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The optical and scintillation properties of Ce3þ-doped YGd2Al5�xGaxO12 (x¼2,3,4) single crystals were
investigated. With increasing Ga content in the garnet host, the 5d1 absorption and emission bands shift
toward higher energy due to the decrease in the crystal field splitting of the 5d levels. Temperature
dependences of absorption and emission spectra and of photoluminescence decays of both prompt and
delayed components were measured. Light yield (LY) and its dependence on an amplifier shaping time
were measured under excitation with γ-rays. High LY value of 38,000 photons/MeV was obtained for a
YGd2Al2Ga3O12:Ce sample. Scintillation decay was measured with an extended dynamical and temporal
scale under the nanosecond-pulsed soft X-ray excitation. The relative content of the fastest component in
the scintillation response increases with increasing Ga content.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ce3þ-doped Y3Al5O12 (YAG:Ce) and Lu3Al5O12 (LuAG:Ce) single
crystals are prospective scintillator materials due to their high
light yield (LY) and fast decay time [1–4]. However, their scintil-
lation performance is strongly degraded by the presence of shal-
low electron traps which delay an energy transfer to the Ce3þ

emission centers and give rise to intense slow components in the
scintillation decay [5,6]. Consequently, the measured LY values for
LuAG:Ce are about 14,000–25,000 photons/MeV [7,8] while the
theoretical LY limit for the aluminum garnet scintillators was
estimated to be about 60,000 photons/MeV [9]. Partial substitution
of Al3þ with Ga3þ in the aluminum garnet diminishes the trap-
ping effects of shallow electron traps [10] but the bottom of the
conduction band decreases [11] and gets closer to the 5d level of
Ce3þ center at the same time. This leads to unwanted thermal
ionization of the lowest 5d level (5d1) of the Ce3þ emission center
which reduces the scintillation efficiency [12]. However, it is
possible to lower the position of 5d1 level which increases the
ionization energy by an admixture of larger Gd cations into the
hewpraditkul).
aluminum garnet host. Therefore, Ce3þ-doped (Gd, RE)3(Ga,
Al)5O12, RE¼Lu, Y multicomponent garnets were intensively
investigated [13–15] and provided high LY values up to
50,000 photons/MeV. The fundamental aspects of the energy
transfer processes in the multicomponent garnet and interaction
of trivalent rare earth (RE3þ) emission centers with the host
became of broad interest [16–19]. Development of this family of
fast, efficient and high density garnet scintillators within the last
decade has been recently reviewed [20].

In this work, the optical and scintillation characteristics of the
Ce3þ-doped YGd2Al5�xGaxO12 (x¼2,3,4) single crystals were
investigated. We characterize the change in the crystal field
splitting and the transition energies of 5d levels by absorption,
photoluminescence excitation (PLE), and emission (PL) spectra
measurements. Specifically, temperature dependence of prompt
and delayed PL decay components was measured to reveal ther-
mally induced ionization processes in the 5d1 excited state of Ce3þ

center. The LY and its dependence on the amplifier shaping time
were also measured in order to investigate the influence of Ga
content on timing characteristics of scintillation response for the
studied crystals. Finally, scintillation decay was measured in an
extended dynamical and temporal scale under excitation with
nanosecond-pulsed soft X-rays (SXR).
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2. Experimental

YGd2Al5�xGaxO12:Ce1% (x¼2,3,4) single crystal samples were
cut from the parent crystal rods prepared by a micro-pulling down
method [15]. Polished plates of ∅3 mm�0.5 mm were prepared
and used for all measurements. Polished plate of 7�7�1 mm3

commercial YAG:Ce single crystal grown by the Czochralski
method in CRYTUR, Czech Republic, was used as a reference
sample.

The PL and PLE spectra in the UV/Visible region were measured
with a Hitachi F-2500 fluorescence spectrophotometer. Absorption
spectra in the UV/Visible region were recorded by the Perkin
Fig. 1. Absorption (dashed line), PL and PLE (solid line; λem¼510 nm was set for
x¼3) spectra of the YGd2Al5�xGaxO12:Ce and YAG:Ce.
Elmer Lambda 35, UV–vis spectrophotometer. LY measurements
were performed under the 662 keV γ-ray excitation using a pho-
tomultiplier (PMT) based-setup described in [21]: the signal from
a Photonis XP5200B PMT anode was sent to a CANBERRA 2005
preamplifier and then to a Tennelec TC243 spectroscopy amplifier.
The PC-based multichannel analyzer (Tukan 8 k MCA) was used to
record the pulse-height spectra. Gaussian function was fit to the
full-energy peaks by using procedures in the MCA to determine
their positions. The photoelectron yield, expressed as a number of
photoelectrons per MeV (phe/MeV) of γ-ray energy deposited in
the crystal, was determined by means of a single photoelectron
method [21,22]. In this method the number of photoelectrons is
measured by comparing the position of a full-energy peak of
662 keV γ-rays with that of the single photoelectron peak in pulse-
height spectra. To improve the light collection efficiency the
samples were coupled to the PMT window with silicone grease
and covered with several layers of teflon tape.

The temperature dependences of PL decay curves were mea-
sured in the prompt decay (measured over the 1000 ns time
window) and delayed recombination decay (measured over the 40
ms time window) using the custom made 5000 M spectro-
fluorometer (Horiba Jobin Yvon) equipped with TBX-04 photon
counting detector (IBH, UK), for details see Ref. [23]. In the former
experiment a nanosecond-pulsed LED was used as an excitation
source for the decay measurements using the time-correlated
single photon counting technique. In the latter one a microsecond-
pulsed xenon flashlamp was used as an excitation source for the
delayed recombination decay measurements using a standard
multichannel scaling method. Given the high intensity of lumi-
nescence signals and low noise of our photon counting detector,
the errors of reported quantities in photoluminescence char-
acteristics are certainly below 1%.

The scintillation decay was measured under the excitation by
nanosecond-pulsed SXR photons from the infrared laser-produced
plasma in gaseous argon target. The 400 nm Ti foil was used as a
soft X-ray band-pass filter. The sample was then excited by an
incoherent SXR photon burst with the FWHM duration of 4.7 ns
(Ref. [24]) and photon energy in the spectral range of 350–450 eV
[25] for which the attenuation length of the SXR photons is of a
few hundreds nanometers. In the detection part a quartz collection
lens, Thorlabs FB550–40 (550 nm/40 nm FWHM) dielectric band-
pass filter, and a Hamamatsu R7056 fast PMT operated in the
direct current mode were used to detect scintillation light. The
instrumental response function (IRF) was obtained by measure-
ment of spectrally unresolved scintillation decay of superfast Ga-
doped ZnO powder (scintillation response below 1 ns) under the
same experimental conditions.
3. Results and discussion

3.1. Absorption and photoluminescence spectral characteristics

The absorption spectra, the PL spectra excited at 430 nm, and the
PLE spectra (for x¼3 only) of the Ce3þ emission from the
YGd2Al5�xGaxO12:Ce and YAG:Ce samples are shown in Fig. 1. In the
absorption spectra, two dominant bands are related to the 4f-5d1
(between 385 and 500 nm) and 4f-5d2 (between 325 and 370 nm)
transitions of the Ce3þ , respectively. Weak line at 274 nm observed
in both the absorption and PLE (see example for x¼3 in Fig. 1)
spectra is due to 8S7/2 -6IJ transitions of Gd3þ ions. Its presence in
the excitation spectra indicates that the Gd3þ-Ce3þ energy transfer
takes place in the YGd2Al5�xGaxO12:Ce crystals as reported in more
detail in Ref. [26]. Such energy transfer is enabled by the partial
overlap of the Gd3þ emission line at 314 nm (starting from 6P7/2
level) [27] with the high energy side of 4f-5d2 absorption band of



Fig. 2. Decomposition of YGd2Al2Ga3O12:Ce emission spectrum into two Gaussian
components.

Table 1
The Ce3þ absorption and emission transition energies in YGd2Al5�xGaxO12:Ce at RT.
The errors of the values derived from absorption spectra are typically below 1 nm,
in the emission/excitation spectra72 nm and in the Gaussian decomposition it is
up to 73% due to larger overlap of Gaussian curves, see Fig. 2.

Sample Absorption Emission Stokes
shift
(eV)

4f–5d1
band (eV)

4f–5d2
band (eV)

Splitting (eV) 5d1– 2F5/2
band (eV)

YAG:Ce ref 2.70
(459 nm)

3.66
(339 nm)

0.96 2.33
(532 nm)

0.37

YGd2Al3Ga2O12:Ce 2.76
(449 nm)

3.60
(344 nm)

0.84 2.35
(528 nm)

0.41

YGd2Al2Ga3O12:Ce 2.80
(442 nm)

3.59
(345 nm)

0.79 2.38
(521 nm)

0.42

YGd2AlGa4O12:Ce 2.83
(438 nm)

3.57
(347 nm)

0.74 2.41
(514 nm)

0.42

Fig. 3. Temperature dependence of absorption spectra of YGd2AlGa4O12:Ce. The
inset shows the relative decrease of absorbed excitation energy at 435 nm at
increasing temperature compared to 77 K.

Fig. 4. Temperature dependence of normalized emission spectrum integral
(λex¼435 nm) and decay time values obtained from one exponential and two-
exponential (only selected temperatures from Fig. 5, shorter decay time value
displayed only) approximations in YGd2AlGa4O12:Ce. In the inset temperature
region 400–500 K is displayed in detail. The emission spectrum integrals values are
corrected for temperature dependence of the deposited excitation energy (from
Fig. 3 inset).
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Ce3þ center. Luminescence bands due to the Ce3þ 5d1-4f transi-
tions were observed in all samples in the range between 460 and
600 nm. Double peak shape of the PL spectra consists of two
5d1-2F5/2 and 5d1-2F7/2 transitions and the transition energies
were determined using two Gaussian-function fits to the PL spec-
trum plotted on an energy scale (see example in Fig. 2). Although the
4f-5d2 absorption peak shifts to lower energy with the increasing
Ga content, the 4f-5d1 one shifts to higher energy and the 5d1-4f
emission peak as well. Such a dependence on Ga3þ content well
corresponds to general trends summarized in [16,17–19,28,29].
Table 1 presents transition energies of the absorption and 5d1-2F5/2
emission peaks of Ce3þ in the studied samples extracted from Fig. 1.
The energy difference (splitting) between the 5d1 and 5d2 levels is
provided for all samples.

The decrease in the splitting energy indicates that the crystal
field strength around Ce3þat the dodecahedral site is reduced with
increasing Ga3þ content at the tetrahedral site [17–19,30]. The
Stokes shift of about 0.42 eV in Ce3þ center for the
YGd2Al5�xGaxO12:Ce samples is larger than that of about 0.37 eV
for YAG:Ce. The decrease of both the crystal field strength and the
band gap with increasing Ga3þ content was found by means of
electronic band structure calculations from the first principles in
Y3GaxAl5�xO12:Ce (x¼0–5) [31] and from correlated DFT calcula-
tions and several optical experiments in Ce- and Eu-doped
Lu3GaxAl5�xO12 [11]. It results in the decrease of an ionization
energy accompanied by the luminescence quenching due to
thermal ionization of the 5d1 level of Ce3þ emission center [17–
19]. This phenomenon suggests us to investigate the influence of
Ga content on the PL decay kinetics and scintillation character-
istics for the YGd2Al5�xGaxO12:Ce crystals which is further com-
pleted by temperature dependence of absorption spectra (Fig. 3)
and PL spectra integral (Fig. 4) for selected samples.

In the absorption spectra in Fig. 3 clear interchange of
absorption amplitudes is obtained between 4f-5d1 and 4f-5d2
bands of Ce3þ which is analogous to the characteristics of Ce3þ

center in YAG host [32] and is due to different transition dipole
moment from two lowest sub-levels in the 2F5/2 ground state
multiplet towards 5d1 and 5d2 excited states of Ce3þ . Considering
the attenuation of optical beam intensity in the absorption mea-
surement as

I T I 10 1OD T
0( ) = × ( )− ( )

where I(T) is the intensity of outgoing light at temperature T, I0 is



Fig. 5. Examples of PL decays of YGd2AlGa4O12:Ce sample (λex¼452 nm,
λem¼520 nm).at 180, 300, 400 and 500 K and their single (dashed line) and double
(solid line) exponential approximations. The lines (fit) are convolutions of instru-
mental response (instr, shown for 180 K only) and function I(t) in each figure.
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the intensity of incident light and OD(T) is the optical absorbance
at temperature T (reflection losses subtracted), we get the inten-
sity of outgoing light at temperature T. The ratio I(T)/I0 is the
fraction of incident light intensity transmitted through the sample,
and [I0� I(T)]/I0¼1–10�OD(T) is the fraction of incident light
intensity absorbed in the sample. We can define the fraction of
absorbed light energy at the lowest temperature 77 K:
1–10�OD(77 K) as 100%, then the relative decrease of the absorbed
energy EArel (T) in the sample at given temperature T can be cal-
culated by the following relation:

⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦
T I I T I IEA / 77 K

1 10 / 1 10 . 2

rel

OD T OD

0 0

77 K

( ) = [ − ( )] [ − ( )]

= − − ( )− ( ) − ( )

The decrease of EArel (T) with increasing temperature is shown
in the inset of Fig. 3. This dependence can be directly used to
correct further the temperature dependence of emission spectrum
integral measured in an independent experiment (Fig. 4). Tem-
perature dependence of emission spectrum integral under exci-
tation at 435 nm (max. of 4f-5d1 absorption transition of Ce3þ) is
displayed in Fig. 4 for the x¼4 sample including correction for the
decreasing excitation energy deposited in the sample (inset of
Fig. 3).

3.2. Photoluminescence decay kinetics characteristics

To reveal processes acting in the excited state of Ce3þ emission
centers and distinguish between thermal quenching and relaxed
excited state ionization, the temperature dependence of prompt
and delayed radiative recombination processes was monitored.
This was done by measurement of prompt and delayed recombi-
nation decays in submicrosecond and millisecond time ranges,
respectively. In Fig. 5 examples of prompt PL decays are shown at
180, 300, 400 and 500 K for the same sample x¼4 as in Fig. 4 and
single and double exponential approximations are shown by lines
to calculate the decay time values. While the single exponential fit
is an excellent approximation below 100 K, a slower tail and
noticeable deviation from single exponential profile is observed at
all temperatures above approx. 150 K. Such result points to the
presence of the delayed radiative recombination process most
probably due to ionization of the relaxed 5d1 excited state of Ce3þ

emission centers which is supported by the data in Fig. 7 below.
In Fig. 6 we present the temperature dependence of nanose-

cond decay times evaluated from the single exponential approx-
imations of the prompt decay component for all three
YGd2Al5�xGaxO12:Ce (x¼2,3,4) samples studied to show qualita-
tive influence of gallium content. Similarly to what was seen in
other compositions of multicomponent garnets [17,18,33] the
onset of the decay time shortening occurs at lower temperature T0
as the gallium content increases. Defining T0 at 90% of the radiative
lifetime value (decay time value at the lowest temperature, T¼8 K,
Ce3þ luminescence quantum yield of 100%) we obtain T0¼380,
337 and 325 K for x¼2, 3 and 4, respectively. It is interesting to
note rather different values of temperatures T0 in a similar sample
set Y2GdAl5�xGaxO12:Ce (x¼2,3,4) with lower Gd content recently
published [33]. In the latter sample set these values are estimated
as T0¼425, 408 and 240 K for x¼2, 3 and 4, respectively. The
difference can be understood as a result of an interplay between
the effects of Gd3þ (increasing the ionization barrier and
decreasing that of thermal quenching) and those of Ga3þ

(decreasing the ionization barrier and increasing that of thermal
quenching) cations on the 5d1 excited state of Ce3þ and bottom of
the conduction band which gets decreased by both of them
[12,17,18,34,35]. We have calculated the energy barrier governing
the decay time decrease with temperature following a single
barrier model.
T W E kT1/ 1/ exp / 3a0 ( )τ τ( ) = + × − ( )

where τ(T) is the decay time at T (K), τ0 is the radiative lifetime
value (at 8 K), W is the frequency factor, Ea is the energy barrier for
the quenching process, and k is the Boltzmann constant. The
obtained values of Ea and W for the studied samples are shown in
the inset of Fig. 6. From Ea values it follows that energy barrier
decreases with increasing Ga3þ content. Given the shape of PL
decay at temperatures above RT, see examples in Fig. 5, the par-
ticipation of thermal ionization of the 5d1 excited state of Ce3þ
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Fig. 7. Temperature dependence of integrals of the delayed recombination decay at
YGd2Al5�xGaxO12:Ce (x¼2,3,4) sample set measured over 0–40 ms time window.

Fig. 6. Temperature dependence of the PL decay times of prompt decay component
in the YGd2Al5�xGaxO12:Ce (x¼2,3,4) sample set. Dashed lines come from the Eq.
[3] model described in the text.
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emission centers towards the conduction band can explain the
appearance of slower tails in the decay. Comparing temperature
dependence of normalized PL emission spectra integrals and decay
time values in Fig. 4, it is worth noting the following: (i) Within
200–400 K the absolute decrease of emission spectrum integral
intensity is somewhat bigger compared to the decay time
decrease. There is no explanation at hand for such an effect and it
needs further investigation; (ii) Comparing the values between
400 and 500 K, where the major intensity and decay time decrease
occur, both dependences are closely similar. Consequently, within
400–500 K, thermal quenching process is the dominant one, and
thermally induced ionization of the Ce3þ 5d1 excited state pro-
vides rather negligible contribution to temperature dependence of
the prompt decay process.

In Fig. 7 the temperature dependence of delayed recombination
decay integrals is displayed (for technical details, see Refs. [23,33]).
With increasing gallium content the effect of thermally-induced
ionization of 5d1 excited state becomes evident above approx.
250–300 K which is enabled by higher sensitivity of this technique
compared to the evaluation inferred from temperature depen-
dences of emission spectrum integrals and nanosecond decay
times in Fig. 4 above. The profile of the signal at higher tem-
peratures can be further shaped by characteristics of traps parti-
cipating in the delayed recombination (see the model in Ref. [36]).
Complex thermoluminescence glow curves consisting of at least
three peaks with evaluated trap depths within 0.88–1.14 eV were
observed in this kind of multicomponent garnets [37]. However, in
contrast to the situation in the Y2GdAl5�xGaxO12:Ce (x¼2,3,4)
sample set reported in [33] the onset temperature of a ionization
process practically does not change for x¼3 and 4. This observa-
tion can be explained by the beneficial effect of increased Gd
concentration which counteracts in the decrease of ionization
barrier. It is also worth noting rather different course of the curves
in Fig. 7 below RT; an intense signal even increasing towards low
temperature can be due to involvement of shallow traps into the
delayed recombination mechanism [36] or direct interaction with
nearby defect energy levels in the forbidden gap. We also note that
recent thermally stimulated luminescence study at
Gd3Ga3Al2O12:Ce multicomponent garnet proposed the existence
of wide quasi-continuous distributions of trapping levels to
explain broad glow curve peak below 140 K [38]. The existence of
broad trap-depth distribution might be enabled by atomistic
fluctuation of composition in solid solutions which was proposed
in several material groups as a reason for scintillation LY increase
compared to limit compositions [39].

In the attempt to further resolve the contribution from the
thermally induced (into conduction band) and a subgap delayed
recombination processes at the lowest temperatures we can recall
the key equation describing the temperature dependence of the
delayed recombination emission intensity in the former case,
coming from the model in Ref. [36]

I T e A e econst
4

E
kT

i

n

i

t
i T

t
i T

1

a 1 2

∑( ) = × ( − )
( )

τ τ−

=

−
( )

−
( )

where the exponential term with Ea/kT is a fraction of charge carriers
thermally ionized (Ea is an activation energy of thermal ionization)
and the sum determines a number of charge carriers that get trapped
and released from traps with the detrapping time falling into the time
window of the measurement (for details see [36]). The most striking
situation is found in x¼2 sample when we compare the signal
intensity in Fig. 7 at RT and 8 K: it is about 20 times higher at 8 K.
However, at the same time the number of thermally ionized charge
carriers in (4) is essentially zero while it significantly increases at RT.
Consequently, the intensity due to thermal ionization I (8 K) in (4) is
also zero. Therefore, one cannot observe the course of delayed
recombination intensity as in Fig. 7 (x¼2), namely the high intensity
signal at lowest temperatures, unless there is also some subgap
process at work the origin of which is unclear, however, and needs
further investigation. We also note that we have checked the emis-
sion spectrum of the delayed recombination process at T¼8 K using
microsecond flash lamp excitation and the reconstruction of emission
spectrum from the decay curves integration in the time window
0.16–40 ms (see Ref. 40 for technical details) made with the step of
6 nm within 470–670 nm spectral region under excitation at the
maximum of 4f-5d1 absorption band at 435 nm for the sample
showing the most intense signal towards low temperatures (x¼2).
The spectrum perfectly coincides with the steady-state one which
proves that the delayed recombination signal indeed comes from the
Ce3þ centers.

3.3. Scintillation characteristics

The pulse-height spectra under excitation by γ-rays from a 137Cs
source measured at 4 ms shaping time for these YGd2Al5�xGaxO12:Ce
and YAG:Ce samples have been recently reported in [41]. The
obtained LY values are summarized in Table 2. Interestingly,



Table 2
Light yield, ratio of LY(0.5 ms) to LY(12 ms) and Kf/e values for YGd2Al5�xGaxO12:Ce
crystals.

Crystal LY (Ph/MeV) LY(0.5 ms)/LY(12 ms) (%) Kf/e (%)

YGd2Al3Ga2O12:Ce 21,40072100 42 27
YGd2Al2Ga3O12:Ce 38,00073800 62 55
YGd2AlGa4O12:Ce 35,60073600 71 66
YAG:Ce 27,70072800

Fig. 8. Dependence of relative LY on amplifier shaping time normalized at 0.5 ms for
YGd2Al5�xGaxO12:Ce crystals. Solid lines come from the model described in the
text.

Fig. 9. Scintillation decays of the YGd2Al5�xGaxO12:Ce (x¼2,3,4) samples under exci-
tation with ns-pulsed SXR. Solid line for x¼3 is convolution of instrumental response
(not in figure) and function I(t)¼1.2�10�1exp(�t/49 ns)þ2.4�10�2exp
(� t/174 ns)þ3.6�10�3exp(�t/945 ns)þ2.9�10�4exp(�t/4420 ns).

Table 3
Scintillation decay-time components and relative intensities of the
YGd2Al5�xGaxO12:Ce crystals.

Crystal Decay time (ns) [Relative intensity (%)]

YGd2Al3Ga2O12:Ce 92 [37%], 431[22.2%], 1840 [27.6%],
8692 [13.2%]

YGd2Al2Ga3O12:Ce 49 [40%],174 [28.4%], 945 [23.0%],
4420 [8.6%]

YGd2AlGa4O12:Ce 8 [6.4%], 51 [59.7%], 263 [19.4%],
1432 [14.5%]
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YGd2Al3Ga2O12:Ce with all Al3þ at octahedral sites occupied by
Ga3þexhibits lowest LY value but as soon as the Ga3þ ion starts
substituting into tetrahedral sites in YGd2Al2Ga3O12:Ce the LY value
increases. This result can be attributed to the decrease of the band
gap and the diminished trapping effect of shallow electron traps
introduced by the Ga-admixture into the aluminum garnet host
[10,11] which leads to dramatic LY increase. The measured LY value
for YGd2Al2Ga3O12:Ce is about 37% higher than that of a reference
YAG:Ce crystal. Somewhat decreasing LY value obtained for
YGd2AlGa4O12:Ce can be attributed to further decrease in the band
gap and in the crystal field splitting, which reduces the energy dif-
ference between the 5d1 excited state and the bottom of the con-
duction band. It leads to luminescence quenching due to thermal
ionization of 5d1 excited state of Ce3þ emission center [17–19].

In order to investigate the acceleration in the scintillation
response of YGd2Al5�xGaxO12:Ce, the LY dependence on amplifier
shaping time was measured under γ-ray excitation. As clearly seen
in Fig. 8, there is very high contribution of slow scintillation light
for YGd2Al3Ga2O12:Ce, indicating to much higher content of shal-
low electron traps which delay the energy transfer to
Ce3þemission centers and leads to a decrease of LY value. It
demonstrates a remarkable decrease of slow component content
in the scintillation response of YGd2Al5�xGaxO12:Ce with increas-
ing Ga3þ content, resulting to an enormous increase of LY value.
This result can be attributed to the diminished trapping effect of
shallow electron traps [10] which fall into the bottom of the
conduction band [11] and consequently the energy transfer from
host to the Ce3þ emission centers significantly accelerated.

Based on a two-exponential approximation of scintillation
decay the normalized LY(t) time dependence can be fitted by
function

t m m exp m tLY , 51 2 3( )( ) = − − ( )
where mi are parameters obtained by a fit [42]. Afterwards, the
relative fraction of the fast response part Kf/e (t¼0.5 ms) in the
entire LY value (t¼1) is obtained as

K m m1 / . 6f e/ 2 1= − ( )

The ratio of LY(0.5 ms) to LY(12 ms) and Kf/e value for studied
samples are collected in Table 2. A remarkable increase of the fast
response part (Kf/e) is in the same trend with that of the fast
component content in the scintillation response of
YGd2Al5�xGaxO12:Ce with increasing Ga3þ content.

3.4. Scintillation decay under nanosecond pulsed SXR excitation

In Fig. 9 there are scintillation decays in enhanced time and
dynamical scales under excitation by ns-pulsed SXR photons with
energy within 300–400 eV [24]. With increasing gallium con-
centration the slower components of the decay are clearly
diminished, the dominant scintillation decay time gets close to the
PL one (see Fig. 6) and relative intensity of this component
approaches 60%, see Table 3, which points to fast and efficient
energy transfer from the host to Ce3þ centers. The scintillation
decays were approximated by four-exponential functions

I t A t texp / , 7i i i1

4∑( ) = [ − ] ( )=

the parameters Ai and τi stand for the pre-exponential factor
and decay time, respectively, in the i-th decay component. The
scintillation decay components and their relative intensities
determined from a fit according to Eq. (7), from Fig. 9, are listed in
Table 3. It is worth noting that similarly as in [33] for Ga¼2 the



Fig. 10. Comparison of scintillation decays of Y2GdAlGa4O12:Ce and
YGd2AlGa4O12:Ce samples.
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dominant decay component shows the decay time almost 60%
longer compared to PL one in Fig. 6 and the decay curve shows a
sign of rising part which both point to degrading influence of
slower energy transfer from the host to Ce3þ centers.

In Fig. 10 a comparison of decay curves for YGd2AlGa4O12:Ce
and Y2GdAlGa4O12:Ce [33] samples is provided. Higher con-
centration of Gd shows beneficial influence both on the tem-
perature stability of Ce3þ center and on the slowest decay com-
ponent which becomes accelerated for any gallium concentrations.
4. Conclusions

In this work, the optical and scintillation characteristics of the
Ce3þ- doped YGd2Al5�xGaxO12 (x¼2,3,4) single crystals are
investigated. With increasing Ga content in the garnet host, the
5d1 absorption and emission bands shift toward higher energy due
to the decrease in the crystal field splitting of the 5d levels.
Thermal quenching of 5d1 excited state of Ce3þ appears as
dominant process in shaping temperature dependence of emission
intensity and nanosecond decay times above 400 K. Thermally
induced excited state ionization of Ce3þ center is of minor
importance and is evidenced above 300 K only in slow tails of
nanosecond decays and by more sensitive delayed recombination
decay technique. On the other hand, an acting subgap process of
unclear origin was proposed to explain temperature dependence
of the delayed radiative recombination decay the integral of which
is increasing towards the lowest temperatures: A semiquantitative
comparison of temperature dependence of delayed recombination
intensity due to thermal ionization with that of actually observed
has been performed. This experimental result needs further
investigation.

High LY value of 38,000 ph/MeV obtained for the
YGd2Al2Ga3O12:Ce sample is �37% higher than that of a typical
Y3Al5O12:Ce Czochralski grown single crystal. The relative content
of the fastest component in the scintillation response, related to
the prompt radiative electron–hole recombination at Ce3þ centers,
increases with the Ga content. Small LY value decrease for the
YGd2AlGa4O12:Ce sample with the highest Ga content could be
attributed to increasing thermal ionization of 5d1 excited state of
the Ce3þ emission center. Beneficial effect of increased Gd con-
centration in this sample set compared to earlier reported
Y2GdAl5�xGaxO12:Ce one [33] is demonstrated in the increased
stability of Ce3þ center against excited state ionization at the
highest Ga concentration. Furthermore, the slowest decay part
becomes accelerated for any Ga concentration.
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