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Magnesium tetraborate, MgB4Oy, is an attractive host material for dosimetry due to the two characteristics: its
low effective atomic number (Zeg = 8.4) and high neutron capture cross-section of the 1°B isotope. Particularly,
Ce®* and Li* ions co-doped MgB,4O; has shown optically stimulated luminescence (OSL) signal comparable to

Dos%meter ) ) that of Aly03:C, which is a well-known OSL dosimetry material. In this work, for further improvement of the
Optically stimulated luminescence . . . . 3 gt . . 3+
Cerium dosimetric properties, a new synthesis route for MgB407:Ce”"-Li" is described: glass-ceramic (GC) MgB407:Ce”"-

Li* samples were prepared by heat treatment of the magnesium borate glass with the composition,
25Mg0—72B203—3LiZO-0.3Ce3+. The prepared GC samples show UV-blue radioluminescence assigned to the ce?t
5d — 4f transition under X-ray irradiation and two thermoluminescence (TL) glow peaks related to the shallow
and deep electron traps. Although fading of the TL and OSL signal was observed due to electron release from the
shallow traps, the electrons captured by deep traps were stable at room temperature. Particularly, GC samples
annealed at 750 °C and 800 °C, named GC750 and GC800, showed stable OSL up to 10 h following f-ray
irradiation, after an initial fading mainly due to the presence of shallow traps in the material. From the viewpoint

of this fading ratio, GC750 and GC800 showed potential as a practical OSL dosimeter.

1. Introduction

The fast-paced technological advances in a variety of fields which
either uses ionizing radiation (X-rays, p-rays, y-rays, neutrons, as well as
accelerated particles such as protons, and other heavy ions) directly for
its therapeutical or analytical properties, or which produces radiation as
a by-product, or both, imposes increasing challenges for the dosimetry of
such fields. Some of the most challenging aspects nowadays are the
dosimetry of small fields such as those found in modern radiation
therapy and radiosurgery due to the large dose gradients involved [1],
the dosimetry of pulsed fields created in modern accelerators (including
laser-based accelerators) due to the high instantaneous dose-rates dur-
ing the pulses [2,3], and the dosimetry in the presence of magnetic fields
such as in those fields found in Magnetic Resonance Imaging-Guided
Radiation Therapy (MRIgRT) [4].

Dosimetry refers to the quantification of the energy deposited by
ionizing radiation for purposes of radiation protection, quality assur-
ance, and overall characterization of the radiation fields. A wide variety
of active and passive dosimeters are available, but all have advantages
and disadvantages for each specific application [5]. Passive detectors,
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while not offering real-time information, are very popular in radiation
protection because of their small size, low cost, high-sensitivity, preci-
sion, and convenience. From those, luminescence detectors, such as
those based on radiophotoluminescence (RPL) [6,7], thermolumines-
cence (TL) [8], and optically stimulated luminescence (OSL) [9,10] are
among the most popular for radiation measurements. The readout of
RPL and OSL detectors, in particular, is completely optical, therefore
practical and suitable for the development of 2D dosimetry techniques
for measurements in high dose-gradient fields [11-13]. Since the
luminescence processes in these detectors are based on the electron-hole
trapping/detrapping processes taking place in solid-state insulating
crystalline materials in a time-scale of 107521078 5 [14], the tech-
niques may also offer advantages such as independence on dose-rate
[15] and magnetic field [16].

Fig. 1 illustrates the electron trapping-detrapping processes occur-
ring within the luminescence detectors exposed to ionizing radiation.
First, electrons in the host valence band (VB) are excited by ionizing
radiation (arrow 1). Since the energy of ionizing radiation is much
higher than the bandgap of host compounds, electrons in the order of
10° ~10° per MeV are generated. In the case of scintillators, electron-
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Fig. 1. Schematic illustration of the TL and OSL process, related to the electron
trapping and detrapping process: 1. Excitation of electrons with ionizing radi-
ation; 2. Electron trapping; 3a. Optically stimulated electron detrapping; 3b.
Thermally stimulated electron detrapping; 4. Radiative electron-hole recombi-
nation. During this process, holes generated at the host VB by the ionizing ra-
diation move to the ground state of the luminescence center ion, resulting in the
change of the valence state (M + h* — M™D+),

hole recombination takes place immediately. However, if energy levels
related to impurities or defects are introduced just below the host con-
duction band (CB), they can act as electron traps, temporarily capturing
the excited electrons (arrow 2). The trapped electrons can be released to
the CB by optical (arrow 3a) or thermal (arrow 3b) stimulation, and then
luminescence is observed upon the carrier recombination (arrow 4). The
luminescence related to the optically and thermally stimulating process
is called OSL and TL, respectively.

Although they are based on the similar scheme, the OSL technique
has some advantages in comparison to the TL technique [17,18]. First, it
requires no heating, only optical stimulation. As a result, during the
readout processing, OSL is not affected by thermal quenching of the
luminescence [17]. Second, by adjusting the stimulating light intensity,
fast readouts can be realized, resulting in rapid analysis of a large
number of dosimeters (high throughput) [18].

Despite the properties and potential advantages discussed above, the
availability of materials with features suitable for some applications is
still restricted. For example, the only OSL materials used in commercial
dosimetry systems nowadays are Al;03:C and BeO, both of which have
relatively slow luminescence lifetimes for laser-scanning 2D dosimetry
(35 ms [19] and ~27 ps [20,21], respectively). Aly03:C,Mg has been
introduced with a higher concentration of fast luminescence centers
(F-centers, < 7 ns), but the dominant emission is still from slow
luminescence centers (F-centers, 35 ms) [22]. Considering for example a
30.0 cm by 30.0 cm film and ~0.1 mm pixel size, or 9 megapixels, the
lifetime has to be lower than ~10 ps for the image to be read within 5
min, assuming that the laser stays three lifetimes over each pixel to
avoid pixel bleeding. OSL materials used in image plates (e.g., BaFBr:
Eu®") have typically a high effective atomic number and the OSL signal
fades with time after irradiation, which makes them unsuitable for
precise dosimetry applications [23-25].

Several new OSL materials have been investigated [26-28]. Mag-
nesium tetraborate, MgB4O7, has been attracting attention as a host
material for dosimetry based on the OSL or TL technique for several
reasons [29-33]. First, it has a low effective atomic number, Z.; = 8.4.
In radiation dosimetry, materials with an effective atomic number
similar to the human body are required to avoid large photon energy
dependence; the materials with an effective atomic number similar to
water (Zegs = 7.51) or tissues (Zegf = 7.35-7.65) are suitable. The second
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reason is the possibility to control the neutron sensitivity by controlling
the host content of '°B isotope, which has a high neutron capture
cross-section. Ce>*-doped MgB,40; has also been proposed as a potential
OSL material for 2D dosimetry, because of the fast luminescence asso-
ciated with its Ce>* emission due to 5d — 4f parity allowed transition
[34], and also identified by other groups as a potential OSL material for
dosimetry [35].

In a previous report, Yukihara et al. evaluated the luminescent
properties of Ce®>-doped MgB4O; [33]. Both radioluminescence (RL)
and TL were observed in the near-UV region at around 340-360 nm. The
fluorescence lifetime of Ce3* 5d — 4f luminescence in MgB407, 31.5 ns,
was short enough for the use of this material for imaging applications by
laser scanning [34], opening the possibility of 2D dosimetry [36]. Ac-
cording to the TL glow curves of MgB40O7 doped with a variety of lan-
thanoid ions, the glow peak of MgB4O7:Ce>" was located at around
240 °C, which means that MgB4O7:Ce3+ has suitable trap depth for OSL
dosimetry. In a separate report [37], it was shown that Ce3* and Li*
co-doped MgB4O7 has some attractive dosimetric properties compared
to the well-known commercial OSL material Al;O3:C. The OSL
dose-response of Al;O3:C saturates at around 100 Gy, whereas that of
MgB407:Ce®t-LiT is proportional to the irradiation dose up to 800 Gy
with no saturation, which is desirable for proton and heavy charged
particle beams. Besides, it is possible to increase its neutron sensitivity
by enriching it with 1°B or decrease it by enriching it with ''B. There-
fore, the Ce>*-Li* co-doped MgB,4O7 is a promising material for OSL
dosimetry. Nevertheless, the MgB4O7:Ce3+—Li+ reported previously [34]
suffers from sensitivity changes and anomalous fading of the main
dosimetric peak at 240 °C, which motivates the search for new synthesis
routes that could improve its dosimetric properties.

To try to improve the dosimetric properties of MgB407:Ce>-Li*, we
propose precipitation of the MgB4Oy crystals in a borate glass matrix,
which is the glass-ceramic (GC) MgB4O;. GC materials have many ad-
vantages, such as good formability, low cost, mass production, and
denser materials than conventional powder packed materials [38,39],
which are favorable properties for practical application and commer-
cialization. In this work, the MgB4O; GC samples were prepared by
ceramming the as-made magnesium borate glass, and their luminescent
properties (photoluminescence (PL), RL, TL, and OSL) of the GC
MgB407:Ce>*-Li* were investigated. Besides, the potential of the GC
MgB407:Ce>t-Li" for practical OSL application is discussed.

The objective of this work is to demonstrate that MgB4O7:Ce>"-Li*
can be obtained using the glass-ceramic route with intensity and basic
properties at least equivalent to those of MgB407:Ce>*-Li* prepared by
solution combustion. A complete dosimetric characterization of the
samples is beyond the scope of this work, since it requires a more in-
depth characterization of the TL and OSL properties than what can be
presented here.

2. Experimental details
2.1. Fabrication of samples

Magnesium borate glass samples were prepared with the composi-
tion of 25Mg0—72B203—3Li20-0.3Ce3+ (mol%). To obtain the precipi-
tated MgB4O5 crystals in the glass matrix, the molar ratio between B,03
and MgO should be close to 1:2. However, during the melting process at
high temperature (~1200 °C), evaporation of BO3 need to be taken into
account. The optimized concentration of Lit and Ce3* ions was deter-
mined in the previous report [37]. Therefore, the composition
25MgO-72B,03-3Liy0-0.3Ce>" was adopted in this work. The starting
chemicals of MgO (99.99%), B20O3 (99.9% up), LioCO3 (99.99%), and
CeO2 (99.99%) were weighed and mixed homogeneously in an alumina
mortar. The mixture was put into a platinum crucible and calcined at
600 °C for 4 h with the aim of decarbonating Li,COs3. After calcination,
this mixture was melted at 1200 °C for an hour. The melt was poured on
a stainless-steel plate and pressed by another plate. Through this
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procedure, the as-made magnesium borate glass sample was fabricated.
The glass transition temperature (Tg) and the crystallization tempera-
ture (Ty) of the as-made glass sample were evaluated with the differ-
ential thermogravimetric analyzer (TG-DTA TG8120, Rigaku, Tokyo,
Japan). To obtain the precipitated crystalline phase of MgB4O7 in the
glass matrix, the as-made glass was heat-treated at 600 °C, 650 °C,
700 °C, 750 °C, 800 °C, and 850 °C for 3 h. Here, some samples were
heat-treated over Ty to increase the crystallinity of the MgB4O; phase.
The obtained glass-ceramic samples are called GCxx (xx means the
ceramming temperature in °C), e.g., GC600 or GC750.

2.2. Characterization

The crystalline phases of all samples were identified with an X-ray
diffractometer using Cu Ko radiation (Ultima IV, Rigaku, Tokyo, Japan).

The scanning transmission electron microscope (STEM) images and
the elemental mappings with energy dispersive X-ray (EDX) spectros-
copy of the microstructure were obtained with a monochromated atomic
resolution analytical electron microscope (JEM-ARM200F, JEOL Ltd.,
Tokyo, Japan).

The photoluminescence excitation (PLE) spectra were measured with
a setup consisting of a Xe lamp (CERMAX® PE300BUV, Excelitas
Technologies Corp., Waltham, USA), two monochromators (SP-2300i,
Princeton Instruments, Acton, USA, and SP-300i, Acton Research Corp.,
Acton, USA), and a photomultiplier tube (R928, Hamamatsu Photonics,
Hamamatsu, Japan). The PLE spectra were calibrated by the spectrum of
the Xe lamp (light source) detected by a standard Si photodiode (S1337-
1010BQ, Bunkoukeiki & Co., Ltd., Tokyo, Japan). For PL measurements,
the samples were excited by dispersed UV light of the Xe lamp (A = 280
nm), and the luminescence of the samples were detected with a CCD
spectrometer (QE65Pro, Ocean Optics, Largo, USA) connected with an
optical fiber. In the case of RL measurements, the samples were excited
by Cu Ko characteristic X-ray (40 kV and 30 mA), and the luminescence
was detected with the same setup as for PL. measurements. The obtained
PL and RL spectra were calibrated by the spectrum of a deuterium-
tungsten halogen light source (DH-2000, Ocean Optics, Largo, USA).

TL and OSL measurements were carried out using two equipment: a
lexsyg smart extended reader (Freiberg Instruments GmbH, Freiberg,
Germany) and a Risg TL/OSL-DA-20 reader (DTU Nutech, Rgskilde,
Danmark). The lexsyg smart extended reader is equipped with a UV-VIS
photomultiplier tube (model 9235QB, Electron Tubes Inc., Rockaway,
USA) for luminescence detection, a six-position filter wheel, and
a°%sr/°°Y source for irradiation (1.53 GBq activity on February 6, 2018,
Eckert & Ziegler, Germany, ~50 mGy/s dose rate at the sample posi-
tion). OSL measurements in the lexsyg smart reader were performed
using blue light-emitting diodes (centered at 460 nm, 72 mW/cm?
irradiance). As reported by Gustafson et al. the shorter the stimulation
wavelength, the higher the OSL intensity [34]. The optical filters used
for detection were Hoya U-340 (5.0 mm total thickness, Hoya corpora-
tion, Tokyo, Japan) + Delta BP365/50 EX (Delta Optical Thin Films A/S,
Hgrsholm, Danmark). The Risp reader is equipped with an Electron
Tubes PMD 9107-CP-TTL photomultiplier tube (ET Enterprises, Ltd.,
Uxbridge, UK) for light detection, an Automated Detection and Stimu-
lation Head (DASH) and a beta irradiation unit (1.48 GBq, Sr-90 source,
Eckert & Ziegler Nuclitec GmbH, Brunschweig, Germany). The OSL
measurements in the Risg reader were performed with blue LEDs
(centered at 470 nm, 80 mW/cm? irradiance). The optical filters used for
detection were Hoya U-340 filters (7.5 mm total thickness, Hoya cor-
poration, Tokyo, Japan). TL measurements were performed at 5 °C/s in
the presence of Nj in both instruments. Samples measured in ceramic
form had ~20.2-45.2 mg. Samples measured in powder form had
typically ~2.0-4.0 mg. When relevant, the signal was normalized by the
sample mass for comparison.

Journal of Luminescence 232 (2021) 117847

3. Results and discussions
3.1. Thermal behavior of as-made glass

Fig. 2 shows the differential thermal analysis (DTA) curve of the as-
made magnesium borate glass sample. From the position of a sharp
exothermic peak, Tx was 716 °C. The baseline below and over ~625 °C
was different, which means the glass transition took place at around
625 °C. According to the analysis of this DTA curve, Ty of the as-made
glass sample was estimated to be 624 °C. One endothermic peak was
observed at around 820 °C, which is related to the partial melting of the
glass phase. Because of this melting, the GC samples cerammed over
900 °C could not be prepared in a proper shape.

3.2. Structural analysis

Fig. 3 shows the X-ray diffraction (XRD) patterns of the as-made glass
and all the prepared GC samples with the reference pattern for ortho-
rhombic MgB4O; (PDF #01-076-0666), which belongs to the space
group Pbca (No. 61). The as-made glass sample shows two halo peaks
due to the amorphous phase of the magnesium borate glass. For the GC
samples, the MgB4O7 crystals were precipitated after heat treatment at
and above 600 °C. Only in the XRD pattern of GC600, the weak halo
peaks of the amorphous phase were still observed. Therefore, the
ceramization process of MgB4O; was almost completed by heat treat-
ment above 650 °C. Although almost all diffraction peaks were assigned
to orthorhombic MgB4O7, one weak peak of an impurity phase, assigned
to triclinic Mg;B20s (PDF #01-083-0625), was observed at 20 = ~35°.
With increasing heat treatment temperature, the peak intensity of im-
purity Mg;B205 increases. To prevent this BoOs-poor phase from being
precipitated, heat treatment at lower temperatures (650-750 °C) is a
suitable condition for the preparation of the GC MgB4O; samples.

In the unit cell of orthorhombic MgB40y7, there are eight interstitial
sites coordinated by some BO3 and BO4 units. From this point of view,
Ce>" ions, which are the luminescence center and have the larger ionic
radius (r = 1.01 A, CN = 6) than Mg?* ions (r = 0.72 A, CN = 6) [40],
can prefer these large interstitial sites to the Mg?" sites. At the same
time, Li* ions (r = 0.76 A, CN = 6) [40] are able to occupy the Mg2+ site,
which results in the charge compensation for the trivalent Ce>" ions.
With the Kroger-Vink notation, the Li" ions at this site can be denoted as
Liyy,.-

| 25MgO-72B203-3Li20-0.3Ce3*

Heat flow (uV)

700 800 900

500
Temperature (°C)

Fig. 2. DTA curve of the as-made glass sample. T, Ty, and T; mean the glass
transition, crystallization, and partial melting temperature, respectively.
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Fig. 3. XRD patterns of the prepared samples with the reference data of crys-
talline MgB40O, (PDF #01-076-0666).

Fig. 4 shows the STEM images and elemental mappings with EDX for
different elements (Mg, B, O, and Ce) for GC700. Before the STEM
measurements, the GC samples were crushed into powder and then put
on a microgrid. When the images are taken in low-magnification, the
observed particles are not the precipitated MgB4O7 crystals but the
pulverized GCs. Some rod-shaped particles in the order of hundreds of
nm were observed at around the edge of the pulverized GCs. While B and
O were spread out homogeneously and characteristic X-ray intensity of B
and O was proportional to the thickness of the sample, Mg was
concentrated on these particles, resulting in the high contrast mapping.
By taking into account this localization of Mg and the XRD patterns in
Fig. 3, these particles were microcrystals of orthorhombic MgB407, and
the glass matrix had boron-rich composition compared with the
composition of MgB40y. Ce>" ions were also located homogeneously in
both the crystalline and glass phases. Fig. 5 shows the EDX spectra of
GC600, GC700, and GC850. For GC600 and GC700, two peaks assigned
to Ce La and Ce Lp were observed at around 4.85 and 5.28 keV,
respectively. These signals were feeble because of the low Ce3* con-
centration. However, there was no signal attributed to Ce in GC850,
because the microcrystals of Ce>"-doped MgB40, aggregated due to the

(b)
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Fig. 5. EDX spectra of GC600, GC700, and GC850.

high-temperature heat treatment and no longer existed on the surface of
particles.

Ce>* and Li* concentrations were determined by following the pre-
vious report [37] to obtain the sample with the best dosimetric perfor-
mance of the GC MgB407:Ce>"-Li*. Due to the co-existence of the glass
and crystalline phase, the actual Ce®>" and Li* concentrations in the
MgB4Oy7 crystals can differ from the assumed one. Considering the very
small volume fraction of the glassy phase, the deviation of the concen-
tration should be small. Moreover, the Ce®* concentration is also
affected by the oxidation state. The Ce*" state is stable in the glass phase
of very high basicity through the melt-quenching method in the strong
oxidizing atmosphere. Since the magnesium borate glass has low ba-
sicity, only a very small amount of Ce can be oxidized into the tetra-
valence state. A significant amount of Ce*" ions would interact with
Ce>* jons through the intervalence charge transfer, resulting in the
brownish color of the sample. The color of the GC samples is white, and
no strong absorption is observed in the visible range (the diffuse
reflectance spectra are shown in Fig. $6), indicating the absence of Ce**.

(c)

Fig. 4. (a) STEM image of GC700, and (b)~(e) EDX mappings for different elements (Mg, B, O, and Ce).
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3.3. PL properties of magnesium borate glass and glass-ceramic samples

Based on spectroscopy, the luminescent properties of the prepared
samples were investigated. Fig. 6(a) shows the PLE spectra monitoring at
380 nm. The as-made glass sample showed the weak excitation bands
peaking at 315 nm. These bands are assigned to the 5d < 4f transition of
Ce" ions in the glass phase. For the GC samples (GC650~850), the
broad excitation bands were observed in the UV region below 350 nm,
having three major components peaking at 320, 290, and 270 nm,
respectively. In the previous research reported by Gustafson et al. [34],
the ceramic MgB407:Ce>" sample showed the typical Ce3" 5d « 4f
excitation bands peaking at ~320 nm, ~293 nm, and ~270 nm.
Therefore, these excitation bands are assigned to the 5d < 4f transition
of Ce* ions in the crystalline phase of MgB40O. Despite precipitation of
the crystalline MgB4O7, the GC600 showed a similar spectral shape to
the as-made glass. Judging from the weak XRD peak intensity described
in Fig. 3, this similarity is because Ce>* luminescence in the glass phase
was dominant due to the low crystallinity of MgB4O;. For the GC850
sample, the PLE intensity was much weaker than other samples. The
cause of this phenomenon will be discussed in the following paragraph.

Fig. 6(b) shows the PL spectra under UV excitation (Aex = 280 nm).
The samples showed UV-to-blue luminescence ranging under 300-500
nm, which is assigned to the 5d — 4f transition of Ce>* ions. For the as-
made glass and GC600 samples, where most of the Ce>" ions are
accommodated in the glass matrix, the broad emission bands were
located at the UV region, peaking at ~330 nm (= 3.03 x 10*em™1). On
the other hand, for other GC samples, the PL bands attributed to the cedt
5d — 4f transition in the MgB4Oy host are peaked at ~370 nm (= 2.70 x
10* em™1), and the spectral shape of these bands was similar to the
previous report [34]. When Ce3" jons are in the coordinated environ-
ment, 5d excited levels get depressed by the nephelauxetic effect by
surrounding anions and split by the crystal field [41,42]. In both the
glass and crystalline phases, Ce>* ions are surrounded by the same anion
species, oxide anions of borate groups. Accordingly, the degree of the
centroid shift for the as-made glass and GC samples should be similar,
and the energy difference of luminescence between them (= 3.3 x 10°
cm 1) can mainly be due to the ligand field effect. In other words, Ce>*
ions in the crystalline MgB4O; phase show red-shifted luminescence
because of the crystal field splitting derived from the ordered interstitial
sites. The Ge>" luminescence intensity in glass phase was weaker than
that in the MgB4O7 crystalline phase. This is because the high concen-
tration of intrinsic disordered defects in amorphous phase, which can
cause luminescence quenching through nonradiative relaxation paths.
For GC850, the PL intensity was also quite weak, and the peak
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wavelength was blue-shifted, compared with other GC samples. As this
spectral shape was similar to the PL bands in the glass matrix discussed
above, Ce3* luminescence in the glass phase, which was slightly present
between the MgB4O7 particles, was mainly observed. In the MgB40O7
crystalline phase in GC850, the concentration quenching of Ce3* 5d — 4f
luminescence occurred, because the distance between adjacent Ce>*
ions got shorter owing to the aggregation of MgB407:Ce>" crystals.

3.4. RL properties of magnesium borate glass and glass-ceramic samples

In Fig. 6(c), the RL spectra excited by Cu Ka characteristic X-ray at
room temperature are shown. The as-made glass sample showed very
weak emission under X-ray irradiation; it can be difficult to excite 4f
electrons of Ce>" ions in the glass matrix with ionizing radiation. In
contrast, the GC samples showed stronger RL intensity than the as-made
glass sample; that is, X-ray could excite the Ce>" jons efficiently in the
crystalline phase. This is the reason the GC600 and GC850, in which the
Ce3* luminescence in the glass phase was dominant (see Section 3.3),
showed weak RL.

As with the PL spectra, the characteristic Ce>* 5d — 4f emission
bands were observed, peaking at ~340 and ~360 nm. However,
compared with the PL spectra shown in Fig. 6(b), the two emission peaks
in the RL spectra were clearly observed, and the width of the bands was
narrower. The possible explanation for these narrow bands is that
luminescence via electron-hole recombination takes place only on
interstitial Ce>* ions, not on Ce>" in the disordering environment, due to
the efficient energy transfer from the host material. In the energetic
scale, the energy difference between these two peaks is ~2000 cm ™2,
which is a similar value to the energy difference between 2R, /2 and 2p, /2
levels for Ce>* due to the spin-orbital interaction of the 4f ground state.
These two bands can be assigned to the transitions from the lowest
excited level 5d; to the 2F5/2 and 2F7/2 levels.

Despite excitation with the high-power ionizing radiation (~8.0 keV,
1200 W), the RL intensity was similar in the order of magnitude as the PL
intensity, which means that the efficiency of RL was not so high. As
previously stated in the introduction, the excitation with ionizing radi-
ation creates a lot of electron-hole pairs, which will only produce Ce>*
emission if the excitons become localized on the Ce®*, or if Ce3* cap-
tures a hole followed by an electron with the valence state change (Ce>*
+ht > ce*h. Nevertheless, since there are other recombination routes,
the RL intensity is normally much less efficient than direct excitation of
the Ce®* ions.
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Fig. 6. (a) PLE spectra of all the samples, monitoring Ce®* emission at 380 nm. (b) PL spectra of all the samples under UV (hex = 280 nm) illumination. (c) RL spectra

of all the samples under Cu Ka characteristic X-ray illumination.
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3.5. TL properties of the glass-ceramic samples

Fig. 7(a) shows the TL glow curves of the GC samples after *°Sr/°°y
p-ray irradiation. During the synthesis process, the GC samples were
heat-treated over the maximum temperature of TL measurements
(400 °C) for 3 h. The as-made and GC samples did not show any endo-
and exothermic peak in the DTA curves below 500 °C (shown in Fig. S2),
indicating that the nucleation and crystal growth process did not take
place during TL measurements.

Whereas only GC600, which still has a large amount of glass matrix,
showed weak TL, all GC samples show two TL glow peaks at ~100 and
~220 °C (labeled peak 1 and peak 2, respectively), whose intensity
variations show similar trends to those of PL and RL intensities. These
two glow peak temperatures are related to their electron trap depth,
which is the activation energy from some trap levels (donor level) to the
host CB; peak 1 and peak 2 are related to shallow and deep electron
traps, respectively. According to the previous work [29,33,43-51], it is
well-known that lanthanoid and lithium ions in the crystal lattice of
MgB4O; can help form electron trapping centers related to
impurity-related defects. Notably, the shape of the TL glow peak 2 for
GC samples was similar to that of the powder MgB407:Ce3+—Li+ prepared
through the combustion synthesis method, except for GC600 [34]. For
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Fig. 7. TL glow curves of (a) all the GC samples, and (b) GC700 with different
delay time (0-60 min).
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GC600, the TL intensity of peak 2 was quite weak because the ceram-
ization process was not completed. Therefore, these TL glow curves
indicate that the precipitation of MgB40,:Ce>*-Li* worked well for the
electron trap formation. With increasing heat treatment temperature,
peak 2 was shifted toward the high-temperature side, and GC850
showed an additional TL glow peak at ~300 °C. Considering the im-
purity phase confirmed by XRD, it suggests that this additional peak at
the higher temperature region can be assigned to the electron traps
related to the impurity Mg,;B2Os phase.

For further investigation into the behavior of electron traps, the TL
glow curves of GC750 with different delays between *°Sr/°’Y p-ray
irradiation and TL readout (0-60 min) are shown in Fig. 7(b). Those of
the other samples are shown in the supplementary materials, Fig. S7.
The TL intensity of peak 1 declined gradually with the delay. This
decline is called fading, which is interpreted as electron release from the
trap levels via the thermally activating process at room temperature [52,
53]. This fading is undesirable in dosimetry, because a time-dependent
TL signal makes the precise estimation of the radiation dose more
difficult. In contrast, the TL intensity of peak 2 associated with the deep
trap was almost unchanged, which indicates that the electrons in the
associated trapping centers are stable.

3.6. OSL properties of the glass-ceramic samples

The GC samples show OSL under visible light stimulation due to the
electron traps confirmed by the TL glow curves. The typical OSL emis-
sion and stimulation spectra of the GC700 are shown in the supple-
mentary materials, Fig. S8 and S9. For a test and comparison of the
performance of each GC sample as an OSL dosimeter, the OSL signal was
measured with various delays (1-600 min) after p-ray irradiation.

Fig. 8 shows the total OSL fading curves of each sample, where the
OSL signal was plotted as a function of delay between irradiation and
readout. All GC samples show a monotonic decline of the OSL intensity
due to fading. As expected from the RL spectra (Fig. 6(c)) and the TL
glow curves (Fig. 7(a)), the total OSL intensity of GC650 and GC700
were high. However, they were still declining between 300 and 600 min,
indicating that further fading may take place. On the other hand, for
GC750 and GC800, the total OSL intensity stays essentially unchanged
after 300 min delay, which indicates possibly low fading of the OSL
intensity above 600 min, allowing a more precise estimation of the ra-
diation dose.

To examine the stability of the electrons captured by traps, the fading
ratio, defined as the ratio of the OSL signal with 600 min delay to the
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Fig. 8. Fading curves of total OSL signal for all the GC samples.
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initial OSL signal, can be a good indicator. The fading ratio of each
sample is listed in Table 1. Although GC650 and GC 700 showed very
strong OSL, their fading ratio is high, which implies that around one-
fourth of trapped electrons is lost after 600 min delay; they are less
suitable for dosimetry applications. By contrast, GC750 and GC800 show
low fading ratios, 12.7%, and 17.5%, respectively, due to the deep traps
which show little fading. These characteristics are very suitable for the
OSL dosimetry of high performance.

Finally, the OSL intensity of the GC700 sample was compared with
two OSL materials, the MgB407:Ce>"-Li* sample prepared by solution
combustion (SC) described by Gustafson et al. [34] and commercial
Al;03:C. To improve the comparison, all samples were used in powder
form and the results were normalized by the powder mass. The GC700
sample was crushed using an agate mortar and pestle. Approximate 2.0
mg MgB40:Ce3*-Li" SC, 4.1 mg of GC700 sample, and 6.4 mg of Al,05:
C were used in each cup. Nevertheless, one must keep in mind that this is
only an order of magnitude comparison, because other factors such as
grain size and the different optimum stimulation/detection wavelength
for MgB407:Ce3+—Li+ and Al;03:C were not taken into account at this
stage. The Hoya U-340 filters used in the Risg readers are not optimum
for Al;03:C, because they block a large part of the main F-center emis-
sion band of this material.

The OSL curves of the samples are shown in Fig. 9. Here, the y axis is
a logarithmic scale for better visualization of the OSL curve. The results
demonstrate that the OSL intensity of GC700 is comparable to that of
commercial Al;03:C and to that of MgB4O7:CeS+—Li+ powder reported in
previous studies [34]. The advantage of the GC samples in comparison
with the MgB407:Ce3*-Li* SC sample is the potential lower fading of the
signal because of the higher crystallinity of MgB40- in the ceramic, since
the TL curves show that the main dosimetric peak at ~220 °C is
reproducible and does not fade within the experimental conditions used
here.

This work demonstrates that MgB407:Ce>*-Li* as bright as the one
obtained by solution combustion can also be obtained by the glass-
ceramic route, but a more detailed dosimetric comparison between the
different materials is planned.

4. Conclusions

To expand the possibility of the prospective dosimetric material,
Ce®* and Li* co-doped MgB4Oy, the GC samples of MgB40:Ce3 -Li*
were successfully synthesized by ceramming a magnesium borate glass
with the composition of 25Mg0—72B203—3Li20-0.3Ce3+ at 600 °C,
650 °C, 700 °C, 750 °C, 800 °C, and 850 °C. It was confirmed by XRD
that the obtained GC samples had the MgB4O5 crystals as the main phase
with a small amount of impurity Mgs;B20s phase. The GC samples
showed a typical blue PL band due to the Ce3* 5d — 4f transition under
UV illumination, whose peak was red-shifted from the peak in the as-
made glass. For the GC samples, the RL bands of Ce*' luminescence
under X-ray irradiation were narrower than the PL bands because the
Ce®" ions in the MgB40; phase can selectively be excited. In the TL glow
curves after p-ray irradiation, the GC samples showed two TL glow peaks
at ~100 °C and ~220 °C. Due to the presence of the shallow electron
traps, the fading of TL and OSL took place. Considering the fading ratio
of the OSL intensity stimulated by a blue LED, GC750 and GC800 show
good stability for the radiation dose storage. These results show that
GC750 and GC800 have the potential to be an excellent material for
dosimetry if the influence of shallow traps can be reduced either during
the synthesis process or by application of a pre-heating before the OSL
readout.
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