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Abstract

In this work, we investigated the influence of thermal annealing in different atmospheres on the luminescence and scintillation prop-
erties of CaWQ,. Luminescence and luminescence excitation spectra were examined using VUV synchrotron radiation. Thermal treat-
ment causes change of the defect subsystem of the crystal, resulting in the alteration of the spectral dependences. The most obvious effect
is the relative change in the intensity of the defect emission band which is excited below the fundamental absorption edge 4.7 eV. Studies
of the scintillation kinetics and light yield carried out over a temperature range 8-300 K showed that former does not change upon the
treatment, in contrast to the intensity of scintillations. It is found that ~50% increase of the scintillation response can be achieved for

CaWO, samples annealed in hydrochloric acid.
© 2007 Elsevier B.V. All rights reserved.

PACS: 29.40.Mc; 78.55.Hx; 61.72.Ji

1. Introduction

Among the tungstate crystals that are widely used as
detectors of high-energy radiation calcium tungstate is
one of the most promising materials due to its high light
yield, currently assessed to be ca. 16,000 ph/MeV [1]. How-
ever this parameter of CaWO, can vary significantly, a
characteristic associated with difference in the quality of
samples. Given the high interest in the use of a scintillating
CaWOy in the experimental searches for rare events [2-5],
the improvement of scintillation characteristic of the mate-
rial is of primary importance.

The high-temperature annealing of complex oxide crys-
tals in different atmospheres is an efficient tool to influence
the defect subsystem of crystals. To get better insight into
this effect in CaWO,, we investigated luminescence and
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scintillation properties of crystals subjected to various
high-temperature treatments.

2. Experimental

Large CaWQy, crystals (& 65 mm, length of the cylindri-
cal part 100 mm) were grown by Czochralski technique in
iridium crucibles under the flow of argon, with a small
(~2%) content of oxygen. The crystals studied in the pres-
ent work were 1 mm thick single crystalline plates cut from
adjacent pieces of the same CaWOQ, ingot ensuring identical
optical properties. After polishing the samples were
annealed in pure oxygen, nitrogen, hydrogen, vapours of
hydrochloric acid or in vacuum. The annealing processes
were performed in sealed quartz ampoules at temperatures
varying from 600 to 1200 °C. Each annealing process lasted
4 h.

The luminescence studies were carried out using syn-
chrotron radiation facilities at SUPERLUMI station
(DESY, Hamburg) [6]. The excitation spectra of CaWO,
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at room and LHeT in the region 4-8 eV were monitored at
the position of high (2.9 eV) and low-energy (2.3 eV) emis-
sion bands. The scintillation characteristics of the crystals
were measured in the 8§-300 K temperature range at parti-
cle excitation (**'Am a-source) using the multiple photon
counting coincidence (MPCC) technique [7]. The technique
allows measurements of the number of photons per scintil-
lation event with the latter being proportional to the scin-
tillator light yield. Because of this the effect of geometry
on the measured light yield is significantly inhibited and
different samples can be compared accurately.

3. Results and discussion

The emission spectra of CaWO, samples under study are
presented in Fig. la and b. The use of the photo-excitation
at various wavelengths allowed to separate the high-energy
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Fig. 1. The emission spectra of CaWO, samples monitored using an
optical excitation at A = 230 nm (5.4 eV) (a) and 4 = 280 nm (4.4 eV) (b). 1
— reference sample, 2 — annealed in oxygen atmosphere at 900 °C, 3 —
annealed in oxygen at 1200 °C, 4 — annealed in nitrogen atmosphere at
1200 °C, 5 — annealed in hydrogen at 600 °C, 6 — annealed in vacuum at
1200 °C.

(blue) and low-energy (green) emission bands of the crystal.
As it is seen from the figure, the maximum of the blue emis-
sion for samples annealed in oxygen and nitrogen is slightly
shifted towards the low-energy side in comparison with
samples annealed in hydrogen or vacuum. A maximum
of the green emission band is located at 2.3 eV for all the
samples under study. An interesting feature was observed
for the crystal annealed in nitrogen: under excitation at
A =280 nm (4.4 eV) a significant blue emission component
was observed for this crystal (Fig. 1b, curve 4).

It is generally accepted that the blue emission of tung-
states with scheelite structure is due to the radiative decay
of self-trapped excitons localized at the regular WO; ™ com-
plexes while the green emission is associated with anion
defective WO; complexes [8-11]. Fig. 2 shows the excita-
tion spectra monitored at various emission wavelengths
for the reference sample and a sample annealed in the
nitrogen atmosphere. The excitation spectra of the blue
emission monitored at 2 = 380 nm (3.3 eV) for the samples
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Fig. 2. The excitation spectra of the emission recorded at . =380 nm
(3.3eV) (1), A=520nm (24eV) (2), 2=550nm (2.3eV) (3) and
A =570 nm (2.2 eV) (4) for the reference sample (a) and sample annealed
in nitrogen atmosphere at 1200 °C (b).
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Fig. 3. The excitation spectra of the blue emission recorded at A = 380 nm
(3.3eV). 1 — reference sample, 2 — annealed in oxygen atmosphere at
900 °C, 3 — annealed in oxygen at 1200 °C, 4 — annealed in nitrogen
atmosphere at 1200 °C, 5 — annealed in hydrogen at 600 °C, 6 — annealed
in vacuum at 1200 °C.

annealed in different conditions are shown in Fig. 3. The
common feature of the excitation spectra of the blue emis-
sion is an onset at 4.7 eV which is associated with the fun-
damental absorption edge, and two bands spanning the
range 4.7-5.5¢eV and 6-8 eV. Given that the energy gap
of CaWOQy, is estimated to be 5.2eV [10], we infer that
the low-energy band is due to the excitation of correlated
electron-hole pairs that can form excitons [12]. The high-
energy bands can be interpreted on the basis of calculation
of CaWOy energy structure [13,14] as charge-transfer tran-
sitions inside WO}~ complex from the O2p valence band to
different sub-bands of W5 d conduction band. In contrast
to the blue emission, the green luminescence is excited
mainly in the narrow range of 4.2-4.7 eV near to the funda-
mental absorption edge. This observation agrees well with
the energy scheme of defective WO;3; complexes in tung-
states with a sheelite structure that exhibit an excitation
edge shifted toward the low-energy region [15,16].

The excitation spectra of the blue emission of the sam-
ples annealed in different conditions differs by the intensity
ratio of the excitonic transitions (4.7-5.5eV) and the
charge-transfer transitions of WO?{ complexes (6-8 eV).
Furthermore the intensity ratio of the components in the
6-8 eV region is also different for the different samples
(see Fig. 3). This is likely due to the change of the energy
structure of the regular WO, complexes under the influence
of defects in the anion sublattice, such as interstitial oxygen
or oxygen vacancies. It should be noted, that the oxygen
annealing at various temperatures results in opposite effect
on the structure of excitation spectra (curves 2 and 3 in
Fig. 3). This fact can be connected with a two stage process
of oxygen incorporation into CaWOy crystal [17]. It is also
noticeable that annealing in hydrogen and vacuum caused
the same effect as the annealing in oxygen at 1200 °C.

The excitation spectrum of the sample annealed in nitro-
gen should be mentioned separately. In this case the contri-
bution of the 6-8 eV band strongly increases. Besides, one
can see a shoulder below the fundamental absorption edge
at 4.2-4.7 eV (see curve 4 in Fig. 3). This excitation shoul-
der leads to the appearance of the blue emission at low-
energy excitation of the crystal (see Fig. 1b, curve 4). We
explain this observation by incorporation of nitrogen into
the crystal and elimination of oxygen vacancies that are
present in the crystal structure. Because of this the tungsten
oxidation state changes from 6+ to 5+, creating the energy
levels near the top of the valence band.

The temperature dependences of the decay time con-
stants of fast and slow scintillation components are
presented in Fig. 4. They were obtained by fitting experi-
mental decay curves using a sum of two exponents. Inter-
pretation of excited state dynamics in tungstate crystals is
based on the energy scheme of emission complex that
involves one ground and two excited states the lower of
which one is metastable [9,18]. The temperature dependence
of the decay time constant can be approximated by an equa-
tion that presents the decay time shortening as a result of a
thermally activated re-population of a excited states and
their non-radiative de-excitation [19].

1 . ki + k2 exp(—D/kT)

T~ 1+ exp(—DJkT) + K exp(—AE/kT) (1)

Here k, and k&, are probabilities of radiative decay from the
upper and lower excited states to the ground state respec-
tively, D is the energy distance between the excited states.
The decay rate k and the energy barrier AE are the charac-
teristic parameters of the non-radiative luminescence
quenching process.

The first term of Eq. (1) describes the decay time short-
ening at temperatures above 20 K, while the second term is
responsible for its decrease at 7> 200 K. The fit of the
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Fig. 4. Temperature dependence of the fast and slow scintillation decay
times measured at particle excitation (**'Am a-source) for CaWO,
samples annealed at different conditions, and their theoretical approxi-
mation (see text for details).
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experimental data to this equation gives D ~ 5 meV and
AE ~ 300 meV for both fast and slow components that
are consistent with values obtained earlier [18-20]. It is
obvious that the decrease of decay time constant above
200 K is due to the thermal quenching of luminescence
because of non-radiative transitions. The change of the
decay time constant below 20 K is due to the presence of
the metastable level below the emitting level that starts to
play major role at very low temperatures.

The temperature dependence of integrated light yield for
samples annealed in different conditions are shown in
Fig. 5. One can distinguish three characteristic segments
in these dependences: the region of the thermal quenching
above 230 K, a plateau region (30-230 K) where small
changes of the light yield are observed and the low temper-
ature region below 30 K where light yield exhibits rapid
increase and than drops. It has to be noted that observed
decrease of the light yield represents an experimental arte-
fact: significant increase of the scintillation decay time at
the fixed record length leads to the situation where a certain
fraction of the emitted photons escape detection. When
being corrected for this effect, the light shows no decrease
in this range (see [7] for details). Of practical importance
is that the observed temperature dependencies for samples
subjected to different treatments run in parallel. This allows
use of the results of the light yield measured at room tem-
perature as indicative for the assessment of this parameter
at low temperature while analysing the effect of different
treatments.

From Fig. 5 one can notice that the light yield of the
samples annealed in oxygen at 900 and 1200 °C as well as
in air is somewhat lower than that of the reference
(untreated) sample. This decrease of light yield can be
understood by taking into account that the emission inten-
sity of CaWQy subjected to thermal treatment depends on
the partial pressure of oxygen and exhibits maximum at
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Fig. 5. Temperature dependence of the light yield measured at particle

excitation (**' Am a-source) for the CaWO, samples annealed at different
conditions.

p ~107*Pa [21]. Given that this parameter was not con-
trolled in our experiment it is most likely that it is far from
optimum, resulting in excessive formation of defect centers.
The light yield of the sample annealed in nitrogen is signif-
icantly inhibited. We suppose that nitrogen being incorpo-
rated in the crystal replace oxygen vacancies and forms
acceptor levels in the band gap. This facilitates non-radia-
tive deactivation of the excited states.

The most interesting result is a substantial increase of
the light yield from the crystal annealed in HCI vapour.
Chemical etching is known to be helpful in improving the
performance characteristics of scintillating crystals [22—
24]. Tt gives a rough surface finish comparing with the
mechanical polish [22] improving the light collection in
the readout configuration when there is no optical contact
between the sample and detector [24]. In this respect the
rough finish is identical to the diffused surface since it cre-
ates beneficial conditions for the trapped light to escape the
crystal.

4. Conclusions

Our experiments revealed significant influence of high-
temperature annealing at different conditions on the lumi-
nescence and scintillation properties of calcium tungstate
crystals. The high energy part of the luminescence excita-
tion spectra (6-8 ¢V) which is attributed to the charge-
transfer transitions in the WOi_ oxyanion complex exhibits
very significant changes in the course of such treatment.
The annealing conditions have a tangible effect on the
intensity and spectral composition of the CaWO, emission.
The spectral changes are due to a variation of the relative
intensity of the green emission caused by defects. The scin-
tillation decay time constants and the light yield were mea-
sured over the temperature range 8-350 K and no change
in the kinetics of the scintillation due to the thermal treat-
ment were observed. On the other hand, changes of defect
subsystem of the crystal induced by thermal treatment lead
to the noticeable changes in the light yield. The possibility
of a substantial (~50%) increase of the scintillation
response using treatment of the CaWOQy crystals in hydro-
chloric acid is demonstrated. It is expected that the results
of this study should be helpful for the optimization of pro-
duction of CaWQ, crystals with improved scintillation
characteristics.
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