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Acceleration of scintillation response in Sc,Ca,Mg-
codoped YAG:Ce crystals†

Ia. Gerasymov, a S. Tkachenko,a D. Kurtsev,a D. Kofanov,a O. Viahin,a

P. Maksimchuk,a I. Rybalka,a B. Grynyov,a J. Delenne,b L. Martinazzoli, bc

L. Roux, bd E. Auffray,b A. Padmanabane and O. Sidletskiy *ae

This study explores fast-timing garnet scintillators as potential candidates for future high-energy physics

detectors. Sc-codoped YAG:Ce crystals were successfully grown for the first time using the Czochralski

method in a reducing atmosphere from tungsten crucibles. Scintillation decay times were accelerated

through codoping of Y3Al5O12:Ce (YAG:Ce) with Sc3+ and divalent alkaline earth metal cations (Ca2+, Mg2+).

The resulting codoped YAG:Ce exhibited a decay time of 21 ns and a high light yield of 14000 photons per

MeV, making it a strong candidate for future detectors at the HL-LHC, where particle collisions occur every

25 ns. The study also examines correlations between cation substitutions and the optical and scintillation

performance of Ce-doped Al3+/Sc3+-substituted garnets, comparing them with known counterparts.

1. Introduction

Yttrium aluminum garnet doped with cerium (Y3Al5O12:Ce, or
YAG:Ce) is a well-established phosphor and scintillation
material that has recently regained attention due to
advancements in scintillation performance. These
improvements include an increased light yield exceeding
33 000 photons per MeV,1–3 high radiation tolerance,4,5 and
cost-effective crystal fabrication technologies.6–8

Despite these advantages, YAG:Ce has limitations for fast-
timing applications, such as next-generation high-energy
physics experiments at colliders9 and time-of-flight positron
emission tomography (TOF-PET).10,11 Its primary drawback is
a relatively slow luminescence decay, with the main
component ranging from 55 to 120 ns, alongside slower
decay components and afterglow effects.11–13 Meanwhile, the
high-luminosity large hadron collider (HL-LHC) at CERN
operates at a 25 ns−1 collision frequency, requiring
scintillation signals to be registered within a <25 ns window
to prevent pile-up.14

In Ce-doped garnets, slow luminescence decay is primarily
attributed to the intrinsically long Ce3+ lifetime of 50–60 ns
in garnet hosts. Additionally, intrinsic lattice defects—such
as cationic antisites (A3+ and B3+ substitutions in the
A3B5O12 lattice), oxygen and Al3+ vacancies, and their
combinations—contribute to delayed scintillation.15,16

Furthermore, garnets grown in CO-containing atmospheres
using cost-effective W or Mo crucibles often incorporate
carbon-related defects. Interestingly, these defects can
enhance scintillation performance by creating negatively
charged centers that suppress electron trapping and the
formation of color centers associated with positively
charged defects.17–19

Reducing luminescence decay time below the intrinsic
Ce3+ lifetime is only possible by introducing non-radiative
processes, which inevitably compromise light output. This
can be achieved by substituting Al3+ with Ga3+ or Sc3+ and/or
by doping with divalent alkaline earth metals. These
modifications influence competing mechanisms of electron
ionization from Ce3+ 5d excited states into the conduction
band, as detailed in.20–22 While Ga incorporation reduces
decay time, it significantly increases production costs, as
gallium-containing garnets (e.g., Gd3Al5−xGaxO12:Ce, GAGG:
Ce) require high-cost Ir crucibles and an inert or weakly
oxidizing atmosphere for large-scale growth.9 In contrast,
Sc3+ functions similarly to Ga3+ by forming conduction band
states via its 3d orbitals, thereby reducing the energy gap
between the Ce 5d1 level and the conduction band bottom
and inducing non-radiative electron transitions.22 However,
unlike Ga2O3, scandium oxide remains stable under reducing
conditions, making it suitable for crystal growth in W and
Mo crucibles.
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Recent experiments on the crystal growth of Sc-doped
garnets have employed various methods, including micro-
pulling-down,23–25 liquid phase epitaxy (LPE),26,27 optical
floating zone (OFZ),28 and Bridgman.29 However, each of
these techniques has intrinsic limitations that can degrade
crystal/film quality and scintillation performance. For
instance, the OFZ method introduces high thermal gradients,
leading to crystal cracking; the micro-pulling-down technique
suffers from radial activator segregation; the Bridgman
method often results in compositional inhomogeneities due
to poor melt mixing; and LPE-grown films exhibit very low Ce
distribution coefficients. These factors likely contribute to
the slow scintillation decay and moderate-to-poor light yield
observed in these crystals,23–29 as discussed in detail in the
Discussion section.

The Czochralski method, by contrast, avoids these
drawbacks and remains the primary technique for industrial-
scale production of many dielectric and semiconductor
crystals. Growth of Y3Al5−xScxO12 (YSAG) with Sc contents
ranging from 0 to 2 f.u. in the melt using this method has
been reported in ref. 30 and 31. The Y2O3–Sc2O3–Al2O3

system supports a broad range of garnet-structured solid
solutions, though no ternary garnet has been found to melt
congruently.31 The segregation coefficients KSc = 0.83, KAl =
1.16, and KY = 0.96 (ref. 31) close to unity suggest a relatively
uniform distribution of host components along the ingots.

A major advantage of YSAG over Gd3Al5−xScxO12 (GSAG) is
its tunable host composition and electronic structure through
Sc3+ doping. In contrast, GSAG garnet formation is restricted
to compositions near the congruently melting Gd2.88Sc1.89-
Al3.23O12.

31 As a result, prior studies22–26,28–30,32

predominantly focus on compositions close to Gd3Sc2Al3O12,
where Sc3+ substitutes Al3+ almost exclusively in octahedral
sites. The only reported study on Ce-doped GSAG grown by
the Czochralski method, dating back to 1994,32 found a decay
time of 120 ns but a relatively high light yield under γ-ray
excitation—approximately 30% that of NaI:Tl. Additionally,
the effect of Sc3+ doping on the energy barrier height for Ce3+

5d1 ionization in Gd2.97Ce0.03Ga2.5Sc1Al1.5O12 (GASGG:Ce) was
demonstrated in ref. 22.

The acceleration of rise and decay times in Ce-doped rare-
earth garnets through the introduction of divalent alkaline-
earth metal ions has been extensively studied.33–40 When
alkaline-earth metals substitute Y3+ or Al3+ sites, they
introduce additional negative charge into the lattice, which is
compensated by the partial oxidation of Ce3+ to Ce4+.
Moreover, Mg2+ ions are believed to form complexes with
Ce3+/Ce4+, facilitating hole transfer to luminescence centers
and thereby enhancing scintillation efficiency.18,19

Promising results in YAG:Ce have been obtained through
dual Ca2+–Mg2+ codoping.3 In these studies, Ce3+ absorption
intensity decreased nearly to zero, while the shortest
scintillation decay time of 26 ns was observed in a sample
where approximately 4% of Ce remained in the trivalent
state. Based on ionic radii r(Ca2+) = 0.112 nm (8-fold
coordination) and r(Mg2+) = 0.072 nm (6-fold coordination)—

Ca2+ is expected to preferentially occupy dodecahedral Y3+

sites (r(Y3+) = 0.102 nm), while Mg2+ is likely to replace
octahedral Al3+ sites (r(Al3+) = 0.054 nm). This selective
incorporation enables precise control over defect structure
and concentration in these sublattices.

Despite these advances, further reduction of the effective
decay time below 26 ns has proven challenging.3 However, a
decay time of 21 ns was reported for Al/Ga-substituted YAGG:
Ce,Ca,41 while ultrafast decay times below 1 ns were achieved
in Al/Ga-substituted GAGG:Ce,Mg (ref. 42) through a
combination of bandgap engineering and divalent cation
doping. These findings highlight the potential of Sc-doped
YAG:Ce as an alternative to Ga doping, particularly when
combined with Ca2+–Mg2+ codoping. Further investigation
into the interplay between Sc3+ substitution and divalent
cation doping is necessary to optimize the scintillation
properties of these materials.

This work presents, for the first time, the crystal growth
and characterization of Y3Al1−xScxA3O12:Ce with Sc
concentrations of x = 0.05, 0.25, and 1.25. Additionally, YSAG:
Ce was codoped with Ca2+ and Mg2+ to regulate the charge
states of Ce ions and enhance carrier transfer to Ce3+/Ce4+

luminescence centers. All crystals were grown using the
Czochralski method under a reducing Ar + CO atmosphere in
tungsten (W) crucibles.

2. Experiment
2.1 Crystal growth and sample preparation

Three sets of crystals were grown by the Czochralski method
from 50 mm diameter W crucibles in Ar + CO reducing gas
atmosphere. Details of the Czochralski process under these
conditions may be found elsewhere.7,8 The melt compositions
were (Y1−y−zCe0.01CayMgz)3Al2−xScxAl3O12 (x = 0.01, 0.05, 0.25; y =
0, 0.0075, 0.01; z = 0, 0.0025), corresponding to 1 at%, 5 at%,
25 at% Sc3+ in respect to the overall content of Al3+ ions
(Table 1). The first set included YSAG:Ce crystals with the three
mentioned Sc3+ concentrations. The second set involved
crystals with the same Sc3+ concentrations codoped with 1 at%
Ca2+. In the third set, crystals with the same Sc concentrations
as in the previous sets were codoped with 0.75 at% Ca2+ and
0.25 at% Mg2+, as these dopant concentrations provided the
best combination of light output and decay time in YAG:Ce,Ca,
Mg.3 The pulling rate during growth was 1.7 mm h−1, the

Table 1 Compositions of melts for crystal growth

Crystal Ce, at% Sc, at% Ca, at% Mg, at%

YAG:1Ce,1Sc 1 1 — —
YAG:1Ce,5Sc 1 5 — —
YAG:1Ce,25Sc 1 25 — —
YAG:1Ce,1Sc,1Ca 1 1 1 —
YAG:1Ce,5Sc,1Ca 1 5 1 —
YAG:1Ce,25Sc,1Ca 1 25 1 —
YAG:1Ce,1Sc,0.75Ca,0.25Mg 1 1 0.75 0.25
YAG:1Ce,5Sc,0.75Ca,0.25Mg 1 5 0.75 0.25
YAG:1Ce,25Sc,0.75Ca,0.25Mg 1 25 0.75 0.25
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crystal rotation speed was 10 rpm. The starting raw materials
for growth were yttrium oxide, cerium oxide, magnesium oxide,
calcium oxide, aluminum oxide, and scandium oxide of
99.99% purity, without prior solid-phase synthesis. Samples of
5 × 5 × 2 mm3 with polished sides of 5 × 5 mm2 for optical and
scintillation measurements were cut from the crystals and
annealed in air atmosphere for 48 hours at 1500 °C at
atmospheric pressure.

2.2 X-ray diffraction analysis

X-ray phase analysis of powders was carried out using a
SmartLab SE X-ray diffractometer from Rigaku. The diffraction
patterns were obtained using Cu-Kα radiation at U = 40 kV, I =
50 mA. Data analysis was performed using the Rietveld method.
Further, the crystal structure of Y3Al5−xScxO12 garnet was refined
using the Rietveld technique. The refinements employed the
following atomic positional coordinates in the cubic unit cell:
Y3+ at the 24c site (1/8, 0, 1/4), Al/Sc at the 16a and 24d sites (0,
0, 0 and x, 0, 1/4), and O at the 96 h site (x, 0, z). The profile
shape and width (FWHM) were modeled using a pseudo-Voigt
function and the Caglioti relationship (FWHM2 = u tan2θ + v tan
θ + w), while the background was approximated by linear
interpolation between a set of background points with definable
heights. During refinement, the following parameters were
varied: zero shift, scale factor, peak width parameters (u, v, w),
lattice parameters, positional coordinates, and thermal
parameters. The composition was fixed at the nominal value.
Refinements for each composition converged rapidly, typically
within a few cycles.

2.3 Optical measurements

The absorption spectra of the samples were measured using
a PerkinElmer LAMBDA 650 UV/vis spectrometer. The
instrument provided with a deuterium and halogen lamp
and covers the wavelength range of 190 nm to 900 nm. The
light passes through a monochromator and then split into
two branches. One of the monochromatic light beams, whose
intensity can be tuned by means of an iris, traverses the
crystal sample placed on a moving stage. The other beam is
instead employed to monitor instrumentation drift during
the acquisition. Both beams were focalized through a
photomultiplier measuring their intensity.

The photoluminescence spectra as well as the
photoluminescence excitation spectra of crystals were
measured with Perkin Elmer LS55 automatic
spectrofluorometer. The spectrofluorometer emits a tunable
monochromatic beam of light onto a sample and measures
the intensity of luminescence as a function of its wavelength.

2.4 Light output and scintillation decay

The pulse-height spectra of the samples were measured using
a Hamamatsu R2059 PMT, an analogue attenuator, and a
DT5720 CAEN digitizer working in charge integration mode.
The PMT is biased at 2500 V, providing sufficient gain to
resolve the charge of single photoelectron pulses. That allows

to convert the total charge of a scintillation event to
photoelectrons produced. The number of photons impinging
on the PMT is obtained by correcting for the average
quantum efficiency of the PMT, computed as the weighted
average of the scintillator's emission and the PMT's quantum
efficiency. The crystals were wrapped in Teflon on all faces
coupled with Rhodosil grease to the PMT window. The 137Cs
(662 keV) gamma radioactive source was used for excitation
of scintillations. The whole setup was enclosed in a
temperature controlled black box.

The scintillation decay curves were measured using a time
correlated single photon counting (TCSPC) setup.43 A pulse
diode laser (Pico-Quant, PDL 800-B) was used as an excitation
source of an X-ray tube XRT N5084 from Hamamatsu. It
generated an X-ray beam with a continuous energy spectrum
between 0 and 40 keV (with a ≃10 keV mean energy). The
beam was collimated on the tested sample with a brass plate,
and its scintillation light was collected using a hybrid
photomultiplier (HPM 100-07 Becker Hickl) working in
TCSPC mode. A 420 nm long pass filter was placed in front
of the hybrid photomultiplier to suppress air excitation
contribution to the emission distributions. The
measurements were done hitting the sample on one surface
and detecting the emitted light from the same surface
(reflection mode). The repetition rate of excitation pulse was
500 kHz, and the time window of registration was 1–2 μs,
depending on the sample decay time. The signal of the
hybrid PMT was then fed to an amplifier and timing
discriminator and was then used as the stop signal of a time
to digital converter, while the start was provided by an
external trigger of the pulse diode laser. Scintillation time
profile for each sample was mathematically described with a
multi-exponential function:

f ðtjθÞ ¼
X3
i−1

ρi·
exp − t − θ

τd;i

� �
− exp − t − θ

τr;i

� �

τd;i − τr;i
·Θ t − θð Þ þ ε;

where τr,i and τd,i are the i-th components of the rise and

decay time constants respectively, while ρi is the weight of
the i-th component, θ is the instant above which the
scintillation pulse starts and ε is the background. The
scintillation pulse function defined above was then
convoluted with the impulse response function (IRF) of the
setup (≃180 ps FWHM) to fit the decay spectra obtained. The
effective decay time was defined as:

1
τd;eff

¼
X3
i¼1

Ai
τd;i

:

3. Results
3.1 Crystal growth

Photos of some as-grown crystals are presented in the Fig. 1.
The crystals had diameters of about 18 mm and lengths of
up to 60 mm. The sets of Sc,Ce-codoped (Fig. 1a–c) and Sc,
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Ce,Ca-codoped (Fig. 1d–f) crystals contained few inclusions
in the form of bubbles, while cracks were observed only in
crystals with a large amount of scandium, see Fig. 1f.

Samples cut from the crystals before (Fig. 2a) and after
annealing (Fig. 2b) under daylight and UV light are presented
below. The Ca2+-containing crystals became almost colorless
after annealing, while the well-known yellow-green
luminescence of Ce3+-doped garnets was not observed under
UV irradiation (Fig. 2a and b).

Mg-codoped crystals (Fig. 3) were not homogeneous in
the entire bulk, with a large number of gas inclusions,
apparently due to the dissociation of magnesium oxide
in a reducing atmosphere and temperature of about
2000 °C.

Nevertheless, samples from transparent parts were
produced (Fig. 4). Ca2+–Mg2+-codoped crystals had no
coloration, except for the 25 at% Sc sample
YAG:1Ce,25Sc,0.75Ca,0.25Mg. This may be due to the high
Sc3+ concentrations preventing incorporation of Mg2+ into
the crystal lattice and stabilizing Ce in the trivalent state.

3.2 Crystal structure and host composition

Fig. 5(a) presents the room temperature powder X-ray
diffraction (PXRD) patterns of Y3Al5−xScxO12 garnet with x =
0.05, 0.25, and 1.25. The diffraction peaks in all patterns can
be indexed to the cubic Ia3̄d space group, indicating a single-
phase garnet structure. Notably, no impurity peaks are

observed in the PXRD patterns. A shift in the peak positions
(see the example of the peak around 33.5° in Fig. 5(b))
towards lower 2θ values is observed with increasing Sc
content, consistent with the larger ionic radius of Sc3+ (74.5
pm) compared to Al3+ (53.5 pm). This shift suggests an
increase in lattice parameter and unit cell volume with
increasing Sc3+ substitution. Sc3+ content was evaluated
based on the lattice parameters of 12.01 Å in Y3Al5O12 (ref.
44) and 12.271 Å in Y3Al5−xScxO12 (ref. 45) assuming a linear
dependence between lattice parameters and Sc content. The
Sc content in crystals is x = 0.030, 0.245, and 1.234 at

Fig. 1 As grown crystals from the melts with composition: (a) YAG:1Ce,1Sc, (b) YAG:1Ce,5Sc, (c) YAG:1Ce,25Sc, (d) YAG:1Ce,1Sc,1Ca, (e)
YAG:1Ce,5Sc,1Ca, (f) YAG:1Ce,25Sc,1Ca.

Fig. 2 Samples fabricated for optical and scintillation measurements (from left to right – YAG:1Ce,1Sc, YAG:1Ce,5Sc, YAG:1Ce,25Sc,
YAG:1Ce,1Sc,1Ca, YAG:1Ce,5Sc,1Ca, YAG:1Ce,25Sc,1Ca) before (a) and after (b) annealing under daylight (top) and UV (bottom).

Fig. 3 As grown crystals from the melts with composition: (a)
YAG:1Ce,1Sc,0.75Ca,0.25Mg, (b) YAG:1Ce,5Sc,0.75Ca,0.25Mg, (c)
YAG:1Ce,25Sc,0.75Ca,0.25Mg.
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corresponding x = 0.05, 0.25, 1.25 in the melt, pointing at the
segregation coefficient close to unity.

The excellent fit between observed and calculated
profiles is evident in Fig. S1,† displaying nearly flat
difference profiles, which also confirms no impurity phases
present in analyzed compositions. The refined unit cell
parameters, positional coordinates, bond lengths, and
agreement factors (goodness of fit, χ2) are summarized in
Table S1.† These results confirm that Sc3+ substitution does
not induce a structural phase transition, maintaining a
monophase cubic structure in the Ia3̄d space group for all
the compositions.

3.3 Optical and luminescent properties

The absorption spectra of YAG:Ce,Sc crystals (Fig. 6) contain
three bands with maxima around 460 nm, 340 nm, 225 nm,
attributed to 4f–5d1, 4f–5d2, 4f–5d3,4,5 transitions in trivalent
cerium, respectively.1 In the absorption spectra of the YAG:
Ce,Sc,Ca crystals, only one Ce3+ band at 460 nm is observed,
while a broad unresolved band is also present in the UV
region. The increase in the absorption intensity in the UV
region in Ca2+-codoped crystals is attributed to the Ce3+

transfer into the tetravalent state and the formation of the
Ce4+–O2− charge transfer state (CTS).33 The change of Ce
valency is confirmed by the weakening absorption band at
460 nm associated with the 4f–5d1 transition in Ce3+. This is
consistent with the discoloration of the samples (see Fig. 4).

With increasing Sc concentration, the long-wavelength edge
of the absorption band shifts to the blue region, both for Ca-
free and Ca-containing crystals. The opposite effect, a red
shift, is observed for the short-wavelength absorption bands
due to a change in the crystal field strength with its
subsequent influence on the splitting of cerium levels.46

The luminescence excitation and emission spectra of YAG:
Ce,Sc and YAG:Ce,Sc,Ca (Fig. 7) involve the characteristic 5d–
4f Ce3+ luminescence band peaked at about 540 nm at
excitation wavelengths of 350 nm and 440 nm. Sc3+ induces
the blue spectral shift of the luminescence and first
excitation bands. In contrast, the band peaked at about 340
nm, corresponding to the 4f–5d2 transition of Ce3+ ion,
undergoes a red shift, consistently with the absorption
spectra of the crystals, see Fig. 6. Similar shifts were observed
in the Lu2Y(Al5−xScx)O12,

27 YAGG:Ce,47 and GAGG:Ce (ref. 33)
mixed garnets.

The band of unidentified nature peaked at 390 nm is
observed in the excitation spectrum of the YAG:1Ce,5Sc,1Ca
crystal (left red curve in Fig. 7b), which may be related to
contamination with an unidentified impurity. Remarkably,
the 340 nm band corresponding to the 4f–5d2 transition in
Ce3+ weakens in Ca2+-containing crystals because of the
increased absorption at λ < 350 nm attributed to Ce4+–O2−

charge transfer complex.
The absorption and photoluminescence spectra (Fig. 8) of

the third set of crystals additionally codoped with
magnesium (YAG:Ce,Sc,Ca,Mg) qualitatively does not differ

Fig. 4 Crystalline samples (from left to right – YAG:1Ce,1Sc,0.75Ca,0.25Mg, YAG:1Ce,5Sc,0.75Ca,0.25Mg, YAG:1Ce,25Sc,0.75Ca,0.25Mg) after
annealing under daylight (a) and UV (b).

Fig. 5 (a) Room temperature powder X-ray diffraction patterns of Y3-
Al5−xScxO12 garnet x = 0.05, 0.25, and 1.25. (b) Magnified view of peak
shifting to low 2θ side with increasing x.

Fig. 6 Absorption spectra of YAG:Ce,Sc and YAG:Ce,Sc,Ca crystals, as
well as YAG:Ce for reference.
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from the spectra of the Mg-free ones in the first two sets (see
Fig. 6 and 7). No Ce3+ absorption was detected in the Ca2+–Mg2+-
codoped crystals with 1 and 5 at% of scandium, alongside with
the strong absorption at λ < 350 nm attributed to the Ce4+–O2−

charge transfer complex (Fig. 8a). The behavior of luminescence
emission and excitation curves of Ca–Mg-codoped crystals with
1 and 5 at% Sc is identical to those of the Mg-free crystals (see
Fig. 7). In the luminescence excitation spectrum of the 25 at%
Sc crystal, the band peaked at about 350 nm attributed to 4f–5d2
transition in Ce3+ is observed, which is typical for YAG:Ce

without codoping. Also, in the excitation spectra of samples with
1 and 5 at% of scandium (left black and red curves in Fig. 7b)
there is the band of unknown nature in the region of 380 nm,
which may be associated with impurities or defects.

3.4 Scintillation properties

Pulse-height spectra of YAG:Ce,Sc and YAG:Ce,Sc,Ca crystals
presented in Fig. 9 display a clear trend to decrease in light
output with Sc3+ concentration. The photopeak is clearly

Fig. 7 Normalized photoluminescence excitation and emission spectra of crystals annealed in air: (a) YAG:Ce,Sc, λex = 350 nm, λem = 540 nm, (b)
YAG:Ce,Sc,Ca, λex = 440 nm, λem = 540 nm.

Fig. 8 (a) Absorption spectra of YAG:Ce,Sc,Ca,Mg crystals, (b) photoluminescence excitation spectra (left) and spectra (right) of YAG:Ce,Sc,Ca,Mg
crystals annealed in air.

Fig. 9 Pulse-height spectra of the crystals: (a) YAG:Ce,Sc, (b) YAG:Ce,Sc,Ca under gamma quanta excitation by 137Cs source with energy of 662
keV.
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distinguishable in all the Ca-containing crystals and
YAG:1Ce,1Sc, while it is difficult to determine the precise
photopeak position in the rest (Fig. 9a). The values of light
output are summarized in Table 2. The highest light output
of 28 900 photons per MeV is registered in the YAG:1Ce,1Sc
crystal. This value almost coincides with the light output of
the YAG:Ce crystal,1 grown from a tungsten crucible under
the same conditions. The lowest light output of
approximately 3900 photons per MeV was registered for
YAG:1Ce,25Sc,1Ca sample.

The luminescence decay curves under X-ray excitation
(Fig. 10) and the values of luminescence decay times given in
Table 2 suggest that codoping with both Sc3+ and Ca2+

accelerate scintillation decay. Thus, a shortest τeff of 16.3 ns
is achieved in the YAG:1Ce,25Sc,1Ca crystal. It should be
noted that although the ultrafast subnanosecond component
appears in the decay curves of the Ca-free crystals, they also
have a very slow component with a lifetime of few hundred
nanoseconds. Ca2+-codoping allows to suppress this slow
component significantly.

Among the samples, YAG:1Ce,25Sc and YAG:1Ce,25Sc,1Ca
crystals with the addition of 25 at% Sc in solid solution
demonstrated the fastest luminescence decay. The light
output, however, is remarkably reduced to 14 000 and 3900
photons per MeV, respectively, due to the proximity of the
5d1 levels of Ce3+ and Ce4+ to the bottom of the conduction
band and subsequent thermal ionization of electrons into
the conduction band from these levels. These results are in
line with numerous works demonstrated the drop of light

output with acceleration of luminescence decay in Ce-doped
garnets, see for example.33–40 According to the pulse-height
spectra of the YAG:Ce,Sc,Ca,Mg crystals (Fig. 11a), the light
output decreases with increasing Sc3+ concentration, like in
the two previous sets. Luminescence decay curves and
corresponding luminescence decay times of Ca2+–Mg2+

codoped crystals were slightly slower than those in Mg-free
crystals (Fig. 11b). Ca–Mg-codoped crystals practically do not
differ from Mg-free counterparts in terms of light output, see
Table 2.

Considering the combination of light output and decay
time, for the evaluation of photon time density, which is
proportional to coincidence time resolution,48 one may use
the square root of the decay time (τeff) to the light output
(LO) ratio. The lowest (τeff/LO)

1/2 parameters, i.e. the best
timing resolution were registered in YAG:1Ce,1Sc,1Ca and
YAG:1Ce,5Sc,0.75Ca,0.25Mg (appear in bold in Table 2) where
a light output of 14 000–18 000 photons per MeV is combined
with the effective decay time of 21–26 ns, nearly reaching the
target values for scintillators at future detectors at HL-LHC.1

4. Discussion

The scintillation parameters of the obtained YSAG:Ce crystals
were compared with previously studied Sc-doped garnets
(Table 3). Y3Al2−xScxAl3O12:Ce with a Sc content of x = 0.05 f.
u. exhibited the highest light yield of 14 000 photons per MeV
along with a relatively fast effective decay time of 21 ns. In
contrast, previously reported Sc-doped garnets (Table 3)

Table 2 Light output and luminescence decay parameters of the studied crystals. The most promising compositions are in bold

Sample LO, photon per MeV τ1, ns A1, % τ2, ns A2, % τ3, ns A3, % τeff, ns (τeff/LO)
1/2

YAG:0.9Ce 28 900 15.2 159.5 114.6 58.9 251.4 26.0 90.0 0.056
YAG:1Ce,1Sc 28 900 0.3 0.0 46.5 42.5 215.9 57.4 80.4 0.053
YAG:1Ce,5Sc 15 000 0.3 0.2 5.3 2.1 317.9 97.8 72.6 0.070
YAG:1Ce,25Sc ND 0.2 0.5 4.0 3.33 253.8 96.2 21.7 —
YAG:1Ce,1Sc,1Ca 14 000 1.7 2.9 13.6 22.1 53.5 74.9 21.2 0.039
YAG:1Ce,5Sc,1Ca 8700 1.4 3.1 18.5 29.7 84.3 67.1 21.4 0.050
YAG:1Ce,25Sc,1Ca 3900 1.6 5.1 15.7 33.7 72.3 61.2 16.3 0.065
YAG:1Ce,1Sc, 0.75Ca,0.25Mg 18 000 2.5 2.7 16.9 22.9 54.3 74.4 25.88 0.038
YAG:1Ce,5Sc, 0.75Ca,0.25Mg 7660 2.3 4.6 20.7 34.9 84.8 60.5 22.49 0.054
YAG:1Ce,25Sc, 0.75Ca,0.25Mg 4000 1.9 3.2 16.6 28.0 72.0 68.8 23.11 0.076

Fig. 10 Scintillation decay curves under X-ray excitation: (a) YAG:Ce,Sc, (b) YAG:Ce,Sc,Ca.
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generally demonstrated lower light yield, likely due to high
Sc3+ content (1.89–2 f.u.) in them, which induces strong
thermal ionization from Ce3+ 5d levels. However, unlike Ga-
admixed garnets, the reduction in light yield in these
works23–25,28,29,32 was not accompanied by a significant
decrease in decay time. This supports the suggestion in ref.
25 that thermal quenching of Ce3+ at room temperature is
not the primary cause of low light yield in the GSAG host.
Instead, slow luminescence decay may be attributed to Sc-
related traps.

Fast decay times of 11–19 ns were observed only in LPE-
grown films,26,27 likely due to a lower concentration of
intrinsic defects introduced during growth.49 However, these
films exhibited negligible light output. Sc3+ forms energy
levels below the conduction band, reducing the electron
ionization barrier from Ce3+ 5d1 levels (which shifts by 0.14
eV under heavy Sc3+ doping in GSAGG:Ce (ref. 22)). A high
light yield observed in 1%-Sc-doped YSAG:Ce and YSAG:Ce,
Ca in this study may be attributed to the relatively low Sc3+

content, which prevents the formation of a continuous
subband merging with the conduction band and thus limits
the electron ionization. Furthermore, Sc3+ situated at the
dodecahedral site of the garnet lattice serves as a dominant
electron trap, creating a bottleneck in the scintillation
mechanism of GSAG:Ce.50 Hence, a Sc3+ introduction to the
dodecahedral sites should be negligible at a low Sc3+ content
in YSAG:Ce, thus decreasing the possibility of such carrier

trapping. Both these factors contribute to a relatively high
light output of 14 000–18 000 photons per MeV. This
suggests that further optimization of scintillation parameters
could be achieved by fine-tuning Sc and Ca concentrations
in YSAG:Sc,Ce.

In contrast to YAG:Ce,Ca,Mg,3 Ca–Mg double codoping
did not improve the scintillation performance of YSAG:Ce.
This could be due to the competition between Mg2+ and Sc3+

ions for octahedral lattice sites, as both cations preferentially
occupy these positions based on their ionic radii, thereby
limiting Mg2+ incorporation into the lattice. Nevertheless, the
Czochralski method appears promising for producing large
Ce,Sc-codoped garnets with high optical quality and
improved scintillation performance.

5. Conclusions

This study examined the impact of Sc and divalent cation
(Ca2+, Mg2+) codoping on the optical and scintillation
performance of YAG:Ce crystals.
(Y1−x−xCe0.01CayMgz)3(Al1−xScx)2Al3O12 (x = 0.01, 0.05, 0.25; y =
0, 0.0075, 0.01; z = 0, 0.0025) crystals were grown by the
Czochralski method using tungsten crucibles in a reducing
Ar + CO atmosphere. Unlike gadolinium garnets, where Sc
doping is typically constrained to 1.89–2 f.u.,23–26,28,29,32 we
explored a broader Sc doping range of 0.05–1.25 f.u.

Fig. 11 (a) Pulse-height spectra of YAG:Ce,Sc,Ca,Mg crystals under excitation by gamma quanta from 137Cs source with energy of 662 keV, (b)
scintillation decay curves under X-ray excitation.

Table 3 Comparative properties of the studied YSAG:Ce,Ca crystals with other scandium-containing garnets

Material Sc content, f.u. Light output, photon per MeV Decay time, ns Production method and ref.

GSAG:Ce,Mg 1.89 10 160 120 μ-PD23

GYSAG:Ce,Mg 1.9–2 3210 11.7 μ-PD24

GYSAG:Ce 2 15 100 116 (fast) μ-PD25

GSAG:Ce,Mg 2 555 19 LPE26

Lu2Y(Al5−xScx)O12:Ce,Mg 1–2 ≤35% of BGO 11–17 LPE27

GSAG:Ce,Mg 1.89 2600–2800 94–175 (main) FZ28

GSAG:Ce 1.89 10 240 46; 184 Bridgman29

GSAG:Ce,Mg 1.89 9320 27; 92 Bridgman29

GSAG:Ce 2 30% of NaI(Tl) 120 Czochralski32

YSAG:Ce,Ca 0.05 14 000 21.2 Czochralski (this work)
YSAG:Ce,Ca,Mg 0.05 18 000 25.9 Czochralski (this work)
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Our results indicate that codoping with Ca2+ and Sc3+ does
not compromise crystal growth stability or optical quality
under these conditions. However, additional Mg2+ codoping
negatively impacted crystal quality. Unlike previous studies
on GASG:Ce and GASGG:Ce scintillators, which exhibit low-
to-moderate light yield and slow luminescence decay, our
findings suggest that low-level Sc3+ doping in YAG:Ce allows
fine control over electron thermal ionization from Ce3+ 5d
levels while limiting carrier trapping on Sc3+-related traps
and preserving light output. Additionally, Ca2+ ions located
near Ce3+ promote Ce4+ formation and enhance carrier
transport to Ce3+/Ce4+ luminescence centers.

We identified an optimal codopant concentration yielding
a high light output of 14 000 photons per MeV and a short
decay time of 21 ns in YAG:1 at%Ce, 1 at%Sc, 1 at%Ca. These
parameters align with the requirements for radiation-hard
inorganic scintillators in future HL-LHC detectors, where 25
ns particle collision intervals necessitate minimized pile-up.
Further optimization of Sc and Ca content in YSAG:Ce,Ca
may enhance scintillation performance, offering a viable
alternative to Gd-containing garnets. While YSAG has a lower
density (∼2 g cm−3 less than GSAG), this drawback can be
mitigated in sampling calorimeters where scintillation fibers
are embedded in a W absorber, ensuring most particle energy
is attenuated by tungsten. Additionally, low Sc3+ content does
not seriously increase crystal production cost, given the high
cost of Sc2O3 raw material.
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