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Lu,,Gd,_,,SiO4.Ce single crystals with different Lu/(Lu+Gd) atomic ratio have been
obtained by the Czochralski technique. It has been shown that the polymorph transition
P2,/c—C2/c space symmetry at substitution of Gd atoms by Lu takes place at Lu/(Lu + Gd)
= 0.1-0.2. The obtained crystals with C2/c¢ symmetry type demonstrate good scintillation
characteristics. High Ce®* segregation coefficient together with preferred inclusion of
cerium into the seven-fold oxygen — coordinated position provide high light yield and
good energy resolution of the crystals.

Merozom YoxpasbCKOro BeIpaIeHbl MOHOKpHCTALIE! LU, Gd,_5, SiO5:Ce ¢ pasnmuunsiM aTom-
ueiM cooTHourernueMm Lu/(Lu+Gd). ITokasano, uto nmoauMop@HBIN Tepexo]] Mpyu CMeHe IPOCTPAH-
cTBeHHOH cummerpuu ¢ P2;/c ma C2/c B mpolecce 3aMellleHNs aTOMOB IaJOTWHNASA Ha JIOTelui
npoucxogut npu coorHorrenuu Lu/(Lu+Gd) = 0.1-0.2. IlosyuyeHHbBle KPUCTAJIBI C TUIIOM IIPO-
cTpaHCTBeHHOI cuMMeTpun C2/¢ IeMOHCTPUPYIOT BBICOKME CIIMHTUJLIAIMOHHLIE XapaKTepPUCTU-
Ku. Bercoxuil KoodduimeHT BxoxeHns noHoB Ce®* B MATPHIy B COBOKYIIHOCTH C IIPEAIIOUTH-
TEJILHBIM BXOXKIEHVEM IlePUs B CEMUKOOPIUHUPOBAHHYIO IIOSUIIUIO II0 KHCJIOPOLY OOyCIOBIMBA-
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eT BBICOKHI CBETOBOII BBIXOJ] M DHEPreTHUYECKOe PaspelleHre KPHCTAJLIOB.

Crystals of high-temperature oxides,
such as rare-earth silicates and aluminates,
doped with cerium, are well-known scintill-
lators used in detectors for high-energy
physics, nuclear physics, medical diagnos-
tics, and well-logging. The main advantages
of rare-earth orthosilicates are good chemi-
cal stability, non-hygroscopicity, high den-
sity and high effective atomic number. Effi-
cient scintillators based on Gd,SiOg Ce
(GSO) and Lu,SiO5:Ce (LSO) were developed
in 1980th—1990th. These materials possess
high light yield and fast decay (LSO), good
energy resolution and moderate cost (GSO)
[1-4]. The main drawbacks of LSO are back-
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ground radioactivity and afterglow. Gad-
olinium orthosilicate crystals possess rather
low light yield about 10000 Ph/MeV and
tend to cracking during growing and manu-
facturing of elements.

During last two decades, mixed orthosili-
cates LU2XY2_2XSi05 (LYSO), Gd2XY2—2XS|05
(GYSO0), Luy,Gd,_»,Si05 (LGSO) are in de-
velopment in order to minimize the above-
mentioned drawbacks. Today, large LYSO
crystals with low yttrium content [5], and
crack-free LSO crystals of up to 80 mm di-
ameter and with high scintillation charac-
teristics [6] are commercially produced.
However, problem of high afterglow and
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background in lutetium-containing ortho-
silicates is still unsolved. Attempts to mod-
ify the GSO crystal properties by yttrium
addition were also made. Improvement of
radiation resistance and mechanical proper-
ties of Gdy, Y, 5,Si05:Ce have been re-
ported, but no substantial increase of scin-
tillation characteristics was observed [7, 8].

The LGSO crystals are also materials of
promise, because a substantial number of Lu
atoms can be substituted by Gd without po-
lymorph transition. Addition of Gd results
in a reduced radioactive background caused
by 176Lu isotope, and a decreased crystal
cost. Rather high values of light yield [9,
10] and energy resolution (up to 6.5 %
[11]) were obtained for crystals with the
same space symmetry type as LSO (mono-
clinic, C2/c). The preparation of LGSO crys-
tals is somewhat difficult due to polymorph
transition from monoclinic lattice P2,/c
(GSO) to C2/c¢ (LSO) resulting in a lowered
crystal transmission and cracking of boules.
This seems to be the cause of fairly high
afterglow observed in LGSO [12] exceeding
that for LSO.

Thus, an actual task is to obtain LGSO
crystals with low Lu/Gd ratio, high light
yield, energy resolution, and low afterglow.
Also, mechanisms of cation substitution and
activator entry into this matrix should be
studied, and influence of these factors on
scintillation characteristics should be
checked.

The consideration of above-mentioned
publications shows that it is just oxyortho-
silicate scintillators having a matrix of
monoclinic C2/¢ space group that demon-
strate the best efficiency. Also, a consider-
able Lu content in the matrix seems to be
necessary because the similarity of elec-
tronic properties for Ce3* and Lu3* d-orbits
provides efficient energy transfer of excited
state from the matrix to the activator ion.
Such a transfer depends strongly on the en-
ergy difference between the conduction
band bottom and the activator ion excited
state. The smaller is this value, the more
efficient transfer must occur. The LSO:Ce
crystal is characterized by a small energy
difference. Therefore, the excited d-state of
Ce3* activator ions is situated near bottom
of the conduction band formed by external
(hollow) d-orbits of Lu3* ions. At too small
energy difference between the activator ion
excited state and the conduction band bot-
tom, negative effects for scintillator are
possible, such as the activator ion ioniza-
tion and electron capture by traps. An af-
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terglow is observed in the case of continu-
ous retention of these electrons in traps,
causing a deterioration of the scintillator
operating characteristies. That is why a pos-
sibility to control that energy difference is
of importance in obtaining of new lumines-
cent materials. The change in the covalence
extent of the ion-ligand bindings defined by
the structure of the crystal matrix being
activated is among the methods of that dif-
ference variation [13].

LGSO:Ce crystals with different Lu/Gd
ratio were obtained by the Czochralski
method from mixture of starting oxides
Gd203, LU203, S|02 and C602 with purlty
of at least 99.99 %. Crystals of 30 mm in
diameter and up to 50 mm lethng were
grown using iridium crucibles of 60 mm in
diameter and 60 mm height under argon at-
mosphere with addition of up to 1.0 vol.%
O,. The pulling speed was 1.2 to 3 mm/h,
the crystal rotation speed, was 80—
35 rot./min. Cerium concentration in melt
was 1 mol.%. The growth direction was
[010] on seeds of the P2,/c structure, and
[210] on seeds of the C2/c one. The grown
crystals were annealed at 1500°C.

X-ray studies of LGSO samples were car-
ried out using an Xecalibur-3 single erystal
diffractometer (Oxford Diffraction, MoKa
radiation, A = 0.71073A, graphite mono-
chromator, a Sapphire-3 CCD-detector, /0
— scanning in the 26 range up to 90°, ac-
count for absorption by equivalent reflec-
tions). The structures were calculated using
SHELX-97 and WinGX software. The unit
cell parameters were refined by the Rietveld
method using diffractograms obtained for
powders of the same crystal samples using a
Siemens D500 powder diffractometer. Re-
sults obtained by the single crystal method
were taken as initial data for refinement by
the Rietveld method.

Lu and Gd concentrations were deter-
mined using an atomic emission spectrome-
ter with inductively coupled plasma
(TRACE SCAN Advantage, Thermo Jarrell
Ash, USA). The analytical lines 2615 A and
3850 A were used for Lu and Gd, respec-
tively. Lu and Gd concentrations were deter-
mined by the external standard method. The
calibration samples were prepared in water
solutions of these elements in the presence
of phosphoric acid. The relative standard
deviation did not exceed 0.02. Cerium con-
centrations in LGSO crystals were deter-
mined by atomic emission spectrography
based on evaporation of the substance in an
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AC arc discharge, and registration of the
emission by a DFS-1 spectrograph. The de-
tection limit was 0.001 wt. %.

Light yield and energy resolution were
determined by pulse method using a stand-
ard spectrometric setup including a BUS2-
94b preamplifier, BUI-3K linear amplifier,
and AMA-3F multichannel amplitude ana-
lyzer. A Hamamatsu R1307 PMT with 3 in.
cathode was used as photodetector. The af-
terglow level after a certain time was meas-
ured using a special measuring setup con-
sisting of a RAPAN-200 pulse X-ray emit-
ter (E, =100-160 KeV), an 88594
photodiode, a current-to-voltage converter,
multiplexer, controller, A/D converter, PC,
a C1-102 oscillograph, and control unit for
the X-ray emitter.

The scintillation characteristics of the
grown crystals are presented in Table 1. A
sharp improvement of scintillation proper-
ties (decrease of afterglow and about triple
increase of light yield) is observed at change
of space symmetry group near 20 at. % Lu.
A very low afterglow as compared with lit-
erature data for LSO [15] is of a special
interest.

It has been shown before that a poly-
morph transition in LGSO takes place at
Lu/(Lu+Gd) = 0.5 (in accordance with [9]),
and 0.1 (in accordance with [10]). In gen-
eral, the data from [10] were confirmed in
this work. The crystallization in monoclinic
P2,/c structure is observed in the range
0<Lu/(Lu+Gd) < 0.1 independently of the
seed space symmetry. The phase with mono-
clinic C2/¢ group 1is crystallized at
Lu/(Lu+Gd) > 0.2. The formation of crystals
of both types is possible in melt with
Lu/(Lu+Gd) ratio of 0.1 to 0.2. The crystal
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Fig. 1. Concentration of Lu ions in melt and
in grown crystals.

lattice type of the used seed is of major
importance in this case.

Light yield increase can be explained
when considering the Lu/Gd substitution
character in the matrices with the different
space symmetries (Fig. 1). When lutetium is
added to the P2;/c matrix, the crystal qual-
ity and scintillation properties degrade
gradually. A noticeable increase of Lu con-
centration in crystals is observed at transi-
tion to C2/c¢ lattice. The unit cell volume
decreases with Lu addition due to dimnin-
ishing effective cation radius in the matrix
(Fig. 2). The structure transition is ob-
served at cation effective radius of about
0.92 A.

Thus, the effective cation radius in the
C2/c matrix can be increased from 0.86 A
(Lu ionic radius) to 0.92 A without chang-
ing the space symmetry type. This must re-
sult in increasing Ce segregation coeffi-
cient, because the smaller the difference be-
tween ionic radii of matrix and activator,
the larger the segregation coefficient [17].

Table 1. Scintillation characteristics of the obtained crystals

Matrix Space Light yield to BGO, Energy resolution, % Afterglow
composition symmetry type % under excitation under excitation after 5 ms,
by E, = 662 KeV E, = 662 KeV %
Gd,SiO4 P2,/c 112.5 9.5 0.024
LUg.090Gd1 9105105 P2y/c 104.1 10.1 0.049
Lug 148G 8555105 P2,/c 95.3 10.8 0.073
LUg 268G d1 7355105 P2y/c 88.0 11.2 0.115
LUg 410Gd 5905105 C2/c 260.1 7.7 0.043
LUg 420G 5505105 C2/c - 0.084
LUg 798G d1 2025105 C2/c 304.8 11.4 0.052
Lu,SiOg c2/c ~300 [14] 7.3-9.7 [14] 1.6 [15]
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Fig. 2. Unit cell volume of the grown crystals
(the value for LSO corresponds to [16]).

Direct measurements of k(Ce) confirm this
law (Fig. 8). The segregation coefficient is
in the range 0.52 to 0.83. It is about the
same as that for GSO, and exceeds substan-
tially k(Ce) for LSO (~0.2) [17]. For com-
parison, the k(Ce) value for LGSO (20 at.
% Lu) obtained in [18] is presented in the
same Figure.

The increase of activator segregation co-
efficient itself cannot explain so sharp
changes of scintillation properties. Let the
structure of C2/c crystal lattice be consid-
ered taking LSO as the example. This space
group contains 64 ions in unit cell; in par-
ticular, each of 8 Lu ions of first type (Luy)
being coordinated with 7 oxygen atoms,
while each of 8 second type ions (Lu,) are
coordinated with 6 oxygens. It is known
that energy of Ce3*— Lu; substitution
amounts +6.90 eV, while that of Ce3*—Lu,
one, +7,25 eV. In both cases the energy is
positive, because Ce3* ionic radius is larger
than that of Lu3*. Different displacement of
oxygen ions after Ce3*—Luy, Lu, substitu-
tion in LuO; and LuOg polyhedra provides
substantially different scintillation charac-
teristics of the substance. Light yield, lumi-
nescence maximum wavelength, and decay
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Fig. 3. Cerium segregation coefficient vs. lu-
tetium concentration in melt. Data from
[17, 18] are denoted by squares.

time depend on the number of Ce3* ions
substituting Lu; and Lu, ones. The decay
time of Ce, luminescence center (polyhe-
dron LuO;) is 30-38 ns, and luminescence
maximum is at 410-418 nm. The decay
time of Ce, luminescence center (polyhe-
dron LuOg) is 50-60 ns and luminescence
band is around 450-520 nm. The simultane-
ous presence of Ce3* in both LuOg and LuO,
causes the substantial decreased light yield,
increased luminescence time up to 40—
50 ns, and decay time shift towards the
band of reduced PMT sensitivity. The best
characteristics are observed in crystals con-
taining Ce3* ions only in LuO; polyhedra [9,
19-21].

Experimentally obtained data on cation
distribution in the positions in the matrix
are presented in Table 2. Lu3* ions are situ-
ated preferably in 7-coordinated polyhedra
LnO- in crystals with P2,/c space symme-
try. In contrast, lutetium ions in crystals of
C2/c space group are situated preferably in
6-coordinated polyhedra. These results are
quite expectable, accounting for the smaller
Ln—O average bond length (2.23 A) for LnOg

Table 2. Population of cation positions in the matrices

Lu/(Lu+Gd), % in | Lu/(Lu+Gd), % in | Space symmetry | Fraction of Lu atoms (%) in polyhedra
melt crystal type In 7-fold In 9-fold
5 4.5 P21/c 9 Not observed
10 7.4 P21/c 15 Not observed
20 13.4 P21/c 18 9
In 6-fold In 7-fold
19 20.5 C2/c 41 Not observed
20 21.0 C2/c 35 7
35 29.9 C2/c 50 10
70 Functional materials, 16, 1, 2009
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Fig. 4. X-ray luminescence spectra of the ob-
tained single crystals.

in comparison with that for LnO; (2.32 A)
in LSO [22]. Smaller Lu3* ions and larger
Gd3* at high probability will be situated in
LnOg and LnO; polyhedra, respectively. This
distribution of lutetium and gadolinium
ions is energy-favorable and must promote
situation of Ce3* ions with larger ionic ra-
dius (1.01 A) in the seven-fold oxygen-coor-
dinated position.

The distribution of Ce3* jons in LuO, and
LuOg polyhedra can be estimated from
X-ray luminescence spectra of grown crys-
tals (Fig. 4). For crystals with space group
C2/c (20 % and 35 % Lu), intensity of the
420 nm peak corresponding to seven-fold
coordinated Ce3®* is substantially higher
than that of the second peak near 500 nm.
This result confirms the hypothesis on the
preferred situation of activator ions in the
seven-fold coordinated position with higher
luminescence intensity.

Thus, Lu,Gd, ,,SiO5:Ce crystals in the
range x = 0-0.35 have been studied. A
sharp improvement of scintillation proper-
ties at transition from monoclinic P2;/c to
C2/c symmetry has been observed. High
light yield values at x>0.2 are connected
with high cerium inclusion coefficient and
preferred situation of activator in the
seven-fold oxygen-coordinated position. The
causes of substantial afterglow decrease ob-
served in this work as compared with other
authors are not known at the moment. A
detailed study of LGSO energy-band struc-
ture is now in progress.
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OnpepxaHHA Ta CHMHTHJIAILINHI BJIaCTHBOCTI
kpucraxis LGSO:Ce

0.1].Cioneyvruii, B.I'.Bondap, B.B.I'punvos,
A.0.Rypuyes, B.M.Baymep, K.M.Benixos,
3.B.Illmumenvman, C.A. Tkavwenrxo, O.B.3enencovka,
M.I' Cmapaucuncoerxui, K.A.Rampynoé, B.O.Tapacos

Merogzom YoxpanbchKoro BHpOIIeHo MoHOKpucranu Lu, Gd, , SiOz:Ce 3 pisaum arom-
uum criBBiguomennam Lu/(Lu+Gd). ITokasano, mo nmoaimopduuil mepexim Big mpocroposoi
cumetpii P2;/c go C2/c B mponeci samimeHHA aTOMiB rajoJiHilo Ha JIOTenilt BigOyBaeThCA
npu caiseiguomenui Lu/(Lu+Gd)=0.1-0.2. Orpumani Kpucrajgu 8 TUIOM IPOCTOPOBOI CH-
meTpii C2/¢ IeMOHCTPYIOTH BUCOKI CIMHTUIAAIINHI xapakTepucTuku. Bucoxkuii kKoedimieHr
BXOmKeHHs iomis Ced3' y Marpumio y HOEIHAHHI 8 NePeBAKHMM BXOIKEHHAM ILepilo y
CEMHUKOOPANHOBAHY MO3UIIII0 KUCHEM O0YMOBJIIOE BHCOKHII CBiT/IOBUI BMUXiJ Ta eHEPreTHUUYHY
po3ainbHy 3maTHICTH KPHUCTAJIIB.
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