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Optical, luminescence and scintillation characteristics were studied in garnet-type GAGG single-crystal
scintillators grown by the Czochralski method and heavily doped with a cerium activator and a
magnesium codopant at different concentrations. Emission quenching due to the formation of closely
spaced Ce—Mg pairs accelerating the photoluminescence and scintillation decays down to a few nano-
seconds and substantial suppression of slower decay components are observed. We show that despite a
significant decrease in the scintillation yield, the coincidence time resolution and the afterglow, which
are the most critically important parameters of fast scintillators, exhibited by the heavily doped GAGG:-
Ce,Mg are superior to those in the state-of-the-art scintillators. Due to the peculiar feature of the GAGG
host to tolerate extremely high cerium and magnesium concentrations while still maintaining a bulk
single crystal form, this scintillator has a great potential for high-count-rate applications in high energy
physics experiments and industries with harsh operational environments, where a lower light yield can
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1. Introduction

Single crystal scintillators of general formula (Gd,Lu,Y);(Al,-
Ga);04,:Ce, usually referred to as multicomponent garnets,
were reported for the first time in combinatorial studies in
2011"? and immediately gained the immense interest of the
scintillator research community due to their high light yield
exceeding up to three times that of classical single-crystal
scintillators, such as Y3;Al;04,:Ce (YAG:Ce) or LuzAl;0;,:Ce
(LUAG:Ce) and approaching theoretical limits® (see ref. 4 for a
review). The growth of larger single crystals enabled by the
Czochralski method® is another practical advantage of the
multicomponent garnet-type scintillators, though the necessity
of using an iridium crucible due to the presence of Ga in the
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host composition makes their manufacturing more expensive.®
The host with composition Gd;Ga,Als O, (x = 2.5-3) became
the most intensively studied one, and this Ce-doped scintillator
is usually referred to as GAGG:Ce in the literature. The success
and origin of two- to three-fold increase in the light yield of this
solid solution are based on the ability to engineer the electronic
band structure of this material: the addition of Ga lowers the
bottom of the conduction band immersing shallow electron
traps in the lowered band edge,”® whereas the Gd admixture
ensures a sufficiently big energy barrier to prevent the ioniza-
tion of the Ce®" excited state 5d,.°”*' It is, however, worth
noting that GAGG:Ce scintillators cannot be used above room
temperature, because the barrier becomes insufficient to pre-
vent ionization at elevated temperatures,'* similar to LSO:Ce."?
Another positive contribution to the scintillation yield is caused
by atomistic inhomogeneities in the cationic sublattice
arrangement in GAGG, where local variations in the Ga content
induce variations in the bottom of the conduction band. Such a
“wavy” shape of the conduction band bottom limits the out-
diffusion of electrons from the ionization track and, conse-
quently, enhances their fast radiative recombination with holes
captured at cerium ions.™

An essential step towards further garnet scintillator optimi-
zation was accomplished in 2014 when Mg”"-codoping was
shown to accelerate the scintillation decay and (for low Mg

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration) even to increase the light yield in the LuAG:Ce
single crystal’® and ceramics'® following the strategy applied
for Ca- and Mg-codoped LYSO:Ce.'” Such an effect was
explained by the stabilization of Ce*" at the dodecahedral site
of the garnet lattice. The Ce"" ions can efficiently compete with
electron traps for the immediate capture of electrons from the
conduction band at the end of the conversion stage of the
scintillation process. This provides an additional pathway for
fast radiative electron-hole recombination at cerium ions and
accelerates the scintillation response and reduces delayed
luminescence. The combination of the band-gap and defect
engineering in the multicomponent garnet family described
above has been applied by many groups in the scintillation
community and enabled a deeper understanding of the complex
scintillation mechanisms in multicomponent garnets."*>°

An interesting effect of scintillation decay was revealed in
2014 in LUAG:Ce,Mg:"> upon heavy Mg-codoping, practically all
cerium ions are stabilized in the 4+ charge state: the scintillation
decay is strongly accelerated and the decay time of its dominant
component becomes substantially shorter (15 ns) compared to
that in LuAG:Ce without codoping (58 ns). Such a decay behavior
could apparently not be explained by thermal ionization of the
5d, excited state of the Ce®" ion. Several years later, this behavior
has been explained by the formation of Ce-Mg pairs, resulting in
a decreased energy barrier for luminescence quenching.’®*'

The quest for rare events in high energy physics (HEP)
requires increasing the accelerators’ luminosity, i.e. the rate
of collisions. The Large Hadron Collider (LHC) at CERN will
undergo an upgrade at the end of run 3 in 2025, named the
high-luminosity LHC. Precise timing will be instrumental in
coping with the increased particle rate to reconstruct the
particle tracks and reject background, see, for instance, the
upgrade plans of CMS** or LHCb.>® Co-doped GAGG:Ce,Mg
crystals offer time resolutions close to that of LYSO** but with
superior radiation hardness,**”*° thus being strong candidates for
light-based detectors in high-radiation environments. However,
the relatively long decay time of the currently available GAGG
crystals®® makes them prone to suffer from a high pile-up effect of
particles, thus degrading the performance of the detector. For
instance, at the LHC, the proton beams are split into bunches that
cross and collide every 25 ns; the decay times as long as 50-60 ns
may lead to scintillation spilling over into the following bunches
and signals from different particles pilling up. Consequently,
accelerating the scintillation decay time without losing time
resolution is of paramount importance. Moreover, if a decay time
reduction were to come at the expense of light yield, it would be
tolerable, because in HEP calorimetry, the energy deposited can
reach up to several hundreds of GeV, and even an advantage, as
some photodetectors might suffer in linearity and life expectancy.
Finally, the detection of photon or particle beams has also to be
accelerated down to nanosecond time scale in certain industrial
applications: super high-speed X-ray imaging technologies®” in
healthcare, industrial, and research applications also need robust
scintillator materials with such a fast response.

To achieve the targeted time resolution of scintillation
detectors of the order of tens of picoseconds, the processes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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limiting the resolution have to be studied down to the picose-
cond and subpicosecond domains. The transient optical
absorption technique in pump-probe configuration has been
initially demonstrated by Prof. R. T. William’s group to be a
useful tool for studying CsI:Tl, Nal:Tl, SrI2:Eu’® and later it was
exploited for studying a number of scintillators including YAG,
LUAG and GAGG:Ce.*>*° This technique enables probing the
population of nonequilibrium carriers in free and trapped
states as well as of those at activator ions. The capability of
selective excitation, simultaneous measurement of the spectrum
and time evolution of transient absorption allow for the identifi-
cation of components of induced absorption, whereas the time
resolution of the technique is limited just by the laser pulse
duration. Using a femtosecond laser enables a subpicosecond
time resolution, which becomes increasingly important as the
targeted time resolution of scintillator detectors approaches the
low end of the picosecond domain.

In this article, we show that the structure of Czochralski-
grown GAGG:Ce,Mg bulk single crystals allows for high con-
centrations of the Ce dopant and the Mg codopant, wherein the
scintillation decay can be accelerated down to units-of-
nanoseconds time scale, which is by a factor of ten faster
compared to those reported on Czochralski-grown multicom-
ponent garnets in earlier publications.**** Though such a
scintillation acceleration is achieved at the expense of light
yield, other scintillation characteristics remain competitive.
Thus, this material can find applications in high energy physics
and industry where such a fast response is critical and a lower
light yield can be tolerated.

2. Experimental section

2.1. Crystal growth and analysis

A GAGG:Ce,Mg single-crystal boule with a diameter of about
12.5 mm (see Fig. 1) was grown at the Institute of Physics of the
Czech Academy of Sciences using the Czochralski method from
the melt in the iridium crucible under an atmosphere of
nitrogen with the addition of 2% oxygen by using the Cyberstar
Mini-oxypuller machine. The initial melt content corresponded
to the composition Gd, 955Ce.015Mg0.03GazAl,0;,. Consuming
nearly all the melt in the growth process with segregation

23456
AlL1 2 3 456

Fig. 1 Photograph of the GAGG:Ce,Mg crystal grown using the Czo-
chralski method. Positions of plates used for characterization experiments
(PL1-6) and compositional analysis (AL1-6) are indicated.
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Fig. 2 Absorption (a) and normalized photoluminescence (b) spectra of
six GAGG:Ce, Mg plates PL1-6.

coefficients of Ce and Mg in the GAGG host lower than 1, the
content of the Ce dopant and Mg codopant along the boule
growth axis increases (see absorption spectra in Fig. 2). A set of
plates, PL1 to PL6, was prepared by cutting from the boule at
the positions indicated in Fig. 1. The plates were used in
optical, luminescence and scintillation measurements. Another
set of plates, AL1 to AL6, was prepared for composition analysis.
Plates AL4,5,6 were the same as PL4,5,6. All the plates were
1.2 mm thick with both faces polished. Starting from PL3,
towards the crystal end, tiny, hardly visible inclusions appear
in the crystal volume.

The chemical analysis of AL1-6 plates, as shown in Table 1,
was made using the electron microanalyzer Jeol JX-8230 with
energy — dispersive spectrometer Bruker QUANTAX 200 and
using software Esprit 2.2. X-Ray diffraction (XRD) analysis of a
sample cut just behind the AL6 plate confirmed the cubic
garnet structure fairly matching the 04-023-5738 card in the
database PDF4+, corresponding to composition Gd, ¢g5Cep.015-
GazAl,0;, without the presence of any parasitic phases. The
detailed Rietveld fitting in the crystallographic computing
system Jana2020 revealed two garnet phases with very close
elementary cell parameters, a, = 12.28279(5) A and a, =
12.29436(13) A, with their volume ratio of 0.8:0.2. The details
of this analysis are presented in Fig. S1 of the ESI;} the origin of
this structural peculiarity is not clear yet.

Table 1 Composition of plates AL1-6. “SC" stands for starting composi-
tion of the melt, the content values correspond to the coefficients in the
chemical formula (e.g., Gd; g55Ce0.015Mgg.03GazAlLO1, for SC), and “g” is
the fraction of melt volume consumed in the growth process at the
position of the plate

g Gd Ce Mg Ga Al
SC 2.955 0.015 0.03 3 2
ALl 0.065 2.917 0.0065 0.0051 2.787 2.284
AL2 0.155 2.944 0.0063 0.0053 2.813 2.231
AL3 0.416 2.978 0.0096 0.0058 2.845 2.160
AL4 0.618 2.954 0.0131 0.0039 3.043 1.986
AL5 0.703 2.959 0.0164 0.0060 3.108 1.982
AL6 0.789 2.952 0.0279 0.0112 3.251 1.758
6844 | Mater Adv, 2022, 3, 6842-6852
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The composition analysis shows that growing just a single
boule consuming nearly all the volume of the melt in the
crucible and cutting samples along the boule axis enabled us
to fabricate a set of GAGG:Ce,Mg samples with the content of
Ce increasing in samples from PL1 to PL6 in a wide range up to
heavy doping corresponding to the substitution of ~1% of
cations by the sum of Ce and Mg.

2.2. Methods and instrumentation

At the Institute of Physics of the Czech Academy of Sciences, the
radioluminescence spectra and the photoluminescence decay
upon excitation by the X-ray tube (Seifert GmbH) operated at 40 kv
and pulsed nanoLED 450 nm (Horiba IBH Scotland), respectively,
were recorded using a custom-made spectrofluorimeter based on
5000M Horiba Jobin Yvon equipped with TBX-04 photon counting.
Time-correlated single photon counting (1.2 ns FWHM of the
measured instrumental response) was used in the luminescence
decay measurements, whereas the decay was deconvoluted from
the instrumental response using SpectraSolve software package
Amex Photonics. The absorption spectra were recorded using the
Shimadzu 3101 PC spectrometer.

Experiments at CERN were performed using 1 x 1 x 5 mm®
samples cut out from each plate. Two opposite side faces were
optically polished, and all other faces were ground. For refer-
ence, three samples of the same size were prepared from
commercial GAGG:Ce fibers purchased from three producers:
C&A (Japan), Institut Lumiere Matiere (ILM, France), and
Fomos (Russia). These reference samples had only one-end
face ground and the remaining ones were optically polished.
Thus, the light output of the two sample groups was slightly
influenced by the different surface conditions. Nevertheless,
the reference samples provide a valuable indication of the
current state of the art of commercial GAGG scintillators.

The light output was measured at 20 °C after wrapping the
samples in a Teflon tape and coupling their 1 x 1 mm? face to
the calibrated Hamamatsu photomultiplier tube (PMT) R2059.
The PMT current was integrated within a 500 ns gate. A *’Cs
source was used for excitation.

The coincidence time resolution (CTR) is defined as the
resolution of the difference in detection time of two 511 keV
back-to-back gamma photons produced by a *?Na source. The
samples were wrapped in a Teflon tape and coupled to silicon
photomultipliers (SiPMs) HPK S13360-3050PE. The set-up is
described in ref. 42 and more details on the measurements are
provided in ref. 34.

The scintillation kinetics of the samples was measured
employing two time-correlated single photon counting (TCSPC)
set-ups. The first set-up had a picosecond-pulse X-ray tube
(<40 keV) as an excitation source and the stop detector realized
by Hybrid Photomultiplier tube HPM 100-07 Becker & Hickl
(see ref. 43 for more details). A bandpass filter with a 40 nm
FWHM band centered at 550 nm was employed to reduce stray
light. The second set-up exploited excitation by 511 keV gamma
photons emitted by a **Na source. The set-up is described in
ref. 44.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The scintillation kinetics was described by a multi-exponential
function with one rise time 1, and three decay times 14, as in ref. 43:

3 e*l/rd.i — e*//fr

fO) =010y 4 ———— 1)

Tdi — Tr

This was convolved with the instrumental response function (IRF) of
the setup and fitted to the data. The effective decay time was
defined as:

3 .
Loy ®)

Td,eff i—1 Td,i

measurements of the temperature dependence of photolumines-
cence decays and room temperature transient absorption were
performed at the Institute of Photonics and Nanotechnology,
Vilnius University. The photoluminescence decay kinetics in the
subnanosecond domain was measured using a Yb:KGW laser
(Pharos, Light Conversion), delivering 250 fs pulses at 1030 nm as
an excitation source. The photon energy has been tunably adjusted
using an optical parametric amplifier (Orpheus, Light Conversion)
and stepwise increased in a harmonic generator to resonantly excite
Ce* activator ions. The Becker&Hickl TCSPC module SPC-130
coupled with a cooled photomultiplier (PMC-150) was exploited to
record the photoluminescence decay with a time resolution of
200 ps. The dynamics of nonequilibrium carriers was studied in
a pump and probe configuration using the transient absorption
(TA) technique. The output of the femtosecond Yb:KGW laser
was divided into pump and probe beams. The pump beam was
equipped with an optical parametric amplifier and a harmonic
generator to tune the pump photon energy for resonant excita-
tion of Ce*" activator ions to their excited levels 5d; and 5d,.
The TA amplitude is proportional to the population of the
photoexcited electrons and was probed by the second beam
converted to a white light supercontinuum in the range from
1.3 to 2.7 eV (950-460 nm) after sharp focusing in a sapphire
plate. The probe beam was equipped with an optomechanical
delay stage enabling a tuneable delay from 0 to 10 ns between
pump and probe pulses with a subpicosecond precision. Thus,
the setup enabled measuring the time evolution of the TA
spectrum with a subpicosecond time resolution (see [ref. 45]
for more details).

3. Results and discussion

3.1. Absorption and photoluminescence spectra and decays

The absorption spectra presented in Fig. 2(a) evidence a pro-
gressive increase of Ce'" and Ce®*' as reflected by enhanced
characteristic charge transfer (CT) absorption of Ce*" below
approx. 380 nm and the 4f-5d; absorption band of Ce**
peaking at 440 nm, respectively. This is consistent with the
increasing Ce content in PL1 — PL6 samples (Table 1). It is the
consequence of the cerium segregation coefficient being lower
than one (estimated from the values of the Ce content in SC and
AL1 in Table 1 to be about 0.4) and the consumption of nearly
all the crucible content in the growth process.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PL spectra under excitation via the 4f-5d, absorption transi-
tion of Ce*", as shown in Fig. 2(b), show a typical broad 5d;-4f
Ce*" emission band. The absorption and emission bands show
a systematic blue shift along the crystal growth axis, in con-
sistence with the increase of Ga concentration (see Table 1),
which is known to cause a blue shift of the Ce®*' 4f-5d;
absorption and emission transitions."

The photoluminescence decays measured at the excitation and
emission wavelengths of 452 nm and 530 nm, respectively, are
presented in Fig. 3. The decay in sample PL1 with the lowest
content of Ce and Mg is nearly single-exponential with a decay
time of 46 ns. The decay in sample PC1, which has been prepared
with similar Ce content as in PL1, but without Mg codoping, is
also nearly single-exponential with a decay time of 55.1 ns. In
plate PL4 with a much higher content of Ce and Mg, the decay
becomes substantially accelerated and non-exponential with its
dominant fast component having a decay time of about 15 ns.
However, sample PC 4, a Mg-free analog of PL4, exhibits a nearly
single-exponential decay with the decay time of 48.3 ns of the
dominant component, ie. the decays of PC1 and PC4 are quite
similar. Thus, the presence of Mg is proved to be essential for the
photoluminescence decay acceleration in GAGG:Ce, in consistent
with the conclusions in ref. 30 and 31. The decays of all the
samples PL1-PL6 approximated by a sum of two exponentials are
shown for mutual comparison in Fig. S2 in the ESLT

3.2. Temperature dependence of photoluminescence
intensity and decay

Temperature dependence of the time- and spectrally-integrated
photoluminescence intensity is presented in Fig. 4 for two

10°G . T @k T T o
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Fig. 3 Normalized photoluminescence decays in GAGG:Ce,Mg samples
PL1 and PL4 and the reference Mg-free samples PC1 and PC4 with similar
Ce content and host composition: Gds 9g0Ce0.0053Ga2 520Al2 361012 for PC1
and Gds002Ce0.0138Ga.g25Al 98301, for PC4. Solid lines are convolutions of
mono- or bi-exponential functions /(t) and instrumental response IRF.
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Fig. 4 Temperature dependence of time- and spectrally-integrated
photoluminescence intensity of plates PL1 and PL6 under 442 nm excita-
tion by 250 fs laser pulses.

samples containing the lowest (PL1) and highest (PL6) Ce
content. It can be properly described by a single activation
energy E, according to the formula

V() =—— ®

1+ 4 exp (flf—;,)

where V.7 is the constant PL intensity value at low tempera-
tures and A is a fitting constant. The activation energy E, for
emission quenching decreases with the increasing Ce content
from 344 meV in PL1 down to 220 meV in PL6.

For plate PL1, the photoluminescence decay curves at differ-
ent temperatures in the range from 85 K to 700 K are presented
in the ESI,T Fig. S3(a). The decay curves at elevated temperatures
are close to a single exponential decay, whereas a bi-exponential
decay is observed below ~160 K. The decay times were extracted
by the exponential fitting of decay curves (see Fig. 5a)) and the
component of the highest intensity (circled points in Fig. 5) was
found after the calculation of partial intensities of each decay
component as As;/> Az The temperature dependence of the
decay time of the highest-intensity component is well described
by eqn (1) with the values for the decay time as V and with an
activation energy E, of 362 = 11 meV, which is close to that
derived from the temperature dependence of the spectrally
integrated photoluminescence intensity as shown in Fig. 4.

A quite different situation is observed in heavily doped
sample PL6 (see Fig. S3(b) in the ESI}): the decay can be
properly fitted only by involving three decay components, fast,
medium and slow, with the low-temperature decay time con-
stants of 1.2, 7, and 37 ns, respectively. Thermal quenching of
these components can be separately described by eqn (1) with
decreasing activation energies E, of 323 £ 30, 236 + 13, and 145 +
5 meV for fast, medium, and slow components, respectively (see
Fig. 5(b)). Only the activation energy of the medium component is
close to that obtained for photoluminescence intensity quenching
as shown in Fig. 4.

The strongly nonexponential and substantially faster lumi-
nescence decay in PL6 at low temperatures even at resonant
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Fig. 5 Temperature dependence of photoluminescence decay times in
sample PL1 (a) obtained from single- and bi-exponential fits of the decays
and in sample PL6 (b) obtained from three-exponential fits of the decay
curves, as described in the text. Solid lines represent approximations using
egn (1), and activation energies are indicated.

excitation to the 5d, emitting level of Ce® evidences the
presence of significant channels of nonradiative recombination
for the electrons which have relaxed here. The obtained experi-
mental results conclusively lead to the assumption that the
nonradiative channels are caused by Ce-Mg pairs. The exis-
tence of at least three different activation energies for lumines-
cence quenching might be interpreted by the contribution of
Ce*" ions paired with Mg ions at different distances (see Section
3.8 below), which are unavoidably discrete due to the available
positions of Mg in the crystal structure.

3.3. Transient absorption measurements

The first stages of the population of emitting level 5d; of the
activator ion Ce*" have been studied using the transient
absorption (TA) technique. Resonant excitations directly to
the levels 5d; and 5d, have been exploited. At resonant excitation
to 5d,, the TA spectrum was centered at 1.4 eV and the rising
part of the TA response was instantaneous within the time
resolution of ~250 fs. These features are expected for TA
probing the population of resonantly excited level 5d,, as men-
tioned in ref. 40 and 46. After the resonant excitation to the 5d,
level, which is already in the conduction band of the matrix
crystal GAGG,>'? the nonequilibrium electrons have two routes
to relax to the level 5d;: intracenter relaxation with the time
constant of ~500 fs, as mentioned in ref. 40 and via the
extended states in the conduction band. The importance of the
latter route is evidenced by the presence of another TA compo-
nent spectrally centered at 1.7 eV. The rise time of the TA
response due to the population of 5d; after electron relaxation
via the conduction band is usually attributed to the time

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Initial part of the transient absorption response to a short-pulse

(250 fs) excitation of six samples with the increasing doping level in the
samples from PL1 to PL6. The inset shows the rise times (see the text for
their definition) for the samples.

necessary for the electrons relaxed to the bottom of the conduc-
tion band or possibly to certain shallow traps to get back to the
cerium ion, as mentioned in ref. 40. This part of the TA response
is presented in Fig. 6. The inset in Fig. 6 shows the rise time
defined as the time period between the moment corresponding
to the peak TA and the moment corresponding to 5% of the peak
value (indicated by crosses in the main figure) for all samples
studied. The rise time decreases with the increasing doping level
from plate PL1 towards PL6 and is shorter than those observed
in GAGG:Ce before.*

The TA decay within the first few nanoseconds is presented
in Fig. 7. The data carpets for excitation to 5d, and 5d, levels are
shown in Fig. 7(a) and (b), respectively, whereas the decay kinetics
at typical probe photon energies are presented in Fig. 7 (c).
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Fig. 7 Data carpets for the transient absorption as a function of the probe
photon energy and the delay between pump and probe pulses under
excitation of Ce>* ions to their lowest excited level 5d; (a) and the second
lowest level 5d, (b) and the transient absorption decay kinetics (c) for
pump and probe photon energies as indicated in the legend in (c) and
marked by vertical lines of the corresponding color in (a and b). For
comparison, the decay of resonantly excited ptotoluminescence is pre-
sented in blue.
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Fig. 8 Radioluminescence spectra of GAGG:Ce,Mg samples PL1-PL6 and
a standard BGO sample under X-ray excitation (40 kV).

The decay is strongly nonexponential. It is worth noting that a
nonexponential decay is also observed at probing the population
of the lowest excited state 5d; after resonant excitation to this
level. This is an indication that the electrons disappear from the
level 5d; by radiative recombination which should result in an
exponential decay of the population. After excitation to 5d,, the
initial part of the TA decay is also affected by the electrons relaxing
via the conduction band, whereas the decay after the first few
nanoseconds proceeds at the same rate as that at excitation to 5d;.

3.4. Radioluminescence spectra

Radioluminescence spectra (see Fig. 8) are dominated by the
Ce*" emission band having a shape similar to that observed in
photoluminescence (Fig. 2). The radioluminescence intensities
of samples PL1-PL6 and standard BGO are quantitatively
compared in Fig. 8. The observed gradual decrease of lumines-
cence intensity in the sequence of samples from PL1 to PL6 is
consistent with the acceleration of the photoluminescence
decay (see Fig. S2 in the ESIY).

3.5. Light output

Light output was calculated using the photopeak position
under ’Cs excitation in all samples except for the sample
PL6 due to its low light output, which produced a total charge
during scintillation events comparable to background events and
an unresolved photopeak. However, the background events fea-
tured a time-profile different from the scintillation events, hence a
different pulse amplitude for the same integrated charge is
achieved, which separates the two groups. Rejecting the back-
ground with this pulse-shape discrimination made possible
extracting the average light output for scintillation events and
comparing it to that in other samples.

The light output in the tested GAGG samples ranged from
500 to 12 000 photons per MeV (see Table 2) and was lower than
that in the commercial reference samples. We also note that
light output achieved at reference samples was lower than that
reported for the same material in the literature®* due to the
higher aspect-ratio of the sample geometry employed here.
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Table 2 GAGG:Ce,Mg light output measured in samples PL1 to PL6 and
commercial samples for reference

Light output Light output

Sample (ph Mev ™) Commercial sample (ph Mev ™)
PL1 12000 + 600 GFAG C&A 20500 + 1000
PL2 7600 £ 380 GAGG Fomos 28300 + 1400
PL3 5200 £ 260 GAGG ILM 21000 £ 1100
PL4 3900 £ 190

PL5 2300 £ 230

PL6 500 + 300

3.5. Scintillation decay

The scintillation decays for all samples PL1-PL6 measured
under picosecond pulse X-ray and **Na radioisotope 511 keV
excitation are presented in Fig. 9 and Fig. S4, S5 in the ESI,{
respectively. The parameters of the rise and decay components
extracted from experimental results obtained at X-ray and
gamma-ray excitation are summarized in Table 3 and Table
S1 in the ESLf respectively. The scintillation decay is acceler-
ated with the increasing doping level consistently with the
photoluminescence decay (Fig. S2 in the ESIt). All the samples
exhibit scintillation decay considerably faster than that in the
reference samples, and no slow component is resolved above
80 ns. The calculated rise time is below the instrumental time
resolution for all the samples excited by X-rays.

In Fig. 10, the decays of photoluminescence and radiolumi-
nescence (excitation with X-rays and 511 keV photons of radio-
isotope >*Na) are compared for samples PL1 and PL6 (the
decays for samples PL2 to PL5 are presented in Fig. S6 in
the ESIt). Scintillation decays under X-ray and gamma-ray
excitation are significantly accelerated compared to the photo-
luminescence ones, which deserves a comment: it is known
that if a high density of elementary excitations occurs locally,
they might start to interact, which results in an efficiency loss
reflected, e.g., in the light yield loss*” and accelerated lumines-
cence decay.”® Such locally high excitation density occurs along
the ionization track when the excitation by X-ray or gamma-ray
photons is used.*® The local density even increases with the
decreasing energy of excitation photons (i.e., it is higher upon
X-ray excitation in this case), which explains the observed

-
o
©

-
]

Intensity (arb. u.)

-
<
0

90
Time (ns)

Fig. 9 Scintillation decay in samples PL1-PL6 under excitation by pico-
second X-ray pulses.
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Table 3 Scintillation rise time (z,), three decay times (t41, t42, t43), and
relative intensities of the corresponding components Ry, R, R3 after X-ray
excitation. The uncertainty is 25 ps and 5%, for the rise and decay times,
respectively. 745 is defined by eqn (2)

Td,eff
Sample 7, (PS) Tax (S) Ry (%) T4z (NS) Ry% 745 (nS) Rz (%) (ns)
C&A GFAG 32 6.0 4.6 44.5 69.2 222 26.3 41
ILM GAGG 37 4.0 3.2 40.4 56.4 138 40.4 40
Fomos GAGG 30 2.2 0.5 53.1 41.7 166 57.8 73
PL1 13 2.5 3.3 25.4 48.0 79.2 48.8 26
PL2 8 2.1 7.2 16.6 54.6 66.2 38.2 13.8
PL3 5 1.6 6.2 12.6 47.5 46.0 46.3 11.6
PL4 5 1.5 9.2 11.3 53.9 45.4 369 8.6
PL5 5 1.0 11.0 7.1 51.8 40.8 372 5.2
PL6 5 0.2 19.5 1.5 53.0 14.9 27.5 0.7

—— Laser 442 nm
—— Laser 341 nm
—— 511 keVy ' '
—— X-Ray tube

0

Intensity (arb. u.)
)

0 10 20 30 40 50 60 70 80
Time (ns)

Fig. 10 Luminescence decay after excitation by the 341 and 442 nm laser
pulses, picosecond X-ray pulses, and 511 keV photons in samples PL1 and
PL6.

differences in the course of the decay curves as shown in
Fig. 10 and Fig. S6 (ESIT).

3.6. Coincidence time resolution

The CTR values measured for 1 x 1 x 5 mm?® samples are
presented in Table 4. The samples under study have similar
CTRs except for sample PL6 having very low light output at
511 keV excitation and large uncertainty in the CTR estimation.

It is worth noting that the CTR of the samples studied is
comparable with that in the commercial reference samples.
Thus, all the samples exhibit competitive timing performance
in spite of the strong reduction in their light output.

The scintillator time resolution characterized as CTR is
known to be proportional to the square root of the decay time
(taer) to the light output (LO) ratio*****" According to our
results on the time evolution of the population of the emitting
level of the activator ion Ce®, the rise time (r,) in the studied
samples can be assumed to be equal within the experimental
uncertainty. Thus, the fact that the various samples show

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Coincidence time resolution (CTR) measured for 1 x 1 x 5 mm?
samples wrapped in a Teflon tape and coupled using optical grease
Rhodorsil to SiPM HPK13360 3050PE

Sample CTR (ps) Commercial sample CTR (ps)
PL1 143 + 3 GFAG C&A 127 £ 3
PL2 149 + 3 GAGG Fomos 154 + 3
PL3 141 £+ 3 GAGG ILM 133 £ 3¢
PL4 136 £ 5

PL5 148 + 5

PL6 170 + 10

% No well-defined photopeak.

similar CTR with different doping content demonstrates how
the doping-induced reduction in the light yield is compensated
by the decrease of the decay time. As a result, a significant
shortening of the scintillation decay time is achieved by heavy
doping of GAGG:Ce,Mg at no significant degradation of the
time resolution in CTR experiments.

3.7. Afterglow

The afterglow of all the samples was studied up to 250 ms. The
results are shown in Fig. 11 in comparison with the afterglow in
a standard BGO sample. Scintillation intensity drop by nearly
four orders of magnitude is observed in all the samples within
10-15 ms after X-ray excitation is terminated. The drop is
comparable with that in BGO which is known as an extremely
low-afterglow scintillation material.

3.8. Ce-Mg pairs: model considerations

The correlation of the increase in the Ce + Mg concentration
with the simultaneous decrease in the scintillation intensity
and the light yield accompanied by the acceleration of photo-
luminescence and scintillation decays described above is a
clear indication that the Ce-Mg pairs introduce an additional
channel for emission quenching. It is interesting to find out the
average distance at which the Ce and Mg ions can build a pair.
The distance might be estimated just from the Ce-Ce distance
and its dependence on Ce concentration. In Fig. 12, the number

0 T T T T ]
10 ——BGO standard
——PL1
310 —hs '
s ——PL4
~10 PL5
2
£ .
§10
£
10*
10°
50 100 150 200 250
Time (ms)

Fig. 11 Spectrally integrated afterglow in samples PL1-PL6 and standard
BGO sample for reference after X-ray excitation (40 kV 15 mA~%). The
curves are shifted horizontally for clarity.
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No. of Y atoms in YAG structure

10 100
Distance from central Y atom (A)
Fig. 12 Calculated number of yttrium cations contained within a sphere
in the YAG lattice around a single Y cation as a function of the sphere
diameter. Arrows indicate the average Ce—Ce distance at the indicated Ce
concentrations in the crystal.

of yttrium cations in the analogous YAG structure is calculated
as a function of the diameter of the sphere around a central
yttrium ion. For the cerium concentration at the level of 1 at%
(1 cerium ion per 100 yttrium ions), the average Ce-Ce distance
is about 12 A, which means that Mg ions added at similar or
even lower concentrations can constitute Ce-Mg pairs with an
average distance of about 6 A. For 0.1 at% Ce, this estimated
Ce-Mg average distance is equal to 13 A. In the former case,
there are only about 10 dodecahedral sites available, so that the
set of available Ce-Mg distances will have a distinct discrete
character. In sample PL6, Ce concentration is so high that the
photoluminescence decay at low enough temperatures can be
approximated by a sum of three exponentials (see Section 3.2
and Fig. S3 in the ESIt), which could be interpreted by the
dominating emission of the Ce-Mg pairs separated at three
available distances resulting in three dominating quenching
processes governed by different energy barriers.

4. Conclusions

The cubic structure of GAGG allows embedding a very high
concentration of cerium dopant and magnesium codopant, up
to approx. 1 at% and 0.5 at%, respectively, in the Czochralski-
grown single crystal without deteriorating the high structural
quality of the single crystal evidenced by XRD measurements.
Such a heavily doped crystal does tend to contain micrometer-
sized inclusions of parasitic phases with their density increasing
towards the crystal end. Thus, further growth procedure optimi-
zation is necessary to eliminate such inhomogeneities.

At the highest achieved Ce and Mg concentrations, the
average distance between the ions in Ce-Mg pairs becomes
smaller than 10 A. As a result, just a few discrete structure-
determined distances are available for the partners in the pair.
Upon acceptance of the hypothesis of emission quenching in
Ce-Mg pairs provided in recent papers,*®*" such a situation can
explain the observation of two- or three-exponential decay in a
wide temperature range up to a certain limit above which the
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classical thermal quenching overrides the effect of quenching
in Ce-Mg pairs.

Transient absorption measurements show that the popula-
tion of the Ce*" emitting level 5d, after excitation to the 5d,
level (situated in the conduction band) becomes larger with the
increasing doping level. This effect might be interpreted by
Coulomb-interaction-enhanced acceleration of electron capture
by Ce*", germinal or external, with increasing Ce-doping.

Scintillation efficiency and light yield smoothly decrease
with the increasing Ce and Mg content, whereas both the
scintillation and photoluminescence decays are accelerated.
The dominant decay components in photoluminescence and
scintillation show similar values of the characteristic decay
times, well below 10 ns at the highest dopant concentration,
which proves the absence of any decelerating processes in the
scintillation mechanism. Despite the significantly lowered light
yield in the crystal with increasing doping, the CTR values
remain competitive with those of the fastest GAGG-based
scintillators reported in the literature so far. Moreover, the
samples feature an ultralow afterglow on the millisecond time
scale. Such a combination of scintillation characteristics makes
this material very competitive for precision timing in high-
luminosity HEP experiments and high-speed X- and gamma-ray
imaging and beam diagnostics in industry and medical applica-
tions. For instance, the accelerated decay time will be instrumen-
tal to mitigate the pile-up of signal spilling over from one bunch
crossing to the next ones in detectors at the high-luminosity LHC,
or any future collider, without loss of time resolution, crucial for
reconstructing the multiple tracks produced in the particle
collisions.

The results of this study expand significantly the range of
applications that GAGG:Ce,Mg can cover, as this scintillator is
proved to be a versatile material with scintillation properties
that can be finely tuned by varying the material composition
according to the application requirements.
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