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ABSTRACT

This study systematically evaluates the thermoluminescence (TL) and optically stimulated luminescence (OSL)
properties of CaSOy4 crystals doped with manganese (Mn) and terbium (Tb), focusing on dopant concentrations
within the ranges of Mn (0.1 mol % — 2 mol %) and Tb (0.05 mol % — 1 mol %). Synthesized via the slow
evaporation route, this investigation is part of an ongoing experimental series initiated by Silva et al. (2022),
exploring CaSO4:Mn,Tb crystals at a concentration of 0.1 mol %, validating their properties for dosimetric
purposes. A structural phase identification was conducted using X-ray diffraction and energy-dispersive spec-
troscopy (EDS) spectra confirming the presence of Tb®* and Mn?* ions in the crystalline matrices. Dosimetric
characterization utilized pellets prepared by incorporating Teflon into the phosphors. In-depth investigations
involved analyzing TL glow curves and Continuous Wave Optically Stimulated Luminescence (CW-OSL) curves.
Observations revealed that TL intensity increased as the co-doped concentration of Tb decreased while main-
taining the concentration of Mn constant, in both visible and UV regions. Conversely, at a constant terbium
concentration, increasing Mn?* concentration enhanced the sensitivity of low-temperature TL traps in the visible
region. However, at higher Mn concentrations, such as 1 % and 2 %, TL intensity in deeper traps decreased. In the
UV region, TL signals remained stable as the concentration of Mn?" increased from 0.1 % to 0.5 %, with only a
slight shift in peak temperatures. Concentrations above 1 % led to a decrease in TL intensity. All samples pro-
duced suitable OSL curves. Fixing Mn?* at 1 mol % and decreasing Tb>"* concentration also resulted in increased
OSL signals. The optimal Mn%* concentration, with Tb3* fixed at 0.1 mol %, was found to be at 0.1 mol %, where
OSL sensitivity was maximized. This research underscores the importance of optimizing dopant concentrations to
enhance the potential of these phosphors for precise and reliable dosimetry, thereby advancing both the un-
derstanding of these materials and their potential for further development in the field of radiation dosimetry.

1. Introduction

been investigated for their dosimetric potential.
The choice of dopants plays a crucial role in defining the thermolu-

Ionic compounds, particularly sulfates, have emerged as prominent
host materials for accommodating various luminescent ions, including
transition metals and lanthanides, as dopants and co-dopants. Within
this array of compounds, calcium sulfate (CaSO4) crystals stand out not
only for its luminescent properties but also for its dosimetric applica-
tions. Other notable sulfates, such as lithium sulfate (Dhoble et al., 2003;
Puppalwar et al., 2011), strontium sulfate (Tang et al., 2006), magne-
sium sulfate (Upadhyay et al., 2008), sodium sulfate (Gaikwad et al.,
2016), and barium strontium sulfate (Aboelezz et al., 2022), have also

minescent (TL) and optically stimulated luminescent (OSL) properties of
CaS0O4. Among the most commonly used dopants, rare-earth elements
such as europium (Eu), thulium (Tm), terbium (Tb), samarium (Sm), and
dysprosium (Dy), as well as transition metals like manganese (Mn) and
silver (Ag), alkaline earth metals like magnesium (Mg), and alkali metals
like lithium (Li), have been widely explored for the their ability to
enhance luminescent efficiency and stability. Furthermore, the pro-
duction of these compounds can be accomplished by diverse methods or
synthesis routes, such as the co-precipitation, recrystallization, wet
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chemistry, solid-state diffusion, roasting-leach, hydrothermal, sol-gel,
solid-state reaction, and slow evaporation, as documented in various
studies (Bahl et al., 2017; Guckan et al., 2017, 2019, 2023; Junot et al.,
2011, 2014, 2016, 2019, 2020, 2024; Kadari et al., 2016; Khan et al.,
2015; Kulkarni et al., 2014; Rani et al., 2015; Silva et al., 2020, 2021,
2022, 2023, 2024; Souli et al., 2019; Xu et al., 2019; Yamashita et al.,
1970; Zahedifar et al., 2011).

In this work, the choice of dopants, the preparation via slow evap-
oration route, and the dosimetric characterization of CaSO4:Mn,Tb are
based on a continuous study cycle initiated by our research group (Silva
et al., 2020, 2021, 2022, 2023, 2024). Our previous experiments
revealed promising results for the incorporation of unusual rare-earth
elements, such as terbium (Tb), as dopants in CaSO4 matrices. CaSO4:
Tb exhibits a TL emission curve with three peaks at 180 °C, 210 °C, and
270 °C, and a TL signal fading of approximately 60 % after 30 days of
irradiation (Silva et al., 2020). In the case of CaSO4 monodoped with
manganese (Mn), crystal production via the slow evaporation route
resulted in a significant reduction in its fading compared to that
observed in previous studies using other preparation methods (Bahl
et al., 2017; Menon et al., 2005). Furthermore, this compound showed
high sensitivity to low doses compared to commercial dosimeters and a
fading of 75 % after 30 days (Silva et al., 2023).

Initial studies with a concentration of 0.1 mol % of dopants revealed
that the incorporation of Tb as a co-dopant in the CaSO4:Mn matrix
results in a TL emission curve with two distinct peaks; the first around
205 °C and the second, more intense, at 325 °C. These analyses indicate
the presence of polycrystalline charge trapping centers at energy levels
between 0.74 eV and 1.0 eV. Additionally, it was found that the fading of
TL emission from co-doped samples was only 16.8 % over a period of 30
days (Silva et al., 2022).

With respect to the OSL signal, we observed a reduction of 49.73 %
for CaSO4:Tb and 60.14 % for CaSO4:Mn after 30 days, compared to the
OSL signal recorded immediately after irradiation. It is noteworthy that
the fading of CaSO4:Mn,Tb was even lower, with a reduction of 9.64 %
after the same period of time. This suggests that the co-doping with Mn
and Tb resulted in a significant improvement in the stability of the OSL
signal compared to samples doped with Tb or Mn alone. This improve-
ment in stability can be attributed to the ability of codoping to generate
point structural defects that result in new charge recombination centers
located at deeper energy levels. These new recombination centers help
reduce the fading of the luminescent signal (Silva et al., 2024).

The characteristic luminescent emissions of the terbium ion, acting
as a dopant in the CaSOy4 lattice, occur through 48 4f® transitions, in
various wavelength ranges, especially in the visible and ultraviolet
spectral regions. On the other hand, in samples doped with manganese
only, these emissions are dominant in the green region of the spectrum,
around 494 nm, due to the 4T1 (4G) —>6A1(6S) transition. The spectral
band overlap of Tb®* and Mn?" ions results in more efficient generation
of point defects, contributing to the luminescent and dosimetric prop-
erties of the CaSO4:Mn,Tb material (Silva et al., 2022).

Although CaSO4:Mn,Tb compounds have been previously investi-
gated for their potential use in radiation dosimetry, a more in-depth
understanding of their luminescent emission mechanisms and the role
of point defects is essential for their reliable use in routine dosimetry
systems. In this work, we investigate the effect of varying the concen-
tration of Mn?t (0.1 mol % - 2 mol %) and Tb>* (0.05 mol % - 1 mol %)
dopants on the luminescence properties of CaSO4 crystals. This extends
the experimental framework established by Silva et al. (2022, 2024).

To address the current lack of detailed understanding of the influ-
ence of dopant concentration, we have systematically evaluated the
effects of co-doping on the structural integrity, morphology, and lumi-
nescent performance of the compounds. The samples were characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM), and
energy-dispersive spectroscopy (EDS). Thermoluminescent glow curves
were analyzed in the ultraviolet (UV) and visible (VIS) spectral regions
using selective optical filters.
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2. Materials and methods

Our methodology employs the slow evaporation method, a well-
established technique for sulfate crystal synthesis. For each material, a
solution containing calcium carbonate (CaCOs), sulfuric acid (H2SO4),
terbium oxide (Tb407), and manganese nitrate (Mn(NO3),.4H20) was
prepared, allowing precise control of the dopant concentrations as we
aimed to optimize them for maximal luminescent properties while
maintaining structural integrity.

To prepare the crystals, we employ the Yamashita method
(Yamashita et al., 1970), characterized by its slow evaporation
approach, with specific modifications to enhance crystal growth con-
ditions. These modifications, inspired by the contributions of Junot et al.
(2016), include the implementation of a controlled air atmosphere and
an improved distillation system that minimizes the risk of external
contamination during crystal synthesis, thereby enhancing reliability
and reproducibility.

The crystal growth system comprises three key components: a sealed
system, an air circulation system, and a heating system, with crystal
growth parameters established based on prior studies to ensure optimal
conditions. The evaporation temperature is maintained at 375 °C using a
heating mantle until the acid is completely evaporated, then the crystals
are washed, ground, and sieved. The resulting powders are calcined at
600 °C/1h and are then homogeneously blended with polytetrafluoro-
ethylene (Teflon) to increase material strength. By applying a uniaxial
pressure of 0.5 tons, meticulously crafted pellets are produced, followed
by sintering to improve strength and stability. The resulting cylindrical
pellets have a mass of 30 mg and a diameter of 4 mm. For sintering, the
pellets are kept at 400 °C for 1 h and then they are slowly cooled down
until they reach a thermal equilibrium with the environment.

XRD patterns were recorded using a Rigaku diffractometer (RINT,
2000/PC) with Cu-Ka radiation, operating at a generator voltage of 60
kV and a current of 30 mA. The analysis was performed in continuous
scanning mode over the range of 20°-80° (20), with increments of 0.02°
per step. The obtained XRD patterns were then compared with reference
data from the International Centre for Diffraction Data (ICDD). Size,
morphology, and structure of the powder and pellet samples were
analyzed using a scanning electron microscope (model JSM-IT700HR)
equipped with an EDS system. TL and OSL measurements were con-
ducted using a DA-20 model Ris@ TL/OSL reader system, which is
equipped with a?°Sr+°°Y beta source for sample irradiation, providing a
dose rate of 4.3368 Gy/min. For signal detection, a bialkaline photo-
multiplier tube (PMT) was employed, and Schott BG-39 (transmittance
in the VIS region between 320 nm and 480 nm). Hoya U340 bandpass
filter (transmittance in the UV region between 260 nm and 400 nm)
were positioned in front of the PMT to regulate the wavelengths. In TL
measurements, a heating rate of 10 °C/s was utilized, with the tem-
perature reaching a maximum of 400 °C. Regarding OSL measurements,
the signal acquisition lasted for 40 s, and the samples were stimulated
with blue LEDs operating in continuous-wave mode at a wavelength of
470 nm.

3. Results and discussions
3.1. Structural, elemental and morphological characteristics

The effect of different molar ratios of manganese and terbium ions on
the structure and morphology of the CaSO4 was first investigated. As
shown in Fig. 1, the XRD of the samples exhibited the typical one of the
orthorhombic anhydride structures (ICDD 00-037-1496). Strong peaks
at 20 angles of 25.43°, 31.36°, 52.23 and 52.59° are attributed to the
(020), (012), (040) and (400) planes, respectively. Additional peaks at
20 angles of 36.29°, 38.64°, 40.81°, 41.31°, 48.37°, 49.13°, 55.72°,
58.98°,60.66° and 62.23° correspond to the (220), (202), (212), (301),
(032), (321), (232), (240), (402), and (412) planes, respectively. The
clearly identifiable Bragg peaks indicate the absence of secondary
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Fig. 1. XRD patterns of CaSO4 samples with different molar ratios of Tb>"
and Mn?*,

phases in the samples. Furthermore, the XRD patterns indicate that the
overall crystal structure remains stable with the variation of Tb%" and
Mn?" concentrations. This suggests effective incorporation of these ions
into the Ca2* sites due to their closely matching ionic radii. However,
systematic shifts of the diffraction peaks, observed in comparison to the
ICDD reference data, suggest subtle lattice distortions. These shifts are
likely due to slight variations in ionic radii and to local strain effects
from dopant incorporation.

The elemental analysis, performed using energy-dispersive spec-
troscopy (EDS) on phosphors with varying molar ratios of terbium
(Tb®") and manganese (Mn?") (CaSO4:Mng.1 %,Tbo.1 %, CaSO4Mny o,
Tb0_1 %> CaSO4:Mn1_0 %> Tb()_()s %> and CaSO4:Mn0,5 %> TbO.l %) revealed
intense peaks for oxygen (O), sulfur (S), and calcium (Ca). These peaks
indicate the presence of the initial reactants in the prepared phosphors.
Additionally, peaks related to the Tb and Mn ions are also observed in
the spectra, despite their low concentrations (<1 % mol). The atomic
percentages of the elements and dopants found are detailed in Fig. 2a.
Furthermore, in Fig. 2b, EDS mapping of CaSOj, illustrate the dispersion
of Tb and Mn elements, thereby confirming that they are well-
distributed on the surface.

The morphological study of the phosphor at 2000 x magnification is
shown in Fig. 3a-d. The grains of CaSO4 samples obtained after
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calcination are agglomerated with a non-uniform shape and have
various crystal dimensions. Additionally, the surfaces of the phosphor
pellets were analyzed to assess the grain behavior after pressing and
sintering (Fig. 3e—f). Fig. 3e shows that CaSO4:Mn,Tb pellets with Teflon
have a homogeneous and cohesive surface. At higher magnification
(2200 x ), small Teflon agglomerates can be seen on the surface of the
pellet in Fig. 3f, highlighting the low porosity of the pellets. This low
porosity is essential for dosimetric applications as it enhances thermal
conductivity in the pellets, blocks moisture and contaminants, and en-
sures uniform radiation absorption. These features help preserve the
consistency of the emitted luminescence signal and prevent grain
breakage and detachment.

3.2. Effect of impurity concentration on TL/OSL properties of CaSOy4:
Mn,Tb

To investigate the effect of dopant concentrations of Tb>" and Mn%*
on the luminescence curves of CaSO4:Mn,Tb samples and to pinpoint the
optimal dopant concentration that results in the highest luminescence
sensitivity, TL and OSL signals were recorded using pellet samples. The
study of impurity concentration variation began by fixing the Mn2* ion
concentration at 1 mol % and then varying the Tb®* ion concentrations
from 0.05 mol % to 1 mol %. Then, keeping terbium concentration
constant at 0.1 %, Mn?* concentration was increased from 0.1 % to 2 %.
The overall TL properties of the samples were analyzed both in the
visible and in the UV range. By using Schott BG39 (Fig. 4a) and Hoya
U340 (Fig. 4b) filters and varying the concentration of Tb3+, we
observed an increase in TL signals in both the visible and UV regions as
the concentration of Tb®" decreased. This suggests a correlation be-
tween Tb>" concentration and TL intensity. As the concentration of Th>*
decreases, we observed an increase in TL response in the low-
temperature region, while a decrease was also noted in the deep trap
region. Another observation is that only at concentrations below 0.5 mol
% of Tb>* is the intensity in the shallow trap region in the visible range
higher than that of the TL traps in the high-temperature region, while in
the UV regions this is observed at concentrations below 0.1 mol %.

On the other hand, in the visible region, TL signals showed an in-
crease in sensitivity of the low-temperature trap with increasing con-
centrations of Mn2*, while keeping the Tb®* concentration fixed at 0.1
%. However, for the Mn concentrations of 1 mol % and 2 mol %, a
reduction in the TL intensity was observed in the deeper traps (see
Fig. 5a).

In the UV region, as shown by the TL signals in Fig. 5b, the behavior
of TL signals varies significantly with changes in Mn?" concentration.
First, it is observed that increasing the Mn?* concentration results in a
greater number of deeper traps. This behavior indicates that Mn plays a
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Fig. 2. a) EDS spectra of CaSO, samples with varying molar ratios of Th®>* and Mn?" and b) EDS mapping results of CaSO4:Mn; ¢,Tbg g5 o; scale bar 100 pm.
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Fig. 3. (a—d) SEM micrographs of CaSO,4 powders: (a) CaSO4:Mnyg 1 o, Tbo.1 0; (b) CaSO4:Mny o4, Tbg 1 043(€) CaSO4:Mny o4, Tbg o5 95 (d) CaSO4:Mng 5 04, Tbg 1 0. ()
SEM images of phosphorus pellets at different magnifications, illustrating the grain behavior after pressing and sintering.

beneficial role in boosting the efficiency of these traps, as deeper traps
are able to store electrical charge for a long time. Electrons trapped in
these deeper locations require more energy to release, which diminishes
the likelihood of unintentional recombination and consequent loss of
dosimetric information.

The impurity concentration of 1 mol % of Mn resulted in a
comparatively more intense TL peak, indicating that this concentration
is optimal for maximizing the luminescent centers. However, increasing
the Mn concentration from 0.1 % mol to 0.5 % mol and beyond (1 mol %
and 2 mol %) leads to a decrease in TL intensity. This phenomenon is due
to the decrease in distance between the active ions resulting from the
increase in dopant concentration. As the ions approach each other, they
tend to interact with each other, resulting in a loss of TL signal intensity.
Higher dopant concentration may lead to non-radiative transitions or in
transitions that do not fall within the spectral response of the PMT (Sen
et al., 2024). This nuanced understanding of the role of Mn as a dopant
highlights the delicate balance required to optimize its concentration
with the intent to enhance the dosimetric properties of the host material.
These results complement and extend the conclusions of previous
studies (Silva et al., 2022, 2024), in which the co-doped sample (0.1 mol
% Mn>*, 0.1 mol % Tb>*) showed a strong potential for TL and OSL
dosimetry under Hoya optical filter conditions. At this concentration,
the material exhibited a well-defined OSL decay curve, a TL glow curve
with two prominent peaks at 205 °C and 325 °C, good signal repro-
ducibility, and linear dose-response. Silva et al. (2024) also compared
co-doped samples with mono-doped ones and confirmed a superior

dosimetric performance of the former, mainly due to their significantly
reduced fading.

In the context of OSL dosimetry, the effects of different dopant
concentrations on the OSL decay curves were investigated. Fig. 6 illus-
trates the OSL curves of samples irradiated with 1 Gy, obtained in
continuous mode (CW) with a 40 s integration time. These curves are
plotted on a semi-log scale to help clarity. It is observed that all samples
exhibit a characteristic exponential decay, indicating that the traps are
being emptied during optical stimulation. Fixing Mn?" at 1 mol % and
decreasing the Tb>" concentration also resulted in increased OSL signals
(see Fig. 6a). The optimal Mn?" concentration, with Tb>* fixed at 0.1
mol %, was achieved at 0.1 mol % of Tb®*, where OSL sensitivity was
maximized. Concentrations above 0.1 mol % of Mn*" did not enhance
OSL performance of the pellets (Fig. 6b).

Fig. 7a and (b) present the TL glow curves of CaSO4:Mn,Tb samples
with the highest TL intensities (CaSO4:Mn; o, Tbg 05 9%, CaSO4:Mn; o,
Tb().l %s CaSO4:Mn0,5 %,Tbo_l %, and CaSO4:Mn0.1 %,Tb().l %) measured
using Schott BG39 and Hoya U340 optical filters, respectively. Despite
slight variations in intensity and peak positions, the glow curve shapes
remain consistent across all samples and filters. This confirms that the
TL behavior is intrinsic to the material and stable across both UV and
visible regions, reinforcing its suitability for reliable dosimetric
applications.

A particularly notable observation is that the TL signals recorded
with the Hoya U340 filter (Fig. 7b) show significantly higher intensity in
the high-temperature region compared to those measured with the
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Fig. 4. TL emission curves of CaSO4:Mn,Tb samples irradiated with 1 Gy of
beta radiation, obtained using (a) Schott BG39 and (b) Hoya U340 filters in the
TL reader. Concentration quenching study started with 1 mol % Mn>" ion
concentration, varying Tb*>" ion concentrations from 0.05 % to 1 mol %.

Schott BG39 filter (Fig. 7a). This high-temperature peak is especially
advantageous for dosimetric applications, as it is due to a higher con-
centration of charge carriers trapped in deeper energy levels. These
deeper traps contribute to an improved signal stability by reducing the
release of thermally unstable carriers, thereby improving the accuracy
and reliability of TL/OSL dosimetry.

Fig. 8 presents the integrated TL signal obtained by calculating the
area under each emission curve. The results clearly demonstrate the
significant influence of dopant concentration on luminescence
efficiency.

Similarly, OSL decay curves for the samples with optimized dopant
concentrations were recorded and compared under Hoya U340 filters
(Fig. 9). In particular, the sample doped with 0.05 mol % Tb>* exhibited
the highest TL/OSL intensity, suggesting that the optimal doping con-
centrations for CaSO4:Mn,Tb are 0.05 mol % Tb%* and 1 mol % Mn®*,
following calcination at 600 °C.

4. Conclusions

In this study, different concentrations of Tb®* and Mn?*doped CaSO,
samples were successfully synthesized by a slow evaporation method.
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Fig. 5. TL emission curves of CaSO4:Mn,Tb irradiated with 1 Gy of beta radi-
ation, obtained using samples under (a) Schott BG39 and (b) Hoya U340 filters.
Terbium concentration was held constant at 0.1 %, while Mn?* ion concen-
trations were varied from 0.1 % to 2 mol %.

XRD patterns indicated that the crystal structure and phase of CaSO4
remained unchanged with the addition of Mn?* and Tb%" ions. Scanning
electron microscopy images of CaSO4 powders and pellets revealed
agglomerated, non-uniform grains in the phosphor powder, and a
cohesive, low-porosity surface in the pressed pellets, which is crucial for
enhancing thermal conductivity and ensuring consistent luminescence
in dosimetric applications. EDS spectra confirmed the presence of O, S,
and Ca as major constituents in the prepared CaSO4 phosphors, along
with well-distributed Tb®* and Mn®" dopants, indicating successful
incorporation of the dopants into the crystal lattice.

Intending to use phosphors for dosimetric applications, the lumi-
nescence properties of the samples were comprehensively compared
based on their response to beta radiation. These analyses showed that
the TL intensity of CaSO4:Mn,Tb depends on the concentrations of Tb>*
and Mn2*. The TL peak heights were more significantly influenced by
the Tb3* concentration. For a constant Mn?' concentration, the TL in-
tensity increased as the concentration of co-doped Tb* decreased, both
in the visible and in the UV regions. Mn concentrations of higher than
0.1 mol % do not contribute significantly to the maximum peak height
and TL intensity in the UV region. In the visible region, increasing Mn>"
concentrations while keeping Tb>" at a fixed level of 0.1 mol %
enhanced the intensity of the low-temperature TL traps. However, at
Mn2* concentrations of 1 mol % and 2 mol %, the TL intensity in deeper
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Fig. 6. The change in OSL signals of (a) CaSO4:Mn; ¢, Tby (x =1, 0.5, 0.1, 0.05)
pellets and (b) CaSO4:Mny,Tbg 1 o, (x = 0.1, 0.5, 1, 2) pellets.

traps decreased. A comparison of the OSL curves for different concen-
trations of Tb®>" and Mn?' revealed that the pellets also exhibited a
potential dosimetric performance by this technique. The optimal Mn?*
concentration, with Tb® fixed at 0.1 mol %, was found to be 0.1 mol %,
at which point OSL sensitivity was maximized. Concentrations
exceeding 0.1 mol % of Mn? did not enhance OSL performance. We
concluded that the optimal concentrations of Tb®" and Mn?" dopants
are 0.05 mol % and 1 mol %, respectively, following calcination at
600 °C.
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