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Abstract. The LUAIOz:Ce*" system has been shown to be a promising scintillator for medical
imaging devices. Recently, efforts were focused on the improvement of its scintillating
properties. Several large crystals with various cerium concentrations were grown. Absorption
and excitation spectra were measured in a range extending from the visible to the vacuum
ultraviolet (VUV). Emission spectra, fluorescence decay times and light yields, both yegr

and x-ray excitation, were measured under various experimental conditions. A reabsorption
process is shown to take place in this material. This process is responsible for the observed
decrease of the light yield when increasing the size of the sample.

Introduction

Many recent investigations have been devoted to the Ly system, which is a
promising new scintillator [1-13]. This material has a density of 8.34 g photoelectric
fraction of 32.1% at 511 keV and a UV fluorescence decay time of 18 ns. This performance
makes this crystal a very good candidate for positron emission tomograph (PET) cameras
used in medical imaging [3]. However, the production of this material has not been
optimized yet. More effort is needed to grow high-optical-quality samples of large size.
This will involve the optimization of the doping level, and the control of the cerium valence
state and of the unintentionally added impurities.

Several single crystals with various sizes and cerium concentrations were grown in
the framework of the Crystal Clear Collaboration supported by CERN. The present paper
reports the results of spectroscopic investigations and light yield measurements on this new
series of samples.

1. Crystal growth

Cerium-doped lutetium orthoaluminate crystals were grown using the vertical Bridgman
technique as previously reported [10]. Due to the low*Celistribution coefficient
(k = 0.17 + 0.05), the growth of single crystals with a sufficiently high doping level
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is difficult. Our ultimate goal was to find crystallization conditions which would ensure
the required C& concentration in the crystal while maintaining its optical quality and
mechanical ruggedness. The influence of the experimental growth parameters (growth rate,
melt composition, thermal gradients and gaseous atmosphere) on the optical quality of the
crystal, and on the concentration and distribution of th& Gens in the crystal, was studied.

As a result, 60 mm long rods of high optical quality could be grown. They are colourless
single-phase crystals, free of twins and light scattering.

The Ce concentration in the crystals was measured using the spectral emission technique
employing standard samples with a cerium concentration between 0.05 and 1 at.%. As is
well known, this technique gives an overall cerium concentration independent of the valence
state. The Ce distribution, measured in crystal grown from a melt with 0.5 at.% of initial
Ce concentration, is well described by the usual freezing equation. Four large samples
(1 to 4) were given parallelepipedic shapes and polished. End to end variation of the Ce
concentration was observed to be within 0.01 at.% for sample 1 and 0.03 at.% for sample 2.
In addition, six thin platelets were cut (samples 5 to 10). Samples 1 and 6, on one hand, and
2 and 7, on the other hand, were cut from two different parts of the same boule. Samples 3
and 9 were cut from another boule and samples 4 and 10 were obtained from a third boule.
Samples 5 and 8 were cut from two other boules. The dimensions and Ce doping levels of
the different samples under investigation are given in table 1. Spectroscopic investigations
on a thin undoped sample (0) were also conducted for the purpose of comparison.

Table 1. Ce doping levels and dimensions of the samples under investigation.

0 1 2 3 4 5 6 7 8 9 10

Ce concentration (at.%) 0 0.13 0.19 047 09 0.005 013 0.2 0.28 0.47 09
Length or thickness (mrl) 0.705 10 10 10 16 0.365 0.130 0.120 0.105 0.600 0.540

a Samples 1 to 4 are parallelepipedic and measuxeés5mn? times the length given in this table.

2. Vacuum ultraviolet and visible spectroscopy

Absorption spectra from the near infrared up to the ultraviolet (UV) domain were measured
using a CARY model 2300 spectrophotometer. Emission spectra under laser excitation
were obtained using a dye laser pumped by a frequency-doubled Q-switch Nd:YAG pulsed
laser from Quantel. The fluorescent emission was analysed thraugy m Hilger and

Watts monochromator monitored by a computer. Optical excitation in the UV was achieved
either by doubling the frequency of the visible beam at the output of the dye laser or, if
necessary, by mixing the frequency of this beam with that of the infrared Nd:YAG laser
beam. Excitation spectra in the VUV were obtained using the synchrotron radiation facilities
at the Laboratoire pour I'Utilisation du Rayonnement Electronédigne (LURE) at Orsay
(France), as described elsewhere [14].

The room-temperature absorption spectra of LUuAGR*t with various cerium
concentration levels are presented in figure 1(A). These spectra exhibit five bands in the 200—
350 nm region, which are unambiguously assigned 9 @é— 5d bands. The dependence
of the absorption coefficient on the excitation energy was deconvoluted assuming that the
five 4f — 5d bands have a Gaussian shape. The result of this deconvolution (figure 1(B))
shows clearly evidence for an absorption tail on the low-energy side, which does not
originate from C&"4f — 5d transitions. Subtracting the contribution of this smooth
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Figure 1. (A) LUAIO3:Ce** room-temperature absorption spectra for Ce concentrations

ranging from 0.05 to 0.47 at.%. (B) Deconvolution of the absorption spectrum of sample 3:
experimental (1), residual absorption tail (2), 4f 5d Gaussian components (3), resulting

fit (4). (C) LUAIO3 undoped sample. Room-temperature absorption spectrum (1) and excitation
spectrum of the red emission at 650 nm (2). The residual absorption obtained from the fit in
figure 1(B) is also shown (3).
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Figure 2. Room-temperature emission spectra of pure and"@mped LUAIG samples.
LUAlO3:Ce**: laser excitation at 310 nm (1) and 355 nm (2). Undoped sample: laser excitation

at 250 nm (3).

tail from the experimental absorption spectrum reproduces the excitation spectrum of the
Ce** fluorescence in the spectral interval under consideration. The presence of such an
absorption tail has already been observed in both cerium-doped;Ya&i® LUAIO; crystals
[4,15]. The origin of this additional broad band was tentatively assigned 16 i©as by
Gumanskayzet al [15]. In the case of our samples, the3t&d — 4f fluorescence is
rather poorly excited with a laser beam centred at 250 nm, though the measured absorption
coefficient at this wavelength is not zero. This absorption coefficient increases from 15
to 30 cnT?, when raising the cerium concentration, but this concentration dependence is
not linear, in contradiction to what is observed for the absorption coefficient at the peak
of the lowest 4f— 5d band (310 nm). The absorption tail under consideration should not

therefore originate from Ce ions only but also from other centres, the nature of which is
to be determined. This conclusion is also supported by the observation that the absorption

coefficient at 310 nm obtained at zero Ce concentration by extrapolating the data shown in

figure 1(A) is not zero.

It follows from the above that a laser beam centred at 250 nm should excite
predominantly those centres responsible for this absorption tail which extends up to 400 nm.
Beside a weak Ce& UV fluorescence, this excitation induces a broad emission band peaking
around 600 nm. Such a red emission was also observed for the undoped;Lmaterial
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Figure 3. LuAlos:Ce** room-temperature absorption spectrum before (1) and after (2) thermal
treatment in air.

(figure 2), and for LUAIQ samples doped either with Ridor PP+ ions. In all these samples,

this emission has a purely exponential decay with a time constant aroyunsl. Tthese slow
fluorescence decays were measured using pulsed laser excitation at 250 nm (pulse frequency
and duration 10 Hz and 10 ns, respectively), and a model SR430 multichannel scaler from
Stanford Research Systems. Baryshewskal reported the observation of such a broad red
emission band peaking at 600 nm in a cerium-doped YAd€ystal under x-ray excitation

[16]. The shape of the band which they observed was very similar to that appearing in
the emission spectrum of the undoped LuAl€ample under 250 nm excitation shown in
figure 2. These authors attributed this emission to colour centres which were shown to
strongly depend on the method used for growing the crystals.

The excitation spectrum of the red emission in the undoped sample was achieved using
the synchrotron radiation at LURE. In the region between 100 and 400 nm, it exhibits five
main bands peaking at 300, 260, 191, 175 and 150 nm, respectively (figure 1(C)). Moreover,
the strongest band peaking at 175 nm shows a hump at 189 nm. The narrow band around
150 nm might originate from the creation of excitons which then transfer their energy to
the centres responsible for the red emission under consideration. The absorption spectrum
of the undoped LUAI@ sample is also shown in figure 1(C).

We also performed a thermal treatment in air at 1@0dor 5 hours on a sample cut
from the same boule as samples 4 and 10. Such a treatment should favour the conversion of
trivalent cerium to the tetravalent state without changing the perovskite phase to the garnet
phase. The absorption spectrum of this sample was measured before and after treatment. As
a matter of fact, the thermal treatment results in increasing the absorption around 250 nm, as
well as decreasing it around 300 nm, but the induced variations are not significant enough to
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Figure 4. (A) Absorption tail of large samples (1-3) measured at room temperature.
(B) Dependence on the position of the laser impact point of the room-temperature emission
spectrum of sample 2 under laser excitation at 310 nm.

prove that part of the absorption tail might be due td"Ciens (see figure 3). Moreover, the
presence of cerium in the tetravalent state would not explain why the additional absorption
band also appears in the spectra of undoped as well®*3saRd N&*-doped samples and
why the red fluorescence associated with the absorption at 250 nm is also observed in these
cerium-free samples.

The x-ray-induced emission spectra of LuAIO€** crystals were observed to be
dependent on the thickness of the samples [6]. The spectral overlap between’the Ce
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emission and the absorption tail extending up to 400 nm was shown to be responsible
for the major part of this dependence. The measured absorption coefficient between 325
and 400 nm does not appear to be proportional to the cerium concentration, as shown
in figure 4(A) for three of our large samples. Choosing sample 2 (0.19 at.%), which
exhibits the higher absorption in this spectral interval, we analysed the influence on the
emission spectrum under laser excitation at 310 nm of the distance between the point
of impact of the impinging laser beam and the face through which the fluorescence is
coming out of the crystal. Thanks to the large size of the sample, this distance could be
made as large as 10 mm. The results of these experiments are reported in figure 4(B).
The peak corresponding to &etransitions between the lowest 5d level and #fe),
multiplet is progressively rubbed out when increasing the distance under consideration.
On the other hand, the long-wavelength part of the spectrum involving mostlleg]Q
ground level remains unchanged. This observation clearly demonstrates #hat@ative

5d — 4f transitions are reabsorbed in the sample under investigation. From the 0 and 9 mm
emission spectra shown in figure 4(B), it was possible to calculate the absorption coefficient
k (cm™Y) = (1/0.9) In(Io/Io) for any wavelength in the spectral interval under consideration.
The result of this calculation appears to reproduce the experimental absorption spectrum
satisfactorily, as shown in figure 4(A). However, the origin of the reabsorbing centres is
far from clear. C&" ions at regular sites cannot be involved in this process, since a self-
absorption process would not result in a loss of the overalbbdf fluorescence. The fast

and very weak broad fluorescence peaking around 420 nm observed under laser excitation
at 355 nm (figure 2) most probably originates from*Céons at perturbed sites. These
centres may well reabsorb the fluorescence emitted By @ms at regular sites and act

as quenching centres. On the other hand, the centres responsible for the red emission at
600 nm can hardly be involved in the reabsorption process, since they are not efficiently
excited in the 320-380 nm spectral interval. However, they can act as electron—hole traps
which may kill the scintillation process, since the excitation spectrum of the red emission
originating from these centres exhibits an excitonic peak at 150 nm.

3. Light yield measurements

3.1. Cerium concentration dependence and time effects

For light yield measurements undgrray excitation, the samples were mounted onto the
window of a Philips XP2020Q photomultiplier tube (PMT) using a liquid coupling grease
and wrapped with Teflon. A’Co source emitting 122 key-rays was used for irradiation.
We also used**Am and **’Cs sources. The light yields in photons per MeV did not
significantly differ from the values obtained with tRéCo source. As usually, the light
yield was measured from the position of the photopeak using the single-electron spectrum
for calibration. Measurements were also performed using a Hamamatsu S5345 avalanche
photodiode.

The dependence of the light yield on the Ce concentration for the large samples 1-3 is
displayed in figure 5. Different shaping times, ranging from 200 ns tad,Gvere used. The
light yields are observed to reach a saturation level when the dopant level exceeds 0.5%.
Also, increasing the shaping time results in an increase of the light yield, which means
that a slow component contributes significantly to the fluorescence decay under high-energy
excitation.

Light yield measurements were performed under continuous x-ray excitation as well.
Under these conditions of excitation, the light yield is obtained by comparison with that
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Figure 5. (A) Light yields of large samples (1-3) measured in the up position with different
shaping times (no corrections have been applied for absorption of the luminescence). (B) Light
yields of thin samples under x-ray apdray excitation (x-ray data are corrected for absorption

of the luminescence, byt-ray data are not).

of a Bak sample, which is 11000 photons Me¥/ For each sample, the x-ray-induced
emission spectrum was divided by the transmission spectrum to account for reabsorption
processes. In fact, the transmission spectrum was measured using a parallel beam while the
x-ray induced fluorescence may enter the monochromator after multiple reflections on the
crystal faces. Due to the large size of some of our samples, the corrected light yields are
affected by an uncertainty which may be as large as 50%. These light yields are reported
in table 2. Measurements were also performed on thin samples for which reabsorption is
not significant.
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Table 2. Light yields (photons MeV?) of different LuAIO3:Ce*+ samples with different shaping
times (the specifications of these samples are given in table 1).

122 keV 122 keV 122 keV 122 kéV X-ray excitation
Sample No 200 ns 500 ns 106 300 ns cw

1 1996 1800 2400 1263 12000
2 2472 2600 3300 1522 9000
3 2288 2750 3650 2142 11500
6 3018 3867 11700
7 3595 5214 10600
8 4413 5441 10100
9 3954 5651 15000
10 6170 8300 12000

@ The data in this column correspond to measurements using an avalanche photodiode.

The data in table 2 clearly show that light yields measured under cw x-ray excitation are
always larger than those measured ungeay excitation. An explanation may be found
in the presence of a long-decay-time luminescence component. This signal contribution is
not observed if shaping times shorter than i are used in the measurements. Also the
difference betweerny-ray and x-ray intensity may play a role. The x-ray source delivers
a much higher photon flux. Per second, we have approximatélytfy quanta of, on
average, 20 keV on a sample area of about 12°2m#t higher intensities, we may be
confronted with filling of traps, thus reducing the loss probability. To check on this, we
carried out some measurements on the time dependence of the light yield at high x-ray
fluxes, using a 0.28% Ce-doped sample analogous to sample 8.

Upon switching on the x-ray irradiation, we observed that the scintillation intensity
continues to increase well beyond the time at which the x-ray source has reached its
maximum intensity. The light yield was increased by 50% within about 15 ms after this
time. Furthermore, scintillation light was still emitted after the x-ray intensity had dropped
to zero, with a decay time of about 10 ms, i.e. about the same as the rise time of the above
50% increase. In addition, there was a weak component of the order of 1 s. The process
was reproduced each time we switched the x-ray tube on and off. Moreover, we observed
an additional increase of 10% in about 200 s when we irradiated the sample for the first
time after annealing at 40C for about 100 s. The decay of this increased yield has not
yet been studied. We also observed the light yield as a function of the x-ray generator
current. From first measurements, the light yield response appears to be non-linear, with an
increase relative to the extrapolated linear response of the same order as the above 50% at
the operation current of 25 mA.

From these results, the conclusion seems justified that traps play a role. With high-
intensity x-ray irradiation, the traps are in equilibrium of filling and emptying, both with a
=10 ms time constant. With many traps filled there is a more efficient direct transfer to the
Ce luminescence centres and consequently an increased light yield. Jnagrexcitation
electrons and holes are also trapped, but at low radiation intensity the fraction of these
trapped electrons and holes per absorpegy quantum will be higher and consequently
the light yield will be lower. Yet, these trapped electrons and/or holes may result in
luminescence once released from the shallow traps, thus giving rise to an afterglow. If the
traps are involved in a quenching mechanism, this afterglow will have a reduced intensity.
There is also an indication in the decay curves (recorded upday excitation) for long-
time components. The possible role of the abdvs and 200 s phenomena in a slow
response is not clear yet.
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Assuming that the traps are involved in quenching, the trap model may also explain
that light yields measured undgrray excitation depend on the cerium doping level, while
those measured under cw x-ray excitation do not. As discussed above, the magnitudes of
photon fluxes from x-ray angt-ray sources strongly differ. Since the samples were grown
under the same experimental conditions, one may assume that the concentration of trapping
centres does not vary significantly from one sample to the other. Under x-ray excitation, the
photon flux is sufficiently high to ensure the filling of all the traps. If the traps are involved
in quenching, the light yield no longer depends on the competition between energy transfers
from electron—hole pairs either to &eions or quenching centres. In opposition to this
situation, the two energy transfer channels compete at very low photon fluxes and the light
yield depends on the probability for a €eion to be able to participate in the energy
transfer.

3.2. Size effects

As previously discussed, in large crystals, a significant fraction of the scintillation light is
absorbed in the sample itself. This may explain part of the difference in the data for the
light yields of LUAIOs;:Ce** materials previously reported. In order to analyse the effect

of the sample size on the light yield, we performed a series of measurements on sample 4
(5 x 5 x 16 mn?¥), reducing each time its length by removing a thin slice. The sample
was mounted with one of its small faces (face A) or one of its large faces (face B) onto
the PMT window. In what follows, these two positions are referred to as up and down
positions, respectively. For each series of measurements, the same face, either A or B, was
against the PMT window. As previously reported, the light yield measured in the down
position is always higher than in the up position [12]. One may argue that this effect is
due to different coupling conditions. At the end of the series of measurements, as many
thin slices were available, three of them, coming from different parts of the initial crystal,
were selected and polished. We used the first and last slice and one from the middle part
of the sample. The light yields of these three slices were measured and found to be almost
identical. This shows that our result is hardly affected by parasitic effects such as fluctuations
of the cerium concentration, differences in the quality of the optical contact, polishing or
wrapping. The light yields were measured using 662 kexays from a'®’Cs source. The
shaping time was s and a BGO sample was used as the reference. The result of these
experiments is summarized in figure 6. The effect of the reabsorption process is dramatic
since the light yield decreases from 110%-120% to 40% of BGO, when increasing the
sample length from 0.5 to 16 mm. This problem is of great importance for applications to
medical imaging devices, which require crystals with length not less than 40 mm. Moreover,
such a reabsorption of the scintillation light will degrade the energy resolution. The light
yield measured with the sample in the down position remains remarkably unaffected by the
reduction of the sample length. The crossing point of the two curves displayed in figure 6
corresponds to a length of about 4.7 mm in the up position. This value appears to be
very close to the corresponding length for the sample in the down position (5 mm). This
is a test for the consistency of our data. This also means that the predominant parameter
governing the reabsorption process is the length of the crystal. This is in agreement with
the results shown in figure 4(B). The optical path followed by the fluorescent emission in
the crystal depends on the position of the>Cemitting centre in the crystal. Since the

light yield measured for the sample in the down position does not depend significantly on
its size, losses due to reflection on the lateral faces of the crystal may be assumed to be
negligible.
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Figure 6. Effect of the size on the light yield. The light yield of a BGO sample is used as the
reference. The length of sample 4 was progressively reduced by removing thin slices.

Very recently, a new largés x 5 x 10 mn?) LuAlO; crystal, with an estimated cerium
concentration of about 0.2 at.%, was cut from a boule grown in a pure molybdenum crucible.
The light yield unden -ray excitation measured for the sample in the up position was found
to be about 4084 photons MeV, i.e. 1.65 times that measured with the same shaping time
for sample 2 (2472 photons MeV) which has comparable specifications. This result shows
that improving the light yield requires that efforts should be mainly focused on the crystal
growth conditions.

4. Decay time measurements

Decay times of the scintillation under-ray excitation were measured using the start—stop
method [17]. A®'Cs source was used as the excitation source, and start and stop signals
were detected using XP2020Q PMTs from Philips. The samples were mounted directly onto
the window of the PMT generating the start signal and wrapped with Teflon in such a way
as to allow fluorescence photons to reach the stop PMT through a small hole. If necessary,
interference filters could be placed between the sample and the stop PMT. All the decays
were observed to exhibit a fast component with a decay time of about 18.5 ns and a slow
one in the range of 100 ns. Furthermore, a long non-exponential tail ipshms range was
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observed. The fast component originates from the fluorescence emitted*byc@ures.

The importance of the slow component can be characterized by therrafithe area of the

decay distribution between 0 and 100 ns, and the area over the whole time intervyas)0-3

The values of this ratio, measured for the thin samples, are reported in table 3. They are
found to be of the order of 73% and do not depend significantly on the cerium doping level.
Interference filters centred at either 350 or 370 nm were used to select #herCeced
fluorescence in the case of sample 10, but no significant changes were observed. This shows
that the slow component is really due to®¢&d — 4f radiative transitions and not to some
other emitting centres or other transitions. The observation of a long non-exponential tail
may explain part of the discrepancies observed between light yields measuredyunder
and cw x-ray excitations. As previously reported, a slow component appears as soon as
electron—hole pairs are created, while excitonic energy transfers®toi@es do not induce

such slow components [16]. The data displayed in table 3 show that in thesOtiBne

interval the competition between energy transfers from electron—hole pairs, on one hand,
and excitons, on the other hand, does not depend on the cerium concentration in the 0.13—
0.90 at.% range. Most probably, this range is not large enough to allow significant variations
to be observed.

Table 3. RatiosR of the area under the decay pattern between 0 and 100 ns and the area over
the whole time interval (0-3ts) for LUAIO3:Ce*t thin samples undep-ray excitation (the
specifications of the samples are given in table 1).

6 7 8 9 10

R (%) 72+4 71+6 73+10 70+6 75+2

5. Main conclusions

The light yield of LUAIO;:C€e** single crystals is shown to be predominantly governed by
the size of the sample, due to a reabsorption process. A detailed analysis of size effects
clearly shows that increasing the sample length from 0.5 to 10 mm results in a loss of about
70% of the scintillation efficiency. The origin of this process, however, is not clear, since
the nature of the centres responsible for the absorption of thé flerescence could not

be ascertained.

The discrepancies observed between the light yields measured ynded cw x-ray
excitations are explained partly by the contribution of a slow component to the fluorescence
decay. Also saturation of trapping centres when the photon flux is sufficiently high may also
favour the fluorescence induced by cw x-ray excitation, which does not appear to depend on
the cerium doping level. Light yields underray excitation are assumed to be controlled
by the competition between energy transfer processes from electron—hole pairs to either
Cée* ions or quenching centres.

Due to the low distribution coefficient of cerium in this system, it is hard to increase the
cerium concentration over 1 at.%. Since the cerium concentration has no dramatic effect
on the light yield in the range 0.1-1 at.%, efforts in improving the scintillation properties
of the material under investigation should mainly focus on the crystal growth conditions.
The light yield was shown to be increased by a factor of two by simply using a hew Mo
crucible.
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