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Stable plasmas with a surface elongation of up to 1.8 have been
produced in the upper lobe of the Doublet TIT vacuum vessel. In plasmas
with elongation greater than 1.8, the active feedback control on Doublet IIT

is inadequate to prevent a vertiral instability. The growth rate of the

vertical instability has been measured at various values of elongation,

by disabling the feedBack circuit of the vertical peosition control power
supply. These measured growth rates are compared with those predicted from
the limited stabilization effect of the passive field-shaping coils. The dee
shape 1s found to be preferable to an elliptical one because its triangular-
ity reduces the absolute value of the field decay index required to produce

a given elongation.
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1. INTRCDUCTION

For future tokamak reactors, a dee—shaped plasma is believed to have
the most advantageous cross-section for achieving high 8 values {(the ratio
of the plasma pressure to the toroidal magnetic field pressure). Unfortu-
nately, a toroidal plasma with an elongated cross section is subject to an
axisymmetric instability [1]. It is important, therefore, to demonstrate
a technique for ma;ntatning stable plasmas with dee-shaped cross sections
in current tokamak devices and to investigate their properties at
high B. Experimental studies of non-circular plasmas have been performed on
TOSCA, Doublet TT1A, T-12 and TNT [2-6]. All of these devices are relatively
small with short diséharge durations. The highest elongation reported in
experiments on these devices was K ~ l.5. Theoretical studies have been
carried out on the equilibrium and stébility of non-circular plasmas which
show that wall stabilization and feedback control play key roles in

controlling positional instability [7-8].

In this report we will present the experimental studies of dee-shaped
plasmas in Doublet ITII which has large plasmas and long discharge durations

of almost 1 sec.

PDoublet IIT is unique in its capability to produce plasmas with various

shapes under similar conditions [9-11]. Dee-shaped plasmas have been
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produced in the upper half of the Doublet IIL vacuum vessel. The plasma
shape and position are controlled by 24 field-shaping colls with the passive
and active feedback. Stable and reproducible plasmas were obtained with a
surface elongation (helght to width ratio) of up to 1.8. At elongations
above 1.8 the plasmas became vertically unstable. WNo particular method was

used to control the plasma current profile in this experiment.

Sectinn 2 describes the experimental setup. Section 3 explains how the
elongation was determined. Section 4 compares flux plots calculated from
the MHD code with TV observations of the plasma shape. The vertical field
necessary to maintain the equilibrium of dee-shaped plasmas is discussed in
Section 3. 1In Sectién 6, the growth rate of the vertical instability is

discussed along with a wall stabilization effect.
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2. EXPERIMENTAL SETUP

Doublet TIT is a large tokamak device [12] with a major radius of
1.41 m, a minor radius of 0.45> m, and a height of 2.9 ms The vacuum vessel
has an indentation in the outside wall at the midplaﬁe which results in a
separation of the chamber into top and bottom lobes. Vertical position {(Z)
is measured from the midplane of the vacuum vessel. Most of the diagnostic
instruments are in;talled in the upper lobe ports whose axes lie at a vertical
position of 7 = 0.88 m. Circular plasmas are centered on the upper port
axes for the convenience of the plasma diagnostics; however, highly elon-
gated plasmas must be positioned with thelr center below the port axis so as
to to fit the tallest plasmas into the available volume. The plasma radius
was reduced from 0.45 m to 0.41 m with the increase of the elongation. The
vacuum vessel wall consists of a corrugated sheet of thin (1.5 mm) ﬁnconel
sandwiched between two flat sheets of the same material. The resistance of
the vessel is 0.25 m 2 in the toroidal direction. The flux penetration time

of the ohmic heating field through the vessel is roughly 1 msec.

The plasma position and shape are controlled by 24 field=-shaping coils
(F-coils) [13]. Each F-coil is located sufficiently close to the vacuum
vessel that it may be considered to control the local flux value (y1) at the
plasma boundary. The local flux values are measured by the one—turn loop

attached to the F—coil's front surface. The L/R time of each F-coil is 0.25
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to 0.5 sec. The 24 F-coils and various power supplies may be connected in
any combination by means of a patch panel. Figure 1 illustrates a typical
connection scheme which is used to produce an elongated dee-shaped plasma.
The 17 uppermost F-coils are connected in parallel to function as a conduct=
ing shell for passive control. The remaining 7 F-coils at the bottom of the
vessel are left open to reduce the power supply requirements. This connec~
tion scheme is observed to eliminate the production of runaway electrons in
the lower lobe of the vacuum vessel. The power supplies are indicated by
square boxes in Fig. 1. They are controlled by active feedback circuits

and/or preprogrammed waveform generators.

Since the shape of the vacuum vessel and the location of the F-colils,
especially in the bottom section, are not designed to produce a dee=-shaped
plasma, five F-coils (1A, 1B, 2B, 6B, 7B) are used as the shaping coils to
produce a strong pulling force from the bottom. Two F-coils (5 and 11A) are
used to balance the pulling force from the top. The elongation 1is primarily
controlled by the FlA coil through its effect on the poloidal flux values
ratlo ¢4A/¢1A' Fine adjustments in the elongation are carried out with the
F6B, F1B, F2B coils by changing the relative values of the poloidal magnetic

flux (y4). Each control signal is shown in Fig. 1 and the positions of many

of the magnetic diagnostics are shown in Fig. 2.

The radial position Ry is regulated by four outside F-coils (6A, 7A,

8A, 9A). Vertical position Z, is controlled by the upper coils, 10A and
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12A. The power supplies connected to these colls are 12-pulse phase~

controlled rectifier supplies which have a rise time of 4 ms and voltage

output range of 600 V. Their operational time length is 1.0 sec which is

limited only by the cooling capability of the power supplies in the ohmic

heating and field-shaping systems.

The plasma dlagnostics used in this experiment are the following:

Twenty=four one-turn loops for the poloidal flux measurements on
the surface of the F-coils, and 11 segmented Rogowskl coils {par-
tial Rogowski coils) to measure the distribution of the poloidal
magnetic field around the minor circumference of the vacuum vessel.
The former measurements are used to establish the boundary condi-
tions in the caleculation of magneto hydrodynamic (MHD) equilibria,
and the latter are used to make an experimental determination of
the plasma current profile. One Rogowskl is used to measure the
plasma current and several other simple magnetic pick up coils are
used in analogue clrcuits to calculate plasma positions R, and Z,

{14].

Two horizontal microwave (2 mm) interferometers at the upper—plane
(7 = 0.88 m) and the midplane (Z = 0 m) are used to measure the

U and Eé « The

average electron density and they are denoted Eé
average electron density along a vertical path (Eév) is measured

by the CO; laser interferometer. A useful indicator of the
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plasma elongation is given by the ratio of EEV/EQU since both
densities are presented in the form of ] 1P dL/90 cm, where 90 cm

is the approximate path lemgth of the horizontal measurement

@)

Two tangential TV camera systems are used to observe the plasma shape.
They are called the upper—plane TV (Z = 88 em) and
the midplane TV (Z = 0 cm).

A scanning soft X-ray spectrometer and a Michelson infrared
radiometer for measuring the electron temperature profile and a
Thomson laser scattering system for determining the absolute

electron temperature.

10-channel tangential and 19-channel vertical PIN diode arrays to

investigate MHD activity.
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3, DETERMINATION OF THE PLASMA ELONGATION

The plasma shape is determined by MHD analysls using experimental
magnetic data [15]. The 24 poloidal f£lux values (y3) are employed as the
boundary conditioné in solving the Grad-Shafranov equation, and the plasma
current profile 1s adjusted to reproduce the magnetic field distribution
obtained experimentally by the partial Rogowski coils. The plasma shape

derived from the calculation 1s shown in Fig. 2.

The plasma current profile has the form in the MHD code

M

| R A
iR, = J, Bp-g"“'Jr(l-Bp)-R'E' 1L+ (y-1) l:l-(wz,%)] , (D

where R is a major radius coordinate and Rp is a fixed parameter with the
value of Rp = 1,43 m. Bp denotes an approximate value of the poloidal beta,
and jp is the normalization factor of the plasma current. VY denotes the
poloidal flux value and yy, ¥y, indicate the flux values at the magnetic axis
and at the plasma surface, respectively. Y, N and M are variable parameters
adjusted to reproduce the experimental data. Figure 3 illustrates -

how well the plasma current profile fits the partial Rogowskl measure—

ments. The fitting results are shown for three different cases of the
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parameters (y, N, M) = (a) (100, 1.0, 2.0), (B) (100, 1.3, 2.0) and (C) (60,
1.6, 2.0). The normalized internal inductances for the three cases are £

= (A) 1.29, (B) 1.15 and (C) 0.99. Case (B) has the smallest value of
square deviation X% of the experimental and calculated partial Rogowskl val-
ues [16]. Since this discharge has no sawtooth oscillation, the safety fac-
tor at the plasma center q{o) is expected to be larger than unity. Thus,

case (B) is a reasonable equilibrium to describe this discharge.

From these MHD analyses, the discharge shown in Fig. 3 is determined to
have an elongation of 1.8 and a triangularity of 0.3 with an approximate

error of 5% and 10%, respectively.

"Elongation (X)" and "Triangularity (§)", when used without comment in
this report, mean the dipole and hexapole deformations of the outermost flux

contour obtained by MHD analysis. They are defined as the following,

oy = 7
K = RTOP BOT , (2)
ouT ~ IN
Rour * Rin ™ Brop ~ Rpor (3)
§ = R — »
Sour T CIN

where the suffixes TOP, BOT, OUT, and IN mean the highest, lowest, outermost

and innermost positions of the plasma surface, respectively.
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Figure 4 shows the waveforms of plasma current, one-turn voltage,
horizontal and vertical displacement of the plasma center from (R = 1.43 m,

Z = 0.8 m), electron densities nev, neU and neM,

and elongation for the
same discharge fitted in Fig. 3. The steady state plasma current is 530 kA.
This discharge was intentionally terminated at 750 ms to measure the growth
rate of the vertical instability. As described in Section 2, the plasma
elongation is indicated by the density ratio EéV/EéU. During the discharge,
this ratio varies between 1.6 and 1;7, which agrees with the elongation
derived by MHD analysis when the path length is corrected for the triangular

deformation. The increase midplane density Eé“ late in the discharge is

additional evidence for large elongation.

The elongation inside the plasma, which is obtained from the MHD
analysis, is constant in the central half of the plasma (r/a < 0.5) and
increases rapidly toward the plasma surface as shown in Fig. 5. Near the

magnetic axis, the maximum eloangation attained was ~l.4.
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4. COMPARISON OF MHD RESULTS WITH TV MEASUREMENTS

Plasma shape was also measured by direct observation with two TV
camera systems that view the plasma cross section tangentially, one camera
system was at the upper plane, the other at the midplane. In the TV piec-
tures, the bright light from the recycling hydrogen provides an indication

of the plasma surface.

The pictures in Fig. 6 show three different plasma shapes measured
by the tangential upper—plane TV. For the circulaf plasma (a) only the
inside and outside limiters appear bright. For a plasma with an elongation
of 1.4 (b), both side limiters appear bright and the top limiter shows some
evidence of weak recycling. For the plasma with elongation of 1.8, light
appears mainly at the top limiter. These phenomena are consisteant with
the shapes derived from MHD analysis. The TV pictures are used during

the discharge to monitor the status of the control system.

Figure 7 shows pictures of the bottom part of the plasma cross section
taken with the midplane TV. An H, filter was used in front of the camera to
emphasize hydrogen recycling light. For the circular plasma, there 1s lit-
tle liéht on the midplane. As the elongation becomes larger, the plasma
becomes visible in the midplane TV. Two typical shapes are shown in Fige 7.

Shape (a) has a rather sharp corner at the inside bottom while (b) has

smooth curvature. The hot core of the plasma is faint in the TV plcture due
to the low density of meutral hydrogen there. The sketech shown under each

TV pilcture may assist interpretation.
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5. EQUILIBRIUM FIELD

The decay index of the externally applied equilibrium field
n = -(R/B; * 3By/3R) is not constant inside the plasma cross section as
showna in Fig. 8. Tﬁe decay index changes in value from n = -5.0 to 0,0 as
a function of major radius along chord 3, the horizontal chord through the
magnetic axis. The decay index values along chords 1 and 2 are different
from the ones along chords 5 and 4. They are caused by the

fact that the plasma shape is not up-down symmetric.

The vertical field (Bz) applied by the Field shaping coils can be
resolved into dipole (Bp), quadrapole (BQ), and hexapole components {By) at
the magnetic axis, and expressed as a function of the major radius (R}

passing through the magnetic axis 71,

R - Ro 1 R - Ro ’ err
BZ(R)=B + B A + B, = + B R (4

where R, and a, denote the major radius at the magnetle axis and the half

width of the plasma, respectively.

Figure 9 shows the vertical field and each multipole field along

chord 3 for the example of Fig. 8. R, and a, have values of 1.40 and
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0.41 m, respectively. Each multipole field has the following values in this
case; Bp = —880 Gauss, BQ = =400 Gauss, By = 520 Gauss. BeTT ig zero at the
magnetic axis and increases with the minor radius. However, maximum

BeTT g less than 2% of Bz, which is within the experimental error in

the F-coil current measurement. BEIT is so small that the plasma shape may
be considered to be correlated only to the strengths of By and By [17].
Relations between the plasma shape and equilibrium field will be discussed
using the decay index (n) and hexapole index [h = (RZ/BZ) . (BZBZ/BRZ)].

When written at the magnetie axis using Bp, BQ, and By, they become,

B
n= - A?fl (5)
D
B
h=A2-B—H {6)
D

where A is an aspect ratio (Ry/ag).

Figure 10 shows the relation between the decay index and elongation.
Closed points show the experimental data obtained using Eq. (5). These
plasmas have a triangular deformation of ¢ = 0.25 =0.35. The solid curve is
a prediction from an analytic theory assuming 3, = 0.1, 24 = 1.2, Ry = 1.4
m, ag = 0.41 m, but without triangular deformation [18]. Both theory and

experiment give dependences of the decay index on elongation which are
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similar. However, the absolute values have a discrepancy of An = ~0.3

~ =0,6. This discrepancy is produced mainly by the triangular deformation.
Figure 11 shows the triangular dependence of the decay index difference (An
= nT - nf) where nl 1s obtained from theory and n® from experiment. The
data shown in Fig. 11 includes various elongations ranging from 1.4 to 1.7.
The figure indicates that the triangular deformation decreases the require-
ment of the quadrupole field for achieving the same elongation. This
tendency is consistent with the result obtained by H. Ninomiya, et al.,
[17]. This fact 1s beneficial from the viewpoint of reducing positional

instability, which is mainly correlated to the decay index wvalue.

Figure 12 shows the relation between the triangularity of the plasma
shape and the applied hexapole index [Eq. (6)]. All the data is from the
same discharges as shown in Fig.lll. The scatter of data points romes from
the elongation spread of K = 1.4 - 1.7. It 1is shown that the hexapole index
has a linear relation to the triangular deformation. The plasma obtained
in Doublet III does not have a simple dee—shape; it is up—down asymmetric.
However, simple correlations are obtained between the parameters of the
shape of the outermost plasma surface and the parameters of the equilibrium
field defined at the magnetic axis. These correlations will be helpful in

designing future tokamaks with dee-shaped plasmas.
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6. WALL STABILIZATION OF THE VERTICAL INSTABILITY

An elongated plasma without a conducting shell is known to be unstable
to axisymmetric modes [1]. The conducting shell that surrounds the plasma
surface acts to deérease the growth rate of axisymmetrric instabiiities [7].
The resistive vacuum vessel in Doublet II1 does not provide much wall sta-
bilization because of its short L/R decay time conétant {(~1 msec)., How-—
ever, the field shaping coils, which are located just outside the vacuum
vessel and are connected in parallel with each other, act as a partial shell

and produce a passive stabilization effect.

In order to evaluate the passive stabilization of the vertical
instability, the following experiment was carried out. After a stable
plasma was produced with active feedback control, the output voltage of
the power supply for the vertical position control was turned to O volts
The vertical position of the plasma starts to move downward and the speed
increases exponentially. The plasma motion shows two different growth rates
sequentially. Because the highly elongated plasma is detached from the dut—
gide limiter and there is no limiter at the bottom, the plasma is considered
to keep its shape without a significant deformation by any limiters during
the time when the plasma moves downward a few centimeters. Therefore, the

initial growth rate 1s considered to be the growth rate of the vertical
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instability. Figure 13 shows a typlecal example of the motion of the
vertical position just after the active control is turned off. The initial

growth rate is 78 sec”! with an elongation of K = 1.7.

The growth rate of the vertical instability increases with the
elongation. The closed points in Fig. 14 show the growth rates of many dis-
charges as a function of the decay index at the magnetie axis (n = =1.35
~ -1.55). The elongation ranges from K = 1.6 to 1.8. The growth rate for
plasmas with decay indices above -1.35 was so small that no measurement
was carried out. The growth rate lucreases rapidly for n = -1.5. Tdeal MHD
theory for a shell-less tokamak predicts a growth rate for the vertical
instability‘of ~10% sec™l in an elongated plasma with a negative decay
index. The difference of the experimental growth rates ls caused by the
passive stabilization effect of the field-shaping coil system. The eddy
currents induced by the plasma motion produce a restoring force opposing
the motion. This stabilization effect is estimated by calculating
the induced currents through the field shaping coils, and is expressed by
the denotation ng which nas the same definition as fEq. (5) except that By is
the field pfoduced by the eddy current due to the plasma movement. The mag-
nitude of ng depends on the plasma position and elongation. The value of

n. decreases as the vertical position of the plasma center becomes low or as

]
the elongation increases. In the preseunt experiment, ng lies between 1.2

and 1.5. The decay time constant Tg of this passive stabilization is about
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Tg = 350 ms. The growth rate Y5 of the vertical motion 1s expressed as

follows [7]:

YT
2 -2 G s
Yo =TT, n+ o I“:‘;z;i: s (7)

where t, denotes the ideal MHD time constant. The solid line in Fig. 14
indicates the growth rate derived from Eg. (7) with ng = 1.3, 75 = 350 msec,
T, = 1 pusec. The experimental result for the growth rate 1s explained

by this numerical calculation. This indicates that the stabilization effect
is primarily due to the F-coils although it is also expected from other
structures. Active feedback control completely stabilizes the positional
instability of plasmas with elongtions of less than 1.8, which are

obtained in this measurement.

o
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7. CONCLUSION

Stable plasmas with elongations over the entire range from 1.0 to
1.8 are produced in the upper half of Doublet ITI. The discharge lasts
ahout 1 sec with a currcent flattop of ~0.5 sec. Highly elongated plasmas are
achieved by increasing the height of the cross sectlion, which slightly

decreases the width.

Up-down asymmetry appears in the plasma cross section because the
machine is not designed for symmetric dee—shaped plasmas. Almost all of the
stable dee-shaped plasmas obtained have a triangular deformation of ~0. 3.
The triangularity relates linearly to the hexapole field index. The trilan~
gular deformation of the cross section tends to reduce the value of the
decay index relative to that required for an ellipse of the same elongation.
This suggests that a dee-shaped plasma is more positionally stable than an ellip-

tical plasma.

The field-shaping coils, which are connected in parallel and are loéated
close to the plasma surface, play a large part in stabiiizing positional
instability., The measured growth rates of the vertical instability without active
feedback control are consistent with the rates calculated from the passive

stabilization of the field-shaping coils.
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Active feedback control completely stabilizes the positional instability of

the plasmas with elongations of less than 1.8,
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Active feedback control completely stabilizes the positional instability of

the plasmas with elongations of less than 1.8.
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A control schematir for dee-shaped plasmas. Voltage gains are

indicated on the power supplies and differential amplifiers.
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Feedback signals are shown as inputs for differential amplifiers.

The 17 field-shaping coils are connected in parallel with each.
other and connected to an ohmiec heating power supply.
show the current flow with arrows indicating the direction. D,
and R denote thyrister power supplies with (60 Hz,
kA), (60 Hz, * 600 Vv, + 21 kA),
ities, respectively.

kHz, * 300 V, + 3 kA), (1l kHz, * 250 V, * 2.5 kA) capabilities.
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Magnetic diagnostic locations and a plasma shape with an elonga-
tion of 1.8. Eév and EQU, ;éM indicate the density measuring
paths of a COy laser and 2 mm microwave interferometers. SXA

and SXB show the viewing paths of the soft X-ray PIN diedes. PR
denotes 12 segmented Rogowskl coils, and ¢ denotes one-turn loops.

PRjp4 was not used.
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Three plasma shapes produced by MHD analysis of a discharge using
different current profilles.
internal inductance, the surface elongation, the safety factor at
the magnetic axis and the square deviation of the poloidal field

strength. The cross points show the measured poleoidal field

strength.
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Wave forms of a typical discharge: (a) plasma current and one-
turn voltage, (b) radial and vertical position, (c) average
electron densities in vertical (Eév) and horizontal (EEU, EEM)
paths, (d) elongation derived from MHD analysis. The vertical
position control is turned off at the time indcated by the arrow

in order to investigate positional instability. The discharge is

the same one as shown 1n Fig. 3.
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FIG. 5 Elongation of the flux surface inside the plasma. This discharge

is the same one as shown in Fig. 3.
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Fig. 6

FI1G. 6 The TV pictures tangentially viewing the upper lobe of the

vacuum vessel. Three shapes have elongations of K = 1.05, 1.35

and 1.8.



D R

F1G.

FIG,

7

8

JAERI-M 9693

HOT CCRE

N ¢ SCRAPE OFF LAYER
— oo _
K =185 ) =175
o = 530 kA b =530 kA
ﬁe=2_2x1o73cm‘3 ﬁe=2.1X1O13 em™®

Fig. 7

The TV pictures tangentially viewing the bottom part of the dee-
shaped plasma. The equilibrium shapes obtained from MHD analysis

are also shown for comparison.
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Decay index fn = =(R/By * 3By/3R)] of the externally applied
equilibrium field inside the plasma cross section calculated using
the F-coil currents. {(This discharge 1s the same one as shown in
Fige 2.) 25 (78 cm) 1s the vertical positiom of the magnetic

axis. R is the horizontal distance from the magnetic axis Rgye
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FIG. 9 Experimentally applied vertlcal (By) and dipole (Bp), quadrapole
{BQ [(R - Rg)/ayl}, and hexapole {By/2 [(R - Ro)/ao]z} field

components on chord 3 as shown in Fig. 3.
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FIG. 10 The relation between decay index and elongation. Closed points
show experimental results. The solid curve indicates a theo-
retical prediction assuming Bp = 0.1, 23 = 1.2, Ry = 1.4 m,
a5 = 0.4l m. The triangularity of these data spreads from 0.25

to 0.35. Typical experimental errors are shown by bars.
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FIG. 11 Triangularity effect upon the discrepancy An = nT - nf between

theoretical predictions {nT) and experimental results (nE) on the
decay index. The elongation for these data ranges from 1.4 to

1.7. A typical experimental error is shown by the cross.
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FIG. 12 Relation between the hexapole index [h = (RZ/BZ . BZBZ/BRZ)] and

the triangularity. Data are for the same shots shown in Fig. 11.
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Vertical displacement of the plasma center just after the active
control of the vertical position 1s turned off. The elongation is
1.73, Ip = 550 kA, BT = 20 kG. The growth rates are vyg = 78 sec-l

and 710 sec™ .,
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The reiation of the growth rate with the decay index. The closed
cirerles show the initial growth rate just after the active coun=
trol of the vertical position is turned off. The solid line indi-
cates the theoretical prediction using ng = 1.5, 14 = 350 ms, and

T. =1 us to characterize the stabilizing effect from the field-

o]

shaping coils.




