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ABSTRACT

High-temperature X-ray imaging requires scintillators of high crystallinity, efficient scintillation,
and robust thermal stability, yet suitable scintillators remain scarce. In this study, an ultra-high-
crystallinity transparent glass-ceramic (GC) scintillator is strategically designed through a
controllable heat-treatment-induced crystallization process. A sequential precipitation method is
employed, where cubic CaF, nanocrystals initially form, subsequently promoting the
heterogeneous nucleation and growth of hexagonal BaAl,Si,0g. Due to intrinsic nanoscale phase
separation into F-rich and O-rich domains, atomic diffusion distances are significantly reduced,
resulting in an unprecedented crystallinity of up to 97.6 %. Notably, the presence of defect traps
(oxygen vacancy defects, likely located within the lattice or at the crystalline/amorphous interface)
enables efficient carrier capture and thermally stimulated release, contributing to remarkable
resistance to thermal quenching. Consequently, the proposed GC scintillator maintains 90.6 % of
its integrated X-ray excited luminescence (XEL) intensity at 300 °C, with the integrated XEL
intensity reaching 94.2 % of the commercial Bi;Ge;0;, (BGO) at room temperature, thus enabling
stable high-temperature X-ray imaging with a spatial resolution of ~10.4 Ip/mm up to 225 °C. This
work provides a versatile pathway for developing high-sensitivity scintillators for extreme-

environment X-ray imaging.

Keywords: glass-ceramics; thermal stability; X-ray excited luminescence; X-ray imaging; optical

materials.
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1. Introduction

X-ray imaging technology has been widely used in security inspection, industrial
nondestructive inspection, medical diagnosis, and scientific research[1,2,3,4,5,6]. The increasing
demand for higher-quality X-ray imaging has driven the development of techniques capable of
industrial detecting the internal structures of equipment under diverse conditions, such as high
temperatures, which is crucial for ensuring machine safety and reliability in extreme conditions[7].
Evidently, the need for advanced high-temperature X-ray imaging technology necessitates
significant advancements in high-thermal-stability scintillators.

In this context, all-inorganic scintillators, including single crystals, phosphor ceramics,
amorphous glasses, and glass ceramics (GC), are more suitable than organic materials, due to their
superior physical/chemical stability[8,9]. In fact, although single-crystal scintillators, such as
Bi,Ge;0;, (BGO) and Csl: Tl, have been predominant commercially accessible, they are still
generally characterized by poor thermal quenching resistance[10]. Moreover, their widespread use
i1s constrained by complex manufacturing processes, limited luminescence wavelengths, and
challenges in shaping[11]. Meanwhile, ceramic scintillators also encounter inherent challenges,
such as long production cycles and a restricted selection of high-thermal-stability hosts[12], while
glass scintillators suffer from low light yields due to unavoidable defects in amorphous
structure[13,14]. In contrast, GC scintillators have the advantages of cost-effective fabrication,
flexible high-thermal-stability low-phonon-energy host design, tunable luminescence, being easily
drawn into fibers or large-size production, thus having received great attention[15,16,17,18].

Specifically, the development of GC scintillators is relatively recent, dating back to the early

21st century[19]. Thereafter, significant endeavors have been dedicated to fabricate high-quality
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GC scintillators, encompassing systems such as tellurite, oxyfluoride, and halide, among
others[20,21,22,23,24,25,26]. For example, the advancement of an Eu-doped CsPbBr; perovskite
GC scintillator has led to high-resolution X-ray imaging (15.0 Ip/mm) with markedly diminished
light scattering and enhanced stability[27]. Meanwhile, an ionic-covalent hybrid network strategy
helps develop BaCl,: Eu?" nanocrystal-based GC, resulting in a relatively high precipitation
fraction (~37 %) of nanocrystals within the GC, and further significantly enhancing scintillation
efficiency and imaging resolution[28]. Numerous studies underscore the promising future of GC
scintillators, facilitating substantial advancements in X-ray imaging applications. However, GC
scintillators still encounter a critical challenge: the “performance dilution effect” caused by the
limited content of luminescent counterparts in GC. The issue of inadequate scintillation properties
resulting from low crystallinity and the consequent reduced light yield severely hampers the
performance of X-ray imaging. Consequently, there is an urgent demand for the development of
ultra-high-crystallinity (>90%) transparent GC scintillators, particularly those of superior thermal
stability to meet the critical requirements of high-temperature X-ray imaging applications.

In this study, an ultra-high-crystallinity transparent GC scintillator is strategically designed
through a controllable heat-treatment-induced crystallization process. A sequential precipitation
method is employed, with which cubic CaF, nanocrystals initially form and subsequently promote
the heterogeneous nucleation and growth of hexagonal BaAl,Si,0s. This crystallization process is
facilitated by intrinsic nanoscale phase separation into F-rich and O-rich domains, effectively
reducing atomic diffusion distances and enabling an exceptional ultra-high crystallinity of 97.6 %.
Simultaneously, the nanoscale CaF; crystallites and the predominant BaAl,S1,0g matrix mitigate

light scattering, preserving the GC’ visible-light transmittance of 69.4 %. This crystallinity is
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higher than that of most reported transparent GC systems while optical transparency is retained
(Table S1). More importantly, defect traps (oxygen vacancy defects) efficiently capture radiation-
induced carriers and facilitate their thermally stimulated release at elevated temperatures, leading
to exceptional resistance to thermal quenching. Consequently, the proposed GC maintains 90.6 %
of its integrated X-ray excited luminescence (XEL) intensity at 300 °C, significantly surpassing
that of commercial BGO scintillators. Combined with a competitive scintillation performance and
stable imaging performance, this work presents a viable solution and a universal design framework
for high-sensitivity X-ray imaging under extreme thermal conditions.

2. Results and discussion
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Figure 1. (a) DSC curve of PG, showing the T,, T,; and Tj,; the insets depict the crystal structures corresponding
to the exothermic crystallization peaks, namely tetragonal CaF, and hexagonal BaAl,Si,0s. (b) XRD patterns of
PG and GC heat-treated at various temperatures (700-900 °C). (c) Raman spectra of PG and GC heat-treated at
750 and 850 °C. (d) *Si MAS NMR spectra and (e) *’Al MAS NMR spectra of PG and GC. (f) HRTEM image

of GC; the insets present locally magnified regions.
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The differential scanning calorimetry (DSC) analysis reveals that the glass transition
temperature (T,) of the precursor glass (PG) 1s 697 °C, with two exothermic crystallization peaks
(Tp) detected at 753 °C and 866 °C (Figure 1a). Accordingly, the PG was subsequently subjected
to heat treatment at temperatures between 700 °C and 900 °C. Upon heat treatment, the X-ray
diffraction (XRD) pattern initially retained amorphous characteristics while showing the
diffraction peaks of cubic CaF, at heat-treatment temperature of 700 °C; as heat-treatment
temperature increased, distinct hexagonal BaAl,Si,0g diffraction peaks appeared at 800 °C, and
their relative intensity grew significantly at 850 °C, leading to a corresponding total crystallinity
as high as 97.6 % (Figure 1b and Table S2). The corresponding crystallinity calculation is provided
in the Supporting Information (Supplementary Note 1). Evidently, combining the DSC and XRD
results, the two exothermic crystallization peaks at 753 °C and 866 °C can be attributed to the
formation of cubic CaF, and hexagonal BaAl,Si,Og, respectively, which suggests that upon
thermal activation, the metastable PG initially precipitates CaF,, followed by BaAl,Si,05. As
shown in the Raman spectra of Figure Ic, the peak at 320 cm! can be attributed to the Ca-F
vibration resulting from the precipitation of the CaF,, which becomes distinctly visible upon CaF,
formation. The characteristic peak at 409 cm!, corresponding to the Ba-O stretching vibration,
and the broad absorption band at 815 cm™!, associated with the Si-O stretching vibration, are both
significantly enhanced following the precipitation of the BaAl,;S1,0s, as these coordination bonds
are present within its crystal structure. The broad peak around 678 cm! originates from the
symmetric stretching vibration of [AlO,], and the remaining peaks are difficult to assign. These
results further confirm the sequential high crystallinity precipitation of the CaF, and BaAl,Si,04

in the composite. Further, Figure 1d presents the 2°Si magic-angle spinning nuclear magnetic
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resonance (MAS-NMR) spectra of PG and GC (heat-treated at 850 °C), where a significant change
in the signal shape was observed as the material form transitions from PG to GC. This indicates
an obvious structural transformation, specifically, the Q' species with a single bridging oxygen
evolves into Q>-Q* species with an increased number of bridging oxygens, providing evidence for
the formation of a rigid structure composed of interconnected [SiO4] tetrahedra (Table S3).
Additionally, the peaks become sharper, approaching the nuclear magnetic resonance (NMR)
characteristics typical of crystalline phases. Meanwhile, the 2?Al MAS-NMR spectra reveal that
the distorted [AlOy,] species within PG disappears upon the formation of GC, because of the
transition from a disordered long-range amorphous structure to a highly ordered long-range total
framework derived from the high crystallinity (Figure 1e and Table S3). The transmission electron
microscopy (TEM) image of the GC reveals numerous lattice fringes and demonstrates high
crystallinity of the composite (Figure 1f). The crystalline phases can be further identified by
measuring the interplanar distances and the angles between various lattice planes: (1) The lattice
fringes, with interplanar spacings of 0.448 nm, correspond to the (100) plane of hexagonal
BaAl;Si,0g; (2) The lattice fringes with interplanar spacings of 0.287 nm and 0.320 nm are
assigned to the (200) and (111) planes of cubic CaF,, with the measured angle of 55.08° aligning
closely with the theoretical value (54.74°).

Moreover, energy dispersive spectroscopy (EDS) elemental mapping clearly reveals that
within the matrix predominantly composed of Ba, Al and Si, which corresponds to the BaAl,Si,04
crystalline phase, the elements Ca and F exhibit localized nanoscale enrichment with
approximately rounded features (~60 nm), indicating the formation of CaF, nanocrystals (Figure

2a). These results unequivocally confirm that the CaF, nanocrystals are indeed embedded within
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the BaAl,Si,0g phase. It can be inferred that CaF, precipitates first from the glass, followed by
heterogeneous nucleation and growth of BaAl,Si,0g on the surfaces of the preformed CaF,
crystallites. Meanwhile, the Tb element displays a uniform spatial distribution throughout the GC,
suggesting that Tb*" are homogeneously incorporated into the lattice structures of both the CaF,
and BaAl,Si1,0g4 crystalline phases. The molecular dynamics (MD) simulation reveals that the
component distribution within the PG is inherently inhomogeneous at the nanoscale, exhibiting
distinct phase separation into F-enriched and O-enriched domains (Figure 2b and Supplementary
Note 2), thus providing the essential structural preconditions for the sequential nucleation and
growth of fluoride and oxide crystalline phases within their respective regions. Additionally,
regarding the site occupancy of Tb**, they can evidently substitute for Ca’" in the CaF, (Figure
S1), whereas in the BaAl,Si,Og phase, the substitution of Tb3" for AI>* with a smallest formation
energy of 0.93 eV suggests that Tb3" ions are most likely to occupy Al lattice sites (Figure 2c

and Supplementary Note 3).
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Figure 2. (a) TEM image and corresponding EDS elemental mappings of proposed ultra-high-crystallinity GC,

showing the spatial distributions of Ca, F, Ba, Si, Al, O and Tb. (b) Representative atomic structures obtained

from MD simulations of PG. (¢) Calculated formation energies of Tb*" substitution at different crystallographic

lattice sites (Si, Ba, and Al) in hexagonal BaAl,Si,Og; the inset illustrates the corresponding substitutional

configurations.
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Figure 3. (a) UV-vis transmittance spectra of the PG and GC heat-treated at different temperatures. (b) PL spectra
of Tb*-doped GC with varying Tb?" concentrations under 378 nm excitation; the inset displays the
corresponding luminescence photographs. (c) PL decay curves of 3Tb-PG and 3Tb-GC. TRPL of (d) PG and ()
GC. (f) XEL spectra of GC with different Tb*" concentrations. (g) X-ray absorption coefficients of GC and
commercial BGO as a function of photon energy. (h) Temperature-dependent normalized integrated XEL
intensity of GC and BGO; the inset shows the corresponding XEL photographs recorded at various temperatures.

(i) TL spectra of GC measured at different heating rates; the inset illustrates the linear fitting results.

In terms of optical transparency, the optimized ultra-high crystalline GC (heat-treated at 850
°C) maintained a transmittance of ~ 69.4 %. Specifically, the transparency of composite materials

is primarily influenced by light scattering at the interfaces between distinct phases. The ultra-

10
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high-crystallinity GC maintain transparency, possibly due to the nanoscale size of CaF, and the
high content of BaAl,Si,0g matrix, and the extremely low concentration of the residual amorphous
phase (Figure 3a). However, as the heat treatment temperature increases from 750 to 900 °C, the
visible light transmittance of the GC gradually decreases from 89.8 % to 42.4 %, attributed to the
continuous growth of BaAl,Si,0g (Figure 1b, Figure 3a and Figure S2). As shown in Figure 3b,
Tb** concentration d UV ependent photoluminescence (PL) spectra of GC under 378 nm excitation
reveal that the luminescence intensity of Tb*" gradually enhances until 3 mol%, before significant
concentration quenching occurs due to cross-relaxation between Tb3" ions (Figures S3 and S4). It
was also observed in the XEL behavior (Figure 3f). The transient luminescent decay curves of PG
and ultra-high-crystallinity GC exhibit lifetimes in the millisecond range (Figure 3c). Notably,
when the material form transitions from PG to GC, the lifetime increases significantly from 2.861
ms to 3.984 ms due to the decreasing possibility of non-radiative relaxation. Meanwhile, the fitting
method changes from a single exponential fit (attributable to Tb** in the amorphous structure) to
a multi-exponential fit (corresponding to Tb*" in CaF,, BaAl,Si,0g and residual amorphous phase).
Further, time-resolved photoluminescence spectroscopies (TRPL) validate the observed trend in
luminescence lifetime (Figures 3d and 3e). At different delay times, the emission profile
consistently corresponds to the characteristic Tb** emission, with no shift in the peak position,
confirming that the luminescent center is only Tb3" (Figures 3d and 3e).

Further, the XEL behavior was examined. Figure 3f demonstrates that the developed ultra-
high-crystallinity transparent GC exhibits a strong XEL integrated intensity (approximately 94.2 %
of that of the commercial BGO scintillator). As shown in Figure 3g, the absorption coefficients of
GC are slightly weaker than those of BGO in the 1-103 keV range, suggesting that the intense XEL

11
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intensity of the proposed GC is primarily due to its distinct structure. The X-ray absorption
coefficients were calculated from the material compositions using the photon cross-section
database of the National Institute of Standards and Technology. To be noted, studies on the
temperature-dependent XEL intensity suggests the much-improved resistance to thermal
quenching compared to commercial BGO and most previously reported scintillators (Figures 3h,
S5, S6, Tables S4 and S5), particularly at high temperatures, with the developed GC maintaining
99.1 % intensity at 473 K (200 °C) and 90.6 % intensity at 573 K (300 °C), whereas the BGO only
retains 4.8 % intensity at 473 K and 1.2 % intensity at 573 K. To achieve in-depth understanding,
the X-ray excited thermoluminescence (TL) technique is utilized to monitor the detrapping
behavior of immobilized charge carriers in defect centers as the temperature increases (Figure 31).
The TL spectrum exhibits intense thermal-induced emission during a broad temperature range
from 300 K to 400 K, indicating that the achieved zero-thermal-quenching performance arises
from the release of the carriers from the defects under the supplied thermal energy going beyond
thermal barrier (the energy of trap depth). Then, the Hoogenstraaten method was employed to

analyze the TL glow curve using the following equation[29]:

22 —sep—2)
kL, kL, (Equation 1)
where E is the trap depth in eV, T}, the temperature (K) at the glow peak maximum, £ the
Boltzmann constant (eV/K) and s the frequency factor. By plotting In(7,,%/8) versus 1/kTy,, (the
inset of Figure 31), trap depth is calculated as 0.69 eV from the slope of the linear fit. Meanwhile,
electron paramagnetic resonance (EPR) results reveal an intense signal with g=2.003 for ultra-

high-crystallinity GC after exposing to X-ray radiation for 5 min, which is characteristic EPR

signal of oxygen vacancy defect (¥3)[30]. In contrast, no obvious g = 2.003 signal is observed in

12
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the non-irradiated GC (Figure S7), confirming X-ray-induced carrier trapping by oxygen-vacancy-
related defects. Due to the highly localized nature and limited mobility of electrons trapped at
defects within the amorphous phase, which restricts their ability to influence luminescent centers
in the crystalline phase, these defects are most likely located within the crystal lattice or at the

crystalline-amorphous interface.
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Figure 4. The possible X-ray-excited zero-thermal-quenching mechanism for the ultra-high-crystallinity GC,

including the Tb** energy-level scheme and thermally stimulated carrier detrapping process.

As schematically illustrated in Figure 4, the possible X-ray excited zero-thermal-quenching
mechanism for the ultra-high-crystallinity GC is proposed. (1) Upon irradiation by X-ray, incident
X-ray photons interact with lattice atoms through the photoelectric effect and Compton scattering
to generate hot electrons and deep holes, which then produce secondary electrons and holes via
electron-electron scattering and the Auger process. The resulting charge carriers subsequently
dissipate energy through thermal interactions with phonons, populating both the conduction band

and the valence band with low-energy charge carriers. (2) The generated large number of electrons

13
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and holes undergo non-radiative recombination and transfer the recombination energy to Tb3* for
luminescence, while portion of the electrons are simultaneously captured by 73 with trap depth
of 0.69 eV and continuous energy distribution. (3) When the scintillator is exposed to high
temperatures, a significant number of electrons trapped in V3 are thermally released, further

promoting energy transfer to Tb**, enhancing the luminescent behavior.
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Figure 5. (a) MTF curve at 298 K (25 °C), with the spatial resolution of 10.497 lp/mm. (b) The X-ray images of
the line pair card at 298 K (25 °C). (c) MTF curve at 498 K (225 °C) with the spatial resolution of 10.378 lp/m.
(d) The comparison of the X-ray images from ultra-high-crystallinity GC and BGO at 298 K (25 °C)-503 K (230

°C). (e) Long-term XEL stability of GC.

The spatial resolution of the proposed ultra-high-crystallinity GC-based X-ray imaging
system is quantified via modulation transfer function (MTF) analysis, edge spread function (ESF)
imaging, and resolution imaging characterization. At ambient temperature (25 °C, Figure 5a), the

system achieved a 20 % cutoff MTF of 10.497 lp/mm, with ESF images demonstrating sharp,

14
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high-contrast edge transitions that confirm robust preservation of fine spatial details. Resolution
phantom images (Figure 5b) further validate this resolving capability, as line-pair structures are
clearly delineated up to spatial frequencies matching the MTF cutoff. Additional measurements
show that the XEL intensity and MTF-derived imaging resolution both increase as the heat-
treatment temperature rises from 700 to 850 °C, but decrease markedly at 900 °C (Figures S8, S9
and Table S6). This result suggests that the increase in crystallinity compensates for the slight
transmittance loss below 850 °C, whereas excessive grain growth and Ostwald ripening at 900 °C
reduce both transparency and crystallinity, thereby degrading the scintillation and imaging
performance. These results indicate that crystallinity and optical transmittance jointly determine
the overall scintillation performance and imaging behavior of glass-ceramic scintillators. To
evaluate the temperature-dependent imaging performance, the MTF was further characterized over
the temperature range of 75-225 °C (Figures 5¢ and S10), revealing that the spatial frequency
corresponding to the 0.2 MTF criterion consistently remained at approximately 10.3 lp mm!,
indicative of excellent thermal stability. Simultaneously, X-ray imaging of a star-shaped object
was performed over a temperature range of 25-225 °C (Figure S11), revealing sharp and high-
contrast radial spokes with well-defined edges at all tested temperatures, with only minor
fluctuations in brightness uniformity observed at 225 °C. Moreover, as shown in Figure 5d, the
GC scintillator retained sharp X-ray image contrast across 298 K (25 °C)-503 K (230 °C), with no
observable blurring or loss of spatial detail. In contrast, the reference BGO scintillator exhibited
noticeable image blurring and contrast degradation at temperatures above 413 K, consistent with
known thermal quenching effects in bulk oxide scintillators. Further sharp-edge MTF analysis
confirms this degradation, with the spatial resolution of BGO decreasing from 11.613 Ip/mm at

15
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298 K to 3.256 Ip/mm at 503 K (Figure S12). These results highlight unique thermal stability of
the present ultra-high-crystallinity GC which stems from its low phonon energy and robust crystal
structure, addressing a critical limitation of conventional detectors in extreme-environment X-ray
imaging scenario. Additionally, to assess long-term imaging applicability (X-ray tube operated at
40 kV and 30 mA), the XEL stability of the GC was evaluated over 30 min of continuous on-off
cycling (Figures 5e and S13), during which the XEL intensity remained highly consistent,
exhibiting only negligible fluctuations between successive cycles. Long-term XEL stability under
continuous X-ray irradiation has been measured at RT, 50, 100, and 200 °C. As shown in Figure
S14, the initial enhancement of XEL intensity in GC, caused by the “bright burn effect” in which
defects compete with luminescent centers for charge carriers, eventually stabilizes as these defects
become saturated, demonstrating the proposed material’s excellent irradiation resilience under
elevated temperature conditions.
3. Conclusion

In summary, an ultra-high-crystallinity transparent GC scintillator is developed via a
controllable crystallization strategy using sequential precipitation, where cubic CaF, nanocrystals
form first, promoting heterogeneous nucleation and growth of hexagonal BaAl,Si,Og, with
nanoscale phase separation reducing atomic diffusion distances and achieving 97.6 % crystallinity.
More importantly, defect traps (oxygen vacancy defects) facilitate the efficient capture of carriers
and their thermally stimulated release, thus conferring remarkable resistance to thermal quenching.
Consequently, the proposed GC scintillator maintains 90.6 % of its integrated XEL intensity at
300 °C, with its integrated XEL intensity at room temperature reaching 94.2 % of the commercial
BGO, enabling stable high-temperature X-ray imaging with a spatial resolution of ~10.4 lp/mm
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up to 225 °C. This work overcomes the long-standing trade-offs between crystallinity,
transparency, and thermal stability in GC scintillators, offering a universally applicable design
framework for high-performance X-ray imaging scintillators operating under extreme thermal
conditions.

4. Experimental sections:

Synthesis of dual-phase glass-ceramics. Si0, (Bodi, 99%), Al,O; (Macklin, 99%), BaCO;
(Macklin, 99%), CaF, (Macklin, 99%), and TbF; (Innochem Co., 99.9%) were employed as
starting reagents. BaAl,S1,0¢/CaF, dual-phase GC were prepared via a conventional melt-
quenching technique, followed by controlled heat-treatment-induced crystallization. For each
batch, approximately 8 g of raw materials with the nominal composition of 60Si0,-20A1,0;-
20BaCO;-20CaF,-3TbF; (mol%) was thoroughly mixed and ground for ~20 min to ensure
compositional homogeneity. The powder mixture was then transferred into an alumina crucible
and melted at 1600 °C in air to obtain a homogeneous melt, with the melting time fixed at 40 min.
Subsequently, the melt was cast into a brass mold preheated to 350 °C and pressed to form bulk
PG. To release residual internal stress, the as-cast PG were annealed at 400 °C for 12 h. The
annealed PG were further heat-treated at 850 °C for 2.5 h to precipitate BaAl,Si,0g and CaF,
crystalline phases, yielding BaAl,S1,0¢/CaF, dual-phase GC. Finally, all samples were cut and
polished to the required dimensions for subsequent measurements. For the X-ray imaging
experiments, the optimized GC scintillator was cut and polished into a 20 mm % 20 mm X 1 mm
plate.

Characterization: Powder X-ray diffraction (XRD) patterns were collected to identify crystalline
phases using an X-ray diffractometer (SmartLab, Rigaku) with Cu Ka radiation (A = 0.154 nm)
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operated at 40 kV and 50 mA. Data were recorded over the 20 range of 10°-70° with a step size of
0.02° and a scanning rate of 10°-min-!. The morphology and microstructure were examined by
transmission electron microscopy (TEM; JEM-2010), and high-resolution TEM (HRTEM) was
employed to resolve lattice fringes. Scanning transmission electron microscopy (STEM) in high-
angle annular dark-field (HAADF) mode was performed on an aberration-corrected FEI Titan
Cubed S-Twin microscope operated at 200 kV. Optical transmittance spectra of samples were
measured on a spectrophotometer (Lambda 950) in the wavelength range of 400-800 nm. Solid-
state 2°Si and ?’Al nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance
NEO 600 MHz spectrometer. Raman spectra were acquired using an Edinburgh Instruments RMS
1000 spectrometer equipped with a 785 nm laser, collected from 100 to 2000 cm' with an
integration time of 100 s (exposure time: 10 s-cm™). Differential scanning calorimetry (DSC;
Netzsch STA 449 F3) was carried out by heating ~20 mg of PG powder in an air atmosphere using
an a-Al,O; crucible at a heating rate of 10 °C-min! up to 1000 °C. Photoluminescence excitation
(PLE) spectra, photoluminescence (PL) spectra, PL decay curves, and X-ray excited luminescence
(XEL) spectra were measured on a fluorescence spectrometer (Edinburgh Instruments FLS1000)
equipped with a 450 W continuous xenon lamp and a 12 W X-ray source. To calculate the
modulation transfer function (MTF) using the slanted-edge method, X-ray images of a sharp
aluminum edge (thickness: ~1.0 mm) were acquired. The edge spread function (ESF) was
extracted from the edge profile, and the line spread function (LSF) was obtained by differentiating
the ESF. The MTF was then calculated as the Fourier transform of the LSF, as described by the

following formula:

dESF (x)

MTF(v)=F(LSF(x))=F
dx
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Where the v represents the spatial frequency, x is the position of pixels, and is defined by following

formula:

Where N is the ordinal number of pixels in the X-ray edge image, d is the pixel size, and B is the

optical magnification.
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Figure S1. Schematic illustration of the CaF, crystal structure showing substitutional

doping of Tb** ions at Ca?" sites.
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Figure S2. Visible light transmittance of the GC prepared at different heat-treatment

30 temperatures.
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26 Figure S4. Photoluminescence excitation (PLE) spectra of Tb**-doped samples with

29 different Tb contents (1Tb, 2Tb, 3Tb, and 4Tb) via monitoring emission at 542 nm.
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Figure SS. Temperature-dependent XEL spectra of the GC recorded at 293~573 K.
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Figure S6. Temperature-dependent XEL spectra of the BGO recorded at 293~573 K
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Figure S8 XEL spectra of the GC heat-treated at different temperatures of 700, 800,

30 850, and 900 °C under X-ray excitation.
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Figure S11. Temperature-dependent X-ray imaging of a star-shaped object from 25 to

225 °C for the proposed ultra-high-crystallinity GC.
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27 Figure S14. Long-term XEL stability of the GC during continuous X-ray irradiation at

30 RT, 50, 100, and 200 °C.
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Table S1 Comparison of crystallinity and transmittance of the present

BaAl,Si,Og/CaF,:Tb’" glass-ceramic with those of representative transparent

oNOYTULT D WN =

glass/glass-ceramic scintillators and related transparent glass-ceramic systems.

System Crystallinity Transmittance Reference
(%) (% @wavelength)

BaAl,Si,Og/CaF,:Tb? 97.6 69.4% @ visible light This work
Big gNby gTe; 405 ~97 ~67% @ 2.5 um 1
Mg,Al4SisO g 97 74% @ 400 nm 2
KYF, ~72 ~88% @ 900 nm 3
Li(A1;B4017) 67.9 79.5% @ 550 nm 4
NaLuF, 58 90% @ 542 nm 5
ZnAl,04,+MgAl,04 47.17 78% (@ visible light 6
NaYP,0, 27.16 57.84% @700 nm 7
CsPbBr; - 70% @500-800 nm 8
CsEuBr; 20.7 70% @500 nm 9
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Table S2. Crystallinity of the GC with different heat-treatment temperatures.

Temperature (°C) Crystallinity (%)
700 7.97 %

10 750 23.52 %

12 800 24.43 %

13 850 97.63 %
15 900 83.05 %

oNOYTULT D WN =

19 Discussions on Table S2:
22 Further increasing the heat treatment temperature to 900 °C reduced the crystallinity to
24 83.05 %, likely due to Ostwald ripening, thereby identifying 850 °C as the optimal heat

27 treatment temperature.
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Table S3. Peak-fitting results of deconvoluted *°Si and 2’A1 MAS NMR spectra for PG
and GC samples (Area, FWHM, and center) assigned to Q" (Q'-Q*) and Al coordination

species ([AlO4] and [AlOg)).

Area FWHM (ppm) Center
Q! 9.81339x105 10.1958 -80.6163
Si PG Q? 2.218814x10° 11.51336 -84.6163
Q4 5.50280x103 11.14281 -106.36682
Q! 6.67547x103 5.5153 -81.5411
Si GC Q? 2.490716x10° 4.33667 -87.27888
Q3 2.63141x10° 3.22287 -92.01363
Q4 1.770005x10° 15.60399 -107.0626
[A1O4,] 4.04193x107 14.42658 59.37418
Al PG [AlO4] 2.28401x107 23.97821 52.70934
[AlOg] 8.70439x10° 5.68648 -0.5747
ALGC [A1O4,] 4.13274x107 12.819 59.92334
[AlOy4p] 2.96939x107 21.87787 54.70721
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Table S4 Integrated XEL intensities of commercial BGO and GC at different

temperatures.

oNOYTULT D WN =

9 Integrated Integrated
Temperature (K) XEL intensity XEL intensity GC /BGO(%)
12 of BGO (a.u.) of GC (a.u.)

14 298 1.36568x107 1.28647x107 94.2

473 6.55526%10° 1.27489x107 1944.8

19 573 1.63882x10° 1.16554x107 7112.1
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Table S5 Comparison of thermal-quenching resistance under X-ray excitation for

representative scintillators.

integrated XEL
System ] ) Temperature (K) Reference
intensity (%)
BaAl,Si,0g/CaF,:Tb>" GC 90.6 573 This work
Ce3"/Tb*" doped glass 168 573 10
Tb3" doped glass 143 633 11
Tb3* PBG 100 573 12
Sr.84Tbg 16F2.16 GC 100 573 13
Cu" doped oxyfluoride
63 573 14
glass
Mn?* doped glass 61 573 15
Mn?* doped oxyfluoride
64 453 16
glass
Eu?*doped oxyfluoride
66.2 423 17
glass
CaF,: Ev*" GC 80 473 18
520
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Table S6. Crystallinity, transmittance, relative integrated XEL intensity, and room-

temperature spatial resolution of the GC heat-treated at different temperatures.

oNOYTULT D WN =

9 . . Spatial
Heat-treatment Crystallinity Transmittance Integrated XEL

1 temperature (°C) (%) (%) intensity (% BGO)
12 (Ip/mm)

resolution

14 700 7.97 89.8 41.9 9.302
800 24.43 83.1 74.5 9.567
19 850 97.63 69.4 94.2 10.497

22 900 83.05 424 213 3.730
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Supplementary Note 1. XRD-based crystallinity calculation via peak deconvolution
and amorphous halo subtraction.

Based on the diffraction features of crystalline and amorphous phases in glass-ceramic
materials, the crystallinity can be quantified by separating and evaluating their
contributions in the XRD pattern. Using the peak area method, the XRD pattern is
deconvoluted to distinguish crystalline peaks from the amorphous hump. The total area
of the crystalline peaks (4,.) and the area of the amorphous hump (4,) are calculated,

and the crystallinity (X,) is determined by the following formula:

X =— s 100% (1)
A+ A

c a
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Supplementary Note 2. Computational details of molecular dynamics simulations.

The atomic-scale structural evolution of the precursor glass was investigated using
molecular dynamics simulations via the DL POLY 2.20 package. The glass model was
constructed according to the nominal composition of the experimentally prepared
precursor glass. The effective partial charge pairwise potentials, developed by Teter
and modified by Du and Cormack, were employed to describe the interatomic
interactions. A system containing approximately 3000 atoms was first equilibrated at
5000 K for 0.5 ns under the NVT ensemble, then quenched to 300 K at a cooling rate
of 5 K/ps under the NPT ensemble, followed by final relaxation under the NVE
ensemble. The Buckingham potential with Ewald summation and a cutoff distance of
12 A was used to describe the short-range and long-range interactions. The final relaxed
atomic configuration was used to analyze the nanoscale spatial distribution of F- and
O-containing structural units, thereby providing structural evidence for the F-enriched

and O-enriched domains shown in Figure 2b.
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Supplementary Note 3. Site-occupancy calculation of Tb3" in BaAl,Si,Ox:

The site-selective occupancy of Tb3" in hexagonal BaAl,Si,Og was evaluated using the
Universal Point Edge Transformer (UPET) framework with the PET-OMat pre-trained
machine-learning potential. A supercell of hexagonal BaAl,Si,0Og was constructed, and
one host cation was substituted by one Tb ion at different crystallographic sites,
including Si, Ba, and Al sites. All substitutional configurations were fully relaxed using
the BFGS optimizer with a force convergence criterion of 0.01 eV/A. The formation
energy of each substitutional configuration was calculated relative to the pristine
BaAl,Si,0g host and corresponding elemental reference states. The lower formation
energy indicates a more energetically favorable occupation site. The calculated
formation energies were then compared to determine the preferred Tb** occupation site

in BaAl,Si,0s, as shown in Figure 2c.
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