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T. Ohkawa~ and D. W. Kerst
John Jay Hopkins Laboratory for Pure and Applied Science,

General Atomic Division of General Dynamics Corporation, San Diego, California
(Received June 5, 1961; revised manuscript received June 29, 1961)

Multipole magnetic fields increase with distance
from and are convex toward the center of sym-
metry, providing a central equilibrium position
and correct field curvature for stability of con-
fined plasma. Braginskii and Kadomtsev' and
Grad' have treated stability only for this convex
portion of field, and Tuck' pointed out the utility
of joining lines of force exterior to the multipole
conductors to eliminate plasma escape along lines
of force.

We describe a multipole configuration for which
it has been possible to derive the conditions for
plasma stability over the completely contained
tubes of flux. These conditions can conveniently
be met. The structure has only x and 0 fields;
thus eliminating the z field of Stellarators and
pinches, and critical surfaces which break up
into multiple pressure-reducing flux bundles un-
der the influence of field errors. ~ A large volume
of high P(=—2P/B') plasma is contained with no

plasma surfaces in the sense of the cusp model. '
The configuration is stable due to the externally
supplied fields alone, no matter horn little plasma
is present. There is no requirement for persist-
ence of special plasma current distribution as
employed in pinches.

Figure 1 shows the cross section of a multipole
field configuration. Th'e z direction can be linear
or along the circumference of a torus. Toroidal
effects were found sufficiently small to be omitted
in the calculations. Current flows in one direction
through the rods and in the opposite direction on
the wall. Briefly, the stability of the exterior of
the multipole results from the flux tube connection
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FIG. 1. Cross section of multipole configuration.

between Region I where the field is convex toward
the plasma, thus providing stability, and Region
II where the field outside the plasma is concave
toward the plasma contributing instability to the
flux tube. The plasma on flux lines which circle
a rod is in a completely stable situation. Condi-
tions for net stability follow from the considera-
tions sketched below which will be fully published
elsewhere.

The energy principle' is used with the flux func-
tion, g, and orthogonal coordinate, y, chosen so
that

B = -8$/ey
0

B =(l/ )(8&/»),
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and so that a line element, ds, is

%e minimize the energy, 65', with respect to
displacements in the g and z directions, elimin-
ating terms containing these components. The
sufficient condition for stability that results is
that the function,

-X 'JB '(BP/8 $)[B(P+ ', B')/8—P]f,

be positive for all flux lines, where Xp is defined
by

t = Q (1/B)X coskz,
A=0

and g~ is the g component of the displacement.
Consider first a uniform X~ along the arcs in Fig.
2. Then the stability condition becomes

This condition is easy to satisfy since B, may be
an order of magnitude less than B2.

A worse displacement is one which does not
occur in Region I where stability is provided, but
rather the displacement is only in Region II. Sta-
bility would then have to come from bending the
lines of force. The stability condition for this
type of displacement is

(dpi«, ) & (B.'/2~. )( /y, )',

REGtON E

FIG. 2. Geometry of flux line for stability calculation.

or approximately

P. & (d/~, )(~/p. )'.

This condition can also be satisfied with conven-
ient proportions of rod and rod cavity.

A general result for plasma containment time
is

'/(n 0),
where g is plasma resistivity in emu, or

v=10 'T "'d'(B /B )' seconds.
ev 2 1

This time is generally long compared to the time
for other processes to affect the plasma.

Even at low density and in the collisionless case,
pressure is scalar and constant along a field line.
A spherically symmetric velocity distribution in
the central low field is maintained in the high-
field region where the orbit magnetic moment is
an invariant. In case the ion gyroradius is less
than d, electrostatic ion reflection due to electron
space charge occurs in the high-field region and
in this case the action is invariant. This insures
constancy of pressure on the central field line.

A free rod can have a stable equilibrium posi-
tion, but with supports for the toroidal case, plas-
ma lifetimes useful for some purposes are possi-
ble.

Linear arrays allow rods to be connected out-
side the plasma. Termination in a point cusp re-
quires the cusp flux to join the rod flux and to
wind its way along the multipole, producing a Bz.
There is a confluence of cusp flux, as it starts
around the rod, where a singular line is generated.

Injection of plasma through the convex surface
of Region I allows entry by the instability caused
by reversal of the pressure gradient. ' Once with-
in, the plasma is confronted with a stable con-
figuration which confines it.
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