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ON STELLARATOR "PUMP-QUT"

N. D'Angelo

In stellarator experiments plasma loss rates have been
measured largely in excess of those predicted on the
basis of the so-called "classical" diffusion theory (l).
This phenomenon of enhanced plasma loss is usually re-
ferred to as "pump-out". Loss rates in excess by sev-
eral orders of magnitude over the classical rates
should arise, according to Bohm (2), if fluctuating
electric fields of large enough amplitude are present.

Stellarator experiments by Stodiek, Ellis and Gorman (3)
have shown plasma confinement times T proportional to
B/‘I‘e (B = magnetic field intensity, T, = electron tem-
perature) as predicted for Bohm's diffusion. Furthermore,
the absolute values of T were in good agreement with
Bohm's predictions. No statement was made, however, by
Stodiek and co-workers as to the mechanism of excitation
of fluctuating electric fields which might account for
the observed loss rates.

Spitzer has advanced the suggestion (#) that fluctuating
electric fields, with components in the azimuthal direct-
ion, might be present in stellarator plasmas, as a result
of ion wave propagation along the magnetic lines and in
phase over areas of the size, perhaps, of an ion Larmor
radius, but otherwise uncorrelated from one "tube of
force" to the next.

Experiments by Motley (5) and some additional prelimi-
minary evidence from cesium thermal plasmas in a stellar-
ator geometry seem, however, to point against the picture
of ‘vef. ‘(4).




"In retrospect .... one rnust admit the failure .... of
the straight-forward theory to account for the wide
spectrum 'hash' which is observed whenever current is
passed through a plasma and which evidences the pre-
sence of instability. While the low current Ti <« Te
hash may find a satisfactory fit in the fast cold-ion
acoustic overstability, the Tifv Te case is badly want-
ing for a theory. For this case, not only are the theo-
retical minimum unstable currents much too high, but the
real part of the frequency also comes out much too high
(electron plasma frequency)." (6)

In this note we wish to point out that for a fully ion-
ized plasma in a stellarator geometry an instability
might, perhaps, occur which gives rise to quasi-electro-
static ion waves propagating across the magnetic lines.
The excitation does not require a relative drift between
ions and electrons along the magnetic lines. The growth
rate of the oscillations appears to be fast enough to
account for the observed "pump-out" phenomena.

This instability might be present not only in stellar-
ators, but, in general, in other devices which make use
of curved magnetic lines for confinement of the plasma.
A more complete report will be given at a later date.

Consider a fully-ionized plasma in a stellarator geometry,
with very small value of B (ratio of material to magnetic
pressure), and a cross section of the plasma, say in the
middle of a U-bend, with a plane perpendicular to the
magnetic axis. Assume that, in the absence of any per-
turbation and with no zero-order electric fields, the
plasma is confined and has a certain radial density distri-
bution, cylindrically symmetric. Because B + VB # O and
the magnetic lines are curved, the centers of gyration of
the ions have a drift velocity in the vertical direction.
In the absence of any density gradient a drift of the
centers of gyration will not result in any macroscopic ve-
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locity of the ions. llowever, if density gradients are
present, macroscopic velocities will also arise in con-
nection with the drifts of the centers of gyration.(7)

We shall assume, for simplicity, that the magnetic field
is uniform throughout the entire plasma cross section,
but the magnetic lines are curved with a radius of curva-
ture R. The effect of B *+ VB # O should be treated in a
similar way.

In the case of straight magnetic lines and a B field of
uniform intensity, if the density distribution of the
plasma is cylindrically symmetric, the lines of force
of the macroscopic velocity field are circles and coin-
cide with the lines of constant density.

When the magnetic lines are bent, this is no longer true.
For a density distribution which is still cylindrically
symmetric, there are regions along a line of constant
density where the macroscopic velocity vector is no lon-
ger tangent to the line. The fact that a non-vanishing
component of the macroscopic velocity exists along the
direction of the density gradient might then give rise
to an instability. '

We shall only consider the plasma motion in two dimen-
sions (plasma cross section in the middle of a U-bend)
and account for the curvature of the magnetic lines and
the presence of a rotational transform by means of two
"source" terms in the equation of continuity and moment-
um for the ions, which we shall write as

dn
ﬁ + V-(n -V_) = E_ n ’ (l)
nm %% + nvevV + xT vn + qn - gnv x B = annv . (2)

The terms en and wmnv represent rates of change of densi-
ty and momentum and the coefficients a and € could, in
general, depend on coordinates, particle velocities, curva-

.




ture of the magnetic lines, etc. They will, of course,
vanish, when the magnetic lines have no curvature. How-
ever, oo and € must not vanish if a macroscopic drift is
present from the curvature of the magnetic lines. It is
at least difficult to specify ¢ and o« from what actually
happens in a stellarator. We can leave them entirely
undetermined and let the zero-order equations specify
them.

We shall treat the problem, for simplicity, in a Carte-
sian geometry. The uniform Eo field is in the direction
of the positive z axis and a density gradient exists in
the x direction. We take for the unperturbed density

distribution no(x) = Eo e”"®, assume that charge quasi-
neutrality is preserved and neglect all variations of
the §0 field arising from plasma motion (low=B approxi-

mation).

For the zero-order macroscopic velocity we write
s AP X+ N3 , (32

where % and § are the unit vectors in the x and y direct-
don, and/u and 7 are constant. That/u must be a constant
can be seen from the fact that/u =/udf(Ag), where/ud is
the drift velocity of the gyrocenters and ¢ is the ion
Larmor radius. In our case Ag = const.

The zero-order equations are:

Ac? + QWM +%m =0 Qu - =0 (4)
Ayu + € =0 ;

with ¢ = (-atT/m)V2 and o, = qB/m.

For the first order quantities (perturbation) we assume:

Iaen ; e—"’X ei(ky—wt) Vi = Vi & ei(ky_Ut)

o Al (5)
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A root of the dispersion relation obtained from egs. 1,
2, 3, 4, and 5 is:

0 _*km W; = " (6)
This is a wave travelling in the y direction with a phase
velocity equal to the ion drlft veloc1ty n of the zero-
order motion and vq £ O. For/u <X q' one obtains from
eq. 4:

mﬁ—/ll—ﬁﬁ—/li“]:é . (7)

wWe have now to evaluate/u. In the stellarator geometry
the x direction of our problem corresponds to the radial
direction and we shall consider a radius making a certain
angle with the vertical, say about 2¢° or 30°. Then:

S TQA) =y £1(0) § A = puy A, (8)
where y will be, perhaps, of the order of unity (or larger).
Then:

S 1B
rt’g;r'owth y fg ¥ cC ) (9)

The last relation is obtained by keeping in mind that (1)

Mg TR © . (10)

In order to have growth it is necessary that « > O or
/u/A,( O. This means that the ions have to move, in the
zero-order motion, along the x axis, against the density
gradient. This condition will always be satisfied in some
region of the plasma cross section. From eq. 9 one obtains

for typical stellarator H plasmas T =le/us, whereas

growth

for Cs thermal pasmas in a stellarator geometry ‘growth

~1 ms, taking for y a value of about 1.

It should finally be added that waves similar to those
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described in this note have been actually observed in
cesium and potassium thermal plasmas, with straight
magnetic lines (8). In that case, however, an "external"
excitation mechanism was required to observe the waves
and no appreciable "enhanced" diffusion seemed to arise
from their presence. For straight magnetic lines one

would actually obtain from the present calculation

Gi = 0 and Vg o= 0.

I wish to thank Drs. E. Canobbio, R. Croci, and D. Dimock
for many helpful discussions.
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