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A B S T R A C T

The objective of this work was to study the properties of new vitreous samples of pure BAlMgLi and Ce-doped BAlMgLi produced by the melt-quenching method. The 
structural and vibrational characteristics of the samples were analyzed using x-ray diffraction (XRD), vibrational Raman spectroscopy, and vibrational Fourier 
transform infrared spectroscopy (FTIR). Optically stimulated luminescence (OSL) and thermoluminescence (TL) techniques were also used to identify whether the 
samples showed a response to ionizing radiation. XRD analyses confirmed the predominance of the amorphous phase of the samples. The Raman spectra revealed that 
the atomic bonds present in the material matrix are of the pyroborate and metaborate type, enabling stretching vibrations in isolated BO4 and/or Al–O or Al–O–B 
units. The band at approximately 810 cm− 1 is characteristic of the formation of the boroxol ring, indicating that the presence of other elements in the matrix does not 
affect its glassy characteristics. The FTIR analyses reinforce the results found by Raman spectroscopy, because bands characteristic of low hygroscopic glasses were 
observed, due to the conversion of BO3 units into BO4 in triborate, tetraborate, and pentaborate groups. This conversion is due to dopant entrainment, which 
contributes to the high optical transparency of the samples. Their OSL and TL signals were reproducible with intensities dependent on the dopant concentration and 
radiation dose, with the most intense emissions resulting from 0.5% Ce concentrations.

1. Introduction

Glass materials are considered a subgroup of ceramic materials and 
are currently the focus of studies for application in personal dosimetry as 
passive-type detectors (Del Sol Fernández et al. (2016); Rivera-Montalvo 
et al. (2021); López-Esquivel et al. (2023); Ugalde-Valdés et al. (2023); 
León-Alfaro et al., 2018). Presently, glasses have been widely studied for 
dosimetric applications because they have intrinsic properties of great 
relevance, such as ease of production, large-scale reproducibility with 
low production cost, easy handling, and flexible chemical compositions. 
This makes it easy to incorporate different elements into the structure, 
allowing the achievement of complex structural matrices (Yahaba et al., 
2017). These materials have a diversity of properties that can accrue 
from different structural combinations, favoring the emergence of me
chanical, optical, thermal, physical, and chemical properties or in the 
improvement of these properties (Feller et al., 1997).

The luminescent materials most employed in clinical and personal 
dosimetry have low effective atomic numbers (Zeff), similar to soft tis
sue, which is a relevant property from the point of view of 

bioequivalence because the interaction processes of ionizing radiation 
depend on the Zeff of the material (Bos, 2001). The luminescent char
acteristics of a material are mainly defined by its sensitivity to the ra
diation dose, linearity between the radiation dose and the respective 
luminescent response, and by fading of its luminescent signal, which 
should be relatively low (Nakauchi et al., 2017; Omar et al., 2022).

Compounds containing boron as the main network former, borates, 
have been the target of several studies, especially with glass formation 
for dosimetric applications, such as strontium tetraborate (SrB4O7), 
which has sensitivity equivalent to the commercial thermoluminescent 
dosimeter TLD-700, and Li2B4O7 doped with copper, which has TL 
sensitivity almost eight times higher than the TLD-100. Strontium and 
calcium, as network modifiers in the borate matrix, have been incor
porated into borate-based glass matrices studied for use as a radiation 
detector (Huang et al., 2022; Sadeq and Abdo, 2021; Mohan et al., 2017; 
Kawano et al., 2018; Dogan et al., 2017; Santiago et al., 1998; Alajerami 
et al., 2013).

Borate glasses present a low melting point, high rare-earth element 
accommodation capacity, and a Zeff close to that of human tissue 
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(approximately 7.35), which is a useful feature in personal radiation 
monitoring, and low production cost (Kawano et al., 2018; Rittisut et al., 
2022). Borates combined with Al2O3 and other elements such as mag
nesium, lithium, and cerium can result in transparent glasses with high 
radiation sensitivity and linearity between the luminescent response and 
the absorbed dose (Vogel, 1994; Souza et al., 2021; Elkholy, 2010). The 
transparency of a material of dosimetric interest is a desirable charac
teristic when its luminescence must be collected efficiently (Bos, 2001; 
Hashim et al., 2014; Barrera et al., 2019). In more recent studies by 
Nakauchi et al. (2017), magnesium was introduced into the B2O3 matrix, 
conferring better luminescent properties, with Zeff values even closer to 
that of human tissue. In the other hand, lithium contributes to an in
crease in the viscosity of the melt and a decrease in the melting tem
perature (El-Adawy et al., 2010; Elkholy, 2010; Alajerami et al., 2013).

The physical and chemical properties of the glass contribute to the 
incorporation of optically active ions with a wide range of optical 
transmission, chemical, thermal stability and in radiation dosimetry 
(Daisuke et al., 2017; Zubair et al., 2020; Kaur et al., 2021). Therefore, 
studies on the applicability of glasses in ionizing radiation dosimetry 
using luminescence techniques such as optically stimulated lumines
cence (OSL), thermoluminescence (TL), and radiophotoluminescence 
(RPL) have been enthusiastically carried out in recent times (Barrera 
et al., 2019; Kitagawa et al., 2021; Li et al., 2024).

The use of rare earths has been widely explored in glass matrix 
studies. These elements are transition metals belonging to the lantha
nide family, they have incompletely filled or unfilled orbitals in the 4f 
and 5 d layers. Cerium is normally used in glasses in its Ce3+ oxidation 
state, thus exhibiting high optical absorption and fluorescence in the 
near ultraviolet (UV) region and in the visible and mid-infrared and 4f 
electronic configuration, with transitions between electronic configu
ration states allowed 4f and 5 d (Kaur et al., 2013). The energy differ
ence between these levels being very wide, not allowing non-radioactive 
decay (Daisuke et al., 2017). Due to its luminescence enhancing prop
erties, Ce3+ has been used as a dopant in materials of interest for TL and 
OSL dosimetry (Kucuk et al., 2016; Oglakci et al., 2020, 2023).

In this work, new vitreous samples of pure BAlMgLi and Ce-doped 
BAlMgLi, whose Zeff is 11.46, were produced, and their structural, 
vibrational, and luminescent properties were studied. In the case of 
luminescent analyses, the interest was to identify whether the samples 
have potential for use in ionizing radiation dosimetry. Samples were 
prepared using the melt-quenching synthesis method, which is widely 
used for a rapid preparation of glass composites with metastable phases 
(Vogel, 1994; Iordanova et al., 2009). This method is simple, inexpen
sive, and produces glass samples of high homogeneity. The preparation 
of the glass samples basically consists of mixing the reagents in a stoi
chiometric manner and heating them in an oven at high temperatures, 
on the order of 900 ◦C–1400 ◦C. (Ardiansyah et al., 2023).

2. Material and methods

The reagents used in the preparation of the vitreous samples and the 
corresponding percentages of reagent purity were as follows: boric acid 
– H3BO3 (99.5%), aluminum -Al2O3 (99.5%), magnesium oxide – MgO 
(95.0%), lithium carbonate – Li2CO3 (98.0%), and cerium oxide - CeO2 
(99.9%). Each sample was prepared in three steps. In the first step, the 
reagents were mixed stoichiometrically in an agate mortar and heated at 
a rate of 10 ◦C/min from room temperature to 600 ◦C in an open furnace 
atmosphere, where mixture was held for 4 h to decarbonate the lithium. 
In the second step, the mixture was heated to 1150 ◦C at a rate of 30 ◦C/ 
min and held at this temperature for 1 h to allow the reagents to melt 
homogeneously. Finally, the sample was poured into an aluminum mold 
(at 300 ◦C) where it remained for 1 h to relieve structural stress and 
avoid possible cracks caused by sudden temperature changes.

For structural and vibrational analysis, the glass samples were 
crushed and sieved (75 μm–150 μm). The powder obtained was used for 
analysis by X-ray diffraction (XRD), Raman and Fourier transform 

infrared (FTIR). For infrared spectroscopy, the powder was mixed with 
KBr, which is used as a support in this technique and allows accurate 
measurements without blocking the light path. Finally, the glasses were 
pressed and sintered at 300 ◦C for luminescent studies. The analyses 
were performed at an ambient temperature of 22 ◦C. Raman, FTIR, and 
infrared spectroscopy estimates are the results of the weighted average 
of a total of ten consecutive measurements.

The glassy structure of the samples was confirmed by XRD analyses 
performed in a PANalytical diffractometer with a linear detector 
(Xcelerator) in the Bragg-Breton θ–2θ configuration. The radiation used 
in the equipment was the Cu Kα (λ = 1.5444 Å). The diffractograms were 
obtained with a step of 0.026◦ per minute in an acquisition time of 1 s, in 
the range from 10◦ to 80◦.

Raman spectroscopy was performed with a Senterra dispersive 
Raman spectrometer manufactured by Bruker Optik GmbH. Analyzes 
were performed with the instrument configured on a 633 nm He-Ne 
laser with an intensity of 10 mW and an integration time of 100 s. The 
objective aperture was 2 mm and the resolution was 3–5 cm− 1 in the 
region of 200–3500 cm− 1, keeping the samples isolated from ambient 
light. The baseline was taken into account to ensure the reliability of the 
measurements.

FTIR vibrational spectroscopy measurements were performed on a 
PerkinElmer Spectrum Two FTIR in an open atmosphere, with a 
measuring range between 0 and 4000 cm− 1.

The optically stimulated luminescent (OSL) and thermoluminescent 
(TL) data were obtained from a Riso TL/OSL reader, Model DA-20. A 
Hoya U 340 filter with peak transmission (~90%) at 340 nm and win
dow centered at ~365 nm was used in the TL/OSL reader. The beta 
radiation source (90Sr + 90Y) had a dose rate of 81.6 mGy s− 1. For the 
OSL signal measurement, continuous blue LED stimulation was applied 
for 40 s, with peak emission at 470 nm. For TL, the samples were heated 
from 25 to 325 ◦C with a heating rate of 5 ◦C s− 1 under nitrogen flow. 
Each luminescence measurement process was repeated for three samples 
under the same conditions. The maximum uncertainty of the measure
ments was ±9%.

The optically stimulated luminescence (OSL) and thermolumines
cence (TL) data were obtained from a Riso TL/OSL reader, Model DA-20. 
A Hoya U 340 filter with peak transmission (~90%) at 340 nm and 
window centered at ~365 nm was used in the TL/OSL reader. Samples 
are 6 mm in diameter and 1 mm thick. The beta radiation source (90Sr +
90Y) presented a dose rate of 81.6 mGy s− 1. To measure the OSL signal, 
continuous blue LED stimulation was applied for 40 s, with an emission 
peak at 470 nm. For TL, samples were heated from 25 to 325 ◦C with a 
heating rate of 5 ◦C s− 1 under nitrogen flow. Background was not sub
tracted. Each luminescence measurement process was repeated for three 
samples under the same conditions. The maximum measurement un
certainty was ±9%.

3. Results and discussion

3.1. X-ray diffractometry analysis

The x-ray diffraction patterns of pure (undoped) BAlMgLi and sam
ples doped with cerium concentrations (BAlMgLi:xCe), with x between 
0.1 and 0.5%, are shown in Fig. 1.

Fig. 1 shows the x-ray diffraction pattern of BAlMgLi glass samples, 
pure and doped with xCe, where x = 0.1, 0.2, 0.3, 0.4, and 0.5%. The x- 
ray diffractograms do not show sharp or discrete peaks but do display a 
broad amorphous halo (band) centered at approximately 22◦ (2θ) and a 
smooth halo at approximately 45◦ (2θ) in the pure sample, and in doped 
samples with 0.2, 0.3, 0.4, and 0.5% of cerium. These results indicate the 
absence of atomic arrangements of long-range order and therefore 
shows the amorphous/glassy nature (Meera and Ramakrishna, 1993; 
Kaur et al., 2012). In the diffractogram of the sample with 0.1% Ce, the 
broad halo at about 40◦ (2θ) and a weak peak at about 72◦ (2θ) were 
observed; the peak is attributed to CeO2 (Joint Committee on Powder 
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Diffraction Standards - JCPDS, number 251164). Since the intensity of 
this peak is low, it can be assumed that the CeO2 content does not affect 
the structural properties of the material. The temperature variations 
experienced by the sample may have contributed to the appearance of 
the peak. All diffractograms show a small band around 38◦ (2θ), which is 
attributed to Al2O3 according to the Inorganic Crystal Structure Data
base (ICSD) 92631.

3.2. Vibrational analysis

3.2.1. Raman vibrational spectroscopy
Fig. 2 shows the Raman spectra of the pure and cerium-doped sam

ples maintained at 30 ◦C. The three regions analyzed were from 200 to 
900 cm− 1 (I), 901 to 1500 cm− 1 (II), and 1501 to 3500 cm− 1 (III).

In region I, a band at 810 cm− 1 is observed, which is characteristic of 
the formation of the boroxol ring, normally identified in Raman spectra 
of pure borate glasses (Colthup et al., 1990; Maniu et al., 2003). This 
result implies that boron, in this structure as a network former, did not 
undergo changes in atomic positions due to the presence of the other 
constituent elements of the material.

Region II shows two bands. The band at 1235 cm− 1 is due to the 
formation of pyroborate, which occurs when one atom of boron is 
bonded to three of oxygen, and this triangular configuration is bonded to 
another identical configuration (Li et al., 2001), which makes the glass 

less hygroscopic. Another band at 1456 cm− 1 indicates the presence of 
stretching vibrations of the B–O bond in isolated BO4 and/or Al–O or 
Al–O–B units in the aluminum lattice in a metaborate configuration 
(Brow et al., 1997; Santos et al., 2009; Kaur et al., 2014).

Six bands are observed in region III. Since borate glasses are hy
groscopic, they absorb moisture from the air. During the period between 
production and analysis (7 day at 20 ◦C), the samples were protected 
from ambient light but not from moisture. Since H2O molecules and 
those from the hydroxyl group are luminescence activators 
(Garcia-Guinea et al., 2018), they stimulate energy absorption and 
subsequent re-emission. The bands in this region can be attributed to the 
presence of water (Shinozaki et al., 2013), which is absorbed from the 
environment, and hydroxyl groups, which are formed when the water 
molecule loses a hydrogen atom due to an increase in temperature.

3.2.2. Fourier transform infrared vibrational spectroscopy (FTIR)
The FTIR spectra shown in Fig. 3 reveal the presence of functional 

groups present in the structure indicated by absorption bands (indicated 
by arrows) in the pure and Cerium-doped BAlMgLi samples.

The FTIR analyses were also performed in three regions: between 
600 and 800 cm− 1 (I), 801 and 1200 cm− 1 (II) and 1201 and 1600 cm− 1 

(III). Storage conditions and time between synthesis and characteriza
tion followed the standard used for Raman analysis. In region I, a band 
centered at approximately 704 cm− 1, characteristic of borate glasses, 
explains an atomic bond of type B–O–B in units of BO3 and BO4. The 
increase in the intensity of this band reveals that the entry of cerium is 
converting BO3 into BO4. The band around 806 cm− 1, which is due to the 
boroxol ring, was not identified by this technique, suggesting that the 
bonds between the atoms are mostly triangular (BO3) and tetrahedral 
(BO4) types. In addition to this band in region I, two other bands were 
identified at positions 452 cm− 1 and 550 cm− 1; these bands may be due 
to the presence of CeO2 groups which affects the BO3 configuration that 
affect the BO3 configuration. This is evident from the observation that 
there is a slight shift as the amount of Cerio increases (Yadav and Singh, 
2012).

Three bands were identified in region II. The band at 850 cm− 1 is due 
to aluminum, which contributes to the presence of so-called oxygen 
bridges, which link two other atomic arrangements in BO4 (Kaur et al., 
2014). The bands at 918 and 1064 cm− 1 are due to stretching vibrations 
between the boron and oxygen atoms in a simple configuration (B–O), as 
well as in a BO4

− type configuration in triborate, tetraborate, and pen
taborate groups (Kaur et al., 2014; Kaur et al., 2012; Singh et al., 2012a). 
The change in band intensity at 1064 cm− 1 occurs due to the incorpo
ration of cerium and the consequent change from BO3 to BO4 configu
ration (Yadav and Singh, 2012; Singh et al., 2011).

Fig. 1. X-ray diffractograms of pure and Ce-doped BAlMgLi.

Fig. 2. Raman spectra of pure and Ce-doped BAlMgLi. Fig. 3. FTIR of pure and Ce-doped BAlMgLi.
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Finally, region III is characterized by a motion associated with the 
stretching vibrations of the triangular BO3 units (Souadi et al., 2024; 
Jabali et al., 2024). The region reveals three bands, two in the interval 
between 1211 cm− 1 and 1382 cm− 1 and another between 1403 cm− 1 

and 1423 cm− 1, corresponding to a pronounced asymmetric stretching 
of the B-O bonds within the BO3 groups (Souadi et al., 2024; Jabali et al., 
2024). These bands are due to stretching vibrations of B–O in BO3 units 
in the metaborate, pyroborate, and orthoborate groups (Kaur et al., 
2014; Singh et al., 2012b; Valença et al., 2018). The changes in the in
tensity of the bands in this region are characteristic of competition be
tween the atoms of cerium and aluminum for the occupation of a 
position in the lattice of the glass; this occurs because of the conversion 
of BO3 into BO4 (Singh et al., 2011; Singh et al., 2012b). Bands above 
appear in amorphous materials as a characteristic of the presence of 
hydroxyl groups or water or even B–O–H or O–H bonds (Singh et al., 
2012a; Valença et al., 2018). The hydroxyl and water groups are lumi
nescence activators (Garcia-Guinea et al., 2018). The band assignments 
of the vibrational units in borate glasses are listed in Table 1.

Assignment of the bands of the vibrational units in borate glasses are 
listed in Table 1.

The incorporation of cerium ions changes the structural configura
tion of the host matrix, due to the vibration modes of this rare earth 
element. These can be identified in the IR spectrum of the sintered 
sample, which presents a vibration band at 1413.20 and 1691.50 cm− 1 

due to Ce ions (Sharma and Dubey, 2023)

3.3. Optically stimulated luminescence

Fig. 4 shows the OSL curves in the form of typical exponentials, with 
the initial predominance of a rapid decay rate due to direct recombi
nation between electrons and holes in the luminescent centers during 
optical stimulation (Mckeever and Yukihara, 2008). The glasses doped 
with 0.3% and 0.5% cerium showed higher intensity in the OSL signal. 
The non-doped sample showed no OSL signal.

The experimental OSL curves were fitted using the three-component 
exponential function shown in Equation (1): 

IOSL =A1e
− t/τ1 + A2e

− t/τ2 + A3e
− t/τ3 (1a) 

where IOSL is OSL intensity; A1, A2, and A3 are constant coefficients; τ1, 
τ2, and τ3 are the decay constants related to the types of traps (Valença 
et al., 2018). Table 2 shows the values of the parameters obtained by 
adjusting Equation (1) in the OSL curves.

As can be seen, the fast component is predominant in all samples, 
indicating the occurrence of direct recombination between electrons and 
holes in the luminescent centers (Mckeever and Yukihara, 2008). The 
luminescence does not reach zero in the evaluated interval of 40 s, 
indicating that the process of recapture of the loads occurs in shallow 
traps before recombination (Valença et al., 2018). Shallow traps are 

those where there is ease of releasing electrons with low energy stim
ulus; so, wavelengths in the visible light range are sufficient for electron 
detrapping. The electrons are recaptured by other shallow traps or traps 
of greater depth (Nyirenda, 2018; Rivera-Montalvo et al., 2021).

Fig. 5 shows the dependence of the intensity of the OSL signal on the 
absorbed doses in the range between 2 and 12 Gy. OSL intensities were 
defined by the area over the emission curves. It is noted that the OSL 
signal of the samples showed a tendency to increase with the dose in the 
analyzed interval. The sample doped with 0.5% cerium presented a 
more intense OSL signal while the pure sample showed no relevant 
alteration of its signal.

3.4. Thermoluminescence

TL emissions (Fig. 6) of samples of pure and Ce-doped BAlMgLi show 
a broad emission peak resulting from the superposition of two peaks. 
During sample heating, electrons trapped in shallower traps are released 
faster than electrons trapped in deeper traps (Pagonis et al., 2006), 
resulting in the shift of the broad emission. Taking into account that the 
intensity of the TL signal increases as a function of the amount of Ce, it 
can be concluded that the traps generated by the dopant are shallower. 
Lanthanide and lithium ions can induce electron traps associated with 
defects and impurities (Kitagawa et al., 2021). The TL signal of the 
doped samples is attributed to electronic transitions. of the cerium ion 

Table 1 
Assignments made for the FTIR spectra as illustrated in Fig. 3.

Spectral band 
position (cm− 1)

Infrared assignments Reference

~704 B–O–B atomic bonding in BO3 and 
BO4 units

Kaur et al. (2014)

~806 Presence of the boroxol ring Kaur et al. (2012), 
Balachander et al. 
(2013)

~850 Oxygen bridges Kaur et al. (2014)
~918 to 1064 Stretching vibrations. Presence of 

triborate, tetraborate, and 
pentaborate groups

Kaur et al. (2012), 
Singh et al. (2012a)

~1064 Configuration change in the structure 
(BO3 to BO4)

Kaur et al. (2014), 
Singh et al. (2011)

~1211, 1382, 
1403, 1423

Stretching vibrations in metaborate, 
pyroborate, and orthoborate groups

Singh et al. (2012b), 
Hrúby (1972)

Fig. 4. OSL curves of pure and Ce-doped BAlMgLi irradiated with 2 Gy of 90Sr 
+

90Y.

Table 2 
Values of the parameters obtained by adjusting Equation (1) in the OSL curves.

Sample OSL Component Decay constant τ(s)

BAlMgLi Fast 0.09 ± 0.01
Medium 1.46 ± 0.12
Slow 9.99 ± 1.42

BAlMgLi:Ce (0.1% Ce) Fast 0.09 ± 0.02
Medium 0.91 ± 0.07
Slow 7.30 ± 0.49

BAlMgLi:Ce (0.2% Ce) Fast 0.51 ± 0.05
Medium 3.26 ± 0.30
Slow 19.41 ± 0.47

BAlMgLi:Ce (0.3% Ce) Fast 0.49 ± 0.47
Medium 2.29 ± 0.01
Slow 13.01 ± 1.18

BAlMgLi:Ce (0.4% Ce) Fast 0.10 ± 0.01
Medium 1.15 ± 0.05
Slow 9.79 ± 0.54

BAlMgLi:Ce (0.5% Ce) Fast 0.49 ± 0.47
Medium 2.29 ± 0.01
Slow 13.01 ± 1.18
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(Ce3+) 5 d → 4f (Dorenbos, 2000).
Analyses of TL emissions (Fig. 6) of samples of pure and Ce-doped 

BAlMgLi show the presence of a broad emission peak in all samples 
studied, which is the result of the overlapping of two peaks. Lanthanide 
and lithium ions can induce electron capture centers associated with 
defects and impurities (Kitagawa et al., 2021). The TL signal of the 
doped samples is attributed to electronic transitions of the cerium 
(Ce3+) 5 d → 4f ion (Dorenbos, 2000). The intensity of the TL signal 
increases as a function of the percentage of the Ce dopant indicating that 
the traps generated by the dopant are shallow.

When conducting an analysis of the thermoluminescent behavior of 
magnesium and lithium aluminoborate glasses that have been doped 
with cerium at concentrations of 0.3% and 0.5%, the repeated initial rise 
(RIR) method was employed within a stopped temperature range (Tstop) 
of 30 ◦C to 280 ◦C, utilizing increments of 10 ◦C. It was observed that 
there is a nonlinear response to changes in the concentration of traps 
(Figs. 7 and 8). This nonlinearity implies that there are multiple lumi
nescence emission processes occurring, which could potentially be 
linked to various states of energy traps present within the band gap of 
the material. These states can influence the release of trapped electrons 
under different thermal conditions, which can be seen through the shifts 

in the maximum temperature (Tm) during the RIR method (Kitagawa 
et al., 2022; Pagonis et al., 2018).

Moreover, the phenomenon of the progressive displacement of Tm 
towards higher values indicates that there is a varying energy density of 
the traps. This suggests that there may be a continuous distribution of 
trap states rather than a discrete and well-defined distribution. This 
behavior becomes even more intriguing when considering the amor
phous nature of glasses, where the lack of periodicity in the atomic 
structure can result in a wider range of intermediate energy levels that 
electrons can become trapped within (Sadek, 2020; Kumar et al., 2017).

The persistence of this continuous trap distribution behavior, even 
with variations in the concentration of the dopant cerium, strongly 
suggests that the distribution of traps is correlated with the overall 
structure of the doped material. This correlation could potentially be 
linked to the topology of the band gap and the distribution of the trap 
sites. These findings highlight the necessity for a more comprehensive 
investigation into the atomic structure and characteristics of the trap 
sites within these glasses in order to gain a deeper understanding of the 
observed thermoluminescent dynamics (Sadek, 2020; Kumar et al., 
2019).

The repeated RIR method eliminates the need to calculate the fre
quency factor s, regardless of the peak order in the TL glow curve. 

Fig. 5. OSL response of pure and Ce-doped BAlMgLi as a function of absorbed 
dose from 90Sr + 90Y.

Fig. 6. TL emission of pure and Ce-doped BAlMgLi irradiated with 2 Gy of 90Sr 
+

90Y.

Fig. 7. TL curves of BAlMgLi:Ce (0.3% Ce) after pre-heat process, from 30 ◦C to 
280 ◦C, with pre-heat step of 10 ◦C.

Fig. 8. TL curves of BAlMgLi:Ce (0.5% Ce) after pre-heat process, from 30 ◦C to 
280 ◦C, with pre-heat step of 10 ◦C.
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Equation (1) allowed for a linear fit of ln(I) values from TL curves pre- 
heated between 80 ◦C and 260 ◦C, yielding the activation energies for 
0.3% Ce and 0.5% Ce doped samples. 

ln(I(T))= c −
E

kbT
(1b) 

where I(T) is the TL Intensity, T is temperature in kelvin, E is activation 
energy in eV, kb is Boltzmann constant (eV/K), and c is an arbitrary 
constant. Fig. 9 shows the plot of the activation energies.

Table 3 shows the activation energy values of the trap levels as well 
as the average energy for the respective sets. The association of BAlMgLi: 
Ce trap levels (0.3% Ce and 0.5% Ce) with similar energies, in the form 
of sets (A, B and C), can help to describe the behavior of a distribution 
continuum of energy sublevels.

The activation energies were defined only for the temperature range 
up to 180 ◦C, because at higher temperatures the uncertainties of the RIR 
method are high due to the reduced residual intensity of the TL emission 
curve.

To investigate the linearity of the TL signal response to absorbed 
dose, samples were irradiated with increasing doses between 0.09 Gy 
and 2.72 Gy (Fig. 10). The TL signal values were obtained by integrating 
the area under the emission curve.

The dose-response curves showed a tendency towards a linear rela
tionship between the intensity of the TL response and the dose in the 
range studied, which is an indication of good dosimetric performance of 
a material (Bos, 2001; Azorin, 2014). Linear fitting revealed a range of 
response linearity in the dose range studied, with linear correlation 
coefficients of 0.999 for undoped samples; for doped samples, these 
were 0.996 for 0.1% Ce samples, 0.2% Ce, 0.994 for 0.3% Ce, 0.985 for 
0.4% Ce, and 0.899 for 0.5% Ce.

To evaluate the reproducibility of the luminescent signal of the 
samples, five cycles of irradiation (2 Gy) – reading – heat treatment were 
performed. This process was repeated five times, and the results are 
illustrated in Fig. 11. The average value of the percentage coefficient of 
variation of TL intensities was 7.46%. This result meets the requirements 
that are disseminated by the International Organization for Standardi
zation, (ISO, 2000), which states that this coefficient should not exceed 
10%, in order to ensure appropriate reproducibility of the luminescent 
signal of the studied samples.

Fig. 12 shows the OSL fading for the first instants of samples irra
diated with 2 Gy. On the x-axis, "delay" means the time elapsed between 
the irradiation and the reading of the OSL signal. The fading is intense, 

reaching 90% of the thermoluminescent signal after almost 70 days of 
irradiation. This behavior corroborates the indication that the traps 
generated by the Ce dopant are shallow. The intensities were normalized 
by a common factor.

The interest in new glasses with applications in TL and OSL dosim
etry has remained. For example, Elkholy (2010) studied the thermolu
minescence characteristics of lithium borate glasses and their 
dependence on different MgO concentrations. Although the study 
involved doses in the order of kGy, the emission curve is similar to that 
our material, with a single peak, but at a higher temperature. This type 
of emission curve with a broad peak is expected in borate glass. (Hashim 
et al., 2014; Efenji et al., 2023). In a more recent study, cerium-doped 
barium borate glasses were prepared by Środa et al. (2019) in the 
BaO-B2O3 system and investigated by TL and OSL. The TL response of 

Fig. 9. Activation Energies for 0.3% Ce and 0.5% Ce samples. The inner rect
angles named by A1, A2, B1, B2, C1, and C2 represent trap levels with a similar 
activation energy.

Table 3 
Mean Activation Energy for the A, B and C regions.

Samples Mean Activation Energy (eV)

A B C

0.3% Ce 0.634 ± 0.012 0.732 ± 0.022 0.905 ± 0.048
0.5% Ce 0.791 ± 0.019 1.002 ± 0.032 1.259 ± 0.010

Fig. 10. TL intensity of pure and Ce-doped BAlMgLi as a function of absor
bed dose.

Fig. 11. Reproducibility of the luminescent signal of the pure and Ce-doped 
BAlMgLi irradiated with 2 Gy.
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the material was proportional to the radiation dose in the range of 2–10 
Gy, but we could note that, in contrast to the Ce-doped BAlMgLi sam
ples, the results showed a predominance of a slow decay of the OSL 
signal. In another study, Tb3+ ions doped sodium magnesium aluminum 
borosilicate glasses were recently investigated by Li et al. (2024), who 
concluded that the new materials have potential as for blue-green lasers 
and dosimetry.

4. Conclusion

Pure BAlMgLi and doped BAlMgLi:xCe samples present diffracto
grams characteristic of vitreous materials. The Raman and FTIR spectra 
of the samples showed the presence of a boroxol ring, which indicates 
that boron is the main network former.

The OSL signals of the samples presented curves with an exponential 
decay. In the range analyzed, the response to the radiation dose in the TL 
and OSL analyses was dependent on the dopant concentration. The 
samples doped with 0.3% and 0.5% cerium showed the highest response 
in the analyzed dosage range.

Therefore, the insights obtained through the utilization of the RIR 
method offer valuable perspectives on the intricate relationship between 
the atomic structure, trap distribution, and luminescent behavior of 
these materials. A thorough understanding of these aspects not only 
holds implications for the manipulation of their luminescent properties 
for specific applications, but also presents opportunities for the devel
opment of new materials that possess optimized properties for use in 
sensors, optical devices, and related fields.

The charge recapture process occurs in shallow traps before charge 
recombination. In the range analyzed, the response to the radiation dose 
was dependent on the dopant concentration for all samples. Perhaps due 
to the disordered nature of the glass structure, the traps form a contin
uous set of energy levels.

From the spectroscopic and luminescent analyzes carried out, it is 
possible to infer that the new glass matrix studied in this work is not very 
hygroscopic, has a reproducible luminescent signal, and can be exploi
ted for different applications.
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Rivera-Montalvo, T., 2023. TL glow curve and kinetic analysis of Na2SiO3:Pr3+
under beta radiation effect. Appl. Radiat. Isot. 198, 110850. https://doi.org/ 
10.1016/j.apradiso.2023.110850.

Valença, J.V., Silva, A.C., Dantas, N.O., Caldas, L.V., d’Errico, F., Souza, S.O., 2018. 
Optically stimulated luminescence of the 20Li2CO3 – (X)K2CO3– (80 - X) B2O3 glass 
system. J. Lumin. 200, 248–253. https://doi.org/10.1016/j.jlumin.2018.03.060.

Vogel, W., 1994. Glass Chemistry, 2nd. Springer-Verlag, New York. 
Yadav, A.K., Singh, P.A., 2012. Modifier Role of Cerium in Glasses by Raman 

Spectroscopy. Royal Society of Chemistry. Varanasi-221005 (India). 
Yahaba, T., Fujimoto, Y., Yanagida, T., Koshimizu, M., Tanaka, H., Saeki, K., Asai, K., 

2017. Thermoluminescence and optically stimulated luminescence properties of Dy3 
+-doped CaO–Al2O3–B2O3-based glasses. Nucl. Instrum. Methods Phys. Res. B 392, 
36–40. https://doi.org/10.1016/j.nimb.2016.12.011.

Zubair, H.T., Begum, M., Moradi, F., Rahman, A.M., Mahdiraji, G.A., Oresegun, A., et al., 
2020. Recent advances in silica glass optical fiber for dosimetry applications. IEEE 
Photon. J. 12 (3), 1–25.

A.W.S. Santos et al.                                                                                                                                                                                                                            Applied Radiation and Isotopes 214 (2024) 111548 

8 

http://refhub.elsevier.com/S0969-8043(24)00376-2/sref18
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref18
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref19
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref19
https://doi.org/10.1016/j.ceramint.2022.02.274
https://doi.org/10.1016/j.ceramint.2022.02.274
https://doi.org/10.1016/j.jallcom.2009.06.064
https://doi.org/10.1016/j.jallcom.2009.06.064
http://refhub.elsevier.com/S0969-8043(24)00376-2/optgpRzysDF4Q
http://refhub.elsevier.com/S0969-8043(24)00376-2/optgpRzysDF4Q
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref22
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref22
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref22
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref22
https://doi.org/10.1016/j.molstruc.2012.03.053
https://doi.org/10.1016/j.molstruc.2012.03.053
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref24
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref24
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref24
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref25
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref25
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref25
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref26
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref26
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref26
https://doi.org/10.1016/j.jnoncrysol.2017.12.030
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref28
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref28
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref28
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref29
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref29
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref29
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref30
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref30
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref30
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref31
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref31
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref31
https://doi.org/10.1007/s00339-018-2319-5
https://doi.org/10.1007/s00339-018-2319-5
https://doi.org/10.1016/j.apradiso.2017.11.020
https://doi.org/10.1016/j.apradiso.2017.11.020
https://doi.org/10.1016/j.ceramint.2024.07.209
https://doi.org/10.1016/j.ceramint.2024.07.209
https://doi.org/10.1016/S0022-3093(01)00878-X
https://doi.org/10.1016/S0022-3093(01)00878-X
https://doi.org/10.1016/j.ceramint.2022.09.004
https://doi.org/10.1016/S0022-2860(03)00129-7
https://doi.org/10.1016/S0022-2860(03)00129-7
https://doi.org/10.1088/0031-9155/53/20/R01
https://doi.org/10.1088/0031-9155/53/20/R01
https://doi.org/10.1016/0022-3093(93)91277-A
https://doi.org/10.1016/j.optmat.2017.08.015
https://doi.org/10.1016/j.optmat.2017.08.015
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref40
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref40
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref40
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref41
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref41
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref41
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref42
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref42
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref42
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref43
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref43
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref43
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref43
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref44
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref44
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref44
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref44
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref45
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref45
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref46
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref46
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref46
https://doi.org/10.1016/j.radphyschem.2022.110443
https://doi.org/10.1016/j.jlumin.2021.118403
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref49
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref49
https://doi.org/10.1016/j.ceramint.2020.09.036
https://doi.org/10.1016/j.ceramint.2020.09.036
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref51
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref51
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref52
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref52
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref52
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref53
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref53
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref54
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref54
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref54
https://doi.org/10.1016/j.physb.2011.09.052
https://doi.org/10.1016/j.physb.2012.01.114
https://doi.org/10.1016/j.physb.2012.06.043
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref58
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref58
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref58
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref59
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref59
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref59
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref59
https://doi.org/10.1016/j.jnoncrysol.2019.03.026
https://doi.org/10.1016/j.jnoncrysol.2019.03.026
https://doi.org/10.1016/j.apradiso.2023.110850
https://doi.org/10.1016/j.apradiso.2023.110850
https://doi.org/10.1016/j.jlumin.2018.03.060
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref62
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref63
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref63
https://doi.org/10.1016/j.nimb.2016.12.011
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref66
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref66
http://refhub.elsevier.com/S0969-8043(24)00376-2/sref66

	Structural, vibrational, and luminescent properties of pure and Ce-doped magnesium lithium aluminoborate glass
	1 Introduction
	2 Material and methods
	3 Results and discussion
	3.1 X-ray diffractometry analysis
	3.2 Vibrational analysis
	3.2.1 Raman vibrational spectroscopy
	3.2.2 Fourier transform infrared vibrational spectroscopy (FTIR)

	3.3 Optically stimulated luminescence
	3.4 Thermoluminescence

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	datalink4
	References


