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The types of crystal structure defects (CSD) and the formation causes thereof in
Csl(Na), CslI(Tl), and Nal(Tl) crystals of 290 to 520 mm diameter are considered. It has been
shown that the CSD of impurity capture type are formed mainly due to disturbed crystal-
lization equilibrium caused by a sharp change in the heat transfer from the growing
crystal to water-cooled growth furnace walls. In the ROST units of two generations
differing in size and thus in the growing crystal dimensions, this occurs at the height of
the crystal cylindrical part of 50 and 70 mm, respectively. The CSD in the form of a local
deterioration of the crystal transparence can arise at any crystal height after its exit from
the crucible. Those are due to local changes in the crystallization front (CF) shape caused
by the temperature variation rate of the controlling heater exceeding the permissible one.
This process is accompanied by the crystal diameter increase and acceleration of the
crystal linear growth at the CF.

PaccmarpuBaiorca Bugbl gedeKToB Kpucraaiandeckoil ctpykTypsl (IKC) u nmpuumHbl mx
obpasoBaHUdA B CHUHTUAAANMOHHBIX Kpuctaaaax Csl(Na), CsI(Tl) u Nal(Tl) zmamerpom or
290 mo 520 mm. IlokasaHo, uTO OCHOBHOII mpuuwHOil obpasoBanua [JKC Ttuma saxBaToB
IIOCTOPOHHUX IIpuMeceil ABJAeTCA HapyIlleHNe YCJIOBUI PaBHOBECHOU KPUCTAJNIUI3AIUU, 00y-
CJIOBJIEHHOE Pe3KUM U3MeHEeHHEM TeIlJIOIEePeHOca OT PACTYIero KPUCTAJLIA K BOLOOXJIAKIae-
MBIM CTE€HKAM POCTOBO# meun. [us ycraHoBok cepum ~POCT" nByX MOKOJeHWl, OTINYAIO-
muxca rabapuTaMu U, COOTBETCTBEHHO, pPa3MepaMi BBIPAIMBAEMbBIX KPUCTAJJIOB, 3TO IIPOUC-
XOIUT Ha BBICOTe IUJIMHApPUYecKoil uwactu Kpuctasaa 50 m 70 mm, coorBercrBenHo. [JKC B
BUJle JIOKQJBHOTO YXYZAIIEHWS IIPO3PAYHOCTU KPUCTAJJIA MOTYT OOpPa3OBBIBATHCA Ha JI000it
BHICOTE KpUCTaJJa IIOocjie BBIXOAA €ro mu3 TUriad. llpuumHOili ux o0pasoBaHUA ABJIAETCA
JIoKaJbHOe usMeHeHUe (popmbl QpporTa Kpucrapnusanuu (PK), obycioBieHHOe MPEBHINIEHU-
eM JOIYyCTUMOU CKOPOCTH H3MeHEHUS TeMIIepATyphl Ha PeryJupyiollleM HarpeBareje. OTOT
IIPOIlECC COIPOBOMKAAETCS MPUpPAIeHMEeM AuaMeTpa KPUCTAJJIa U yBeJUUeHUeM JUHeiHoi
ckopoctu pocra Ha DK.
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At present, the ROST units provide the
growing of large crystals of up to 500 mm
diameter at the required quality free of
structure defects affecting the scintillation
characteristics. However, the fraction of
such crystals is still less than 100 % in the
mass production. The real value is rather
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high for the industrial scale and is ensured
under the strict maintenance of technical
regulations, however, the attained yield of
valid production must be considered to be
far from the highest limit. The purpose of
this work is to study the composition and
morphology of CSDs as well as to find a
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Table. Impurity content in "special purity (m) 1" Nal produced by TEKHNOIOD

Impurity Specification Analysis Impurity Specification Analysis results,
requirements (TU |results, wt. %, requirements (TU wt. %, at most
04836770-09-2002) at most 04836770-09-2002)

wt.% , at most wt.% , at most
H,O 2.1071 1-107! Ca 1-1074 5107
105~ 51074 441074 Ba 51074 21074
OH- 51074 3107 Al 2.10°° 1-10°°
Cr 51074 3107 Fe 4107° 310°°
SO,” 5.107% 4107 Mn 2.1076 1-1076
N 11073 11073 Cu 51076 4-107¢
K 51074 51074 Mo 2:107° 1-107°
Rb 1.10°° 1.10°° Ll 6:10°° 41075
Cs 5106 5106 Cr 1-10°° 1-10°°
Mg 510°° 310°° Ti 71075 41075

correlation between the formation condi-
tions thereof and variations in main tech-
nology parameters.

The use of high purity (special purity
grade) initial materials excludes the prob-
ability of impurity accumulations at grain
boundaries in amounts causing the crystal
transparence deterioration. Consideration of
analytical results for a randomly selected raw
material batch shows that it satisfies the
specification requirements or even exceeds
those in essentially all figures (see Table).

The chemical composition of grown crys-
tals may vary only due to disturbance in the
growth process.

The provision of a growing large crystal
by raw material at the automated growing
in a ROST unit has a specific feature con-
sisting in preparation of a portion of the
initial salt at daily demand of 20 to 90 kg
(per unit, depending on the crystal to be
grown). Therefore, it is unnecessary to pre-
pare up to 0.5 ton of raw material for the
whole experiment, thus, the technical prob-
lem is simplified considerably. The require-
ments to the initial salt include, in addition
to the specified impurity limits, a low mois-
ture content (less than 1-1073 wt.%) and a
sufficient looseness necessary for satisfac-
tory operation of the vibrational scale.
Those requirements are realized as a rule by
the raw material deep de-watering. The
water removal realized by heating in vacuum
may cause the raw material contamination

with its hydrolysis products (CO%-, OH"), if

the heating rate exceeds that of water
evaporation (the adsorbed water is known to
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be removed in vacuum only at a slow heat-
ing of the salt [1]). In other words, a large
crystal can be grown without any deviations
from the growing process but areas with
inhomogeneous internal structure can be re-

vealed therein due, e.g., to a high CO%* ion

concentration in the growing crystal.

A technique has been developed [2] and
being used at present that provides the
burning-out of organic compounds directly
in the salt. It is, however, an additional
contamination source both by the hydrolysis
products and by impurities present in the
dry air.

Taking into account the above techno-
logical factors, two CSD types are expected
to be formed. First of all, those are local
areas with included impurity phase. Those
may be of 1 to 100 mm in size and are
visible well with the naked eye. Such de-
fects are able to change the preset crystal-
lographic orientation of the crystal in their
areas and cause polycrystalline formations.
As the final result, a considerable part of
the crystal or even the whole large crystal
becomes useless due to such CSDs. Second, a
CSD can take the form of a local deterio-
rated transparence area of several millime-
ters in size. Those are revealed most often
visually and more seldom at the tran-
sparence measurements on samples taken
from the crystal. Both CSD types form non-
scintillating areas in the final produced
modules and thus are inadmissible.

An extremely rare CSD example in AHC
is shown in Fig. 1. When considering that
crystal through a cut along the growth axis
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Fig. 1. A large Csl(Na) single crystal with
volume CSD in the upper part (a) and its
fragments cut along (b) and across (c) the
growth axis as well as microphotos of a disc
(d) and dendrite (e).

(with illumination through the seed), com-
plex foreign inclusions are observed at the
CF shaped as a ring with a disc in the mid-
dle part (Fig. 1a). The details of the defect
are presented in the fragments of that crys-
tal cut in parallel (Fig. 1b) and perpendicu-
lar (Fig. 1c¢) to the ingot axis as well as in
magnified fragments (Figs. 1d, le). In all
the photos, the CF is seen to loss its stabil-
ity while in microphotos the grain bounda-
ries of the quenched melt are seen. The den-
drites evidence clearly that the CF has lost
its smooth shape that is possible at an ex-
cessive overcooling of the melt. The elec-
tron microscopy of a cleaved fragment of
that crystal revealed also the foreign phase
inclusions among which the activator phase
predominates.

The bottom heater temperature (;,;)
variation during the whole growing cycle is
characterized by a monotonous temperature
decrease followed by a minimum (Z,; in)
corresponding to the time point when the
crystal upper butt leaves the crucible upper
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Fig. 2. Temperature dynamics of automated

ty,; correction as a function of the Csl(Na)

crystal length. The dashed line separates two
heat exchange phases during the growing.

edge. Then the heat transfer from the crys-
tal starts to rise and thus the automatic
control system (ACS) provides the ¢;,, eleva-
tion. The real ¢, position varies from one
experiment to another and depends on nu-
merous parameters that define the dynamics
of the growth process itself. In fact, it is
seen in Fig. 2 that the t;,,, vector changes to
the opposite one in that point. Considera-
tion of the ACS operation shows that in the
specific time point of the heat transfer
jump, the system functions do not provide
the timely situation estimation and thus the
correcting control lags. This is caused by
the fact that the ACS measures the crystal
diameter and corrects the temperature only
several times over an hour [3]. This seems
to be insufficient to reveal galloping events
and all the more to prevent the conse-
quences thereof. The equilibrium crystal-
lization in that time point can be provided
only by fast action of the ACS enable of read-
justing its control functions in the opposite
direction without any backlash. Fig. 2 shows
that the absolute ¢, ,;, values are different
in three experiments (¢, 765; e, 759; H,
754°C) and only the crystal with the highest
tpot,min 18 free of CSDs.

The geometric coordinate of the CSD po-
sition in the crystal corresponds to ¢y, pin
and to the cylindrical part height of 50 mm
for the first generation units and 70 mm
for the second one. It is seen in Fig. 2 (two
lower Csl(Na) of 290 mm in dia. with longi-
tudinal cuts) the equilibrium crystallization
conditions were distorted with a foreign
phase inclusion at the cylindrical part
height (H,,)~50 mm (just at that height the
thot,min tOOk place). Although those events
were short-term and followed by an increase
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Fig. 3. Formation of crystal structure defects
(shown by arrows) in the middle of the crys-
tallization front (the CF calculated shape
shown by dashed line) in the growing course
of a CsI(Tl) crystal 450 mm in dia. (a) and a
Nal(Tl) one 500 mm in dia. (b).

in #;,;, the crystal defect part is unsuitable

for scintillation devices.
A similar situation is observed also in

Csl(Tl) crystals of a larger diameter. This is
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seen in Fig. 8 that presents a longitudinal
cut of a 450 mm diameter ingot. At a
height of about 60—70 mm, CSDs of the im-
purity capture type are seen giving rise to
polycrystalline boundaries. It is very diffi-
cult to make a similar image for a Nal(Tl)
single crystal because it is highly hygro-
scopic. To that end, the crystal should be
wetted simultaneously at both sides, but the
shot is not always possible due to the cut
instantaneous blooming or the ingot crack-
ing. A successful attempt is shown in
Fig. 3b where the impurity capture is seen
at the center of a 500 mm diameter Nal(TI)
crystal.

The above described trend in the tem-
perature variation of the controlling heater
is the same for CslI(Na), Csl(Tl) and Nal(TI)
and is defioned by the temperature field
features and crucible design of the ROST
unit. Thus, the regularities of CSDs forma-
tion are identical, too. The melt has suffi-
cient time to be overcooled due to increas-
ing heat transfer from the crystal that has
its upper butt already in the zone of direct
heat radiation to the water-cooled furnace
walls. The temperature correction formed
by the ACS has a lag relative to the process
onset, thus, the defect thickness at the CF
(being defined by the duration and value of
the overcooling near the CF) can be differ-
ent (2 to 7 mm).

To check this statement, a special experi-
ment was carried out (see Fig. 4) where the
tyo; Was varied intentionally after the crys-
tal butt was higher than the crucible upper
edge. The intervention time points are
shown at the left side of chart strip as num-
bered circles as well at the crystal (right
figure side) by numbers. It follows from the
Figure that the formation of impurity inclu-
sions initiated by the t,,, decrease is mani-
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Fig. 4. A fragment of operation diagram and photo of the crystal defect area. The defects in CF and
the t,,, changes corresponding thereto are denoted by numbers. The calculated CF is shown by

dashed line. The asterisk indicates pot.min
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fested itself in the CF middle part. If the
calculated CF shape (dashed line) is super-
imposed onto the Figure, all the three de-
fect areas are seen to correspond to increase
of the crystal diameter. Let the diagram be
considered in more details, starting from
below (in the crystal growth direction). In
the crystal part corresponding to ¢y, uin
(H.~50 mm), no defects are formed, that
is, the ACS has already managed the situ-
ation. As the crystal was grown above the
crucible edge H,.,.~75 mm, the first inter-
vention was done, the t,,, being decreased
by 38°C at a rate of 6°C/h followed by
25 min holding and increase by the same
value but at a lower rate (3°C/h). As a re-
sult, the area No.1 about 6 mm in height
has been formed in the crystal with the
impurity capture. The next step, at
H_.~100 mm, consisted in the ¢,,, decrease
by 1.5°C at a rate of 3°C/h followed by
45 min holding and ¢;,, increase by 4°C at a
rate of 8°C/h. The defect area (No.2) is 7—
8 mm thick in that case. The third inten-
tional intervention was done at H,. =
125 mm by decreasing t;,, by the same
value at the same rate, 5 min holding and
re-increasing by the above-mentioned value
at the above-mentioned rate. The interven-
tion trace (area No.3) in the crystal is about
1-2 mm thick.

Thus, by simulating various melt over-
cooling degrees relative to its equilibrium
state for specific moments of the crystal
growth, we have obtained a correlation be-
tween the melt overcooling duration and the
crystal defect area size.

It has been noted above that the volume
defects in a crystal arise in connection with
the profile of its side surface. In all the
defect zones, the crystal diameter is in-
creased in most cases. If we have started
from the study of the diameter variations,
the defects at the CF were found in the
zones where the diameter increase rate ex-
ceeded the critical value. At the other hand,
the crystal side surface profile is connected
directly to the controlled parameter ft;,,.
Continuing these considerations, we con-
clude again that the ACS plays a part in the
CSDs formation.

Let the growth be considered from the
viewpoint of physical processes. As to heat
transfer, the growth process can be subdi-
vided into two steps (see Fig. 2). The first
one is accompanied by ¢, decrease, while
tyo; being increasing intensely in the second
step. During the first step, the automated
control process never caused volume CSDs
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Fig. 5. Fragments of longitudinal cross-sec-
tion of crystals having diameter changes with
various increment rates. The footnotes indi-
cate such areas on the crystal side surface
and the diameter increment rates.

formation in any AHC. This is due to the
fact that to maintain the dynamic equilib-
rium of crystallization, the melt tempera-
ture at any time point should be lower than
the crystallization one by a specified value.
In this growth step, the crystal is unable to
remove heat towards the water-cooled fur-
nace wall due to its geometric position rela-
tive to the crucible as well as to the pres-
ence of a condensate layer on its surface.
That is why the ACS causes the ¢, de-
crease. In other words, the crystal growth
should be initiated in each subsequent time
point by decreasing the melt temperature,
otherwise, the crystal growth stops. Thus,
if the ACS will not provide a recurrent de-
crease of t;,, due to erroneous signal from
the melt level sensor, this will not result in
a CSD formation but only in the crystal-
lization slowdown or stop.

In the second process step, the situation
is quite opposite. Here, the crystal growth
should be stopped in each subsequent time
point, because the crystal is within the ac-
tive heat removal zone due to the ingot con-
stant cooling. In this case, only the furnace
atmosphere is present between the crystal
and the water-cooled furnace wall, thus, the
heat exchange is unhindered. In addition,
the crystal side surface is coated with a
thinner condensate layer than its butt, thus
enhancing the heat removal from the ingot.
Therefore, if the ACS will not provide a
sufficient ¢;,, increase due to erroneous in-
formation from the melt level sensor or,
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even worse, will provide a decrease thereof,
this may cause a critical overcooling of the
melt followed by formation of a CSD as a
local transparence change in the crystal vol-
ume (see Fig. 5). The CSD size and density
are defined by the crystal diameter increase
rate or, in more correct words, the change
rate of t;,,. It follows from experimental
data, that no CSDs are observed at the crys-
tal diameter increase rate of 1.6 mm/h (the
expansion at the crystal upper fragment in
Fig. 5). The crystal diameter diminution at
any rate does not affect the crystal, while a
series of alternating diameter changes (the
lower part of middle fragment in Fig. 5)
where the diameter increment rate was 3.45
to 4.14 mm/h has resulted in a series of
impurity captures visible as stripes in the
crystal similar to the growth stripes in
semiconductors and other crystals [4]. The
lower fragment of Fig. 5 shows the forma-
tion of an extended ingot area with deterio-
rated transparence caused by the crystal di-
ameter increase at a rate of about
4.4 mm/h.

By comparing these and other data on
the crystal diameter increase rate and the
ty,+ change rates corresponding thereto, the
maximum allowable crystal diameter devia-

tions at the automated correction of t;,, pa-
rameter.

To conclude, the CSDs of the impurity
capturing type are caused by distortion of
the crystallization equilibrium due to a
sharp change in the heat transfer from the
growing crystal to the water-cooled walls of
the growth furnace at the crystal cylindri-
cal part height of 50 to 70 mm. The local
transparence deterioration may arise at any
crystal height due to exceeding of the allow-
able temperature change rate of the control-
ling heater. This process is always accompa-
nied by the crystal diameter increment and
increased linear growth speed at the CF.
The crystal diameter increase rate should
not exceed 2 mm/h, while the allowable
temperature decrease rate of the bottom
heater is maximum 1°C/h.
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00’emHi He(eKTH KPUCTATIYHOI CTPYKTYpPH
JYSKHO-TAJOIMHMX KPHUCTAJIB, IO BUPOIIEHI 3 PO3MIaBy
0e3nmepepBHUM aBTOMATH30BAHMM METOIOM

B.I.I'opineyvrxuii, M.M.Tumowenko, B.B.Bacunves, T.O.Invawenxo

Posraspatoreea tunu gmedexTis kpucraniunoi crpykrypu ([IKC) Ta npuumum ix yTBOpEH-
HaA y cuuHTUAALifiHUX Kpucramax Csl(Na), Csl(Tl) Ta Nal(Tl) gziamerpom Big 290 mo 520 mm.
IToxasaHo, 110 rojioBHOH mpuumHOIO yTBopeHHd [JKC TNy 3ax0omnjeHb CTOPOHHIX AOMIIIOK €
NOPYIIeHHs YMOB PiBHOBaXKHOI KPUCTAJisallil, 1110 CIPUYNHAETHCA PiBKOI0 3MiHOIO TeIlljole-
peHeceHHs BiJ KpucTaja, IO POCTe, O CTiHOK BUPOIIYBaJbHOI Iedi, [0 BOZLOOXOJIOAKYIOTh-
csa. Jas ycraHoBok cepii "POCT" ngBox MOKOIiHb, IO BifpisHAlThCS rabapuramMu i,
BiAmoBiZHO, posdMipaMu KpHUCTaJIiB, IO POCTYTh, Ile BiA0yBaeThCid HA BUCOTI IUJIIHAPUUHOL
yacTUHU Kpucrana BigmoBigzao 50 ta 70 mm. OKC y Buradgi JOKaJlbHOrO MOTipHIeHHS
IIPO3OPOCTiI KpHUCTANa MOMKYTH YTBOPIOBATHCA Ha Oyab-AKiili BucoTi KpucTtasa Imicaa ioro
Buxony 3 turiada. IIpuuuHoio ix yTBOpeHHA € JOKajJbHa 3MiHa (opMu (PpoHTY Kpucraaisarrii
(®K), syMoBIIeHe IepeBUINeHHAM IPaHUUYHOI NIBUAKOCTL 3MiHU TeMIlepaTypu Ha HarpiBaui,
mo peryaioeTbesa. lleil mpolec CympoOBOAKYETHCSA NPUPOIIEHHAM HiaMeTpa KpHCTajaa Ta
30inbmenHAM JiHiliHOI mMBUAKOCTI pocty Ha DK.
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