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Ohmic discharges with and without a limiter are being studied in the Heliotron D. With-
out the limiter, we observe longer containment time and lower impurity concentration
than with the limiter, and a stable current with the safety factor qoz = 0.4 is obtained.
With the limiter, strong current fluctuations are observed near rational values of the ro-
tational transform, i,e. , e/2&=(t~+ &os)/2&= 0.5 and 1.0.

The existence of the material limiter is one of
the difficult problems to be solved in convention-
al toroidal systems such as the tokamak. Im-
purities produced by the interaction between the
plasma and the limiter cause fast energy loss.
We obtained an Ohmic-heating current column
isolated from the wall of the vacuum vessel by
the separatrix of the Heliotron magnetic field'
without using a material limiter in the experi-
ment on the Heliotron B.' The separatrix region
in the helical Heliotron field' "is also expected
to act as a natural limiter, since the outermost
closed magnetic surface is located inside the
helical conductor without crossing the wall of the
vacuum vessel. Similar methods have been pro-
posed to remove the limiter recently. " In this
paper experimental results are reported about
the effect of a limiter on the Ohmically heated
plasma. We also describe the effects of the ro-
tational transform and the shear on the current
instability.

Details of the machine have been described in
earlier papers. " An l = 2 helical conductor with
a major radius of 108.5 cm is hung inside the
vacuum chamber. Because of the short pitch
(54.5 cm) and the large minor radius (13 cm) of
the winding, we can make both the rotational
transform and the shear large. The maximum
toroidal field strengths due to the toroidal and
helical coils are 5 and 3 kG, respectively. An
eight-turn air-core transformer for the Ohmic

heating is mounted around the vacuum chamber.
Disposition of the coil is arranged to minimize
stray flux. A capacitor bank of 20 kJ gives a
maximum loop voltage V~ of 60 V. The duration
of the discharge is 2 msec. A glow discharge is
applied' in order to clean the vacuum wall and
the helical conductor. Base pressure lower than
5&10 Torr is attained with an oil-free pumping
system. Helium gas is used in most cases. By
using various preionization methods (such as an
electron gun, electron-cyclotron resonance heat-
ing, and radio frequency), we can obtain the
Ohmic discharge at filling pressure p& higher
than 3 x10 ' Torr. The plasma current I,

„

is
measured by Rogowskii coils arranged inside the
helical coil. The boundary of the plasma is mea-
sured by electrostatic probe. The electron den-
sity n, and the temperature T, are estimated
from microwave interferometry and visible light
spectroscopy measurements, respectively. The
ion temperature T,. is measured by Doppler
broadening. Typical parameters are I,„s12 kA,
n, =10"-10"cm ', T,=10—100 eV, T,. = 5 —30 eV
and p = 0.003—0.12.

In order to have closed magnetic surfaces in
the helical Heliotron field, it is necessary to
apply an appropriate vertical field. The plasma
itself produces an effective vertical field which
displaces the magnetic surfaces. In the Ohmic-
heating experiments, an additional vertical field
is produced by the current ring and the stray
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FIG. 1. Schematic drawing of the magnetic surfaces used in the experiment and the radial profile of the ion satu-
ration current during the discharge. The time-integrated photograph of the discharge is superimposed. The limit-
er is not introduced. 0'*=0, & =2.05 kG t.zLpz) 0.

field of the air-core transformer. Because of
the large rotational transform of the Heliotron-
D field, however, the displacements of the mag-
netic surfaces are small, and equilibrium of the
current column is easily attained. In the experi-
ments described below, the vertical field which

gives a maximum current is applied.
A comparative study of Qhmic heating with and

without the limiter is carried out in the field con-
figuration of 0 *=B«/B„~= —0.2, where B«and
BIIyo are the magnetic flux density of the field
produced by the toroidal coil and the longitudinal
component on the axis of the field produced by
the helical coil, respectively. For magnetic
fields of smaller n*, e.g. , cy~= 0 and —0.2, the
rotational transform of the vacuum field t~/21r
and the shear parameter 0 are very large near
the separatrix (t~/21r = 2.0 and 8= 0.3 for o.*
= —0.2), and the outermost closed magnetic sur-

faces are relatively small. The observed plasma
column is well isolated from the conductor and
the wall as shown in Fig. 1. The experimental
conditions such as 0*, B, Vi, and pz are kept
constant for both cases, with and without the lim-
iter. The circular-aperture limiter (radius ai
= 7 cm) is placed just outside the plasma column
so the average plasma radius a~ is nearly equal
to that without the limiter. Some parameters of
the plasma obtained for a relatively small V~ are
shown in Table I. Voile the input power P,.

„

is
almost constant, the electron density and the
temperature are different by a factor of 2-3. A

rough estimation shows that the energy confine-
ment time 7~ is improved by a factor of 4-5 in
the discharge without the limiter. The intensi-
ties of the impurity lines are considerably re-
duced by removing the limiter.

The maximum plasma current I„increases

TABLE E. Parameters of the plasma with and without the limiter.

Ip~ Vg P;„
(kA) (V) (kW) (cm ')

T T; p 7E Impurity levels (arbitrary unit)
(eV) (eV) (%) (Psec) ~ C 11(4267 A) C111(4647 A) 011(4416 A)

With limiter 1.2 20
Without limiter 1.3 20

28
80

0.7 && 10~3 20
1.7~ 10" S8

6 0.6
12

150
700 0.1

rz —= W(total kinetic energy of the plasma)/&;„.
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linearly as the loop voltage increases as shown in
Fig. 2. The installation of the limiter noticeably
reduces the plasma current. In the case without
the limiter, instabilities are not observed in
I», I,„,and V~, as shown in Fig. 3(a). The safe-
ty factor due to the plasma, current q»(a~) ex-
ceeds the theoretically predicted value for the
kink mode' which takes into account the shear of
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FEG. 2. Maximum plasma current I@ versus the loop
voltage &~ at Ioz =-Iz, The experimental conditions are
the same for both cases except for the presence of the
limiter. &+=—0.2, &=1.8 ka, and &&t.o&&0. The mean.
radius of the plasma is nearly the same for both cases.
The line i, iis(a)/27i =1.5 is the stability limit for the kink
mode calculated according to Hef. 11 assuming a uni-
form current distribution.

the magnetic field. The minimum qc (a~) ob-
tained so far is 0.4 and is limited by the available
loop voltage. It is not clear whether such a
small q»(a~) is due to the configuration of the
magnetic field or the existence of low-density
plasma outside the plasma column.

For smaller i.~ and 8, i.e., L„(a)/2m=0.2 —1.0
and 0=0.02 —0.I5, though these conditions are
only obtained by introducing the limiter and adopt-
ing larger n*, i.e., +*=0-1.5, strong fluctua-
tions are observed in the plasma current. When
c~(a~)/27i =0.2 —0.3, the current begins to fluctuate
at a certain value of I» =I,„*and does not grow
any more, as shown in Fig. 3(b). As c~(a~) is in-
creased the current start to fluctuate at smaller
I0~* than before, but then overcomes the fluctua-
tion reaching a peak value I,„asshown in Fig.
3(c). The strength of the fluctuation reduces as
~„and6 are increased. In Fig. 4, I„*and I„
are plotted against i.~(a~) and 8. The current
fluctuation begins in the vicinity of a line [i.~(a~)
+ i.»(a~)]/27! =0.5, where i.» is the rotational
transform produced by I». Except for L~(a~)/27i
= 0.2 where the instability is very strong, the
value of I„is increased by the increase of U~,
For L„(a~)/2n —0.5 we do not observe I„„*and I„
as the continuation of the former series. Instead,
we observe a new series of the instability on the
line [L„(a~)+i»(a~)j/2p= 1, and it repeats qual-
itatively the same behavior as before with the
further increase of i, „(a~).It is also found that
I,„*is proportional to B. These results suggest
that the fluctuation and the limitation of the cur-
rent are due to the kink instability. ""Qualita-
tive agreement is found between the experiment
and the theory of the kink mode. ' Quantitatively,
however, the experimental results for Io„~are
lower than the theoretical values except for the

(c() no Limiter

loH: 7I OA/div

(b)(c) with Limiter

IoH
' 380A/div

FIG. B. Oscillograms showing Vz, Io@, and its time derivative IDH. B =1.7 kG, i+i.o„&0, V~ ——10 V/div, time
scale=0. 2 msec/div, (a) u*=—0.2. (b) n+=1.2, a&(aI)/2m=0. 26, 8=0.026. (c) n*=0.6, iz(a&)/27i'=0. 45, 8=0.045.
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cases of i, ~(a~)/2m= 0.2 and 0.5 as shown in Fig.
4, where the hatched regions indicate the unstable
regions of the theory. A similar phenomenon was
observed in the Stellarator C with the l = 3 wind-
ing. ' Another feature of the experimental results
is that the instability for [~~(a~)+ ~„„(a~)]/2ms —,

is not observed appreciably. This result is dif-
ferent from the experimental results obtained on
the Nenderstein-IIb which has almost no shear. "

The authors would like to express their ap-
preciation to Mr. S. Yoshioka, Mr. I. Ohtake,
Mr. M. Sato, and Mr. M. Yamada for their assis-
tance throughout the experiment.

*On leave from Chiba Institute of Technology, Chiba,

FIG. 4. Botational transform of the vacuum field at
the limiter edge l.&(&1,) versus the fluctuation onset cur-
rent Ioz* and the maximum current Iz. The ordinate is
also expressed in terms of the rotational transform pro-
duced by the current at the limiter edge &()z(&1,). The
hatched region indicates the theoretically unstable re-
gion for a uniform current distribution. & = 1.7 kG, V~
=40 V.
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