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Influence of crystal and melt absorption coefficients on the growing process of large
crystals of alkali halides has been studied using the numeral simulation of complex heat
exchange. The developed model takes into account the radiative and conductive heat
exchange in a crystal and melt in the "grey” approximation with a diffuse reflection from
boundaries. The convective heat transfer is taken into account in the melt and gas
atmosphere. It is shown that the change of radiation-conductive heat exchange conditions
influences significantly the main technological parameters of growing process. The devel-
oped model provides an explanation for the improvement of thermal condition stability of
the large crystal growth observed in experiment at increasing absorption in infrared
region.

MeTomoM UHMCIEHHOTO MOJEJIUPOBAHUSA CJIOKHOTO TEIJIOO0OMeHa UCCIeLOBAHO BIUAHUNE KO-
a(pDUIMEHTOB IOTJIONIEHNA KPUCTAJJIa M paclljaBa Ha IIPOIleCC BHIPAIIUBAHUA KpymHoTaba-
PUTHBIX KPUCTAJJIOB TaJIOTEHUJOB IIEJOYHLIX MeTaljJoB. PasdpaboraHHas MoJAeNb YUUTHIBAET
PagMalMOHHO-KOHIYKTUBHBIN Tema000MeH B KPUCTAJJIe W PACIIaBe B  CEpOM  IPUOIMAKe-
HUU ¢ qud@ysHBIM OTpakeHWeM OT rpaHUIl. B pacmiaBe u rasoBoit armocdepe yUUTHIBaeTCA
KOHBEKTHUBHBII TemyooOMeH. [lokasaHo, UTO uM3MeHEHUe YCJOBUIl PafUalliOHHO-KOHIYKTUB-
HOTO TeILIOOOMeHa OKashbIiBaeT 3HAUNTEJIbHOE BJIUSAHNE Ha OCHOBHEIE TEeXHOJOTHUUECKUE Iapa-
MeTpHI Ipollecca BHIpalIuBaHUA. PaspaboTaHHasg MOJENb HO3BOJAET OOBACHUTH YJIYUIIeHUe
CTabUJBHOCTY TEIJIOBBIX YCJIOBUII pOCTa KPYIHOTabapUTHLIX KPUCTANJIOB IPU yBeJIUYEHUU
Koo()pUIleHTa IOTJIONeHNA B MH(ppaKpacHoOil objacTu CIEKTpa.

1. Introduction

Alkali halide crystals (AHC) are used widely as scintillators in various fields of science
and engineering. On industrial scale, these crystals are grown by pulling from melt onto a
seed [1, 2]. A distinctive feature of these materials is high transparency in infrared (IR)
region in both crystalline [3] and molten state [4]. From viewpoint of high-quality large
single crystal ingots technology, a low absorption is of a highest value, since it is just the
parameter that defines the conditions of radiation-conductive heat exchange (RCHE) in a
growing crystal. Experimental researches [5, 6] show that decreasing of crystal and melt
transparency in IR region attained by doping with polyatomic anions, provides an improved
thermal stability of the crystal growth process. At the same time, the functional charac-
teristics of detectors made using the crystals remain essentially intact, while in some cases
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[7], the doping provides a reduced afterglow level and improved
radiation hardness of detectors. Studies are known [8, 9] aimed
at the analysis of RCHE in a growing crystal. However, those
works consider the geometrically simplified model including a
cylindrical crystal only. Thus, to take into account in detail the
crystal and melt optical properties influence on the thermal
conditions of large AHC growth, a numerical model is to be
developed taking into consideration both the complex furnace
geometry and variety of heat and mass transfer mechanisms
accompanying the crystal growth process.

The heat exchange processes accompanying the growth of
large AHC show certain specific features. First, all the AHC are
characterized by high transparency in a wide wavelength range.
For example, the absorption coefficient of pure Csl crystals does
not exceed 1-1073 ecm™! in the 0.25 to 64 um range [10]. Second,
the external crystal surfaces are always covered with a semi-
transparent condensate. It is a fine-crystalline layer of the main
material with the characteristic grain size of 0.05 mm. The
condensate layer thickness amounts most often 0.5 to 2 mm
[11]. This work offers a model of complex heat exchange that
takes into consideration those features. The problem is reduced '
to a two-dimensional axially symmetrical model of physical Fig.1. Computational grid.
fields in the furnace including the following equations: energy
(taking into account the complex heat exchange), Navier-Stokes, and radiation heat transfer
in an absorptive and radiative medium.

2. Computational procedure

The two-dimensional axially symmetrical numeral model of heat exchange involves the
areas of semitransparent crystal, melt, and gas cavities as well as the surrounding furnace
elements: crucible, crystal holder, heaters, feeder, and heat insulation. The radiation-con-
ductive heat exchange is considered in the crystal and the radiation-convective one, in the
melt. In gas volumes, the convective and also radiative heat exchange is considered between
the cavity walls (since the cavities are filled with monoatomic argon,the gas is not an
absorption and radiation medium). To describe the convective heat transfer, the k—e turbu-
lence model is used. That model takes into account the rotatory motion of the crystal and
crystal holder, as well as the Marangoni conditions at the free melt surface (the melt-gas
interface). To calculate the radiation heat transfer, the method of discrete ordinates is used,
the medium is assumed to be "grey” and isotropic, the boundaries, to be diffuse. In the
energy balance at the crystal-melt interface (Stefan condition), the radiation flux is ac-
counted for. The crystal-melt, crystal-gas and melt-gas interfaces are considered as semi-
transparent. The calculation area is discretized using tetragonal and trigonal elements. To
improve the convergence and increase the accuracy, the calculation network was optimized
with diminution at the boundaries of areas where the liquid flow is calculated. The model
was tested at different ntework dimensions. As a result, for reasons of minimum calculation
complexity at the maintenance of necessary accuracy and convergence, the network contain-
ing 27133 two-dimensional cells was chosen. The general view of the calculation network is
shown in Fig. 1.

The heat conduction equation:

cp(T)p<T)B—f (V- V)T} = div(MDV(D)) + BQO) + 4,0).

(1)

Navier-Stokes equation:
pm{%’ (V- V)V} = WV - VP + p(T)g; (2)
VIp(T)V] =0, (3)

484 Functional materials, 17, 4, 2010



A.V.Kolesnikov et al. /| The complex heat exchange ...

where ¢ is the specific isobar heat capacity, J/(kg-K); p, density, kg/m3; g, standard
gravity; A, the heat conductivity coefficient, W/(m-K); T, temperature, K; 1, time, s; V, the
speed vector projections on the axes r and z, m/s; w=2xnrf, circular speed, m/s; f, the crystal
rotation frequency, s 1; u, the dynamic viscosity coefficient, kg/(m-s); P, pressure, Pa;
q,(X), the bulk density of internal heat sources, W/m3; E(X), integral bulk density of
radiation (divergence of integral radiation flow density vector), W/m3, which can be ob-
tained from equation:

EX) = | k[4nn2 Iy, - [ I(@dQ)av, (4)
0 Q=4n

where £, is the spectral absorption coefficient, m1; n,, the spectral refractive index; I,,
the radiation intensity of black body given by the Plank function; I,, spectral intensity of
incident radiation as a characteristic of radiation transmission at frequency v in the direc-
tion s of space angle Q, which depends on absorption, temperature distribution and effective
radiation at a boundary; X = (r,z,9), the cylindrical co-ordinates of point for which equation
is written. The radiation field in an absorptive and radiative media can be described by the

transport equation:
V- [I(X,8)s] + k, - I(X,8) =E, - n2- I, (5)

Initial conditions at t = O:

T(r,z) = TO (6)
V(r,z)=0
The crystal-melt interface position:
stL|r:0 = f(r,z). (7)

Boundary conditions at 1 > 0:
1) at the furnace outer surfaces — boundary conditions of III kind:

n - (-MT)VT) = 0, AT — T p); (8
2) at the axis — the symmetry conditions
oT /or = 0; 9)
3) at the boundaries between structural elements:
{T =0 (10)
n-gq-q,=0

where q,, g, are conductive and radiative heat fluxes respectively, W/m?2;
4) at the contact boundaries between liquid and solid elements of structure (adhesion
conditions):

V=0, (11)

5) at free liquid-gas interfaces (thermocapillary convection, or the the Marangoni condi-
tions)

dGST (12)
ar '7,

n-tp=n-1,+
1 =w(VV + VvT)

where Ggp is surface tension, N/m; 1, stress tensor, Pa; L and g indices are for liquid and
gas, respectively.
6) Stefan condition at the phase interface:
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Table 1. Thermophysical parameters for the crystal, melt, and structure elements used in the
model
Thermophysical properties | Csl (cryst) | Csl (melt) [Insulation| Crucible Heater Steel |Ar (gas)
(Platinum) | (NiCr)
Heat conductivity, W/(m-K) 1.1 1 1 83 40 23 0.045
Density, kg/m3 4510 4241~ 1000 21500 7000 8030 Ideal
1.1834-T gas law
Dynamic viscosity, (Pa-s) - 1.7-102 - - - - 2.2.10°°
Refraction index 1.7 1.5 - - - - 1
Absorption, m™! 0.5; 1; 5; | 0.5; 1; 5; - - - - 0
10 10
Tls=TlL=Tp| _ | on 13 1k ,1
= pS f 5 3 05m
{" /. qr} ot 900
where T, is the equilibrium crystallization tem- 800
perature, K; L, the latent heat of crystal- 200
lization, J/kg; pg, the crystal density, kg/m3.
The numerical model makes it possible to 600
study the temperature conditions inside of the g
furnace, to trace gradients and thermal fluxes
and character of convection development 400
therein. Basing on calculations, the selection of 55 ,

0,1 0,2 0,3 0,4
Distance from crucible convex, m

necessary powers and temperatures of heaters is 0,0
possible for providing of the thermal conditions of
crystal growth in the KRISTALL type growth units
[2] where the crystal is grown by pulling from
the melt onto a seed. Thermophysical parame-
ters for the crystal, melt, and structure ele-

ments used in the model are presented in Table.

Fig.2. Axial temperature distribution in the
melt and crystal at different absorption coeffi-
cients. Vertical arrow shows the interface posi-
tion. I — 0.5m!, 2 — 1m’, 3 - 5m™L.

3. Results

Temperature distributions are calculated in the erystal and in the melt at the furnace
symmetry axis at different absorption values for a 340 mm high crystal are shown in Fig. 2.
Vertical arrows show the phase interface position for every absorption coefficient.

The changes in transparency of crystal and melt in IR range is seen to influence
considerably the temperature distribution over the ingot volume. This influence shows itself
in several aspects. At first, the increase of absorption results in a temperature rise in the
head part of crystal. This evidences a radiation heat transfer from the heated bottom part
of crystal and from melt to colder head part of the ingot. In this case, an additional
radiation channel of heat transfer can be suggested and its effect on the crystal growth
process. In the first place, this results in an additional heat removal from the interface that
in accordance with the Stefan condition (16) must cause an increased crystallization speed.
In such conditions, the crystal diameter automated control system compensates the increase
of crystallization speed by increasing the controlling heater temperature. This explains the
experimentally looked phenomenon: the AHC having high absorption coefficient grow at a
continuous increase of the controlling heater temperature. In contrast, the crystals which do
not contain the absorption bands in IR grow at a relatively low controlling heater tempera-
ture during the whole growing process.
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4. Conclusions

A two-dimensional numerical model of complex heat exchange is developed taking into
account the partial absorption of heat radiation by the crystal and melt in the furnace at
growing of large AHC up to 500 mm in diameter. The change of RCHE conditions influences
strongly the thermal conditions of large crystal growth even at low absorption coefficients
of both crystal and melt. The increase of growing crystal and melt absorption coefficients is
shown to result in formation of an additional radiation channel of heat removal. This
allowed to explain the experimental phenomena of improved thermal stability of growth
process and pulling rate increasing at growing of crystals with an enhanced absorption.
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Mopaeap CKJIQTHOTO TEMJIOOOMiHY IIpHM BMPOIIYBaHHI
BEJIMKOTa0aApUTHUX KPHCTAJIB raJIOTEHIiJiB JTYKHHX
MeTaJiB

O.B.Koanecnikos, B.1./lewko, I0.B.Jloxmaneys,
A.A.Kapeayvrkuil, I.K.Kupuuenko

MeTomomM uYMCeJBHOrO MOJENIOBAHHA CKJATHOIO TEIJIOOOMiHY [TOCTifKeHO BIJIUB KO-
edinieHTiB mOTIMHAHHA KPUCTAJA i POSIJIABY Ha IPOIleC BUPOIYBAHHS BeJIUKOTabdapUTHUX
KPUCTAJIiB TaJIoTeHiAiB Jy:KHUX MeTajiB. PospobieHa Moges b BpaxoBye pajialiiiHO-KOHIYK-
TUBHUY TEIIOOOMIiH y KPUCTAJi Ta PO3IJIaBi B ~cipomy HaGIMKeHHI 3 AUQYIHUM BiAOUTTAM
Bix rpaHumnb. ¥ posmiaBi i rasoBiii armocdepi BpaxoByeThcA KOHBEKTUBHUIM TeIIOOOMiH.
ITokasaHo, 10 3MiHa yMOB pamialifiHO-KOHAYKTUBHOTO TEeIJOOOMiHYy B3HAUHO BIJIMBAa€E Ha
OCHOBHiI TeXHOJIOTiUHi MmapaMeTpu IIpoliecy BUpoIlyBaHHA. PospobieHa MoJesJb T0O3BOJIAE
MOACHUTH MOJIiNIIeHHA CTabiJIbHOCTI TeIJIOBUX YMOB BUPOIIYBAHHS BEJIUKOTa0apUTHUX
KpucTaJgiB npu 36ijbieHH] KoedilieHTa morJauHaHHA B iH(p)pauepBOHiil obyacTi crmexkTpa.
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