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Abstract

Spectroscopic properties of newly developed mixed Lu (RE®"),  AP:Ce crystals (RE®") are presented. These properties are compared
with those of pure YAP:Ce, GAAP:Ce and LUAP:Ce crystals and qualitative discussion of Ce®* or Ce®* defect-related centres in crystals
is presented. A comparison of spectroscopic and scintillation properties of newly developed Lu (RE®"), AP:Ce crystals show that the
most promising crystal for scintillation applications seems to be Lu, .Y, ,AP:Ce but from the point of view of stopping power and Z;,
Lu,Gd,_,AP:Ce crystals would probably be better. [0 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Modern applications of scintillators, e.g. in medical
imaging systems [1,2], high energy physics projects (elec-
tromagnetic calorimeters for CMS and ALICE LHC
experiments at CERN [3]) require either new or improved
scintillators characterised by:

(i) high density (p=7 gcm ™),

(ii) fast response for a majority of applications and
(iii) high light yield, especialy for medical imaging
equipments.

Among well known, improved or new scintillators, the
most studied systems are mainly Ce’"-doped ones as
LSO:Ce [4], GSO:Ce [5], YAP:Ce [6,7], LUAP:Ce [8-10]
and also mixed Lu (RE®"), ,AlO,:Ce crystals {abbr.
Lu(RE*"), ,AP:Ce}. These crystals are characterised by
a high Z; (with the exception of YAP:Ce), and their light
yields exceed that of the used BGO intrinsic scintillation
crystal [8]. Fast timing is also possible due to their fast
scintillation lifetime constants, which range from 15 to 50
ns. YAP.Ce and GSO:Ce crystals are grown with good
quality but the growth of other crystals, especialy those
containing Lu show much more difficulties. Growth of the
LUAP:Ce crystal is extremely difficult and now only a few
species of this crystal are grown [9—-11]. Low growth yield
of LUAP:Ce crystal was aso a reason why many efforts
are devoted to grow the mixed Lu(RE®"), ,AP:Ce
crystals [11-15].

This paper presents results of detailed spectroscopic
investigations of the mixed LuX(RE“)l,XAP:Ce crystals
(RE*"=Y*" and Gd>") and a comparison with their
scintillation properties [14,15]. Methods of growth of these
crystals are briefly discussed. The magjority of the studies
of the mixed Lu (RE®"), ,AP:Ce crystals were carried
out under the framework of the joint Swiss—Czech project
7IP 051812 (supported by the Swiss National Science
Foundation) and a part of them under CCC collaboration
(CERN RD18 project).

2. Experimental
2.1. Growth of the mixed Lu (RE®"),  AP:Ce crystals

Mixed orthoaduminate Lu,(RE*"), AP:.Ce crystas
were grown by the Czochralski method') for RE*" =Y *"
or Gd*>" ions. Efforts to grow pure LUAP:Ce crystal were
unsuccessful and only Lu garnet phase appeared. Now,
only a few experiments of Czochralski grown LUuAP:.Ce
crystals were successful [9,10] and aso small GdAP:.Ce
crystals were grown [3,16]. Lu,Y, ,AP:Ce crystals were
prepared for x=0.1-0.3 in good quality and acceptable
growth yield (~0.5). Crysta quaity of Lu,Gd, ,AP:.Ce
was worse, their growth yield was only around 0.2.

'Crystals were grown by the company Crytur, Palackeho 175, 51119
Turnov, Czech Republic.
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Lu,Gd,_,AP:Ce crystals exhibit various mechanica dis-
tortions and defects as cracks, precipitates, bubbles and
garnet phase appeared around their surfaces. These crystals
were grown for x between 0.6 and 0.7. Dimensions of
crystals were determined by dimensions of the used
crucibles; as-grown crystals were ~6 cm long and ~1.8 cm
of diameter.

Compositions of crystals and Ce content were evaluated
by electron-beam-excited X-ray analysis using the JEOL
superprobe 733 electron microscope. For Lu, Y,  AP:.Ce
crystals, only small stoichiometric deviations were ob-
served (mainly a small excess of metal ions, especialy
Y*"). The only exception is Lu,,Y , sAP:Ce crystal, which
contains an excess of oxygen. No large deviations of
crystal compositions were observed along the axis of
growth and also the Ce content does not change too much
according to this axis. Generally, Ce concentrations are
between 0.15 and 0.25 at.% Ce and are comparable with
those in well-developed YAP:Ce crystal.

Larger stoichiometric deviations of crystal compositions
were observed for Lu,Gd, ,AP:Ce crystals. These crystals
are characterised by a small deficiency of oxygen and an
excess of some of the metal ions (mainly Al®*"). Contents
of Lu and Gd decrease from top to bottom of as-grown
crystals. Ce concentrations are amost homogeneous rang-
ing from 0.13 to 0.27 a.% Ce and again are quite
comparable with those in well developed YAP:.Ce or
GSO:Ce.

For spectroscopic measurements, various samples were
prepared from as-grown crystals. Samples were taken from
those parts of crystals which exhibit the best ones (mini-
mum defects as cracks, facets or other growth defects).
Typical sample dimensions were roughly 7X7X2 mm with
front and rear faces and one side polished.

2.2, Spectroscopic measurements

Spectroscopic studies of Lux(RE“)l,XAP:Ce crystals
consisted of luminescence measurements (emission and
excitation spectra and fluorescence decays) and absorption
spectra measurements. Luminescence measurements were
carried out mainly at RT using the spectrofluorometer
Model 199S (Edinburgh Instruments) in the range 200-
700 nm. Absorption spectra were measured using the
absorption spectrometer Shimadzu UV3101 PC in the
range 190—400 nm. A detailed description of scintillation
studies and their results are presented in Refs. [14-17]
(662 kev + radiation was used to measure energy res
olution spectra and to evaluate the scintillation light yield).

3. Spectroscopic properties of LuX(RE3+)1_xAP:Ce
crystals
3.1. Absorption spectra

Absorption spectra of two well-grown crystals
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Fig. 1. Absorption spectrum of Lu,,Y ,,AP:Ce crystal at room tempera-
ture (RT) for sample thickness 0.35 mm.

(Lug 5Y o ,AP:Ce and Lu, ¢Gd, ;sAP:Ce) are displayed in
Figs. 1 and 2, respectively. They were obtained for the
sample thickness mentioned (see figure captions) where a
saturation of the main Ce®" absorption band appears. The
most intense and broad Ce®" absorption band peaks at 300
nm roughly for both kinds of the mixed crystals. Two less
intense absorption bands are observed at A~235 nm and
A~218 nm. All these wide absorption bands arise due to
Ce®" 4f' . 5d° transitions. Narrow absorption bands at
A~204 nm and A~198 nm are observed on
Lu,Gd, _,AP:Ce crystals These narrow bands are probably
due to Gd**®s,,, - °D, transitions. Other Gd*>" transi-
tions (°S,,,-°P,, °l,) were not observed due to their
overlap with the most intense Ce®" absorption band lying
between 260 and 320 nm.

32 Emission and excitation spectra of
Lu (RE°*),  AP:Ce crystals

Emission spectra of Lu,(RE*"), ,AP:Ce crystas for
RE>* =Y>" and Gd*" are presented in Fig. 3. These
spectra were measured on samples from well-developed
parts of asgrown crystals. Emission spectra of
Lu(RE*"), ,AP:Ce crystals are roughly the same for
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Fig. 2. Absorption spectrum of Lu,¢Gd,,AP:Ce crystal a RT for
sample thickness ~0.4 mm.
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Fig. 3. Emission spectra of Lu,(RE®"), ,AP:Ce crystals for RE®" =Y*"
and Gd®" at RT (A,=300 nm).

both Y** and Gd** ions and only small widening to longer
wavelengths was observed for Lu,Gd,_,AP:Ce crystals.
Small  differences were aso observed among
LuY ,_,AP:Ce crystals (see Fig. 4) where with an increase
in Lu content, the emission spectrum is shifted to longer
wavelengths.

Emission and excitation spectra of Lu,,Y,,AP:.Ce
crystal are displayed in Fig. 5. The excitation spectrum
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Fig. 4. Emission spectra of Lu,Y ,_ AP:Ce crystals at RT (A, =300 nm).
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Fig. 5. Emission and excitation spectrum of Lu,,Y , ;AP:.Cecrystal at RT
(Ae,=300 nm, A,,=360 nm).
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Fig. 6. Excitation spectra of LuY,  AP:.Ce crystals at RT (A,,=360
nm).

consists of two broad bands peaking at A~320 and 235 nm.
Both these broad bands consist at least of two individual
bands, e.g. with additional peaks at A~275 and 215 nm,
respectively. Generally, the observed excitation peak posi-
tions agree roughly with those observed in Ce®* absorp-
tion spectra. Detailed excitation spectra of all
LuY, ,AP:Ce crystals are sketched in Fig. 6. Here, we
can see small shape differences among spectra but their
peak positions are roughly the same.

Ce’™ emission and excitation spectra  of
Lu, Gd, ,AP:Ce crystal are displayed in Figs. 7 and 8.
Here, we can see that an overlap between emission and
excitation spectrais lower compared with that observed on
LuY, ,AP:.Ce crystals, especially at low temperature
(Fig. 7). At low temperature no splitting due to Ce**
5d- °F,,,, °F,, transitions was observed in emission
spectra.

3.3. Decay kinetics of Lu,(RE®"), ,AP:Ce crystals

Fluorescence decay curves of LuX(RE“)l,XA P:.Ce crys-
tals are not simple exponentials, especialy for
Lu,Gd,_,AP:Ce crystals. Ce®" fluorescence decay curves
of Lu,¢Gd, ,AP:Ce crystals are sketched in Figs. 9 and
10. At low temperature, Ce®* fast decay component 7~15
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Fig. 7. Excitation and emission spectrum of Lu,,Gd, ,AP:Ce crystal at
T=93 K (A,,=300 nm, A,,=360 nm).
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Fig. 8. Excitation and emission spectrum of Lu,,Gd, ,AP:Ce crystal at
T=283 K (A, =270 nm, A_,=360 nm).
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Fig. 9. Fluorescence decay curve and fit of Ce®" fluorescence of
Lu, ¢Gd, ,AP:Ce crystal at T=93 K (A,, =280 nm, A,,,=360 nm). Fitting
parameters are given in the top right corner.

ns is clearly visible (see Fig. 9) and the slow component
has a lifetime of 7,~900 ns. With an increase in tempera-
ture, the fast component does not change but the slow
component shortens substantially up to 7,~74 ns (see Fig.
10). Fluorescence decays of Lu,Y,  AP:Ce crystals con-
sist of only one fast component 7,~15-17 ns. These
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Fig. 10. Fluorescence decay curve and fit of Lu,,Gd, ,AP:Ce crystal at
T=283 K (A,=280 nm, A,,,=360 nm). Fitting parameters are given in
the top right corner.

crystals exhibit slow scintillation components (much less
intense) [15] observed under X-ray or -y-ray excitation.

4. Discussion

4.1. Spectroscopic properties of Ce®” ions in
Lu (RE®"),  AP.Ce crystals

Lu(RE*"), ,AP:Ce crystas (for Y*" and Gd*") are
characterised by wide emission, excitation and absorption
spectral bands in the UV range of 5d*- 4f° or 4f* . 5d°
interconfigurational allowed transitions (see Figs. 1-8 for
details). The only exception among measured spectra are
narrow absorption lines lying in the spectral range 190—
210 nm (ascribed as Gd*"’S,,, - °D;,, o/, transitions).
No wide Ce*" emission bands were observed in the visible
range similar to those observed earlier on for YAP:Ce or
GdAP:Ce crystals [16,18]. But the Ce®" emission spectra
of Lugy,Y 4 AP:Ce crystals are shifted to shorter wave-
lengths if parts of the crystal containing defects are excited
(parts with cracks, bubbles, precipitates or other defects).
Generally, mixed Lu (RE*"), AP:Ce crystas are char-
acterised by a broad Ce®" emission band peaking at
A,~360-370 nm and the same bands were also observed
for pure YAP:Ce, GdAP:Ce and LUAP:Ce crystals.

What could be an origin of Ce*" impurity centres in the
mixed Lu,(RE*"),  AP:Ce or in pure YAP.Ce, GJAP:Ce
and LUAP:Ce crystals. Generally, in al of these crystals,
Ce®" dopant ions can replace mainly those lattice ions
having the same charge and similar ionic radius, which
means replacing_ of Y*", Gd®" or Lu®" lattice ions
{r(Lu®")=0.85 A, r,(Y®")=0.893 A, r,(Y*")=0.938 A
and r,(Ce*")=1.04 A}. AI*" ions are rarely replaced (so
called antisite defects can arise) because the AI** ionic
radius is substantialy smaller than the ce’™ one
{r,(AI®*")=051 A}. Detailed EPR investigations of
YAP:Ce crystal [19] have shown a correlation between
Ce®" EPR lines (attributed to Ce>" ions occupying various
non-equivalent sites) and their luminescence properties.
The most intense Ce** EPR line was observed together
with 100 or 1000 times less intense satellite EPR lines. The
main Ce®" site was ascribed to Ce®" replacing the Y**
lattice ion while less intense satellite EPR lines were
ascribed as Ce®" defect-related centres and we connect
them with Ce®>" visible emission bands [18].

All investigated mixed crystals were grown by the
Czochralski method and exhibit a small excess of RE>" or
AI*" jons and deficiency of oxygen (rarely the excess of
oxygen is observed on Lu,,Y , ;AP:Ce crystal). Generally,
various point defects or complexes can arise in crystals as
oxygen vacancies V,, colour centres associated with them,
oxygen interstitials, etc. [20]. Ce®" ions here replace Y°,
Gd>* or Lu®" lattice ions. Their nearest regular neighbours
are O° lattice ions. For an arising (qualitative aspects) of
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the Ce®" defect-related centres we must take into account
various possibilities:

1. Ce®" main centres (in the UV emitting) where one of
the nearest O~ ions is vacant (V, arises). This nearest
V, vacancy can escape one or two electrons and F' =
V,+e or F=V,+2e colour centres can arise.

2. Ce*" defect-related centres can arise from the main
Ce*" centres but V, or colour centres are located inside
the second or higher co-ordination spheres of Ce*"
ions.

3. Other Ce*" defect-related centres arise if Ce®" ions are
lying close to such crystal defects as e.g. cracks, grain
boundaries, internal stresses or even another phase
(here, the garnet phase, especialy). These kinds of
defect-related Ce®" centres are presented more probably
in Lu,Gd,_,AP:Ce or GdAP:Ce crystals.

In the newly developed mixed Lu,(RE®"), ,AP:Ce
crystals we have no indication of Ce®" centres emitting in
the visible range. Studies of radiation-induced changes in
YAP:Ce, Lu,,Y,,AP.Ce and Lu,4,Gd, ,,AP:Ce crystals
indicated the presence of F* and O hole centres [15].
These observations also show that Ce®* local crystal fields
are roughly the same both for the main and defect-related
Ce®" centres. Observed Ce®" visible emission bands on

Table 1

some of the YAP:Ce crystals [18] can probably be ascribed
as ‘antisite’ defects (Ce®" replacing small Al** ions).

4.2, Comparison of fluorescence and scintillation decay
properties of Lu (RE®"),  AP.Ce crystals

Under y-ray excitation, no significant changes in Ce*"
emission and excitation spectra were observed for YAP:Ce,
Luy,Y,,AP:Ce and Lug,,Gd,,AP:Ce crystals [15].
Ce’" scintillation decays are longer, especially on YAP:Ce
cystal (from 7,=17 ns to 7,~22-35 ns) [13,15,21].
Almost no difference between fluorescence and scintilla-
tion decays was observed for LUAP:Ce crystal [9,11,13].
Newly developed LuX(RE”)AP:Ce crystals aways exhibit
fast fluorescence or scintillation component (r,, iS be-
tween 15 and 20 ng) but in Lu,4,Gd, ,AP:Ce crystal,
7.=57 ns [15]. The decay curves of Lu,¢Gd, ,AP.Ce
crystal are presented in Figs. 9 and 10 (excitation under
280 nm excites both Ce** and Gd>* ions). Here, besides
the fast decay component (=15 ns) slow decay com-
ponents appear.

Slow Ce*" decay components of Lu,Gd, ,AP:Ce or in
GdAP:.Ce crystals were discussed in detall in Refs.
[17,21,22]. They are explained by processes of energy
transfer and migration (Ce*"), - (Gd>") ~(Ce*),.

n steps

Evaluated spectroscopic and scintillation properties of the newly developed Lu (RE®*"), ,AP:Ce crystals compared with those of YAP:Ce, GdAP:Ce and

LUAP:Ce crystals according to results from papers [12,14,15,17]

Quantity® LuY, ,AP.Ce Lu,Gd,_,AP:Ce YAP:.Ce GdAP:Ce LUAP:Ce
Emission wave- ~370 ~370 ~370 =370 ~350
length (nm)

Fast fluorescence or 7,~17 T~14 7,~17 Th~2-3 7,~17

scintillation. Decay 7.~22 T5~70 7,~25-30 75~200

constants (ns) T ~55

Slow decay T§C~100 7,.~900 7'2;75 — 7,.=1000

constants 72,~3000 72,~3600

(ny)

Relative light ~ 140-180 ~ 140 ~ 130-150 - = 100

yield (related to but large

BGO — 100%) differences are

observed

FWHM (AE/E) 8.0 15.3 6.8 - -

for 662 kev (%)

Total energy 0.40-0.50 0.50-0.70 0.4 - -

peak coefficient (cm™*)

Density (gcm™®) ~ 57-65 ~ 7.5-80 5.55 75 8.34

i ~ 40-60 ~ 6070 34 - -

Crystal appearance Good quality Polycrystalline with Very good Small and bad Only a few
crystals were defects (cracks, quality crystals — quality crystals crystals were
grown(not many precipitates, etc.) application or fibres grown
defects) quality

# Quantities are given for RT.

bZeff characterises the ‘effective’ atomic number of the crystal and here is given for 662 v radiation (this quantity depends on atomic masses and

numbers and their content in the crystal [23]).
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These processes are possible due to the closeness of Ce®*
and Gd®>" energy levels (Ce®* 5d* excited levels and some
of Gd*"°P, or °I, levels).

4.3 Outlook-evaluation of development of the mixed and
pure Lu,(RE®"), , AP:Ce crystals

Table 1 presents the most important spectroscopic,
scintillation and some other properties of the newly
developed mixed Lu (RE*"), AP:Ce crystals (RE*" =
Y*" and Gd®") and pure RE*"AP:Ce crystals (RE* =
Y¥, Gd*" and Lu®*"). Generdly, al crystals emitted
roughly in the same spectral region around 370 nm. Fast
fluorescence and scintillation decay constants are in the
time range 15 to 40 ns. Slow decay components are much
less intense that the fast ones and it is only for
Lu,Gd,_,AP:Ce crystals that these components are im-
portant.

Comparative luminescence and scintillation measure-
ments of Lu (RE>"), ,AP:Ce, YAP.Ce, BGO and some
other crystals [14,18] show that light yields of the mixed
Lu (RE*"),_,AP:Ce crystals exceed that of BGO by about
40 to 80%. Their energy resolutions for 662 kev -y
radiation range between 6.0 and 15.3% of FWHM and are
quite comparable with those of YAP:Ce, GSO:Ce and
LSO:Ce crystals [4,7,8].

5. Conclusions

Mixed Lu(RE*")AP.Ce (RE*" =Y*" and Gd*") are
characterised by an intense and wide Ce®" emission band
in the UV peaking a A~370 nm (allowed 5d'- 4f°
transitions). No other significant emission bands are ob-
served in the visible range, which indicates that almost no
other Ce®" non-equivalent centres are present. Fast fluores-
cence and scintillation decay constants range from 15 to 40
ns but significant slow decay components appear if Gd>*
ions are present. Generally, fluorescence and scintillation
properties of the mixed crystals are similar to those of well
developed YAP:.Ce crystals but no such quaity and
dimensions have not been reached yet.

For application as e.g. PET (Positron Emission Tomog-
raphy medical imaging) the most promising seems to be
Luy,Y,,AP:Ce crysta but Lu,Gd,_ AP.Ce crystals ex-
ceed it in Zy, and density. Mixed Lu (RE*"), , AP:Ce
crystals probably represent a transition step from well
developed, less dense YAP:Ce crystal [24] to the dense and
efficient LUAP:Ce crystal.
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