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ABSTRACT

The glass system (50NaPO3-20BaF,-10CaF2-20GdF3)-xTbCls with x = 0.3, 1, 3, 5, and 10 wt % was investigated. We successfully produced transparent glass ceramic
(GQ) scintillators with x = 1 through a melt-quenching process followed by thermal treatment. The luminescence and crystallization characteristics of these materials
were thoroughly examined using various analytical methods. The nanocrystallization of Tb3*-doped NasGdoF3, within the doped fluoride-phosphate glasses resulted
in enhanced photoluminescence (PL) and radioluminescence (RL) of the Tb®* ions. The GC exhibited an internal PL quantum yield of 33 % and the integrated RL
intensity across the UV-visible range was 36 % of that reported for the commercial BGO powder scintillator. This research showcases that Tb-doped fluoride-
phosphate GCs containing nanocrystalline NasGdgFsz have the potential to serve as efficient scintillators while having lower melting temperature compared to

traditional silicate and germanate glasses.

1. Introduction

Scintillators are materials that convert the energy of charged parti-
cles (e.g., a and ) and high-energy photons (X-rays, y-rays) into multiple
lower-energy photons within the visible and ultraviolet (UV) range.
Photodetectors like photodiodes (PD) and photomultiplier tubes (PMTs)
detect these photons, allowing the use of these sensors in diverse ap-
plications such as industrial and medical imaging, homeland security,
and high-energy physics experiments [1].

Common scintillators are traditionally based on crystalline inorganic
materials such as Csl [2], Gd205S:Pr,Ce,F [3], LaBrs:Ce [4], LugAls012:
Ce [5], Nal:Tl [6], BisGe3O12 [7] and Y3Al5012:Ce [8]. Although effi-
cient in detecting ionizing radiation, these crystals can be hygroscopic,
costly and challenging to manufacture with precise composition and
uniformity, potentially limiting their widespread accessibility and usage
in certain applications. Besides inorganic single crystals, transparent
ceramics [9,10], glasses [11-18], nanoparticles [19,20] and polymers

[21] loaded with scintillating compounds have also been proposed as
scintillators. These materials are mostly doped with rare-earth elements,
such as Ce>*, Tb®", Eu®" and others [22-24] due to their unique lumi-
nescent properties. The dopants can enhance light output, improve en-
ergy resolution, and tailor the emission spectrum of the scintillator to
match the compatibility with the detector.

Among the diverse forms of scintillators, glasses are attractive
considering their cost-effectiveness, large-scale production capabilities,
large compositional range and the possibility to be processed into
complex geometries, including optical fibers. However, glasses have
numerous defects responsible for non-radiative recombination, which,
in turn, are responsible for low light yields [25].

To overcome the issue of low light yields of glasses, a promising new
class of inorganic scintillators that is cost-effective and has excellent
optical properties for detecting high-energy photons was proposed: the
luminescent glass-ceramics (GCs) [26,27]. Luminescent GCs compose an
emerging class of photonic materials in which luminescent nanocrystals
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are uniformly dispersed in the amorphous glass matrix. There has been
growing interest in the use of GCs as scintillators, firstly based on
transparent oxide glasses hosting the precipitation of traditional scin-
tillation crystals [28,29].

At first, typical inorganic halide crystals, including alkali-earth ha-
lides and alkali-metal halides such as, Caly [30], Srl; [31], BaCl, [32],
BaBry [32], Baly [32], etc., and lately various oxyfluoride GCs matrix
systems [26,27,29,33,34] have been proposed as GCs scintillators.
Among them, the precipitation of different low-phonon fluoride nano-
crystals has been targeted, including GdFs [33], BaGdFs [35], BaYFs
[36], BaLuFs [37] and KLugF7 [28]. These GCs showed that the X-ray
excited luminescence was greatly enhanced in the oxyfluoride glass after
the precipitation of the respective fluoride crystals. However, the low
fraction of halide nanocrystals in the glass host limited the light yield of
the final material. Furthermore, common oxide glasses have a high
melting temperature (above 1300 °C) [38] causing high volatilization of
the aimed halides to be precipitated, as well as limited solubility, leading
to GCs with lower efficiency.

Therefore, to overcome these issues, mixed fluorophosphate glass
networks have garnered substantial interest for applications that need
high light yield [39-41]. Fluoride phosphate glass networks combine the
best properties of phosphate glasses and fluoride glasses, i.e. lower
phonon energy fluoride crystals precipitated in an oxide glass matrix
with higher mechanical strength, chemical durability and thermal sta-
bility. In these networks, the efficient dispersion of luminescent species
and high amount of fluoride lead to higher fraction of precipitated
crystals. Also, the ordered nature of the crystalline phases in
glass-ceramics are expected to lead to more efficient energy transfer to
the luminescent centers and a higher probability of radiative recombi-
nation. For a given combination of glass and nanocrystalline phase,
when the nanocrystals are significantly smaller than the wavelength of
the emitted light, reduced light scattering results in higher transparency
[42]. Despite these advantages, few studies have been done on the
scintillation applications of these materials.

GCs scintillators have become particularly interesting for medical
applications, for instance, as panels in X-ray imaging and recoverable X-
ray storage plates. They are potential candidates to replace conventional
silver-halide based panels, being an ideal low-cost solution with rela-
tively high quantum yield. The addition of isotopes such as ®Li and 1°B to
these GCs has shown to render high sensitivity to thermal neutrons [43,
44], opening the perspective of use as neutron scintillators. Therefore,
the development of GCs scintillators, especially those based on mixed
fluoride phosphate glass matrices that can potentially precipitate high
fractions of fluoride crystals are of particularly interest. Further ad-
vantages include matrices that can be melted below 1000 °C with high
chemical and mechanical stability and flexible applications.

These characteristics are necessary but not sufficient for obtaining a
GC scintillator material with potential use in commercial applications
[27].An essential factor that influences the quality of a scintillator is the
selection of rare-earth dopants, responsible for the luminescence when
exposed to ionizing radiation. Among the RE ions that present 4f-4f
transitions in the UV-visible detection window of commercial de-
tectors such as PMTs, Tb>* shows the strongest emission in the green.
Other ions such as gadolinium (Gd>*) can play the role as a sensitizer,
transferring the energy absorbed by the material to the luminescent
Tb3" centers.

In this work, a mixed fluorophosphate glass system with low melting
temperature when compared to common oxide glasses and containing a
high fluoride concentration was prepared and characterized. The glasses
were prepared by the melt quenching technique and subjected to further
thermal treatment that led to the formation of NasGdgFss nanocrystals
within the fluoride-phosphate glass network. The energy transfer
mechanism from Gd3* to Tb®" ions in fluoride-phosphate glasses and
glass-ceramics containing NaGdF4 nanocrystals was probed through
excitation with UV light and X-rays and the influence of the precipitation
of fluoride nanocrystals on the luminescent properties was evaluated.

Optical Materials: X 21 (2024) 100288
2. Experimental procedure
2.1. Bulk glass synthesis

Glass samples in the system (50NaPOs-20BaF;—10CaF2—-20GdFs3)-
xTbCl3 with variable terbium (Tb) content (x =0, 0.3, 1, 3, 5, and 10 wt
%) were produced using the conventional melt-quenching technique.
The glasses were labeled as follow: NPGF_xTb, with x being the TbCl3 wt.
% in the glass composition and NPGF for the undoped glass (x = 0). The
precursor raw materials included NaPOg, CaFs, BaFs, TbCls, and GdFs.
The GdF3 precursor was prepared according to our previous work [45],
involving the heating of Gd,O3 with an excess of ammonium bifluoride
(NH4H3F3). Since terbium can take chemical states +3 and + 4, the use
of TbCl3 was an attempt to achieve Tb3*, luminescent in the green. All
components were carefully weighed, mixed, and melted to produce bulk
samples with 15g.

2.2. Fluoride-phosphate GCs preparation

Previously selected glass pieces were carefully heated within a
defined temperature range bracketed by their glass transition tempera-
ture (Tg) and crystallization temperature (Tx) (Tg = 290 °C and Tx =
380 °C) [46] to ascertain the ideal temperature for nanocrystals pre-
cipitation within the glass matrix. In this study, a straightforward
method was employed to determine the optimal temperature using a
trial-and-error process. We conducted thermal treatments on bulky glass
pieces for a fixed duration of 1 h at various temperatures. The temper-
ature at which visible volume crystallization occurred in the glass vol-
ume was determined as the optimal temperature, which was found to be
340 °C. Following this, polished NPGF_1 Tb glass pieces were subjected
to heat treatment at 340 °C for different durations (from 30 min to 6 h).
This method ensured reproducibility across different parent glasses of
the same composition. The GCs were labeled according to the duration
of heat treatment at 340 °C of the glass sample NPGF_1 Tb as follow:
GC_30min, GC_2 h and GC_6 h.

2.3. Glass sample characterization

Optical absorption spectra were obtained using a Cary 500 double-
beam spectrometer within the wavelength range from 200 to 600 nm
employing polished samples of approximately 2 mm thickness. X-ray
diffraction (XRD) measurements were conducted using the powder
diffraction method at room temperature, after grinding the parent glass
and GCs that underwent heat treatment at 340 °C for 2-6 h. The GCs
microstructure were examined using a JEM-2100-JEOL transmission
electron microscope operating at 80 kV. The samples were first crushed
in ethanol and a drop of the solution with small nanocrystals in sus-
pension was deposited onto a carbon coated copper grid.

Photoluminescence excitation (PLE) and emission (PL) spectra in the
visible range were measured using a Horiba Jobin Yvon Fluorolog
spectrofluorometer model FL3-221. The excitation was performed using
a continuous wave (CW) lamp at 273 nm to access Gd>" transitions and
the emission spectra were recorded, particularly in the range of Th>*
main emission at 542 nm. Luminescence decay curves of Gd>* and Tb>*
were measured using a pulsed Xe lamp under excitation at 273 nm and
analyzed using a double monochromator configuration.

RL measurements were recorded using a Freiberg Instruments Lexsyg
Research spectrofluorometer equipped with a Varian Medical Systems
VF50J X-ray tube operating at 40 kV and 1 mA, coupled with a spec-
trograph and a CCD camera.

3. Results and discussion
3.1. 3" doped fluoride-phosphate glasses

The absorption spectrum for the representative NPGF_1 Tb glass
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sample within the 250-600 nm spectral range is illustrated in Fig. 1. The
absorption bands associated with Gd>" are distinctly observed at 245,
251, 273, 305, and 312 nm, corresponding to transitions from the
ground state 837 /2 to the excited states 6Gj, 6Dj, 6Ij, and °P J, respectively
[47]. Furthermore, a characteristic absorption band at 380 nm, corre-
sponds to the 7F6—>5D3 transition of Tb>+ [48].

Fig. 2 illustrates the excitation spectra of NPGF xTb glasses,
measured by monitoring the green emission of Tb®>' ions at 542 nm
(Tb®": 5D4—7Fs). In these spectra, multiple peaks are noticeable in the
near UV range at 245 nm, 272 nm, 305 nm, and 311 nm, attributed to
Gd®* transitions: 8S;,5, — ®Dgyy, °I;, ®P7/s, and ®Psy, respectively.
Additionally, peaks at 278 nm and 284 nm are ascribed to the Tb®"
transitions “Fe—°Hg and °Hs, respectively. Moreover, a broad band
spanning from 240 to 265 nm is observed and attributed to the 4f®—
4f7M5q spin-allowed inter-configurational Tb3* transition [13].

Above 300 nm, aside from the Gd>* absorption bands, seven distinct
bands corresponding to Tb3' intra-4f transitions are observed. The
presence of the Gd®' transitions evidences the Gd*" — Tb%" energy
transfer which is responsible for the increased emission intensity
observed under UV or X-ray excitation of Tb®" in glasses containing
Gd3+, as extensively reported in the literature [49-51].

The PL spectra of NPGF:Tb>" glasses were measured with excitation
at 350 nm (Tb*": Fg — °D3) and at 273 nm (Gd**: 8S;,, — °I)) within the
range of 400-700 nm and are presented in Fig. 3(a) and (b), respectively.
The luminescent behavior and potential Gd*>* — Tb®' energy transfer
(ET) processes are emphasized. For the 273 nm excitation, the spectra
were normalized to the 311 nm band associated with the Gd>*: 8555 —
6P7/2 transition.

Upon excitation at 273 nm (Fig. 3a), a single narrow emission band
corresponding to the Gd>: 8S3,, — 6P,/ transition at 311 nm is
observed for the undoped NPGF glass. Upon the addition of Tb%* ions,
additional bands originating from the °D4 and °Dj excited levels of Tb>*
ions appear at 412, 435, 456, and 472 nm (Tb%": °D3 — "Fs, "F4, "F3, 'Fy
transitions), as well as at 489 and 544 nm (Tb%*: °D, — 7F, "Fs tran-
sitions). Despite the consistent presence of Gd>*, the emission at 311 nm
significantly decreases with the incorporation of Tb®* ions in the glass
(inset of Fig. 3a). Concurrently, there is an enhancement of Tb>" emis-
sions relative to the Gd> emission. This observation reinforces the ex-
istence of energy transfer from Gd>* to Tb®" ions. Gd>" electrons are
excited from the 857/2 state to the 6Ij state and then relax to the °P; /2
state. As this state is at a higher energy than the °D, level of Tb** ions,
energy can be partially transferred to the latter, resulting in emissions
from the °Dy level as the system returns to the ground state [51].
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Fig. 1. Representative absorption spectrum obtained for the NPGF_1 Tb glass.
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Fig. 2. Excitation spectra of NPGF glasses with different Tb®>" content, e, =
542 nm.

The changes in fluorescence intensity from °Ds to °D, observed in the
inset of Fig. 3a and better visualized by directly excitation of Tb®* ions at
350 nm (Fig. 3b) result from the cross-relaxation mechanism (CR, Tbh3t:
D3 + "Fo — °D4 + "Fg) [52], a phenomenon extensively documented in
the literature for Th>* doped glasses [13,53]. This is because the energy
gap between these levels is remarkably similar. Both energy transfer
processes (Gd>* — Tb3* and CR, Tb®*: 5D5 + "Fy — D4 + "Fg) appear to
exist in the studied glasses. The augmentation of emission from the Dy
level of Tb* is particularly beneficial for aligning emission wavelengths
with the camera’s optimal quantum efficiency spectral region (typically,
450-600 nm for PMTs) used in scintillators. The green emission of Tb3*
ions (°D4 — ’Fs transition) appear to be the most intense in our glasses.

To further explore the emission characteristics of the glasses, we
measured the internal PL quantum yield (QY), defined as the ratio of
emitted photons (Ne) to absorbed photons (Ngps), for the emission at
549 nm. We conducted these measurements using an integrating sphere
for the NPGF_03 Tb and NPGF_10 Tb samples, obtaining QY values of 16
% and 50 %, respectively, which is comparable to the values reported in
the literature for other glass scintillators [54,55].

To validate the energy transfer (ET) process between Gd>* and Tb*
ions, we utilized fluorescence decay analysis (see Fig. 4a). By analyzing
the luminescence decay curves corresponding to the Gd*>": 853/, — Py 5
transition at 311 nm after excitation at 273 nm, both in the absence and
presence of Th®", we observed a decrease in the effective lifetime values
of 8S3,,. Moreover, the decay became strongly non-exponential due to
additional depopulation paths from the cited emitter level, reducing the
effective lifetime from 8.0 ms (NPGF) to 0.16 ms (NPGF_10 Tb). These
results validate the occurrence of energy transfer from the 83, level of
Gd®* ions to the neighboring Tb** ions.

In Fig. 4b, the luminescence decay curves detected at 541 nm (Tb>™:
SD,4—Fs) are presented. These curves were precisely fitted using a single
exponential function for samples with all doping concentrations. As the
Tb3* content increases, the lifetime values slight decreases from 4.3 ms
to 3.8 ms for NPGF_0.3 Tb and NPGF_10 Tb, respectively. This reduction
is due to a higher population of Tb>":°Dy level, increasing the proba-
bility of CR and energy migration between ions.

X-ray-induced scintillation spectra are depicted in Fig. 5. Within
these spectra, the emissions from the Tb-doped glasses are prominently
characterized by the green emission of Tb®* at 541 nm (Tb%*: °D4—"Fs).
Concurrently, emission from Gd>* at 311 nm is also observed. As the
Tb%" ion content in the glasses increases, there is a notable augmenta-
tion in the overall emission intensity of Tb>*, as also observed after
excitation with UV light, despite the excitation mechanisms involved
being different. Remarkably, the glass sample with a Tb>" level of 10
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Fig. 3. Normalized photoluminescence emission spectra: (a) with excitation at 273 nm (Gd3*: 887/2 - GIJ-), spectra are normalized by the Gd**: 853/2 - 6P7/2
transition, and (b) at 350 nm (Tb®*: F¢ — °H;), spectra are normalized by the Tb*': °D, — 7Fs transition. Inset: Integrated areas of Gd>*: ®p;,, — 85,5 (black
circles), Tb®": °Dg — 7Fj = 5-3 (red circles) and Tb*: °D,4 — ”Fg (blue circles) transitions as a function of Tb®* content. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

mol% exhibits the highest scintillation intensity emission, and there is
no evidence of concentration quenching.

3.2. b3 doped fluoride-phosphate glass-ceramics

In a subsequent step, GCs were prepared using the NPGF_1 Tb sample
as a proof of concept. The objective was to analyze the influence of
nanocrystallization of fluorides in the glass matrix, aiming at enhanced
luminescence emission towards practical application as scintillators.

The transmission spectra measured at various heat-treatment times
for the NPGF_1 Tb glass ceramics and the accompanying photograph,
taken under daylight, are provided in Fig. 6. As evident from both the
spectra and the photograph of the glass-ceramics, transparency de-
creases with increasing heat-treatment time, due to scattering losses
induced by the formation and growth of nanocrystals within the glass
matrix.

Specifically at 542 nm the emission of Tb3* (a critical region of in-
terest for scintillator detectors), the transparency of the glass ceramics

reaches approximately 65 % for a 2 mm thickness sample following 6 h
of heat treatment (top of Fig. 6). The noteworthy transparency of our
glass ceramics is a valuable characteristic that enhances their practical
application.

The XRD patterns obtained from the powdered glass-ceramic sam-
ples are displayed in Fig. 7. Initially, for the NPGF_1 Tb glass, the XRD
pattern exhibited two broad peaks with maxima at 20 = 27° and 45°,
characteristic of an amorphous state. However, progressively with the
increase of the duration of the heat treatment, four distinct peaks
developed at 28°, 32°, 46°, and 54°. These four peaks can be accurately
attributed to the pure cubic NasGdgF3, phase (JCPDF 27-0698),
evidencing the successful growth of this nanocrystalline phase in the
glass matrix after the heat-treatment process.

Transmission electron microscopy (TEM) images were acquired to
provide a direct observation of the nanocrystals revealed by XRD results.
TEM not only allows distinguishing the crystalline phase from the vit-
reous matrix but also enables the identification and precise character-
ization of individual nanocrystals, e.g., their lattice parameters. In the
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TEM bright-field micrograph, nanocrystals dispersed within the glass
matrix can be observed (Fig. 8a) for the sample subjected to heat
treatment at 340 °C for 6 h. Moreover, the image in Fig. 8b clearly
displays lattice fringes from nanocrystals. The calculated interplanar
distance d between two adjacent crystal planes measures 0.325 nm in
agreement with the (111) crystal plane of NasGdgF3y where d(111) is
reported as 0.321 nm [56].
The influence of the heat-treatment duration and of the formation of
cubic NasGdgF3, nanocrystals on the luminescence of Tb3* ions was
investigated. The emission spectra of NPGF_1 Tb3* glass and the cor-
responding glass-ceramics heat-treatment for different times, excited at
350 nm (Tb%*: 7F6 - 5H7), are illustrated in Fig. 9. Emission bands
originating from the °D, and °Dj excited levels of Tb®* ions are observed
at 412, 435, 456, and 472 nm (Tb%*: °D3 — "Fs, "F4, "Fs, 'F, transitions),
as well as at 489 and 544 nm (Tb3*: °D4 — 7Fg, "Fs transitions). Notably,
there is an augmentation in emission intensities obtained for increasing
heat-treatment time. However, although there is clearly a trend, con-
clusions based on the comparison of luminescence intensity are not strict

due to the lack of calibrated intensity scale and variable sample posi-
tioning. To evaluate a possible change in luminescence efficiency, the
quantum yield (QY) of the NPGF_1 Tb and GC_6 h samples (displaying
the most intense emission) was measured under excitation at 350 nm.
The obtained QY values were 25 % and 33 %, respectively, indicating a
significant improvement.

The higher QY value after crystallization (GC_6 h) provides further
evidence of the beneficial incorporation of Tb®* ions into the fluoride
nanocrystals that have lower phonon energy and are expected to be less
defective than the matrix effectively reducing non-radiative relaxation
processes.

To further validate the influence of NasGdgFss nanocrystals on Tb3*
emission efficiency, we also investigated the effect of heat-treatment
time on the luminescence decay time of Tb®*: °D4 — "Fs5 emission at
541 nm (Fig. 10a) and the Gd*": 8S3,5» — P;/5 at 311 nm (Fig. 10b)
transitions. The decay curves of both transitions exhibited an increase in
the lifetime. This finding suggests that Tb>* is influenced by the pres-

ence of nanocrystals, effectively reducing non-radiative relaxation
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processes, and indicates a higher concentration of Tb>" ions within the
crystalline phase. This observation is consistent with the results reported
in other studies involving glass-ceramics doped with Tb®* ions [34,57,
58]. Furthermore, the prolonged decay time of the Gd*>*: °P; 5 level with
the increase of heat-treatment time agrees with the formation of the
Gd-rich crystalline phase NasGdgFss.
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The X-ray induced scintillation spectra of the glass ceramics are
presented in Fig. 11. Similarly, to the Tb-doped glasses, these spectra are
predominantly characterized by the green emission of Tb>*
(Tb3+:5D4—>7F5). Notably, there is an increase in the emission intensity
with an increase in heat-treatment time. The glass ceramic treated at
340 °C for 6 h, the longest duration employed in this study, exhibited the
highest scintillation intensity emission.

To evaluate the scintillation efficiency of GC_1 Tb_6 h glass ceramic,
a comparison was made with the commercial BGO crystalline powder.
This comparison involved measuring, under identical experimental
conditions, and determining the total band area for the GC and for BGO
whose spectrum is centered at 520 nm.

Therefore, the integrated scintillation response of the glass ceramic
was determined to be approximately 36 % of that of the powdered BGO,
underscoring its potential scintillating capabilities. Noteworthy, the
glass ceramics can still be further improved for the targeted applications
as scintillators. First, fluoride phosphate GCs containing fluoride crystals
are still under development with especial note for its high solubility of
rare earths. Second, as observed for the glass with 10 wt% of TbCls,
higher luminosity is expected for this GC composition. On the other
hand, from a fabrication perspective and compared to conventional
oxide glasses that have melting temperatures above 1300 °C, the lower
melting temperature of the fluorophosphate glass (850 °C, in our case) is
advantageous. Moreover, fluorophosphate GCs have higher solubility of
rare-earths and higher quantum yield due to the low phonon environ-
ment of rare-earths.

4. Conclusions

Fluorophosphate glasses with excellent optical properties were pro-
duced using the following molar compositions:
50NaP0O3-20BaF,-10CaF,-20GdF3:xTbCls, with x values of 0, 0.3, 1, 3,
5 and 10 wt%. We investigated the conversion of UV and X-ray photons
into visible photons and evaluated the influence of NasGdgF3; nano-
crystals containing Tb>" on the emission properties.

For the Tb-doped samples, when excited in the UV region and by X-
rays, they exhibited emissions in the visible region (300-525 nm),
stemming from the levels Sz, of Gd®* and °D3 and °Dy4 of Tb®" ions.
Results clearly evidence that energy transfer from the Gd>" ions to the
Tb®" ions significantly enhanced Tb®" emission efficiency.

Transparent glass-ceramics were also prepared. The formation of the
cubic NasGdgF3; crystalline phase induced by heat treatment at 340 °C
with variable crystallization times was verified. The formation of
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d=0.321 nm

Fig. 8. (a) TEM image of GC_6 h where an area containing nanocrystals is highlighted and (b) HRTEM (High-resolution transmission electron microscopy) image of

the crystalline phase.
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Fig. 9. Photoluminescence emission spectra with excitation at 350 nm (Tb3*:
7F¢ — °Hy) of NPGF_1 Tb and GCs heat-treated at 340 °C for different times.

crystals led to an amplification of Tb®" ion emission at 542 nm
compared to the glass NPGF_1 Tb sample. The increase in intensity,
together with the increase in the average lifetime from levels S35 of
Gd®* and °Dy of Tb3™ ions, confirmed the incorporation of Tb®* ions in
the crystalline environment of NasGdgF3,, resulting in an increase in the
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quantum yield of Tb>* ion emissions from 25 % for the glass samples to
33 % for the GC.

We highlight the fact that the integrated X-ray excited luminescence
(RL) intensity of GC_6 h reached 36 % of BGO powder, which is a sig-
nificant result. Thus, these Tb>*-doped transparent glass ceramics,
showcasing high QY, robust RL, and lower melting temperature, as
compared to conventional silicate and germate glass ceramics, hold
potential for scintillating applications.
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The inset shows the average lifetime as a function of heat-treatment time.
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