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FREE CARRIERS DYNAMICS IN HEAVY SCINTILLATION MATERIALS
WITH GARNET STRUCTURE

Abstract. Ce-doped Lu,ALO,, (LuAG), and Gd,Al,Ga,0,, (GAGG) crystals with and without codoping by Mg*" ions have
been studied by the nonlinear absorption spectroscopy method. A faster rise time of transient optical absorption has been
observed in all crystals codoped with Mg in comparison to Mg-free samples. A significant difference in the time evolution of
the differential optical density in GAGG in comparison to LuAG crystals is revealed. In gadolinium garnets an absorption
band peaked in the blue-green range and decaying with characteristic time of ~2 ps is observed. This band is considered to be
due to absorption of free electrons before their trapping by Ce**doping ions. A broad transient absorption band in the yellow-
red region is attributed to absorption from the Ce’* excited states.
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JTUHAMMUKA CBOBOJHbIX HOCUTEJENM B TSAXKEJBIX CKUHTUJISILUOHHBIX MATEPUAJIAX
CO CTPYKTYPOM 'PAHATA

Annoranus. Jleruposannsie nonamu Ce kpucramnst Lu,ALO,, (LuAG) u Gd,Al,Ga,0,, (GAGG) ¢ u 6e3 Komonuposa-
HUS MOHAMU Mg>" MCClieIoBaHbl METOIOM HEJIMHENHOM a0COpOIIMOHHON CIEKTPOCKOMKUU. YCKOPEHHE BPEMEHH HapacTaHust
MIEPEXOJHOTO ONTHYECKOTO MOIJIONIEH s Ha0JII01aI0Ch B KPUCTAJIIaX, KOAOMPOBAHHBIX HOHAMH Mg, 110 CpaBHEHHIO ¢ 00-
pasuamu 6e3 Mg. BoisiBiieHO CyLIeCTBEHHOE pa3inyue BO BPEMEHHOU 3BOIOIH AU HepeHIIHanbHOi ONTHIECKO# MI0THO-
ctu B GAGG B cpaBHeHuu ¢ kpucrauiom LuAG. B ragonuaueBsIX rpaHaTax HaOaomaeTcs Moioca MOTJIOMICHHUS B CHHE-
3€JIEHOM JIMaIla30He C 3aTYXaHHEM C XapaKTePHBIM BpeMeHeM ~2 Mc. JTa M0JIOCa COOTHECEHA MOTIOMICHUIO CBOOOIHBIMU
SIICKTPOHAMH [0 MX 3axBara npuMmecHbiMu HoHamu Ce*. [lIupokasi monoca nepexoqHOro MOTNIOMICHUS B KEITO-KPACHOM
oGuiacTy 00yCJIOBJIEHA MOTJIONIEHUEM U3 BO30YKIEHHBIX COCTOsIHUM HOHOB Ce’™,

KuroueBble ciioBa: nepexoiHOe IMOITIOMCHHE, CUUHTHIIISTOPBI, pa3ropaHie JTIOMHHECHEHIIMN, KHHETHKA JIIOMUHEC-
LEHIIMH, IPaHaTHI

Jas uuTupoBanus. /[mHaMHKa cBOOOTHBIX HOCHTENEH B TSDKENIBIX CKUHTHILIIMOHHBIX MaTepHajiax co CTPYKTYpoil
rpanara/ C. A. Tuxomupos [u ap.] // Bec. Han. akan. naByk bemapyci. Cep. ¢i3.-mar. HaByk. — 2017. — Ne 4. — C. 72-78.

Introduction. The free carriers dynamics plays a crucial role in forming of the scintillator response
and Coincidence Time Resolution (CTR) measurements. The achievable time CTR depends on the inter-
play between the light yield, light collection inside the scintillation element and the kinetics of the scin-
tillation response [1]. Recently, Ce-doped garnets with the chemical formula M,A O,,, in which the me-
tal M can be either a single yttrium / rare earth ion or their mixture; and the metal A can be Al, Ga
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or their mixture, have been extensively studied. They have a high light yield, the scintillation decay time
shorter than 100 ns, and their emission peaks in the range between 520—560 nm, which perfectly matches
the spectral sensitivity spectrum of silicon photo-multipliers (SiPM).

The codoping of Ce-doped scintillation materials with aliovalent ions has been recently demonstrated
to be a promising approach to improve the scintillation properties, especially in the scintillators with
a garnet-type crystal matrix [2, 3]. Such improvement is a combined result of the modification of elec-
tronic excitation transfer processes [4, 5].

Moreover, it causes a significant acceleration of the luminescence rise and decay times, as observed
in Gd,Al,Ga,0,,:Ce (GAGG:Ce) crystals codoped with Mg [6]. This leads to an improvement of the coin-
cidence time resolution, as recently demonstrated with GAGG:Ce and Lu,ALO, :Ce (LuAG:Ce) crystals [7, 8].

In comparison with LuAG crystal, GAGG has a particular feature: it contains numerous levels of
’f electronic states of Gd** ions in the band gap. As recently shown [9], the ground state *S of Gd** ions
in GAGG crystals is located inside the valence band, about 1 eV below its top. Thus, a substantial
difference in the excitation transfer to the radiating level of Ce*" in GAGG is expected with respect to
Gd-free garnets.

Since the luminescence build-up is caused by the population of the Ce*" radiating levels, studying
the time evolution of the population is a powerful tool to investigate both the luminescence response and
the dynamics of free carriers before their capture by trapping and radiative centers.

To study these processes, the population of the lowest excited levels can be probed by exploiting
the optical pump and probe technique: a femtosecond pump pulse is used for photo-excitation, while
the probe pulse of similar duration but with a variable delay with respect to the excitation pulse is used
to probe the free carrier density and the population of the excited electronic energy levels. In the current
paper, a comparison of the fast excitation transfer processes in Ce-doped GAGG and LuAG crystals,
with and without Mg-codoping, is discussed.

Experimental methods. Four Ce-doped garnet samples used in this study were grown by Czoch-
ralski method. The standard scintillation and optical properties of these samples were measured and
discussed in [7].

The study of non-equilibrium carrier dynamics was performed using a pump-probe spectrometer
based on an original femtosecond Ti:Al,O, pulsed oscillator and a regenerative amplifier, both operating
at 10 Hz repetition rate. The laser pulse duration and energy after amplification were 140 fs and up to 0.5 mJ,
respectively, while the wavelength was tunable over the spectral range from 770 to 820 nm. The pulses
of the fundamental frequency (the wavelength A _was set at 790 nm for the present study) were divided
after the output of the amplifier into two parts at a ratio of 1:4. The beam of higher intensity was con-
verted to the third harmonic (A = 263 nm, pulse energy £ up to 12 pJ) and used as the pump pulse. The pulse
energy was selected low enough to prevent the sample surface from optical damage by the laser pulse.
The second beam of smaller intensity was used as a probe. After passing the delay line, the probe pulse
was converted to a white supercontinuum generated by focusing the beam into a 1 cm long water cell.
By using a semi-transparent mirror, the supercontinuum radiation (360—800 nm) was subdivided into
two pulses (reference and signal) of similar intensity. Both pulses were focused on the sample by mirror
optics. The reference pulse was exploited to eliminate the impact of shot-to-shot instability of super-
continuum. It passes the sample always before the pump pulse. The pump-induced change of the optical
density was calculated as:

AD(, Ay =1g[(E, (M) / E_; QOE*, (A, AD) [ E_ (k, AD)],

ref

where E . E * »and E__ are the energies of the signal pulses passed the sample before and after the pump
pulse, and the reference pulse, respectively. The beam spot diameter was 0.5 mm. The spectra of both
pulses were recorded in the spectral range from 400 to 700 nm for each laser shot by a system including
a polychromator equipped with a CCD camera and digitally processed. All measurements have been
performed at room temperature.

Results. The absorption spectra of the crystals under study, measured through 2 mm thickness using
a Perkin Elmer (Lambda 650 UV/VIS) spectrometer, are presented in Fig. 1. All the Mg-free crystals
exhibit the 4f-5d absorption bands corresponding to inter-configuration transitions of Ce** ions. The samples
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Fig. 1. Absorption spectra of GAGG:Ce without (black solid) and with Mg codoping (red dotted) (a);
of LuAG:Ce without (black solid) and with Mg codoping (red dotted) (b)

codoped with Mg?" ions additionally show a broad absorption band in the UV region (below 300 nm).
This band, related to the charge transfer (CT) transition from the valence band to a defect stabilized
by Mg** (e.g., Ce*" ions), is more pronounced in the LuAG:Ce crystals having the lowest concentration
of Ce*" ions. The absorption spectrum of the GAGG:Ce sample also shows a set of narrow absorption
bands in the UV range corresponding to the transitions from S ground state to the numerous components
of P, I, and D terms split by spin—orbit interaction.

The transient induced absorption spectra of all samples for different delay times between the pump
and the probe pulses are shown in Fig. 2—5. The pump wavelength of 263 nm was selected for excitation
to avoid direct excitation of Gd*" states in GAGG crystals. For all the samples under study, this wave-
length excites the Ce** ions in the third component of the inter-configuration transition 4f'-5d'4f°. Since
the corresponding excited level is located in the conduction band (CB) the delocalization of the non-
equilibrium electrons and their capture might easily occur. In addition, the pump causes CT transitions
in the defect centers due to the divalent ion introduced by the Mg-codoping. The differential optical den-
sity spectra of GAGG:Ce show a drop around 440—450 nm, in correspondence with the first 4f'—5d'4{°
allowed transition of Ce** ions. This occurs due to a relatively larger concentration of Ce** in this sample
with respect to the lower dopant concentration in LuAG.
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Fig. 2. Transient induced absorption spectra of GAGG:Ce single crystal at different time delays
between the pump and probe pulses (indicated) at pump pulse energy of 10 nJ (a);
and kinetics of probe beam absorption at the wavelengths of 480 and 680 nm (b)
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Fig. 4. Transient induced absorption spectra of LuAG:Ce single crystal at different time delays
between the pump and probe pulses (indicated) at pump pulse energy of 10 pJ (a);
and kinetics of probe beam absorption at the wavelengths of 390 and 640 nm (b)
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Fig. 5. Transient induced absorption spectra of LuAG:Ce single crystal at different time delays
between the pump and probe pulses (indicated) at pump pulse energy of 10 pJ (@);
and kinetics of probe beam absorption at the wavelengths of 390 and 640 nm (b)
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Fig. 6. Initial part of the kinetics of probe beam absorption at the wavelengths of 480 and 680 nm in GAGG:Ce

The spectra of GAGG:Ce contain two strongly overlapping wide bands: an absorption band peaked
in the blue-green range (B1) and the second band peaking around 650 nm (B2). As seen in the differential
absorption kinetics (parts (b) in Figs. 2-5), these bands appear simultaneously with the leading edge
of the excitation. The Bl band (probed at 480 nm) shows an extremely fast decay component with
the constant of about 2 ps and a slower decay with the constant of ~200 ps afterwards. The B2 band
kinetics shows no fast component and decays with approximately the same time constant of ~200 ps
as Bl. The initial part of the differential optical density kinetics in GAGG:Ce is better shown within
a reduced time range in Fig. 6.

The kinetics of transient absorption in the Mg-codoped GAGG:Ce is similar to that in the sample
without codoping, except for the fast component Bl which becomes two times shorter and of smaller
intensity than that in the corresponding Mg-free sample.

The Bl band is considerably less pronounced in the absorption spectra of LuAG:Ce and no fast
decay component in the kinetics is observed for the differential optical density probed at the spectral
wavelength of the B1 band.

Discussion. The existence of a fast decay component in the transient absorption of GAGG:Ce
(see Figs. 2 and 3) was previously observed in [10]. The results presented in this work confirm its pre-
sence in GAGG and show that such component is absent in LuAG:Ce crystals, both uncodoped and with
codoping with Mg?* ions. This observation suggests that the transient absorption band peaking in the blue-
green region cannot be associated with the excited radiating level of Ce*". Most probably, the Bl band
is caused by free electron absorption, where the free electrons are generated via the absorption by Ce**
and the subsequent transfer of the electrons to the conduction band. The narrow spectral width of the band
might be attributed to the transitions of the free electrons to certain subband higher in the conduction
band, which substantially enhances the resonant free electron absorption. The fast decay of the free
electron absorption can be explained by the localization of free electrons at the traps in GAGG. Con-
versely, the B2 band is observed in all samples under study and can be explained as the absorption from
the Ce** excited radiating levels. This interpretation is also supported by the different kinetic behavior
of the BIl and B2 absorption bands observed in the GAGG:Ce sample at the initial stage after the short-
pulse excitation (see Fig. 6). The equilibrium between the free electrons and the electrons at the excited
Ce’*" level is established within approximately 2 ps after pump excitation, while the further decay of both
free electron density (probed at 480 nm) and the population of the excited Ce** level (probed at 680 nm)
proceeds at a similar rate, which is determined by radiative and nonradiative recombination processes.
In the GAGG:Ce crystal codoped with magnesium, the relative contribution of the fast component
is smaller and its decay time faster (about 1 ps) indicating that an additional recombination channel
might have been introduced by codoping.

A difference in the rising time of the transient B2 absorption band kinetics between Mg-codoped
and Mg-free garnets has also been observed as seen from Fig. 7.
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Fig. 7. Initial part of the kinetics of probe beam absorption at the wavelength 640 nm
for Mg-free and Mg-codoped GaGG:Ce (@) and LuAG:Ce (b) crystals

This difference is minimal in GAGG crystal but, in LuAG, the rising edge of the transient absorption
response of the Mg-codoped crystals is considerably shorter due to capturing of free electrons from
shallow traps. The Mg**-based defect centers, having a CT transition peaked at 265 nm, create deep trap
levels approximately 1.5 eV below the bottom of conduction band. This can cause the same electrons
to becaptured multiple times from shallow traps and prevents them from being re-captured by Ce*" ions
via the conduction band. Shallow traps capture electrons from the conduction band, while the thermal
re-activation of the electrons back to the conduction band results in the population of Ce* radiating
levels and is responsible for the delayed luminescence observed in such samples. In Mg-codoped crys-
tals, this process is substantially suppressed by the re-capturing of trapped electrons by Mg-related
centers and thus the re-population from the traps is less probable. As a result, the transient absorption
decay is faster in the codoped crystals. Meanwhile, the additional channel of non-radiative recombination,
which is introduced by Mg-codoping, reduces the light yield of garnet crystals.

Conclusions. Pump-probe method, using femtosecond laser sources, has been applied to study
transient absorption of Lu,AlO,:Ce and Gd,Al,Ga,0,,:Ce crystals with and without Mg-codoping.
The 140fs pulses of pump (263 nm) were used to create free carriers in all the samples under study,
whereas white super-continuum of the same duration was applied to measure transient absorption
in the spectral range from 400 to 700 nm.

Difference in the dynamics of population of the excited state of the activator ions in two garnet-type
scintillators: LuAG:Ce, and GAGG:Ce was observed. We assume that Mg-codoping introduces addi-
tional levels into the band gap, which facilitate transferring the trapped electrons back to the Ce ions.
Two transient absorption bands were observed in doped and codoped crystals. The first band, present
in all studied garnets, is broad and extends from approximately 450 nm over the whole visible region
region and decays with characteristic time constant of approximately 200 ps. It is attributed to the ab-
sorption from the lowest excited state of Ce*". The second band is peaked at the blue-green region,
emerges in subpicosecond domain and has the decay time of 1-2 ps. The time evolution of this band
implies that it is caused by the light absorption by free electrons released to the conduction band. This
band is most pronounced in GAGG:Ce, but is hardly detected in LuAG:Ce.
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TeMaTHIeCKUX HayK, 3aMECTHTENb 3aBeyIOIIero 1adoparo-
pueit ¢u3uku HHGpPaKpacHBIX Jyded, MHCTUTYT (Gu3HKH
M. b. U. Crenanosa HannonaneHoi akagemun Hayk benapycu
(mp. HezaBucumoctu, 68, 220072, r. MuHck, Pecrybnuka
Benapycs). E-mail: o.buganov@ifanbel.bas-net.by

Odpeii ITheHeT — KaHAUIAT PU3UKO-MATEMAaTHIECKIX
Hayk, corpyauuk IL[EPH (1123 JKeneBa, IJEPH). E-mail:
Etiennette. Auffray@cern.ch

Kop:xuk Muxauny BacunbeBu4 — 10KT0p (hr3uK0O-Ma-
TeMaTHYeCKHUX HaykK, 3aBeyIOIIHN 1TabopaTopuel SKCIepu-
MEHTAJIBHON (PU3MKU BBICOKMX SHEpruid, MHCTUTYT sSIepHBIX
npobiem benopycckoro rocyiapcTBEHHOTO YHUBEPCHTETa
(yn. Bobpyiickas, 11, 220030, r. Munck, Pecrry6nuka bena-
pycs). E-mail: korzhik@inp.bsu.by

KozsoB IMuTtpuii — acnupaHT, 1a60paTopus SKCIEpH-
MEHTAIBHOH (M3UKHM BBICOKHX DHEPrUil, MHCTUTYT SOCpHBIX
npobiem benopycckoro rocyrapcTBEHHOTO YHHUBEPCHTETa
(yn. Bobpyiickas, 11, 220030, r. Munck, Pecrry6nuka bena-
pycs). E-mail:kozlov@inp.bsu.by

Hapreaac Cayanyc — Hay4HBIH COTpYJHUK, BunbHIOC-
ckuit yauBepcuret (Sauletekioal. — III, Vilnius, Lithuania).
E-mail: saulius.nargelas@ff.vu.lt

Tamynaiituc F'maTayrac — noxrop ¢usnko-maremaru-
YecKUX Hayk, mpodeccop, 3aBenyrommuii kadenpoii, Buis-
HIocckuit yHuBepcuteT (Sauletekioal. — III, Vilnius, Lithu-
ania). E-mail: gintautas.tamulaitis@ff.vu.lt

BaiiTkeBHYyc ABrycrac — acnupast, BuibHrocckuit
yuusepcutet (Sauletekioal. — III, Vilnius, Lithuania). E-mail:
augustas.vaitkevichus@ff.vu.lt

Axnpa Mommkasa — npodeccop, Yausepcuter ToXoKy,
Snonus. E-mail: yoshikawa@gmail.com



