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A B S T R A C T

Terbium-doped NaCa4(BO3)3 phosphors were synthesized by a microwave-assisted sol–gel combustion route and 
their thermoluminescence (TL) properties were investigated under β irradiation. The as-irradiated glow curve 
recorded at IRSL-TL 410 nm displays multiple peaks near 77, 188 and 264 ◦C, indicating the presence of trapping 
centers with different thermal stabilities. TM–Tstop measurements combined with Initial Rise (IR) analysis reveal a 
step-like evolution of activation energies from ~1.0 to ~1.7 eV, indicating a multi-trap system with a quasi- 
continuous distribution of trapping levels. Computerized glow-curve deconvolution (CGCD) further indicates 
that a relatively large number of overlapping components between ~1.0 and ~1.8 eV contribute before thermal 
treatment. After preheating, the glow curve can be reproduced using fewer and deeper components in the 
~1.5–1.8 eV range. A controlled preheating step at 225 ◦C for 7 s acts as a thermal cleaning stage. This step 
suppresses shallow and intermediate traps near 80–190 ◦C while largely preserving the high-temperature peak 
around 260–270 ◦C. Under these optimized conditions, the isolated dosimetric peak exhibits a linear dose 
response from ~1.4 to at least 350 Gy. The response remains close to linear with a slight sublinear behavior 
(b ≈ 0.978), up to 500 Gy based on both peak height and integrated area. Heating-rate-dependent analysis in
dicates that instrumental temperature lag contributes to the apparent shift of the peak maximum; therefore, 
quantitative kinetic parameters were derived from the internally consistent uncorrected VHR analysis. Time- 
resolved storage experiments show a pronounced, non-monotonic TL evolution. The 270 ◦C peak intensity 
first increases by more than an order of magnitude with storage time at room temperature, followed by delayed 
fading at longer times. The peak temperature and shape remain essentially unchanged. This behavior is 
consistent with charge redistribution among shallow, metastable and deeper traps in a competitive multi-trap 
network. Overall, the results indicate that, when a standardized preheating protocol and controlled storage 
conditions are applied, Tb3+-doped NaCa4(BO3)3 provides a stable high-temperature TL peak with wide linearity 
and promising characteristics for medium-to high-dose radiation dosimetry.
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1. Introduction

TL is a luminescence phenomenon in which insulating or semi
conducting materials emit light upon heating after exposure to ionizing 
radiation (Pathan et al., 2022; Yukihara et al., 2022; McKeever, 1985; 
Chen and McKeever, 2011). During irradiation, part of the absorbed 
energy is stored in defect-related trapping centers, and subsequent 
thermal stimulation releases the trapped charge carriers, leading to 
radiative recombination. Within an appropriate dose range, the TL 
signal intensity is directly related to the absorbed radiation dose, 
enabling quantitative dose assessment (Satkar et al., 2021). Owing to 
this property, TL has become a widely used technique in radiation 
dosimetry, with applications in personal and environmental monitoring, 
medical and clinical dosimetry, space dosimetry, high-dose industrial 
processing, and retrospective/archaeological dating. In addition, the TL 
glow curve, representing light intensity as a function of temperature, 
provides valuable information on trapping parameters and the defect 
structure of the material.

Several commercial or well-established TL materials, such as LiF:Mg, 
Ti (TLD-100), LiF:Mg,Cu,P, CaSO4:Dy, Li2B4O7-based phosphors and 
various natural minerals (e.g. calcite, feldspars), have been successfully 
employed over dose ranges from sub-mGy up to hundreds of Gy or even 
kGy levels, often showing linear or quasi-linear dose-response behaviors 
(Jena et al., 2023; Salas-Juárez et al., 2023; Saran et al., 2025; Liuzzi 
et al., 2020; Del Sol Fernández et al., 2016; Bilski, 2002). Nevertheless, 
many commercial TL and optically stimulated luminescence (OSL) do
simeters still suffer from limitations such as signal fading, restricted 
linear dose-response ranges, energy dependence, complex glow-curve 
structures, or limited reusability. These drawbacks motivate the search 
for novel phosphors with improved sensitivity, stability, tissue equiva
lence, and simpler glow-curve structures.

In this context, rare-earth-doped inorganic hosts have attracted 
considerable attention, and borate- and borate-related compounds, in 
particular, have shown promising TL characteristics such as high 
sensitivity, wide or linear dose-response behavior, low fading, and good 
reusability (Anishia et al., 2010, 2011; Jakathamani et al., 2021; Khan 
et al., 2016; Altowyan et al., 2024). Rare-earth-doped borate systems 
such as LiMgBO3:RE, LiSrBO3:RE, BaB2O4:Tb, NaMgBO3:RE, and 
lanthanum borates have been reported with favorable TL glow curves, 
extended linear or quasi-linear dose-response ranges, low fading, and 
good reusability for dosimetric applications (Oza et al., 2022; Jakatha
mani et al., 2018; Joseph et al., 2023; Liu et al., 2005; Oglakci et al., 
2023, 2025) Recent reviews further emphasize the growing interest in 
borate and phosphate based TL materials for in vivo and clinical 
dosimetry, highlighting their chemical stability and generally favorable 
dosimetric performance, including improved energy response for many 
low-Z hosts (McKeever, 1985; Oglakci et al., 2023). It should be noted 
that NaCa4(BO3)3 is a relatively low-to intermediate-Z oxide host, but 
not strictly tissue-equivalent in terms of effective atomic number.Among 
rare earth activators, terbium (Tb3+) has been identified as an efficient 
dopant in various borate hosts, often providing enhanced TL sensitivity 
and suitable glow curve structures for dosimetry (Anishia et al., 2011; 
Liu et al., 2005; Kiran et al., 2025; Reddy et al., 2025). In parallel, 
NaCa4(BO3)3-type borate frameworks have recently been reported as 
chemically stable, low-Z, and structurally flexible hosts for luminescent 
applications. Building on these advances, borate-based hosts of the 
NaCa4(BO3)3 family provide a low-Z, structurally flexible platform for 
Tb3+ incorporation, making them attractive candidates for 
next-generation TL dosimetric materials. These considerations provide 
the motivation for investigating the TL characteristics and dosimetric 
potential of Tb-doped NaCa4(BO3)3 phosphors.

In this work, Tb3+ doped NaCa4(BO3)3 phosphors were synthesized, 
and their TL properties were systematically investigated. To the best of 
our knowledge, this is the first systematic TL and kinetic investigation of 
Tb3+-doped NaCa4(BO3)3 phosphors, demonstrating that, under opti
mized readout conditions, the material exhibits a simplified single-peak 

glow curve, a wide linear dose–response range in the clinically relevant 
regime, and low fading suitable for dosimetric applications. The TL 
behavior was further evaluated through dose–response measurements, 
heating rate dependence, and detailed kinetic analyses, including the 
variable heating rate (VHR) and initial rise methods, TM–TSTOP experi
ments, and glow curve deconvolution, providing insight into the trap
ping and recombination mechanisms of the material.

2. Experiments

2.1. Material preparation and synthesis

Tb3+-doped NaCa4(BO3)3 phosphors were synthesized using a 
microwave-assisted sol–gel combustion technique. This approach was 
adopted due to its ability to yield highly crystalline rare-earth-doped 
borate phosphors at relatively lower synthesis times and temperatures 
compared to conventional solid-state routes (Kiran et al., 2025; Xiang 
et al., 2024). Sodium nitrate (NaNO3), calcium nitrate (Ca(NO3)2), and 
boric acid (H3BO3) of analytical grade were used as starting materials. 
Terbium(III) nitrate (Tb(NO3)3, 99.9%, Sigma-Aldrich) served as the 
dopant source, and the Tb3+ concentration was varied between 0.5 and 
7 wt% with respect to calcium. Urea and glycine were employed as fuel 
agents to facilitate the combustion process.

The precursors were dissolved sequentially in deionized water under 
continuous stirring to form a homogeneous solution. The solution was 
heated at approximately 80 ◦C until a viscous gel was obtained. Mi
crowave irradiation of the gel initiated a rapid combustion reaction, 
yielding a fine precursor powder. The as-prepared powders were sub
sequently calcined at 900 ◦C in air to improve crystallinity and remove 
residual organic species. After cooling to room temperature, the final 
Tb3+-doped NaCa4(BO3)3 phosphors were collected and stored in a 
desiccator prior to characterization.

2.2. Characterization techniques

The phase composition and crystallographic structure of the syn
thesized samples were examined by X-ray diffraction (XRD) analysis. 
Measurements were carried out using a Malvern PANalytical Empyrean 
diffractometer operating with Cu Kα radiation (λ = 1.5406 Å). The 
diffraction patterns were recorded over an appropriate 2θ range of 
10◦–80◦with a fixed step size of 0.02◦, ensuring sufficient angular res
olution for phase identification and structural assessment.

TL measurements were performed using a Lexsyg Smart TL/OSL 
reader (Freiberg Instruments, Germany) located at Bakırçay University. 
The system is equipped with an internal 90Sr/90Y beta radiation source, 
calibrated to deliver a nominal dose rate of approximately 1.436 Gy/s. 
The irradiation doses used for kinetic analyses were selected from the 
calibrated dose range reported in this study. Prior to TL measurements, 
about 20 mg of Tb3+ doped NaCa4(BO3)3 powders were gently ground to 
achieve homogeneity and then pressed into circular pellets with a 
diameter of 6 mm using a manual hydraulic press. Pelletization was 
employed to ensure uniform sample geometry and to improve thermal 
contact between the sample and the heating planchette. Following 
irradiation, TL glow curves were recorded by heating the samples from 
room temperature up to 450 ◦C under a linear heating regime. An initial 
heating rate of 2 ◦C/s was selected for standard glow curve acquisition. 
To evaluate the effect of heating rate on trap kinetics, peak positions, 
and glow curve shape, additional measurements were conducted using 
heating rates ranging from 0.1 ◦C/s to 10 ◦C/s. All TL measurements 
were carried out under a continuous flow of nitrogen gas in order to 
minimize surface oxidation and suppress any parasitic signals arising 
from chemiluminescence. Background correction was systematically 
applied to all glow curves using reference measurements obtained from 
non-irradiated samples under identical experimental conditions. To 
prevent premature thermal or optical stimulation of charge traps prior to 
measurement, irradiated samples were stored in opaque containers and 
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handled under red-light conditions. Furthermore, light homogenization 
of the powder in an agate mortar before pellet pressing was performed to 
enhance reproducibility and reduce signal fluctuations associated with 
non-uniform particle packing.

3. Results and discussions

3.1. X-ray diffraction analysis

The crystal structure and phase composition of the synthesized 

samples were examined by X-ray diffraction (XRD) analysis prior to TL 
measurements. The recorded diffraction patterns confirm that the 
samples are crystalline and do not exhibit any unexpected impurity 
phases beyond those associated with the host material system. Fig. 1
shows the XRD patterns of the synthesized samples together with the 
indexed reflections corresponding to the identified crystalline phases. 
The diffraction peaks were indexed using standard JCPDS reference files 
(JCPDS#98-017-1421 and JCPDS#98-002-3664). The analysis in
dicates that the samples predominantly crystallize in the NaCa4(BO3)3 
host phase, accompanied by a secondary Ca3B2O6 (takedaite) phase. The 

Fig. 1. (a) XRD patterns of Tb-doped NaCa4(BO3)3 phosphors with different Tb3+ concentrations, along with reference patterns (JCPDS#98-002-3664 and 
JCPDS#98-017-1421). All diffraction peaks are well indexed to the NaCa4(BO3)3 phase, with no significant impurity peaks detected, indicating successful phase 
formation and high crystallinity. (b) Rietveld refinement of the XRD patterns for undoped and Tb3+-doped NaCa4(BO3)3 samples. The refinement confirms that the 
samples are predominantly composed of the NaCa4(BO3)3 phase with a secondary Ca3B2O6 (takedaita) phase.
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relative phase fractions were estimated to be approximately 63.7% for 
NaCa4(BO3)3 and 36.3% for Ca3B2O6. The coexistence of these phases 
has been previously reported in rare-earth-doped NaCa4(BO3)3-based 
phosphor systems and is considered characteristic of this material family 
(Shi et al., 2018a).

No noticeable peak shifts, peak splitting, or significant line broad
ening were observed upon doping, suggesting that the incorporation of 
dopant ions does not induce substantial distortion of the host lattice, in 
agreement with reports on structurally stable rare-earth-doped borate 
and oxyborate phosphors (Singh and Singh, 2021; Kumar et al., 2023). 
Similar structural stability upon rare-earth doping has been reported in 
earlier studies on NaCa4(BO3)3 phosphors, indicating that the host lat
tice can accommodate dopant ions without altering its overall phase 
constitution (Shi et al., 2018a, 2018b).

The preservation of the crystalline structure and the dominance of 
the NaCa4(BO3)3 phase provide a reliable structural basis for the inter
pretation of the TL behavior discussed in subsequent sections. In 
particular, the confirmed phase stability ensures that the observed TL 
response can be primarily attributed to trap-related processes rather 
than to crystallographic phase transformations (Li et al., 2022; Kaynar 
et al., 2025). From a crystal-chemical perspective, the incorporation of 
Tb3+ ions into the NaCa4(BO3)3 host lattice is expected to occur pref
erentially at Ca2+ sites due to the closer ionic radius match 
(Ca2+ ≈ 1.00 Å, Tb3+ ≈ 0.923 Å in VIII coordination) compared to Na+

(≈1.18 Å). Substitution of Tb3+ for Ca2+ introduces a charge imbalance 
that can be compensated by the formation of intrinsic defects such as 
cation vacancies or interstitials, which may act as trapping centers.

Although a partial substitution at Na+ sites cannot be completely 
excluded, the combined structural and luminescence results suggest that 
Tb3+ ions are predominantly incorporated into Ca2+ positions. This site 
preference is consistent with previous reports on rare-earth-doped 
borate phosphors, where trivalent activators preferentially occupy 
divalent cation sites with local charge compensation. Such defect- 
assisted charge compensation mechanisms are likely to contribute to 
the formation of trapping centers responsible for the observed thermo
luminescence behavior.

Although a secondary Ca3B2O6 (takedaite) phase is present in a 
noticeable fraction, its contribution to the observed TL response cannot 
be strictly ruled out. However, available structural information and 
comparison with previously reported NaCa4(BO3)3-based phosphor 
systems suggest that the dominant contribution is expected to originate 
from the NaCa4(BO3)3 host lattice. To the authors’ knowledge, no host- 
resolved TL data for Ca3B2O6:Tb under comparable irradiation and 
readout conditions appear to be available in the accessible literature. A 
definitive quantitative separation of phase-specific TL contributions 
would require dedicated comparative samples or selective excitation 
studies, which are beyond the scope of the present work.

To further quantify the phase composition and structural parameters, 
Rietveld refinement was performed for the undoped and Tb3+-doped 
samples, as shown in Fig. 1b. The refinement confirms that the samples 
consist predominantly of the NaCa4(BO3)3 phase with a secondary 
Ca3B2O6 phase. The obtained refinement parameters (χ2, Rp, Rwp) 
indicate good agreement between the experimental and calculated 
patterns, confirming the reliability of the structural model. The presence 
of the secondary phase is attributed to the complex borate chemistry and 
synthesis conditions, and further optimization may be required to ach
ieve phase-pure materials.

3.2. Band-pass filter-assisted thermoluminescence measurements

To investigate the spectral characteristics of the TL emission and to 
evaluate the contribution of different emission bands, TL measurements 
were performed using optical band-pass filters. These measurements 
were carried out on a representative Tb3+-doped NaCa4(BO3)3 sample 
(Tb3+ = 0.5 wt%), selected to provide sufficient TL signal intensity and 
spectral contrast for filter-based analysis. Band-pass filter experiments 

were not conducted for all Tb3+ concentrations, as the aim of this study 
was to obtain a qualitative assessment of wavelength-dependent TL 
sensitivity rather than a systematic concentration-dependent compari
son. The TL signals were recorded using a set of optical filters centered at 
BSL-TL 365 nm, IRSL-TL 410 nm, and IRSL-TL 585 nm, selected to 
isolate specific emission bands while suppressing stimulation light, 
following common TL/OSL filtering strategies (Richter et al., 2015; 
Townsend, 1994; Niyonzima et al., 2024). The corresponding TL glow 
curves recorded with different band-pass filters are shown in Fig. 2. The 
365 nm and 410 nm filters primarily sample the high-energy and blue 
emission components associated with host-related and Tb3+-related 
transitions, respectively; in particular, the IRSL-TL 410 nm filter was 
chosen to selectively probe the blue Tb3+-related emission while mini
mizing thermal background and overlap with the dominant green 
emission, whereas the 585 nm filter targets the dominant visible emis
sion band commonly attributed to Tb3+ centers. This selection enables a 
qualitative comparison of wavelength-dependent TL contributions 
without requiring full spectral resolution. The measurements were 
performed under identical irradiation and heating conditions to ensure a 
reliable comparison between the filtered signals. In order to enhance the 
visibility of intensity variations over a wide dynamic range and to 
facilitate comparison between different spectral channels, the TL glow 
curves were displayed on a logarithmic intensity scale. This represen
tation provides clear analytical advantages in luminescence sensitivity 
analysis, particularly for resolving low-intensity features and over
lapping glow peaks, which aligns with the analytical advantages of 
logarithmic luminescence displays discussed by Can et al. (2025). The 
logarithmic display enables a more effective assessment of relative 
signal contributions across temperature regions that may otherwise be 
obscured in linear-scale representations. The filter-assisted TL mea
surements demonstrate that different spectral components contribute 
unequally to the overall glow curve shape and intensity distribution. 
These observations support the use of band-pass filters combined with 
logarithmic data representation as a practical approach for probing 
wavelength-dependent TL behavior in rare-earth-doped borate phos
phors, in line with previous reports on filter-optimized TL detection.

3.3. Glow peak structure and concentration-dependent 
thermoluminescence response

The TL glow curve of the representative Tb3+-doped NaCa4(BO3)3 
sample recorded under the IRSL-TL 410 nm filter exhibits a multi-peak 

Fig. 2. Logarithmic TL glow curves of a representative Tb3+-doped 
NaCa4(BO3)3 sample (0.5 wt%) recorded using different band-pass filters.
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structure, as shown in Fig. 3a. It should be noted that Rietveld refine
ment indicates the coexistence of a secondary Ca3B2O6 (takedaita) phase 
in addition to the NaCa4(BO3)3 host. All TL measurements were per
formed using a 410 nm detection window, which predominantly probes 
Tb3+-related emission bands. Since Tb3+ ions are preferentially incor
porated into the NaCa4(BO3)3 lattice, the observed TL emission is mainly 
attributed to this phase. However, a minor contribution from the sec
ondary phase cannot be strictly excluded. A rigorous separation of 
phase-specific TL contributions would require dedicated single-phase 
reference samples, which is beyond the scope of this study. Three 
distinct glow peaks are observed at approximately 77 ◦C, 188 ◦C, and 
264 ◦C, indicating the presence of trapping centers with different ther
mal stabilities. The low-temperature peak around 77 ◦C is attributed to 
shallow traps that are thermally unstable, while the peak at about 188 ◦C 
is associated with traps of intermediate depth. The high-temperature 
peak located at approximately 264 ◦C corresponds to deeper and ther
mally more stable traps and is therefore of primary interest for reliable 
TL analysis.

In order to suppress the contributions from shallow and intermediate 
traps and to obtain a simplified TL response dominated by a single, 
stable glow peak, a preheating procedure was applied prior to TL 
readout. The influence of preheating temperature on the TL response 
was systematically investigated while keeping the preheating duration 
fixed at 7 s, and the results are presented in Fig. 3b. The preheating- 
temperature test demonstrates that increasing the preheating tempera
ture effectively removes the low-temperature peak at 77 ◦C and fully 
suppresses the intermediate glow peak at 188 ◦C, whereas the high- 
temperature peak at 264 ◦C remains largely preserved. In the multi- 
peak TL glow curve shown in Fig. 3a, the glow peak around 188 ◦C is 

associated with traps of intermediate depth, which are fully suppressed 
by the applied preheating protocol. This behavior indicates that these 
traps are more sensitive to thermal treatment and therefore less suitable 
for stable and reproducible TL dosimetry. In contrast, the high- 
temperature glow peak at about 264 ◦C is related to deeper and ther
mally more stable traps and is thus considered the primary feature for 
reliable TL analysis. For this reason, in the present work the initial multi- 
peak glow curve is intentionally converted, by means of a controlled 
preheating step, into a simplified response governed by a single and 
well-resolved 264 ◦C peak, improving measurement reproducibility and 
reducing uncertainties in kinetic evaluation. This strategy is consistent 
with common practice in rare-earth-doped TL phosphors, where shallow 
and intermediate peaks are deliberately suppressed and only the stable 
peak in the 260–290 ◦C region is used for dosimetric analysis. The 
suppression of the 188 ◦C peak is motivated by its association with traps 
of intermediate thermal stability, which are more sensitive to thermal 
treatment and less suitable for stable and reproducible TL analysis. Such 
traps are prone to overlap with lower-temperature components and may 
introduce additional uncertainty in subsequent TL evaluations. In 
contrast, the 264 ◦C glow peak exhibits superior thermal stability and 
dominates the TL response after preheating, making it a more reliable 
feature for further analysis. Based on these observations, an appropriate 
preheating temperature was selected to eliminate the contributions of 
the shallow and intermediate traps without significantly affecting the 
high-temperature glow peak. This approach converts the initial multi- 
peak TL structure into a simplified response governed by a single, 
well-resolved glow peak at 264 ◦C, thereby improving measurement 
reproducibility and providing a robust basis for subsequent trap-related 
investigations. A similar preheating strategy, in which low- and 

Fig. 3. (a) TL glow curve of the representative Tb3+-doped NaCa4(BO3)3 sample (0.5 wt%), showing multiple glow peaks associated with shallow, intermediate, and 
deep trapping levels. The presence of well-separated peaks at low (~77 ◦C), intermediate (~188 ◦C), and high (~264 ◦C) temperatures reflects a multi-trap structure 
with different thermal stabilities. (b) Dependence of TL curve area on preheating temperature for a fixed preheating duration of 7 s. (c) Logarithmic TL glow curves 
recorded at 410 nm for different Tb3+ concentrations. The TL intensity increases up to 0.5 wt% Tb3+ and decreases at higher concentrations, indicating concentration 
quenching due to enhanced non-radiative energy transfer between Tb3+ ions.
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intermediate-temperature glow peaks are intentionally removed and a 
single high-temperature dosimetric peak is isolated, has been widely 
employed in rare-earth-doped TL phosphors such as Tb3+-doped LaCa4O 
(BO3)3, LaB3O6:RE3+ and KCaF3:Tb3+, where shallow and intermediate 
traps are suppressed and only the stable peak around 260–290 ◦C is used 
for dosimetric analysis (Reddy et al., 2025; Portakal-Uçar et al., 2023; 
Keskin and İlhan, 2023; Madkhali et al., 2025).

Fig. 3c shows the TL glow curves recorded at 410 nm for different 
Tb3+ concentrations. The TL intensity reaches a maximum at 0.5 wt% 
Tb3+ and decreases at higher dopant concentrations, indicating con
centration quenching. This behavior is characteristic of concentration 
quenching in rare-earth-doped TL and phosphor materials (Başaran 
et al., 2025; Kameshwaran et al., 2023).

At low Tb3+ concentrations, the number of efficient recombination 
centers increases, leading to enhanced TL emission. However, at higher 
dopant concentrations, reduced TL sensitivity is observed due to 
increased Tb3+–Tb3+ interactions, which promote non-radiative energy 
transfer, cross-relaxation, and competitive recombination pathways, as 
commonly reported in Tb3+-activated hosts (Ono et al., 2019; Kadari 
et al., 2013). As a result, a smaller fraction of the released charge carriers 
contributes to radiative recombination during thermal stimulation, 
leading to suppressed TL intensity. Lower Tb3+ concentrations below 
0.5 wt% were not included in the present analysis, as the corresponding 
TL signals were found to be comparatively weak and less suitable for 
reliable filter-assisted and logarithmic-scale evaluation. The selected 

concentration range was sufficient to capture the characteristic trend of 
TL enhancement followed by concentration quenching (Madkhali et al., 
2025; Gieszczyk et al., 2019).

3.4. Dose response and linearity characteristics

The dose-dependent TL behavior of the preheated Tb3+-doped 
NaCa4(BO3)3 sample (0.5 wt%) was investigated to evaluate its dosi
metric response under β irradiation. Fig. 4a presents the TL glow curves 
recorded at 410 nm for irradiation doses ranging from 1.4 Gy to 501 Gy 
after applying a preheating treatment at 225 ◦C for 7 s. With increasing 
irradiation dose, a systematic enhancement in TL intensity is observed, 
while the glow curve shape and the position of the dominant peak at 
approximately 270 ◦C remain unchanged, indicating a stable trap
ping–recombination mechanism over the investigated dose range. The 
invariance of the dosimetric peak position (~264 ◦C) with increasing 
dose, together with the preserved peak shape, is characteristic of an 
effectively first-order–like kinetic regime (i.e., with negligible peak shift 
and minimal change in peak shape over dose), in agreement with pre
vious studies on TL phosphors where non-shifting peaks were associated 
with first-order kinetics (Alajlani et al., 2021; Etefa et al., 2025). From a 
physical standpoint, kinetic simulations based on interactive 
multiple-trap system models indicate that the presence of several 
competing traps and recombination centers drives the main dosimetric 
peak toward a first-order shape and minimizes changes in peak 

Fig. 4. (a) TL glow curves recorded at 410 nm for different β irradiation doses after preheating at 225 ◦C for 7 s. The TL intensity increases with dose while the peak 
position (~264–270 ◦C) remains nearly constant, indicating a stable dominant trapping center; slight broadening at low doses reflects contributions from shallow and 
intermediate traps. (b) Dose response based on the integrated TL curve area plotted on a logarithmic scale. The near-linear behaviour over a wide dose range confirms 
proportional dose dependence. (c) Dose response based on the maximum intensity of the isolated high-temperature glow peak. The agreement with area-based results 
supports the reliability of the peak as a dosimetric parameter.
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temperature with dose (Pagonis and Kitis, 2012; Sadek et al., 2015; 
Pagonis et al., 2006). In such systems, a deep, thermally stable ‘last’ 
trap–recombination center pair dominates the recombination process 
and yields a dose-invariant dosimetric peak (Touliopoulos and Kitis, 
2025). Similar behavior has been observed in rare-earth-doped borate 
and silicate hosts, where deep peaks in the 200–300 ◦C region show 
stable Tm and linear dose response over wide dose ranges, confirming 
their suitability for TL dosimetry (Anishia et al., 2010; Altowyan et al., 
2024; Joseph et al., 2023; Reddy et al., 2025; Alajlani et al., 2021). The 
stable 270 ◦C peak in preheated Tb3+-doped NaCa4(BO3)3 can thus be 
attributed to a deep and thermally robust trapping–recombination sys
tem operating under effectively first–order–like conditions.

To quantify the dose response, two evaluation parameters were 
considered: the integrated TL curve area and the maximum intensity of 
the isolated high-temperature glow peak. Fig. 4b shows the dose 
dependence of the integrated TL curve area plotted on a logarithmic 
scale and fitted using a power-law relation I = aDb. The fitted b-values 
obtained for two different dose intervals (1.4–50.1 Gy and 
1.4–350.7 Gy) are found to be close to unity, demonstrating an 
approximately linear relationship between the integrated TL signal and 
the absorbed dose across these ranges. Fig. 4c displays the dose response 
derived from the maximum intensity of the 270 ◦C glow peak, which is 
regarded as the primary dosimetric parameter due to its association with 
deep and thermally stable traps. The peak-intensity-based dose response 
also follows a power-law behaviour with b-values very close to 1 for 
both evaluated dose intervals (1.4–50.1 Gy and 1.4–501 Gy), accom
panied by high correlation coefficients. This confirms a linear TL 
response over a wide dose range and indicates that no significant 
supralinearity or saturation effects are present within the investigated 
doses.

Overall, the consistency of b-values close to unity obtained over low- 
to-intermediate and extended dose intervals provides strong evidence 
for a linear dose response behavior. This linearity, combined with the 
stability of the isolated high-temperature glow peak, highlights the 
suitability of the preheated Tb3+-doped NaCa4(BO3)3 phosphor for 
reliable TL dosimetric applications over a broad dose range.

3.5. Readout reproducibility and signal stability

The reproducibility and stability of the TL response were evaluated 
through successive readout cycles using the preheated Tb3+-doped 
NaCa4(BO3)3 sample (0.5 wt%). TL measurements were performed at 
410 nm following a preheating treatment at 225 ◦C for 7 s, and the glow 
curves obtained from ten consecutive readout cycles are presented in 
Fig. 5a. The nearly overlapping glow curves demonstrate that repeated 
TL readout does not induce noticeable changes in the glow curve shape 
or peak position, indicating stable trap emptying and readout conditions 
(Oglakci et al., 2025; Guo et al., 2023).

For the reproducibility measurements, TL readouts were performed 
sequentially after β irradiation without intentionally imposing a fixed 
waiting time. However, due to the experimental procedure, the delay 
between irradiation and readout remained short and approximately 
consistent for all cycles, corresponding effectively to the early-time 
regime of the TL signal evolution.To quantitatively assess reproduc
ibility, the maximum intensity of the isolated high-temperature glow 
peak was normalized to the first readout and plotted as a function of 
readout order, as shown in Fig. 5b. The normalized peak intensities 
remain close to unity throughout successive readouts, with all data 
points lying within the 95% confidence interval (Ngoc et al., 2025). This 
behavior confirms that the peak intensity exhibits high repeatability and 

Fig. 5. (a) TL glow curves recorded at 410 nm for successive readout cycles after preheating at 225 ◦C for 7 s. The overall glow curve shape and peak position remain 
nearly unchanged over repeated cycles, indicating good reproducibility and thermal stability of the trapping system. (b) Normalized maximum glow peak intensity as 
a function of readout order. The small variation in intensity demonstrates stable signal retention with minimal degradation upon reuse. (c) Normalized integrated TL 
curve area as a function of readout order. The consistent response confirms the reusability of the material for repeated TL measurements.
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that no significant signal degradation or sensitivity loss occurs during 
repeated TL measurements (Anishia et al., 2011). It should be noted that 
the reproducibility test reflects measurements performed under com
parable short-delay conditions, prior to the onset of the pronounced 
time-dependent TL enhancement and delayed fading discussed in Sec
tion 5.In addition, the reproducibility of the TL response was examined 
using the normalized integrated TL curve area, presented in Fig. 5c. 
Similar to the peak-intensity analysis, the normalized TL curve area 
shows minimal variation with readout order and remains within the 
statistical confidence limits. The agreement between the peak-based and 
area-based evaluations further confirms the robustness of the TL readout 
process.

Overall, the excellent agreement observed for both the maximum 
glow peak intensity and the integrated TL curve area demonstrates that 
the preheated Tb3+-doped NaCa4(BO3)3 phosphor exhibits stable and 
repeatable TL readout behavior over successive cycles, comparable to 
established dosimetric phosphors (Oglakci et al., 2023, 2025; Ngoc 
et al., 2025). This high readout stability is essential for reliable TL 
dosimetric applications, particularly in repeated measurement, routine 
quality control, or calibration scenarios.

3.6. Effect of heating rate on TL glow peak characteristics

The influence of heating rate on the TL response of the preheated 
Tb3+-doped NaCa4(BO3)3 sample (0.5 wt%) was investigated to assess 
the kinetic stability and dosimetric reliability of the isolated high- 
temperature glow peak. TL glow curves were recorded at heating rates 
ranging from 0.1 to 10 ◦C s− 1 after applying a preheating treatment at 
225 ◦C for 7 s, as shown in Fig. 6a.

With increasing heating rate, the position of the dominant glow peak 
shifts systematically toward higher temperatures and the peak becomes 
progressively broader, in agreement with classical TL behaviour re
ported for many phosphors (Ahadova, 2024; Mammadov et al., 2024). 
Such behavior is characteristic of thermally stimulated processes and 
reflects the finite time available for charge carrier release and recom
bination at higher heating rates. Importantly, the overall glow curve 
shape remains well defined across the investigated heating rates, indi
cating that the TL response is governed by a single, kinetically stable 
trapping–recombination system rather than strongly overlapping peaks.

To further quantify the effect of heating rate, the normalized values 
of the peak temperature (Tm), maximum intensity (Im), full width at half 
maximum (FWHM), and integrated TL curve area were evaluated, as 
presented in Fig. 6b. The peak temperature and FWHM increase 
monotonically with heating rate, whereas the normalized peak intensity 

Fig. 6. Heating-rate effects on the isolated TL glow peak: (a) glow curves, showing a systematic shift of the peak towards higher temperatures with increasing heating 
rate, (b) normalized peak parameters, indicating changes in intensity and peak width due to thermal and kinetic effects, and (c) temperature-lag correction of Tm, 
demonstrating that the apparent peak shift is largely associated with thermal lag under fixed experimental conditions.
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and TL curve area exhibit a systematic decrease, consistent with thermal 
quenching and intensity redistribution over a broader temperature in
terval (Kalita and Chithambo, 2017). This trend is consistent with 
classical TL kinetics and arises from the redistribution of emitted in
tensity over a broader temperature range at higher heating rates.

The observed heating-rate-dependent behavior supports the inter
pretation that the isolated high-temperature glow peak originates from 
deep and thermally stable traps and follows well-established TL kinetic 
principles. These results further confirm the suitability of the selected 
glow peak for reliable TL analysis and dosimetric evaluation under 
varying experimental conditions.

To account for the apparent shift of the glow peak temperature with 
increasing heating rate, the temperature lag effect was evaluated using a 
standard logarithmic correction approach (Delice, 2018; Kitis and Tuyn, 
1998). The corrected peak temperature Tmj corresponding to a heating 
rate βj was calculated relative to a reference heating rate βi according to 
the relation: 

Tmj =Tmi −
Tm2 − Tm1

ln
(

β2
β1

) ln

(
βi

βj

)

(1) 

As shown in Fig. 6c, the corrected Tm values exhibit a significantly 
reduced dependence on heating rate compared to the uncorrected data, 
indicating that a substantial part of the observed peak shift arises from 
temperature lag rather than changes in trap kinetics. This correction 
demonstrates that the activation parameters of the high-temperature 
peak are effectively independent of heating rate, confirming the ki
netic stability of the isolated trap and supporting its suitability for 
reliable TL analysis and dosimetric evaluation under varying readout 
conditions.

4. Kinetic parameters

4.1. Determination of kinetic parameters using heating-rate-based 
methods

The kinetic parameters associated with the dominant TL peak of 
NaCa4(BO3)3:Tb were evaluated using heating-rate-based methods, 
namely the Hoogenstraaten variable heating rate (VHR) method and the 
Booth–Bohun–Parfianovitch (BBP) method. Using these two approaches 
in parallel allows a cross-check of the activation energy obtained from a 
global regression (VHR) with pairwise estimates (BBP), which is now 
common practice in TL kinetic analysis. These approaches, although 
introduced several decades ago, remain widely employed for the esti
mation of activation energy (E) and frequency factor (s) from the 
dependence of the glow peak temperature on the heating rate, and 
continue to provide reliable kinetic information in contemporary TL 
studies. The Hoogenstraaten VHR method is based on the analysis of the 
relationship between the peak temperature (Tm) and the heating rate 
(β), assuming first-order or quasi-first-order kinetics. By plotting ln 
(Tm2/β) as a function of 1/(kBTm), a linear relationship is obtained, 
from which the activation energy (E) is determined from the slope and 
the frequency factor (s) from the intercept. (Hoogenstraaten). The 
mathematical relations employed in this method have been described in 
detail in our previous studies (Coban et al., 2025). This method has been 
successfully applied in numerous TL investigations and is particularly 
useful when a single dominant glow peak can be clearly identified and 
separated from shallow components by an appropriate preheat protocol.

Fig. 7 illustrates representative VHR plots constructed using both 
uncorrected and temperature-lag-effect (TLA)-corrected peak tempera
tures. In both cases, a high degree of linearity is observed, indicating 
that the heating-rate dependence of the peak temperature is well 
described by the Hoogenstraaten formalism. However, correction for 
temperature lag following a logarithmic scheme similar to Delice (2018)
reduces the apparent shift of Tm with β and tightens the regression, 

leading to more robust values of E and s. In particular, the use of 
TLA-corrected Tm values leads to improve linear fits and reduced scatter, 
showing that a significant part of the raw Tm shift arises from instru
mental lag rather than genuine kinetic changes. In parallel, the Boot
h–Bohun–Parfianovitch method was employed as an independent means 
of estimating the activation energy. This approach utilizes pairs of 
heating rates and their corresponding peak temperatures and is 
expressed by the well-known BBP equation, which relates E to the log
arithmic ratio of heating rates and peak temperatures. The BBP method 
has historically played an important role in TL kinetic analysis (Booth, 
1954; Bohun, 1954; Parfianovitch, 1954) and remains valuable today 
mainly as a cross-validation tool for regression-based methods such as 
VHR, especially when only a limited set of heating rates is available. 
Activation energies derived from the BBP analysis for different 
heating-rate pairs are summarized in Table 1, together with the corre
sponding values obtained from the Hoogenstraaten method. Activation 
energies derived from the BBP analysis for different heating-rate pairs 
are summarized in Table 1, together with the corresponding values 
obtained from the Hoogenstraaten method. For the uncorrected dataset, 
the VHR parameters (E = 1.80 ± 0.04 eV, s = 6.01 × 1015 s− 1) are 
internally consistent with the first-order peak-maximum condition 
within the expected uncertainty range, and therefore provide the most 
reliable effective kinetic description of the dominant TL peak. In 

Fig. 7. Representative plots used for the determination of kinetic parameters 
by the Hoogenstraaten variable heating rate (VHR) method, constructed using 
uncorrected and thermal-lag–corrected peak temperatures (Tm).

Table 1 
Activation energies (E) and frequency factors (s) obtained using the Boot
h–Bohun–Parfianovitch (BBP) and Hoogenstraaten (VHR) methods for uncor
rected and thermal-lag–corrected peak temperatures at different heating rates.

β (◦C/s) Maximum 1

UnCorrecred Corrected

0.2 2.09 2.09 Booth-Bohun-Parfianovitch 
Method0.5 2.01 2.14

1 1.94 2.17
2 1.93 2.19
4 1.91 2.23
5 1.88 2.24
10 1.77 2.27
Average E (eV) 1.93 ± 0.1 2.19 ± 0.06

E (eV) 
(0.2–10 ◦C/s)

1.80 ± 0.04 2.26 ± 0.02 Hoogenstraaten's Method

s (s¡1) 6.01x1015 2.65x1011
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contrast, the parameter combination obtained after applying the 
temperature-lag correction (E = 2.26 ± 0.02 eV, s = 2.65 × 1011 s− 1) 
does not satisfy the first-order maximum condition for the experimental 
Tm and β values, indicating that the correction overcompensates the 
apparent peak shift. This interpretation is further supported by the 
monotonic increase of BBP-derived activation energies with heating rate 
in the corrected dataset, which is not expected for an isolated first-order 
peak. Therefore, the temperature-lag-corrected kinetic parameters are 
retained only for qualitative illustration of the instrumental lag effect 
and are not used for further quantitative kinetic interpretation. For both 
uncorrected and corrected datasets, the BBP-derived activation energies 
exhibit good internal consistency and are in reasonable agreement with 
those obtained from the VHR analysis, yielding effective activation en
ergies in the range of approximately ~1.9 eV (uncorrected) to 
~2.2–2.3 eV (corrected). Notably, the corrected values display a 
reduced spread (e.g., ±0.06 eV compared to ±0.10 eV for the uncor
rected case), indicating that thermal lag correction improves the 
robustness and internal consistency of the extracted kinetic parameters.

The frequency factors calculated using the Hoogenstraaten method 
are also listed in Table 1. As commonly observed in TL studies, the 
values of s are sensitive to both the assumed kinetic model and the ac
curacy of the peak temperature determination. Nevertheless, the TLA- 
corrected dataset yields frequency factors in the range s ≈ 1011–1015 

s− 1, which falls within a physically reasonable interval for deep, dosi
metric TL peaks in oxide and borate hosts and is comparable to values 
reported for other rare-earth-doped borate phosphors. This agreement in 
the order of magnitude of s further supports the physical plausibility of 
the derived kinetic parameters.

It is important to emphasize that, given the complexity of the glow 
curve and the possibility of multiple contributing traps, the kinetic pa
rameters obtained in this section should be regarded as effective pa
rameters associated with the dominant TL peak, rather than as 
descriptors of individual trapping levels. This interpretation is consistent 
with modern multi-trap models (e.g. interactive multiple-trap system 
and competition-based approaches), which show that a composite trap 
network can still produce an apparently first-order-like peak with well- 
defined effective E and s. A more detailed discussion of the underlying 
trap structure and its implications, based on TM-Tstop, Initial Rise, and 
deconvolution analyses, is presented in the subsequent sections.

Overall, the combined use of the Hoogenstraaten and Boot
h–Bohun–Parfianovitch methods provides a consistent and mutually 
cross-validated quantitative description of the kinetic behavior of the 
main TL peak in NaCa4(BO3)3:Tb. The convergence of E values from both 
heating-rate-based approaches, together with the improvement after 
temperature-lag correction, supports the reliability of the extracted 
activation energies and frequency factors and establishes a solid foun
dation for the more detailed trap-structure analysis that follows.

It should also be noted that in the presence of unresolved overlapping 
components, heating-rate-based methods may yield activation energies 
that reflect the dominant rate-controlling sub-component rather than a 
single isolated trapping level.

4.2. TM–Tstop and Initial Rise analysis: effect of preheating on trap 
structure

To further elucidate the trap structure responsible for the complex, 
multi-component TL behavior of NaCa4(BO3)3:Tb, the TM–Tstop tech
nique combined with the Initial Rise (IR) method was employed. This 
combined protocol is widely used to resolve overlapping TL peaks and to 
estimate activation energies even when the glow curve is broad or 
composite (Alajlani et al., 2021; Sadek et al., 2015; Benavente et al., 
2020; Gavhane et al., 2020). Such methods are particularly valuable in 
rare-earth-doped borate and silicate phosphors, where several trapping 
levels frequently contribute to nominally single glow peaks (Oglakci 
et al., 2023; Sonsuz et al., 2022). In the present case, the joint 
TM–Tstop–IR analysis already suggests that NaCa4(BO3)3:Tb does not 

behave as a simple single-trap system, but rather exhibits a 
quasi-continuous or closely spaced distribution of trapping levels, in line 
with earlier reports on complex defect landscapes in rare-earth-activated 
borates and silicates (e.g., TL analyses of multi trap systems in borate 
matrices and continuous trap distributions in YAl3(BO3)4:Sm3+ and 
LaCa4O(BO3)3:Tb3+) (Madkhali et al., 2025; Altowyan et al., 2023).

Fig. 8a shows the TL glow curves obtained using the TM–Tstop pro
tocol without any preheating treatment. A progressive evolution of the 
glow curve shape is observed as the stopping temperature (Tstop) in
creases, indicating the presence of multiple overlapping TL components 
rather than a single discrete peak. The corresponding TM versus Tstop 
plot (Fig. 8b) reveals a continuous upward shift of the glow peak 
maximum with increasing Tstop. This systematic TM shift is fully 
consistent with the classical TM–Tstop behavior predicted for overlapping 
first-order peaks, as described in McKeever's foundational treatment of 
TL kinetics (McKeever, 1980). In such systems, progressive emptying of 
shallower traps at successive Tstop values leads to preferential observa
tion of deeper components, causing TM to move steadily to higher 
temperatures. The behavior observed in Fig. 8b therefore provides 
strong evidence for a hierarchy of traps with different thermal stabilities 
that compete for charge carriers. Such behavior is characteristic of a 
quasi-continuous or closely spaced distribution of trapping levels, sug
gesting that charge storage in this material is governed by a complex 
defect landscape similar to that interfered for LaBO3:Eu3+, YAl3(BO3)4: 
Sm3+ and Li2B4O7:Cu,Ag (Benavente et al., 2020; Sonsuz et al., 2022; 
Altowyan et al., 2023).

To gain further insight into the energetic structure of these traps, the 
Initial Rise method was applied to the partial glow curves extracted from 
the TM–Tstop measurements. The resulting activation energies as a 
function of Tstop are presented in Fig. 8c. In the absence of preheating, 
the estimated trap depths exhibit a step-like progression, allowing the 
identification of multiple trapping components distributed over a wide 
energy range, spanning approximately 0.9–1.1 eV for shallow traps, 
1.2–1.4 eV for intermediate components, and extending up to 
~1.6–1.7 eV for deeper trapping states. The step-like evolution was 
segmented into 13 plateaus by grouping consecutive IR-derived activa
tion energies that fall within their typical uncertainty range 
(ΔEIR ≈ ±0.05–0.08 eV) and do not exhibit a systematic trend with 
increasing Tstop. Individual error bars are not shown to maintain figure 
readability; however, the quoted uncertainty range reflects the typical 
fitting variability of the IR method under these conditions. It should also 
be noted that some adjacent plateaus are nearly indistinguishable within 
these uncertainty margins. Therefore, the step-like representation 
should be interpreted as a convenient visualization of a quasi- 
continuous distribution of trapping levels rather than as evidence for 
sharply separated discrete levels. Such ‘energy staircase’ behavior in IR- 
derived activation energies, involving discrete increases from shallow 
(~1.0 eV) to deeper (~1.6 eV) traps, has been reported in other borate- 
based dosimetric materials and is typically interpreted as a signature of a 
multi-trap–single-luminescence-center (MTSLC) system, where one 
dominant recombination center is coupled to several distinct trapping 
groups. In NaCa4(BO3)3:Tb, the combined experimental results are 
consistent with Tb3+ acting as the primary recombination center, while 
a distributed set of intrinsic defects (e.g., cation vacancies and borate 
network defects) and extrinsic defects provides the trapping sites, in line 
with interpretations reported for rare-earth-doped borates and alumi
nates based on combined IR and glow-curve deconvolution analyses. For 
each partial glow curve, the Initial Rise (IR) fits were restricted to the 
low-temperature leading edge, corresponding to approximately the first 
10–15% of the maximum TL intensity for the respective Tstop value. 
This range is consistent with the standard validity domain of the IR 
method. Because the glow curve consists of multiple overlapping com
ponents, the selected initial-rise region at a given Tstop may still include 
minor contributions from preceding peaks. Therefore, the IR-derived 
activation energies should be regarded as effective values representing 
groups of nearby traps rather than strictly isolated trapping levels. 
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Because the glow curve consists of multiple overlapping components, 
the selected initial-rise region at a given Tstop may still include minor 
contributions from preceding peaks. Therefore, the IR-derived activa
tion energies should be regarded as effective values representing groups 
of nearby traps rather than strictly isolated trapping levels.This behavior 
confirms that the apparent single dominant glow peak is, in fact, 
composed of several overlapping contributions with different thermal 
stabilities. Taken together with the TM–Tstop evolution, the IR results 
strongly support the view that NaCa4(BO3)3:Tb possesses a quasi- 
continuous trap distribution rather than well-separated, isolated 
levels, which is consistent with contemporary models of defect clus
tering and charge-compensating complexes in complex borate hosts and 

with continuous trap-depth ranges reported for Y2MgTiO6:Tm3+,Dy3+

(Wang et al., 2025).
In order to suppress the influence of shallow traps and clarify the 

contribution of deeper trapping states, an additional set of TM–Tstop 
measurements was performed after applying a suitable preheating 
treatment. The corresponding activation energies derived from the IR 
analysis are shown in Fig. 8d. Compared to the non-preheated case, the 
preheated sample exhibits a reduced number of energetically distinct 
components, with clearer separation between individual trap groups, 
and activation energies predominantly confined to a deeper range of 
approximately 1.4–1.7 eV, while shallow traps below ~1.1 eV are 
strongly suppressed or no longer detectable. This indicates that 

Fig. 8. (a) TL glow curves obtained using the TM–Tstop technique without preheating, recorded at different stopping temperatures (Tstop), showing the evolution of 
the glow curve shape and intensity. (b) Corresponding TM versus Tstop plot derived from the data in (a), indicating a continuous shift of the glow peak maximum with 
increasing Tstop. (c) Activation energies determined by the Initial Rise (IR) method as a function of Tstop for the non-preheated sample, revealing multiple overlapping 
trapping components. (d) Activation energies obtained from IR analysis after preheating, showing a reduced number of energetically distinct trapping levels and 
improved separation of deeper traps.
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preheating effectively removes unstable shallow traps, thereby 
enhancing the visibility of deeper and more thermally stable trapping 
levels. This kind of thermal cleaning behavior is in good agreement with 
observations in other Tb- or Eu-doped borate and aluminate phosphors, 
where controlled preheating has been used to suppress fast-fading 
components and to isolate more dosimetrically useful, thermally 
robust peaks (see, for example, recent TL studies on rare-earth-doped 
borate dosimeters that optimize preheat conditions for stabilizing the 
main dosimetric peak).

The comparison between non-preheated and preheated TM–Tstop 
runs in NaCa4(BO3)3:Tb is therefore physically very informative. 
Removal of shallow, metastable traps (with activation energies below 
~1.1 eV) simplifies the effective trap spectrum and isolates a smaller 
number of deeper components (predominantly above ~1.4 eV), as 
directly evidenced by the IR-derived activation energies shown in Fig. 8c 
and d. This trend is consistent with the depletion of thermally unstable 
levels responsible for rapid fading or delayed charge transfer. Similar 
protocol-dependent simplifications of glow-curve structure have been 
documented in commercial dosimetric materials such as LiF:Mg,Ti and 
LiF:Mg,Cu,P, where a preheat stage is routinely implemented to clean 
unstable traps before reading the main peak (see, e.g., recent optimi
zation studies on LiF-based TL dosimeters for medical and environ
mental dosimetry) and in model analyses of competing deep and shallow 
traps in persistent phosphors (Pagonis and Kitis, 2012; Van der Heggen 
et al., 2020).

The comparison between preheated and non-preheated conditions 
demonstrates that the TL response of NaCa4(BO3)3:Tb is strongly influ
enced by shallow, metastable traps that contribute to the overall glow 
curve complexity. The presence of these traps is consistent with the 
previously observed anomalous time-dependent TL enhancement, as 
such metastable states can participate in delayed charge redistribution 
processes prior to TL readout. The TM–Tstop and IR analyses therefore 
provide independent experimental evidence supporting a multi-trap 
system with significant trap competition and redistribution dynamics. 
From a physical point of view, this implies that charge carriers initially 
stored in shallow traps can thermally migrate to deeper, more stable 
traps during storage, leading to post-irradiation TL build-up (anti- 
fading) and non-monotonic fading curves, phenomena that have been 
systematically discussed in the context of complex trap networks and 
thermally assisted charge transfer in TL phosphors.

Overall, the combined TM–Tstop and Initial Rise analyses confirm that 
the TL glow curve of NaCa4(BO3)3:Tb arises from multiple overlapping 
trapping levels with varying thermal stabilities. This multi-trap archi
tecture has two important and partly opposing dosimetric implications. 
On one hand, metastable shallow traps can induce time-dependent 
signal evolution and complicate straightforward dose reconstruction. 
On the other hand, the deeper, thermally robust traps isolated after an 
appropriate preheating protocol may offer a stable dosimetric signal, 
provided that the readout procedure explicitly includes a standardized 
preheat stage to empty unstable levels. This kind of “protocol-engi
neered” stabilization of the main dosimetric peak is fully consistent with 
best practices in modern TL dosimetry and aligns well with McKeever's 
theoretical framework for analyzing and optimizing composite glow 
curves in multi-trap systems. The combined TM–Tstop and IR analyses 
support a multi-trap single-luminescence-center (MTSLC) scenario, in 
which multiple trapping levels feed a dominant recombination center. In 
this framework, each individual CGCD component can be interpreted as 
an effective one-trap–one-recombination-center (OTOR-type) contribu
tion with near-first-order kinetics, embedded within a competitive 
multi-trap network. Accordingly, the use of the GOK formalism should 
be regarded primarily as a numerical fitting tool for representing peak 
shapes, rather than as evidence for genuine general-order kinetics.In 
summary, the TM–Tstop and IR results for NaCa4(BO3)3:Tb are in good 
agreement with the current understanding of complex trap systems in 
rare-earth-activated borate phosphors: they point to a quasi-continuous 
trap spectrum coupled to a single dominant recombination center, 

strong trap competition and charge redistribution, and a decisive role of 
shallow metastable traps in governing fading, anti-fading, and the 
overall dosimetric performance of the material.

4.3. Computerized glow curve deconvolution (CGCD) analysis

In TL materials, overlapping glow peaks commonly arise from the 
presence of multiple trapping levels, making conventional peak position 
analysis inadequate. To separate the individual components contrib
uting to the TL glow curves of NaCa4(BO3)3:Tb, computerized glow 
curve deconvolution (CGCD) was employed, allowing the composite 
signal to be resolved into constituent peaks associated with distinct 
trapping levels.

In the present work, the CGCD analysis was performed using the tgcd 
package implemented in the R statistical computing environment, an 
open-source software specifically developed for TL glow curve analysis. 
The deconvolution procedure was carried out assuming general-order 
kinetics (GOK), which provides sufficient flexibility to describe TL 
peaks that deviate from ideal first- or second-order behavior. The 
analytical expression used to model the individual glow peaks is given 
by Eq. (2) (Peng et al., 2016): 

I(T)= Im exp
(

E
kT2

m
(T − Tm)

)[
1
b
+

b − 1
b

exp
(

E
kT2

m
(T − Tm)

)]− b
b− 1

(2) 

where Im and Tm denote the maximum intensity and peak temperature, 
respectively, E is the activation energy, b is the kinetic order, and k is the 
Boltzmann constant. Equation (2) represents a commonly used simpli
fied form of the general-order kinetics (GOK) expression derived from 
the full Kitis–Gómez-Ros–Tuyn formalism (Kitis et al., 1998), in which 
correction factors such as Δ = 2 kT/E and Zm = 1 + (b − 1) Δm are 
neglected. This simplification introduces a systematic bias, particularly 
for low-temperature and low-activation-energy peaks where the term 
2kTm/E is not negligible. In the present work, Eq. (2) is employed as a 
practical and widely used shape function for phenomenological glow 
curve deconvolution. Therefore, the extracted kinetic parameters should 
be regarded as effective values with method-dependent systematic un
certainties, especially for shallow trapping components. The use of the 
full formalism would be expected to slightly modify the extracted pa
rameters for low-temperature peaks but would not alter the overall 
interpretation of a multi-trap system.

Computerized glow curve deconvolution was applied in conjunction 
with the E versus Tstop analysis in order to examine the effect of pre
heating on the effective glow curve structure. The results obtained 
before preheating are presented in Fig. 9a, which shows the evolution of 
activation energy as a function of Tstop, together with the corresponding 
CGCD fit of the TL glow curve in Fig. 9b. In this case, an adequate 
reproduction of the experimental glow curve requires a relatively large 
number of individual components, reflecting a complex superposition of 
trapping levels. The deconvolution results summarized in Table 2 indi
cate that the activation energies are broadly distributed, spanning 
approximately ~1.0 to ~1.8 eV, with more than ten partially over
lapping peak components contributing to the overall TL emission.

After applying the preheating treatment, a markedly different 
behavior is observed. The post-preheating E versus Tstop results shown in 
Fig. 9c, together with the corresponding CGCD analysis in Fig. 9d, reveal 
a substantially simplified glow curve structure. In this case, the TL glow 
curve can be satisfactorily described using a much smaller number of 
components. As summarized in Table 3, the extracted activation en
ergies after preheating are predominantly confined to a narrower and 
deeper range, typically between ~1.5 and ~1.8 eV, with only a few well- 
resolved peaks required to reproduce the experimental data. The acti
vation energy ranges obtained from TM–Tstop/IR and CGCD analyses are 
mutually consistent within the expected methodological uncertainties.

The CGCD fits yield kinetic orders in the narrow range b ≈ 1.01–1.17 
for all components before and after preheating (Tables 2 and 3), 
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indicating effectively first-order-like behavior of the resolved peaks. In 
this quasi-first-order regime, the χ2 surface becomes relatively flat along 
the b-direction and the kinetic order is not tightly constrained by the 
data. Consequently, the parameter b should be regarded as a weakly 
determined shape parameter rather than an independently meaningful 
kinetic observable. Test fits performed using pure first-order kinetics 
(b = 1) for all components produced FOM values and residuals compa
rable to those of the GOK fits, indicating that allowing b to vary does not 
significantly improve the fit quality. Therefore, the deconvoluted peaks 
can be effectively treated as first-order components. This is also 

consistent with the measured symmetry factors (μ ≈ 0.40–0.43), which 
are characteristic of first-order TL peaks.

The quality of the deconvolution in both cases was evaluated using 
the figure-of-merit (FOM) values and residual analysis, confirming that 
the fitted curves provide a satisfactory representation of the measured 
TL glow curves. The comparison between Fig. 9b and d clearly demon
strates that preheating suppresses shallow and thermally unstable 
components, leading to a reduction in peak overlap and improved sep
aration of the remaining trapping levels. The number of deconvolution 
components was determined using a combined approach based on 

Fig. 9. (a) Activation energy (E) as a function of stopping temperature (Tstop) before preheating, showing a continuous distribution of trap energies associated with 
shallow and intermediate traps. (b) Corresponding CGCD analysis of the TL glow curve before preheating, revealing multiple overlapping components. (c) Activation 
energy (E) versus Tstop after preheating, indicating the suppression of shallow traps and the dominance of deeper trapping levels. (d) CGCD analysis of the TL glow 
curve after preheating, showing a reduced number of components and a simplified trap structure dominated by thermally stable traps.
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guidance from TM–Tstop and IR analyses, together with iterative fitting 
using FOM minimization and residual evaluation to ensure physically 
meaningful results and to avoid overfitting.

In the pre-preheating case, an adequate reproduction of the experi
mental glow curve required 13 GOK components, yielding a FOM value 
of 2.91%. We note that such a large number of free parameters implies 
that the solution is not mathematically unique. In this work, the number 
of components was guided by independent TM–Tstop and Initial Rise 
analyses and was increased iteratively until the FOM reached a stable 
plateau and the residuals no longer exhibited systematic structure. Fits 
using fewer components resulted in structured residuals and signifi
cantly higher FOM values (>~5%), indicating underfitting of the 
strongly overlapping glow peaks. Therefore, the 13-component solution 
is used here as a phenomenological description of a complex multi-trap 
system rather than as evidence for 13 discrete trapping levels. A rigorous 
model selection using information criteria (e.g., AIC, BIC) and a sys
tematic exploration of alternative kinetic models, as well as metrological 
uncertainty quantification (including covariance propagation and 
Monte Carlo validation), have recently been emphasized in open-source 
TL analysis frameworks (Romero et al., 2026). Such a comprehensive 
analysis is beyond the scope of the present study and will be addressed in 
future work.

It should be emphasized that the CGCD results presented here pro
vide an effective, phenomenological description of the glow curve 
structure under different thermal histories, rather than one-to-one rep
resentations of individual physical traps. A more detailed physical 
interpretation of the extracted activation energies and their correlation 
with the underlying trap distribution, including their relationship with 
the TM–Tstop and Initial Rise analyses, is discussed in the subsequent 
sections. Although the CGCD peaks should be regarded as effective, 
phenomenological components rather than one-to-one representations 
of individual traps, and mechanisms such as trap–center competition, 
tunneling-mediated charge transfer, and interactions with deep or non- 
radiative competitors may also modulate the apparent glow-curve 
structure; the combined TM–Tstop/IR and CGCD results consistently 
indicate that the dominant effect of the preheating protocol is the 
thermal cleaning of shallow, metastable traps and the isolation of a 
smaller set of deeper, dosimetrically useful levels. Nevertheless, the 
present CGCD analysis clearly shows that preheating has a pronounced 
impact on the effective glow curve composition of NaCa4(BO3)3:Tb, 

highlighting the important role of shallow, metastable traps in govern
ing the complexity of the TL response prior to thermal treatment. In this 
context, it is important to note that the activation energies obtained 
from heating-rate-based methods and those derived from CGCD analysis 
are not expected to coincide quantitatively, as they probe different as
pects of the TL process.

The Hoogenstraaten VHR and BBP methods yield effective activation 
energies around ~1.8–2.3 eV for the main TL peak, whereas the domi
nant CGCD components in the 260–280 ◦C region are centered around 
~1.58–1.63 eV. This discrepancy indicates that the apparent single 
dosimetric peak is not strictly isolated but remains composite, consisting 
of unresolved overlapping components and a distributed trap spectrum.

In such multi-trap systems, the fundamental assumption of an iso
lated peak inherent to VHR and BBP methods is not fully satisfied. As a 
result, heating-rate-based methods are biased toward the deepest and 
most slowly emptying sub-component that controls the Tm–β shift, 
whereas CGCD reflects the intensity-weighted contributions of multiple 
overlapping components forming the peak maximum. Therefore, the 
higher activation energy obtained from VHR/BBP should be interpreted 
as an effective “last-trap” parameter governing the peak shift, rather 
than the activation energy of a single discrete trapping level. This 
interpretation is fully consistent with the TM–Tstop and Initial Rise re
sults, which indicate a quasi-continuous distribution of trap depths 
extending up to ~1.7 eV. In contrast, CGCD resolves the glow curve into 
multiple phenomenological components representing thermally acces
sible trapping levels contributing to the observed emission, particularly 
after preheating. Consequently, the higher effective E values obtained 
from VHR/BBP and the lower E range extracted from CGCD should be 
regarded as complementary rather than contradictory descriptions of a 
complex multi-trap system.

The kinetic parameters reported in Tables 2 and 3 correspond to 
point estimates obtained from nonlinear least-squares fitting. Formal 
uncertainties are not included because the large number of overlapping 
components and strong parameter correlations lead to an ill-conditioned 
covariance matrix, making individual parameter uncertainties difficult 
to interpret physically. The reported activation energies should there
fore be regarded as effective values, consistent with the energy ranges 
independently obtained from TM–Tstop and Initial Rise analyses.

Table 2 
CGCD-derived kinetic parameters (activation energy EEE, kinetic order b, and frequency factor s) obtained from the TL glow curve before preheating.

• Ea (eV) b Tm (◦C) Tm1 (◦C) Tm2 (◦C) μ s (s− 1)

1st Peak 1.08 1.17 57.3341 44.045 67.1499 0.409 6.71 × 1015

2nd Peak 1.13 1.09 77.3209 63.3038 87.2569 0.39899 3.77 × 1015

3rd Peak 1.00 1.12 96.85 79.0822 109.6466 0.42359 7.02 × 1012

4th Peak 1.03 1.01 121.85 102.7247 134.8211 0.4088 2.12 × 1012

5th Peak 1.12 1.08 151.85 131.1216 166.4682 0.41781 2.73 × 1012

6th Peak 1.31 1.06 176.85 157.0795 190.6407 0.41538 7.01 × 1013

7th Peak 1.34 1.13 198.1218 176.5571 213.7345 0.4313 2.96 × 1013

8th Peak 1.42 1.11 226.85 204.0575 243.1833 0.42129 2.69 × 1013

9th Peak 1.58 1.02 254.0653 231.7915 269.2581 0.41525 1.67 × 1014

10th Peak 1.63 1.15 275.9098 251.7419 293.5885 0.42748 1.13 × 1014

11th Peak 1.65 1.05 302.1866 276.5895 319.9448 0.42082 3.27 × 1013

12th Peak 1.68 1.14 333.3933 304.8424 354.1728 0.41501 9.56 × 1012

13th Peak 1.81 1.04 401.85 369.8227 423.9472 0.41104 3.01 × 1012

Table 3 
CGCD-derived kinetic parameters (activation energy E, kinetic order b, and frequency factor s) obtained from the TL glow curve after preheating.

• Ea (eV) b Tm (◦C) Tm1 (◦C) Tm2 (◦C) μ s (s− 1)

1st Peak 1.58 1.05 253.5221 231.1254 269.06 0.40491 1.73 × 1014

2nd Peak 1.63 1.14 275.9242 251.8101 293.4744 0.42661 1.13 × 1014

3rd Peak 1.65 1.08 302.6838 276.8587 320.8986 0.41323 3.17 × 1013

4th Peak 1.72 1.13 337.85 309.6208 358.2916 0.42308 1.63 × 1013

5th Peak 1.81 1.06 396.85 365.1347 418.9761 0.41374 3.84 × 1012
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5. Time-dependent TL enhancement and delayed fading: 
evidence for Trap–Center competition in NaCa4(BO3)3:Tb

NaCa4(BO3)3:Tb exhibits a highly unconventional post-irradiation 
TL evolution that cannot be described by simple, monotonically 
decaying first-order fading models. Instead, the material shows a pro
nounced time-dependent enhancement of the TL signal at a fixed glow- 
peak temperature, followed by delayed fading at extended storage times. 
Such non-monotonic behavior suggests a complex interplay of traps and 
recombination centers, rather than simple first-order emptying of a 
single, isolated trap (Chen and Hag-Yahya, 1997; Lawless et al., 2022; 
Chen, 2019; Benavente et al., 2024).

Fig. 10a presents the TL glow curves recorded after different waiting 
times following irradiation, measured after a preheating (pre
conditioning) treatment at 225 ◦C for 7 s. For all storage times, a single 
dominant glow peak centered at approximately 270 ◦C is observed, and 
both the peak position and overall glow-curve shape remain essentially 
unchanged, while only the peak intensity varies. The invariance of the 
glow-peak temperature strongly indicates that the dominant trapping 
level responsible for TL emission is thermally stable and that no signif
icant modification of its trap depth or kinetic order occurs during stor
age. Such decoupling between peak temperature and effective lifetime is 
reminiscent of classical anomalous-fading behavior in feldspars and 
related materials, where high-temperature TL peaks can fade much 
faster than expected from their activation energies due to competition 
and complex center interactions (Lawless et al., 2022; Wintle, 1977). In 
this sense, NaCa4(BO3)3:Tb shows similarities to anomalous-fading 
systems, while exhibiting a particularly pronounced and well-resolved 
intensity-enhancement (anti-fading) phase compared with most con
ventional dosimetric phosphors. To quantify this effect, the integrated 
TL glow-curve area as a function of storage time is shown in Fig. 10b. 
The TL response initially exhibits a low and nearly constant value 
immediately after irradiation, then undergoes a substantial increase 
exceeding an order of magnitude, before decreasing again at long stor
age times. This clearly reveals a non-monotonic temporal evolution with 
three distinct stages:

(i) an initial regime with weak TL, where the main trap is only 
partially filled and/or inefficiently coupled to radiative recombination 
centers; (ii) an intermediate regime where TL intensity grows strongly 
with storage time (anti-fading), consistent with time-dependent feeding 
of the main trap from auxiliary defect states (shallower traps, metastable 
centers, or deep competitors) through thermally assisted transfer, 
tunneling-mediated processes, or their combination; (iii) a late-time 
regime where both the main and auxiliary reservoirs become progres
sively depleted, leading to conventional fading dominated by non- 
radiative loss or slow thermal detrapping.

The initial suppressed TL signal suggests that a considerable fraction 

of charge carriers is trapped in TL-inactive or weakly radiative meta
stable states immediately after irradiation. With increasing storage time 
at room temperature, a gradual redistribution of charge carriers occurs, 
leading to an increased population of TL-active traps and/or more effi
cient recombination pathways involving Tb3+ luminescence centers. 
Because the enhancement appears without intentional thermal stimu
lation and proceeds over extended timescales at (or near) ambient 
temperature, a purely thermally activated activated first-order detrap
ping process alone is unlikely to account for the observed timescales and 
non-monotonic intensity evolution. It should be emphasized that, even 
after preheating at 225 ◦C for 7 s, the TM–Tstop and CGCD analyses 
indicate the presence of deeper and metastable traps in the ~1.4–1.7 eV 
range that are not fully emptied by this short thermal treatment. 
Therefore, the time-dependent increase of the ~270 ◦C peak is attrib
uted to charge transfer from these residual metastable/deeper auxiliary 
traps and/or competing centers, rather than from the very shallow traps 
removed during the preheating stage.

Within this context, a tunneling-assisted charge-transfer scenario 
represents one physically consistent framework capable of explaining 
the observed behavior. In this picture, charge carriers can migrate be
tween spatially correlated traps or from metastable traps toward radi
atively efficient recombination centers via quantum tunneling, even at 
low temperatures. Quantum-mechanical tunneling between localized 
states is well established as an important mechanism in the time- 
dependent TL and OSL behavior of feldspars and related minerals, 
where it can generate non-monotonic or intensity-enhancing effects 
without shifting glow-peak positions (Pagonis et al., 2020; Chen and 
Pagonis, 2020). In particular, Pagonis et al. (2020) demonstrated that in 
feldspars used for thermochronometry, quantum tunnelling between 
clustered traps and recombination centers controls the effective lifetime 
and leads to strong decoupling between apparent trap depth and fading 
rate, a situation closely analogous to the fixed-temperature, time-
dependent intensity evolution observed here in NaCa4(BO3)3:Tb 
(Pagonis et al., 2020). Similarly, competition-based models and 
OTOR-type approaches developed by Pagonis, Chen and co-workers 
predict non-exponential, sometimes non-monotonic luminescence 
behaviour controlled by trap–center topology rather than a single acti
vation energy (Pagonis and Kitis, 2012). In such models, the apparent 
trap parameters inferred from conventional analysis can be misleading, 
because the effective lifetime is controlled by tunnelling distances and 
the spatial configuration of traps and recombination centers rather than 
by a single activation energy. The phenomenology observed in 
NaCa4(BO3)3:Tb—intensity enhancement at an essentially fixed peak 
temperature followed by delayed fading—is therefore qualitatively 
compatible with a tunnelling-assisted redistribution of carriers among a 
network of traps and centers.

However, tunnelling should not be regarded as the only possible 

Fig. 10. (a) TL glow curves of preconditioned NaCa4(BO3)3:Tb (0.5%) recorded at different storage times after irradiation (preheat at 225 ◦C for 7 s). (b) Storage-time 
dependence of the integrated TL glow curve area, showing pronounced time-dependent TL enhancement (anti-fading) followed by delayed fading at longer times.
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mechanism. Alternative or concurrent processes—including defect 
relaxation, local structural rearrangements, delayed activation or sta
bilization of Tb3+-related luminescence centers, and competitive trap
ping–retrapping dynamics—may also contribute to the observed 
enhancement. Similar behaviour has been discussed in models that 
reinterpret anomalous fading as “normal fading in disguise,” caused by 
competition with non-radiative centers, which can narrow TL peaks and 
yield artificially large apparent activation energies and lifetimes (Chen 
and Pagonis, 2020). Multi-center and deep-trap competition models 
show that charge migration between localized levels, or between main 
and deep traps, can strongly distort the expected time evolution of TL 
and OSL signals without necessarily shifting glow-peak positions Kortov 
et al. (2006). Moreover, temperature-triggered luminescence enhance
ment due to the release of defect-trapped electrons and accelerated 
energy transfer has been reported in Tb,Eu-doped SrAlOCl phosphors, 
demonstrating that defect-mediated feeding of luminescent centers can 
produce pronounced intensity maxima while leaving the spectral and 
kinetic signatures largely unchanged (Kang et al., 2018). These studies 
reinforce the view that complex defect networks and competitive 
recombination pathways can readily produce anti-fading and anomalous 
fading effects similar to those observed in NaCa4(BO3)3:Tb.

Viewed against the broader literature, the three-stage, time-depen
dent TL enhancement and delayed fading observed in NaCa4(BO3)3:Tb 
can be interpreted as a macroscopic signature of carrier exchange be
tween a thermally stable main TL trap and a network of auxiliary traps 
and recombination centers. This behaviour is governed by trap–center 
competition and non-radiative pathways, with tunnelling-mediated 
localized transitions representing a possible contributing mechanism, 
and is not readily explained by simple first-order fading of an isolated 
trap.

The present study focuses on a single irradiation dose (20 Gy) and 
preheated samples; temporal evolution without preheating and the 
explicit dose dependence of the anti-fading effect were not investigated 
here and remain subjects for future work. For this reason, Fig. 10b is 
interpreted qualitatively as evidence of non-monotonic TL evolution in a 
competitive multi-trap system, without attempting a detailed quantita
tive fit to a specific kinetic model.

The CGCD analysis of the pre-preheated sample requires multiple 
overlapping components (13 peaks) with activation energies distributed 
between ~1.0 and ~1.8 eV, confirming a complex multi-trap structure 
rather than a single discrete trapping level. The anomalous anti-fading 
behaviour is therefore interpreted in terms of charge redistribution 
and competition within this multi-trap network. While the coexistence 
of multiple trapping components and two crystalline phases may in 
principle allow interphase interactions, the present interpretation re
mains phenomenological. A rigorous microscopic attribution of indi
vidual TL components to specific defects or phases would require phase- 
pure reference samples and advanced spectroscopic techniques (e.g., 
ESR), which are beyond the scope of this first systematic TL and kinetic 
investigation of NaCa4(BO3)3:Tb3.

6. Conclusions

The TL behavior of Tb3+-doped NaCa4(BO3)3 has been systematically 
examined in terms of trap structure, preheating effects and time- 
dependent signal evolution. Tm–Tstop measurements combined with 
Initial Rise analysis, heating-rate-based methods and computerized 
glow-curve deconvolution consistently indicate that the material does 
not behave as a simple single-trap system, but instead exhibits a quasi- 
continuous distribution of trapping levels extending from shallow 
(~1.0 eV) to deeper states above ~1.6–1.7 eV, coupled to a dominant 
recombination center. This multi-trap architecture leads to a complex, 
initially multi-peak glow curve that can be effectively simplified by an 
appropriate thermal protocol.

A controlled preheating step at 225 ◦C for 7 s acts as a thermal 
cleaning stage that strongly reduces the contribution of low- and 

intermediate-temperature peaks near 80 ◦C and 190 ◦C, while largely 
preserving a deeper, high-temperature peak around 260–270 ◦C. 
TM–Tstop/Initial Rise and CGCD analyses before and after preheating 
indicate that this procedure predominantly depletes the most unstable 
shallow traps with activation energies below ~1.1 eV, while deeper and 
metastable trapping levels in the ~1.5–1.8 eV range are only partially 
affected. These results suggest that preheating is essential for stabilizing 
the main dosimetric peak and reducing glow-curve complexity in 
NaCa4(BO3)3:Tb.

Time-resolved storage experiments reveal a pronounced non- 
monotonic TL evolution of the isolated high-temperature peak: the 
peak intensity initially increases by more than an order of magnitude 
with storage time at room temperature and subsequently decreases at 
longer times, while the peak temperature and overall shape remain 
essentially unchanged. This behavior is attributed to charge redistribu
tion and trap competition within a multi-trap network involving 
shallow, metastable and deeper states, rather than simple first-order 
emptying of a single trap, although a unique microscopic mechanism 
cannot be established from the present data. The observed non- 
monotonic TL evolution is attributed to charge redistribution within a 
competitive multi-trap system, while a detailed microscopic mechanism 
remains beyond the scope of the present work.

From a dosimetric perspective, the preheated material exhibits a 
single, high-temperature peak with a linear dose response from ~1.4 at 
least 350 Gy, stable peak position, and good readout reproducibility 
over repeated cycles. These characteristics indicate that Tb3+-doped 
NaCa4(BO3)3 is a potential candidate for high-dose β-radiation dosim
etry within the conditions investigated in this study, provided that 
practical protocols explicitly include a standardized preheating step and 
controlled storage times to account for the observed time-dependent 
enhancement and delayed fading. A direct comparison with estab
lished TL dosimeters such as LiF:Mg,Ti (TLD-100), CaSO4:Dy, or 
Li2B4O7:Cu was not performed in this study and remains an important 
subject for future work.

The CGCD analysis of the pre-preheated sample requires multiple 
overlapping components with activation energies distributed between 
~1.0 and ~1.8 eV, confirming a complex multi-trap structure rather 
than a single discrete trapping level. The anomalous anti-fading 
behaviour is interpreted in terms of charge redistribution and compe
tition within this multi-trap network. While the coexistence of multiple 
trapping components and two crystalline phases may in principle allow 
interphase interactions, the present interpretation remains phenome
nological. A rigorous microscopic attribution of individual TL compo
nents to specific defects or phases would require phase-pure reference 
samples and advanced spectroscopic techniques (e.g., ESR), which are 
beyond the scope of this first systematic TL and kinetic investigation of 
NaCa4(BO3)3:Tb3+. Further optimization of synthesis conditions to 
achieve phase-pure samples will be considered in future studies.
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