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Modern applications of scintillators in medical imaging of human body
(Positron Emissi..i Tomography — PET scanning, y-cameras and other
X-ray tomographies) require improved or even quite new scintillators which
should be characterized by (i) fast response, (ii) high density and (iii) high
light yield. At present time new scintillating crystals are investigated, mainly
those having perovskite lattice structure of the formula RE3t A103:Ce where
RE3* = Y3t Ga®t and Lu®t. Here, we will present the newest data with
summarising properties of these types of scintillators including the mixed
ones. Energy transfer processes between Ce®*t main centres and Ce*+ mul-
tisites are discussed together with their mechanisms including processes be-
tween Ce®t and Gd®* ions. Finally, the characteristic properties of scintil-
lating crystals based on perovskite structure are reviewed.

PACS numbers: 78.55.—m, 78.60.—-b

1. Introduction

Recent applications of scintillators in medical imaging of human body (PET
scanning, y-cameras and X-ray tomographies) require improved or even quite
new scintillating materials [1-7). One of the most studied materials are either
Ce3+-doped crystals [1,5,6] or Ce®*-concentrated ones as e.g. CeF3 [8]. From var-
ious Ce3+-doped crystals the most promising ones are orthoaluminates as YA1O3
(YAP) [3,9], GdA103 (GAP) [10], LuAlOg (LuAP) [11,12] and the mixed ones as
e.g. YzLuj_zAlO3. The newest results of the studies of local structures of Ce3t
centres in YAP:Ce crystals were presented by us in [13] and the latest ones on the
mixed Lu,Gd;_,AlO3:Ce crystals in [14].

Ce3*-doped RE3*AlO3 orthoaluminates are new types of crystal scintillators
which are characterized by (i) high density (from = 6 g/cm?® to 8.5 g/cm?), (ii)
high light yield exceeding that of Bi4GesO,2 (BGO) which is roughly 9000 pho-
tons/MeV [3] and (iii) fast fluorescence and scintillation decays (r ~ 10-30 ns)
[3,6,11]. If the crystals have these properties together with mechanical and chem-
ical stability then they can be used in scintillator applications as e.g. in PET
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scanning where fast timing and high counting rate, good energy resolution and
high stopping power are necessary.

In this paper we present the newest data and properties of the above given
new kinds of scintillators having the perovskite structure. Intrinsic Ce®+ fluo-
rescence and scintillation decay lifetimes of these crystals are in the time range
10-30 ns due to Ce®t 5d — 4f allowed transitions. Energy transfer processes be-
tween Ce3t main sites and multisites or from or to Ce®t impurity ions are discussed
together with their mechanisms. Finally, we summarise the basic fluorescence and
scintillation properties of these crystals having the perovskite structure.

2. Experimental

Various experimental spectroscopic and scintillation techniques have been
used for detailed characterization of RE3+AlQ3:Ce crystals. Computer controlled
spectrophotometer Edinburgh Instruments Model 199S has been used for fluores-
cence spectra and decay studies in the spectral range 200-800 nm and in the time
range =~ 5 ns to 3 ms, respectively. Scintillation studies (emission spectra and
decays) were carried out under excitation by 511 keV of 2?Na radiation.

Studied RE3+Al03:Ce (RE?+ = Y3+, Gd®* and Lu3*) crystals or the mixed
ones were grown by the company Preciosa Crytur Ltd in Turnov, Czech Republic
(the crystals were grown by the Czochralski method). Ce concentrations in these
crystals are not high, the maximum concentration reached is 0.6 at.% in YAP:Ce
crystal. Generally, Ce concentrations are around 0.1-0.2 at.% Ce. The distribution
coefficient of Ce®t in these crystals is not high due to a difference between ionic
radii of Ce®t and the lattice ions Y3+, Gd3* and Lu3*. The real Ce concentrations
were evaluated by electron beam excited X-ray microanalysis which was carried
out at the electron microscope JEOL.

Among many results on various scintillator crystals including RE3+A103:Ce
ones some of them have been found by the “Crystal Clear Collaboration” (CCC
or RD18 project of CERN which is “Research & Development (R&D) for the
study of new fast and radiation hard scintillators for calorimeter at Large Hadron
Collider”). CCC collaboration co-ordinates the eflorts of many laboratories and
firms in finding and producing scintillators for various applications including new
generation of electromagnetic calorimeter at CERN, medical imaging applications
etc. -

3. Spectroscopic and kinetic properties of Ce?t in RE3+AlO; crystals

Ce3+ energy levels in crystals consist of two ground state 4f levels (arising
from one 4f electron) separated roughly by about 2000 ecm~! (%F5/ and 2Fy/,)
and up to five 5d split excited state energy levels (arising from 2D state of free
Ce3t ion)[1]. Separation of 4f and 5d energy levels in crystals depends strongly
on local crystal fields and is ranging from =~ 20000 to 35000 cm~! for different
crystals. Cet 5d — 4f fluorescence transitions are the allowed ones (electric
dipole-dipole) and their fluorescence lifetimes are in the time range 10-100 ns. Due
to local changes of the crystals field (e.g. due to additional impurities in crystals,
vacancies, local distortions in crystals etc.) various Ce3t inequivalent centres arise
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Fig. 1. Excitation (a) and emission (b) spectra of mixed Y Luj_-AlO3:Ce crystal
(z = 0.94, Ce concentration = 0.08 at.%) at room temperature.
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Fig. 2. Fluorescence decay curve of mixed Y:Lui_rAlO3:Ce crystal (z = 0.94, Ce
concentration = 0.08 at.%) at room temperature under Aex = 300 nm for Aewn = 360 nm.
Decay curve is single exponential with lifetime 7 = 17.7 ns.
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Fig. 3. Excitation (- - - - ) and emission (—) spectra of Luz AlsO12:Ce at room tem-

perature. This phase appears if contents of Y and Lu are the same (50 weight%) in raw
materials from which the crystals were grown.
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Fig. 4. Excitation and emission spectra of mixed Lu:Gd;—.AlOs:Ce crystal (for
z = 0.91 and Ce concentration = 0.16 at.%) at room temperature.
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Fig. 5. Fluorescence decay curve of mixed LuyGd;—»AlO3:Ce crystal (for z = 0.91
and Ce concentration ~ 0.16 at.%) at room temperature under Aex = 320 nm for Aem =
370 nm. Double exponential convolution fit with lifetimes 7 = 20.5 ns and > = 405 ns
was observed.

which results in additional fluorescence of these centres and processes of energy
transfer in crystals.

In this paper we will present and summarise mainly the results of our studies
of spectroscopic and kinetic properties of the mixed RE3tAl03:Ce (RE3t+ = Y3+,
Gd3t and Lut) crystals. The experimental results are sketched in Figs. 1-8.
Ce3+ emission and excitation spectra of the mixed Y,Luj_;Al03:Ce crystals (see
Fig. 1) are roughly the same as those of pure YAP:Ce crystals up to z = 0.715
(Aem & 370 nm and Aex 22 310 nm as the main emission and excitation maxima).
If 2 exceeds 0.715 then yellow LugAl;0;2:Ce garnet phase arises and its emission
and excitation spectra are given in Fig. 3 (Aem &~ 550 nm and various 5d excitation
bands are observed in the spectral range 200-500 nm peaking at Aex &~ 430 nm at
room temperature). Ce3+ fluorescence decay of LuzAl;O12:Ce garnet 7 = 60 ns is
a bit longer in comparison with the mixed Y,Lu;..;AlO3:Ce crystals where pure
exponential decay is observed having lifetime 7 & 17.7 ns (see Fig. 2).
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Fig. 6. Spectrally unresolved scintillation decay curve of mixed Lu,Gd;_,AlO3:Ce
crystal (for z = 0.91 and Ce concentration = 0.16 at.%) at room temperature (excitation
by 511 keV y-radiation of ?2Na source, Aem & whole Ce®t emission band). Besides the
fast Ce®* component in the short part of decay the longer one can be evaluated by two
exponentials having lifetimes 7 = 57 us and 7 &~ 0.96 ms.
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Fig. 7. Excitation (a) and emission (J, ¢) spectra of LuAlOj3:Ce crystal (Ce concentra-
tion a2 0.04 at.%) at room temperature for Aem = 380 nm (curve a), for X-ray excitation
(curve b, Mo anticathode, 35 kV) and for Aex = 290 nm (curve c). The X-ray excited
emission spectrum of BGO crystal (curve d) was taken under the same conditions as
that of LuAlO;:Ce crystal (curve c) also at room temperature.

Excitation and emission spectra of the mixed Lu;Gd;_ ;AlO3:Ce crystal (for
z = 0.91) are given in Fig. 4 for relatively high Ce content (~ 0.16 at.%). Up
to five Ce3t excitation bands have been observed having maximum at lex =~
310 nm but Ce3t emission spectra under UV and X:-ray excitation are different.
Under UV excitation a splitting of Ce3t ground state of about ~ 2000 cm~? is
observed at room temperature. Fluorescence decay or scintillation decay curves of
Lu;Gd;_;AlO3:Ce crystal are sketched and evaluated-in Figs. 5 and 6, respectively.
Under UV excitation (Fig. 5) two decay components are observed, the fast one is
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Fig. 8. Spectrally unresolved scintillation decay curve of LuAlO3:Ce crystal (Ce con-
centration = 0.04 at.%) at room temperature (excitation by 511 keV y-radiation of 22Na
source, Aem =~ whole Ce®t emission band). The reconstructed instrumental response is
given by smaller dots. The dashed line is the convolution of the instrumental response
with a single exponential with decay time 7 = 17.9 ns. The solid line is the convolution
of the instrumental response with a sum of two exponentials with 71 &~ 16.9 ns and

72 > 1 ps, the ratio of the preexponential factors (amplitudes) of the two components
is A1/As 6.2,
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Fig. 9. Radiation damage testing of pure YAP:Ce crystal up to 10° rad dose.

1t & 20.5 ns, the slow one is 7 = 405 ns. Under y-ray excitation (by 511 keV
radiation of 22Na source) besides the fast component two slow decay components
are observed with lifetimes 7c(1) & 57 ps and 75.(2) & 0.96 ms.

Excitation and emission spectra of pure LuAlOz:Ce crystal (for Ce concen-
tration &~ 0.04 at.%) were described in [11] in detail and here are sketched in
Fig. 7. Again, we can observe a diflerence between emission spectra excited un-
der UV radiation and under X-rays (curves ¢ and b in Fig. 7, respectively). The
narrow emission bands in the UV peaking at A\; ~ 288 nm and Ay =~ 308 nm
arise probably due to Gd3* transitions T7jy — 3575 or ®Pzyy — 8575, respec-
tively. Also, the slowest decay lifetime from Fig. 7 is very close to Gd3+ lifetime
(7a1(2) = 0.96 ps and 7(Gd3+) ~ 2.3 ms). Scintillation decay curve of LuAlQO3:Ce
crystal is sketched and evaluated in Fig. 8. Again, we can observe the fast decay
component 77 & 19.9 ns and the slow one 75 > 1 pus.
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At present time scintillating crystals are tested upon their radiation hardness.
Transmissions of pure YAP:Ce crystal under irradiation up to dose D = 105 rad
are sketched in Fig. 9. These first results have shown that the radiation hardness of
this crystal is not suflicient becausc additional absorption band appears at Aaq &
410 nm both for YAP:Ce crystal and for the mixed Lug 9;Gdg 0sAlO3:Ce crystal.
The additional absorption bands arise probably due to colour or colour-related
centres in these crystals [15].

4, Discussion and conclusions

Spectroscopic properties of Ce3* ions in RE3+ Al03:Ce (RE3t = Y3+, Gd3+
and Lu3+t) crystals including the mixed ones are characterized by broad emission,
excitation and absorption bands having their maxima in the near UV. The emis-
sion spectra of the main Ce®* sites (Ce®t ions replacing RE3* lattice ions) are
peaking generally at about A, = 360-370 nm but additional less intense emission
bands are observed in the visible range, especially for YAP:Ce and GAP:Ce single
crystals [3, 16]. Fluorescence lifetimes of these visible emission bands are very fast
(r & 15-20 ns) if decays are excited in their own excitation bands. We interpret
these additional emission bands as arising due to inequivalent Ce3+ centres in
perovskite crystal structures. Another possibility for interpretation of less intense
Ce3t emission bands are their correlation with Ce3* EPR spectra which were
carried out by us [13].

EPR spectra represent an eflective method of the detailed studies of struc-
ture, lattice location and charge states of point defects and impurities in crys-
tals. Ce3t EPR spectra can be correlated with the detailed fluorescence studies
of YAP:Ce crystals where various inequivalent Ce®* centres are observed [3]. In
YAP:Ce crystals the Ce®t EPR spectrum consists of single intense line without
hyperfine structure (details see in [13]) and additional less intense lines around the
main one (their intensities are 100-1000 times in magnitude weaker in comparison
with the main one). The main most intense Ce®* EPR line can be attributed to
Ce3* jons occupying Y3+ positions in YAP crystals and the “satellite” lines can
be ascribed to Ce3t-based centres or as defect-related Ce3+-centres induced by
another local distortion of the local crystal field. The defect-related Ce3+ centres
(inequivalent ones) can be correlated with the observed Ce3* inequivalent centres
emitting less intense fluorescence bands in the visible range. This correlation be-
tween Ce3t fluorescence and EPR spectra has shown that in perovskite structures
Ce3t impurity ions create the main Ce3* centres (Ce3t replacing RE3* lattice
ions) and the minor Ce3t centres (defect-related centres). Ce®* main and minor
centres have been observed in YAP:Ce and GAP:Ce crystals (not in LuAP:Ce or
in the Yy—Luj_p or Lu,~Gd;_; mixed ones)[11, 14].

Ce3+ excitation and absorption spectra of the main and minor centres in
YAP:Ce or GAP:Ce crystals are different but they overlap in some spectral ranges.
Detailed excitation spectra and fluorescence decay studies have shown that there
is radiative energy transfer between Ce®*+ main and minor centres both in YAP:Ce
and GAP:Ce crystals [3,16].

Detailed fluorescence decay studies of Ce3* ions in LuAP:Ce and
Lu;Gd;_zAP:Ce crystals have shown (see Figs. 5,6 and 8) that besides the fast



52 J.A. Mares, M. Nikl

Ce3t decay 7r & 15-20 ns the slow decay components appear. This is an evidence
that Gd3* ions play important role in LuAP:Ce and Lu;Gd;_-AP:Ce crystals
even for trace Gd3t+ concentrations as was observed for pure LuAP:Ce crystal
[11]. Slow Ce3t decay components (75 > 300 ps) in these crystals are probably
due to emission coming separately from Gd3* ions (if we excite Gd®* ions directly)
or due to energy transfer processes and interaction between Ce3+ and Gd3+ jons.
Gd3t narrow emission lines were observed in the X-ray excited emission spectrum
of one of LuAP:Ce crystals (see curve b in Fig. 7). In mixed Lug.91Gdo.09AP:Ce
crystal which contains & 0.16 at.% Ce an efficient energy migration among Gd3+
ions is effective and an subsequent capture at another Ce®+ acceptor centres can
take place. Especially, in GAP:Ce crystal where Gd3* is lattice ion the processes of
Ce3+ delayed fluorescence are present [16] as ( Ce3t); — (Gd3t), seeps — (Cet);
multistep processes.

One of the most important parameters of scintillator crystals are fluorescence
and scintillation lifetimes. While in YAP:Ce crystal the Ce3+ scintillation lifetime
is roughly twice longer in comparison with the fluorescence lifetime in LuAP:Ce
crystal the Ce3* scintillation and fluorescence lifetimes are the same and both are
very fast (1 = 17 ns). This similarity of scintillation and fluorescence lifetimes
in LuAP:Ce show that scintillation mechanism in this crystal is quite different
than that in YAP:Ce. We suppose that in LuAP:Ce the scintillation process is
the following: recombination of e~ (electrons) and h (holes) Ce®*t +h — Ce*t
followed by Ce** 4 e~ — (Ce®*)e*. This mechanism shows that in LuAP:Ce the
Ce3+ scintillation excitation processes are much faster than Ce®* fluorescence
decay processes (below = 17 ns which is the Ce3* fluorescence lifetime).

Another important parameter of scintillators is their radiation hardness. The
first studies of an influence of v irradiation on YAP:Ce crystals (see Fig. 9) have
shown that the additional absorption band appears peaking at around 410 nm but
no influence of 4 irradiation has been observed in Ce®* fluorescence properties
up to 10° rad dose. The additional “transient” absorption at around 410 nm is
probably due to colour centres which arise in crystals under v irradiation {15}. A
similar eflect was also observed for Lu;Gd;_;AlO3:Ce crystals.

Detailed spectroscopic and scintillation studies of RE3tA103:Ce (RE3+ =
Y3+ Gd3t and Lu®t) crystals including the mixed ones can be summarized as
following:

1. Ce3+ impurity ions create either the main Ce3*+ centres (Ce3* replacing
RE3* lattice ions) or minor Ce®t centres in these crystals, especially in

YAP:Ce and GAP:Ce crystals.

2. Ce®t inequivalent centres (minor ones) emitting in the visible are also excited
due to radiative energy transfer from the main Ce®** in the UV emitting
centres.

3. The fast components of Ce3t decays arise due to 5d — 4f transitions of
Ce3t ions and the mean fluorescence and scintillation lifetimes are in the
range 1.5-30 ns.
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4. The slow components of Ce?* decays (delayed fluorescence) are due to pro-

cesses of Ce®* — Gd3+ energy transfer followed by migration through Gd3+

. lattice or sublattice and subsequent trapping at some of Ce3* acceptor ions.
Also under selected excitation Gd3t fluorescence can be observed.

At the end of this paper we present Table in which we compare properties of
the studied RE3+AlO3:Ce (RE3* = Y3+, Gd3+ and Lu3*) crystals with other im-
portant scintillating materials. We can conclude that from the scintillator crystals
having perovskite structure the most promising crystal should be LuAP:Ce. At
present time no large and mechanically stable LuAP:Ce crystals have been pre-

pared but intense efforts are concentrated to solve this problem by various groups
and firms.

TABLE
Properties of some cerium-activated scintillators of RE** Al03:Ce (RE*t = Y3+
Ga@®t and Lu®*) crystals in comparison with the used ones or some new developed.
(BGO = BiyGesOi2, YAP:Ce = YAlO3:Ce, LuAP:Ce = LuAlO 3:Ce, GAP:Ce =
GdAlOa:Ce, LSO = LlleiOs:CC)

Scintillator Nal(Tl) [ BGO | YAP:Ce | LuAP:Ce | GAP:Ce | LSO | CeF 3
p [g/cm?) 3.67 7.13 5.36 8.34 7.5 74 | 6.16
Emission peak 410 480 370 370 360 420 280
[nm)]
Lifctimes 230 300 17 17 1.5-20 | 30-60 | 5-30
[ns] Toc & 28
Radiation length 2.59 1.12 2.8 1.1 - 1.1 1.7
fom] |
Rel. light yield 100 20 40 25-50 - 20-25 10
% of NaI(Tl)
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