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OCTOPOLE AT GENERAL ATOMIC. Oh-
kawa stands alongside the toroid; the gun and
expansion chamber are on the left. —FIG. 1 CROSS SECTION of the octopole. The gun produces 1018 par-

ticles per pulse with a mean energy of 100 eV; they are guided
through the expansion chamber and injected into the torus.—FIG. 2
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Plasma Confinement
In the Toroidal Multipole
Controlled thermonuclear fusion as a source of power
awaits the development of a suitable method of
plasma containment. The toroidal multipole system may
offer fundamental advantages that are explored
in these experiments.

by Tihiro Ohkawa and Norman Rostoker

PLASMA CONFINEMENT SYSTEMS of var-

ious kinds have been studied in many
countries for more than 15 years, with
the attainment of controlled thermo-
nuclear fusion as the aim. Most of
the effort, particularly recently, has
been devoted to stellarators; the largest
machines are the C Stellarator at the
plasma physics laboratory of Princeton
University and the Tokomak at the
Kurchatov Institute in Moscow. More
recently experiments with toroidal mul-
tipole devices have shown that the con-
tainment time may be at least ten times
that for stellarators, by reducing the
loss of plasma density through "pump-
out" or Bohm diffusion, a turbulence

| effect that had been the limiting factor
of earlier machines.

Stellarators
Usually a stellarator involves a simple
coil to produce a toroidal field plus
helical multipole windings to produce
a rotational transform and magnetic
shear (see figure 3). However there
are many variations; for example the
rotational transform may be produced
by a toroidal current in the plasma as
in the Tokomak series; it is possible to
produce a modest magnetic well with
additional windings. We might define
a stellarator as a toroidal containment
system that does not possess axial sym-
metry about the major axis and for
which B = STTP/B2 « 1 where P is the
plasma pressure and B is the magnetic
field strength.

In almost all experiments with stel-
larators the phenomenon of Bohm dif-
fusion is observed. Low frequency
fluctuations in the plasma potential are
seen with magnitude

A$ « kTJe

where Te is the electron temperature.
The containment time is T « To2/D
where r0 is the wall radius and D =
ckTe/l6Be is the Bohm diffusion co-
efficient. One simple-minded deriva-
tion of this coefficient suggests that it
is due to fully developed turbulence of
the plasma. For example the drift
velocity across field lines is given by
V - cv®/B; A<£ « kTe/e\ where A
is a scale length for the turbulence and
the particle current across field lines is
thus nV = Dyn = Dn/\. If we now
solve for D, A cancels and the Bohm
formula is obtained, except for the
numerical factor.

Bohm diffusion has been observed
under a wide variety1 of conditions;
with electron densities 5 X 109 cm"3

< n < 2 X 1013 cm"3; with ohmic
heating, electron cyclotron heating, ion
cyclotron heating, resistive microwave
heating, and no heating. Indeed, there
is sufficient evidence to speculate that
it might be a law of nature for all
toroidal systems, in which case a ther-
monuclear reactor would be impracti-
cal. In addition one might conclude
that further experiments with toroidal
systems will contribute little to plasma
physics because it is not possible to

identify an instability in the presence
of fully developed turbulence.

In recent Soviet experiments with
the Tokomak2 a containment time one
order of magnitude larger than the
Bohm value is claimed. During the
past three years experiments have been
carried out in Germany with the Wen-
dels tein stellarator.3 The distinctive
feature of this device is that plasma is
produced by contact ionization of a
beam of cesium atoms that is incident
on a hot tantalum plate. Plasma dif-
fusion rates have been observed that
are much less than the Bohm rate and
are close to the classical rate. The
experimental data are very sensitive
to small field errors and the precise
position of the tantalum plate with re-
spect to the magnetic axis. In a similar
experiment with the C Stellerator,4

only Bohm diffusion has been ob-
served. This experimental evidence
obtained with stellarators supports the
view that Bohm diffusion is not a law
of nature for toroidal systems.

Toroidal multipoles
The distinctive feature of the multi-
pole is that it has axial symmetry about
the major axis of the torus. It consists
of N internal rings carrying parallel
currents in the toroidal direction (N =
2, quadrupole; N — A octopole, etc.).
A conducting wall carries the reverse
current (see figure 4). The magnetic
configurations with internal conductors
were first discussed in 1961 by S. I.
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Symbol definitions
/3 —ratio of plasma pressure

to magnetic field, = SirP/B2

P— plasma pressure
B — magnetic field strength

A<£— fluctuations in plasma po-
tential $ a s a result of in-
stability

— Boltzmann's constant
Te — electron temperature
e — electronic charge
r — containment time
r0 — wall radius of plasma ves-

sel
D —the Bohm diffusion coeffi-

cient, = ckTe/l6Be
c — velocity of light
V— drift velocity across field

lines or thermal speed
X —a parameter with dimen-

sions of length in Bohm
diffusion

n — number of particles (ions,
electrons) per unit volume
in the plasma

N—number of internal rings
in a toroidal multipole

^ — magnetic flux
no — vacuum permeability

/ — current in multipole rings
BT, Be — tangential and radial com-

ponents of magnetic field
U — a parameter defined by U

= f B~ldl, where the in-
tegral is taken around
closed flux lines

R— radius of curvature of a
field line

a — defined by a"1 = \Vn/n |
g — defined by g = V2/R

ya __ the Alfven speed, =
B^irnMT1/2

co— noise frequency
k±, k\\ —noise wave number per-

pendicular and parallel to
B

vp— noise phase velocity
Jd — diamagnetic current
flt — cyclotron frequency (Lar-

mor frequency) for ions

STELLARATOR seen in schematic cross section,
located inside the main coils.

Helical windings are
—FIG. 3

Braginskii and B. B. Kadomtsev.5

For simplicity we shall consider the
stability properties in terms of a linear
octopole for which the field lines are
indicated in figure 5. The flux func-
tion for this case is

X log [1 + (r/ro)8 - 2(r/roY cos 40]

and the fields are

BT = r

According to the theory of MHD
(magnetohydrodynamic) stability6 a
sufficient condition for stability in the
limit that /? _> 0 is

VU*VP < 0

where P is the plasma pressure,

U = - fB-Hl

and the integral is taken around closed
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flux lines. Figure 6 is a plot of U as
a function of ^. If the plasma can be
placed in the trap so that P is related
to ^ as indicated in figure 6, then sta-
bility is predicted. U is of the nature
of a magnetic "potential" and forms a
"mean magnetic well" in which the
plasma is contained.

By considering two neighboring flux
tubes such that 8P < 0 we can show
that the stability condition is

8U « fR-lB~2dl > 0

where R is the radius of curvature of
the field line and is to be counted posi-
tive when the line is concave viewed
from the low-pressure side. Inside the
separatrix K is always positive so that
this region is referred to as "an abso-
lute minimum B" region. Outside the
separatrix there are regions of positive
and negative curvature. The weight-
ing factor 1/B2 favors the regions of
positive eurvature when ^ < \I>C. This
type of stabilization is referred to as
"average minimum B."

In the regions of negative curvature
a flute instability can grow with time
constant T « (fl/g)% where ar1 =
\vn/n\ and g & V2/R where V is the
thermal speed of the ions. The growth
will not take place if the communica-
tion time between regions of positive
and negative curvature TC = L/VA < T
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OCTOPOLE plasma confinement device,
seen inside the conducting outer wall.

The four rods are
—FIG. 4

FIELD LINES of octopole. Their radius of curvature R is
always positive inside the separatrix. —FIG. 5

where L is the distance and VA =
B(47rnM)-1/2 is the Alfven speed.
This condition reduces to ft equals
87rnMV2B-2 < 2aRL~2 which pro-
vides an estimate of maximum plasma
pressure that can be contained.

In 1961 a program was initiated at
General Atomic by Donald Kerst and
Tihiro Ohkawa to study first a linear
and then a toroidal octopole. In 1962
Kerst started a similar program at the
University of Wisconsin. The balance
of this article will be devoted to dis-
cussing the results of the program at
General Atomic.

Design of the octopole
The first experiments were conducted
with a linear octopole to show that
injection from a coaxial plasma gun is
feasible.7 Figure 7 is a time exposure
of the plasma viewed from one end of
the linear octopole. Then we made a
toroidal machine that is illustrated in
figures 1 and 2. The major diameter
of the torus is 125 cm and the diagonal
distance between centers of the con-
ducting rings is 25 cm. The conduct-
ing rings are not in magnetic equilib-
rium and four 0.64-cm-diameter sup-
ports are required for each ring to
withstand a peak force of 2000 kg per
support. The octopole field is ob-
tained by inducing current in the four

rings which form the secondary of a
transformer. The primary has 14 ten-
turn windings which are connected
through ignitrons to two 14-kV capaci-
tor banks of 3600 /xF each. Each set
of ten primary turns has a crowbar
ignitron across it, and the field is crow-
barred at the peak of the first half
cycle. The field rises in 400 /xsec and
then decays with a 2-msec time con-
stant.

The coaxial gun shown at the left in
figure 2 produces about 1018 particles
with a mean energy of 100 eV. The
plasma is guided through an expansion
chamber which disposes of most of the
neutral gas.

After injection plasma streams
around the torus in both directions
with a velocity of 107 cm/sec. A small
part of the plasma is lost where the
two streams meet at 180 deg from the
injection port. In about 100 fxsec the
plasma settles down, and the density
becomes uniform around the machine.
Also during injection, there is a radial
electric field in the plasma such that
the potential drop is proportional to
the ion energy; this decays to a very
small value in about 100 /xsec. Figure
8 shows the plasma density and the
electron temperature on the multipole
axis as a function of time measured by
a Langmuir probe. The electron tem-

perature is about 10 eV and constant
during the experiment. The density is
about 1012 cm"3 and decays with a
1-msec time constant after injection.
The density profile perpendicular to
the magnetic lines is shown in figure 9.

We measured ion energies by ob-
serving the charge-exchange neutrals
that leave the plasma. The neutrals
pass through a gas stripping cell and
are then electrostatically analyzed.
This measurement indicated that hot
ions with 100 eV energy disappear in
about 20 /xsec. It has been shown that
bombardment of walls during injection
releases neutral gas near the injection
port that subsequently removes the hot
ions by charge exchange. This prob-
lem has been solved by technical im-
provements in the injection system and
by reducing the plasma density (the
neutral atom flux is proportional to the
square of the plasma density) to 1011

cm~3 in which case the lifetime of
100-eV ions increased to 300

Control of MHD instability
When the multipole field is crowbarred
and the field decays with a 2 msec
time constant, fluctuations in potential
and density are observed to be quite
small

(An)/n
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PLASMA PRESSURE
(color) and parameter

U as functions of <ir.
U has the nature of a

magnetic potential
and forms a

magnetic trap
to contain the plasma.

—FIG. 6
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According to theory, MHD stability
should prevail as long as the plasma
density is a maximum on the axis. It
is possible to drive the plasma slowly
toward the wall by not crowbarring.
The time dependence of the field is
then a half sine wave. The plasma is
injected in the first quarter cycle, and
in the second quarter cycle the plasma
drifts toward the wall because of the
E X B drift. Between the axis and the
density maximum, MHD instability is
predicted. The beginning of the high-
frequency noise coincides with the
passing of the density peak; the ampli-
tude of the fluctuation is several volts

TIME EXPOSURE of the plasma in
a linear octopole built to test the in-
jection method. —FIG. 7

and the frequency ranges from 10 to
10 000 Hz.

Control of microinstability

When the multipole field is reduced, a
weak instability appears that does not
have the properties of any MHD in-
stability. With a detailed experi-
mental study of its properties we tried
to see whether it can be identified with
one of the many microinstabilities pre-
dicted by the linearized Vlasov equa-
tion. We made floating potential fluc-
tuation measurements with electric
double probes and measured the noise
frequency and amplitude as functions
of position, magnetic field, ion tem-
perature and ion density.

The properties of the noise can be
summarized as follows:

1. o) (frequency) oc B (field)
2. k± (wave number perpendicular

toB) oc B2;/c(| & 0
3. DP (phase velocity) Jd (diamag-

netic current) > 0
4. An/n oc — eA3>
5. Amplitude A oc B~2

6. Sensitive to ion temperature
7. A is small on the separatrix and

largest when &n is large
8. Absolute minimum B around the

rod does not stabilize the mode
9. dw/dfc = w/fc > 0

Properties 2 and 4 rule out almost all
modes predicted by linear theory ex-
cept for the drift-cyclotron mode.8

This is a microinstability that is pre-
dicted to occur at the cyclotron fre-
quency whereas the observed fre-
quency is about a factor of 5 less than
the cyclotron frequency. However,
previous calculations assume that the

density changes little over an ion gyro-
radius and neglect the field-line curva-
ture. Both approximations are inade-
quate for the present problem. Recent
improvements9 in the calculation have
produced a satisfactory agreement be-
tween theory and experiment. The
main feature of the improved calcula-
tion is the Doppler shifting due to drift
motion resulting from the field-line
curvature, that is, o> « Oi—k±g/Qi

where fi; is the cyclotron frequency,
k± is the wave number and g = V2/R
where V is the ion thermal speed and
R is the radius of curvature of the field
line.

Recently the effects of a small toroi-
dal field have been studied. A toroidal
field of about 120 gauss has been ap-
plied for a time long compared to the
duration of the experiment. This
study is of interest because we can
look at small effects of certain features
common to stellarators such as flux
surfaces and magnetic shear. The
small toroidal field has a substantial
effect on the fluctuations as indicated
in figures 10 and 11. The previously
discussed mode disappears as a result
of the toroidal field. The remaining
noise is smaller in amplitude, more
irregular and independent of back-
ground pressure. Thus we know that
it does not depend on hot ions. We
have also been able to reduce the am-
plitude of MHD fluctuations obtained
when the plasma density maximum is
off axis. This noise has been reduced
by a factor of 10 with the application
of a 60-gauss toroidal field.

Confinement of energetic ions

To avoid charge-exchange limitations
we must work at densities less than
1011 cm-3. The observation of ener-
getic ions by means of gas stripping
cells is not possible at such low densi-
ties. Instead we used the ion extractor
tube developed by the Wisconsin
group.10 It is inserted at the edge of
the plasma and the decay of ion flux
through the tube is measured. Due to
the ohmic decay of the current in the
multipole rings the plasma should
slowly drift toward the rings. The
drift of course affects the ion flux at
the outer edge where the extractor
tube is inserted. To avoid this effect
the multipole field was not crowbarred
so that its dependence in time was a
half sine wave. In the second quarter
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VARIATION OF PLASMA DENSITY and electron temperature (color)
with time. Electron temperature is roughly constant at 10 eV. Plasma
density decays with time constant approximately 1 msec. —FIG. 8

cycle the plasma drifts away from the
axis. Another capacitor bank was
fired at various times in the second
quarter cycle so that the decay of the
magnetic field had a controlled delay.
The ion signal had a corresponding
delay. Thus the ion lifetimes could be
determined by plotting the intensity of
the ion signal against the time it ap-
pears (figure 12). We studied the
effect of ring supports on the lifetime
by putting in additional supports with
the result shown in figure 13. These
observations show that the observed
ion decay times may be explained
within a factor of two as the support
loss.

Future prospects
The objective of the multipole experi-
ment was to demonstrate MHD stabil-
ity in a torus. This objective has been
accomplished. Independent experi-
ments at the University of Wisconsin
have reached the same conclusions
with respect to MHD instability.

The important question for the
problem of controlled thermonuclear
fusion is whether or not pumpout
(Bohm diffusion) can be avoided.
The present results suggest that it can

because the level of fluctuations is
several orders of magnitude less than
is observed with stellarators. A defi-
nite answer to the question would re-
quire the demonstration of a confine-

ment time much longer than is pre-
dicted by Bohm diffusion. In this first
generation of crude experiments the
lifetime is limited by the support losses
to a value that is ten times the Bohm
diffusion time.

The development of a quiet plasma
makes it possible to study specific
modes of instability, make comparisons
with theory and test methods of con-
trol suggested by theory. A specific
example discussed here is the drift-
cyclotron mode which is controlled by
a small toroidal field.

To obtain a long lifetime it is neces-
sary to do something about the support
losses; it is also necessary to prevent
the ohmic decay of current in the rings.
The following steps are under con-
sideration:

A quadrupole has the advantage that
the rings are in principle force-free.
Thus a quadrupole can be designed
with very small supports just sufficient
to hold the rings against gravity when
there is no magnetic field. Alterna-
tively the rings could be allowed to
drop and be caught as in the Levitron
at the Livermore laboratory.

The ohmic decay of currents in the
rods can be overcome by making the
rods superconducting. A design of
superconducting and levitated rods
is being considered at Princeton's
plasma laboratory. An alternative ap-

LU
Q

PROFILE of plasma
density from the axis
to the wall, 25, 45
and 500 /isec after
injection.—FIG. 9

VERTICAL POSITION (cm)
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NOISE (8 cm from the axis) reduced
by a toroidal field. —FIG. 10

proach is to drive the rings directly
with a constant voltage through con-
ductors that also serve as supports.
Some preliminary experiments at Gen-
eral Atomic show that dipole shielding
of supports may be effective. (A hair-
pin coil of dimensions 10 by 2.5 cm
was inserted into the plasma; with no
current in the coil the plasma lifetime
was reduced from 400 to 250 fxsec;
with 12 kA flowing in the coil the life-
time was restored to almost the original
value.)

Further ahead
At present we are still mainly con-
cerned with basic physical questions.
The density and temperature of the
plasma are quite far from the magni-
tudes necessary for a thermonuclear

1

Clockwise

i

P
LI

TU
D

E
 (

m
V

)
:A

K
 

T
O

 P
E

A
K

150 /

1 0 0 1 -

bO -

\

Counter clockwise

-20 -10 0 10 20

TOROIDAL FIELD (GAUSS)
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about 50 mV by the application of the toroidal field. —FIG. 11

reactor. The technology for increasing
the temperature is available; however
this would require larger magnetic
fields, plasma volume or both. The
cost of experiments would be very
much greater so that probably serious
attempts to study kilovolt plasmas will
not take place in the next generation
of experiments. To increase the den-
sity without making charge exchange
the dominant loss process, we must
find a better method of producing
plasma in the torus. This too is prob-
ably beyond the next generation be-
cause the question of Bohm diffusion
can be settled with present densities
where the technology is available.

The ultimate objective of experi-
ments such as the one described in this
paper is fusion power. Although there
is no rational way to predict when or
whether this objective will be accom-
plished, a brief comparison of the pres-
ent state of this experiment with other
major experiments may provide some
perspective. The major experiments
in the United States11 are listed in the
table below.

In each case the experiment is
limited either by technical or funda-
mental factors. Indeed the objective
of each experiment is to apply the most
advanced technology to a specific idea
in order to determine the fundamental

Major controlled fusion experiments in the United States

C Stellarator (Princeton)
ALICE (Livermore)1

Astron (Livermore)2

DCX (Oak Ridge)

Scylla (Los Alamos, Naval
Research Laboratory, General
Electric)

see text

neutral injection into an open-end mag-
netic trap

injection of relativistic electrons that
produce minimum-B confining fields

injection of molecular ions into an open-
end magnetic trap

high-beta plasma produced by a linear
pinch with plasma currents in the azi-
muthal direction

i PHYSICS TODAY, November 1966, page 71
2 PHYSICS TODAY, August 1967, page 49
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limitations. From this point of view
the most advanced experiments are
the C Stellarator, DCX, and ALICE.

In each of these experiments confine-
ment seems to be limited by instability
of the plasma. Confinement in Scylla
is not determined by instability but by
the short length of the device so that
the plasma streams out in a few micro-
seconds. Astron has thus far been de-
veloped until about 57c of the required
electron current is available. No sig-
nificant instability has been observed
yet; so the limitations are in the tech-
nology. The present multipole experi-
ments are at a similar stage in that
plasma confinement is not limited by
instability.

In the experiments that have
reached fundamental limitations, the
plasma is of no practical consequence
for fusion. The purpose of the experi-
ment is to understand the fundamental
limitation and see if it can be removed.
On the basis of present knowledge it
is expected that when Scylla, Astron
or multipole experiments reach their
fundamental limitations, the plasma
will be of some practical significance.
We can not predict the time scale for
this development because the funda-
mental limitations are not known. In-
deed if they were known the experi-
ments would be unnecessary.

This work was carried out under a joint
General Atomic-Texas Atomic Energy Re-
search Foundation program on controlled
thermonuclear reactions.
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