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ARTICLE INFO ABSTRACT

Keywords: This work aimed to investigate and compare the luminescence properties of CaSO4:Tb, CaSO4:Mn, and CaSOg4:

C3594 Mn,Tb synthesized by slow evaporation route. The crystalline structure, morphology, and optical properties of

Dosimetry . the phosphors were characterized by X-ray diffraction analysis (XRD), photoluminescence (PL), radio-

g}éi:gﬁ;l:;;;?f;zzeluminescence luminescence (RL), and scanning electron microscopy (SEM). In addition, thermoluminescence (TL) and optically

Structure properties stimulated luminescence (OSL) were used to comprehensively investigate the dosimetric properties of the

And optical properties phosphors, such as the TL glow curve and continuous wave OSL (CW-OSL) curves, dose-response and its
reproducibility, fading, and sensitivity. For dosimetric analyses, the samples were irradiated with beta radiation.
PL and RL emission spectra confirmed the presence of Tb** and Mn?" ions in crystalline matrices. The samples
showed a typical exponential OSL decay curve, indicating that the charge traps have a high photoionization
cross-section for blue LEDs. The synthesized pellets exhibited good luminescent and dosimetric properties, with
linear luminescent response over a wide dose range (169 mGy-100 Gy) and reproducibility of both OSL and TL
signals. Furthermore, the incorporation of terbium as a co-dopant in the CaSO4:Mn matrix reduced its fading
from 75% to only 17%. The phosphors had high TL and OSL sensitivities in comparison to some commercially
available dosimeters.

1. Introduction (Marzougui and Hassen-Chehimi, 2019; Totsuka et al., 2011; Yanagida

et al.,, 2010). In contrast, dosimeters serve a distinctly different yet

Interest in solid-state luminescence spans various scientific domains,
such as atomic/molecular spectroscopy, structural material analysis,
and crystal lattice defects. This phenomenon offers a precise method for
measuring radiation exposure, ensuring reliable experimental results for
environmental, personal, clinical, retrospective accident analysis, and
industrial applications (Bakr et al., 2020; Guckan et al., 2017; Haninger
et al., 2016; Pradhan et al., 2008; Yasmin et al., 2020).

Luminescent materials, categorized into scintillators and dosimeters,
play a pivotal role in ionizing radiation detection (Nakauchi et al.,
2016). Scintillators which promptly convert ionizing radiation into
visible photons upon absorption are applied in various fields, such as
medical imaging, security, astrophysics, and geophysical exploration

equally vital function in radiation monitoring. Unlike scintillators, do-
simeters accumulate the energy deposited by incident radiation over
time, offering a cumulative measure of exposure. This accumulated
energy is subsequently released as light when the dosimeter is exposed
to external factors.

Thermoluminescence (TL) and optically stimulated luminescence
(OSL) techniques exploit the phosphorescent emission of a previously
irradiated and stimulated material. TL involves stimulating the material
using heat, whereas OSL utilizes photons within a specific wavelength
range as the stimulus. The light emitted from the material is propor-
tional to the absorbed radiation dose (McKeever et al., 1995)

Luminescent materials efficiently capture absorbed energy through
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carrier trapping, leading to re-excitation and recombination of carriers
that generate measurable luminescence. Current research efforts address
a wide range of materials, from powders, chips, fibers, and thin films to
ceramics, glasses, and single crystals, with the goal of improving
dosimetry techniques (Chen and McKeever, 1997; Junot et al., 2019;
Yasmin et al., 2020).

The dosimetry principle is based on the proportional relationship
between TL/OSL intensity and electron-hole pair recombination, which
is representative of the dose absorbed by the dosimeter. The meticulous
design of materials to optimize electron and hole trapping is crucial for
the increased sensitivity of luminescent materials and for achieving
greater accuracy in ionizing radiation measurements (McKeever, 2022).

Since the first successful application of LiF and SrS-based materials in
dosimetry (Antonov-Romanovskii et al., 1955; Daniels et al., 1953),
several materials, including CaSO4, have been proposed for solid-state
dosimetry. The first investigated synthetic material used as a TL
dosimeter, CaSO4:Mn, exhibits high sensitivity but significant fading of
its TL signal, thus limiting its application (Watanabe, 1951). Common
CaSOg4-based Thermoluminescent Dosimeters (TLDs) in routine dosim-
etry, doped with dysprosium or thulium, have a wide linear response
range to ionizing radiation doses (Lakshmanan, 1999).

Recent studies have improved the luminescent properties of CaSO4
by adding rare earth and metal elements as dopants and co-dopants,
making this compound one of the most sensitive thermoluminescent
materials. Various dopants and co-dopants have been explored to
enhance its performance (Doull et al., 2014; Guckan et al., 2017, 2019,
2023; Junot et al., 2011, 2014, 2016, 2019, 2020; Kasa et al., 2007; Silva
et al., 2020, 2022; Yukihara et al., 2014, 2015).

As a result, various methods have been employed for the preparation
of CaSO4 crystals, such as the co-precipitation method (Guckan et al.,
2017; Khan et al., 2015), the recrystallization method (Bahl et al., 2017),
the hydrothermal method (Zahedifar et al., 2011), the sol-gel method
(Kadari et al., 2016), the solid-state reaction route (Rani et al., 2015),
and the slow evaporation route (Yamashita et al., 1970).

Therefore, based on the presented background information, we
employed the Yamashita method (Yamashita et al., 1970) in our study
for the preparation of CaSOy4 crystals. This method, characterized by its
slow evaporation approach, underwent specific modifications in the
production process. These adjustments resulted in a crystal growth
system with a controlled air atmosphere and an improved distillation
system, fully isolated from the external environment, thereby facili-
tating the reuse of sulfuric acid in the phosphor production process.
These refinements were inspired by the contributions of Junot et al.
(2016). The applied method ensures more precise conditions for crystal
growth, potentially resulting in phosphors of higher quality and purity
compared to conventional techniques. Additionally, complete isolation
from external environmental factors reduces the risk of contamination of
the crystals during their synthesis, enhancing reliability and
reproducibility.

Considering the importance of maintaining dosimetric studies on
CaS04-based phosphors through this method, and with the aim of
developing a material to be used as a TL/OSL dosimeter, this research
focuses on the production of CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb
phosphors, as well as the characterization of their structural, optical,
and dosimetric properties. The new materials are intended to serve as
alternative dosimeters to those which are currently available.

It is expected that the results of this study will contribute to the
consolidation and expansion of the knowledge regarding these mate-
rials. This investigation is part of a continuous experimental series
initiated by our research group, building on the fundamental findings of
previous studies by Junot et al. (2011, 2014, 2016, 2019, 2020). These
earlier works established the viability of the slow evaporation route for
producing doped CaSOy4 crystals, including variants such as CaSO4:Eu,
CaS04:Eu,Ag, CaSO4:Tb,Yb, CaSO4:Tb,Eu, CaSO4:Tm, and CaSO4:Tm,
Ag. Additionally, these studies conducted thorough structural, optical,
and dosimetric analyses. These studies revealed materials with
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properties suitable for dosimetric applications, indicating their potential
use as TL/OSL dosimeters. Furthermore, the current study builds on the
progress made by Silva et al. (2020, 2021, 2022, 2023), who extensively
investigated doped and co-doped CaSO4, exploring unconventional ions
such as terbium, manganese, and silver. Their initial research efforts
significantly enhanced the luminescent properties of these materials,
thereby advancing both the understanding of these materials and their
potential for further development in the field of radiation dosimetry.

2. Materials and methods

The CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb crystals were synthe-
sized via a slow evaporation method from a mixture of calcium car-
bonate (CaCO3) (Merck, 99%), sulfuric acid (H2SO4 (Vetec, 95%-99%),
terbium oxide (Tb407) (Alfa Aesar, 99.9%), and manganese nitrate (Mn
(NO3)2.4Hz20) at a concentration of 0.1 mol%. This concentration has
been carefully determined through optimization studies designed to
maximize the luminescent properties of the crystals, while also main-
taining their structural integrity. By maintaining this standardized
dopant concentration, our methodology ensures consistency and allows
meaningful comparisons between differently doped samples.

The compound production system, in which crystal growth takes
place, consists of three parts: a sealed system, an air circulation system,
and a heating system. The crystal growth parameters were established
based on previous studies (Junot et al., 2016, 2019; Silva et al., 2020).

The evaporation temperature was maintained using a heating mantle
at 375 °C until all the acid evaporated (approximately 24 h). Following
the evaporation of the sulfuric acid, the crystals were washed, ground,
and sieved. The resulting powders were calcined at 600 °C for 1 h.
Subsequently, crystals ranging from 75 to 150 pm in grain size were
homogeneously blended with polytetrafluoroethylene (Teflon) in a 1:1
ratio to enhance the material’s resistance. By applying a uniaxial pres-
sure of 0.5 tons for 10 s, meticulously crafted pellets weighing 40 + 1
mg, with a diameter of 6 mm and thickness of approximately 1 mm,
were produced. Finally, the pellets were sintered at 450 °C for 1 h to
improve their strength and enhance the stability of TL/OSL signals.

Powder X-ray diffractograms (XRD) were obtained using a Rigaku
diffractometer (RINT, 2000/PC) with Cu-K,, at a generator voltage of 60
kV and a current of 30 mA. This analysis was carried out in continuous
scanning mode from 20° to 80° (20) with 0.05° (20) steps. The XRD
patterns were compared with reference data from the International
Centre for Diffraction Data (ICDD). The JASCO FP8600 spectrofluo-
rometer was utilized to acquire photoluminescence spectra, capturing
both excitation and emission spectra. PL. measurements were performed
using a 150 W xenon discharge lamp as the excitation source. All mea-
surements were made under identical conditions, and the final spectra
represent the average of three measurements for each sample. The
measurements were conducted with calcined powder, coupled with the
FPA-810 holder attached to the PSH-002 cell model. The fluorescent
emission spectra of the produced samples were monitored through
radioluminescence. The samples were excited with X-ray radiation (40
kV voltage and 0.2 mA current) from an X-ray tube manufactured by
Moxtek at room temperature. Luminescence from the samples was
continuously collected by an Ocean Optics fiber optic spectrometer,
model USB2000 with collimation lens, with data acquisition facilitated
by a computer. Emission spectra were measured in the 200-1000 nm
range, with an excitation time of 3 s and an integration time of 20 s.
Scanning electron microscope (SEM) images were captured using a
Hitachi TM-3000 SEM equipped with a carbon substrate.

The samples were excited with X-ray radiation (40 kV voltage and
0.2 mA current) from an X-ray tube manufactured by Moxtek at room
temperature. Luminescence from the samples was continuously
collected by an Ocean Optics fiber optic spectrometer, model USB2000
with collimation lens, with data acquisition facilitated by a computer.
Emission spectra were measured in the 200-1000 nm range, with an
excitation time of 3 s and an integration time of 20 s.
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A DA-20 model Ris@ TL/OSL reader system was used for TL and OSL
measurements. The samples were irradiated with a?°Sr+°Y beta source.
For TL/OSL detection, the Hoya U-340 was positioned in front of the
bialkali photomultiplier tube (PMT) unit. In TL measurements, a heating
rate of 10 °C/s was used, reaching a maximum temperature of 400 °C.
During OSL measurements, the signal was collected over 40 s and the
samples were stimulated with blue LEDs, which emitted light at a
wavelength of 470 nm and operated in continuous-wave mode.
Although high heating rates can lead to thermal lag and shifts in peak
temperatures, such rates are commonly selected for practical dosimetry
applications (Fernandez et al., 2016). This limitation is crucial to
acknowledge to ensure the acquisition of comparable and reproducible
data across different investigations, thereby making our findings rele-
vant and applicable in the broader scientific community.

To assess the peaks in the TL emission curves, the Ty, x Top tech-
nique was used. For each type of sample, 15 pellets were selected based
on reproducibility tests, and three pellets used in each temperature in-
terval. Each pellet was first preheated to a given temperature (Tsp) at a
heating rate of 10 °C/s using the Risg TL/OSL reader heating system.
After cooling down to room temperature, the pellet was reheated at at
the same heating rate for the TL reading to a final temperature of 400 °C.
The average temperature of the lowest temperature peak observed (Ty,)
was evaluated.

For the TL sensitivity analysis, we performed a comparison between
five commercial dosimeters and the CaSO4:Mn, CaSO4:Mn,Tb, and
CaS04:Tb phosphors. The dosimeters were CaSO4:Dy (the Harshaw TLD-
900), LiF:Mg,Ti (the Harshaw TLD-100), CaFo:Dy (the Harshaw TLD-
200), CaFy:Mn (the Harshaw TLD-400), Al,Os3:C (Rexon™), and
CaSO4:Dy (the Harshaw TLD-900). All the pellets were pre-irradiated
with a beta source up to 1 Gy. The glow curves were then immedi-
ately read through a Hoya U-340 (340 + 40 nm) filter. After each TL and
OSL evaluation, the pellets were placed on aluminum plates for reus-
ability purposes and thermally treated at 400 °C for 60 min in a 671
IRD/CNEN furnace.

3. Results and discussions
3.1. Structural characterization

The crystal structure of the synthesized powders was checked by
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Fig. 1. X-ray diffractograms of CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb pow-
ders, presented alongside the crystallographic standard (ICDD 00-037-1496)
and standard Bragg reflections.
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XRD measurements. In Fig. 1, it can be seen that the measured diffrac-
tion patterns correlate to the reference pattern (ICDD 00-037-1496). The
variations in intensities in the diffractograms are associated with the
influence of different dopants incorporated during the synthesis process.
These variations, in addition to confirming the controlled introduction
of impurities, suggest a possible modification in the diffracted intensity,
indicating potential changes in the crystal structure.

In all diffractograms (Fig. 1), the Bragg peaks can be easily identified,
indicating the absence of secondary phases in the samples. The inter-
planar distances, dpy, of the five main peaks at 25.25°, 31.25°, 38.55°,
40.70°, and 48.65° were determined to be 3.524 A, 2.859 A, 2.333 A,
2.215A,and 1.870 A, respectively. These peaks correspond to the (020),
(012), (202), (212), and (032) reflection planes. The lattice parameters
of the samples were calculated using the established formula for the
orthorhombic structure (Dasa et al., 2016). These results demonstrate
the consistency of the crystal structures of the samples with the ICDD
00-037-1496 standard, which has lattice parameters of a = 6.993 A, b=
7.001 A, and ¢ = 6.241 A.

3.2. Photoluminescence studies

Fig. 2 presents the excitation spectra of Tb® doped compounds, with
emission monitored at the °D4 — ”Fs transition at 545 nm. The excitation
spectra of the phosphors exhibit a peak at 213 nm, attributed to the 4f-
5d electronic transition of Tb®*, along with a weak absorption band
ranging from 240 to 400 nm corresponding to 4f-4f transitions (Li et al.,
2017).

The emission spectra were obtained with excitation monitored in the
higher-energy band (related to the 4f-5d transitions) at 213 nm. The
emissions consist of 4fg — 4fg transitions in the green and blue regions.
The green emissions are attributed to the 5Dy - 'F; (J =6, 5, 4, and 3)
transitions, while the blue emissions are attributed to the °Ds — "F; (J =
5, 4, 3, and 2) transitions (Hao et al., 2009; Li et al., 2017). The exci-
tation and emission spectra of CaSO4:Tb and CaSO4:Mn,Tb exhibit a
similar profile, with an increased intensity in the samples co-doped with
Mn?*. This enhancement is attributed to increased absorption and en-
ergy transfer from the host to the Tb®* ions in the presence of Mn*, and
therefore co-doping with Mn?* proved to be more effective in creating
structural defects in the CaSO4 matrix.

Fig. 3 displays excitation spectra with emission monitored at 493 nm.
The CaSO4:Mn,Tb spectrum exhibits peaks with a maximum at 213 nm
and a weak absorption band from 240 to 400 nm. These were also
observed when the samples were excited at 545 nm, as discussed earlier,
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Fig. 2. The emission and excitation spectra of CaSO4:Tb and CaSO4:Mn,Tb
samples, highlighting the Tb®" transition (Aexe = 213 M, Aeyy, = 545 nm).
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Fig. 3. The emission and excitation spectra of CaSO4:Mn and CaSO4:Mn,Tb
samples, showing the Mn?" transition (Aexe = 398 nm, Aem = 493 nm).

and were attributed to the 4f-5d and 4f-4f transitions of Tb®* ions,
respectively. Meanwhile, the excitation spectrum of CaSO4:Mn shows a
band starting at 200 nm, which is attributed to the excitation of the
(SO4)2' complex (Van der Kolk et al., 2001). Additionally, a character-
istic band at 398 nm is observed and is assigned to the 6A1 ©s) - 4T2(4D)
transitions of Mn?* ions (Hou et al., 2012).

Moving onto the emission spectra monitored at 398 nm. The green
emission region at ~500 nm is typical for bivalent manganese ions,
corresponding to the *T; — ®A; transition of the Mn?" ion (Luchechko
et al., 2019; Menon et al., 2005; Zahedifar et al., 2011). Other emissions
observed in the CaSO4:Mn,Tb spectrum at 470 nm (5D3 — 7F5), 490 nm
(°D4 — "Fg), and 544 nm (°D4 — ’Fs) correspond to Tb>* ion transitions
(Hao et al., 2009; Li et al., 2017). The appearance of b3+ absorption
bands confirms that Mn?* ions are essentially excited by Tb®' ions
because the emission at around 490 nm is only observed in the Mn?*
spectrum, resulting in an energy transfer from Tb>" ions to Mn?* ions.
According to the energy transfer theory developed by Dexter (1953), the
energy transfer mechanism based on multipolar interaction depends on
the overlap of the emission spectrum of the sensitizer (Tb®") with the
absorption spectrum of the acceptor (Mn?"). Therefore, the energy
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transfer process from Tb3* ions to Mn2* ions depends on the degree of
overlap between the emission band of Tb®* and the absorption band of
Mn2*. Due to the partial overlap of the emission bands of the Dy levels
with the absorption band of the 4T1 level, it is reasonable to assume that
the energy transfer process may be associated with the “T; level of Mn?*.
Thus, the energy transfer process can be described as follows: the energy
that populates the °D, level through nonradiative relaxation from higher
energy levels or direct absorption is transferred to the *T; levels through
the multipolar interaction. Characteristic luminescence occurs as a
result of this process (You et al., 2008).

3.3. Radioluminescence studies

Fig. 4 presents the RL emission spectra of CaSO4:Tb, CaSO4:Mn, and
CaS04:Mn,Tb samples excited by X-rays. The presence of Tb>* ions in
the doped samples is evidenced by the radioluminescence bands,
ranging from violet to red. The D3 > 7F; (J = 6-2) and °Dy — "Fy; (J =
6-3) transitions are responsible for the nine typical lines of Tb>", with a
peak intensity at ~546 nm (transition °D4 — ’Fs). It is observed that in
the violet and blue region (380-480 nm), the emissions from CaSO4:Tb
are less intense compared to those from CaSO4:Mn,Tb (Fig. 4a). This
reduction in luminescent intensity can be attributed to the energy
transfer mechanism related to the multipolar interaction of the “T; level
of Mn®" ions. The overlap of the Tb®" emission band with the Mn**
absorption band contributes to an increase in the intensity of the >Dy —
7Fe transition. The emissions of mono-doped manganese samples are
dominated by a green emission band at around 494 nm, which is asso-
ciated with the 4T1(4G) - 6Al(e’S) transition of Mn2" ions (Fi g. 4b).

3.4. Scanning electron microscopy

Micrographs of the surfaces of the phosphorus pellets were obtained
at different magnifications to analyze the grain behavior after pressing
and sintering. Fig. 5a displays a micrograph showing a homogeneous
and cohesive surface of one of the CaSO4:Mn,Tb pellets. At a higher
magnification, Fig. 5b highlights the low porosity of the pellets. This low
porosity is achieved through factors such as crystal selection, the use of
Teflon (DuPont) as a binder, controlled pressure during material
compaction, and precise sintering temperatures. Low porosity is crucial
for dosimetric applications because it improves thermal conductivity,
prevents moisture and contaminants ingress, contributes to uniform
radiation absorption distribution, and facilitates pellet reuse. This
characteristic of the samples helps maintain the consistency of the
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Fig. 4. Radioluminescence of (a) CaSO4:Tb and CaSO4:Mn,Tb samples and (b) CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb samples under X-ray excitation.
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F D561 =250

300 um

Fig. 5. SEM micrograph of one of the CaSO4:Mn,Tb pellets produced after
sintering at 450 °C for 1 h at approximate magnifications of (a) 25 x and (b)
250 x .

emitted luminescence signal and prevents grain breakage and
detachment.

3.5. Thermoluminescence studies

3.5.1. Thermoluminescence glow curve

TL emission curves were obtained for the CaSO4:Tb, CaSO4:Mn, and
CaS04:Mn,Tb compounds. As shown in Fig. 6, CaSO4:Mn exhibited the
most intense TL emission curve, followed by CaSO4:Mn,Tb, and then
CaSO4:Tb. CaSO4:Mn displayed a TL peak centered at 190 °C for a
heating rate of 10 °C/s. It is crucial to acknowledge that variations in TL
emission curves can stem from diverse factors, including synthesis
method and measurement conditions, such as the heating rate. Com-
parisons with results from other studies (Medlin, 1961; Zahedifar et al.,
2011) underscore the significance of these influences. For instance,
Medlin (1961), via the precipitation method, synthesized CaSO4:Mn
samples that emit a single peak at approximately 140 °C. Conversely,
Zahedifar et al. (2011) employed the hydrothermal method, resulting in
samples with a TL emission curve with three overlapping peaks. Simi-
larly, Yamashita et al. (1970) found that the CaSO4:Mn emission curve
exhibited a single peak at 100 °C.

The studied CaSO4:Tb sample presented a primary peak centered at
185 °C and a lower intensity peak at approximately 300 °C. Its TL
emission curve resembled that of the co-precipitation-produced com-
pound in the work of Khan et al. (2015). Comparing the TL emission
curves of CaSO4:Mn and CaSO4:Mn,Tb, it can be seen that terbium
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Fig. 6. TL emission curves of CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb samples
irradiated with 1 Gy of beta radiation. A heating rate of 10 °C/s was used for the
measurement.

co-doping reduced the peak intensity at 200 °C and introduced a new
peak at a higher temperature. This indicates that terbium co-doping
introduced new deep trapping centers, distinct from those in CaSO4:Mn.

The TL emission curve of CaSO4:Mn,Tb displayed two dosimetric
peaks centered at 205 and 325 °C. These peaks are considered “dosi-
metric’’ as they lie within a temperature range of 200-300 °C, which is
optimal for accurate TL/OSL dosimetry. Minimal undesired charge
carrier release at these temperatures increases the accuracy and reli-
ability of radiation dose measurements.

In the study by Menon et al. (2005), an increase in the TL peak in-
tensity of CaSO4:Pr>", Y*, and Nd®>" was observed due to the addition of
Mn?". In that study, trivalent ions (Pr, Y, and Nd) provided the trapping
sites. During irradiation, electrons and holes are trapped, and their
recombination during heating excites the Mn?" ions, which then emit TL
upon de-excitation. This observation parallels the present study, where
we also investigate the TL emission properties of CaSOs compounds
doped with Mn, Tb, and their combinations. However, a similar
enhancement in TL is not observed with Mn?" as a co-dopant in the cases
of CaSO4:Dy or CaSO:Tm because the host lattice is already efficient in
accommodating these ions.

The Ty, x Tsop method of McKeever (1988) was used to evaluate
individual peaks in the TL emission curves of the samples irradiated with
1 Gy of beta radiation, where Ty, is the peak temperature and Ty is the
preheating temperature. Fig. 7 shows well-separated TL peaks within the
temperature range studied. According to McKeever, step-like structures
(plateaus) in the Ty, x Tsop plot indicate well-separated peaks, while a
continuous distribution suggests a complex TL peak. For CaSO4:Tb
(Fig. 7a), the Ty, x Tsop graph shows three distinct peaks at approxi-
mately 180, 210, and 270 °C. The first and second plateaus correspond
to well-defined traps, while the third peak indicates a continuous dis-
tribution. Unlike the Tgp region corresponding to the first two peaks,
this third region does not have a well-defined plateau and shows a sharp
increase in Ty, towards higher temperatures.

The Ty X Tsop plot of CaSO4Mn (Fig. 7b) shows two plateaus
attributed to TL peaks at 184 and 219 °C. For CaSO4:Mn,Tb (Fig. 7c¢), the
plateau is observed between 205 and 325 °C, while above 350 °C an
overlap of several peaks is apparent. This latter observation is limited
because of the reader parameters for TL emission curve acquisition,
including sample heating which only extended up to 400 °C.

The TL curve was deconvoluted using the kinetic order equation of
Chen and McKeever (1997). As shown in Fig. 8, the CaSO4:Tb samples
exhibited an emission curve consisting of an overlap of two intense
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Fig. 7. Ty x Tsop curves obtained under various preheating temperatures (Ts;op) for (a) CaSO4:Tb, (b) CaSO4:Mn, and (c) CaSO,4:Mn,Tb samples irradiated with 1 Gy

of beta radiation.

peaks centered at 179 and 212 °C, along with a low-intensity peak
centered at 267 °C. The TL emission of CaSO4:Mn is characterized by the
overlap of two peaks centered at 185 and 220 °C. The CaSO4:Mn,Tb
sample also showed a TL emission curve with two peaks but at higher
temperatures compared to the mono-doped compound, with the first
peak at 205 °C and the second at 325 °C.

3.6. Optically stimulated luminescence studies

3.6.1. OSL decay curves

Fig. 13 shows a typical OSL exponential decay curve for samples
exposed to 1 Gy of beta radiation. For this analysis, the samples were
optically stimulated using continuous blue light with an integration time
of 40 s. For all samples, the OSL signal follows a trend of exponential
decay as the traps are emptied. In particular, CaSO4:Mn shows the
highest OSL intensity, followed by CaSO4:Mn,Tb, and then CaSO4:Tb.
This pattern mirrors the observed behavior in the TL emission of these
phosphors.

3.6.2. OSL sensitivity

The OSL sensitivity analysis compares the OSL signal of the CaSO4:
Tb, CaSO4:Mn, and CaSO4:Mn,Tb samples with that of established do-
simeters (Aly03:C, the TLD-200, the TLD-400, and the TLD-900).
Fig. 14a illustrates the OSL sensitivity, quantified by the integrals of
the OSL decay curves per unit mass per unit of absorbed dose (OSL mg !
Gy 1). The materials were irradiated with 1 Gy of beta radiation. The
results showed that the samples prepared in this study exhibited
significantly higher sensitivity compared to the TLD-900, the TLD-400,
and the TLD-200. However, AlyO3:C demonstrated greater sensitivity.

The area under the OSL decay curve represents the total amount of light
emitted over time. Although CaSO4:Mn and CaSO4:Mn,Tb exhibit higher
OSL intensity, their luminescence decays faster because of a higher fast
decay component, resulting in a smaller total area under the decay curve
compared to CaSO4:Tb. Fig. 14b shows the OSL decay curves for the
studied samples and commercial TLD dosimeters.

3.6.3. OSL dose-response

In Fig. 15, the behaviors of the integral curves of the OSL as a
function of the radiation dose for CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,
Tb phosphors exposed to beta radiation are illustrated. A linear rela-
tionship is observed in the range of 0.1-100 Gy. Linear fittings of the
OSL response in the studied dose range showed linear correlation co-
efficients of 0.975 for CaSO4:Tb, 0.991 for CaSO4:Mn, and 0.994 for
CaSO4:Mn,Tb.

3.6.4. OSL fading

The investigation was extended to assess the OSL fading response of
CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb samples after irradiation to a
dose of 1 Gy (°°Sr+°°Y). Measurements were made immediately after
irradiation and following a 30-day storage period at a temperature of
24 °C under constant environmental conditions, with the samples
shielded from light. The results of this investigation are presented in
Table 1.

Relative to the pellets evaluated immediately after irradiation, the
OSL signal exhibited a 50% reduction for CaSO4:Tb and a 60% reduction
for CaSO4:Mn after 30 days. While this fading was noticeable, it was
comparatively less than that observed in the TL signal, as discussed in
Section 3.5.3. Specifically, the samples co-doped with manganese and
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Fig. 8. TL glow curve deconvolution of (a) CaSO4:Tb, (b) CaSO4:Mn, and (c) CaSO4:Mn,Tb samples irradiated with 1 Gy of beta radiation.

Table 1
OSL Responses of the CaS04:Tb, CaSO4:Mn, and CaSO4:Mn,Tb samples imme-
diately after irradiation to a dose of 1 Gy (°°Sr+°°Y) and after a 30-day storage
period.

Sample Immediate OSL OSL response Luminescent OSL
response (arb. after 30 days signal (%) fading
units) (arb. units) (%)
CaSOy4: (1.01 £ 0.01) x (5.09 £ 0.21) x 50 50
Tb 10° 10*

CaSO0y4: (1.07 + 0.06) x (4.30 £ 0.13) x 40 60
Mn 10° 10*

CaSOy4: (6.07 + 0.20) x (5.49 + 0.47) x 90 10
Mn,Tb  10* 10*

terbium exhibited less intense OSL fading compared to TL fading. The
OSL fading of CaSO4:Mn,Tb was 9.6%, which is close to the observed TL
fading of 10%. In comparison with recently published results on CaSO4:
Dy (Gasparian et al., 2022), which showed a significant OSL fading of
50% one day after irradiation, the findings of this study highlight the
potential application of the produced dosimeters as effective OSL de-
tectors for radiation dosimetry.

3.5.2. TL reproducibility, response, and sensitivity

Fig. 9 shows the variation of the TL response (area under the curve)
of the pellets over five cycles comprising irradiation to a dose of 1 Gy,
readout, and subsequent thermal treatment. Each data point represents
the mean TL emission of 5 pellets and the bars represent their standard
deviation. It is observed that the response of all samples after each cycle
was similar, with variations of less than 8%. Therefore, it can be said
that the TL signal of the produced samples is reproducible.

To evaluate the linearity of the TL response with dose, pellets were

20
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c
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Fig. 9. TL response of CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb samples after
each cycle comprising irradiation to a dose of 1 Gy, readout, and subsequent
thermal treatment. The dashed lines represent the average TL response after
5 cycles.

irradiated at increasing doses from 0.169 to 100 Gy. The dose-response
curve is shown in Fig. 10, with TL signal values determined by inte-
grating the area under the emission curve. The pellets of the five phos-
phors exhibit a linear relationship between TL intensity and absorbed
dose over the dose range studied. Linear fits, with correlation co-
efficients of 0.986 for CaSO4:Tb, 0.993 for CaSO4:Mn, and 0.989 for
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experimental data points.

CaSO4:Mn,Tb, confirm the linearity of the dose-response curve.

The TL sensitivity analysis compares the TL signal of the CaSO4:Tb,
CaS04:Mn, and CaSO4:Mn,Tb samples with that of established dosime-
ters (the TLD-100, the TLD-200, the TLD-400, and the TLD-900).
Fig. 11a shows the TL sensitivity, quantified by the TL signal intensity
per unit mass per unit of absorbed dose (TL mg~! Gy 1). The materials
were irradiated with 1 Gy of beta radiation. The results showed that
CaS04:Mn pellets exhibited significantly higher sensitivity compared to
the TLD-400, the TLD-200, CaSO4:Tb, CaSO4:Mn,Tb, and the TLD-900.
In other words, the CaSO4:Mn pellets exhibited significantly higher TL

sensitivity than all the other dosimeters tested, except the TLD-100
dosimeter. However, it is important to note that 50% of the pellets
mass is Teflon and that this amount of Teflon does not significantly
affect the luminescence signal of these dosimeters. Therefore, the results
show that the materials proposed in this study are competitive from a
dosimetric point of view. Fig. 11b shows typical TL emission curves for
the samples and commercial dosimeters, demonstrating the significant
potential of CaSO4:Mn, CaSO4:Tb, and CaSO4:Mn,Tb for use in radiation
dosimetry.
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Fig. 11. (a) TL sensitivity of CaSO4:Tb, CaSO4:Mn, CaSO4:Mn,Tb samples and commercial dosimeters irradiated with 1 Gy of beta radiation and (b) TL emission
curves of CaSO4:Tb, CaSO4:Mn, CaSO4:Mn,Tb samples and commercial dosimeters after irradiation.
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3.5.3. Fading
To investigate the fading behavior of the TL signal of the CaSO4:Tb

and CaSO4:Mn samples, their emission curves were read at intervals of 1,
7, 15, and 30 days after exposure to 1 Gy of radiation (°%sr+°%Y). The
samples were stored at room temperature (~23 °C) and shielded from
light. The results are shown in Fig. 12a.

For CaSO4:Tb, the emission curve showed a fading of 60% from its
original value after irradiation. In the same period, CaSO4:Mn samples
showed a significant reduction of 75% in their TL signal. The prepara-
tion method of CaSO4:Mn by slow evaporation resulted in a significant
reduction of fading compared to other reports in the literature. In
contrast to Bahl et al. (2017), who reported a significant loss of TL in-
tensity (40%-85%) in the first 3 days after irradiation, our study showed
a shift in the emission curve, with peak appearing at 190 °C. This
discrepancy with previous work, where TL peaks were in the range of
100-140 °C (Medlin, 1961; Menon et al., 2005), suggests the presence of
deeper traps in our studied samples.

The fading analysis of CaSO4:Mn,Tb Involved comparing the TL
emission curves of two groups of samples irradiated to a dose of 1 Gy, as
shown in Fig. 12b. In the first group, TL was measured immediately after
irradiation, while in the second group TL was measured after 30 days,
with the samples stored under stable conditions at 24 °C during this
period. The TL emission curves of the pellets evaluated after 30 days
showed a 17% reduction in their original intensity. In particular, the TL
peak above 250 °C showed relatively little fading after 30 days, with
only a 10% reduction from the TL emission measured immediately after
irradiation. Conversely, the peak below 250 °C experienced a significant
reduction in intensity over the same period. This observation suggests

that shallow traps are more easily released by thermal stimulation than
traps with higher activation energies. From a dosimetric point of view,
the second TL peak is more suitable than the first, as it occurs in a higher
temperature range and fades less after irradiation. This result for CaSO4:
Mn,Tb suggests that co-doping with Mn and Tb contributes to the

reduction of fading.

4. Conclusion

In this investigation, we conducted a detailed comparison of the
luminescent properties of CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb
crystals prepared by an adapted slow evaporation route. The XRD
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Fig. 13. OSL decay curve of CaSO4:Tb, CaSO4:Mn, and CaSO4:Mn,Tb samples,
irradiated with 1Gy of %°Sr+°%y.

analyses confirmed the efficient synthesis of these crystals. The results
obtained from the PL and RL analyses not only confirmed the presence of
Tb®* and Mn?" ions in the crystal matrices, underscoring the successful
generation of structural defects but also demonstrated the potential for
their effective application. In addition, SEM images of the prepared
pellets revealed essential and critical properties for dosimetric applica-
tions, such as homogeneity, a cohesive surface, and low porosity.

TL analyses revealed distinct emission curves for each crystal
variant. CaSO4:Mn exhibited overlapping TL peaks at 184 and 219 °C.
Notably, even after 30 days, the TL fading was significantly lower than
the reported values for alternative synthesis methods, highlighting the
stability of the slow evaporation route. CaSO4:Tb exhibited three TL
peaks centered at 180, 210, and 270 °C; however, this sample faded by
60% after 30 days. The incorporation of Tb as a co-dopant in CaSO4:Mn
resulted in a TL curve with peaks at 205 and 325 °C, with a TL fade of 17
% after 30 days. Importantly, the fading of co-doped samples was found
to be lower compared to mono-doped samples, reinforcing the
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Fig. 12. (a) The normalized TL response of CaSO4:Tb and CaSO4:Mn,Tb samples plotted against the percentage of fading for different storage periods after irradiation
to a dose of 1 Gy (°°Sr+°°Y) and (b) TL emission for CaSO4:Mn,Tb samples irradiated to a dose of 1 Gy, read immediately after irradiation and after 30 days.
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advantageous properties of the co-doping approach.

Comparative TL/OSL analysis with commercial dosimeters revealed
that the materials proposed are dosimetrically competitive, as only TLD-
100 and Al»03:C showed a slightly higher sensitivity than synthesized
ones. All samples produced suitable OSL curves, with CaSO4:Mn
showing the highest intensity. The fading of the samples’ TL signal 30
days after irradiation was 49% for CaSO4:Tb, 60% for CaSO4:Mn, and
9.6% for CaSO4:Mn,Tb. The pellets exhibited suitable luminescent

10

properties and dosimetric properties, including linear luminescent
response ranging from a few mGy to 100 Gy and reproducibility of both
OSL and TL signals.
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