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ABSTRACT

The development of porous scintillators is an emerging field for the detection of pure beta emitters in gas, as well as for

long-lived, low-power batteries and implantable therapeutic emitting devices. Achieving large-area, efficient, and transparent

porous scintillators for these applications requires precise control over nanoscintillator parameters and the architecture of the

functional material. Aerogels composed of nanoscintillators currently represent the most promising fabrication route, enabling

the production of large, translucent structures. However, while optical transparency favors the smallest nanoparticles, optimal

scintillation performance generally requires larger, well-crystallized particles with minimal defects. In this work, we investigate

the light yield and scintillation mechanisms of YAG:Ce aerogels as a function of synthesis and post-treatment conditions. Our

results show that high-temperature thermal treatment enhances light output under ionizing radiation by a factor of eight, without
modifying timing performance. We further demonstrate the extreme sensitivity-and reversibility—of low-temperature atmospheric
treatments on the oxidation state of cerium ions. These findings provide new insight into the role of defects in nanoscintillators
and open pathways toward the development of more efficient porous scintillator materials.

1 | Introduction

Scintillating materials are designed to convert ionizing radiation
into optical photons. When coupled with suitable photodetec-
tors and data processing systems, they enable a wide range of
applications, including X-ray imaging, radioactivity detection,
calorimetry in high-energy physics, rare event searches, and
positron emission tomography (PET) [1-5]. The composition of
a scintillating material generally determines its light production,
which is governed by key scintillation parameters such as light
yield, timing, and energy resolution [6]. It also controls the
primary interaction efficiency, as illustrated by the need for high
material density in high-energy calorimetry or the incorporation

of isotopes with high thermal neutron cross-sections when neu-
tron detection is targeted. The shape of the scintillator also plays
a crucial role, as it governs the collection efficiency of the emitted
light. Depending on the application, scintillators are prepared
in various forms: large or small single crystals for high-energy
physics or PET, powders as X-ray phosphors for certain imaging
applications, layers of needles or thin films for high spatial-
resolution imaging [3, 7-11], and bundles of long scintillating
fibers for calorimetry [12, 13], which can provide particle dis-
crimination capabilities. They can also be used as nanoparticles,
known as nanoscintillators, for applications such as theranostic
agents [14-16]. When incorporated into a host matrix, these
materials may, in certain cases, emulate the response of bulk
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scintillators by generating a well-defined gamma-ray photopeak
asillustrated in the following works [17, 18]. Recently, a large-scale
BN-perovskite nanocomposite aerogel scintillator, embedding
10B- as a natural isotope, has demonstrated thermal neutron
detection capability together with efficient neutron-gamma dis-
crimination. Here, the aerogel structure maximizes porosity and
minimizes density, thereby deliberately suppressing gamma-ray
sensitivity [19]. Introducing porosity into scintillating media can
also offer significant advantages for specific applications. In
particular, it allows the incorporation of the target to be detected
directly into the scintillator, which is especially useful when
the particle’s range is very short. In this context, we recently
demonstrated that an ultra-porous YAG:Ce scintillating aerogel
can effectively detect the challenging pure beta emitter tritium
(H-3, E,,, = 5.7 keV) with a detection efficiency of 20%, while
krypton-85 (Kr-85, E,,, = 251 keV) is detected with an efficiency
of 95% [20]. Similarly, scintillating metal-organic frameworks
(MOFs), prepared either as powders or single crystals, have
been studied with the same objective [21, 22]. Following the
same strategy of incorporating the radioactive element into the
scintillator, porous scintillators can be advantageous for the long-
term generation of light, whether for therapeutic applications
such as Parkinson’s and Alzheimer’ disease treatment [23, 24] or
for long-lived, low-power nuclear batteries [25, 26].

In this paper, we focus on the well-known YAG:Ce composition,
prepared as nanoparticles and used to form the scintillating
porous aerogel. Here, we focus on the relationship between the
preparation route, composition, post-thermal treatment (and its
atmosphere), and their effects on the scintillation mechanisms
and performance. This study aims to optimize the perfor-
mance of porous scintillators to improve detection efficiency for
radioactive gases, including pure beta emitters and radon-222
(*2Rn).

2 | Methods and Preparation

2.1 | Synthesis of YAG:Ce Nanoparticle-Based
Aerogel Monoliths

Aluminum isopropoxide was purified by distillation. Mean-
while, hydrated yttrium acetate and cerium acetate (both from
Sigma-Aldrich Chemie, France) were dehydrated under vacuum.
The reagent-grade solvents (1,4-butanediol, diethylene glycol,
acetone, diethyl ether, ethanol, and 1,4-dioxane; all from Sigma-
Aldrich Chemie, France) were used as received, without further
purification.

2.1.1 | Synthesis of Highly Water-Dispersible YAG:Ce
Nanoparticles

YAG:Ce nanoparticles were synthesized using a glycothermal
method according to the protocol described in our previous work
[20, 27]. The experimental procedure for preparing nanoparticles
with a stoichiometric composition of Y, g55Ce 01,Als 04, (0.4 at.%
cerium) is detailed below: First, 42.9 g (210 mmol) of distilled
aluminum isopropoxide, 33.4 g (125.6 mmol) of dehydrated

yttrium acetate, and 0.160 g (0.5 mmol) of dehydrated cerium
acetate were suspended in 1,200 g of 1,4-butanediol and 235 g of
diethylene glycol. After stirring until completely homogenized,
the suspension was transferred to a 3 L autoclave and heated
to 300°C for two hours. After cooling, the nanoparticles were
purified from the crude product using a two-step process: First,
the tetrahydrofuran and acetic acid formed during the reaction
were removed by vacuum. Then, the mixture was precipitated and
centrifuged using a diethyl ether/acetone mixture. The obtained
nanoparticles were dispersed in deionized water to form an
aqueous colloid. This was then treated with concentrated HCI to
remove surface ligands. After several precipitation-centrifugation
steps, the “bare” nanoparticles were resuspended in deionized
water. The colloidal solution underwent a dialysis step to remove
ionic and organic impurities completely. Finally, the purified
colloid was concentrated under vacuum until a solid content
corresponding to 40% by weight was obtained for the prepara-
tion of gels. The precursor masses were adapted for different
cerium concentrations.

2.1.2 | Preparation of Aerogels

Gelation was initiated by the controlled addition of ethanol and
1,4-dioxane to the colloid that had been previously prepared.
Different proportions were tested to optimize the conditions for
gelation. The results obtained for particles doped with 0.4 at.%
Ce (Figure 1-a) demonstrate the following: (i) an excess of 1,4-
dioxane leads to either a multiphase system (gel suspended in a
liquid; purple dots in Figure 1a) or a monolithic gel containing
air bubbles due to overly rapid gelation (blue dots in Figure 1a);
(ii) gelation could not be achieved in mixtures with a high colloid
content (orange dots in Figure 1a) or gelled only after prolonged
exposure to 50°C (orange/green dots in Figure 1a); and (iii) an
excess of ethanol prevented gelation. A range of compositions
conducive to the formation of homogeneous monolithic gels
was identified (green dots in Figure 1a). The 3:5:2 mass ratio
(colloid:ethanol:1,4-dioxane) was selected because it allows for
rapid gelation within a few tens of minutes. The mixtures
were immediately transferred to molds consisting of a glass
cylinder closed at both ends by two PTFE discs held in place
by metal plates. After 24 h, gelation was complete (Figure 1b).
The gels were then aged for 48 h at 40°C in a 1,4-dioxane vapor-
saturated atmosphere, resulting in transparent, stable monoliths.
To prevent drying or cracking, the gels were immersed in a
1,4-dioxane/acetone mixture. According to a protocol, the inter-
stitial liquid was gradually replaced by acetone in 20% volume
increments, with each step lasting at least 12 h. Finally, the
acetone was removed via supercritical drying using a Leica
supercritical dryer. This process fully preserved the nanoporous
microstructure and yielded crack-free monolithic aerogels. The
aerogels were heat-treated for one hour between 500 and 1,000°C
to improve the crystallinity of the YAG nanoparticles while
maintaining the monoliths’ maximum transparency in the visible
range. These annealing processes were carried out under different
atmospheres to control the degree of cerium oxidation. Treating
the aerogels in air or a reducing atmosphere (H,/Ar) promotes
the 4+ or 3+ oxidation state of cerium, respectively. These
treatments were accompanied by a change in color (Figure 1c).
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FIGURE 1 | (a)Mass-based ternary diagram illustrates the range of sample compositions prepared within the colloid/1,4-dioxane/ethanol system.
(b) Gel formed by the self-assembly of YAG:Ce nanoparticles within its glass mold. (c) As-prepared YAG:Ce (0.4 at.%) aerogel and the corresponding

aerogels after various thermal treatments in air and in an Ar/H, atmosphere. (d) Fragments of aerogels doped with various cerium concentrations and
treated in air at 750°C. (e) XRD patterns of 0.4 at.% Ce-doped YAG nanoparticles forming the aerogels, shown as-prepared and after thermal treatment at
1000°C in air. The most intense diffraction peaks were identified according to the ICDD card (# 00-033-0040) shown as the red bar plot. (f) Evolution of
the (420) peak as a function of thermal treatment. (g) Nanoparticle size evolution, determined by Scherrer analysis, as a function of the aerogel thermal

treatment temperature.Transmission electron microscope images of the nanoparticles in the as-prepared aerogel (h) and after thermal treatment at

750°C (i).

The yellow color characteristic of Ce**disappears after annealing
in air, but remains in a reducing atmosphere. In both cases,
the aerogels shrink, become less transparent, and grow more
mechanically resistant as the annealing temperature increases,
particularly above 750°C. Aerogels with varying cerium doping
levels were developed using the same experimental protocol. For
doping levels greater than or equal to 1.5%, the aerogels exhibited
persistent yellow coloring even after annealing in an oxidizing
atmosphere. This phenomenon indicated incomplete conversion
of Ce**ions to Ce**, suggesting limited oxidation kinetics under
these conditions (Figure 1d).

2.1.3 | Structural Characterizations

We characterized crushed aerogel fragments using X-ray diffrac-
tion. Only diffraction peaks characteristic of the YAG phase were
detected for all samples (Figure le), confirming the absence
of unwanted phases. After annealing, noticeable refinement
of the peaks was observed (Figure 1f), reflecting improved
crystalline order. Analysis of the peak width, performed on
fragments annealed in air between 500 and 1000°C using the
Scherrer method, revealed a gradual increase in nanocrystal
size (Figure 1g). This increase was directly correlated with

the growing diffusivity of the aerogels. This microstructural
evolution was confirmed by transmission electron microscopy
(Figure 1h,i).

2.2 | Optical and Scintillation Spectroscopies

Optical absorption, photoluminescence (PL), and photolumi-
nescence excitation (PLE) spectroscopies of the colloidal solu-
tion of YAG:Ce nanoparticles (NPs) were performed using an
FS5 spectrofluorimeter (Edinburgh Instruments). Fluorescence
Quantum yields (QYs) were extracted from measurement with
an integration sphere: module SC-30 coupled to FS5 spectroflu-
orometer from Edinburgh Instruments. Samples were excited
at A = 450 nm. A reference measurement was taken at the
same excitation wavelength, with no sample in the integrating
sphere. The analysis of the spectra from 400 to 700 nm, i.e.,
including the excitation wavelength, allows the absorption and
emission intensities to be estimated, and the quantum yield
to be determined using the software Fluoracle. Absorption
spectra of aerogel fragments were measured with a Lambda
950 UV/VIS double-beam spectrometer (PerkinElmer) equipped
with a Spectralon-coated integrating sphere to collect scattered
light.
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Radioluminescence (RL) spectra were measured with a miniX2
X-ray source from Ametek, equipped with a tungsten anode (ref.
MNX2-911-W), operated at 50 kV and 200 u A, as the excitation
source. No X-ray filters were used. The emitted light was collected
using a UV optical fiber coupled to a Shamrock SR-500i-D2
imaging spectrograph (Andor). A 149 lines/mm grating, blazed
at 300 nm, was used for spectral dispersion. The system was
equipped with a Newton EMCCD detector (Andor).

Luminescence decay times were measured using two differ-
ent excitation sources. For 450 nm excitation, a pulsed diode
DeltaDiode-440L from Horiba, emitting at 440 nm +/- 10 nm
was used. The excitation beam was spectrally cleaned with a
bandpass optical filter centered at 440 nm. For X-ray excitation, a
pulsed diode DeltaDiode-405L from Horiba, emitting at 405 nm,
was used to illuminate the photocathode of an X-ray tube
(model N5084, Hamamatsu) operated at 35 kV. In both cases,
the excitation repetition rate was set to 100 kHz. The emitted
light was collected through a longpass filter at 500 nm. Detection
was performed using a PMA-C photomultiplier tube (PicoQuant).
Time-resolved measurements were carried out using a PicoHarp
300 time-correlated single-photon counting system (PicoQuant),
with a time bin of 512 ps per channel. Each decay curve was
recorded over a time window of 4 i1 s.

The Triple-to-Double Coincidence Ratio (TDCR) method was a
widely used approach in metrology for evaluating the scintillation
yield of a scintillating medium. This technique was based on a
triple-coincidence detection system and, assuming a Poissonian
distribution of emitted photons, the ratio of triple to double
coincidences was directly related to the mean number of detected
photons per event [28]. While TDCR was traditionally applied
to liquid scintillators, it had recently been extended to both
organic and inorganic scintillators, with the additional capa-
bility of energy selection, as demonstrated in Compton-TDCR
experiments [29].

Low temperature RL, X-ray irradiation resistance and after-
glow measurements were performed by exciting the samples
by unfiltered X-ray irradiation using a Philips PW2274 X-ray
tube, equipped with a tungsten target and a beryllium window
and operated at 20 kV. At this operating voltage, X-rays were
produced by the Bremsstrahlung mechanism superimposed to
the L and M transition lines of tungsten due to the impact
of electrons generated through a thermionic effect and accel-
erated onto the tungsten target. A dose rate of 5.5 mGys™,
evaluated with a calibrated ionization chamber in air, was used.
The radioluminescence was collected using a custom apparatus
featuring a liquid nitrogen-cooled, back-illuminated, and UV-
enhanced CCD detector (Jobin-Yvon Symphony II) coupled to
a monochromator (Jobin-Yvon Triax 180) with a 100 lines/mm
grating. RL measurements were performed in the 10-320 K
interval by lowering the temperature with a closed-cycle He
cryostat and controlling the temperature with a Lakeshore 330
temperature controller.

Thermally stimulated luminescence. Wavelength-resolved TSL
measurements below room temperature were carried out using
the same detection system as for RL measurements. TSL measure-
ments were performed in the 10-320 K interval, with a heating
rate of 0.1 K.s™! after X-ray irradiation up to 4.6 Gy. A typical

TSL measurement consists in a preliminary X-ray irradiation at
low temperature (T = 10 K in our case) to fill trap states in the
bandgap that were stable at the chosen temperature: successively,
the irradiation was ceased, and the temperature was progressively
raised with a constant heating rate while monitoring the delayed
emission due to carrier de-trapping. The shape of the TSL signal
versus T (the so-called glow curve) had been corrected for the
variation of the RL emission intensity versus T, to decouple the
trap contribution to the emission from the other mechanisms
involved in the scintillation process.

3 | Results and Discussion
3.1 | Optical Spectroscopies

The colloidal solution containing the as-prepared YAG:Ce
nanoparticles appears yellow, indicating that a significant frac-
tion of cerium is in the trivalent state. Under blue excitation
at 440 nm, it exhibits the well-known broad yellow emission
peaking at about 550 nm, characteristic of the 5d-4f transition
(Figure 2a). The corresponding excitation spectrum also shows
the characteristic excitation bands (340 and 450 nm) associated
with the 4f-5d; and 4f-5d, transitions of Ce**. An additional
bump peaking at approximately 417 nm is observed (Fit with three
Gaussian functions peaking at 2.73, 2.97, and 3.66 eV is provided
in Figure S1). This extra band at 2.97 eV has also been reported in
YAG:Ce nanoparticles [30-32]. This may be attributed to cerium
ionslocated at the surface of the as-prepared nanoparticles, which
exhibit structural disorder and experience a different crystal field.
When measuring the absorption spectrum of the solution, only
the first band at 450 nm can be distinguished. Additional strong
absorptions and diffusion, mask the weaker 4f-5d absorption
bands. For aerogel thermally treated at 750°C, the PL spectrum
under excitation at 440 nm is also characteristic of YAG:Ce™".
Across all thermal treatment temperatures, the PL spectra remain
very similar (Figure 2b. The PLE spectrum of the as-prepared
aerogel sample, presented in Figure 2b, is, as expected, very
similar to that observed for the same nanoparticles in solution,
which were used to form the aerogel. At 1000°C, the excitation
spectrum closely resembles that typically observed in single crys-
tals. Such thermal treatment induces a structural rearrangement
of the nanocrystals, supporting the hypothesis that the additional
excitation band around 400 nm in the as-prepared samples
originates from perturbed surface disorder, likely located near
the nanocrystal surface. We then measured the PL spectra under
420 and 430 nm excitation, where this unusual band overlaps
with the regular excitation band (Figure S2a,b). With increasing
thermal treatment temperature under an Ar/H, atmosphere,
the amplitude of the blue-shifted emission decreases, while the
regular emission intensity increases. These results indicate that
thermal treatment promotes, as expected, the rearrangement of
the crystalline structure, leading to an optical response that pro-
gressively approaches that of bulk single crystals. The absorption
spectrum clearly shows the band at 450 nm, whereas the UV band
is masked by optical scattering from the sample. When the sample
is treated in an air atmosphere, the absorption band at 440 nm
disappears, indicating the oxidation of Ce*"to Ce**(Figure 2b.
The resulting sample loses its yellowish color (Figure 1c). Finally,
the RL spectrum of the aerogel treated in H, is very similar to its
spectrum (Figure 2b).
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FIGURE 2 | (a)Optical PL (purple) (excitation at 440 nm), PLE (green) (emission at 550 nm), and absorption (black) spectra of YAG:Ce nanocrystals
in colloidal solution. (b) Room-temperature photoluminescence (PL, purple, excitation 450 nm) and radioluminescence (RL, solid grey) spectra of

YAG:Ce aerogels after thermal treatment in H, at 750°C. Photoluminescence excitation (PLE, emission 550 nm) spectra of YAG:Ce aerogels for various

annealing temperatures: green = as-prepared, yellow = 600°C, blue = 700°C, and red = 1000°C. Absorbance spectra of YAG:Ce aerogels after thermal

treatment in H, (black) and in air (grey, dashed) at 750°C.

3.2 | Cerium Concentration and Oxidation State

As discussed in the sample preparation section, thermal treat-
ment influences both the shrinkage and the transparency of the
resulting aerogel. It is also well established that the scintillation
yield and timing performance depend on the cerium concen-
tration. Furthermore, unlike PL, where cerium must be in the
Ce* state to be optically active, the scintillation process under
ionizing radiation can also involve Ce*". In this case, sequential
hole and electron trapping by cerium ions enables Ce** to par-
ticipate in the scintillation mechanism. The presence of Ce** is
even beneficial, as it accelerates the time response and enhances
the scintillation yield in situations where competition with charge
trapping occurs. This mechanism has been extensively studied
in various systems, such as Lu,SiOs [33], several garnet single
crystals [34], silica [35], and reviewed in [2, 3].

In our previous study on the real-time detection of beta emitters
in gas, we prepared large samples with a cerium concentration of
0.4%, thermally treated in air at 750°C[20]. This choice was based
on powder optimization and on the transparency of the large
pieces, which directly affects light collection. In the present work,
we investigate in detail the optical and scintillation properties of
samples with Ce concentrations ranging from 0.1% to 5%, and
aerogels thermally treated between 500 and 1000°C. In addition,
we compare the influence of cerium valency by considering
thermal treatments in air (white samples, predominantly Ce*")
and in reducing Ar+H, mixture atmosphere (yellowish samples,
predominantly Ce**) (Figure 1c). The study is carried out on small
fragments, thus minimizing the effect of transparency variations.
We first discuss the influence of cerium concentration in aerogels
treated at 750°C, followed by an investigation of the thermal
treatment effect on the 0.4% Ce sample.
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The measurement of the relative scintillation yield of aerogels
is a complex process. The amount of detected light depends
both on the mechanisms of light production and on its subse-
quent collection. The latter is influenced by the optical quality
and the configuration of the sample. For a given composition,
X-ray absorption scales linearly with sample mass in the weak-
absorption limit. We then designed a protocol that can be
referred to as the “multi-sample mass” method. The current
manufacturing capacity is sufficient to produce large pieces;
however, the final shape exhibits variability. Due to the fragility of
the samples, cracking has been observed. This issue was mitigated
by deliberately dismantling the object into multiple components,
as pieces illustrated in Figure 1i. For each composition and
geometry, a set of 6-10 samples was carefully weighed and
placed in polyethylene liquid scintillation vials (see Revvity, PICO
PRIAS VIAL). During radioluminescence spectral acquisition,
the vial was mounted on a rotating stage to average the collected
light across the sample. An illustrative series of RL spectra for
different YAG:0.1%Ce samples is shown in Figure S3. In the weak
absorption regime, the absorption varies linearly with the sample
mass. As expected, when the RL area is plotted as a function of the
sample mass, a linear behavior is observed. As shown in Figure 3a,
A similar behavior, but with different slopes, is observed for
various cerium concentrations. Both the fitting procedure and
the average intensity-per-mass value yield consistent results.
Throughout the discussion, we report the latter, with error bars
representing the standard deviation.

The plot presented in Figure 3b shows the evolution of the relative
scintillation yield at room temperature for aerogels treated at
750°C in air (i.e., Ce*"), with various cerium concentrations
ranging from 0.1% to 5%. The plot is normalized to its maximum,
which occurs for the sample containing 0.4% of Ce. A typical
behavior is observed, with the scintillation yield decreasing for
cerium concentrations above 0.4%, reflecting the well-known
phenomenon of concentration quenching, as well as possible

Ce"-Ce" Auger quenching occurring under X-ray excitation.
Remarkably, using this measurement technique, we observe that
the scintillation yield of the Ar+H,-treated sample (i.e., for Ce3*)
is approximately 20% lower than that of the air-treated analog.
For the same cerium concentration, the as-prepared sample
exhibits a scintillation yield that is approximately 30% of that of
the thermally treated sample. This result indicates that, beyond
mechanical reinforcement, thermal treatment plays a role in the
crystallization state, which most likely heals the material from
non-radiative defects.

450 nm and X-ray-excited decay time measurements were
recorded on the same series of samples and are presented in
Figure 4a,b, as well as Figure S4. To enable consistent comparison
across all measurements, the decay curves were fitted using
a multi-exponential model, with the number of components
left unconstrained. Details of this Laplace fitting procedure are
provided in the (Figures S5 and S6). From these fits, effective
lifetimes (z,;,), weighted by their amplitudes, were extracted
(Table 1). This method avoids the need to predefine the number of
components, which is particularly uncertain in cases of strongly
non-exponential behavior. The evolution of 7., as a function of
cerium concentration is presented in Figure 4c.

When excited directly at 450 nm, the aerogel with the lowest
cerium concentration (0.1% Ce) is outside the range where
concentration quenching is expected to occur. Bachmann et al.
[36] have measured the decay time for a series of YAG:Ce powders
and found a single-component decay time of about 65 ns for
the lowest Ce concentration. For higher Ce concentrations, they
observed an increase in the measured decay time, which they
attributed to a potential self-absorption re-emission sequence.
High concentrations of cerium have also been achieved using
a solvothermal synthesis route by Cantarano et al. [37] They
reported decay times ranging from approximatively 120 ns for
a 0.5%-doped sample to 15 ns for an 8%-doped sample. These
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FIGURE 4 | (a) Decay under 450 nm excitation of aerogels treated at 750°C under Ar+H, mixture for various cerium concentrations. (b) Decay

under X-ray excitation of aerogels treated at 750°C under Ar+H, mixture for various cerium concentrations. To guide the eye, the dashed black line

corresponds to a single-exponential component with a decay time of 240 ns. (c) Effective decay time as a function of cerium concentration under X-ray
excitation for air-treated (solid black circles) and Ar/H,-treated samples (open stars), and for the Ar/H,-treated sample under 450 nm excitation (open
purple stars). The open red circle corresponds to the effective decay time of the as-prepared aerogel doped with 0.4% Ce under X-ray excitation.

TABLE 1 | Amplitude-weighted effective decay time (z, 1), deduced
from the Laplace fitting procedure, for YAG:Ce aerogels thermally treated
at 750°C in air and in Ar/H, at various cerium concentrations.

Ce content 450 nm; Ar/H, X-ray; Ar/H, X-ray;air
at.% Topr (11S) Topr (0S) Torr (1S)
0.1 149.9 126.1 128.4
0.4 1411 90.4 75.9
0.75 79.3 48.6 43.6
1.5 19.5 19.0 17.9

2 6.7 12.0 10.4

5 5.1 2.9 2.2

measurements were performed on agglomerated nanoparticles
(30-40 nm in diameter) in powder form. In our measurements,
a slight initial quenching is observed, which we attribute to
emission from cerium ions located in imperfect environments,
such as near the surface of the nanoparticles. In the case of
our relatively small nanoparticles (around 10 nm in diameter),
this effect is particularly pronounced due to the high surface-to-
volume ratio. The dashed black line indicates the radiative decay
time of the non-quenched centre, which is approximately 240 ns.
We remark then the strong dispersion in the decay time measure-
ments, ranging from 65 ns for micrometric powders to 240 ns
for highly nanoporous aerogels, with a value of about 120 ns
for agglomerated nanoparticles. We attribute these pronounced
differences to the influence of the effective refractive index on the
radiative decay time. In nanostructured materials, the effective
refractive index experienced by an emitter depends on the local
optical environment, which must be averaged over distances on
the order of 200 nm. [38, 39] This effect has been reported in
several systems, including Y,05:Eu, YAG, and LuAG:Ce. [40-42]

Following the analysis presented in [40], the volume fraction x
of the active material with refractive index n,,,, embedded in
a medium of refractive index n,,,; can be used to estimate the
effective refractive index as: n,r = X1y + (1 — X).1,0q. For this
purpose, we consider the model proposed by Meltzer et al., which
assumes that the radiative lifetime is proportional to the effective
refractive index according to l(%(n2 +2))7%. Considering the
refractive index of bulk YAG (nm:t = 1.83) and that of air (n,,,,4=1),
a composite material consisting of approximately 28% YAG and
72% air would yield an effective refractive index consistent with a
change in the radiative decay time from 65 to 240 ns. This value
agrees remarkably well with the porosity of about 33% determined
from BET measurements [20].

A clear shortening of the decay time is observed when the
cerium content increases for both 450 nm and X-ray excitation.
This effect is already remarkable, as such a reduction in decay
time has not been observed in polycrystalline Ce-doped YAG
with doping levels up to 3%. At room temperature, the decay
time is consistently reported to be around 60-65 ns. Lin et al.
observed at room temperature a slight decrease in the decay
time, from 68 to 60 ns, as the cerium concentration increased
from 0.2% to 3% [43]. According to their interpretation, at
low temperatures all decay times are expected to be identical,
while at room temperature the thermal ionization process leads
to an apparent increase in the decay time for weakly doped
samples. This variation is attributed to the change in ionization
energy with increasing cerium concentration. Since the present
measurements were performed at room temperature, we can rule
out thermally activated 5d-4f crossover relaxation via electron—
phonon coupling and the thermal ionization quenching effect
is expected to be significantly weaker than what we observe.
The dominant mechanism is thus identified as concentration
quenching, resulting from nonradiative energy transfer among
Ce’" ions toward luminescence killer centers. The key distinc-
tion between nanocrystals and larger crystals is their higher
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density of surface-related nonradiative traps, which accounts
for the observed differences in concentration quenching. The
fluorescence decay times under optical and X-ray excitation
exhibit the same general trend (Figure 3b), though with notable
differences. At low cerium concentrations, the effective decay
time under optical excitation is slightly longer than under X-ray
excitation. This effect does not imply that the intrinsic radiative
decay time changes between 450 nm excitation and X-rays, since
there is no reason for such a variation in an activated insulator.
This interpretation is supported by the slower component of
the decay, which follows the same slope as the dashed line
corresponding to a single-exponential component with 7 =240 ns.
This discrepancy may reflect fundamental differences in the
excitation mechanisms. Under optical excitation, all absorbing
and emitting Ce*"ions contribute directly to the decay. In the
case of ionizing radiation, however, cerium excitation proceeds
through intermediate states—namely free electrons and holes—
so that a competition arises between capture by the active
centers and trapping at defect states. This effect is particularly
important in nanoparticles, which generally contain a larger
number of structural defects compared to bulk crystals. This
indicates that the distribution of excited cerium-ion populations
under X-ray excitation differs from that obtained under direct
450 nm excitation. More surprisingly, the as-prepared sample
doped with 0.4% cerium exhibits an effective decay time under
X-ray excitation almost similar to that of its analogs thermally
treated at 750°C in air or in an Ar + H, mixture. A convincing
comparison of these decay time measurements is provided in
the (Figure S7). This observation may seem at odds with the
scintillation yield analysis, as the as-prepared sample showed a
lower yield than the thermally treated one (Figure 3a,b). This
suggests that the low scintillation yield in the as-prepared sample
arises not from cerium quenching, but rather from electron-hole
trapping prior to carrier transfer to the activator.

3.3 | Thermal Treatment Effect

Based on the previous section results observed between the
as-prepared and thermally treated samples, we investigated
the effect of thermal treatment in the temperature range of
500-1000°C on the 0.4% Ce-doped aerogel. Using the above-
mentioned ‘multi-sample mass’ method, we obtained a series of
RL intensity evolutions as a function of sample mass for the as-
prepared aerogel and samples subjected to thermal treatments
in air up to 1000°C. Representative evolutions for selected
temperatures are presented in Figure 5a. One may note that the
behavior still follows a linear trend, confirming the suitability of
the method.

The optical quantum yield was estimated from aerogel fragments,
yielding values of 7, 7.4, 13, 23.7, and 33.3% for the as-prepared
sample and for samples thermally treated under a reducing
atmosphere at 600, 800, 900, and 1000°C, respectively. These
measurements should be considered with significant uncertainty
due to the uncontrolled shape of the fragments, combined
with variations in diffusivity arising from the different thermal
treatments. Nevertheless, they reveal a clear overall trend. To
investigate the effect of thermal treatment on the scintillation
mechanisms, we also measured the luminescence decay time
under 450 nm and X-ray excitation. Representative decay curves

under both excitations are presented in Figure 5b,c for sample
thermally treated in reducing atmosphere. To guide the eye,
we also plotted the single-exponential decay corresponding to
a 240 ns time constant, as shown in Figure 4b,c. This curve
represents the decay in the absence of any quenching effects, nei-
ther from the Ce**emitting centers directly excited nor from the
scintillation mechanisms themselves. Under 450 nm excitation,
the evolution of the fluorescence decay shape as a function of the
thermal treatment temperature can be described by a sharp, short
component and a slow, slightly non-exponential component. The
main difference between the decays is the amplitude ratio of
these two dominant components. Considering the area under the
dashed blue curve (denoted as A,, ;) as the amount of emitted light
in the absence of any quenching, we can extract the relative yield
evolution as a function of the thermal treatment temperature by
taking the area under the normalized decay divided by A,,,. The
corresponding curve is plotted in Figure 5d (open purple circle).
In contrast, the X-ray-induced decay curves are similar for all
thermal treatment temperatures (Figure 5c). The corresponding
evolution of the estimated yield under X-ray, using the same
method, appears flat (Figure 5d). Similar to the previous section,
when comparing the as-prepared sample with the sample treated
at 750°C, these results appear contradictory. Similar behavior has
recently been observed in YPO,:Ce®" nanoparticles [44].

The evolution of the area under the X-ray-induced decay curve
shows almost no dependence on the thermal treatment temper-
ature up to 1000°C. It should be recalled that measuring a decay
time corresponds to monitoring the evolution of the excited-state
population of the emitting centers. In this sense, the method
based on decay-time measurements does not account for losses
occurring prior to energy transfer to the emitter. This confirms
the hypothesis that the increase in scintillation yield with higher
thermal treatment temperatures is mainly due to the improved
crystallization state, which leads to a reduction in trap density.
The similarity of the decays under X-ray excitation, regardless of
the thermal-treatment temperature, suggests that the only cerium
ions contributing to the X-ray-induced emission are those located
sufficiently far from quenching centers. For cerium ions situated
near quenching centers, the generated electron-hole pairs are
trapped at these centers, preventing these ions from contributing
to the excited cerium population and therefore to the decay signal.
This situation differs markedly from direct 450 nm excitation,
under which all cerium ions are excited.

In Figure 5d, the orange stars indicate a strong dependence
of the scintillation yield measured via the multi-sample mass
method. To confirm the significant improvement in scintillation
yield without any change in timing characteristics, we analyzed
a series of thermally treated aerogels using the triple-to-double
coincidence method while exposing them to a 2*! Am radioactive
source [29]. In the present work, this technique was applied to
small aerogel samples with masses ranging from 50 to 150 mg.
Due to the small size and very low density of the samples, energy
selection was not implemented because of insufficient statistics.
Consequently, the triple-to-double coincidence ratio includes all
events arising from the interaction of the 60 keV gamma photons
with the aerogel, resulting in a broad range of electron energies.
Unlike multi-mass sample methods, this approach is expected to
be much less sensitive to sample mass, since a measurement is
registered only when an interaction with a 60 keV gamma photon
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FIGURE 5 | (a) Evolution of RL intensity as a function of sample mass for different temperatures of thermal treatment in air. The solid lines

correspond to linear fits of the experimental data for each cerium concentration. (b) Luminescence decay under 450 nm excitation for YAG:Ce aerogels
doped with 0.4% Ce after various thermal treatments in reducing atmosphere. The dashed blue curve corresponds to a single-exponential decay with a
lifetime of 220 ns. (c) Luminescence decay under X-ray excitation for YAG:Ce aerogels doped with 0.4% Ce after various thermal treatments in reducing
atmosphere. (d) Evolution of the area ratio (measured luminescence decay area divided by the area of the 240 ns single-exponential decay) as a function of
thermal treatment temperature for aerogels doped with 0.4% Ce under 450 nm excitation (solid green circles) and X-ray excitation (open purple circles).
Open orange stars correspond to the relative scintillation yield under continuous X-ray excitation, obtained using the “multi-sample mass” method.
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FIGURE 6 | (a)Evolution of the triple-to-double coincidence ratio (T/D) as a function of the time coincidence window for fragments of YAG:Ce

aerogels after thermal treatment for 1 h in air at various temperatures. (b) Deduced mean number of photoelectrons per event for three typical coincidence
time windows as a function of the thermal treatment temperature. The yellow dashed line corresponds to the curve obtained for At =100 ns and is scaled
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occurs. It has been demonstrated that the T/D ratio is directly =~ window is shown. Good reproducibility of the method is observed
related to the mean number of detected photoelectrons (n,,, = within this range of sample masses. We further emphasize that
—3log(1 — T /D)) [28]. The T/D information is therefore directly ~ the probability of detecting two (or three) photons within a given
related to the mean number of photons emitted per event. The time window depends both on the mean number of photons
only possible mass-related effect arises from the partial escape of =~ emitted per event and on their temporal distribution following
energy carried by primary and secondary electrons, which affects the radioactive interaction, i.e., the scintillation decay time. [20]
the effective mean energy deposited in the aerogel. In Figure 6a,  As anticipated from the scintillation decay time measurements,
the evolution of the T/D ratio as a function of the coincidence time ~ the T/D ratio increases within the first 500 ns and then gradually
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(a) Thermoluminescence curves showing the response of a reference single crystal and aerogels thermally treated at 750°C under H,

and air atmospheres. (b) Comparison of the temperature dependence of the radioluminescence intensity for a reference single crystal and aerogels

thermally treated at 750°°C under H, and air atmospheres. (c) Dependence of the radioluminescence intensity on irradiation time at T = 20 K for for a
reference single crystal and aerogels thermally treated at 750°°C under H, and air atmospheres. (d) Afterglow decay curves of the two aerogels measured

at room temperature and at T =15 K.

approaches an asymptotic value for longer coincidence time
windows. From these data, we can also deduce the evolution of
the mean number of detected photoelectrons for various coinci-
dence time windows (namely 100, 400, and 2000 ns, Figure 6b).
First, we confirm the significant increase in scintillation yield
induced by high-temperature thermal treatments. Second, we
observe that a 400 ns coincidence time window is sufficient to
collect almost all emitted photons compared with the 2000 ns
window (for a detector, shorter time windows also help to reduce
fortuitous coincidences). Finally, we compare the evolution of the
scintillation yield obtained with a 100 ns time window to that
obtained with a 400 ns window. After scaling the 100 ns curve
by a factor of 1.8, no significant difference in shape is observed,
confirming that the scintillation decay time remains unchanged
upon thermal treatment (Figure 6b).

3.4 | Role of Traps

We have previously identified the crucial role of traps in the
scintillation mechanisms of small nanoscintillators. To further
investigate this effect, we performed thermoluminescence exper-

iments and radioluminescence as a function of temperature in
the 10 - 320 K range on aerogels doped with 0.4% cerium and
treated at 750° C under air and Ar + H, atmospheres. Because
aerogels are known to act as thermal insulators, we performed
the TSL measurements on gently crushed powders obtained from
the aerogels. A reference single crystal was also analyzed for
comparison. It was grown by the Czochralski method (by the
company Crytur Ltd. in Turnov, Czech Republic). The amount of
CeO, is 0.3 wt.% The details of the single crystal are reported in
the following reference [45].

The single crystal exhibits the series of previously reported peaks,
with the dominant peak at 95 K assigned to an antisite defect
(Figure 7a) [46]. The aerogel glow curve exhibits a very weak
TSL intensity, and the features appear as a broad signal detected
over a temperature range that partially overlaps the ones where a
series of peaks are observed in the single crystal. In particular,
the glow curve of the aerogel exhibits a weak TSL peak below
50 K, superimposed on a featureless decreasing background. By
comparing the TSL signal with the afterglow measured at 15 K,
we can conclude that this component is thermally activated and
not due to athermal tunneling effects.
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FIGURE 8 | (a) Relative scintillation yield within 40 and 400 ns time gates after successive thermal treatments. Inset: photograph of the sample

after successive thermal treatments of 1 h. (b) Variation of the photoluminescence intensity ratio (spectral area between 520-530 nm divided by the

spectral area between 420-430 nm) under 355 nm laser excitation at room temperature in air.

It is important to note that, unlike the single crystal, in aerogels
the Ce’" emission is detected neither in the TSL nor in the
afterglow spectrum. In fact only a composite emission centred
around 2.8 eV is observed (see Figure S8). This could possibly
be due to the fact that the defect releasing charges during TSL
act as hole traps. Recombination therefore cannot occur at Ce
centres but rather at some luminescent point defect possibly
related to surface sites, given the high surface to volume ratio of
the porous aerogel structure. However, regardless of the nature of
the traps, they can compete with Ce ions in charge capture during
irradiation and affect the scintillation yield.

The TSL glow curves are fully consistent with the data presented
in Figure 7b,c. The evolution of the scintillation intensity as a
function of temperature for the single crystal shows a pronounced
decrease when the temperature is lowered below 100 K, precisely
where the traps become stable and begin to compete with the

luminescent centres in the charge capture. In contrast, the aerogel
exhibits a smooth, gradual decrease of only 10%, indicating
the minor role of the involved traps at these temperatures
(Figure 7b). Similarly, the evolution of the scintillation signal
with irradiation time at low temperature (below the range of the
TSL peaks) demonstrates a significant increase in signal intensity
for the single crystal (Figure 7c). This phenomenon, known
as the bright-burn effect, corresponds to the evolution of the
balance between unfilled traps and the activator concentration
during irradiation [47-49]. In contrast, for the YAG:Ce aerogel,
we observe a slight decrease in the scintillation signal during
irradiation. This decrease may be attributed to weak radiation-
induced damage. Finally, when comparing the afterglow curves
in Figure 7d measured at 15 K and at room temperature, one can
note the pronounced delayed emission observed at temperatures
below the broad series of TSL peaks, whereas the afterglow at
room temperature is extremely weak (less than 107> of the signal
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during irradiation after 1 s). All these observations indicate that
the effect of traps on the dynamics of the scintillation signal
in aerogels is extremely limited. The picture emerging from all
these experimental data evidences, on one hand, a significant
role of the thermal treatments in enhancing the luminescence
yield, probably by removing non radiative recombination centers
quenching Ce emission in as prepared samples. On the other
hand, in the aerogels annealed at 750°C, the detrimental role of
traps in scintillation is limited and significantly lower that in the
SC as evidenced by the temperature dependence of the RL signal
and by the bright burn profile.

3.5 | Reversibilty and Stability

In this final section, we address the specific sensitivity of these
aerogels to the oxidation and reduction of cerium ions. In single-
crystal materials, oxidation, or reduction requires prolonged
thermal treatment at very high temperatures, and the resulting
effect is relatively weak. As an illustration, Bok et al. [50]
observed a small reduction of the Ce**absorption band at 450 nm,
accompanied by a slight increase in absorption around 260 nm
when a YAG:Ce crystal was treated at 1500°C in air for 12 h.
This behavior is typical of the Ce**to Ce* conversion. For more
efficient stabilization of the Ce*'state, co-doping with divalent
ions is often employed [33, 34]. In these nanocrystals, which have
a diameter of about 12 nm, a significant fraction of the cerium
ions are located near the surface and are therefore naturally
susceptible to charge exchange. X-ray absorption near edge
spectroscopy (XANES) measurements have shown that YAG:Ce
nanocrystals (approximately 30 nm in diameter) naturally con-
tain about 20% of cerium in the Ce**state[37]. We then explored
the sensitivity and the reversibility of the cerium valence change
in the nanoparticle-based aerogels.

In Figure 8a, the photograph shows the same broken bulk aerogel
(original diameter 25 mm and thickness 10 mm). After a first
thermal treatment at 750°C for 1 h, the sample appears fully
white, as shown in Figure 1c, indicating near-complete oxidation
of cerium to the Ce**state. Following a mild thermal treatment
at 400°C for 1 h in reducing atmosphere, the sample regains
its yellow color, demonstrating that a significant fraction of
cerium has been reduced back to the Ce**state. To verify the
reversibility, the same thermal treatment was applied under an
air atmosphere, resulting in full recovery of the white color,
and subsequently under an Ar+H, atmosphere. This complete
color change in the bulk also demonstrates the percolating
nature of the aerogel. With particular attention to the sample
position, we analyzed the relative scintillation yield after the
successive thermal treatment steps using pulsed X-ray excitation.
The integrated signal over the first 40 and 400 ns appears
reproducible, with a difference of approximately 40% in the
case of the Ce**-stabilized sample. This effect demonstrates the
extreme sensitivity of the aerogel to the oxidation-reduction of
cerium.

One may also notice the significant difference in the observed
scintillation yield between the two oxidation states. In the present
measurements, we observed a 40% difference, whereas using the
multi-mass sample method, we previously found a 20% difference
(Figure 4b. It should be noted that in the experiments discussed

here, scintillation measurements were performed immediately
after the thermal treatment, while in the multi-mass sample
method, measurements were carried out several weeks after
sample preparation. The extreme sensitivity of the aerogels to
air may lead to changes in cerium valence over time, even at
room temperature; a long-term study of this effect is currently
ongoing.

We also performed laser illumination at 355 nm with a power of
1 u W (unfocused beam diameter of 2 mm) on aerogels treated
in air. Since all cerium is expected to be in the Ce*'state, no
absorption bands are present except the charge-transfer bands of
Ce**(see Figure 2b), and the PL signal from Ce**would therefore
be expected to be absent. However, we observed a weak emission
composed of a blue and a yellow band. The latter resembles the
characteristic Ce**emission, with a slight blue shift, as observed
in as-prepared or weakly annealed samples (see Figure S1). The
PLE spectrum of the blue band exhibits an excitation band at
330 nm, compared to 340 nm for cerium in the 3+ oxidation
state (Figure S1). It appears that during irradiation, the ratio
between these two bands evolves strongly, increasingly favoring
the Ce**emission (see Figure 8b and its inset). This behavior can
reasonably be attributed to photo-reduction of cerium: under illu-
mination, Ce**is partially reduced to Ce3*, restoring the 450 nm
absorption band and increasing the PL intensity. This extreme
sensitivity of YAG:Ce nanoparticles to the gas environment has
already been observed, and their potential use as optical pressure
sensors has even been suggested [51].

4 | Conclusions

In this work, we have analyzed the scintillating properties of
YAG:Ce aerogels. We found that the optimal cerium concen-
tration lies between 0.1 and 0.4 wt.%. We also demonstrated
that thermal treatment plays a crucial role: compared to as-
prepared aerogels, samples treated at 1000°C in air show a
threefold increase in scintillation yield, while the decay under X-
ray excitation remains unaffected. The oxidation state of cerium
also influences the light yield. Thermal treatment under a
reducing atmosphere leads to a 20-40% decrease in yield, again
without significantly affecting the scintillation timing properties.
Importantly, cerium oxidation can be effectively controlled under
relatively mild conditions (400°C for 1 h), indicating rapid gas
penetration throughout the aerogel. This observation suggests
that the Ce3*/ Ce**ratio may evolve under room-temperature
operation in air, a key consideration for the long-term functional-
ity of detectors.
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