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Highlights:
e Photoluminescence rise time is studied in two scintillators: PWO and
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e Sub-picosecond photoluminescence rise time in PWO is observed for the first
time
e A multicomponent luminescence rise edge is observed in GAGG:Ce
e The mechanisms behind luminescence kinetics in the crystals are under
discussion
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Abstract



The time resolution of scintillation detectors of ionizing radiation is one of the
key parameters sought for in the current and future high-energy physics experiments.
This study is encouraged by the necessity to find novel detection methods enabling a
sub-10-ps time resolution in scintillation detectors and is focused on the exploitation
of fast luminescence rise front. Time-resolved photoluminescence (PL) spectroscopy
and thermally stimulated luminescence techniques have been used to study two
promising scintillators: self-activated lead tungstate (PWO, PbWOa) and Ce-doped
gadolinium aluminum gallium garnet (GAGG, GdzAl>Gaz012). A sub-picosecond PL
rise time is observed in PWO, while longer processes in the PL response in GAGG:Ce
are detected and studied. The mechanisms responsible for the PL rise time in self-

activated and doped scintillators are under discussion.

1. Introduction

Scintillation detectors are the key instrument in many fields of high-energy
physics, medical diagnostic devices, tools for inspection. Currently, operation speed
steps forward as the most problematic property of the scintillation detectors in many
applications. Faster detector response is seeked for in high-energy physics to prevent
pile-up effect in high-luminosity experiments [1-2]. Faster readout improves the
signal to noise ratio and, therefore, allows a decrease of the injected dose to the
patient to accumulate sufficient information in positron emission tomography (PET)
[3], positron annihilation lifetime spectroscopy (PALS) [4], and other scintillator-
based medical devices. Time resolution of ~200 ps is reported for detectors based on
LYSO:Ce [5] and PWO with readout using avalanche photodiodes [6]. Sub-100-ps
coincidence time resolution for PET with LSO:Ce codoped with Ca is reported [7].
The recent progress in development of photo-detectors, especially of silicon
photomultipliers (SiPM) [8], pushes the readout rate to the frontiers limited by the
kinetic parameters of the scintillation. Therefore, it is an important question whether
the rise time of scintillation will be the factor hindering the targeted time resolution
by a factor of ten better than currently achieved.

The scintillation is basically the luminescence in transparent media initiated by
ionizing radiation [9]. Thus, the rise time of the emission is governed mainly by the
excitation relaxation and the transfer of the nonequilibrium carriers to the centers of
radiative recombination. Moreover, free carrier capture centers might additionally
delay the population of luminescent centers. The rise time of scintillation



development might be exploited for substantial shifting the time resolution to
picosecond and sub-picosecond domain [10], as seeked for in many future
applications. One of the novel approaches to substantially improve the time resolution
is splitting the detection into the readout of the moment of irradiation interaction with
the scintillator to ensure high time resolution and the readout of the amplitude of the
scintillator response carrying information on the deposited energy of ionizing
radiation (see [11] and references therein).

In this paper, we present the results of our study of the rise time in two
scintillating materials: self-activated led tungstate (PbWQO4, PWO) and Ce-doped
gadolinium aluminum gallium garnet (GdsAl>Gaz012:Ce, GAGG:Ce).

Lead tungstate is a self-activated scintillator with predominant emission of
quenched polaronic states, which can be considered as excitations on the host oxy-
anionic complexes WO4? [12,13]. In spite of a comparatively low light yield (e.g. by
two orders of magnitude lower than that in LYSO:Ce) PWO has a good radiation
hardness to y-quanta and exhibits a short emission decay time, which is of especial
importance to avoid the signal pile up in high luminosity experiments [14]. PWO-
based radiation detectors are currently being exploited in several high-energy physics
experiments, including such large experiments as CMS and ALICE at LHC [1]. The
self-activated emission mechanism is expected to be favourable for fast relaxation of
the nonequilibrium carriers into the emitting state.

The second crystal under study is a cerium-doped scintillator GAGG:Ce. The
crystal exhibits a high light yield of up to 50000 phot/MeV, has a short luminescence
decay time (less than 100 ns) [15,16], and its emission band is peaked at ~540 nm
perfectly matching the sensitivity spectrum of conventional SiPMs. Thus, this crystal
might compete with LYSO:Ce and LSO:Ce in TOF-PETs and other applications.
However, due to the considerably different ionic radii of Ga®* and AI** in both
octahedral and tetrahedral oxygen coordination, the compound of gadolinium garnets
of gallium and aluminum should contain a higher density of structural defects with
respect to that of single-component garnets. Introduction of a gallium ion in close
proximity of an aluminum ion or vice versa results in considerable lattice strain and,
as a consequence, leads to distortion of the polyhedra, which serve as trapping centers
for nonequilibrium carriers. This feature has been confirmed by observation of the

broadening of XRD lines in mixed gallium-gadolinium garnets [17]. Moreover, the



distribution of gallium and aluminum in these garnets is random, leading to structure
inhomogeneities, which significantly affect the processes of energy transfer and
relaxation of electronic excitations. Therefore, the GAGG crystal has several different
lattice positions for the trivalent dopant ions and exhibits significant inhomogeneous
broadening in the absorption and emission spectra. These inhomogenities are being
exploited for the generation of ultra-short laser pulses enabled by inhomogeneous
broadening of spectral lines 4f and 3d of the activator ion, which is peculiar of the
mixed garnets and is absent in single component garnets [18]. Therefore, substantial
influence of structural defects on the spectra and other properties of luminescence in
GdsAl,Gaz012:Ce is expected.

Time-resolved luminescence spectroscopy was exploited in the current study of
the rise time of luminescence after short-pulse photoexcitation. To get a better
understanding of the dynamics of nonequilibrium carriers generated by irradiation, the
luminescence decay in these materials was also investigated, while the thermally
stimulated luminescence characteristics were studied to get information on defect
centers in GAGG:Ce.

2. Experimental

The PWO crystal under study was grown by Czochralski technique as described
in more detail in [12]. The 2x2x0.1 cm?® sample was prepared from the ingot of PWO-
11 [6] quality. The polished 2x2 cm? planes were perpendicular to the crystallographic
axis a.

GAGG:Ce crystal was grown by Czochralski method in a slightly oxidized neutral
atmosphere with 1 at.% Ce content in the melt. The sample under study with
dimensions 0.7x0.7x0.5 cm® was cut from the seed part of the ingot exhibiting higher
optical quality.

The time-resolved photoluminescence (TRPL) study has been performed by using
a femtosecond Yh:KGW oscillator (Light Conversion Ltd.) emitting at 1030 nm. The
oscillator produced 80 fs pulses at 76 MHz repetition rate. A harmonics generator
(HIRO, Light Conversion Ltd.) was used to produce the third 343 nm (3.64 eV) and
fourth 254 nm (4.9 eV) harmonics of the oscillator emission. The excitation beam was
focused on the sample surface into a spot of ~100 um in diameter, resulting in

excitation pulse energy density of about 15 mJ/cm?. The PL signal was detected using



a Hamamatsu streak camera. Synchoscan detection mode with the 2.95 ps full-width
at half maximum (FWHM) of instrumental response function was used for the
measurements in subnanosecond time domain. The deconvolution of the instrumental
response function and the PL signal enabled a subpicosecond resolution. Meanwhile,
in the study of samples with significant long decay components, the camera could be
operated only in single sweep mode with considerably poorer time resolution.

Photoluminescence measurements were performed at room temperature,
which is a typical operation temperature of ionizing radiation detectors in laboratory
conditions.

The steady-state emission and excitation spectra and the characteristics of the
thermally stimulated luminescence (TSL) were measured using a setup consisting of
the LOT-ORIEL xenon lamp (150 W) and two monochromators (SF-4 and SPM-1).
The luminescence was detected by a photomultiplier tube FEU-79 connected with an
amplifier and recorder. The TSL glow curves Its.(T) were measured at a heating rate
of 0.2 K/s after selective irradiation of the crystal at different irradiation temperatures
Tirr in the range from 94 to 300 K with different irradiation photon energies Eirr (2.2 -
4.8 eV). The crystals located in the nitrogen cryostat were irradiated with the xenon
lamp through a monochromator. The spectral width of the monochromated light did
not exceed 5 nm. The emission wavelength to be detected (Eem = 2.25 eV) was
selected by the second monochromator. The TSL glow curves were not corrected for

the temperature dependence of the emission intensity.

3. Experimental Results

3.1 Kinetics of photoluminescence in PWO

Figure 1 shows a typical image of the photoluminescence intensity dependence on

time and wavelength, which was obtained with the streak camera for the PWO sample

under study.



Fig. 1. Streak camera image of PL intensity versus wavelength (horizontal) and time
(vertical) in PbWQO4. Color version available online.

Figure 2 shows the time-integrated PWO fluorescence spectra, measured at different
excitation wavelengths. At the excitation into conduction band at 254 nm, the typical
PWO blue luminescence is observed. For the excitation wavelength shifted to 343
nm, the green luminescence band due to recombination at oxygen deficient oxy-

anionic complexes WO3 [12] is also observed.
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Fig. 2. Time-integrated PbWO4 luminescence spectra after excitation at 254 nm (red
dotted line) and 343 nm (blue solid line). Color version available online.

The PL intensity decay proceeds approximately at the same rate for all
wavelengths within the PL band. The initial part in the kinetics of the PL intensity
spectrally integrated within the entire band (400-600 nm) is presented in Fig. 3

together with the instrumental response function and the fit with the bi-exponential




decay function. The full width at half maximum (FWHM) of the instrumental
function was 2.95 ps. The measured PL rise is completely defined by the rise of the
instrumental response function. This evidences that the PL rise time in PWO

scintillation crystals is in subpicosecond domain.
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Fig. 3. Initial stage of spectrally integrated photoluminescence kinetics in PbWQ;4 at
253 nm excitation (dots), the instrumental response function (green dotted line), and
the best fit obtained using a bi-exponential decay function (red solid line). Color
version available online.

It is interesting to note that both regular WO4? and defect-related WOs3
luminescence centers show the same leading edge of the luminescence transient. This
is an indication that no intermediate recapturing processes are involved in the energy
transfer processes. Figure 4 shows the initial stage of PL decay. The decay has two
decay components. Fitting the experimental PL transients with a bi-exponential decay
function renders two effective decay times of t1 = 3.8 ps and 12 = 683 ps at 343 nm
excitation and t1 = 5.9 and 2 = 824 ps, at 254 nm excitation. At the tail part of the
measured Kinetics curve, certain contribution of the slower component with the time
constant of 8-10 ns, which is observed in routine start-stop measurements of PWO
luminescence kinetics, might be traced. The intermediate component with decay times
of approximately 700-800 ps is consistent with that reported in [19], while the fast
component has not been observed before. The comparison of the PL transients
measured at different excitation intensities (see Fig. 4) shows that the ratio between
the two components does not depend on the density of the nonequilibrium carriers.
The kinetics at 343 nm excitation was also measured in two spectral ranges: 400-500
and 500-600 nm. We did not find a significant difference in the response shape when
intensities of blue and green luminescence bands became roughly the same. This is an




indication that the fastest decay component is due to green luminescence emitting

centers.
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Fig. 4. Initial part of PbWQO4 photoluminescence kinetics at 343 nm excitation (blue
dashed line) and 254 nm excitation with pulse energy of 15 mJ/cm? (red solid line)
and 1.5 mJ/cm? (green dotted line). Color version available online.

3.2 Kinetics of photoluminescence in Ce-doped GAGG

Figure 5 shows the transmission and absorption spectra of GAGG:Ce crystal at
room temperature. In UV-visible range, they are formed by 4f'5d°— 454!
interconfiguration transitions of Ce®" ions and 8S—°P, °l, ®D intraconfiguration
transition of Gd®* ions. Gd®* is the matrix creating ion, so P, I and D states form
narrow subzones. The photons of 254 nm wavelength excite both Ce** and Gd**
subsystems in the crystal, whereas 343 nm photons excite predominantly Ce3* ions.

The photoluminescence spectra of GAGG:Ce are presented in Fig. 6. The shape
of the spectra is similar for both excitation wavelengths. In consistency with the
published data [16], the spectra consist of two strongly overlapping bands caused by
spin-orbit splitting of ground f level. Meanwhile, the emission intensity under matrix
excitation (at 254 nm) is by two orders of magnitude lower than that under direct
excitation of Ce ions (at 343 nm). Since the absorption coefficient is similar for the
two wavelengths (see Fig. 5), it seems that the difference in PL intensity is caused by
the losses of the nonequilibrium carriers due to nonradiative recombination in the

process of carrier transfer from the matrix to the Ce ions.
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Fig. 5. Room temperature transmittance (blue) and absorption (red) spectra of
GAGG:Ce sample. Color version available online.
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Fig. 6. Photoluminescence spectra of GAGG:Ce after short-pulse excitation at 254 nm
(red solid line) and 343 nm (blue dotted line). Color version available online.

The photo-luminescence response after a short pulse excitation at 254 nm and 343 nm
is presented in Fig. 7. Due to the presence of long PL decay components, the initial
part of the response is measured at the instrumental function with the FWHM of

100 ps, which is, however, considerably shorter than any components in the rise of PL
response in GAGG:Ce. The response was deconvoluted by taking into account the
instrumental response function, an exponential rise with time constant t: and an
exponential decay with time constant tq. The major part of the luminescence follows
the leading edge of the instrumental function. However, at the excitation of Ce**
luminescence through the matrix (at 254 nm), a slow rise with time constant =, = 8 ns

is observed. For the 343 nm excitation corresponding to the absorption band of Ce3*




ions, the slow rise component has a shorter time constant t, = 2.5 ns, but still
considerably longer than the instrumental response function. This is in consistence

with the 2 ns rise time observed in GAGG:Ce under gamma irradiation [20].
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Fig. 7. The initial part of PL response to a short excitation pulse after excitation
directly to Ce3* ions at 343 nm and via the matrix of GAGG single crystal at 254 nm
(indicated). Smooth lines represent the fitting functions. Color version available
online.

Figure 8 presents the PL Kinetics in a longer scale obtained at the two excitation
wavelengths. The decay is mono-exponential with the decay times of 70 and 60 ns at
254 nm and 343 nm excitation wavelengths, respectively. The slightly longer decay
time at excitation through the matrix might be explained by the process of Ce3*

luminescence sensitization [21].
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Fig. 8. Luminescence kinetics of Ce3* at excitation directly to cerium ion at 343 nm
and via the matrix of GAGG at 254 nm (indicated). Straight lines represent single




| exponential fits. Color version available online.

3.3 Thermally stimulated luminesce in GAGG:Ce

Excitation of the GAGG:Ce crystal in the Ce3*-related absorption bands results
not only in the fast (ns) photoluminescence of Ce* but also in strong
phosphorescence due to effective formation of stable electron and hole centers. These
centers can be detected by TSL. As seen from Fig. 9, the TSL glow curves measured

after irradiation of the GAGG:Ce crystal with different energies Eir are similar.

ol LI T T T T
-2 T =94K 0 _
—~ 0oy irr =
2 v, , —E =44eV Sr .
= o [ - i sl 14
= '\ ---E =36eV &
. ey X i = i
S0 e soy 3 _
LI | |
' - 9]
=r gy == E =22eVi\ £ _
b | ] \ r ‘.\ ; - i
= R Y ol
8 i |I ,' {1 ,-' \\ — 320 360 400 440 A
£ iV i N Temperature (K)
o . \ i
£ :, 'y 51 N
— Ii \ = ! \4—\
0 i ‘\ ,;. R ,~Il IERNN 7 . .
|_ '|' Y \\ ’ AN , \
i 4 - R TN
- ’ N - \\_ ,:. N \\ -
oy - NS
, . . . \.
L oy T g e - T

80 120 160 200 240 280 320 360 400 440
Temperature (K)

Fig. 9. Glow curves of thermally stimulated luminescence measured after irradiation
of GAGG:Ce crystal at 94 K with photons of different energies Eir indicated. In the
inset, the TSL glow curve measured after irradiation with Eir= 3.6 eV at 295 K. Color
version available online.

After irradiation at 94 K, the TSL glow curve peaks located at 110, 190, 260,
310, and 395 K are observed. Most of the low temperature bands were described in
detail elswhere [22-24]. After irradiation at 295 K, we observe a peak at 395 K (see
the inset in Fig. 9). The resolved TSL peak above room temperature is detected for the
first time. All the TSL peaks are observed for the Ce®**-related emission peaked at

2.25 eV. This is an indication that all the TSL glow peaks are caused by thermally



stimulated release of electrons from different electron traps and their subsequent
recombination with the hole Ce** centers.

The dependences of the maximum TSL intensity at 395 K on the irradiation
energy Eir measured at Tir = 94 K and Tirr = 295 K are presented in Figs. 10a and 10b,
respectively (points). For comparison, excitation spectra of the Ce** emission,
measured at exactly the same conditions, are also shown (solid lines). We observed
that the excitation band consist of two overlapping bands. Only one of them,
corresponding to 460 nm (2.7 eV) concides with the absorption band related to Ce®*,

as seen in Fig. 5.
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Fig. 10. Dependences of the maximum TSL intensity at 395 K on irradiation energy
(points) and PL excitation spectra of the Ce®*" luminescence (lines) measured at
irradiation temperatures of 94 K (a) and 295 K (b). Color version available online.

4. Discussion

4.1 On PWO results




The subpicosecond rise time of luminescence in lead tungstate is a clear
indication that the relaxation of nonequilibrium carriers to recombination centers is an
intrinsic process and is not significantly affected by any defects in a standard PWO I
crystal. The short rise time at the excitation with photon energy of 4.9 eV (254 nm),
which is larger than Eq by 0.6 eV [12], is consistent with the model of relaxation of
germinal carrier pairs to the radiating states at oxy-complexes WO4%. However, the
fast rise time is observed also at excitation with energy 3.64 eV (343 nm), which is
0.6 eV smaller than Eg. This indicates that the process of release of electrons into
conduction band from shallow traps is a weak process in this crystal. This is
consistent with the assumption that the color centers with a captured electron (F+ type
centers) are completely unstable in PbWOg structure at room temperature [12]. The
F+ centers are based on WO3 defect oxy-complexes and most probably have ground
state inside conduction band, so they appear simultaneously with excited regular oxy-
anionic groups.

The fast PL decay component with the decay time t = 4-6 ps is more
pronounced at the excitation bellow E4. Therefore, we assume that the fastest
component in the luminescence kinetics is caused by radiative decay of F* centers.
The second, intermediate decay component with the decay time t = 600-800 ps,
which was explicitly revealed in our experiments using high time resolution streak
camera, might be interpreted by WO.?* luminescence originating from quenched
luminescence of complexes WO4>+RE®* (RE = La®*" and Y?**) [12]. Therefore, the
intermediate decay component (600-800 ps) and the component with the decay time
of 8-10 ns, originating from regular WO42 complexes [19], provide simultaneous
contributions to luminescence, which is strongly quenched at room temperature. The
PWO crystals fabricated on a large scale for high energy physics applications are
doped with trivalent La and Y ions at the total level of 100 ppm [12]. As a result,
radiative recombination centers WO42+La%" and WO.>+Y3* are formed with the
ground states approximately 0.1 eV below the bottom of the conduction band.
Therefore, in addition to the thermal quenching, they have additional nonradiative
losses due to the thermal ionization to the conduction band, so their kinetics becomes
shorter.

Our results are obtained under photoexcitation near the bottom of the

conduction band. Under ionizing radiation, the geminal pairs might be disconnected



during the thermalization process. Nevertheless, a dramatic increase in the rise time of
the scintillation pulse is not expected, since the thermalization of the nonequilibrium
carriers via the emission of phonons occurs on the time scale of picoseconds or even
shorter. Moreover, the energy deposit in the high energy physics experiments, when
PWO crystals interact with high-energy particles with energies of hundreds of GeV,
like in LHC experiments, exceeds several GeV within a time of less than 1 ns. So the
density of free carriers becomes high enough to provide prompt coupling of opposite
carriers for recombination. Due to this reason we do not expect substantial increase of
the scintillation rise time compared to photoluminescence rise time and estimate it at
the level of less than 10 ps. Thus, the rise time of the intrinsic scintillation of PWO
crystals might probably be used for fast timing with PWO crystals in high energy
particles detectors with optical readout.

4.2 On GAGG:Ce results

For GAGG:Ce scintillating crystals, the excitation with 4.9eV (254 nm)
photons corresponds to 8S—°Dyj g12 transition of Gd ** ions. The edge of the
conduction band has energy near 6.2 eV (200 nm) [25], so the wavelength of 254 nm
corresponds to the predominant excitation of Gd** ions. The excitation with 3.64 eV
(343 nm) photons corresponds to a direct excitation of cerium ions in the second Stark
component of 5df° configuration of Ce®" ions. It is worth noting that the kinetics at
both excitations shows the rise component on a nanosecond scale. The rise time at the
sub-band-gap excitation (4.9eV) is only by a factor of three longer than that at the
direct Ce3* excitation. This is an indication of a considerable exchange of electrons
between the radiative Ce3* centers, sub-bands created by Gd** ions, traps, and the
conduction band, where they might become trapped and reach the Ce®* radiative
centers with certain delay. This exchange results in slowing of the PL rise time even
at the excitation wavelength corresponding to intracenter excitation.

To clarify the excitation transfer process in the crystal, we analyzed the
dependences of the maximum TSL intensity at 395 K on irradiation energy. We
observed that the creation spectrum of recombining electron and hole centers occurs
under irradiation of the crystal in the Ce3*-related absorption bands located at Eir >

3.3 eV and originating from the second Stark component of 5d*f° configuration (the



band at 3.65 eV) and the upper electron transitions of Ce®*. The population efficiency
of these centers in the region of the lowest-energy absorption band of Ce3* (around
2.8 eV) is substantially smaller (at least by two orders of magnitude). At 295 K, the
radiative electron and hole centers are optically populated under irradiation in all the
absorption bands of Ce®" (Fig. 10b). These data indicate that the second Stark
component of 5d*f° configuration of Ce®" is located inside the conduction band, so
that the excitation into of Ce* results in the ionization of Ce3* even at 94 K. As a
result, the hole centers Ce** and the electrons trapped at different electron traps are
optically created. Their thermally stimulated recombination results in the the TSL
glow curve peaks shown in Fig. 9.

The fast rise time in the Ce** luminescence kinetics at both 4.9 eV and 3.64 eV
excitations indicates that Gd** ions play a significant role in the excitation transport
even at Ce* intercenter excitation. After Ce3* excitation into the second Stark
component and subsequent ionization into conduction band, a considerable part of the
electrons are captured by matrix-building Gd®* ions. An important role of Gd** ions
was revealed in the study of Gd»SiOs:Ce crystals [26]. The migration of the electrons
along Gd®* subsystem in the crystal slows down the rate of the electron transfer back
to the Ce** ions, where they recombine radiatively.

Moreover, another, less effective process is also possible. This effect takes place
at low temperatures under irradiation of the GAGG:Ce crystal in the energy range Eir
< 3.0 eV. Indeed, TSL peaks at the same positions but of considerably lower intensity
appear even after irradiation with Eir= 2.2 eV at 94 K (see Fig. 9), however the TSL
intensity under this irradiation is even larger than under irradiation in the absorption
band (Eir= 2.8 eV) (Fig. 10a). Probably, optically initiated population of defects in
this case can be explained by charge-transfer processes, analogous to those considered
in [27] for Ce®*-doped oxyorthosilicates, e.g., by the optically stimulated electron
transfer from the valence band to various electron traps existing in the crystal.

The TSL peak corresponding to the activation temperature near 395 K is also of
interest. At room temperature, this color center undergoes slow spontaneous thermal
ionization and can be a source of carriers for the subsequent capture by ions Ce*. Our
results lead to certain considerations on the position of the energy level of this color
center in the conduction band. Since the center is partially populated at room
temperature, the position should not be above °P level of Gd**. The activation energy
for the 395 K TSL peak under irradiation in the lowest absorption band (determined



from the Inlts_ dependence on 1/Tirx) is about 0.33 eV. The activation energy for
quencing the Ce®* luminescence is reported to be equal to 0.25 eV in a sintered
sample [24] and 0.36 eV in a crystal [28]. Thus, we concluded that the ground states
of both the Ce®" radiating level and the color center are ~0.3 eV below the bottom of
the conduction band. The nature of the color center is the subject of a separate
publication. In this paper, we just point out that the spontaneous electron release from
this color center at room temperature does not substantially affect the luminescence
Kinetics. As it can be seen in Fig.8, the decay is slightly slower at the excitation
through Gd®* ions but the difference in the decay times is less than 20%.

While scintillation occurs in GAGG:Ce crystal under ionizing radiation, the most
of the carriers will be captuded by matrix-building Gd®* ions. Thus, the rise time of
the scintillation is expected in the range of few ns. The relatively long rise time of the
scintillation might be the limiting factor to achieve acceptably fast timing by using
detectors based on GAGG:Ce, especially in PET scanners, where the energy deposit

is considerably lower than that in high energy applications.

5. Conclusions

A sub-picosecond rise time of luminescence in intrinsic PWO scintillation
crystal is demonstrated for both emission components: the predominant component
peaked at 430 nm, which is related with the regular crystal-building oxy-anionic
complexes WO4%, and the green component (peaked near 500 nm) due to oxygen
deficient oxy-complexes WOz. Two luminescence decay components with
characteristic decay times of 4-6 ps and 600-800 ps, i.e., substantially faster than the
decay component with the decay time of ~10 ns, which is usually observed in PWO
scintillators, are explicitly revealed for the first time.

Meanwhile, the rise of the luminescence response to short pulse in GAGG:Ce
takes several nanoseconds even at the direct resonant excitation of Ce®" ions. This
feature is explained by the position of the excited Ce®* levels in the conduction band.
This conclusion is supported by the study of thermally stimulated luminescence. The
importance of the capture of nonequilibrium carriers by matrix-building Gd®* ions for
the luminescence response time is also concluded.

The results show that the fast rise of luminescence in PWO scintillators is
short enough to be exploited for the sub-10-picosecond readout, which is targeted for
the future scintillator detectors, while the rise time in cerium-doped GAGG crystal



might be a limiting factor for fast timing in radiation detectors based on this
scintillator. However, as recently demonstrated in [20] and references therein, the rise

time of GAGG:Ce might be substantially decreased by co-doping by magnesium.
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Figure captions

Fig. 1. Streak camera image of PL intensity versus wavelength (horizontal) and time
(vertical) in PbWOg. Color version available online.

Fig. 2. Time-integrated PbWO4 luminescence spectra after excitation at 254 nm (red
dotted line) and 343 nm (blue solid line). Color version available online.

Fig. 3. Initial stage of spectrally integrated photoluminescence kinetics in PbWO4 at
254 nm excitation (dots), the instrumental response function (green dotted line), and
the best fit obtained using a bi-exponential decay function (red solid line). Color
version available online.

Fig. 4. Initial part of PbWO4 photoluminescence kinetics at 343 nm excitation (blue
dashed line) and 254 nm excitation with pulse energy of 15 mJ/cm? (red solid line)
and 1.5 mJ/cm? (green dotted line). Color version available online.

Fig. 5. Room temperature transmittance (blue) and absorption (red) spectra of
GAGG:Ce sample. Color version available online.

Fig. 6. Photoluminescence spectra of GAGG:Ce after short-pulse excitation at 254 nm
(red solid line) and 343 nm (blue dotted line). Color version available online.

Fig. 7. The initial part of PL response to a short excitation pulse after excitation
directly to Ce®* ions at 343 nm and via the matrix of GAGG single crystal at 254 nm
(indicated). Smooth lines represent the fitting functions. Color version available
online.



Fig. 8. Luminescence Kinetics of Ce®" at excitation directly to cerium ion at 343 nm
and via the matrix of GAGG at 254 nm (indicated). Straight lines represent single
exponential fits. Color version available online.

Fig. 9. Glow curves of thermally stimulated luminescence measured after irradiation
of GAGG:Ce crystal at 94 K with photons of different energies Eir indicated. In the
inset, the TSL glow curve measured after irradiation with Ei+=3.6 eV at 295 K.

Fig. 10. Dependences of the maximum TSL intensity at 395 K on irradiation energy
(points) and PL excitation spectra of the Ce®*" luminescence (lines) measured at
irradiation temperatures of 94 K (a) and 295 K (b). Color version available online.



