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A B S T R A C T

The luminescence properties of crystalline materials are critical for monitoring physical phenomena, including 
ionizing radiation doses. In this study, CaSO4:Mn,Tb phosphors were synthesized using four distinct methods: 
solid-state diffusion, co-precipitation, sol-gel, and slow evaporation routes. The influence of synthesis conditions 
on the structural, morphological, elemental, and luminescent properties of the phosphors was systematically 
investigated. X-ray diffraction (XRD) patterns confirmed that all synthesis routes produced samples with a stable 
CaSO4 crystal phase, and doping with Tb3+ and Mn2+ did not alter the crystal structure. Scanning electron 
microscopy (SEM) images revealed that synthesis methods significantly influenced grain morphology. Energy- 
dispersive X-ray spectroscopy (EDS) spectra validated the successful incorporation of Tb3+ and Mn2+ ions into 
the crystal lattice. The slow evaporation route, followed by co-precipitation, yielded the highest intensity of 
thermoluminescence (TL) glow curves, which were characterized using Schott BG-39 and Hoya U-340 bandpass 
filters to control wavelengths. Different emission curve behaviors for TL were observed. In the optically stim
ulated luminescence (OSL) analyses, obtained with continuous intensity optical stimulation and a 40 s inte
gration time, all samples exhibited an exponential decrease in OSL signal as the charge traps were emptied. The 
CaSO4:Mn,Tb phosphor produced via the sol-gel route, and that synthesized by slow evaporation, showed the 
highest OSL intensity, followed by those produced via co-precipitation and solid-state synthesis. However, the 
high coefficient of variation (CV) in TL/OSL responses of samples produced by sol-gel and co-precipitation 
methods limited the reproducibility of the luminescent measurements. The slow evaporation route emerged as 
the most consistent and efficient method, exhibiting low CV values (<10 %) in terms of signal variation and 
sensitivity, the highest linear correlation in the dose-response relationship over the irradiation range of 0.16 
Gy–100 Gy, and greater TL signal stability for long-term applications.

1. Introduction

In radiation dosimetry, significant research has focused on devel
oping dosimeters that combine high sensitivity, excellent stability, and 
the ability to measure the dose received with sufficient reproducibility 
and reasonable accuracy across the full range of energies, doses, and 
dose rates expected during its use (Poston, 2003). These dosimeters are 
designed to be suitable for environments where radiation levels can vary 
significantly. Among the most widely used techniques for radiation 
monitoring are thermoluminescence (TL), optically stimulated 

luminescence (OSL), and electron paramagnetic resonance (EPR), all of 
which provide accurate, reliable solutions for measuring radiation 
exposure.

Luminescent materials play a crucial role in radiation monitoring by 
absorbing energy from incident radiation over time and emitting light 
when triggered by external stimuli. Methods like TL and OSL utilize the 
phosphorescent properties of irradiated materials. In TL, heat prompts 
light emission, whereas OSL uses specific wavelengths of light for 
stimulation. The amount of light emitted correlates directly with the 
radiation absorbed, providing a reliable approach to accurately measure 
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radiation doses (Sen et al., 2024).
Over the past two decades, sulfate-based phosphor materials doped 

with lanthanide and metal elements have garnered attention due to their 
potential in advanced technologies, such as light-emitting diodes, sen
sors, and radiation monitoring (Aboelezz et al., 2022; Bastani et al., 
2019; Dhoble et al., 2003; Gaikwad et al., 2016; Lakshmanan et al., 
2006; More et al., 2015; Najar et al., 2023; Tang et al., 2006). Among the 
most studied sulfates are lithium sulfate (Li2SO4), strontium sulfate 
(SrSO4), magnesium sulfate (MgSO4), sodium sulfate (Na2SO4), barium 
strontium sulfate (BaSrSO4), potassium sulfate (K2SO4) and calcium 
sulfate (CaSO4), all of which show promising luminescent properties for 
these applications.

The synthesis methods for CaSO4, including co-precipitation, sol-gel, 
recrystallization, wet chemistry, solid-state diffusion, and slow evapo
ration, are crucial for enhancing its dosimetric properties. These 
methods have been extensively studied and documented (Bahl et al., 
2017; Guckan et al., 2017; Junot et al., 2011, 2014, 2016, 2019, 2020, 
2024; Kadari et al., 2016; Silva et al., 2020, 2021, 2022, 2023, 2024, 
2025).

Recent advances in doping CaSO4 with rare earth elements, such as 
terbium (Tb) as a co-dopant in CaSO4:Mn, have further improved its 
luminescent properties. For example, the co-doping of CaSO4:Mn with 
Tb resulted in a TL glow curve with peaks at 205 ◦C and 325 ◦C, and a 
fading of only 17 % after 30 days. The co-doped samples showed 
reduced fading compared to the mono-doped ones, suggesting that the 
co-doping stabilizes charge recombination centers at deeper energy 
levels. Despite these improvements, a deeper understanding of the 
luminescent mechanisms and defect interactions is still required to fully 
optimize the use of CaSO4:Mn,Tb in radiation dosimetry.

The study investigates the influence of four distinct synthesis 
methods (solid-state diffusion, co-precipitation, sol-gel and slow evap
oration) on the structural, morphological and luminescent (TL and OSL) 
properties of CaSO4:Mn,Tb phosphors. TL glow curves were recorded in 
both the ultraviolet (UV) and visible (VIS) spectral regions to evaluate 
spectral response of the phosphors. The TL and OSL results are compared 
with previously reported data for samples produced via the slow evap
oration method (Silva et al., 2022). To our knowledge, this is the first 
comprehensive study to systematically evaluate the impact of these 
synthesis routes on the luminescent performance of CaSO4:Mn,Tb under 
beta radiation. This study highlighting the pivotal role of microstruc
tural variations in maximizing the potential of this phosphor for dosi
metric applications.

2. Materials and methods

2.1. Solid state diffusion reaction

The preparation of CaSO4:Mn,Tb was carried out via a solid-state 
diffusion reaction, following a procedure previously described by Rani 
et al. (2015). For the phosphor synthesis, the following raw materials 
were used: CaSO4⋅2H2O, Tb4O7, and Mn(NO3)2⋅4H2O. The latter two 
compounds were dissolved in distilled water under magnetic stirring in a 
glass beaker. The desired amounts of Tb and Mn dopants were each 
added at a concentration of 0.1 mol%. The mixture was thoroughly 
homogenized. Subsequently, CaSO4⋅2H2O added to the solution. After 
complete stirring, the solution was dried in glass beakers placed in an 
oven at 180 ◦C for 2 h. The dried powder was then finely ground in an 
agate mortar, transferred to alumina crucibles, and sintered at 600 ◦C for 
1 h.

2.2. Co-precipitation method

CaSO4:Mn,Tb was prepared using the chemical co-precipitation 
method, following a procedure previously described by Salah et al. 
(2006). Appropriate quantities of calcium acetate (Ca(CH3CO2)2⋅2H2O), 
Tb4O7, and Mn(NO3)2⋅4H2O were dissolved in triply distilled deionized 

water. The solution was then mixed stoichiometrically with an ammo
nium sulfate ((NH4)2SO4) solution in the presence of ethanol. The 
resulting precipitate was filtered out and washed several times with 
distilled water. The obtained powder was first placed in an oven at 
100 ◦C for 2 h and subsequently annealed at 650 ◦C for 2 h.

2.3. Sol-gel method

The procedure follows the method outlined by Kadari et al. (2016), 
who used calcium chloride dihydrate (CaCl2⋅2H2O) and ammonium 
sulfate ((NH4)2SO4) as precursors. The calcium chloride solution was 
prepared by dissolving CaCl2⋅2H2O in distilled water and ethanol, stir
ring magnetically at room temperature. The ammonium sulfate solution 
was then slowly added to the CaCl2⋅2H2O solution, followed by the 
addition of the dopants Tb4O7 and Mn(NO3)2⋅4H2O to the solution to 
form CaSO4:Mn,Tb. The mixture was stirred to obtain a homogeneous 
precipitate. In this process, ethanol (C2H6O) is used as the solvent, H2O 
as the hydrolysis reagent, and ammonia (NH4OH) as the catalyst. The 
resulting white precipitate was washed with distilled water and ethanol, 
and then dried at 100 ◦C for 24 h to remove residual water and solvent 
content.

2.4. Slow evaporation method

CaSO4:Mn,Tb samples were prepared using the slow evaporation 
method, a well-established technique for synthesizing sulfate crystals. 
The crystal growth parameters were determined based on previous 
studies (Junot et al., 2016, 2019; Silva et al., 2020). In this method, a 
solution containing calcium carbonate (CaCO3), sulfuric acid (H2SO4), 
terbium oxide (Tb4O7), and manganese nitrate (Mn(NO3)2⋅4H2O) was 
prepared. The solution was heated to 375 ◦C using a heating mantle and 
maintained at this temperature until the acid had completely evapo
rated. Subsequently, the crystals were washed, ground, and sieved. The 
resulting powders were then calcined at 600 ◦C for 1 h.

2.5. Methods of characterization

The crystal structure of the sample was analyzed using a Rigaku X- 
ray diffractometer (RINT, 2000/PC) with Cu-Kα radiation, operating at 
60 kV and 30 mA. The scanning range was 20◦–80◦ (2θ), with step in
crements of 0.04◦. Additionally, the size, morphology, and structure of 
the powder samples were examined with a JSM-IT700HR scanning 
electron microscope (SEM), equipped with an energy-dispersive spec
troscopy (EDS) system, which was used to assess the elemental 
composition of the produced samples. The powders were uniformly 
mixed with polytetrafluoroethylene (Teflon) to enhance the material’s 
mechanical strength and facilitate its handling during the luminescence 
characterizations by TL/OSL. After applying a uniaxial pressure of 0.5 
tons, well-formed pellets were produced. These pellets were subse
quently sintered at 400 ◦C for 1 h to improve their strength and stability. 
The final cylindrical pellets had a mass of 30 mg and a diameter of 4 mm.

The samples were irradiated with a90Sr/90Y beta source, delivering a 
dose rate of 4.33 Gy/min and a maximum energy of 2.27 MeV, with a 
cumulative dose of 1 Gy. TL and OSL measurements were performed 
using a DA-20 model Risø TL/OSL reader system. For TL measurements, 
a heating rate of 5 ◦C/s was applied, with the temperature reaching up to 
450 ◦C. For OSL measurements, the excitation light source consisted of 
blue light-emitting diodes with a wavelength of 470 nm, and signal 
acquisition lasted for 40 s. The detection system utilized Schott BG-39 
bandpass filters (transmittance in the visible region between 320 and 
480 nm) and Hoya U-340 filters (transmittance in the UV region be
tween 260 and 400 nm) to select the emission wavelengths. The coef
ficient of variation (CV), also known as the relative standard deviation, 
was calculated as the ratio of the standard deviation (σ) to the mean (μ), 
multiplied by 100 to express the result as a percentage (CV = (σ/μ) ×
100). In this study, the CV was calculated for the TL and OSL responses 
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obtained from five analyzed pellets.

3. Results and discussions

3.1. XRD analysis

Fig. 1 shows the XRD patterns of CaSO4:Mn,Tb synthesized using 
solid-state diffusion reaction, co-precipitation, sol-gel methods, and the 
slow evaporation route. Compared with the ICDD standard card 00-037- 
1496, it was confirmed that the crystal phase of all samples corresponds 
to CaSO4 indicating successful synthesis via all four methods. The 
incorporation of rare earth and metal dopants had minimal impact on 
the crystal structure of CaSO4 suggesting that the dopants were incor
porated into the lattice. The XRD patterns of the samples are charac
teristic of orthorhombic anhydrite structures, displaying peaks at 2θ 
angles consistent with those reported by Silva et al. (2022, 2023, 2024).

3.2. SEM analysis

The morphological analysis of the phosphor samples prepared by the 
different synthesis routes is shown in Fig. 2(a–d) at a 3300 times 
magnification. The grains synthesized using the solid-state diffusion 
route exhibit an irregular morphology, with fragmented appearances 
and poorly defined edges, indicating a rough surface texture and some 
degree of agglomeration. In contrast, the sol-gel route resulted in CaSO4: 
Mn,Tb grains with an elongated and crystalline structure, characterized 
by a more defined morphology indicative of a structured growth process. 
Grains obtained via the slow evaporation method display a denser 
appearance with irregular surfaces and agglomerated shapes, reflecting 
variations in morphology throughout the sample. The co-precipitation 
route resulted in grains with a prismatic and elongated morphology, 
featuring well-defined edges and smooth surfaces, consistent with 
crystalline materials formed under controlled synthesis conditions. 
These variations in grain morphology are influenced by differences in 
reagents, thermal treatments, and synthesis methods, which can affect 
the final properties of the phosphor, including its luminescent perfor
mance and dosimetric response.

Fig. 3 presents the EDS spectra of CaSO4:Mn,Tb synthesized by the 
four methods. The elemental composition analysis revealed prominent 
peaks for oxygen (O), sulfur (S), and calcium (Ca), confirming the 
presence of the primary reactants in the final material. Despite the low 
dopant concentrations (≤0.1 mol%), distinct signals for Tb and Mn were 
also detected. Additionally, the EDS mapping showed a uniform distri
bution of Tb and Mn elements over the surface, demonstrating the 

successful incorporation of the dopants into the crystal structure and 
highlighting the efficiency of the synthesis methods.

3.3. Thermoluminescence and optically stimulated luminescence studies

The adapted slow evaporation route successfully synthesized CaSO4: 
Mn,Tb phosphors, with efficient incorporation of Mn2+ and Tb3+ ions 
into the crystal lattice. Structural defects introduced by doping 
enhanced the luminescent properties of the phosphor, as confirmed by 
the TL glow curve, which shows peaks at 205 ◦C and 325 ◦C, with only 
9.6 % fading after 30 days, indicating stability (Silva et al., 2024). 
Comparative TL/OSL analysis with commercial dosimeters, such as 
TLD-100 and Al2O3:C, demonstrated competitive performance of the 
CaSO4:Mn,Tb, with reliable and reproducible signals. The phosphors 
exhibited a linear luminescent response from a few mGy to 100 Gy, 
confirming their potential as cost-effective candidates for radiation 
dosimetry.

To investigate the impact of different synthesis routes on their 
luminescence properties, samples were irradiated with a 1 Gy beta ra
diation dose and subjected to a heating rate of 5 ◦C/s. TL and OSL signals 
were analyzed to identify the method that yields the highest lumines
cence sensitivity. TL emission curves were recorded and examined in 
both the ultraviolet (UV) and visible (VIS) regions, using Hoya U-340 
(Fig. 4) and Schott BG-39 (Fig. 5) filters to isolate specific spectral 
components for detailed analysis. The analysis of the TL signals in the 
UV region revealed significant differences between the samples syn
thesized by different methods. The samples prepared by the slow 
evaporation route exhibited the highest TL emission intensity, standing 
out compared to the other methods. Three main peaks were identified, 
with the most intense peak located around 270 ◦C, suggesting the 
presence of deep electron traps associated with greater thermal stability 
of the emissions.

The sol-gel route resulted in the second-highest TL emission in
tensity, with a single well-defined and symmetrical peak at lower tem
peratures, located in the same region as the first peak observed for the 
slow evaporation route. The samples synthesized by co-precipitation, 
although displaying less intense peaks, showed good definition and 
positions close to those of the slow evaporation peaks, indicating a 
similarity in the structure of the electron traps formed. In contrast, the 
samples prepared by solid-state diffusion presented TL signals with 
poorly defined peaks and lower intensity, suggesting reduced efficiency 
in forming suitable electron traps.

The variations observed in the intensity and shape of the peaks are 
strongly influenced by crystal structure, synthesis method, grain size, 
and morphology (Nair et al., 2020). Among the methods evaluated, the 
slow evaporation route emerged as the most efficient, producing a ho
mogeneous and well-integrated matrix with more effective charge traps 
for TL emission.

The TL emission curves in the VIS region also revealed clear differ
ences in the luminescent behavior of samples synthesized by different 
methods. Similar to the samples analyzed using a UV filter, the one 
prepared by the slow evaporation route exhibited the highest TL in
tensity, maintaining distinct peaks that align with the results observed in 
the visible spectrum. The intensity of the emission remains significantly 
higher than that of samples prepared by other synthesis routes, further 
suggesting that slow evaporation results in samples with a set of electron 
traps more appropriate for a thermoluminescent material, with greater 
thermal stability, as evidenced by the peaks observed at higher tem
peratures. This stability minimizes undesired charge carrier release at 
elevated temperatures, enhancing the accuracy and reliability of radi
ation dose measurements. The co-precipitation method exhibited a 
lower TL intensity compared to the slow evaporation route, but it per
formed better than the solid-state diffusion and sol-gel methods. The co- 
precipitation samples still showed clear and well-defined TL signals, 
consistent with the peaks observed in the UV region. The samples syn
thesized by sol-gel and solid-state diffusion, although displaying lower Fig. 1. XRD patterns of CaSO4:Mn,Tb powders produced by different routes.
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intensity peaks in the UV region, still exhibited clear and well-defined 
signals. The peaks are distributed in the same temperature range as 
the TL emissions observed for the slow evaporation method. The results 
indicate that these methods, although less efficient in promoting TL 
intensity, are still capable of producing samples with electron traps that 
favor luminescent emission properties.

Fig. 6 illustrates the variation in the TL response, represented by the 
area under the TL emission curves, for samples synthesized using 
different methods. The observed trends emphasize the significant in
fluence of the synthesis route on the luminescence efficiency of the 
samples. Among the methods evaluated, the slow evaporation route 
stands out, yielding the highest TL response across both spectral regions. 
This superior performance confirms the efficiency of this method in 

creating a matrix with highly effective electron traps. The co- 
precipitation method ranks second in TL response, demonstrating bet
ter performance compared to the sol-gel and solid-state diffusion 
methods. While the TL response of the samples is lower than that one 
produced by the slow evaporation method, the significant improvement 
over the other two methods indicates the co-precipitation route’s ability 
to create moderately effective electron traps. Furthermore, the close 
agreement between the TL intensities obtained using Hoya U-340 and 
Schott BG-39 filters underscores the consistency of the results across the 
ultraviolet and visible regions. This consistency indicates that the trends 
in TL response are not limited to a specific wavelength range, but reflect 
the general luminescence efficiency of the synthesized samples.

Fig. 7 presents the continuous wave OSL curves for CaSO4:Mn,Tb 

Fig. 2. SEM micrographs of CaSO4 powders prepared using different synthesis routes: (a) Solid-state diffusion, (b) Sol-gel method, (c) Slow evaporation, and (d) Co- 
precipitation method.

Fig. 3. EDS spectra of CaSO4 samples and EDS mapping results of CaSO4:Mn0.1 %,Tb0.1 % synthesized via different routes.

A.M.B. Silva et al.                                                                                                                                                                                                                              Applied Radiation and Isotopes 229 (2026) 112381 

4 



samples synthesized using solid-state diffusion, co-precipitation, sol-gel 
methods, and the slow evaporation route, with a 40 s integration time. 
Among the evaluated methods, the sol-gel route exhibited the highest 
OSL sensitivity. It yielded integrals of the OSL curves that were 
approximately 25 times higher than those obtained using the other 
synthesis methods. For all samples, the OSL signal consistently follows a 
trend of exponential decay as the optically active traps are emptied 
during stimulation. This behavior underscores the presence of traps with 
a high photoionization cross-section for blue LEDs (Junot et al., 2024).

Fig. 8 shows the experimental and fitted OSL decay curves. The 
fitting was performed using a sum of three decreasing exponential 
components, according to the following equation: IOSL = A1e− t/τ1 +

A2e− t/τ2 + A3e− t/τ3 , where Ai and τi (for i = 1,2,3) represent the constant 
coefficients associated with the fast, medium, and slow decay compo
nents, respectively; and τ1, τ2, and τ3 are the corresponding decay 
constants, related to the probability of trapped electrons transitioning to 
the conduction band over time under optical stimulation, in distinct trap 
sets. The fitted curves reveal the presence of a fast decay component (red 
curve), a medium decay component (blue curve), and a slow decay 
component (green curve). The sum of these components (black curve) 
closely reproduces the experimental OSL decay behavior. It is important 
to emphasize that this three-component exponential fitting is a mathe
matical approximation aimed at ensuring consistency in the modeling 
process, rather than providing definitive evidence of separate underly
ing physical mechanisms (Altunal et al., 2018).

Table 1 presents the constant coefficients and decay constants ob
tained from an exponential fit of the OSL decay curves in Fig. 8. The 
results show a predominance of fast and medium components (A1 and 
A2), while the contribution of the slow component (A3) was minimal, 
with a maximum value of only 0.110. This characteristic decay 
behavior, marked by an initial rapid decrease followed by a slower 
component, supports the presence of trapping centers with different 
photoionization cross sections (Daniel et al., 2016).

Table 2 further summarizes the integrals of the TL emission and OSL 
decay curves for CaSO4:Mn,Tb compounds produced by various syn
thesis routes, along with uncertainties and CV values, providing insight 
into the luminescent performance and reproducibility of each method. 
The solid-state diffusion route exhibited the lowest TL and OSL re
sponses of all filters, with moderate CV ranging from 6.04 % to 8.63 %. 
While this method produced samples with acceptable luminescent signal 
stability, the low dose sensitivity suggests a limited efficiency of the 
method in forming luminescent centers or suitable electron traps. The 
sol-gel method achieved samples with higher sensitivity values for both 

Fig. 4. TL emission curves of CaSO4:Mn,Tb samples prepared by different 
routes, irradiated with 1 Gy of beta radiation, using a Hoya U-340 filter.

Fig. 5. TL emission curves of CaSO4:Mn,Tb samples prepared by different 
routes, irradiated with 1 Gy of beta radiation, using a Schott BG-39 filter.

Fig. 6. TL signal obtained by integrating the area under the emission curve of 
CaSO4:Mn,Tb samples produced by different routes, using Schott BG-39 and 
Hoya U-340 filters.

Fig. 7. OSL curves of CaSO4:Mn,Tb pellets produced by different routes, irra
diated with 1 Gy of 90Sr/90Y. Inset: Normalized curves for comparison of 
decay profiles.
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TL and OSL measurements. For instance, the TL response under the BG- 
39 filter reached the highest TL intensity, with a low CV of 1.92 %, 
indicating good reproducibility in this region. However, in the UV re
gion, the TL measurements showed a significantly high CV of 57.37 %, 
reflecting substantial variability in sample performance produced by the 
sol-gel method. Similarly, OSL measurements exhibited a CV of 18.03 %, 
further highlighting inconsistencies in the luminescent behavior of the 
samples synthesized by this route.

The co-precipitation route resulted in samples with moderate sensi
tivity to dose, whose TL response is characterized by high CV values, 
indicating inconsistencies in the material’s luminescent properties. 
Despite this, the samples produced by this method showed a better 
performance in OSL measurements, achieving a lower CV of 9.54 %, 
which suggests improved reproducibility in this aspect compared to its 
TL response. The slow evaporation route stands out as the most effective 
and reliable synthesis method. It achieved the highest TL and OSL sen
sitivities across all filters, combined with relatively low CV values of 
9.01 % for TL and 5.34 % for OSL indicating excellent reproducibility. 
These findings underscore the ability of the slow evaporation route to 
produce materials with superior structural homogeneity and optimized 
electron trap formation, resulting in enhanced sensitivity and consistent 
performance.

Discrepancies were observed between the TL and OSL emissions in 
the UV region. Samples produced by the slow evaporation method 
exhibited stronger TL signals, while those produced by the sol-gel route 
exhibited a significantly higher OSL response. This behavior can be 
attributed, in part, to differences in trap distributions and photoioniza
tion dynamics induced by the synthesis method. As mentioned in the TL 

Fig. 8. Experimental and fitted OSL decay curves of CaSO4:Mn,Tb samples synthesized by (a) solid-state diffusion, (b) sol-gel method, (c) co-precipitation, and (d) 
slow evaporation method.

Table 1 
OSL parameters obtained from the exponential fit of the curves of CaSO4:Mn,Tb 
phosphors produced by different routes.

Route CW-OSL 
COMPONENT

COEFFICIENT Ai DECAY CONSTANT 
τi (s)

Solid-state 
diffusion

Fast 1.446 ± 0.017 
(A1)

0.172 ± 0.003 (τ1)

Medium 0.362 ± 0.007 
(A2)

1.167 ± 0.029 (τ2)

Slow 0.110 ± 0.002 
(A3)

8.971 ± 0.144(τ3)

Sol-gel Fast 0.345 ± 0.008 
(A1)

0.331 ± 0.005(τ1)

Medium 9.172 ± 0.170 
(A2)

0.064 ± 0.001(τ2)

Slow 0.023 ± 0.001 
(A3)

2.456 ± 0.065(τ3)

Co-precipitation Fast 0.415 ± 0.008 
(A1)

1.004 ± 0.021 (τ1)

Medium 1.723 ± 0.025 
(A2)

0.146 ± 0.002(τ2)

Slow 0.067 ± 0.001 
(A3)

9.092 ± 0.206 (τ3)

Slow 
evaporation

Fast 2.388 ± 0.007 
(A1)

0.168 ± 0.018 (τ1)

Medium 0.285 ± 0.031 
(A2)

1.215 ± 0.006 (τ2)

Slow 0.090 ± 0.001 
(A3)

15.18 ± 0.172 (τ3)

Table 2 
Integrals of the TL emission and OSL decay curves of the produced compounds, respective uncertainties (deviation), and the percentage variation coefficients of the 
readings (CV).

Route TL OSL

BG-39 Hoya U-340 Hoya U-340

Response (arb. units) CV (%) Response (arb. units) CV (%) Response (arb. units) CV (%)

Solid-state diffusion (3.15 ± 0.19)x106 6.04 (8.50 ±0. 58) x104 6.84 (1.85 ± 0.16) x105 8.63
Sol-gel (6.94 ± 0.13)x106 1.92 (1.53 ± 0.87)x105 57.37 (1.27 ± 0.23) x106 18.03
Co-precipitation (3.23 ± 0.57)x107 17.84 (2.26 ± 1.03)x105 45.59 (1.43 ± 0.13) x105 9.54
Slow evaporation (4.38 ± 0.39)x108 9.01 (2.72 ± 0.27)x106 9.97 (3.07 ± 0.16) x105 5.34

A.M.B. Silva et al.                                                                                                                                                                                                                              Applied Radiation and Isotopes 229 (2026) 112381 

6 



section, the TL signals in the UV region indicate that the synthesis of 
CaSO4:Mn,Tb via the sol-gel route promotes the formation of shallow 
traps. These traps, although less thermally stable and therefore less 
prominent in TL measurements, can enhance the OSL response due to 
their higher photoionization cross-sections. McKeever et al. (1997) also 
showed that shallow traps can strongly affect the shape of OSL curves in 
the case of complex systems. Additionally, differences in crystallinity, 
particle size, and surface morphology, which are induced by each syn
thesis route, may influence the optical absorption and stimulation 
efficiency.

To assess the linearity of the luminescent response as a function of 
absorbed dose, CaSO4:Mn,Tb samples were irradiated with increasing 
doses ranging from 0.16 to 100 Gy for both TL and OSL measurements, 
using a Hoya U-3540 optical filter. The integrated signals from each 
experimental cycle were obtained from the total luminescence counts, 
and the results are presented in Fig. 9 on a log–log scale as a function of 
dose. Both TL and OSL responses exhibit an increasing trend with dose, 
confirming the efficiency of these materials in detecting ionizing radi
ation. Moreover, the results demonstrate that the synthesis route has a 
direct influence on the sensitivity and linearity of the TL/OSL responses. 
Among the investigated routes, the slow evaporation method yielded the 
highest TL sensitivity and excellent linearity (R2 = 0.99) for both TL and 
OSL. In contrast, although the sol–gel samples presented lower linearity 
(R2 = 0.913 for TL and 0.653 for OSL), they exhibited the highest OSL 
sensitivity. Samples synthesized by solid-state diffusion and co- 
precipitation showed linear behavior and moderate luminescent in
tensities, lower than those obtained via slow evaporation and sol–gel, 
but still suitable for dosimetric applications within the analyzed dose 
range.

Fig. 10 displays the fading behavior of CaSO4:Mn,Tb samples pre
pared using different synthesis routes and irradiated with 1 Gy of β-ra
diation, comparing TL signals measured with a Hoya U-340 filter and 
OSL signals recorded 15 days after irradiation. The results are presented 
relative to signals measured immediately after irradiation, normalized 
to 1.0 (black bar). All synthesis methods exhibited some degree of signal 
loss, reflecting charge-carrier instability, mainly associated with shallow 
traps. The sol–gel route showed the most pronounced fading, with 71.9 
% loss in TL and 92.7 % in OSL, indicating poor charge retention. In 
contrast, the slow evaporation method resulted in the lowest fading, 
with only 11.2 % loss in TL and 41.5 % in OSL, suggesting that this route 
favors the formation of more stable trapping centers. It is important to 
note that this analysis considers the contribution of all trap levels, since 
the TL signal was integrated up to 450 ◦C. For comparison, CaSO4:Mn 
samples exhibited higher fading rates, with 75 % loss in TL intensity and 
63.6 % in OSL after 28 days, as reported by Silva et al. (2023). These 
results indicate that Tb3+ co-doping enhances charge-carrier retention, 
thereby improving signal stability.

4. Conclusions

This study systematically evaluated the impact of four different 

synthesis methods (solid-state diffusion, co-precipitation, sol-gel, and 
slow evaporation) on the structural, morphological, and luminescent 
(TL and OSL) properties of CaSO4:Mn,Tb phosphors. All methods 
resulted in samples with a CaSO4 crystal phase, and the crystals pro
duced successfully incorporated the dopants. Morphological analyses 
revealed significant differences among the phosphors produced by the 
four routes. These differences directly affected the TL and OSL re
sponses. The phosphors obtained via the slow evaporation route 
exhibited the most stable and intense TL emission. In contrast, those 
produced by the sol-gel method yielded the highest OSL sensitivity, 
though with lower reproducibility compared to the samples synthesized 
via the slow evaporation route. The phosphors obtained via the co- 
precipitation and solid-state methods exhibited intermediate and less 
efficient luminescent properties, respectively. These findings underscore 
the key role of synthesis conditions in tailoring the microstructure of 
CaSO4:Mn,Tb and enhancing its dosimetric performance. The results 
indicate that the slow evaporation route is a reliable and efficient 
method for producing CaSO4:Mn,Tb phosphors for radiation dosimetry 
applications, offering superior TL/OSL linearity, high sensitivity, and 
enhanced long-term signal stability. The consistent luminescent 
response observed in both the visible and UV regions further broadens 
the applicability of these materials, underscoring the effectiveness of the 
slow evaporation method in optimizing their performance for a wide 
range of dosimetric applications. Overall, the newly synthesized CaSO4: 
Mn,Tb phosphors exhibit promising characteristics for accurate and 
reproducible radiation dose evaluation.

Fig. 9. TL/OSL responses of CaSO4:Mn,Tb phosphors produced by different routes, as a function of absorbed dose of beta radiation.

Fig. 10. Fading of CaSO4:Tb,Mn after 15 days: TL with Hoya U-340 filters, and 
OSL. The first bar corresponds to the TL/OSL signal measured immediately after 
irradiation (normalized to 1); percentage losses indicated.
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