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Abstract 

 

Nonequilibrium carrier dynamics in the scintillators prospective for fast timing in 

high energy physics and medical imaging applications was studied. The time-resolved 

free carrier absorption investigation was carried out to study the dynamics of 

nonequilibrium carriers in wide-band-gap scintillation materials: self-activated led 



tungstate (PbWO4, PWO) ant two garnet crystals, GAGG:Ce and YAGG:Ce. It was 

shown that free electrons appear in the conduction band of PWO and YAGG:Ce 

crystals within a sub-picosecond time scale, while the free holes in GAGG:Ce appear 

due to delocalization from Gd3+ ground states to the valence band within a few 

picoseconds after short-pulse excitation. The influence of Gd ions on the 

nonequilibrium carrier dynamics is discussed on the base of comparison the results of 

the free carrier absorption in GAGG:Ce containing gadolinium and in YAGG without 

Gd in the host lattice. 

  

1. Introduction 

The high-energy physics experiments in sight and advanced medical imaging 

devices based on positron emission tomography (PET), positron annihilation lifetime 

spectroscopy (PALS) and other techniques require fast scintillation detectors. 

Currently the best time resolution of scintillation detectors is at the limit of 100 ps: 

~200 ps is reported for detectors based on LYSO:Ce [1] and PWO [2], a sub-100-ps 

coincidence time resolution is reported for PET with LSO:Ce,Ca scintillation 

detectors, while a sub-100-ps time resolution was measured with PWO-based 

detectors in the CMS ECAL experiments [3]. A 10-ps-resolution is the next target in 

development of scintillation detectors [4,5]. The current demand for faster timing of 

scintillation detectors used both in high luminosity high energy physics experiments 

and in medical applications inspire deeper studies of the dynamics of nonequilibrium 

carriers generated in scintillator material.  

Recently, we investigated the carrier dynamics in PbWO4 (PWO) and 

Gd3Al2Ga3O12:Ce (GAGG:Ce) using time-resolved photoluminescence technique [6]. 

In the current paper, a time-resolved free carrier absorption technique was exploited. 

Three scintillation materials have been under study: self-activated led tungstate 

(PbWO4, PWO) and two cerium-doped garnets, GAGG and Y3Al2Ga3O12 (YAGG).  

PWO exhibits short emission decay time and has good radiation hardness to  

quanta. In spite of a comparatively low light yield, 200 ph/MeV, PWO-based 

scintillators are used in the radiation detectors, which are currently being exploited in 

several high-energy physics experiments, including such large experiments as CMS 

and ALICE at LHC(CERN) [7] and future PANDA detector at FAIR (GSI, Germany) 

[8]. The predominant luminescence mechanism in PWO is emission via quenched 



polaronic states, due to recombination of excitations on the host oxy-anionic 

complexes WO4
2- [9,10].  

Ce-doped yttrium and gadolinium aluminum gallium garnets, YAGG and GAGG, 

respectively, are an excellent example for engineering of the material luminescent 

properties [11]. 

The rise time of the luminescence response to short pulse excitation in GAGG:Ce was 

found to be in the range of several nanoseconds even at the direct resonant excitation of Ce3+ 

ions [6]. This feature was explained by taking into account possible carrier trapping at 

the sublattice of the host-building Gd3+ ions, which is in line with the excitation 

transfer from Gd3+ to Ce3+ studied in Gd2SiO5:Ce crystal [12]. A more detailed study 

of the role of Gd3+ subsystem in the energy transfer processes in garnet crystals plays 

important role in future optimization of these crystals for exploiting as scintillation 

material. In particular, scintillation crystals and phosphors based on mixed garnets 

doped with cerium attract considerable interest due to ability of manipulation with 

their luminescent and scintillation properties by changing the Al/Ga ratio in the 

compound [13]. This ability is enabled by the change in the strength of the crystal 

field acting on the activator ions and, consequently, by shifting the energy levels of 

Ce3+ relative to the bottom of the conduction band. Moreover, optimization of garnet 

composition serves also for the enhancement of the light yield of these scintillators 

[14]. The most impressive results have recently been achieved in GAGG:Ce, where 

the scintillation yield of up to 58000 ph/MeV was demonstrated both in single crystals 

and transparent ceramics [13,15].  

After demonstration of the formation Y3Al2Ga3O12 (YAGG) via sol-gel synthesis 

[16] and the micro-pulling down method [17], this mixed garnet attracts considerable 

interest as host material for Ce-based phosphors and scintillators. YAGG:Ce might be 

used as green phosphor in light-emitting diodes with high color rendering [18]. Strong 

persistent green [19] and yellow [20] luminescence was also observed in 

Y3Al2Ga3O12:Ce ceramics co-activated with chromium ions [19,20]. In both garnets, 

GAGG and YAGG, the second and third Stark components of 4f05d1 configuration of 

Ce3+ ion are located in the conduction band [20]. However, the host matrix of YAGG 

does not contain Gd3+ sublattice. Therefore, the comparison of Ce-doped GAGG and 

YAGG offers an informative insight into the influence of gadolinium on the dynamics 

of nonequilibrium carriers. 

 



2. Samples 

The PWO crystal under study was grown by Czochralski technique as described 

in more detail in [9]. The 2x2x0.1 cm3 sample was prepared from the ingot of PWO-II 

quality [2].  

Y3(Al0.25Ga0.75)3O12  and  Gd3Al2Ga3O12 crystals doped with Ce were grown by 

Czochralski method from the melt containing 1 at.% of Ce in a slightly oxidized 

neutral atmosphere. The samples under study with dimensions 0.7x0.7x0.5 cm3 were 

cut from the seed part of the ingots exhibiting higher optical quality. The light yield of 

YAGG:Ce was found to be by a factor of 7 smaller than that of GAGG:Ce. 

 

3. Experimental 

The measurements of free carrier absorption have been performed by using a 

femtosecond Yb:KGW laser PHAROS (Light Conversion Ltd.) emitting at 1030 nm. 

The laser produced 200 fs pulses at 30 kHz repetition rate. A part of the fundamental 

laser harmonic was frequency-quadrupled using -barium borate crystals and the light 

at 254 nm (4.9 eV) was used as a pump beam for pulsed excitation of free carriers. 

The excitation beam was focused on the sample surface into a spot of ~350 μm in 

diameter. The remaining part of laser radiation at 1030 nm was delayed by an opto-

mechanical delay line and used as a probe to follow the time evolution of the induced 

absorption, which is proportional to free carrier density. All measurements were 

performed at room temperature.  

 

 

4. Results and discussion 

 

4.1 Free carrier absorption in PbWO4 

The excitation at 254 nm corresponds to interband transitions in lead tungstate 

crystal. Figure 1 shows the decay of the excitation-induced free carrier absorption 

(FCA) in PWO crystal at different pulse energy densities of the excitation. The initial 

part of this decay is presented in Fig. 2. The increase in excitation intensity results in 

increased contribution of the fast decay component. The dependence of the peak 

induced absorption on excitation intensity is presented in Fig. 3 as the dependence of 

the induced absorption at the probe wavelength (1030 nm) on pump pulse energy 



density. The optical density of the induced absorption in PWO and in other two 

samples under study (not shown) was found to be proportional to the energy density 

in a wide dynamic range, as expected for free carrier absorption. This evidence 

confirms the assumption that the probe absorption originates exclusively from the 

carriers created via pumping. 
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Fig. 1.  Kinetics of optical density induced by short pulse excitation of PWO crystal 

at 254 nm, probed at 1030 nm, for different excitation pulse energy densities 

(indicated). 
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Fig. 2. Initial part of the kinetics presented in Fig. 1. 
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Fig. 3. Induced optical density at 1030 nm probe wavelength at 0.3 ps delay after 

short pump pulse at 254 nm versus pump pulse energy density. 

 

The subpicosecond rise time of FCA at interband excitation in the self-activated 

luminescent lead tungstate is a clear indication that the nonequilibrium free electrons 

appear in the conduction band within subpicosecond time scale. This is in consistence 

with interpretation that the luminescent matrix-forming oxy-anionic complexes WO4
2- 

provide conditions for formation of self-localized excitons. Furthermore, the FCA 

exhibits a respond kinetics, which correlates with the photoluminescence kinetics 

observed by us before [6].  

The excitation at 254 nm generates free carriers in the PWO crystal in the 

subpicosecond domain. As the excitation density is increased, the probability of the 

non-germinal carrier recombination shows an increase resulting in acceleration of the 

initial part of the FCA decay.  This effect was supported by our experimental results 

obtained with PWO sample. 

 

 

4.2 Free carrier absorption in YAGG:Ce 

 

The measured absorption spectrum of Ce3+ in YAGG:Ce crystal is similar to that 

reported before [21]: it contains three bands peaked at 448, 350, and 250 nm. Thus, 

pumping at 254 nm coincides pretty good with the upper, third, absorption band due 

to inerconfiguration electronic transition 4f15d0 4f05d1 of  Ce3+ ions. Figure 4 shows 

FCA kinetics in YAGG:Ce crystal for different excitation energy densities at 254 nm. 

The initial part of the decay kinetics is depicted in Fig. 5. The kinetics consists of 



three components. The fast and intermediate components have characteristic decay 

times of 2 ps and ~100 ps with no significant dependence on excitation intensity. The 

decay time of the slow decay component is in nanosecond domain and decreases 

down to a few nanoseconds as the excitation intensity increases.  
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Fig. 4.  Kinetics of optical density induced by short-pulse excitation of YAGG:Ce 

crystal at 254 nm for different excitation pulse energy densities (indicated). 
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Fig. 5.  Initial part of the kinetics presented in Fig. 4. 

 

Since the excitation YAGG:Ce crystal with 4.9 eV (254 nm) photons 

corresponds to transition to the third Stark component of 4f05d1 configuration in Ce3+ 

ions, and the edge of the conduction band in Al/Ga mixed garnets has energy near 

6.2 eV (200 nm) [22], the wavelength of 254 nm corresponds to the predominant 



excitation of Ce3+ ions. However, a fast delocalization of the electrons from Ce3+ is 

highly probable, since the excited state is within the conduction band. Thus, the initial 

FCA decay is, most probably, caused by fast delocalization within ~2 ps, the further 

kinetics of FCA with the decay time in the 100 ps range proceeds after the 

equilibrium among the processes of depopulation and repopulation of Ce3+ and 

recombination is established. The decay in the nanosecond time is influenced by 

capturing of electrons from the conduction band by traps due to shallow defect states, 

which are present in abundance in mixed garnets.  

 

 

4.3 Influence of gadolinium on carrier dynamics in GAGG:Ce 

Figure 6 shows the absorbance spectrum of GAGG:Ce crystal at room 

temperature. The spectrum consists of absorption bands due to 4f15d04f05d1 

interconfiguration transitions of Ce3+ ions and 8S6P, 6I, 6D intraconfiguration 

transitions of matrix-building gadolinium ions forming narrow subbands due to P, I, 

and D states. The absorption band corresponding to the transition to the third Stark 

component of 4f05d1 configuration is shifted to short wavelength range in GAGG in 

comparison with that in YAGG. Therefore,  the photons of 254 nm wavelength excite 

Ce3+ ion only into the long-wavelength shoulder of the absorption band due to the 

third inerconfiguration electronic transition 4f15d04f05d1 and Gd3+ subsystem 

directly via 8S6D transitions.  
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Fig. 6. Room temperature absorbance spectrum of GAGG:Ce.  

 



Figures 7 and 8 show FCA kinetics in GAGG:Ce crystal at different excitation 

pulse energy densities at the wavelength of 254 nm in the range of nanoseconds and 

within the first 20 picoseconds after short-pulse excitation, respectively.  
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Fig. 7. Kinetics of optical density induced by short pulse excitation of GAGG:Ce 

crystal at 254 nm for different excitation pulse energy densities (indicated). 
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Fig. 8.  Initial part of the kinetics presented in Fig. 7. 

 

The FCA decay at low excitation intensities is monoexponential with the 

characteristic decay time substantially exceeding the time range under study (8 ns). 

The decay becomes increasingly nonexponential at elevated excitation intensities. The 

most interesting feature in the FCA response to a short pulse excitation is the rising 

part of the response. In contrast to PWO and YAGG:Ce, where the rise time is below 

the time resolution in our experiments (200 fs), the rise of the FCA response in 

GAGG:Ce is considerably slower. The rise time is approximately 10 ps at low 



excitation of 0.14 mJ/cm2 and decreases to 5 ps as the excitation is increased by an 

order of magnitude. 

For GAGG:Ce scintillating crystals, the excitation with 4.9eV (254 nm) 

photons corresponds to 8S6D7/2,9/2 transition of Gd 3+ ions and a weak excitation into 

the long wavelength wing of the band corresponding to transition to the third Stark 

component of 4f05d1 Ce3+ electronic configuration. Similarly to YAGG crystal, the 

band gap due to pd interband transitions has energy near 6.2 eV (200 nm) [22], 

thus, the wavelength of 254 nm corresponds to the predominant excitation of Gd3+ 

ions. Consequently, electrons do not appear in the conduction band due to this 

transition. Thus, the FCA signal we observed here is due to absorption by free holes, 

which are released from Gd3+ 8S ground state into the valence band. This assumption 

is in good agreement with the analysis performed by P. Dorenbos [23], showing that 

the ground state of Gd3+ in 4f7 shell is localized in the valence band. The rise of FCA, 

which takes a few picoseconds, is caused by delocalization of holes from Gd3+ to 

valence band. When the hole is localized at the Gd3+ f-level, its direct transfer by 

absorption of photons to p orbitals, forming the top of valence band is forbidden. 

However, the transition might occur via mixed p-d orbitals in the valence band. This 

relaxation takes 5-10 ps, depending on the density of nonequilibrium holes, which is 

observed as the rise time in FCA experiments. The decay of FCA kinetics proceeds 

rather slow in comparison with that in PWO and YAGG:Ce, with the characteristic 

decay time of 1 ns even at the first decay stages and even more slowly afterwards. 

This time is required for the hole to be captured from the valence band by Ce3+ ion. 

This interpretation is consistent with the published observation that the luminescence 

rise time in GAGG:Ce equals several nanoseconds [6]. 

 

 

5. Conclusions 

The time resolved study of free carrier absorption in three scintillation 

materials, self-activated PWO and cerium-doped GAGG and YAGG showed that the 

free electrons are instantaneously generated into the conduction band under band-to-

band excitation of PWO and at the excitation to the third Stark component of 4f05d1 

Ce3+ configuration forming a state in the conduction band. Meanwhile in GAGG:Ce, a 

substantially slower relaxation of free carrier absorption was observed and attributed 



to the absorption by free holes.  Moreover, the rise of FCA in GAGG:Ce, takes a few 

picoseconds, what is caused by delocalization of holes from Gd3+ to valence band. 

This observation is consistent with the conclusion reported in [23] that the ground 

state of the 8S6D7/2,9/2 intracenter transition of Gd3+ ions is located within the 

valence band. The results show that the hole trapping at Gd sublattice is an important 

factor deteriorating response rise in scintillators based on mixed garnets containing 

gadolinium.  
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