for prolonged periods before their 

Table 2 
Lattice parameters, composition and quality factors obtained from Rietveld 
refinement.

Phase Symmetry Prehnite P2cm Calcite R3c Vaterite R3c

NATURAL
a (Å) 4.627(1) 4.988(3) Not observed
b (Å) 5.484(1) 4.988(3) Not observed
c (Å) 18.490(2) 17.06(2) Not observed
Composition (fract. %) 98.87(1) 1.13(1) Not observed
Rp (%) 5.68 5.68 Not observed
Rwp (%) 7.51 7.51 Not observed
S = Rwp/Rp 1.32 1.32 Not observed
Х2 1.59 1.59 Not observed
T ¼ 200 ◦C
a (Å) 4.6275(1) 4.979(2) 7.235(1)
b (Å) 5.4815(3) 4.979(2) 7.235(1)
c (Å) 18.477(1) 17.13 (1) 25.26(1)
Composition (fract. %) 86.5(1) 2.5(2) 11.0(2)
Rp (%) 6.26 6.26 6.26
Rwp (%) 8.27 8.27 8.27
S = Rwp/Rp 1.32 1.32 1.32
Х2 1.98 1.98 1.98
T ¼ 400 ◦C
a (Å) 4.6261(3) 4.983(2) Not observed
b (Å) 5.4826(3) 4.983(2) Not observed
c (Å) 18.481(1) 17.05(1) Not observed
Composition (fract. %) 97.01(2) 2.99(2) Not observed
Rp (%) 6.35 6.35 Not observed
Rwp (%) 8.69 8.69 Not observed
S = Rwp/Rp 1.37 1.37 Not observed
Х2 1.98 1.98 Not observed
T ¼ 600 ◦C
a (Å) 4.6268(3) 4.982(1) 7.244(2)
b (Å) 5.4809(3) 4.982(1) 7.244(2)
c (Å) 18.481(1) 17.043(3) 25.29(3)
Composition (fract. %) 91.3 (1|) 2.1(1) 6.6(3)
Rp (%) 6.45 6.45 6.45
Rwp (%) 8.47 8.47 8.47
S = Rwp/Rp 1.31 1.31 1.31
Х2 1.97 1.97 1.97

Fig. 3. EPR spectrum of natural prehnite showing contributions from Fe3+ and 
Mn2+ ions, with distinctive lines at about g = 4.0 and g = 2.00, respectively.

Fig. 4. (a) Room temperature EPR spectrum observed from the prehnite sam
ple. (b) Simulated spectrum with contributions from Mn2+ and Fe3+ ions, (c) 
simulated spectrum only from Mn2+ ion, and (d) simulated spectrum from 
Fe3+ ion.

Fig. 5. TL glow curves of natural prehnite and those thermally treated at 400, 
600, and 800 ◦C, irradiated with a 1 kG dose of gamma radiation.
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thermal release. On the other hand, the peaks located below 200 ◦C are 
classified as unstable, since they correspond to shallow traps that are 
susceptible to the spontaneous release of electrons even at room tem
perature, which compromises the retention of dosimetric information 
[2].

As can be seen in Fig. 5, the response of the sample with a thermal 
treatment of 400 ◦C already promotes a slight increase in TL intensity 
compared to that of natural prehnite, indicating partial activation of 
trapping centers in the material. However, the treatment at 600 ◦C 
stands out for generating the most intense response, with a well-defined 
peak around 250 ◦C. This thermal condition appears to favor the orga
nization of the crystalline structure, creating or stabilizing electronic 
traps that result in greater efficiency in TL emission. On the other hand, 
thermal treatments at 800 ◦C result in a significant decrease in TL in
tensity. Complementary XRD analyses have indicated that thermal 
treatment starting at 800 ◦C compromises the structural integrity of the 
prehnite, which no longer exhibits its typical crystallographic charac
teristics. Therefore, this temperature is excessive and promotes irre
versible changes that negatively impact the ability to store and release 
energy through the thermoluminescent process. In the inset of Fig. 5, it 
can be seen that at temperatures of 400 ◦C and 600 ◦C, there is an in
crease in the intensity of TL with respect to the natural sample of 
approximately 55 % and 67 %, respectively. Consequently, the sample 
heat-treated at 600 ◦C for 1 h was selected for subsequent analyses, since 
it showed the highest thermoluminescent response, indicating greater 
sensitivity to gamma radiation. Hereafter, the natural prehnite sample 
heat-treated at 600 ◦C will be referred to as the sample under study.

To evaluate the dose dependence of TL for the heat-treated prehnite 
sample, it was irradiated with gamma doses ranging from 100 Gy to 100 
kGy. TL glow curves of the sample irradiated with gamma radiation with 
doses from 100 Gy to 8 kGy are shown in Fig. 6(a), whilst TL glow curves 
with doses from 9 kGy to 100 kGy are shown in Fig. 6(b). TL glow curves 
show peaks at approximately 170, 245, and 325 ◦C, increasing with the 
irradiation gamma dose.

An important property to consider in TL analysis is fading [2]. Fading 
analysis of the prehnite sample, after thermal treatment at 600 ◦C for 1 
h, followed by irradiation with a 10 kGy gamma dose, revealed a com
plex decay behavior of the TL intensity. Experimental TL peaks at 130, 
240, and 350 ◦C are present as shown in the inset of Fig. 7.

The TL intensity at 130 ◦C shows a rapid decrease, losing approxi
mately 96.83 % of its initial intensity within the first 117 h of storage, as 
shown in Fig. 7. The 240 and 350 ◦C TL peaks have shown a more 
gradual decay, losing around 40 % of their TL intensity after 130 h and 
stabilizing afterward. These high-temperature (beyond 200 ◦C) peaks 
have demonstrated higher stability, retaining a significant portion of 
their intensity even after prolonged storage times. These results suggest 
that deeper traps, associated with higher temperature peaks, are more 
stable and less prone to fading over time.

Fig. 8 (a) presents the variation of TL intensity of prehnite samples as 
a function of gamma radiation dose (kGy), in a double logarithmic (log- 
log) scale. The curves correspond to TL peaks observed at 170 ◦C (black 
squares), 245 ◦C (red circles), and 325 ◦C (blue triangles). Dashed lines 
with a 45◦ slope were included as references for ideal linear behavior 
between TL intensity and dose. The comparison between experimental 
curves and these reference lines allows identification of linear, supra
linear, sublinear, and saturation regimes, as described by McKeever [2]. 
The 170 ◦C TL peak shows unstable behavior with a possibly sublinear 
trend at lower doses (<2 kGy), followed by an approximately linear 
region between 4 and 10 kGy, where the curve remains close to the 45◦

slope. For doses above 10 kGy, a reduction in the slope is observed, 
indicating a transition to a sublinear regime that culminates in satura
tion at about 30 kGy. After that, the TL response displays decreasing 
behavior in the value (curve) up to 100 kGy, as shown in Fig. 8 (a). On 
the other hand, the 245 ◦C TL peak exhibits linear behavior between 0.1 
and 2 kGy, as evidenced by good agreement with the unit slope line. 
Beyond this point, a pronounced sublinearity is observed, with TL 

intensity decreasing more than proportionally with dose. This effect may 
be due to the decrease in available traps within the material, which can 
no longer retain the absorbed radiation energy. The sublinearity 
behavior extends up to around 30 kGy, where saturation is achieved. 
After that, a decreasing response with the dose is observed up to 100 
kGy, similarly to the 170 ◦C TL peak. Finally, the 325 ◦C TL peak exhibits 
moderate TL response, with a linear behavior from 0.5 to 20 kGy. After 
that, a saturation process is observed between 30 and 100 kGy. This 
behavior suggests that the trapping centers activated in this thermal 
region are more thermally stable but less efficient or less abundant. The 
comparative analysis of these TL peaks, based on the 45◦ reference line, 
indicates that the 245 ◦C and 325 ◦C TL displays sensitivity, linearity, 
and a wide dynamic response range in the radiation dose. These results 
reveal the potential use of the prehnite sample as a dosimeter for 
intermediate-high radiation doses.

For the TM-Tstop method, TL readings for the prehnite sample 
irradiated with 10 kGy were performed, following for each measure
ment the sequence of thermal treatment and subsequent TL reading. The 

Fig. 6. TL curves of natural prehnite treated at 600 ◦C and irradiated with 
doses from 0.1 to 100 kGy. An increase in emission is observed up to 30 kGy, 
followed by a gradual decrease from 50 kGy onwards. The main peak remains 
at approximately 245 ◦C.
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thermal treatment was applied incrementally, in 5 ◦C steps, starting at 
55 ◦C and continuing up to 335 ◦C. The initial part of the TL glow curve 
can be described by exponential behavior as exp(-E/kT), but considering 
points on the curve below 15 % of the maximum TL intensity [42]. This 
method is called the initial rise method. The obtained values ranged 
from 1.07 to 1.55 eV, corresponding to the different stabilization regions 
of the TL peaks, as can be seen in Fig. 9. These results demonstrate that 
the traps in the material require different amounts of energy to release 
the trapped electrons, which is manifested in the multiplicity of the 
observed TL peaks.

The experimental TL glow curve was analyzed by glow-curve 
deconvolution using a dedicated software package that separates the 
measured signal into a set of individual glow peaks. In this work, we 
employed the open-source CGCD (Computed Glow Curve Deconvolu
tion) implementation GCD Analyzer, which uses TL peak expressions 
based on improved rational approximations [43]. Kinetic parameters 
were obtained by fitting a composite model consisting of five compo
nents, guided by the prior TM–Tstop and E–Tstop analyses. Components 1, 
4, and 5 were described with a second-order kinetics (SOK) formalism 
assuming a discrete set of trapping centers, whereas components 2 and 3 
were modeled using a continuous trap distribution under first-order 
kinetics (FOK), consistent with the TM–Tstop results. The deconvolution 
yielded five TL components, with TL peaks at approximately 167, 247.4, 
265, 293, and 346 ◦C, with activation energies of 1.07, 1.22, 1.32, 1.49, 
and 1.55 eV, respectively.

Beyond well-defined discrete traps, a wide range of aluminosilicates, 
particularly feldspars and aluminosilicate glasses, display TL/OSL sig
nals better described by a near-continuous distribution of trap depths (or 
thermal stabilities) than by a few isolated levels [44]. This behavior is 
typically attributed to structural and compositional disorder, which 
gives rise to localized/band-tail states within aluminosilicate frame
works. Consequently, when TL peaks are broad and shift with preheat
ing, it is physically justified to include continuous trap distribution 
(CTD) terms, either alone or together with discrete components, within 
CGCD-based glow-curve deconvolution [45,46]. FOM of 2.60 % was 
obtained from the fitting, indicating good agreement between the 
experimental data and the applied theoretical model.

To perform a more robust and comprehensive dose–response anal
ysis, we evaluate the dose dependence of the TL intensity associated 

with each of the five deconvoluted TL peaks, as shown in Fig. 8(b). For 
each investigated dose, the corresponding TL glow curve was decon
voluted (GCD) for irradiation doses of 0.5, 1, 2, 4, 10, 20, 30, 50, and 
100 kGy. To display the dose dependence of each DGC component 
separately, the individual dose-response curves were vertically shifted. 
Therefore, the plotted intensities are intended for comparative visuali
zation only, as can be seen in Fig. 8(b). By analyzing the dose depen
dence of each trap, Peak 1 exhibits an approximately linear response 
from 4 to 10 kGy, followed by a decrease in TL intensity with increasing 
dose, closely resembling the behavior observed for the experimental TL 
peak at 170 ◦C. In contrast, Peaks 2, 3, and 4 show trends similar to the 
experimental TL peak near 245 ◦C, which is approximately linear up to 
2 kGy and then becomes sublinear up to 30 kGy, followed by a decay at 
higher doses. Notably, the prominent experimental TL peak around 
245 ◦C is mainly composed of the individual components Peaks 2, 3, and 
4. Finally, Peak 5 displays a linear response from 0.5 to 20 kGy, after 
which the TL signal reaches saturation, exhibiting a trend consistent 
with the experimental TL feature centered at about 325 ◦C. These results 
provide a more detailed characterization of the dose–response behavior 
of each GCD TL peak and highlight the promising dosimetric features of 
the high-temperature peak near 325 ◦C for high-dose dosimetry 
applications.

The method of various heating rates (VHR) was also applied to es
timate the activation energy (Ea) and frequency factor (s) of the TL 

Fig. 7. Fading behavior of the prehnite sample under storage conditions.

Fig. 8. (a) TL intensity behavior of the 170, 245, and 325 ◦C peaks as a function 
of gamma radiation doses; dashed lines indicate linearity. (b) Dose–response 
curves of the TL peaks obtained from glow-curve deconvolution (0.5–100 kGy).
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traps. As shown in Fig. 10, the TL glow curves present systematic shifts 
in peak temperatures with increasing heating rates β, indicating well- 
defined trapping mechanisms. The results obtained from the multiple 
heating rate method indicate that the second experimental TL peak is 
associated with a thermal activation process involving deep energy 
traps, which can be evidenced by the continuous increase of Tm with the 
increment of β. A Ln(Tm/β) versus 1/T (K− 1) plot to determine the 
activation energy of the TL peak was used, as can be seen in the inset in 
Fig. 10. The linearity observed in this plot confirms that the process 

follows first-order kinetics. The activation energy of the second experi
mental TL glow peak was calculated as 1.46 eV, corroborating the results 
obtained from the TM-Tstop method. This agreement between comple
mentary methods highlights the reliability of the kinetic parameters and 
emphasizes the stability of deep traps in prehnite, particularly for 
dosimetric applications. The positions, activation energies (E), and fre
quency factors (s) of the TL peaks, obtained by the GCD and VHR 
methods, are summarized in Table 3. It can be observed that the s and 
tau values are close and of the same order of magnitude for both 
methods used.

The emission peaks were located around 167, 247.4, 265, 293, and 
346 ◦C. The high activation energy associated with the 346 ◦C peak 
(1.55 eV) suggests a deeper trapping, providing increased resistance to 
thermal fading. The dose–response of the deconvoluted TL Peak 5 ex
hibits behavior similar to that of the experimental peak around 325 ◦C, 
demonstrating suitable characteristics for its use as a gamma radiation 
detector, as shown in Fig. 8 (b).

The TL emission spectrum of the prehnite sample, after gamma 
irradiation with a dose of 16 kGy, presented two main bands, as shown 
in Fig. 11 (a). One prominent band, centered at 550 nm, and a lower 
band at about 530 nm, corresponded to temperatures of 260 and 380 ◦C, 
respectively. This behavior suggests the activation of two recombination 
centers associated with the electronic trap structure of the sample. Since 
the time elapsed between irradiation and the readout measurements was 
longer than one week, the low-temperature TL peaks, below 200 ◦C, did 
not appear due to the fading effect. Thus, the majority of the contribu
tion comes from photons with wavelengths between 480 and 610 nm, 
which corresponds to the experimental TL peaks at 240 and 350 ◦C (as 
shown in Fig. 6 a).

To better resolve the emission centers contributing to the TL spec
trum, Fig. 11(b) shows the TL intensity as a function of wavelength 
recorded at fixed temperatures. The selected temperatures correspond to 
the experimental glow-curve maxima at T = 200, 260, and 380 ◦C, i.e., 
the temperature regions where the TL spectral output is most pro
nounced. As evidenced in Fig. 11(b), the spectrum is dominated by two 
prominent emission bands centered at approximately 530 and 570 nm, 
in agreement with the features previously identified in the TL spectral 
analysis. Additionally, weaker bands near 490 and 610 nm are 
discernible, suggesting the presence of two further radiative recombi
nation (emission) centers with comparatively lower TL yield. The 
overall emission is maximized at T = 260 ◦C. By comparison, the peak 
intensities at 200 and 380 ◦C are on the order of about 20 % of the 
maximum intensity observed at 260 ◦C.

4. Conclusion

XRF analysis of natural prehnite (Ca2Al2Si3O10(OH)2) displays main 
components as SiO2 (43.0 %), Al2O3 (22.3 %), CaO (27.6 %), Fe2O3 
(1.82 %), with a low concentration of MnO (<0.10 %). Heat-treatment 
in prehnite samples at 400 ◦C, 600 ◦C, and 800 ◦C was performed for 
XRD and TL analysis. XRD patterns were analyzed by Rietveld refine
ment for all samples. This analysis reveals the majority phase to be 
Prehnite, characterized by an orthorhombic structure and a P2cm space 
group. Calcite and vaterite phases were detected in heat treatment 
samples. Both phases crystallize in the rhombohedral space group R3c, 
but with distinct lattice parameters. The lattice parameters of both 
Prehnite and Calcite phases decrease upon heat treatment, which 
modifies the local environment of defect centers and, consequently, al
ters their energy gap.

The EPR spectrum of prehnite shows signals from both Fe3+ and 
Mn2+ ions. The line at g = 4.0 corresponds to Fe3+ in distorted octa
hedral coordination, while the six-line pattern near g ≈ 2.00 arises from 
Mn2+ (I = 5/2) due to hyperfine splitting. A weak, broad line over
lapping this region is attributed to Fe3+ ions in sites of higher symmetry.

TL intensity increased by approximately 55 % and 67 % relative to 
the natural sample for prior thermal treatments at 400 ◦C and 600 ◦C (1 

Fig. 9. Activation energies vs. Tstop. The activation energy values range from 
1.07 eV to 1.55 eV, corresponding to different temperature ranges. In the inset, 
the deconvolution of the TL glow curve shows the individual contributions of 
overlapping peaks.

Fig. 10. TL curves of prehnite at different heating rates, showing the shift of 
glow peaks with increasing temperature. In the inset, a plot of ln(Tm/β) as a 
function of the inverse temperature (1/T, in K− 1) was constructed for the sec
ond TL glow peak.
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h), respectively. Consequently, the sample treated at 600 ◦C was selected 
for subsequent analyses, as it shows the highest thermoluminescent 
response. Fading analysis of the prehnite sample irradiation with a 10 
kGy gamma dose has displayed a rapid decrease, losing approximately 
96.83 % of its initial intensity within the first 117 h of storage, for the TL 

peak at 130 ◦C. TL peaks at 240 and 350 ◦C show a gradual decay, with 
nearly 40 % of their initial intensity lost after 5.42 days (130 h), after 
which stabilization was observed. Besides, the prehnite sample was 
irradiated with gamma doses ranging from 100 Gy to 100 kGy, dis
playing TL peaks at about 170, 245, and 325 ◦C. TL response as a 
function of gamma dose exhibits linear, supralinear, sublinear, and 
saturation regimes. Mainly, the 245 and 325 ◦C TL peaks have shown 
linear behavior for 0.1–2 kGy and 0.5–20 kGy, respectively. Beyond this 
dose, a sublinear response is observed, extending up to approximately 
30 kGy, where saturation occurs. These peaks offer better performance 
for the intermediate-high radiation gamma dose for dosimetric 
purposes.

The kinetic parameters of the TL glow peaks were determined using 
the GCD and VHR methods. GCD has revealed the separation into six 
main peaks, each associated with a specific recombination process, 
determined based on the activation energies. Peaks were observed at 
approximately 167, 247.4, 265, 293, and 346 ◦C, with the corresponding 
activation energies of 1.07, 1.22, 1.32, 1.49, and 1.55 eV, respectively. 
The FOM value calculated from the fitting was 2.60 %, indicating good 
agreement between the experimental and calculated data.

TL emission spectra of the sample irradiated with 16 kGy gamma- 
dose revealed a very intense 520 and 570 nm bands and a weak 550 
nm band corresponding to 260 and 400 ◦C TL peaks, respectively. This 
result suggests the presence of two recombination centers that partici
pate in the TL process. The wavelength-dependent TL response 
measured at the main glow-curve maxima (200, 260, and 380 ◦C) is 
primarily characterized by emission bands near 530 and 570 nm. 
Additional weaker features are observed around 490 and 610 nm. The 
highest emission intensity occurs at T = 260 ◦C.
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Table 3 
TL peak position, activation energy (E), frequency factor (s), and tau (τ, yr at 25 ◦C) of the TL peaks of the prehnite sample calculated by the GCD and VHR methods.

Peak Order TL peak (◦C) E (eV) GCD s (s− 1) GCD τ GCD s (s− 1) VHR τ VHR

1 2 167 1.07 4.58x1011 0.085 4.35x1011 0.089
2 1 247.4 1.22 1.35x1011 98.12 1.90x1011 69.9
3 1 265 1.32 4.87x1011 1338 5.43x1011 1200
4 2 293 1.49 3.96x1012 1.23x105 7.56x1012 0.64x105

5 2 346 1.55 7.77x1011 6.48x106 9.55x1011 5.27x106

Fig. 11. 3D graph showing the TL intensity of the prehnite sample as a function 
of temperature and wavelength. The graph displays a very intense 550 nm band 
and a weak 530 nm band. (b) TL intensity as a function of wavelength measured 
at the temperature of TL glow-curve maxima (200, 260, and 380 ◦C).
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