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Abstract

Quenching from the melt using an Optical Floating Zone furnace was investigated as a possible high-
throughput preparation method in order to screen novel scintillating materials. To validate this method,
polycrystalline rare-earth aluminium garnets and yttrium gallium aluminium garnets were synthesized and
characterized by X-ray diffraction, photoluminescence and radioluminescence emission spectra as well as
radioluminescence imaging and compared to the previously reported properties of those materials. In
order to achieve rapid, but quantitative comparison of the materials, pellets fabricated from the
synthesized powders were sintered; two different sintering conditions were investigated and compared. A
simplistic energy deposition and light absorption model for brightness of opaque samples under X-ray
irradiation was developed to estimate the relative scintillation efficiency of the materials. Based on the
results, Y3Als012, LUY,AIsO1, and GdY,Als01, seem to have the highest scintillation efficiency among

the prepared samples.
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1. Introduction

Inorganic scintillators, materials that are used to down-convert ionizing radiation into visible, UV or IR
spectral range, are nowadays broadly utilized in medical imaging, high-energy physics, homeland
security, electron microscopy and many other applications (see [1] and references therein). These varied
applications for scintillating materials impose rather diverse and often contradictory requirements on the
various properties of those materials, such as emission wavelength, light yield, decay time, afterglow,
temperature stability, density or the level of inherent radioactivity [1]. For new applications, users are
usually limited to off-the-shelf scintillators that may not fulfil all the requirements needed, because the
development of a new scintillator that satisfies these requirements is a laborious, costly and time-
consuming task. For that reason, the research team in the Materials Science and Technology division of
the Los Alamos National Laboratory started developing physics-based predictive models and
performance models involving machine-learning [2,3] that should allow to select a new scintillating
material that would satisfy the requirements using multi-parametric optimization. In order to train such
performance models, it is necessary to provide them with reliable input data for various properties of
compounds within as large chemical space as possible. Therefore, this modelling effort needs to be
coupled with rapid screening and characterization that will supply reasonably accurate values for a broad
range of properties. Some properties are strongly affected by the preparation technique used; therefore, a
single universal preparation technique would be beneficial for obtaining the most internally consistent
input data. Ideally, the synthesized materials should have properties similar to the optimal material form
(often single crystals) as well. This study is focused on the development and validation of a high-
throughput synthesis method (quenching from the melt) on a rather well-explored group of materials —

rare-earth garnets — by a comparison of the obtained values with literature.

Rare-earth containing garnets are crystalline materials with a rather intricate cubic structure (space group
la3d, no. 230), having a general formula {A}3[B](C):0:. that contains three types of coordination
polyhedra. The dodecahedral position {A} with a D, (222) symmetry is surrounded by 8 oxygen atoms in
a distorted tetragonal anti-prism and accommodates very large ions, whereas both the octahedral [B] site

and tetrahedral (C) site are much smaller [4,5]. In the most explored so-called rare-earth “aluminate” and



“gallate” garnets, rare-earth metal ions mostly occupy the dodecahedral site — {RE}**, whereas smaller
APP* and Ga** ions are distributed among both B and C sites, resulting in a general formula
{RE}3(Al,Ga)s01,. Although their crystal radii would suggest that in mixed Al+Ga garnets the smaller
AI®* ions are preferably situated in the smallest tetrahedral sites and Ga** in the larger octahedral ones,
structural refinements and/or NMR analyses of single crystals often reveal an opposite trend [6].
Additionally, very high temperatures required for single crystal growth of garnets cause a non-negligible
fraction of {RE}* to be present in the octahedral position as well, causing so-called anti-site defects
(such as Luaj, Yai), shallow electron traps that severely limit the performance of Ce-doped aluminate

garnets [7].

{RE};Als0,, are thermodynamically stable and congruently melting compounds when the size of the
rare-earth ion is rather small; their stability decreases with increasing crystal diameter of rare earth ions so
that only Tb-Lu form stable aluminate garnets [5]. Thus, gadolinium aluminium garnet is an
incongruently melting compound that can be prepared by low-temperature techniques [8], whereas rare-
earth ions larger than Eu do not form aluminate garnets at all. The incorporation of larger Ga broadens the
region of garnet phase stability to (Nd—Lu, Y) in {RE}3sGasO1,. Within this range, garnet materials are
often found to form substitutional solid solutions, creating a continuous range of similar compounds that

influence their properties [9].

In order to achieve high-throughput screening of materials, a relatively fast preparation technique able to
reliably produce material with properties comparable to desired material form (e.g. single crystals) is
required. In this work, a modification of optical floating zone (OFZ) method was used to rapidly
synthesize polycrystalline materials by melting. OFZ growth is a crucible-less single crystal preparation
technique utilizing a powerful light source (laser, incandescent light or arc discharge) focused onto a very
small spot, leading to melting of the initial solid material. By moving the solid material through the hot
zone, single crystalline materials can be grown on a support (seed) rod [10]. A rather unique application
of this method is quenching of the melt, which has similar effects to the procedure used in [11] to study
solidification of Y3Als01, from the melt. In the OFZ modified for melt-quenching, the formed melt is

allowed to drop into a cooled ceramic receptacle or even liquid to rapidly solidify and form



polycrystalline material. Thus, the segregation coefficient effects, an important issue during the growth of
single crystals from the melt [12], should be somewhat mitigated as there is no continuous long-lasting
contact between the formed crystal and the melt. The other main advantages of this method for screening
are: a rather large amount of material prepared within a short time, the ability to change the atmosphere at
will and the possibility to easily obtain even solid materials with extremely high melting temperatures.
Compared to the much more common solid state reactions, quenching from the melt offers much higher
sample throughput, as solid state reactions require several days of heat treatment at very high
temperatures to obtain phase-pure samples, while quenching from the melt is finished within a few hours
and allows the synthesis of materials that are very hard to prepare as a phase-pure sample by solid state

reactions (e.g. YAIO3).

In this work, quenching from the melt was evaluated as a rapid preparative method for a very quick and
reproducible synthesis of Ce-doped garnet materials within the LusAlsO1; — Y3Als012 — Gd3AlsOy,
chemical region and between Y3Als01, and Y3GasOg,. Its potential for screening was assessed by
observing the changes in their structural and luminescence properties, including photoluminescence
spectra, decays and radioluminescence spectra, and comparing the observations to the known properties
of such materials prepared by classical preparation methods. Additionally, the possibility of direct
comparison between such materials was explored using sintering conditions determined for each
particular sample in order to achieve a comparable morphology of sintered pellets with well-defined
geometry. Radioluminescence imaging of such pellets under continuous X-ray irradiation was
investigated as a reliable and fast technique to achieve an internally consistent dataset of scintillating

properties and to estimate their relative light yield, required for further screening studies.

2. Experimental

2.1.  Sample preparation
Polycrystalline garnet samples studied in this work were prepared by quenching from the melt using
single-lamp, single-mirror optical floating zone furnace FZ-S15065X(HV) (Asgal Corp., Japan)
equipped with a 6.5 Xe arc lamp. First, stoichiometric amounts of metal oxides (99.997% Gd,0Os3;

99.997% Lu,03; 99.9998% Y,03; 99.99% Ga,03; 99.99% Al,O3 and 99.997% CeO,) according to the



desired sample composition (see Tab. 1) were weighed out, mixed for 30 min in plastic jars with a
plastic ball using SPEX 8000 mill and isostatically pressed into compact rods. For all samples, 1
molar % Ce as a dopant was used relative to all rare-earth metal ions, leading to a general formula
{RE},97Cep03(Al,Ga)sO1,. The rods were heated in the OFZ furnace under flowing air (in order to
prevent formation of oxygen vacancies) until the material melted and were then moved through the
hot zone so that the melt dropped into a cooled Al,O3 crucible serving as a receptacle. The melting
process for a typical 10-gram batch usually took less than an hour. Polycrystalline solid material
resulting from quickly solidified melt was then ball-milled in SPEX 8000 mill in corundum milling
jars with corundum ball for 60 minutes and sieved (< 45 pum) to yield fine powders.
2.2.  Pellet fabrication and characterization

In order to quantitatively compare the luminescence properties of samples, the sieved powders were
mixed with 0.5 wt. % ethylene bis(stearamide) (EBS) binder for 30 min in plastic jars with a plastic
ball using the SPEX 8000 mill and pressed into pellets 13 mm in diameter at uni-axial pressure of 100
MPa. The first batch of pellets was sintered at 1700 °C / 4 h in air on alumina tray, yielding dense and
durable pellets (“stage 3" [13] sintered pellets). Both sides of pellets were then ground to parallel flat
surfaces using Struers Accutom-50 and a diamond cup wheel to remove potential surface
contamination. The resulting pellets were then annealed at 1200 °C for 12 hours in air to remove any
residual organic impurities.

Due to inhomogeneous coloration and light output across the surface of these pellets, a low-
temperature sintering of the initial powder was also applied to obtain consistent results. This second
batch of pellets was sintered for 4 hours in air at a sintering temperature sufficient to induce necking
(“stage 2 sintering, see below), using 10 °C / min as both the cooling and the heating rate. For the
determination of required “stage 2 sintering temperature, Netzch DIL 402 c dilatometer was
utilized: pellets with diameter of 5.33 mm (4.6 to 6.8 mm long) pressed at 200 MPa were heated at 2.5
°C / min up to 1550 °C and changes in their length L during heating were recorded. The required

“stage 2 sintering temperature was determined as the peak in dL/L,, where the initial increase in L



due to the thermal expansion started to be overcome by shrinkage due to sintering. The temperatures
of such peaks are summarized in Tab. 1.
X-ray powder diffraction patterns of samples were recorded on a Bruker Nano D8 Advance
diffractometer equipped with a LynxEye XE-T position sensitive detector (range of 2.9° 26) and
copper X-ray tube (Cu-Kg;2, 4 = 1.54186 A; 40 kV, 40 mA). The X-ray beam was conditioned with a
Bruker Trio optic using the Gobel mirror setting and the 2.5° incident and receiving Soller slits.
Diffraction patterns were fitted and the lines identified and indexed based on the ICSD database by
the Rigaku SmartLab Il suite. The lattice parameters of garnet phase a along with sample
displacement correction were determined using weighted linear regression from observed peak
positions. Optical absorption spectra of pellets were recorded on a Varian Cary 5000
spectrophotometer.

2.3.  Luminescence characterization
Room-temperature photoluminescence properties of the pellets were measured on a PTI Quantamaster
spectrofluorometer equipped with a 75 W Xe arc lamp as a light source, diffraction grating
monochromators for both excitation and emission pathways, and Hamamatsu R928P photomultiplier
tube as detector. The measured emission spectra (PL) were spectrally corrected using a built-in
spectral correction curve. Because of a relatively large contribution of scattered light in the spectra of
samples excited at 468 nm, the spectral shape in the high-energy side of the Ce®" 5d — 4f emission
band was approximated by the high-energy side of the PL spectra excited at 350 nm to ensure a good
fit of the emission band. The photoluminescence decay curves were measured by a Horiba DeltaPro
apparatus using a 421 nm Horiba nanoLED as the excitation source. In order to isolate the excitation
light from the luminescence, the decay curves were recorded with a 460 nm cut-off filter.
Room-temperature radioluminescence emission spectra (RL) were measured on a custom-built setup
equipped with Mo X-ray tube (17.3 keV; 50 kV, 40 mA); the emitted light was collected by an optical
cable into a SpectraPro 2300i spectrometer (Princeton Instruments) equipped with a CCD camera
(Pixis 2KB EUV). The measured emission spectra were corrected for quantum efficiency of the

camera and estimated efficiency of the diffraction grating used.



Spatially resolved radioluminescence images of pellets were recorded at the SEALab facility
(Scintillator Evaluation and Assessment Laboratory) of the Nevada National Security Site (NNSS),
Los Alamos in front-face-imaging configuration — see Fig. 1. The apparatus consists of a Comet XRS-
225VF CW X-ray tube (225 kV, W anode) serving as the excitation source, thin reflecting pellicle in
order to reflect the light from the scintillators, sample holder and Andor Neo 5.5 SCMOS camera. In
the front-face-imaging arrangement, the collimated X-rays pass through the pellicle onto the sample
surface, where they induce scintillation; the emitted light is then reflected by the pellicle into the
camera to be recorded (spectrally unresolved photon counting). The end-point energy was chosen as
225 keV and the X-ray spectrum features two main prominent characteristic X-ray lines (W-K,;p) at
59 and 67 keV; a spectrum simulated in GEANT4 (see Supplementary Information Fig. SI_5) was
used for further calculations. X-ray dose distribution across the sample holder with up to 5 measured
pellets was observed using 6 small Lu,SiOs:Ce crystals placed within the holder as standards and by a
separate measurement of DRZ® High scintillator screen (Gd,0,S:Tb). Relative scintillation intensity
of pellets was evaluated as brightness at maximum of the Gaussian fit of the brightness histogram for
the given sample. These values were then corrected for spectral response of the camera and beam

profile non-uniformity.
3. Results and discussion

3.1.  Structural properties

X-ray powder diffraction analysis of the “stage 3 sintered pellets revealed that the samples contained a
cubic phase consistent with the la3d garnet structure (see Fig. 2) in all but one sample. In the case of
Gd3;Als01,, the sample consisted only of orthorhombic perovskite phase (GdAIOs, space group Pnma)
and a minute amount of corundum (a-Al,O3). This behavior is consistent with the well-known lower
stability of this garnet phase compared to the perovskite [5]; Gds;AlsO1, melts incongruently and can be
prepared e.g. by low-temperature chemical methods, but usually with perovskite impurity [8]. In several
samples, a small corundum impurity (rhombohedral a-Al,O3, space group R3c) was also found, close to
its limit of detection (almost indistinctive peaks at 25.8° and 43.4° 260). Corundum probably formed

during melting either due to a small non-stoichiometry of the initial mixture, or because of the easy



occurrence of anti-site defects in the garnet lattice and thus, slightly RE-rich garnet phase, i.e.
{RE}3Al1{RE}2xAl301, [14,15]. Another possibility is the abrasion of the milling media (corundum
jar, ball) used for pulverizing the samples. The presence of corundum, however, does not significantly
influence the evaluation of Ce®* luminescence from the garnet samples. Another minor impurity with a
diffraction peak at 22.0° 260 was observed in Gd;YAIsO1,, LU, YAIsO01; (see Fig. 2) and Y3AlIGa 012, but
due to the lack of other visible lines, it could not be unambiguously ascribed to a phase that could be

expected in the samples.

Tab. 1 — Composition, lattice parameters, dilatometer peak temperature, sintering temperature used and
achieved density (% of theoretical density TD) of sintered garnet pellets; all samples were doped with 1

mol. % Ce

Lattice DIL peak  Sintering
0
cramial PO TP e 0
formula P
stage stage

stage 3 stage 2 ) 3
GdY,Als0;,  12.043(1) 1172 1175 67% 76 %
Gd,YAIs0;, 12.082(1) 1148 1150 64% 77 %

GdsAlsO,  perovskite 2 Az Az At
Gd;LuAlsOy,  12.051(2) 1199 1200 66% 75%
GdLuAls01,  11.979(3) 1157 1150 66% 73 %
LusAlsO;,  11.916(3) 1204 1200 68% 75%
LuYAIsOp2  11.947(1) 1184 1175 67% 74%
LuY,AlsO1,  11.979(2) 1145 1150 69% 73 %
Y3AIs0, 12.012(2) 1168 1175 68% 78 %
Y3Al,GaOy, 12.060(2) 1143 1150 65% 77 %
Y3Al;Ga;05, 12.107(4) 1047 1050 66 % 92 %
Y3AlLGaz0y, 12.167(2) 977 975 65% 85%
Y3AIGa;,0,  12.202(3)  not meas. 975 69% 79 %

Y3GasOp,  12.263(10) 2 2 22
GdLuYAIls01, 12.011(2) 1213 1200 67% 74%

! not a garnet phase, excluded from further analysis,

2 ce®* luminescence totally quenched, excluded from further analysis

The lattice parameters a determined from the diffraction patterns for each garnet composition studied in
this work (see Tab. 1) were arranged and plotted as a consecutive series of solid solutions on Fig. 3, with

GdLuYAIlsO1; positioned last. The experimental values lie on reasonably straight lines between each end-



point garnet phase in accordance with the Vegard’s rule [16]. Similarly, the lattice parameter of
GdLuYAIsOy, perfectly matches the average a between GdLu,AlsO;, and GdY,AlsO;, (shown as a
dashed line in Fig. 3). This strongly suggests that all garnet samples examined in this work formed
random substitutional solid solutions; thus, the unit cell volume of studied garnet varies due to the

average spatial requirements of ions present in the lattice.

The lattice parameters of end-point garnet phases reported in literature match the lattice parameters of the
samples and trends, confirming their correct composition. However, the experimental values are (with
some exceptions, see Ga discussion below) always slightly higher than the corresponding reference value.
Considering that the powders were prepared by melting and subsequent high-temperature sintering, the
increase might partially result from the presence of anti-site defects such as Lua (Lu®** on the octahedral
site instead of AI**) [15]. However, the main part of this increase can be successfully explained by 1%
doping of the large Ce®" ions (Shannon’s crystal radius of Ce** in coordination number 8 is 1.283 A; [17])

substituting for the smaller rare-earth ions (Lu**: 1.117 A; Y**: 1.159 A; Gd**: 1.193 A).

In Y3(Al,Ga)s01, garnets examined in this work, however, the lattice parameters are consistently lower
than the corresponding literature values or trends. This is probably caused by the volatility of Ga, a
common issue during growth of Ga-containing single-crystalline garnets in inert atmosphere, as the Ga**
in the melt tends to be reduced to lower-valence volatile oxides [18]. To counter this behavior, a small
amount of oxygen is usually added to the inert atmosphere so as not to oxidize iridium crucibles
excessively while limiting Ga losses. Although all studied materials were prepared and sintered in air,

some loss of Ga during these operations cannot be excluded due to very high temperatures used.

The investigation into the post-synthesis processing (both sintering options) aimed to determine, which of
the possible approaches — long sintering at very high and arbitrary temperatures (“stage 3”) and short
sintering at a moderate temperature determined in a separate measurement (“stage 2””) — is more suitable
for self-consistent evaluation of the samples. In particular, the microstructure of the samples, strongly
influenced by their theoretical density (% TD, see Tab. 1), represents a very important contribution to
absolute luminescence intensity microstructure of samples due to change in light scattering within the

samples. The “stage 3" sintered pellets studied in this work had a rather large spread of densities with



respect to their theoretical values, i.e. 73 — 92 % TD. However, all the “stage 2" sintered pellets had
comparable theoretical densities, with most pellets being within 67 — 68 % TD (see Tab. 1). This indicates
that the use of the peak temperature from dilatometer measurements is a reasonably valid procedure for
sintering of pellets to a comparable degree. That allows quantitative comparison of their luminescence
emission intensity, provided that a similar % TD relates to comparable microstructure and gives a

comparable degree of light scattering.
3.2.  Photoluminescence properties

The photoluminescence spectra of the studied samples feature an intense broad band peaking between
500 and 580 nm (see Fig. 4 and Supplementary Information Fig. SI_1), corresponding to the emission
doublet between the lowest-lying 5d excited level of Ce®* (5d.) and its two 4f states (*Fs;, and ?F75,) in a
given host. Actually, both latter states are just an approximation for the Ce®** °F level that is split into
seven Stark sub-states because of the low Ce®* site symmetry in garnets (D, 222) [19]. The two main
groups of these Stark sub-states (~ 2Fs, and °Fy,) are separated by ca. 2000 cm™ = 0.248 eV in most
luminescent materials [19]. The excitation spectra feature two broad excitation bands at ~ 450 and ~ 350
nm corresponding to the transition from the “Fs, state of Ce*" into the first and second excited 5d levels,

respectively.

In some samples, small emission lines were observed at ~ 685 and ~693 nm under excitation at 468 nm,
corresponding to the R-line doublet of a relatively common Cr** impurity emitting from garnet lattice or

Al,O3, respectively [20].

The changes in emission band positions reflect the influence of the surrounding crystal field on the Ce®*
5d levels and their splitting. The observed emission band positions and their shifts are fully in accordance
with literature about Ce-doped garnets [9,21,22], with Gd causing red shift of the emission band and Lu
causing its blue shift in comparison to Y (see Supplementary Information Fig. SI_1). Substitution of Al
by Ga results in a strong blue shift of the Ce*" 5d — 4f emission doublet (see Fig. 4). For a detailed

description of underlying physics, the reader is referred to a comprehensive review paper by [23].



The positions of both Ce®*" emission bands were obtained by fitting the room-temperature
photoluminescence emission spectra transformed into relative power emitted per unit energy (~ W/eV).
Both components of the room-temperature emission band doublet represented as the peak energy show a
reasonably linear behavior between most end-point garnets (see Fig. 5 and Supplementary Information
Tab. S1_1). Only the Gd,(Lu/Y)AIsO;, samples slightly deviate from linear behavior and are somewhat
blue-shifted compared to the expected value. The average separation of the PL emission components is ~
1500 cm™, a slightly lower value than the commonly used value of 2000 cm™ between ?Fs;, and *Fyp,

states.

Photoluminescence decay curves for the Ce** 5d — 4f transition excited through 421 nm pulsed nanoLED
were for most samples reasonably single exponential, with decay times within 49 — 58 ns (see Fig. 5 and
Supplementary Information Tab. SI_1). Such values are fully consistent with the parity-allowed Ce*
emission from garnets. Photoluminescence decay times follow compositional trends similar to emission
energy evolution, with higher energy leading to a shorter decay time. According to Zych et al. [24], the
radiative lifetime of 5d—4f transition (in [24], Pr* was explicitly examined) is proportional to 43, while
the proportionality factor depends also on refractive index of the material. The correlation between the
determined wavelengths of the Ce®" 5d — 4f emission doublet and the observed overall decay time 7 is
shown in Supplementary Information Fig. SI_9. Although the wavelength range is too short to ascertain if
the 4% or 42 power law (see [24]) describes the data, there is a very good correlation between ¢ and A® for
all non-Gd garnets, while the Gd-containing garnets have shorter decay times than expected from this
model, possibly due to some other process competing with the Ce®" 5d — 4f radiative decay. Additionally,
the observed decay times are slightly shorter than the values reported for single crystals or polycrystalline
samples, i.e. ~ 55-60 ns for LUAG [25,26] and ~60-100 ns for YAG [25,27]. Generally,
photoluminescence (i.e. radiative) decay time is often identical to a main or recognizable component
within the radioluminescence decay curve, which usually is much more complex than the PL decay.
Taking into account that measured photo-/radioluminescence decay times also somewhat vary based on

fabrication technique, temperature or composition, the observed small decrease in decay time may be



related to the preparation and/or sintering of the studied {RE}s;(Al,Ga)s01,:Ce samples in oxidizing

atmosphere, as was reported earlier for photoluminescence decay in GGAG:Ce,Mg [28].

The luminescence of Y3(Al,Ga)sO1, samples with higher Ga content (> 60%) was quenched at room
temperature, resulting in lower PL intensity and thus, an increased noise of normalized PL spectra in Fig.
4. This quenching is caused by the thermal ionization of the Ce®* 5d state due to the lowering of
conduction band [29,30], leading to a decrease in luminescence intensity and shortening of the decay
times. Moreover, the decay curves of Y3;Al,GazO1, and Y3AIGa 01, were not adequately described by 1-
exponential fit, requiring at least two exponential functions with a second, significantly faster component
(~ 16% of emitted light) to be fit properly. This observation also indicates that a significant luminescence
guenching occurs in those samples. No luminescence was observed from Y3GasOi,, in which even the
lowest Ce®" 5d level lies inside the conduction band [31] and electrons easily escape from the excited

Ce*" ion into this band.
3.3.  Radioluminescence properties

The radioluminescence emission spectra of all studied samples (except “Gd3zAls01,” and samples with 80
% Ga or more) excited by 17 keV X-ray beam feature an intense Ce** 5d — 4f emission band around 500
nm (see Fig. 6 and Supplementary Information Fig. SI_2 and Fig. SI_3), whose position perfectly
matches the photoluminescence emission spectra (see Fig. 4 and Supplementary Information Fig. SI_1
and Tab. SI_1). The “Gd3Als01,” (GdAIO; + Al,O3) sample featured emission at ~ 360 nm consistent
with Ce-doped perovskites instead (see Supplementary Information Fig. SI_3). Small Cr**-related peaks
from the Al,O3; impurity and from the garnet host at ~ 695 and 688 nm as well, respectively, were
observed in some “stage 3" sintered samples as well. In addition, a prominent Gd®* 4f — 4f emission line
(°P7;, — 8S72) at ~315 nm was present mainly in Lu-containing samples. This transition is generally
completely absent in materials with high Gd content due to concentration quenching, but is rather intense
in other materials; its universal presence in those samples indicates that the initial Lu,O3 used for
synthesis might have been slightly contaminated by Gd. Decomposition of the Ce** radioluminescence
emission doublet into two Gaussian components (Ce®" 5d — ?Fsp,, 5d — 2F7),) provided transition energies

with values comparable with those obtained from the photoluminescence spectra (within experimental



uncertainty). Interestingly, no emission features connected with anti-site defects were observed in the
radioluminescence spectra within the UV range despite the samples going through melting — this may be
caused by the rather short time the studied samples spent at very high temperatures and limited thermal

diffusion of rare-earth ions within the material.

The recorded radioluminescence intensity under 17 keV excitation of almost all “stage 2 pellets was
higher or equal to the “stage 3" pellets. As this energy probes mainly the surface of the pellets, it should
not be affected as much by the light scattering inside the pellets. The similar radioluminescence intensity
of both types of pellets proves that the observed brightness is a true measure of the radioluminescence
intensity of those materials. The decrease in the RL intensity of “stage 3 pellets was probably caused by
the prolonged sintering at high temperatures, which probably oxidized some of the Ce** into generally
non-luminescent Ce**. An alternative scintillation mechanism has been proposed in garnets [32], in which
Ce* induced by e.g. Mg®* co-doping can still produce Ce** 5d — 4f luminescence, though an excessive
amount of Mg (and thus, Ce**) lowers the light yield. In Gd,YAlsO1,:Ce, a rather low radioluminescence
intensity in the “stage 27 pellet that featured a visible perovskite emission as well (Supplementary
Information Fig. SI_4) was observed compared to the “stage 3" pellet. This reflects the fact that the
“stage 2" pellets are essentially slightly annealed as-prepared material and the (Gd,Y)AIO; perovskite
phase is very stable at high temperatures. During the sintering to the “stage 3 pellet, the perovskite
obviously decomposed into garnet, as this perovskite emission in UV was not observed in the “stage 3”

pellets (see Fig. 6 and the Supplementary Information Fig. SI_4).

The raw recorded radioluminescence intensity under higher-energy X-ray irradiation measured at the
SEALab facility is shown in Fig. 7 for both “stage 2 and “stage 3 sintered pellets. In the latter series,
the brightness histograms across the sample surface were often bimodal (two Gaussian peaks) or had a
long tail toward low brightness; they also featured a somewhat larger mismatch between the front and
back side of most pellets. This was probably the result of a very long sintering in air at high temperatures
and consequent light output inhomogeneity of the samples. The “stage 2 sintered pellets did not suffer

from this effect and had slightly clearer trends with regard to sample composition.



In the samples with high Ga content (60 — 80 % Ga), a significant afterglow was observed as well, along
with a gradual increase of the sample brightness with successive irradiations within the measurement
spanning tens of minutes. All these observations result from the 5d levels of Ce** being much closer to
the conduction band in this system [29], leading to thermal ionization of the Ce®" 5d excited state
(causing decrease in luminescence intensity) and subsequent capture of electrons on traps, including those
connected with anti-site defects. The energy barrier for escape of electrons from shallow traps also
decreases with Ga content, leading to delayed recombination and afterglow as well as the so-called
“brightburn” or memory effect [33]. The rather long time period, over which the increase in intensity was

observed, suggests the latter phenomenon as the main cause.

The main trend observed in the SEALab radioluminescence brightness of garnet pellets was a gradual
decrease of brightness from LuzAlsO1; to Y3Als01, and from Y3AlsOp, to Y3GasOyn (see Fig. 7).
Although all samples were irradiated by the same X-ray beam intensity, the energy (dose) deposited
within each sample varied because of their different Z and attenuation coefficients p(E). The latter
property is proportional to sample density p and thus, density-independent p/p(E) is tabulated for each
element [34]. Therefore, this dose effect had to be taken into account and a simple model was developed,
described below. Based on this model, varying absorbed dose seems to be the main reason for the

decrease of brightness between LusAlsO1, and Y3Als015.
3.4.  Quantitative RL comparison model

Quantitative comparison of scintillators usually revolves around light yield, the amount of photons
emitted from the materials within a defined time frame divided by the energy absorbed in the material
[phot. / MeV]. This value, however, cannot be measured easily and with high throughput when samples
are in a powder form, as there generally is no photo-peak in pulse-height spectra due to multiple
scattering processes and absorption. In order to estimate the relative light yield of materials within a self-
consistent sample set, we propose to use both the radioluminescence intensity measured in the SEALab
apparatus and the model described below. The desired output of the evaluation is a relative amount of

detected photons per absorbed energy of continuous irradiation, i.e. the Ny, qe.. / AE value [phot. / MeV],



which may be a reasonably appropriate estimator for fast screening of light yield. The derivation of the

model is described below.

The photon beam with energy E is attenuated when passing through a sample and deposits part of its
energy within each volume element — these values are represented by mass attenuation coefficient p/p and
mass energy absorption coefficient pen/p, respectively [34,35]. In mixtures, these values can be calculated
reasonably accurately from the values of constituent elements i with weight fraction w;, using the mixture
rule. In the case of polychromatic beam, X-ray photons with low energy are generally attenuated more
(high p/p) than high-energy X-ray photons, leading to their earlier disappearance from the spectrum
(“beam hardening”). The energy delivered to each volume element of the sample, represented as absorbed
dose D = dE/dm, is converted into visible photons during the scintillation process. Emitted light has to
escape from that volume element through the rest of the opaque sample in order to be detected. Both light
generation (absorbed dose) and its extraction efficiency (visible light attenuation) depend on the depth of
interaction within the sample. To correct for this effect, we assumed that visible photons are attenuated in

the samples by Lambert-Beer law:
Ny, = NP, - exp(—a - d), 1)

where Ny, is the amount of visible photons remaining from the initial value Ny,° after distance d travelled
within the material with optical attenuation / extinction coefficient a. Because the samples have a rather
small solid angle when viewed by the camera at the SEALab facility, d was assumed to be equal to the
depth of the given point within the pellet from the point of impact of X-ray beams (perpendicular distance

to the sampled surface).

The energy absorbed within each thickness element dx can be calculated from the absorbed dose under
assumption that for low-energy photons, absorbed dose can be approximated by the so-called collision

KERMA [35]:

j_i:d_E'p'A:ﬂen'I'E:.uen'IO'E'eXp(_(%)'p'x)a (2)

dm



where p is the density of a given sample, L, is mass energy absorption coefficient of the material pen/p
multiplied by its density, I and I, represent the current and initial X-ray beam fluence (photons per energy
interval), x stands for distance within the sample for the volume element dV = A-dx and E is the X-ray

photon energy.

Then, the amount of light generated in the sample by X-ray photons with energy E and extracted during

front-face imaging (d = x) of opaque samples was derived from (1) and (2) as:

L dE
th,detected = fo LY -k a ' eXp(—a X ) dx =
L
=LY-k-IO-E-fuen- exp(-pn-x) - exp(-a-x)dx =
0

:LY-k-IO-E-ﬁ-(l— exp(-(u+a)-L)), (3)

where LY is the light yield of the scintillating material for a given energy E, k is a proportionality
constant encompassing light detection efficiency of the detecting setup, | is mass attenuation coefficient
of the material p/p multiplied by its density, and L stands for the total sample length (thickness). In
polychromatic beams, equation (3) has to be integrated over the whole spectrum, E being replaced by its
percentual contribution within the initial spectrum, i.e. %E = E - N(E) / £ N(E), keeping in mind that both
u and He, depend on E as well [34]. Identically derived equation for the back-face imaging configuration
of the SEALab setup (d = L —x) is shown in Supplementary Information equation (SI_1). In a continuous
X-ray irradiation, the “LY” in (3) includes also the contribution from very long decay components and

afterglow; nevertheless, the LY can be estimated from it:

th,det_/AE — th,detected e LY (4)

E-ﬁ - (1—exp[(u+a)-L])

Equation (3) integrated over the whole X-ray spectrum at SEALab was used to estimate the Ny g / AE Of
the “stage 2" sintered samples, using light attenuation coefficient a ~ 130 cm™ (very roughly estimated
from UV-Vis measurements of thinner “stage 27 pellets). For the “stage 3" pellets, their directly

measured light attenuation coefficients were utilized. The values of Wy and Uen/p used for this calculation



were interpolated from the NIST mass attenuation coefficients database for each energy within the
GEANT4-simulated spectrum of the X-ray source used. In addition, the relative contribution of each X-
ray energy within the spectrum toward the collected light can yield the mean X-ray energy contributing to

the brightness; this energy ranged between ~ 45 keV (Y3Als01,) to ~ 55 keV (LuzAlsO1,).

The Npyq4et. / AE of both variants of sintered pellets are shown in Fig. 8, showing almost constant values
between Y3AlsO12 and LusAlsOq, and sharp decrease with increasing Ga content in Y3(Al,Ga)sO1,. In
both “stage 2” and “stage 3” sintered pellets, almost identical behavior was observed in this composition
area, but the values for the latter seem to be slightly more scattered. Toward the Gd-rich compositions, a
small decrease of Ny, 4. / AE is observed with no clear trends; the GdY,AlsO4, pellets were an exception
and were exceptionally bright among all samples. To validate the seemingly erratic behavior in the
Y3Als01,-Gd3AlsO12-LusAlsO4, part of the plot, a second batch of those 4 samples was prepared by melt-
quenching, processed into “stage 2” pellets and measured at the SEALab facility. The new samples
showed the same behavior as the original batch (see Supplementary Information Fig. Sl _8), with
GdY,Als0;, being the brightest by far, while the Gd,LuAlsO1, was brighter than both remaining samples.
Therefore, the observed values most probably reflect the physics of the samples or their synthesis history
and are not just a random experimental variation. Based on Fig. 8, GdY,Als01,, Y3Als0;, and
LuY,Als012 seem to have the highest Ny, 4 / AE, and thus, relative light yield, among the samples

synthesized in this work.

Comparison of these observations to literature values of light yield can be somewhat misleading, as LY is
usually measured in single crystal form from pulse-height spectra after excitation by a pulsed source as a
number of photons collected within some specific gate (or acquisition) time. Any very slow scintillation
decay component thus significantly lowers the light yield. The approach utilized in this work, however,
uses continuous X-ray source and therefore includes these slow decay components as well. Nevertheless,
assuming the amount of “slow light” or afterglow is similar, the comparison between different materials
can still be made. The amount of afterglow can be also estimated from a separate measurement of
scintillation decay curve. That being said, the ratio between estimated Np, 4. / AE of LusAls05, and

Y3Als012 in this work is 0.85 and 0.90 for “stage 2” and “stage 3~ pellets, respectively. Single crystals



of LusAls01,:Ce are often reported to have lower light yield than Y3AlsO;2:Ce crystals, mainly because of
larger contribution of slow decay components [25,36]. The decrease of intensity toward Y 3;GasO, clearly
correlates with the effects of temperature quenching of the Ce®* 5d; state described above. These trends
seem to agree with literature, but in order to unambiguously confirm that the observed brightness at
SEALab facility corrected for absorbed dose can give a relative estimate of light yield of these materials,
further experiments are needed. It might be possible to measure light yield of those rather opaque samples
using pulse-height spectra even without a clear photopeak; however, this exceeds the scope of this work
and will be pursued in a following study. Similarly, the behavior of the Gd-containing samples that could

not be adequately explained based on the known data requires further research into.

In conclusion, quenching from the melt was shown to rapidly produce reasonably pure garnet materials,
whose properties match the known behavior of these scintillator materials; their relative brightness
observed by radiographic imaging apparatus seems to be suitable for estimation of their light yields

relative to each other.
4. Conclusions

A series of Ce-doped {RE}sAls012 and Y3(Al,Ga)sO12 garnets was successfully synthesized by quenching
of the melt in an Optical Floating Zone furnace, serving as a validation test of this method for high-
throughput screening of scintillating oxides. The composition of all samples was determined via X-ray
Powder Diffraction analysis and the garnet phase was present in all but one sample; GdsAlsO;, could not
be prepared by this method due to its instability at its melting temperature and GdAIO3 formed instead. In
all garnet samples, the lattice parameter a changed linearly with composition and closely followed the
reference values, the large Ce** ion causing a consistent slight increase over those values. At high Ga
concentrations, the lattice parameters noticeably decreased, most probably because of Ga volatility at high
temperatures. In order to quantitatively compare luminescence properties of these samples in the form of
opaque pellets, two approaches were tested — sintering at moderate and at very high temperatures. In the
former approach, dilatometer measurements were employed to obtain the sintering temperature needed

for the tested materials, which proved to result in a similar densification. In the latter approach, the high



temperatures involved caused spatial non-homogeneity of the emission across the pellet faces and

significant difference between both sides.

All garnet samples except those with high Ga content featured an intense photoluminescence with wide
Ce® 5d — 4f emission doublet peaking at ~ 500-580 nm depending on the sample composition. In
radioluminescence emission spectra, an identical intense emission was observed. Its position shifted in
accordance with the literature, Ga causing blue shift of the emission and substitution Lu — Y — Gd
causing progressive red shift of the emission. For Ga concentrations > 60 %, i.e. Y3Al,GazO1,, the
luminescence became severely quenched due to the thermal ionization of the Ce®* 5d excited state. The
energies of the two Gaussian components of Ce** 5d — 4f emission band were obtained from fits of the
measured room-temperature spectra and showed reasonably linear dependence on composition, with
small deviations at very high Gd content. Photoluminescence decay was found to be single exponential
(apart from Y3Al,GasO1, and Y3AlGa,012) and the decay times mirrored the trends in the Ce®* 5d — 4f
transition energies, changing reasonably linearly with composition. In the samples with high Ga content,
the decay became much faster and non-exponential, evidencing significant thermal quenching of the Ce®*

excited state.

The room-temperature radioluminescence properties of fabricated pellets were also evaluated by
radiographic imaging at the SEALab facility using polychromatic X-ray beam (W anode, 225 keV end-
point energy). The pellets sintered at very high temperatures had uneven brightness across their face in
the collected images, whereas the pellets sintered at moderate temperatures were rather consistent. Due to
the different amount of energy deposited by the X-ray beam into various samples and into different depth,
a simple model for absorbed dose delivered to the samples and the light losses by attenuation was
developed. Using this model, it was shown that the observed decrease of sample brightness between
LusAlsO;, and Y3Als01; is caused mainly by the variations in absorbed dose within the samples. Among
the samples tested, LuY,Als012:Ce, GdY,Al50,:Ce and Y3Als01,:Ce showed the highest relative light
yield at the given energy range (mean E responsible for the collected light was 45-55 keV). A very sharp
decrease in relative light yield was again observed with increasing Ga concentration, suggesting that

thermal ionization (quenching) occurred in those samples.



The quenching from melt and subsequent characterization of the produced polycrystalline materials in the
form of pellets was shown to be a fast and reasonably reliable method for screening scintillating
materials. The properties of synthesized garnets determined by rapid characterization techniques can be

then used to verify scintillator prediction models or provide input for scintillator performance models.
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Figure captions

Fig. 1 — NNSS’s scintillator evaluation and assessment apparatus setup: 1 — X-ray source; 2 — sample
holder (2a = front-face-imaging configuration, 2b = back-face-imaging configuration); 3 — reflecting

pellicle; 4 — camera.
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component in samples with high Ga content.
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Fig. 6 — Normalized radioluminescence emission spectra of “stage 3" sintered pellets showing the

gradual shift of emission under Lu — Y — Gd substitution in {RE}3Al501,:Ce.
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Fig. 7 — Measured sample brightness under X-ray excitation at SEALab, corrected for beam non-
uniformity: solid circles — “stage 2 sintered pellets, empty squares — “stage 3 sintered pellets; both

sides of each pellet were always measured.
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Fig. 8 — Nnyaer. / AE calculated from the measured brightness of “stage 2 sintered pellets (solid circles)

and “stage 3” pellets (empty squares) irradiated by X-ray photons at the SEALab facility.

Highlights

e Machine learning models for scintillator performance require self-consistent data.

e High-throughput screening needs a universal preparation technique.

e Multi-component aluminate garnets were synthesized by quenching of the melt.

e Structural and luminescence properties of powder samples were evaluated.

e Asimplified model was developed for interpretation of radioluminescence intensity.





