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Abstract

Luminescence of Yb** from the charge-transfer state with broad emission bands and short radiative lifetimes (few to
tens of nanoseconds depending on the host lattice and the temperature) is attractive for the development of fast
scintillators capable of discriminating very short events. The most important currently considered application is that in
solar neutrino (ve) real-time spectroscopy, since the v. capture by '"°Yb is followed by a specific emission signature
which can accordingly excite the Yb>* fluorescence. Studies on scintillation and luminescence in aluminium garnets
containing Yb>" have shown that these materials meet some of the required properties for such scintillators.

In defining our priorities, the best compromise between host crystal, Yb* " concentration, production method, post-
growth treatment and performance is to be considered based on the studies of charge-transfer luminescence and
quenching mechanisms. The experiments have been extended to a large number of compounds: YAG:Yb-YbAG,
YGG:Yb-YbGG, YAP:Yb-YbAP, LaYbOs in the form of single crystals and/or powders. In garnets, the temperature-
dependent fluorescence intensity and decay time under X-ray and VUV excitations decrease at low temperatures
(T'<100K) and demonstrate the important role played by the traps. The thermoluminescence peaks show a strong
dependence on the crystal history, composition and impurities introduced intentionally. The fluorescence intensity and
decay time are also dependent on Yb>" concentration and the presence of Yb?". The results trace the major directions
to optimised scintillators in terms of their efficiency and lifetime. © 2002 Published by Elsevier Science B.V.
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neutrino (v.) detection based on the reaction of v,
with '7°Yb [1]:

ve +7Yb>"Lu" + e (Q =301keV),
176Lu* N 176Lu + Y (E'“/y =172 keV)

A prompt electron plus a delayed y-signal is the
signature of neutrino event. A delayed coincidence
within 50 ns is required to have good discrimina-
tion power against background noise. Thus,
requirements for such a crystal are high Yb
concentration, fast time response, and large light
yield.

The charge-transfer luminescence (CTL) of
Yb*" because of its short radiative lifetimes (few
to tens of nanoseconds depending on the host
lattice and the temperature) is attractive for the
development of fast scintillators capable of dis-
criminating very short events. Among a large
variety of Yb’'-doped crystals, the CTL of
YAG:Yb exhibits the most short fluorescence
decays [2]. Studies on scintillation [3] and lumines-
cence [4] in aluminium garnets containing Yb*"
have confirmed that these materials meet some of
the required properties for such scintillators.

2. Experimental

The YAG:Yb—-YbAG and YAP:Yb crystals
(except YAG:Yb 15%) were grown by the Bridg-
man method under inert/reducing atmosphere and
using molybdenum crucibles. Thermal annealing
at 1200°C in air has been applied to stimulate
Yb** >Yb*" transitions and to remove the
crystal colour. YAG:Yb 15% was grown using
the Czochralski method.

Excitation and reflection spectra and decay
profiles under VUV excitation were measured at
the SUPERLUMI station, DEsy, Hamburg [5]. The
experimental details for luminescence, thermo-
luminescence and decay measurements under
X-ray excitation can be found in Ref. [4]. The
light yield was determined as an integrated
intensity of charge-transfer (CT) luminescence
measured under X-ray excitation on powder
samples placed in the same fixed position.

3. Results and discussion

The CT luminescence of Yb*>" in YAG shows
two broad emission bands with maxima near 335
and 485nm due to transitions from the charge-
transfer state (CTS) to 2F7/2 and 2F5/2 states of
Ybi .

Figs. 1 and 2 show decay profiles of CT-
emission in Yb-containing aluminium garnets.
Under 210nm exitation (direct excitation of
Yb*" to CTS) the profiles exhibit nearly exponen-
tial shape with initial rapid part (Fig. 1); the input
of this rapid part increases with Yb concentration.
The energy transfer between Yb-ions may be
responsible for the observed shapes of decay
profiles. The interband excitation when the host
lattice absorbs the excitation energy (110nm,
65 nm, X-ray excitation) leads to non-exponential
decay profiles and a long component appears
(Fig. 2).

The temperature dependencies of CT-emission-
integrated intensity and of CT-emission decay time
under 210nm excitation are of the same shape
and demonstrate a classical thermal quenching
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Fig. 1. Decay profiles of YAG:Yb CT-emission after 210 nm
excitation at 12 K.
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Fig. 2. Decay profiles of YAG:Yb (15%) CT-emission after:
210nm (1), 110nm (2), 65nm (3) and X-ray (4) excitations.
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Fig. 3. Temperature dependencies of CT-emission decay time
and of CT-emission-integrated intensity (insertion) under
210 nm excitation.

behaviour reflecting the increase of non-radiative
transitions to the ground state with temperature
(Fig. 3). Under interband excitation the tempera-
ture dependencies of CT-emission-integrated in-
tensity and of CT-emission decay time are quite
different as compared to those under direct
excitation to CTS: X-ray excitation leads to
decrease of intensity and of decay time with
temperature decrease in the range below 150K
(Fig. 4a and b). This behaviour indicates the
occurrence of an additional source of quenching
at low temperatures.

The thermoluminescence measurements under
X-ray excitation (Fig. 4c) show the presence of a
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Fig. 4. Temperature dependencies of CT-emission-integrated
intensity (a) and of CT-emission decay time (b), and thermo-
luminescence (c) under X-ray excitation of YAG:Yb 2% (1),
YAG:Yb 10% (2), YAG:YDb 50% (3), YbAG (4).

number of glow peaks in the temperature region
below 150K indicating the presence of traps.
X-ray excitation creates electrons and holes which
can excite Yb>" centres through sequential cap-
ture of electrons and holes, but also can be trapped
causing strong quenching below 150K. The UV
excitation with energy less than the band gap
cannot produce electrons and holes. The Yb>"
centres are directly excited and traps do not play
any role in the fluorescence quenching process.
Appearance of a long component in decay profiles
under excitations with energies higher than the
band gap (110 nm, 65 nm, X-ray excitation) is also
due to the trapping effect. This slow emission
results from thermally stimulated release of
trapped carriers with subsequent retrapping and
emission at luminescence centres.
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Fig. 5. Thermoluminescence (a) and CT-emission decay time
(b) of YAG:YD (50%) and YAG:YDb (50%) + Si traces, after X-

ray excitation.

Table 1

Light yield of Yb-containing compounds at 300 K

Sample Light yield (% BGO)
YAG:Yb (2%) 0.094
YAG:Yb (10%) 0.125
YAG:Yb (15%) 0.127
YAG:Yb (50%) 0.054
YbAG 0.044
YAP:Yb (8%) 0.073
LaYbO; 0.016
Y3GasO12:Yb (2%) 0.248
Y3Ga5012:Yb (15%) 0.045
Yb;GasO 0.055

One of the steps we have done to optimize

scintillators in terms of their efficiency and lifetime
is the introduction of Si into YAG:Yb which leads
to the redistribution in structure and population of
the electron levels in the forbidden band. As a
result the thermoluminescence peak around 100 K
is suppressed for the sample with Si and decay time
in this temperature range is significantly lower
than that for samples grown without Si (Fig. 5).

We have compared the light yield of a number
of Yb-containing compounds: YAG:Yb-YbAG,
YGG:Yb-YbGG, YAP:Yb, LaYbO; at 300K
(Table 1). For the YAG:Yb—-YbAG crystals, the
light yield at 300K as a function of Yb concentra-
tion is maximal at around 15% Yb. Among all the
investigated systems the low-concentrated gallium
garnet Y3GasO1,:Yb (2%) shows the highest value
of light yield (twice higher than the most efficient
Yb-doped aluminium garnet).

4. Conclusions

The charge-transfer fluorescence in Yb-contain-
ing garnets is strongly temperature dependent. The
CT-fluoresence in YAG:Yb is significantly
quenched at room temperature. In addition, under
VUV and X-ray excitations the quenching due to
the trapping effect occurs at low temperatures.
Intentionally, added impurities, such as Si, are
capable of modifying crystal properties. Concen-
tration quenching in YAG:Yb is observed above
15-20at% Yb. Thus, YAG doped with 20-30%
YD cooled to 100-120 K seems to be a promising
material for neutrino detection. Another system of
interest for further investigations is Yb-doped
gallium garnet which shows at room temperature
and low Yb concentrations a more efficient
fluorescence as compared to YAG:Yb.
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