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CONTACT ALGORITHM MEASUREMENT METHOD FOR CURRENT CRYSTALS
AREA GROWN BY CZOKHRALSKI METHOD

S. P. Sahansky}, S. E. Yulenkov*

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: yulenkov_se@sibsau.ru

For crystals grown from the liquid melt according to the Czochralski method when monitoring and controlling the
current crystal area based on the contact measurement method, the requirements for improving the accuracy of meas-
uring the crystal area on the cylindrical part of the growth are determined.

To eliminate errors due to the accuracy of stabilization of the melt level in the crucible, an algorithm for the opera-
tion of the crystal growing unit is proposed which is performed by the programm using the control system.

The evaluation time of the control signal on the growing crystal cylindrical part is taken as the sampling time of a
given number of crucible movement pulses.

The calculation of the control signal starts at the time of the melt level sensor closure, the calculation of the control
signal ends at the time of the melt level sensor closure as well, provided that a given number of crucible movement
pulses is sampled.

The control signal evaluation time in the previous control cycle is used in the current cycle to calculate the melt
level sensor closing and opening pause.

In the control system at the moment of the contact sensor closure a pause of the closed and the same subsequent
pause of the open state of the level sensor is held.

During pauses, the status of the contact sensor is not analyzed by the control system and the control of the crucible
ascent occurs at a slowed down and accelerated rate of the crucible ascent during “conditionally” closed and “condi-
tionally” open states of the level sensor.

The control system is permanently reset at the end of each control cycle.

The program control system provides the above algorithm for controlling the process of growing crystals from the
liquid melt according to the Czohralski method, at the same time the accuracy of determining the current area of the
grown crystal is about 1 %.

Keywords: growth, crystals, melt level sensor.
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Jna kpucmannos, 8ulpawu8aemMuvix U3 HCUOK020 pacniasa no cnocodby Yoxpanbckoeo, npu KoHmpose u ynpagieHuu
meKyuell niowaobro KpUCmaiid Ha OCHO8e KOHMAKMHO20 Memooad usmepeHus, onpeoeieHsl mpebosanus OJis Nosblule-
HUSL MOYHOCMU USMEPEHUS NAOWAOU KPUCALILA HA YUTUHOPUUECKOU YACTU BbIPAWYUBAHUSL.

[l yempanenust ouwubKu u3-3a MOYHOCMU CMAOUIU3AYUL YPOBHS PACNIA8A 8 MU2ile NPedNoACeH aneopumm pabo-
Myl YCMAHOBKU 8bIPAUSUBAHUSL KPUCATLIOS, GbINOIHAEMbLU NPOSPAMMHO C NOMOWBIO CUCTEMbl YAPABIeHUs.

3a epems oyenku cueHana ynpaeienus Ha YUIUHOPUYECKOU YaACMU 8bIpAUBAEMO20 KPUCMALLA NPUHUMAEMCSL 8pe-
M5l 8b1OOPKU 3A0AHHO20 KOIUYECBA UMNYIbCO8 NepeMelyerus muais.
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Hauunaemcs sviuucnenue cuenana ynpasienusi 8 MOMEHM 3AMbIKAHUA OAMYUKA YPOBHS PACNIABA, 3AKAHYUBAEMC s
BbIUUCTEHUE CUSHANA YNPAGICHUS. MAK JCe 8 MOMEHM 3aMbIKAHUA OaMYUKA YPOGHS PACNIA8A NPU YCIOBUU BbIOOPKU
3A0AHHO20 KOIUYECHEa UMNYIbCO8 NepeMeUyeHuss MUesl.

Bpems oyenxu cuenana ynpasnenus 6 npedvioywem yuxie ynpasieHus UCHOIb3Yemcs 8 meKyujem yukie 0s 6bI4uc-
JIeHUsL NAY3bl 3aMbIKAHUA U PAZMBIKAHU OAMYUKA YPOBHSL PACNIABA.

B cucmeme ynpaenenus 6 momenm 3aMulKaHUA KOHMAKMHO20 0AMYUKA BbLOEPHCUBACICS NAY3A 3AMKHYIO20 U NO-
CRedyIowWas nay3a pazoMKHymo20 cOCMOAHUA OAMYUKA YPOBHS.

B momenmul nay3 cocmosHue KOHMAKMHO20 0AMYUKA CUCMEMOU YNPAGLeHUs He AHANUIUPYemcsa U YHpasieHue
NOO0bEMOM MU NPOUCXOOUM C 3AMeONeHHOU U YCKOPEHHOU CKOPOCMbIO NOObeMa MU2is 6 MOMEHMbL «YCIOBHO»
3AMKHYMO20 U «YCNOBHO» PA3ZOMKHYMO20 COCMOAHUU 0amyuKa yposHs.

Cucmema ynpagnenust ROCMOSHHO OOHYAEMCsL 8 MOMEHM 3A8EPULEHUS KAINCO020 YUKLA YIPAGLEHUSL.

Ilpoecpammnas cucmema ynpagnenus obecneuusaem npuseoeHHblll ebliie ANCOPUMM YRPABIEHUS NPOYECCOM 8blpa-
WUBAHUS U3 HCUOKO20 PACHIABA KPUCMALI08 no cnocoby Hoxpansckozo, npu smom 0ocmuzaemecs moYHoCmy onpede-
Jlenusi mexywel niowaou evipawueaemozo kpucmania nopsaoka 1 %.

Kniouegvie cnosa: evipawueanue, Kpucmanivl, 0amyux ypogHs pacniasd.

Introduction The method for controlling the growing In addition to the crucible lifting speed V,, the infor-
process of a single crystal according to the “Czohralski”  mation is generated in the system on the movement of the
method is proposed in the work [1], based on the use of a  crucible X, (with discreteness x;) and information X,
template simulating a crystal of a given shape as a pro- on the movement of the crystal (with discreteness x)
grammer. The crucible with melt and the container with  using the crucible and seed displacement sensors.
liquid are placed on the upper cup laboratory scales. In Computer control of the crystal growth rates V,, crys-
the process of growth the template is immersed in the tal rotation W,, crucible rotation W; is carried out through
liquid at the same speed as the crystal is drawn from the  appropriate drives. The melt temperature control is carried
melt. The template and crystal are connected by a flexible — out on the basis of the formation of the temperature 7, set
rod. The equilibrium is maintained if the amount of the  from the computer to the temperature controller based on
solid phase and the liquid displaced by the template per a  the temperature sensor of the heater side surface.
time unit is the same. In case of imbalance (reduction or The basic principles of the control system at the
increase in the crystal diameter), the error signal of the contact method of current crystal area measuring. The
scales after the optoelectronic converter and amplification ~ control of the crystal growth rate V;(x), the temperature of
is used as a programming one for the heater temperature  the heater side surface T,(x), the rotation speed of the
control with the signal from the thermocouple. crystal W,(x) and the crucible W.(x) is formed on the basis

A continuously decreasing level of the melt in the cru-  of expressions (1-4):
cible is controlled by a laser meter in the device [2] when

drawing a single crystal of a given diameter. The signal Vi) =V () +Z-Ky -y, (1)
from the laser melt level meter is compared with a pro- T,(x)=T,, (x)+Z- Ay - J‘ y-dx, Q)
grammable level change setup unit, and the difference
signal after this comparison is used to correct the melt W, (x)=W_(x), 3)
temperature through the heater power regulator and the
crystal drawing speed. W (x) =W, (x), “)

Microprocessor ~ control systems for the growth  where K — the proportional speed regulation coefficient;
of germanium crystals, developed on the basis of patents 4, — the integral coefficient of temperature control;
[3; 4], were introduced into the semiconductor production (), Wan(x), W(x), Ty(x), — program specification
of germanium crystals growing (fig. 1), in turn, this  of the law of technological parameters change; V;(x),
development is an analogue of the control systems given Wi(x), Wix), Ty(x) — general control of technological
in [1; 2]. parameters; Z — the sign of control capture by diameter

The work of programmable control systems based on  on the cylindrical part of the crystal; x — the displacement
the contact method for measuring the current area of the  along the axis of the crystal; y — the control signal for the
grown crystals (fig. 1) is as follows: under the control  deviation of the current area of the grown crystal from the
system monitoring, a crystal with d diameter is grown in  given.
the chamber with growing rates V; and crystal rotation ¥, The process of stabilizing the crystal diameter occurs
while the molten metal located in the crucible with an  in the control system in accordance with expressions
inner diameter D rotates with an angular velocity W, with  (1)~(2), when the sign of capturing control by diameter
decreasing melt in the crucible. (Z = 1) on the cylindrical part of the crystal is included,

The signal from the contact sensor is supplied through  based on the control signal y. If we specify the geometry
the smoothing filter C1, R1, R2 and the computer match-  of the grown crystal and its axial gradient in the solid part,
ing unit to decide on the control of the crucible lifting, then it is possible to pre-simulate the setting of the speed
which is carried out by means of the step motor control  and temperature of growth in all sections of the crystal
unit. according to the model [5].
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Fig. 1. Control system based on the contact method of measurement:

I — seed rotation drive; 2 — seed drive; 3 — contact sensor; 4 — coordination unit with a computer; 5 — temperature sensor;
6 — temperature regulator; 7 — the computer; § — rotational drive of the crucible; 9 — stepper motor; /0 — stepper
motor control unit; 7/ — the sensor of seed movement; /2 — the chamber; /3 — ingot; /4 — melt of metal; /5 — crucible;
16 —screen; 17 — heater; 18 — crucible displacement sensor

Puc. 1. Cucrema ynpapieHUs: Ha OCHOBE KOHTAaKTHOI'O METO/a U3MEPECHUS:

1 — puBO BpallleHHs 3aTPaBKK; 2 — MPHBOJI IIEPEMEICHNUS 3aTPaBKHU; 3 — KOHTAKTHBIH 1aTUUK; 4 — OJIOK COTJIaCOBaHUS
¢ OBM; 5 — naTuuk TemnepaTypbl; 6 — peryisTop reMneparypsl; 7 — 9BM; § — npuBoj BpallleHust TUTIIS; 9 — MIAroBblit
JBuratens; /() — 6JI0K yrpaBiieHUs IIArOBBIM ABUraTeNieM; // — JaTuukK NepeMelleHus 3aTpaBKy; /2 — KkaMepa;

13 — ciutok; 14 — pacruiaB MeTajuia; /5 — turens; /6 — dokpaH; /7 — HarpeBarteib; /8 — JaTYUK MEePeMEeNICHUsT THTIIS
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Fig. 2. Microprocessor control system for drawing germanium single crystals

Puc. 2. MukpomnponeccopHas cucTeMa ynpaBlIeHUs
BBITSITUBAHHEM MOHOKPHCTAJLIOB T'€PMaHUs

The design of the programmable automatic control
system for germanium crystal drawing is shown in fig. 2—4
show a view of a floating graphite screen with a melt
level sensor and a view of a grown crystalline germanium
billet with a diameter of 104 mm.

The basis for the contact method for crystal growth
control and management on the cylindrical part [6—15] is
the current area management (or diameter when round) of
the growing crystal according to the control signal y, cal-
culated as a function of the deviation of the current crystal
area from the given one, using crystal X,, and crucible X,
displacements for the period 7, of the control signal y
estimate.

The shape of the grown crystal directly depends on the
accuracy of determining the control signal y and the ab-
sence of significant interference in the calculated value.
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The speed of the melt decrease in the crucible V), as
well as the accelerated speed of the crucible lifting V;,
after opening the contact sensor and the slowed lifting
speed of the crucible after closing the contact sensor
Vo/M are determined by the expressions (5-9), in which
the speed increase coefficients (C = 4) and the crucible
lifting speed decrease (M = 4), which has has been
applied in growing the cylindrical part of the crystal
and provides periodic closure and opening of the contact
sensor in the range of melt level change of about
1-2 pm.

When growing the crystal forward and reverse
cones, the condition for the complete stop of the cruci-
ble rise, when the melt level sensor is closed (M = ),
is used to control the speed of the crucible moving
upward.
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where V; — the crucible lifting speed; ¥, — the speed of the
melt decrease in the crucible; V, — the crystal growth
speed; d — the current crystal diameter; D — the inner
diameter of the crucible; p, — the specific density of solid
material; p, — the specific density of liquid material;
dy — the specified diameter of the grown crystal on the
cylindrical part; d;,x — the maximum permissible diameter
of the grown crystal, with which compliance the main
condition under which the sensor and screen close after
opening is fulfilled; dy,;,, — the minimum permissible value
of the crystal diameter at which the condition of the
screen lagging behind the sensor after its closed state is
observed.

Fig. 3. Floating graphite screen and melt level sensor

Puc. 3. [TnaBaromuii rpaMTOBBIN 9KpaH U JaTYUK yPOBHS pacIuiaBa

Fig. 4. A germanium billet with a diameter of 104 mm

Puc. 4. Cnutok repmanus auamerpom 104 mm

489



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 20, Ne 4

For the contact measurement method the control sig-
nal y, the movement value of the seed .X;, and the crucible
Xy during the evaluation time 7}, can be represented in the
form of expressions (10-14):

_x By K (10)
YEAm BT a4
D 2
K,=B-2 p*-{—}, (11)
x p'r dl
2
X d
Sl TR e 12
g A |:d1:| ( )
X3L[=XPI3LI X, (13)
X=Xy X (14)

where 4, B — scaling coefficients; K, — the setting of a
given diameter (area) of the grown crystal; X, — the seed
movement with the reference discreteness x,; Xy, — the
crucible movement with reference discreteness x.;

— the reference discreteness of the seed movement;
x; — the reference discreteness of the crucible
movement.

Expression (12) shows the direct relationship of the
control signal y with the deviation of the current crystal
area from the given one.

During the evaluation cycle T}, the control signal y is
calculated in the control system by expression (10), and
using the recording in the control system the settings of
the diameter Ky, on the cylindrical part of the grown crys-
tal, the growing area is set.

An open step drive with a stepper motor is used as a
crucible lifting drive for upward lifting speed control,
providing a process of repeatedly changing crucible
lifting speed according to the signal from the contact level
Sensor.

The expressions for the movement pulses of the seed
X, crucible X, and time 7, of the control signal
estimate y can be represented in the form of expressions
(15-16):

Xy - K
X = Ijg -, (15)

where T}, — control signal evaluation period (working time
of a given number of pulses X, or Xy,

Let us take as the evaluation time 7, of the control
signal y on the cylindrical part of the grown crystal the
sample time of the specified number of pulses movement
of the crucible X, (in the process of melt decrease in the
crucible) in accordance with expressions (17—18):

o, [4,T
sz)(m-p—T-{Bl} , (17)
2

X | b
T = TL‘.[—}, (18)
! V3 dl
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The total movement time ¢ in the process of closing
the contact sensor with a slowed down speed and the total
movement time with the accelerated speed of the crucible
after opening the sensor ¢,, as well as the number of cy-
cles K, for closing and opening the sensor during the
evaluation period of the control signal 7, can be repre-
sented in the form of expressions (19-20):

)

t(d)=t t——— (19)
BB
d
K= (20)
()

where ¢ — the time of the crucible movement with a
slowed-down speed V,,/M after the sensor is closed dur-
ing the evaluation period of the control signal; ¢, — the
time of the crucible movement with an accelerated speed
V. after opening the sensor during the evaluation period
of the control signal; K, — the number of cycles of closing
and opening the sensor during the time 75,

The accuracy of the contact method for measuring
the current area of the grown crystal. In the control
system of the germanium drawing unit under considera-
tion, a timing control diagram was applied (fig. 5) when
growing the cylindrical part of the crystal, which means
that at the moment of contact sensor closure in the control
system it is necessary to withstand a program pause t of
the closed and the subsequent pause T of the open state of
the level sensor.

At pauses of 1, the state of the contact sensor is not
analyzed by the control system and the crucible lift con-
trol is performed with the slow and accelerated crucible
lifting speed at the moments of “conditionally” closed and
“conditionally” open states of the level sensor.

After holding two pauses, the conditions of the closure
of the melt level sensor are analyzed and the drive for
moving the crucible up is controlled.

This control increases the noise immunity of the
method of calculating the current area on the cylindrical
part of the grown crystal due to the lack of system re-
sponse to the operation of the contact sensor during two
pauses.

The opening value of the melt level on the cylindrical
part of the grown crystal L, is set within 1 um. The pause
time t and the 7, (d) time of the sensor closure (after two
pauses) can be represented in the form of expressions
(21-22) provided that the melt sensor is opened by the
value Ly

-T
1= ! (21)
X«( ]
0 d]
- (d”
tud)=1-= (22)
Bk
i d
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where 7 — the crucible movement time with a slow speed
Vin/M after the sensor closes (when the melt decreases by
L,); tn(d) — the crucible movement time with accelerated
speed V., after two pauses are held t until the sensor
closes.

The error r in the calculation of the control signal,
depending on the accuracy of stabilization of the melt
level in the crucible, can be represented in the form

of expression (23), which is graphically presented

in fig. 6:
2
rzm.{ﬂ} ,
X3 " Px dl

where » — an error in the calculation of the control signal
for the measurement cycle; x — the accuracy of stabiliza-
tion of the melt level in the crucible.

(23)

H 5 H
P /
_-—— . - P —

I

|

T T Luld) ]

I

I |-
0 t
Fig. 5. Timing diagram of the level sensor:
H — operation of the contact level sensor (P — sensor open)
Puc. 5. Bpemennast nuarpamMmma paOoTHI IaTYUKa YPOBHS:
H — paboTa KOHTaKTHOT'O AAaT4YMKa YPOBH (P — IaTYMK Pa30MKHYT)
,
400
300
200
100
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 X. MKM

Fig. 6. The error of the control signal r, depending on the accuracy of stabilization
of the melt level in the crucible x with: x, = 0,0216 um; d; = 100 mm; D =300 mm; 4 = 1;
pr= 15,35 glem?; p= 15,57 glem?

Puc. 6. IlorpenHocTs curuasa yrnpasjieHus 7 B 3aBUCUMOCTH
OT TOYHOCTH cTaOMIIN3aIMK YPOBHS paciuiaBa B THIIIE X mpu: X, = 0,0216 mxwm; d) = 100 mMm;
D=300mm; 4 =1; p,=5,35 r/em?; Px= 5,57 r/em?
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Fig. 7. Control signal change graph y (d_Diametra)

Puc. 7. I'paduk n3meHenus curnana ynpasienus y (d_Diametra)

The time dependence of the control signal y during an
industrial installation operation is shown in fig. 7.

The algorithm for improving the accuracy of the
contact method for measuring the current area of
crystals. During the evaluation of the control signal y on
the cylindrical part of the grown crystal, the sampling
time of a given number of X, crucible movement pulses
is taken from expression (24) with a sampling discrete-
ness reference x;, which corresponds to the evaluation
time of the control signal T, in accordance with expres-
sion (25). These parameters are calculated in each previ-
ous control cycle.

2
p, |4 [ 1
R
2
XVIT D
Tuy:V—uy'|:d—l:| 'XT. (25)

To eliminate the error due to the stabilization accu-
racy of the melt level in crucible r», the following
program algorithm for the control system operation is
proposed:

1. During the evaluation of the control signal y on the
grown crystal cylindrical part, the sampling time for a
given number of pulses of the crucible X, movement is
taken according to expression (24) with discreteness ref-
erence x; and the estimation time 7},y according to expres-
sion (25).

2. The calculation of control signal y starts at the
moment of the melt sensor closure, provided that a speci-

fied number of crucible X, movement pulses is sam-
pled.

3. The calculation of the control signal y ends at the
moment of the melt sensor closure, provided that the
specified number of pulses of movement of the crucible
Xumy movement is sampled.

4. The T,y evaluation time of the set number of pulses
of the crucible X,,,, movement in the previous control
cycle is used in the current cycle to calculate the pause ¢
of closure and conditional opening of the melt level sen-
sor according to the expressions (16, 21).

In each control cycle, the stabilization error of the melt
level in crucible 7 is minimized due to its reset during the
control cycle start (closure) of the melt level sensor.

The block diagram of the program of the above
stated algorithm is shown in fig. 8-11 for diameters
d\= 80 mm; ;=100 mm; d, = 120 mm; and X;, = 68 um;
Xy = 107 pm; X, = 154 pm, respectively (at a given
value of the melt level opening L, = 1 pum), an example
of calculating the control signal y is given.

Conclusion. For crystals grown from the liquid melt
according to the Czochralski method, when monitoring
the current crystal area based on the contact method
for measuring the current crystal area, the requirements
are identified to improve the accuracy of measuring the
current crystal area on the cylindrical part of the grown
crystal.

To eliminate the error due to the accuracy of stabiliza-
tion of the melt level in the crucible, a program algorithm
for the operation of the crystal growing unit is proposed,
in which the time of the control signal y evaluation on the
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cylindrical part of the grown crystal is taken as the sam-
pling time of a given number of X, crucible movement
pulses. The calculation of the evaluation time of the con-
trol signal y at the moment of closure of the melt sensor

starts, the calculation of the control signal y at the mo-
ment of closure of the melt sensor ends, provided that the
specified number of crucible X, movement pulses is
sampled.

Start

A

army ‘v

Calculation Xy , Xy, T

Yes
The sensor is closed
Xm‘u Z XI/ITHy?

The program of step engine control.
Two pauses t holding

(with VTM/M and V™ control output
according to the condition).

Fig. 8. Block diagram of the program

Puc. 8. biok-cxema nporpamMMsl
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Fig. 9. Schedule of change of control signal y from (di—d ) at: p,= 5.35 g/em?; p,.= 5.57 g/em’
Xy =0.0266 pm; x, = 0.0216 pm; d; = 80 mm; D =300 mm; M =4; C=4; B=16; V,=0.00833 mm/s;
Xy = 1000 pm; Xy, = 68 pm; 7,=120 s; L,= 1 pm

Pric. 9. T'pad¥ik H3MEHEH s CHTHAIA YTIPABICHHs y OT (di—d) TpH: p, = 5,35 T/cM’;
px=15,57 F/CMZZ; x; = 0,0266 MxMm; x, = 0,0216 mxm; d; = 80 mm; D =300 mm; M =4; C=4; B=16;
V,=0,00833 mm/c; Xy, = 1000 mxm; Xy, = 68 Mxm; T, = 120 ¢; L, = 1 Mkm

1000
500
0
=500
~1000
-1 =0.5 0 0.5 1
(dy~d)

Fig. 10. Schedule of change of control signal y from (d,~d ) at: p, = 5.35 g/em?; p,.= 5.57 g/em?
X = 0.0266 pum; x, = 0.0216 pm; d; = 100 mm; D =300 mm; M =4; C=4; B=16; V,=0.00833 mm/s;
Xy = 1000 pm; Xy = 107 pm; T,=120's; L,= 1 pm

Puc. 10. Ipaduk u3MeHeHns curaana ynpasiuesus y ot (dy—d) npu: py= 5,35 r/em;

Px=35,57 r/em®; x, = 0,0266 MEM; x, = 0,0216 MxM; d; = 100 mv; D =300 mm; M = 4; C=4:; B = 16;
V,=0,00833 mm/c; Xy, = 1000 Mxm; Xy, = 107 mxm; T, = 120 ¢; L, = 1 Mkm
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Fig. 11. Schedule of change of control signal y from (d,—d ) at: p,=5.35 g/lem?; py=5.57 g/cm?
X = 0.0266 pm; x, = 0.0216 pm; d, = 120 mm; D =300 mm; M =4; C=4; B=16; V,=0.00833 mm/s;
Xy = 1000 pm; Xy = 154 um; 7, =120s; L, =1 um

Pric. 11. Ipaduk M3MEHEHNS CHrHANA YIpaBIeHus ¥ oT (d—d) pi: py= 5,35 r/em’;
Px=5,57 rlem®; x, = 0,0266 MrM; x, = 0,0216 MxM; d; = 120 mv; D =300 mm; M= 4; C=4; B = 16;
V,=0,00833 mm/c; Xy, = 1000 Mrm; Xy, = 154 mxm; T, = 120 ¢; L, = 1 MEM

The evaluation time T, of the control signal y in the
previous control cycle is used in the current cycle to cal-
culate the melt level sensor closing and opening pause. In
the control system, at the moment the contact sensor clo-
sure, a pause of the closed and the same pause of the sub-
sequent open state of the level sensor is held.

At pauses, the state of the contact sensor is not ana-
lyzed by the control system and the control of the crucible
lift occurs with a slow and accelerated crucible lifting
speed at “conditionally” closed and “conditionally” open
states of the level sensor.

The control system is reset at each moment of the con-
trol cycle completion, provided that the melt level sensor
is closed.

All this ensures the accuracy of determining the cur-
rent area of the grown crystal of about 1% on the cylin-
drical part of the grown crystal in the automatic control
system.
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