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Crystallization conditions of gadolinium silicate Gd,SiO4:Ce have been studied depend-
ing on the crystallographic direction of the crystal growing in various thermal conditions.
For the developed crystallization assembly, it is just the crucible position relative to the
inductor 5 to 7 mm higher than the inductor upper turn that has been shown to be the
optimum one. Determined have been the growing parameters and regimes providing the
obtaining of high spectrometric quality crystals of up to 50 mm in diameter and up to
150 mm length. The @40x40 mm?2 scintillators prepared from those crystals show the
energy resolution 10.4 % under y irradiation with '3Cs (662 keV).

HUccremoBansr yenosusa Kpucrannusanuu cunukara ragoaunus Gd,SiOg.Ce B saBucumoc-
TH OT KPHUCTAJLIOrPa()MUECKOr0 HAIMPABIEHHS HMX BBIPAIMBAHUS B PA3JIMYHBLIX TEILJIOBBIX
ycanoBusax. IIokasaHo, 4To Aas paspaboOTAHHOIO KPHCTAMIM3ANAOHHOIO y3Ja ONTHMAJLHBIM
SIBJISETCS PACIIOJNOMKEHNEe THUIJIS OTHOCHUTEJIbHO MHAYKTOPA HA 5—7 MM BBIIIE€ BEPXHErO BHTKA
nHAyKTOpa. OnpeneseHsl MapaMeTPhl U PEXUMbl POCTA, IIO3BOJAIIAE IOJYyYaTh KPHUCTAJIbLI
auamerpoM a0 50 MM u gumHOK 140 150 MM BBICOKOI'O CIIEKTPOMETPHUYECKOro KauecTsa. CIuH-
TuiaTopsl $40x40 MM2, UBrOTOBIEHHbIE U8 OTHX KPUCTAJLIOB, [OKA3AJIM DHEPreTHYeCKOe pas-
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pemerve 10,4 % mpu obnydeHun y-usmydeHueM o/ Cs osHeprueil 662 xoB.

Gadolinium oxyorthosilicate (Gd,SiOg)
single crystals activated with cerium
(GSO:Ce) are known to be crystal lumino-
phors showing a high conversion efficiency
of ionizing radiation and a short (30 to
60 ns) decay time, thus being a material suit-
able for fast-action detecting systems. How-
ever, the wide use of GSO:Ce is hindered by
its high cost that is due not only to the pro-
duction costs of the raw materials but mainly
to difficulties in production of crystals with a
low optical density that, in addition, should
not fail during the growing and machining.

This failure is connected with the fact
that GSO:Ce crystals show a perfect cleav-
age along the (100) plane. Thus, the crystal
may be stratified up to complete splitting
both in the course of growth and under me-
chanical treatment. Moreover, GSO:Ce be-

196

longs to monoclinic syngony (the space sym-
metry group P2,/C) that predetermines a
pronounced anisotropy of its phusical prop-
erties. In particular, the thermal expansion
coefficient of GSO:Ce in the [010] direction
exceeds by a factor of 2 or 3 that for [100]
one, thus increasing also the crystal failure
probability along the (010) plane [1]. The
failure probability increases sharply when
macro-inclusions are present in the erystal
that are a typical structure defects in
GSO0:Ce. These macro-inclusions have been
established to be ordered and to form chains
extended along the [001] direction that may
be localized in the crystal volume as a
growth column or alternating transversal
bands of inherent impurity [2].

In [1-6], the GSO:Ce growing process
has been studied comprehensively and, bas-
ing on the experimental results, it has be
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concluded that it is necessary to grow
GSO:Ce under a low temperature gradient
(about 10 K/cm). Also, it is reasonable to
orient the crystal in such a manner that the
crystallographic direction [010] would coin-
cide with the lowest temperature gradient
in the crystallizer temperature field and the
[100] one would be perpendicular to the
growing axis. Moreover, the growth gas me-
dium should contain oxygen (3000 ppm) to
provide the crystal strengthening. To re-
duce the macro- and micro-defects content
in the crystal, it has been recommended to
the ratio between the crystal rotation speed
and its diameter in a manner providing the
flattened crystallization front shape during
the growing. In particular, the rotation
speed should amount 35 rpm if the growing
crystal diameter is to be of 50 mm.

Having no doubts about the experimental
results obtained in the works cited above,
we believe that the quantitative estimations
therein are related to specific variants of
the procedures developed to grow the
GSO:Ce crystals by Czochralski technique.
As a whole, the experimental findings point
to the necessity of further investigations to
improve the reliability of the perfect
GSO:Ce crystals technology.

The optimum of the single-phase crystal-
lization and the crystal macro-structure in the
course of growth from the binary oxide melt is
attained when the clusters of the components
forming the crystal are stereochemically
matched with the growth surface structure
and crystallization centers misoriented in rela-
tion to the crystallographic growth direction
are absent on the surface [7]. Technologically,
this task is attained by proper selection of
thermal conditions providing the melt over-
heating near the crucible wall by rendering
additional energy and its removal into environ-
ment due to radiant exitance of emitting sur-
faces and convective heat transfer.

In the Czochralski method with inductive
heating, the melt free volume can be over-
heated either by increasing the radiant exi-
tance of the crystal or by changing the cru-
cible position along the inductor axis [1]
when the crucible upper part is shifted out
of the inductor towards the region of the
inductor edge effect where the magnetic
flux density drops sharply.

The raw material to grow the GSO:Ce
crystals was synthesized in solid phase from
gadolinium and silicon oxides (Gd,O3, SiO,)
of industrial purity grade. Cerium oxide
CeO, of the same purity grade was used as
the activator. The initial oxides were cal-
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cined previously to remove moisture and
volatile impurity.

The GSO:Ce crystals were grown from
iridium crucibles of 90 mm diameter in ni-
trogen (argon) medium with oxygen addi-
tive up to 1.5 % by volume. The pulling
speed was 1.5 to 3.0 mm/h, the rotation
one, 30 to 40 rpm. An iridium diaphragm
was placed above the crucible at a distance
2 to 3 mm from the upper edge. The melt
level prior to growing was 4 to 5 mm lower
than the upper crucible edge. To control the
temperature gradient above the melt sur-
face, an additional heater was mounted in
the upper part of the crystallization assem-
bly. Its working regime was controlled by
differential thermocouples T'; (10 mm above
the initial melt level) and T3 (200 mm
above the same level).

The initial stage of the growth process,
namely, introduction of the seed crystal
into contact with the melt and formation of
the growth cone up to the pre-specified di-
ameter, is among the technologic stages of
importance. This stage is the most critical
one when the GSO:Ce crystal is grown
along the [010]. This is connected with the
fact it if just the [001] that predominating
growth direction of a GSO:Ce crystal in the
thermal symmetry typical of the Czochral-
ski technique. Therefore, if the growth
start along [010] is not preceded by the
melt overheating, formation of blocks and
spontaneous crystal reorientation to a direc-
tion near to [001] are highly probable [2].
Such crystal fail already at the initial stage
of post-growth annealing. The situation is
complicated because there are no any signs
of the spontaneous crystal reorientation, in-
cluding the visual ones. The GSO:Ce crys-
tals grown along [001] are less disposed to
the formation of blocks. It is just this fact
that has predetermined the selection of the
GSO0:Ce growing direction. In the course of
growing, the melt is evaporated at a rate
increasing with the overheat level. The com-
position analysis of crystalline condensate
has shown a Gd,03:8i0, ratio close to 1:1.
This fact evidences the azeotropic character
of the melt evaporation, thus, the melt
stoichiometric composition is not to be cor-
rected at repeated growing.

Our measurements on the melt thermo-
e.m.f. have shown that as the crucible is
shifted down by 10 or 15 mm as compared
to the inductor, the melt temperature be-
comes lowered and 20-25 mm above the
crucible bottom, the temperature gradient
changes its sign. This is confirmed by
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thermo-e.m.f. measurements over the melt
depth that changes its polarity in this re-
gion. This phenomenon results in a reduc-
tion of the effective melt volume involved
in the erystal formation, since the melt part
adjacent to the bottom is not involved in
the total melt convection. In these condi-
tions, we did not obtain the crystals of a
satisfactory quality. A strong light scatter-
ing and a column of macro-inclusions were
observed in those crystals which, in addi-
tion, become stratified under machining.

In [2], the macro-defects have been
shown to be arranged asymmetrically over
the crystal cross section. In our opinion,
this is due to nonequivalence of the crystal-
lization pressure (CP) that is defined by the
following relationship [8]

= AT-Q (1)
Ty V,

where AT is the crystal overcooling; @, the
molar crystallization heat; T, the substance
melting temperature; V;, the molar volume
of the crystal. For each growing form in-
volved in the crystal formation, there is a
certain limiting CP wvalue; below of that
value, the growing form is capable of hin-
dering the impurity entering into the crys-
tal being grown. The limiting CP is attained
due to accumulation of the inherent impu-
rity near the growth surface. The inherent
impurity is the aggregated melt particles
where the gadolinium cations forming the
crystal are coordinated in a different fash-
ion than in the growing form(s). Taking
into account that the Gd,Si;O; phase exists
in the Gd,03-Si0, phase diagram along
with the GdSi,Of one, it is just the
Gd,Si,O; phase (rhombic syngony) where Gd
ions have the coordination number 7 only
that can be assumed to be the inherent im-
purity, by analogy with other oxide sys-
tems. In addition, the pseudo-gaseous struc-
ture complexes being formed in the melt
under overheating may also give rise to the
"inherent impurity”.

When the crucible is shifted up (10 to
12 mm above the upper inductor turn), the
convention vector in the surface melt layer
changes its direction. In this case, visually
observable crystals are formed near the cru-
cible wall. The melt surface heating by
means of the upper heater results in disap-
pearance of the crystallites and reduction of
the axial temperature gradient behind of
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Fig. 1. Dynamics of thermal condition wvari-
ations at various stages of the crystal forma-
tion during its automated growing with addi-
tional heating. T;, temperature variation at
10 mm distance from the initial melt level;
T,, the same at 200 mm from the initial melt
level. (a) the additional heating during the
full growing cycle (starting from seeding); (b)
the additional heating used during the final
stage (the lower cone formation).

the diaphragm from 80-50 K/em to
10 K/em that is recommended in [4]. Nev-
ertheless, good quality crystals are not ob-
tainable in these conditions, too. Macro-in-
clusions in the upper and lower parts of the
GSO:Ce crystals grown in the "warmed”
crystallization assembly are characteristic
defects. Those flaws make it impossible to
produce bulk scintillators of a size compara-
ble with that of the grown crystal. The dy-
namics of temperature field variation in a
crystallization assembly provided with an
additional heater during the full growing
cycle is shown in Fig. 1la.

The optimum crucible position in rela-
tion to the inductor in the specific crystal-
lization assembly design was found to be 5
to 7 mm above the upper inductor turn. The
thermal field distribution for this case was
selected so that at the initial growth stage,
the temperature gradient at a distance of
10 mm from the melt to the diaphragm was
about 150 K/cm, while that in the space
between the diaphragm and the furnace
upper butt, about 30 to 50 K/em. The addi-
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tional heater in the upper part of the crys-
tallization assembly was switched on start-
ing from the initial moment of the lower
cone of the crystal, when the crystal upper
part attained the temperature zone corre-
sponding to its elastic strain. At the same
time, the chamber at this stage was evacu-
ated, thus enabling to finish the crystal
growing and cooling process at an axial
temperature gradient not exceeding 3 to
5 K/ecm [9]. The dynamics of temperature
field variation in a crystallization assembly
for the above regime of the GSO:Ce crystal
growing is shown in Fig. 1b.

In manufacturing of high optical perfec-
tion GSO:Ce crystals with stable scintillation
characteristics, one of problems is associated
with cerium dopant, the efficient distribution
coefficient (o) thereof capable of variation
within a wide range (from 0.5 to 0.9 [3]). The

actual o value is defined as [10]

o - o , )
of + (1 —a*) . e

where a” is the equilibrium distribution co-
efficient of cerium ions; v, the crystal
growth speed; 3, the diffusion layer thick-
ness; D, diffusion coefficient of cerium ions
in the melt. The & value depends on the
growth process parameters (v and ®, being
the crystal growth and rotation speeds) as
well as on the factors defining the melt
physical properties, namely, its viscosity (n)
and D. Due to specific features of the Czo-
chralski technique defining the temperature
variation in the course of growth, n and D
are variable parameters with the instant val-
ues depending on the variation of the growth
thermal conditions. If v and ® are constant
process parameters, then o = f(5/D)7. At a low
growth speed and a constant rotation speed,
we can write § = (DT1/3~T]T1/6)~1.60)’1/2 where
Dy is the instant value of thermal convective
diffusivity and ng, the melt kinematic viscos-
ity, both being functions of temperature.

Bearing in mind that the D values for
vast majority of impurities differ by several
decimal orders from n for melted oxides
(the Schmidt factor exceeds 1), the diffu-
sion layer thickness can be assumed to be
defined mainly by the melt viscosity. The
melt overheating during the growing pro-
vides a viscosity reduction and the attained
overheating value defines in the end the
actual o value.
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A reduction of o due to oxygen introduc-
tion to the gas medium (nitrogen) at GSO
crystal growing has been reported [3]. This
is confirmed in our experiments where a
cerium content increased by 10 to 15 % has
been found over the crystal length of
180 mm. It is known [13] that a common
feature of melted oxides obtained in an
inert gas medium consist in a stoichiometric
disordering in oxygen that is rather high,
in particular, in nitrogen atmosphere. This
is due to the fact that under oxygen defi-
ciency in the melt, nitrogen particles inter-
act with the cations and form rigid directed
nitride bonds that result in an increased
melt viscosity. An increased partial oxygen
pressure in the gas medium and its diffu-
sion into the melt cause a reduced nitrogen
solubility and the nitride bond destabiliza-
tion, thus reducing the melt viscosity. This
finding is confirmed, in particular, by the
viscosity study of YzAl;O4, depending on
the gas medium pressure and composition
[13]. In that work, the increase of oxygen
concentration in nitrogen atmosphere up to
2 % (vol.) causes a reduction of the melt
dynamic viscosity by about 25 %.

It can be assumed basing on the above
that the cerium distribution coefficient at
GSO growing in nitrogen atmosphere contain-
ing oxygen is due to a great extent to reduced
melt viscosity and resulting decreased thick-
ness of the diffusion layer through which ce-
rium ions are transported. At the same time,
our experiments have shown that the oxygen
partial fraction of 0.25 to 0.30 % (vol.) (intro-
duced initially into the gas medium and being
controlled during the whole growing cycle
using a “"Zirkon" gas analyzer) is not a con-
stant parameter of the growing process due to
oxidation of the iridium crucible resulting in a
reduction of the oxygen concentration intro-
duced into the initial static gas atmosphere by
5.0 to 7.0 %. This contributes additionally to
the multifactor dependence of the diffusion
layer thickness that can be smoothened in part
by selecting the thermal conditions favoring
the melt overheating as the crystal is pulled.

The single-phase, crack-free, optically
homogeneous GSO:Ce crystals containing
no macro-defects and light scattering cen-
ters up to 40 mm in diameter and up to
150 mm length were grown in such thermal
conditions, although the crystallization as-
sembly of the above design makes it possi-
ble to obtain the crystals of up to 50 mm in
dia (see Fig. 2). The @40x40 mm?2 scintilla-
tors manufactured from those crystals have
shown the energy resolution of 10.4 % under
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Fig. 2. GSO crystal grown using the addi-
tional heating during the final stage of the
crystal formation.

the 137Cs y radiation (662 keV). To compare,
the scintillators from the crystals grown
using other technology variances exhibited
the average energy resolution of 13 to 15 %.

Thus, in this work, the features of
GSO:Ce crystal growth have been studied in
various thermal conditions influencing the
crystal quality. The formation of an inher-
ent impurity in the melt has been found to
be the decisive factor that deteriorates the
optical perfection of GSO:Ce crystals. The
oxygen partial fraction on the gas medium
has been found to be not a constant parame-
ter of the GSO:Ce crystal growing process.
This fact results in an increased inhomo-
geneity of cerium distribution over the
crystal length. Basing on the determined
growth parameters and regimes, a technol-
ogy has been developed providing the crack-
free 150 mm long GSO:Ce crystals of
40 mm in diameter. The bulk scintillators
made from those crystals have exhibited a
high spectrometric quality thereof.
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OnTuMizanisa TeNJOBHX YMOB BHPOIIYBAHHA KPHMCTAJIiB
GSO:Ce meTrogmom YoxpaJabChKOro

B.I''bougap, B.I.Kpusomein, B.II.MapTunos,
J.JI.Haropua, B./[.Puxxuxos

Hocripxeni ymosu Kpucranisanii cumikary ragonimito Gd,SiOg:Ce sanesxuo Bin Kpucra-
sorpaiuyHOro HaNPAMKY IXHBOrO BUPOINYBAHHSA y Pi3HUX TeIJIOBUX ymoBax. IlokasaHo, 1o
I PO3POOJEHOr0 KPHUCTAJIBAIIHOIO0 By3Jia ONTUMAJBHHM € PO3TAIIYBAHHS THUIJISA II[OLO
iHgykTOpa Ha 5—7 MM BHIIE BEPXHBLOIO BHUTKA iHAYKTOpa. Bu3HaueHO mapaMeTpu i pexuMu
pocTy, 10 Z03BOJAITL OAEPKyBaTu Kpucranu miamerpom mo 50 mm i gos:kuHOKO 10 150 MM
BHCOKOI CreKTpoMeTpuuHOi siKocti. Cuumatmasropu D40x40 mm2Z, BUroToBJeHI i3 mmx Kpuc-

TaJIiB,
mintoBaruaM 97Cs emeprieio 662 keB.
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[IOKAa3aJu €eHepreTH4yHy posaiapHy 3zatHicts 10,4 %

IpU OIPOMiHEHHi Y-BHUIIPO-
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