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PLASMA-CURRENT MULTIPOLE EXPERIMENTS

T. Ohkawa and H. G. Voorhies
Gulf General Atomic Incorporated, San Diego, California 92112

(Received 28 April 1969)

The magnetohydrodynamic equilibrium and stability of the plasma-current multipole
configuration have been demonstrated experimentally.

The plasma confinement experiments with mul-
tipole' configurations with internal conductors
show that the level of plasma turbulence is great-
ly reduced and that the containment time is much
longer than the "Bohm time. " These improve-
ments are attributed to the good features of the
configuration, i.e. , the magnetic well and the
magnetic shear with the presence of a toroidal
magnetic field. On the other hand, the disadvan-
tage of having internal conductors is obvious for
a fusion reactor.

A new configuration has been suggested~ in
which a multipolelike configuration is produced
by the combination of a toroidal magnetic field,
a plasma current, and an external poloidal mag-
netic field. The calculations show that the con-
figuration may be stable against magnetohydro-
dynamic instabilities. It is similar to the Toka-
mak' configuration in that the presence of the
plasma current is necessary for magnetohydro-
dynamic equilibrium and stability, and that the
configuration is axially symmetric. The advan-
tage of the present configuration is that a larger
magnetic shear allows a larger stability limit on

P (ratio of plasma pressure to magnetic pres-
sure).

A device (named Doublet-I) has been built to
test magnetohydrodynamic equilibrium and sta-
bility. The time scale of the experiment is cho-
sen to be several hundred p, sec. This allows an
ample time for magnetohydrodynamic instabili-
ties to develop, since the characteristic time for
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. 1. Schematic drawing of Doublet-I.

the instabilities is typically 1 psec. Thus it is
simpler to use a copper wall to shape the mag-
netic configuration than to use an external coil.

The schematic diagram of the Doublet-I device
is shown in Fig. 1. The relevant parameters are
the following: major radius, 16.2 cm; cross
section of chamber, -6 em~25 cm; wall surface
material, alumina; toroidal magnetic field,
10000 G maximum, with half period 4 msec;
toroidal electric field, 1 V/cm maximum, with
half period 1 msec; hydrogen pressure, 0.1-50 p, .

The contour of the copper wall is designed in
the following way. The density of the toroidal
plasma current is assumed to be proportional to
the reciprocal of the major radius. A quadru-
pole and an octopole field are superposed on the
magnetic field produced by this current. Then
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the flux function g is given by

+ &4 24 —— ln — —— + — — ln —+ — — +—

-12 — — — ln ——— — + — +

where J0 is the density of the toroidal plasma
current at the major radius If, R is the radius
measured from the major axis, and z is the dis-
tance from the median plane. The ratio of n~ to
e~ is chosen to give about equal amounts of the
poloidal magnetic flux inside the separatrix and
between the separatrix and the shearless surface.
A flux surface well inside the shearless surface
is chosen to be the wall contour. The flux con-
figuration is shown in Fig. 1. The rotational
transform angle is largest at the elliptic magnet-
ic axes and vanishes on the separatrix. It in-
creases away from the separatrix until it reach-
es a maximum on the shearless surface.

The toroidal magnetic field is produced by the
current flowing in the secondary circuit of a
transformer which is energized by a 12 kV-1200
p F condenser bank. The toroidal electric field
is produced by a set of coils distributed around
the plasma chamber. The distribution is one
which generates minimum magnetic field in the
plasma volume while inducing the electric field.
A 360-pF condenser bank energizes the coils.

The time sequence of the experiment is the
following: (I) Fill the chamber with hydrogen,
(2) energize the toroidal magnetic field, (2) en-
ergize the toroidal electric field at the time of
peak toroidal magnetic field, and (4) (optional)
fire a small spark discharge at the wall of the
chamber. The electric field breaks down the gas
and drives the plasma current. The discharge
lasts about 300 p, sec.

The magnetic field distribution is measured by
inserting a magnetic probe in the plasma. Fig-
ure 2 shows the results of poloidal-field mea-
surements scanned in the vertical direction 125
p, sec after the start of the discharge. The toroi-
dal magnetic field is 5500 G, the initial electric
field 0.85 V/cm, and the pressure 7 p H. It is
evident that the magnetic axis is located near
the predicted position. The theoretical curve is
calculated for a current density of 200 A/cm at

O
500

UJ GAUSS

400

300

200

100

LLI

cc 0

cf
C)

o 100 MEDIAN PLANE
FROM

1

14 cm

FIG. 2. Vertical distribution of the poloidal magnet-
ic field at R=16.2 cm. The initial H2 pressure=7 p,
toroidal magnetic field 5500 G, and toroidal electric
field 0.7 V/cm.

the magnetic axis. Horizontal scans through the
magnetic axes also give the distributions pre-
dicted by the calculation. The measurements at
the top half and the bottom half are identical
within shot-to- shot variations. These results
show that the desired magnetic configurations
are obtained and the plasma-current density has
a distribution close to the predicted one. The
fluctuations in the magnetic field are roughly
5% outside the separatrix and increase toward
the elliptic magnetic axes to about 20%. That
the configuration persists for more than 100
p, sec and the fluctuation in the magnetic field is
small indicate that the desired configuration is
in magnetohydrodynamic equilibrium and stable
against large scale magnetohydrodynamic insta-
bilities.

The measured current gives as the value of
rotational transform angle at the elliptic magnet-
ic axis $ &&2w, which is well below the Kruskal-
Shafranov limit. The value of P is also well be-
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low the magnetohydrodynamic limit against inter-
change and the ballooning mode.

The conductivity temperature may be calculat-
ed from the measured current density and the
electric field. In the present case the resistiv-
ity is 4X10 0 cm, which corresponds to about
5-eV electron temperature. One can deduce
from double-Langmuir-probe measurements that
the electron temperature is several eV and that
the ion density is about 3 X10' cm '. This value
is within the experimental error of the value ex-
pected for complete ionization of the hydrogen
gas.

With these values for density and temperature
the following quantities may be calculated:

P-0.5%, v -3&10' cm/sec,

energy confinement time =n(3k T+e V )/j E.
g

=10 p, sec,

magnetohydrodynamic characteristic times
(rRc)" /v~-2 Iusec, or r/vz-1 psec, where j
is the current density, E the electric field, vq
the velocity of sound, r the plasma radius, 1/Rc
the curvature of a flux line, T the plasma tem-
perature, and V; is ionization potential. Thus
both the duration of the configuration and the en-
ergy containment time exceed the magnetodydro-
dynamic characteristic times. Also the electron
drift velocity (j/en) associated with Ohmic cur-
rent is about equal to the velocitv of sound.

The plasma current begins to decrease about
100 @sec after the start of the discharge. The
following observations suggest that it is due to
the radiation cooling by oxygen atoms from the
wall.

When a double Langmuir probe is placed near
the wall, the ion current shows a second peak.
The scope trace indicates that the late increase
of the density coincides with the decline of the
plasma current. If the times of appearance of
the late density peak are plotted against the
probe position, it is apparent that the density
peak is moving away from the wall at a velocity
of 3x10 cm/sec which is equal to the sound
velocity of room temperature air. The amount
of gas is so large that the discharge is extin-

guished by the time the gas reaches the axes, al-
though the toroidal electric field has decreased
by only 20%.

Optical measurements provide additional evi-
dence for the influx of cold gas. The intensity of

0
the OII emission line at 4649 A increases sever-
al orders of magnitude about 100 p, sec after the
start of the discharge, indicating that the de-
cline of the plasma current is accompanied by a
large increase in the oxygen content.

The measurements of the magnetic field dis-
tribution as a function of time also indicate the
influx of cold gas off the wall. The current den-
sity which is proportional to the gradient of the
field strength decreases near the wall first.

In summary, the desired magnetic configura-
tion of plasma-current multipole has been estab-
lished experimentally. The configuration seems
to be in stable magnetohydrodynamic equilibrium.
However, because of the radiation cooling by
impurity ions, it is not possible to estimate the
energy confinement time limited by the turbulent
diffusion of plasma.
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