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Abstract

This paper presents the development of new Ce-doped, fast and high effective-Z mixed Lu (RE**), _ AP:Ce crystals.
These crystals have been grown by the Czochralski method and good results have been obtained with x = 0.1,0.2 and 0.3
for Y?* ions and roughly between x =0.6 and 0.7 for Gd** ions. Relative light yields measured for the
Lu (RE**), _ AP:Ce crystals are 40~75% higher than for BGO and are comparable to the light yield of YAP:Ce crystal.
Measured energy resolutions at 662 keV range over 8§-15.3% FWHM and are close to the energy resolution obtained with
YAP:Ce. Thermally stimulated luminescence (TSL) measurements above room temperature have also been performed: in
accordance with the expected effect of trap states on scintillation efficiency, an anticorrelation between TSL intensity and
light yield is found. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 25.20.Dc; 29.40.Mc; 78.55.-m; 78.60.Ya

Keywords: Scintillators; Lu (RE**), _ AP:Ce crystals; Light yield; Energy resolution; Luminescence; Thermally stimulated lumines-
cence (TSL)

1. Introduction emission tomography (PET) [1]. It is dense
(p = 7.13 g/em?), its light yield is about 20-25% of

At present, BisGe3; 01, (BGO) intrinsic scintil- Nal(TI) [2] with a rather slow scintillation decay
lating crystal is the most used one in positron constant (tsc ~ 300 ns) [3]. For the next generation

of positron tomographs and coincidence gamma

cameras, scintillating crystals should have a high
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scintillating crystals appear to be Ce-doped crystals
such as LSO:Ce, GSO:Ce, as well as Ce-doped
orthoaluminate crystals like YAP:Ce and LuAP:Ce
[4-15]. YAP:Ce [6], LSO:Ce [5,12] and GSO:Ce
crystal of good quality [11] are grown with efficient
scintillation properties. On the other hand, growth
of large, good quality pure LuAP:Ce crystal has
never been reported until now [7-10]. Moreover,
a reabsorption process seems to influence its scintil-
lation parameters [7].

At present, LuAP:Ce is a promising scintillation
crystal. However, no reliable growth production
processes have been demonstrated yet. Today, the
Bridgeman method gives better results for growing
LuAP:Ce as compared with the Czochralski
method. LuAP:Ce samples of 5 x 5 x 50 mm?® were
prepared using the Bridgeman method [8] whereas
only very few and small crystal samples could be
obtained using the Czochralski method [9,10].
Scintillation properties of LuAP:Ce can vary sub-
stantially between different crystals [7,10], and
other lutetium phases, especially the garnet phase,
can arise in the samples. Growth of LuAP:Ce ap-
pears to be extremely delicate since it is very diffi-
cult to stabilize the lutetium orthoaluminate phase.
A possible way to overcome this problem is to grow
mixed orthoaluminate crystals, especially using
yttrium or gadolinium [13].

The aim of this study was to develop new, fast
and high Zs Ce**-doped mixed orthoaluminate
Lu.(RE®*"); - AP:Ce crystal scintillators (chemical
formula Lu.(RE3*);-,AlO3:Ce) for RE** =Y3*
or Gd*" ions with higher Ce content ( & 0.3 at%)
than in crystals previously studied [13]. The results
of detailed investigations of the crystal composi-
tion, absorption, scintillation, luminescence and

Table 1

thermally stimulated luminescence (TSL) are de-
scribed. These studies were carried out at room
temperature and TSL measurements were also ob-
tained at higher temperatures. A comparison with
the properties of other Ce**-doped and intrinsic
scintillating crystals is given.

2. Growth and composition of crystals

Orthoaluminate Lu,(RE®**); - AP:Ce mixed
crystals (RE*" = Y** or Gd*" ions) were grown
by the company Crytur (Palackeho 175, Turnov,
Czech Republic) using the Czochralski method.
The crystals were prepared from almost
stoichiometric mixtures of raw and doping mater-
ials (oxides of lutetium, yttrium, gadolinium, alumi-
nium and cerium of 3N and 4N purity). These
mixtures were heated in a furnace up to 1950°C
where liquid phase appeared. By cooling down the
mixtures, solidification starts slightly below
1950°C. Melting points of individual crystals have
not been measured. Nevertheless, we estimate that
the melting points of mixed crystals are around
1880°C and 1950°C, according to the melting
points reported in Ref. [4] for YAP:Ce (1875°C)
and in Ref. [8] for LuAP:Ce (1960°C). Large crys-
tals (roughly 6 cm long and between 1.5 and 2 cm in
diameter) of good quality were grown for Lu, Y -
AP:Ce with x = 0.1,0.2 and 0.3. These crystals were
almost free of extended defects and moreover no
garnet phase appeared. Growth of the mixed
Lu.Gd; -<AP:Ce crystals was more difficult and
acceptable results were obtained for x ranging be-
tween 0.6 and 0.7. The reproducibility of crystal

Compositions and Ce concentrations of the newly developed mixed Lu,Y,;_,AP:Ce and Lu,Gd,_,AP:Ce crystals (accuracy of

measurements is + 4%)

Crystal Ce (at%) Lu (at%) Y (at%) Gd (at%) Al (at%) O (at%)
Lug.Yo.0AP:Ce 0.15 2,014 17.86 — 19.99 59.98
Lug Yo sAP:Ce 0.124 2.96 14.08 — 18.13 64.62
Lug3Yo.,AP:Ce 0.19 5.51 14.24 0.041 20.07 59.98
Lug ¢Gdy 4AP:Ce 0.27 10.43 — 8.56 2239 58.30
Lug.65Gd.35AP:Ce 0.13 12.82 — 6.37 21.77 59.30
Lu,.,Gdy ;AP:Ce 0.17 14.68 — 6.10 22.60 56.58
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Table 2

Lattice parameters of YAIO; (according to Ref. [14]),
Lu,Y,_.AP:Ce, Lu,Gd; _,AP:Ce and LuAlO; crystals (space
group is Pbnm). The LuAlO;:Ce crystal was originally de-
scribed in Ref. [9]

Lattice parameters a b ¢
YAIO, 5.180(2) 5.330(2) 7.375(2)
Lug.1Yo.0AP:Ce 5.18(2) 5.33(1) 7.36(4)
Lug, Yo sAP:Ce 5.17(1) 5.33(1) 7.36(1)
Lug3Yo.,AP:Ce 5.13(2) 5.33(1) 7.31(5)
Lug.65Gdy.35AP:Ce 5.17(2) 5.33(2) 7.37(3)
LuAlO;:Ce 5.11(2) 5.33(1) 7.33(3)

growth (number of well-grown crystal to total num-
ber of growth experiments) for these crystals was
about 0.3. Crystals have polycrystalline character
with bubbles, precipitates and other mechanical
distortions (cracks) and garnet phase arose on their
surfaces. Attempts to grow pure LuAP:Ce crystal
were unsuccessful and only garnet phase appeared.

The composition and Ce content of mixed or-
thoaluminate crystals were evaluated by electron
beam excited X-ray analysis using JEOL Super-
probe JXA733 electron microscope (JEOL Ltd.
1418 Nakagami, Tokyo 196, Japan). Results are
presented in Table 1. Generally, Lu,(RE®>");_,
AP:Ce crystals contained between 0.1 and 0.3 at%
of Ce. These values are comparable to values usu-
ally obtained with well-developed YAP:Ce crystal
[6,13,14].

Lattice parameters of some of the mixed
Lu.(RE®**); - . AP:Ce orthoaluminate crystals were
determined from precession photographs, recorded
using Nb-filtered Mo K, radiation. These para-
meters for mixed crystals, YAP:Ce [14] and
LuAlO;:Ce are presented in Table 2.

3. Measurements
3.1. Sample preparation

Samples for luminescence and scintillation
measurements were directly prepared from the

Czochralski-grown crystals. Lu,Gd; - tAP:Ce sam-
ples were cut out from the most regular parts of the

bowles. Some of these crystals were annealed in
reducing atmosphere (Ar and a small flow of H») at
1200°C for 20 h in order to improve their proper-
ties, e.g. to get an increase of Ce3* with respect to
Ce** ions and a decrease of the number of colour
centres [16]. Parallelepipeds of 7 x 7 x 2 mm? with
front and rear faces plus one side face polished were
used for luminescence measurements. Special thin
samples of ~ 0.3-0.4 mm thickness with polished
front and rear faces were prepared for absorption
spectra measurements. For scintillation measure-
ments, 10 mm long cylinders with 8 mm diameter
with polished faces were used. For comparison,
BGO and two other well-developed Ce-doped crys-
tals (YAP:Ce and GSO:Ce) were also measured.
For TSL measurements, plates of 10 x 10 x 1 mm?
were cut and polished.

3.2. Absorption and luminescence measurements

Absorption spectra were measured from 190 to
400 nm using a Shimadzu UV-3101 PC absorption
spectrophotometer (Shimadzu Corp., 3, Kanda-
Nishikicho 1-chome, Tokyo 101, Japan). Lumines-
cence measurements (emission and excitation
spectra and decay kinetics) were carried out in the
visible and near-UV range from 200 to 700 nm
using a UV and visible spectrofluorometer Edin-
burgh Instruments 199S (Edinburgh Instruments
Ltd., Riccarton, Currie, Edinburgh EH144AP, UK)
[13]. Luminescence decay curves were measured in
the time range up to a few pus with a time resolution
of about 0.6 ns using the single photon counting
method. Scintillation decay curves were observed
under 511 keV photon excitation using a **Na
radioactive source.

3.3. Measurements of energy resolutions and relative
light yields

Measurements of energy resolutions and relative
light yields were carried out using a 137Cs radioac-
tive source. Crystals were wrapped in 5-6 layers of
Teflon™ and were directly coupled to the photo-
cathode of a Philips 2020Q photomultiplier (PMT)
using a silicon oil. The '37Cs source was not col-
limated and was placed about 1 cm away from the
entrance face of the crystal.
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A discriminator threshold set on the PMT pulse
height was used to trigger events by gating simulta-
neously one LRS 2249sg and three LRS 2249W
charge ADCs. Time gates were adjusted to inte-
grate the collected charge over 100, 200, 500, 1000
and 2000 ns. The LRS 2249 sg was gated using 100
and 200 ns strobe signals, and the three LRS
2249W were gated using 500 ns, 1 and 2 ps signals,
respectively. With the long gate durations (1 or
2 us), the so-called “prompt” light yield was mea-
sured [15]. All measured crystals have a principal
scintillation decay constant lower than 300 ns with
eventual small contributions from other slow com-
ponents. With shorter time gates (between 100 and
500 ns), the so-called “fast” light yield of crystals
was measured. Due to their fast scintillation decay
constants (about 30 ns) [4,6,16,17], the prompt and
fast light yields are similar for YAP:Ce and
LuxY1 _xAPICC.

Pulse tail signals shorter than 100 ns with in-
creasing amplitudes were used to determine the
gains of the five ADC channels. ADC gains after
subtraction of the pedestals were then used to nor-
malize the pulse height spectra to the energy spec-
trum obtained with a 2 ps charge integration time
gate.

3.4. Thermally stimulated luminescence (TSL)
measurements

TSL measurements were carried out after X-ray
irradiation using a Machlett OEG 50 (tungsten
target) X-ray tube operated at 30 kV from room
temperature (RT) up to 300°C with a linear heating
rate of 1°C/s. The TSL signal was detected in
photon counting mode by using an EMI 9635 QB
photomultiplier. Wavelength-resolved measure-
ments were also performed by a home-made TSL
spectrometer featuring a double stage microchan-
nel plate followed by a diode array.

4. Results
4.1. Absorption spectra

Absorption spectra of Luop3Yo.7AP:Ce and
Luo.65Gdo.35AP:Ce crystals are presented in Fig. 1.

250 T T T T T
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200 LuDJYmAP:Cc

LR PPTX WU

Absorption coefficient [cm"]

0 1 1 1 1
200 250 300 350 400
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Fig. 1. Absorption spectra of the Luy3Y,,AP:Ce and
Lug.¢5Gdy.35AP:Ce crystals measured at RT (sample thickness
was 0.35 and 0.39 mm, respectively). In the right top (inset) the
long-wavelength tail of the main Ce** absorption band is dis-
played.

No significant differences were observed by varying
the composition of the crystals. These spectra con-
sist of broad Ce** bands peaking at about 219 and
235 nm followed by a very strong absorption ex-
tending from 260 to 320 nm (4f' — 5d° transitions);
moreover, Lu,Gd; - AP:Ce crystals also display
narrow Gd3* lines within the range 195-210 nm.
To avoid saturation in the absorption measure-
ments due to strong Ce**-related absorption
bands, sample thickness below 0.1 mm would be
necessary, but the preparation of such samples is
difficult and it was unsuccessful. For the
Luo.3Yo.7AP:Ce crystal, intrinsic Ce®* " absorption
coefficient ranges from 0.1 to 5 cm ™! in the long
wavelength tail of the main Ce** absorption band
in the range 350 to ~ 330 nm (see inset of Fig. 1).
Background absorption due to scattering in the
samples is around ~ 7 cm~!. Emission and excita-
tion spectra overlap in this region, especially for the
YAP:Ce and Lu,Y;-AP:Ce crystals (see Figs.
2 and 3). Besides broad Ce** absorption bands and
narrow absorption Gd** lines, other absorption
bands are probably present below 250 nm. These
bands are probably connected with some unknown
impurities, intrinsic centres and the enhanced light
scattering at the sample surfaces cannot be ex-
cluded, even if the amplitude of the latter effect does
not essentially contribute even at the shortest
wavelengths around 200 nm.
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Fig. 2. Emission and excitation spectra of the Luy 3 Y, ;AP:Ce
crystal measured at RT under excitation 4., = 300 nm (emission
spectrum) and at ., = 360 nm (excitation spectrum).
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Fig. 3. Emission and excitation spectra of the Lugy ; Yo 0AP:Ce
crystal measured at RT in the edge of the crystal (solid lines) and
in the centre of the crystal (dashed lines). Emission spectra were
excited by 4., = 300 nm and excitation spectra were measured
at lem = 375 nm.

4.2. Luminescence spectra and decays

For both Lu,Y;-xAP:Ce and Lu,Gd; - .AP:Ce,
luminescence measurements showed almost the
Ce3" emission band, with only small variations of
the excitation spectra (see Fig. 2 and Ref. [18]). This
was valid only for good-quality samples cut from
well-grown parts of the crystals. Larger differences
between Ce® " emission and excitation spectra ap-
peared when crystal parts with a higher concentra-
tion of extended defects were also considered. Fig.
3 presents the spectra measured on different parts

of the Luo.1 Yo.0AP:Ce sample along its diameter.
New Ce** emission band peaking at 4, ~ 350 nm
(see Fig. 3) is probably due to other Ce* ion
positions in the crystal. The non-equivalent posi-
tions in crystals arise probably close to the defects
presented in these parts of crystals (different distri-
bution of Ce** ions, defects such as grain bound-
aries, facets, precipitates, etc.). Around these defects
Ce** non-equivalent centres can be affected by the
changed local crystal field, which may result in
different positions and splitting of Ce** 5d energy
levels.

The observed broad emission and excitation
bands are due to the Ce3* 5d! — 4f° and 4! — 5d°
allowed electric dipole-dipole transitions, respec-
tively. Luminescence decays of every crystal are
characterized by the presence of a fast decay com-
ponent with 7 &~ 15-20 ns. However, decays of the
Lu.Gd; -xAP:Ce crystals also displayed signifi-
cant contribution of the slow components
(ta ~ 70-150 ns). It was observed that the contri-
bution of these slow components decreases by in-
creasing the Ce content [18-20]. Moreover, every
crystal including YAP:Ce showed other much
slow decay components with decay constants
ranging from 1 to 4 ps [4,19,20]. The intensities of
slow decay components are higher for the
Lu.Gd; -<AP:Ce crystals than for the other crys-
tals [18].

4.3. Energy resolutions and relative light yields

Gamma-ray spectra of a **”Cs source obtained
with the Lu,(RE*"); _,AP:Ce crystals using this
source were measured to determine their energy
resolutions and light yield relative to BGO. The
662 keV total energy peak was fitted by a Gaussian
curve plus a linear background using the function

f(x) = Ple—(1/2)((x—P2)/Ps)Z + P, + xPs (1)

where Py, P,, P3, P,, and P5 are the parameters of
the fit. Energy spectra measured using a 500 ns
charge integration time gate are shown in
Figs. 4, 5 and 7 for YAP:Ce, Luy3Y, ,AP:Ce
and Lug5Gdg35AP:Ce crystals, respectively.
Fig. 6 shows the spectra obtained for the
Luy 3Yo.7AP:Ce crystal using a 2 ps charge integ-
ration time gate. The parameters of the fits, their
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Fig. 4. Gamma-ray spectrum of a '3*’Cs source measured with
the YAP:Ce crystal using a charge integration duration of 500 ns
(inset - fitting parameters and errors).
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Fig. 5. Gamma-ray spectrum of a '37Cs source measured with
the Lug 3Y (.7 AP:Ce crystal using a charge integration duration
of 500 ns (inset — fitting parameters and errors).
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Fig. 6. Gamma-ray spectrum of a '*’Cs source measured with
the Lug 3Y (.7 AP:Ce crystal using a charge integration duration
of 2 ps (inset - fitting parameters and errors).

errors, as well as the Chi-square values of the fits
are given together with the spectra. Fairly good fits
according to Eq. (1) were obtained for the
Lug ¢5Gdg 35AP:Ce crystal, for the BGO and
GSO:Ce crystals, but not for the YAP:Ce and
mixed Lu, Y, _AP:Ce crystals. This may be due to
non-negligible self-absorption processes, probably
in the near-UV range around 310-340 nm where
Ce’" absorption (excitation) and emission spectra
overlap.

Following this hypothesis, we used a simple
model to include a linear optical self-absorption
coefficient ug, in the fit of the spectra obtained for
orthorhombic crystals containing Y** ions. The
number of detected gamma photons N, was para-
metrized as a function of the depth-of-interaction
y along the crystal:

e_ﬂmy

N,(y) c m =R, 2

where y, D, L, u,, are the distance from the en-
trance face of the crystal, the distance between the
137Cs source and the photocathode of the PMT,
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the length of the crystal, and the total linear
attenuation coefficient for 662 keV gamma rays,
respectively. The number of scintillation photons
N, arriving at the photocathode is then propor-
tional to

N,, o e HalL=y) (3)

Under these assumptions, the fits of the spectra
were obtained using the sum of the contributions of
the detected gamma rays within equally spaced
transaxial slices of the crystal cylinders. For each
slice lying at a depth y from the entrance face of the
crystal, the contribution of the detected gamma
rays was parametrized using the following equa-
tion:

f(x) = PlRye—(1/z>(<x—P2th)/P3V/FM) + P+ xPg (4)
with
th = e—P4(L—y) (5)

where P, is the parameter which estimates p, in
cm~!. For each crystal, u, was calculated at
662 keV using the GEANT parametrizations of
photon cross-sections [21].

This model gave acceptable fits for orthorhombic
crystals containing Y ions (Figs. 4-7). Significant
variations of 10-15% compared to the fit given by
Eq. (1) occurred for the parameter P, which reflects
the intrinsic light yield of the crystal. The linear
optical self-absorption coefficient for the YAP:Ce
and Lu,Y,_,AP:Ce crystals varied between 0.1
and 0.15 cm ™! with a statistical accuracy of about
15% and was reproducible using different charge
integration time gates for a given crystal. From Fig.
1 the evaluated intrinsic Ce®* absorption coeffic-
ient of the mixed Luy3Y,,AP:Ce crystal is
between 5 and 0.1cm™ ' in the spectral range
330-350 nm.

However, these values hold for monochromatic
radiation. Considering that the overlap of Ce®*
emission and excitation bands represents roughly
5% of their total widths, the effective linear
self-absorption coefficient should be around
0.25-0.005cm™'. It is in fair agreement with the
estimated values of the linear self-absorption coeffi-
cients for YAP:Ce and Lu, Y, - .AP:Ce crystals us-
ing the above-described fitting procedure.

25 F B/ndf 7722 1 29
r 1813+ 5492
r 68.87 + 01374
| -
200 ¢ 4735 + 0.1661
L 60.84 + 12.06
75 L -0.6739 0.1379
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0 B PR SRS U SRR RS IR
0 20 40 60 80 100 120

Lu(0.65)Gd(0.35)AP:Ce with 500 ns charge integration time

Fig. 7. Gamma-ray spectrum of a '*’Cs source measured with
the Lug ¢5Gdy .35 AP:Ce crystal using a charge integration dura-
tion of 500 ns (inset - fitting parameters and errors).

Light yields were determined relative to the light
yield of BGO crystal. A correction factor taking
into account the quantum efficiency of the photo-
cathode was calculated over the whole range of the
emission spectrum of each crystal. As a result of
these calculations, assuming that the charges were
entirely collected using a charge integration time
gate of 2 us, the Luy 3Yo 7AP:Ce crystal produces
about 1.8 times more light than BGO with more
than 80% of its emission response contained within
the first 200 ns. Results of energy resolution and
relative light yield measurements are summarized
in Table 3.

Among all measured Lu,Y,_,AP:Ce crystals,
the best one was Lugy ;Yo ,AP:Ce whose light
yield exceeded that of the YAP:Ce crystal. How-
ever, its energy resolution was not better than 8%
FwHM compared to 6.8% FwHMm obtained for
YAP:Ce (see Table 3). This difference might be
either due to more self-absorption of the scintilla-
tion light which was not taken into account by our
crude fitting model or, more probably, to some
unknown non-linear emission processes occur-
ring in the crystal. Indeed, light yield and energy
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Table 3

FWHM energy resolutions (AE/E) for 2 us and 100 ns charge integration durations and relative light yields of measured crystals to BGO
determined using a charge integration duration of 2 ps. Ratios between light yields estimated using respectively 100, 200, 500 and
1000 ns charge integration durations and 2 ps (x ns/2 ps) are also given

Crystal AE/E (2 us) AE/E (100 ns)  Relative light 100 ns/2 us  200ns/2 us 500 ns/2 us 1000 ns/2 ps
yield
(2 ps gate)
BGO 16.0% 33.0% 100 21.4% 41.5% 77.4% 94.4%
GSO:Ce 11.5% 13.9% 121 60.0% 87.2% 96.0% 98.3%
YAP:Ce 6.8% 6.4% 136 89.9% 99.5% 98.9% 99.5%
Luo.; Yo.0AP:Ce 8.5% 8.7% 147 70.4% 81.8% 90.6% 96.7%
Lup,YosAP:Ce 9.9% 9.7% 119 65.4% 78.3% 88.4% 98.9%
Luo.5 Yo, AP:Ce 8.0% 9.2% 178 66.1% 79.9% 87.9% 95.6%
Lug.65Gdg.35AP:Ce 15.3% 19.3% 137 48.2% 69.4% 86.4% 94.4%
resolutions presented in this paper are indepen- ' ' ' ' i
dent of self-attenuation and therefore represent Tr o e
intrinsic characteristics of the measured crystals | 2 [ |- Lu::v::AP.CeuS)
near the scintillation emission point rather than o8¢ © L, YohP:Ce
effective characteristics at the exit of the crystal 3
with regard to self-absorption. Considering the > 06| .
Lug ¢5Gdg.35AP:Ce crystals, their energy resolu- %
tion was more than twice the energy resolution E o4l ]
measured in YAP:Ce, but with an equivalent light §
yield and no noticeable self-absorption. This im- 02 | .. ;
plies that, as for LSO:Ce where energy resolution ™)
appears to be lower than what would theoretically o L= =~ l\.-,_&
allow its light yield, there are some unknown non- 0 50 100 150 200 250 300

linear processes occurring in the Lug 45Gdg 35AP:
Ce crystal which degrades significantly its energy
resolution.

4.4. Thermally stimulated luminescence

Glow curves of the Lu,Y;_,AP:Ce, YAP:Ce
and Lu,Gd; - .AP:Ce crystals in the temperature
range RT-300°C are reported in Figs. 8 and 9,
respectively. In the first case, several glow peaks are
detected and their intensities are strongly depen-
dent upon the composition of the crystals; on the
other hand, Lu,Gd,_,AP:Ce crystals display
quite broad and unresolved TSL structures. These
measurements were obtained with an X-ray dose of
approximately 1 Gy (value evaluated in air). The
behaviour of the TSL signal upon X-ray dose
was checked for the Luy,Y,gAP:Ce and
Lug ¢5Gdg.35AP:Ce crystals: a linear dependence

Temperature (°C)

Fig. 8. TSL glow curves of Lu,Y;_,AP:Ce samples obtained
after X-ray irradiation at RT.

was found in the range from 0.01 to 1 Gy. The TSL
emission spectra display only one band centred at
360 nm, which can be ascribed to the Ce®* emis-
sion in agreement with the emission spectra.
Table 4 compares scintillation light yields of the
crystals with the values of the TSL signal integrated
from 20°C to 300°C (TSL data are normalized with
respect to YAP:Ce data). Two other important
characteristics of the crystals such as their density
p and effective-Z (Z.) are also included in this
table. Z . characterizes the “effective atomic num-
ber” of the crystal or its X-ray or y-ray absorption
ability. For compounds consisting of three or
four elements as the measured crystals Z., can be
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evaluated according to a type of interaction mecha-
nism from atomic masses and numbers of the
individual elements and their content in the com-
pounds [22]. Linear attenuation coefficients for
662 keV vy photons calculated using the GEANT
parametrizations of photon cross-sections for
Lu,(RE**); _,AP:Ce and YAP:Ce crystals are
summarized in Table 5.

5. Discussion and conclusion

Mixed Lu,(RE*"),_,AP:Ce orthoaluminate
crystals represent a transition step from the well-

T T T T T
1+ Lu, ;Gd, AP:Ce 7
= =Ly, ,Gd, AP:Ce
P Lu,,Gd, AP:Ce |
; o
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Temperature (°C)

Fig. 9. TSL glow curves of Lu,Gd,; - ,AP:Ce samples obtained
after X-ray irradiation at RT.

Table 4

known fast but less dense YAP:Ce crystal to the fast
and very dense, pure LuAP:Ce crystal. The latter is
presently still under development. The mixing of
Lu with Y** or Gd** ions has led to a better
stabilization of the Czochralski-grown orthoalumi-
nate phases as compared to the growth of pure
LuAP:Ce.

The study of mixed Lu(RE**);_.AP:Ce or-
thoaluminate crystals confirmed that: (i) their
density is higher than that of YAP:Ce, especially in
the case of Lu,Gd;_ AP:Ce crystals, (ii)) Ce con-
centration is in the range of about 0.2 at% up to 0.3
at% and is comparable to that obtained in YAP:Ce
or GSO:Ce, (iii) light yields exceed that of BGO by
more than 40%, and in some cases more than 75%,
and are equal or even higher with respect to
YAP:Ce and GSO:Ce, and (iv) energy resolution at
662 keV ranges from 8.0% to 15.3% rwHM and this
is comparable to that of YAP:Ce and GSO:Ce.
Unlike YAP:Ce for which the intensity of a slow
component reaches only 3-6% of its fast compon-
ent [19], mixed orthoaluminate crystals displayed
comparable contribution of the fast (z; & 15-30 ns)
and slow decay components (7o = 100 ns or even
more, especially in the case of Lu,Gd;_,AP:Ce
crystals). Further investigation would be needed to
understand the nature of these slow scintillation
decay components.

A number of investigations on TSL properties of
scintillating Ce-doped crystals have been recently
published [15,17,23,24]. The ratio between “TSL
light yield” (defined as the number of photons

Relative light yields of crystals to BGO, their TSL signals integrated over 20-300°C (evaluated dose of X-ray in air: 1 Gy) normalized to
YAP:Ce results, densities and effective-Z (Z ) values presented for YAP:Ce and the newly developed Lu,Y;_.AP:Ce and

Lu,Gd, _AP:Ce crystals

Crystal Relative light yield Relative TSL 0 Zoi®
(BGO - 100) (YAP:Ce - 1) (g/cm?)
YAP:Ce 136 1 5.36 34
Lug.; Yo.0AP:Ce 147 0.7 5.73 43
Lug Yo gAP:Ce 119 0.1 592 49
Lug3Yo.,AP:Ce 178 0.2 6.19 53
Lug.¢Gdy 4AP:Ce — 0.8 7.84 62
Lug.65Gd.35AP:Ce 137 0.6 7.93 63
Lu, ,Gdy ;AP:Ce — ~ 08 8.0 63

*Appr. — see Ref. [23].



340 J. Chval et al. | Nuclear Instruments and Methods in Physics Research A 443 (2000) 331-341

Table 5

Linear attenuation coefficients for 662 keV photons interacting in YAP:Ce and in the newly developed Lu,Y;_,AP:Ce and
Lu,Gd,; _,AP:Ce crystals calculated using the GEANT parametrizations of photon cross-sections

Crystal Total (cm™ 1) Photoelectric (cm ') Compton (cm 1) Rayleigh (cm 1)
YAP:Ce 0.40 0.01 0.39 0.006
Lug; Yo 0 AP:Ce 0.44 0.03 0.41 0.009
Lug » Yo s AP:Ce 0.47 0.04 0.42 0011
Lup3Yo 7AP:Ce 0.51 0.06 0.43 0.015
Lug ¢ Gdg 4 AP:Ce 0.66 0.13 0.51 0.026
Lug.65Gdo.35AP:Ce 0.66 0.13 0.51 0.027
Lug -Gdg s AP:Ce 0.67 0.13 0.51 0.027

emitted during heating per unit absorbed dose) and
prompt scintillation light yield appeared to be the
lowest for YAP:Ce ( ~ 0.02) while it was around 0.1
for the heavier LuAP:Ce and LSO:Ce [15,24]. De-
pending on their thermal depth, the trap levels
responsible for TSL glow peaks can seriously affect
the shape of the scintillation decay or the light yield
of a material. Actually, it was found that in
YAP:Ce, the electrons released from shallow traps
observable at low temperatures contribute signifi-
cantly to the Ce scintillation (roughly from 25% up
to 42%), and simultaneously they are responsible
for slowing down of the decay [17]. Glow peaks
observed at high temperatures are related to traps
characterized by long decay times at room temper-
ature (from several minutes, up to days and even
years for the most stable ones), so that one
can exclude the effect of these trap levels on the
shape of scintillation decay. However, trapping of
electrons at such “deep” states during irradia-
tion represents a competitive process with respect
to prompt scintillation [15] and can decrease
the light yield of the material. This problem may
in principle be overcome by reaching a complete
trap filling (trap saturation). Nevertheless, such
condition is difficult to obtain in practice, due to
the very high doses needed in several cases and due
to the possible occurrence of continuous detrap-
ping of carriers from less stable traps at room
temperature.

The results displayed in Figs. 8 and 9 show that
trap levels are strongly influenced by crystal com-
position: in fact, large variations of the glow curve
shape are observed in both the Lu,Y;_.AP:Ce

and the Lu,Gd;_,AP:Ce sample series. Table 4
reports the TSL signals integrated from 20°C up
to 300°C and normalized to YAP:Ce data. Similar
values were obtained for the Lu,Gd;_.AP:Ce
crystals, while larger differences can be noticed
for Lu,Y;{_-.AP:Ce. In any case, all the
Lu,(RE*"), _ AP:Ce crystals show lower TSL
signals with respect to YAP:Ce. It is interesting to
compare the light yield data of the Lu,Y,_,AP:Ce
crystals, also reported in Table 4, with their relative
TSL signals. Expect the Luy, Y, s AP:Ce sample,
an opposite correlation between light yield and
TSL values was observed, in accordance with the
expected effect of such trap states on the scintilla-
tion efficiency. It is not straightforward to explain
the anomalous behaviour of the Luy, Yy gAP:Ce
crystal. In this case, very low values of light
yield and TSL are observed: non-radiative recom-
bination paths occurring during both the scintilla-
tion and the TSL process could possibly account
for the observed results. This crystal differed
from the others in the sense that it contained an
excess of oxygen (see Table 1): this could affect
the character and concentration of point defects
and could give rise to different light yield and
TSL characteristics. More details about the influ-
ence of traps — especially shallow ones — on light
yield as well as on Ce** fast and slow decay
components can be obtained from low-temperature
TSL glow curves (below RT). These low-temper-
ature TSL measurements, together with investiga-
tions of transfer processes between Gd** and
Ce®* ions in mixed crystals are currently being
carried on.
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Among the crystals that we studied, the
Luy3Yo,AP:Ce crystal seems to be the most
promising as for the light yield, energy resolution
and scintillation decay constant. Moreover, its TSL
intensity is low as well. The effect of self-absorption
that was presumably observed needs to be evalu-
ated more carefully. Nevertheless, for medical ap-
plication such as PET (where the stopping power of
the detector is rather important) Lu,Y;_.AP:Ce
compounds with x < 30% cannot really compete
with LSO:Ce or possibly even with pure LuAP:Ce
[5,10,12,23,24]. Lu,Gd,;_,AP:Ce crystals with
x = 60% seem to be more interesting in this per-
spective. To improve the stopping power of the
mixed orthoaluminate crystals it requires to in-
crease significantly their lutetium content. With
respect to this fact it is necessary to put more effort
in growing almost pure LuAP:Ce crystal where the
content of Y** or Gd** ions should be kept at the
lowest possible concentrations in order to stabilize
the perovskite phase of the crystal during the
growth.
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