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the electrons to a drift velocity much larger
than the electron thermal velocity before tur-
bulence can develop. Quantitatively this condi-
tion can be written as

(5)(e/m)E0(10/y) )v„
where y—-u~, (m, /m;)'~' is the electron-ion two-
stream instability growth rate and we have as-
sumed that ten e-foldings are necessary for the
turbulence to develop. For the experimental
conditions of Hamberger and Friedman, ' Eq. (5)
requires an electric field of order 100 V/cm,
which is in the range of the fields obtained in
the experiment.
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The effects of magnetic shear on unstable drift waves are studied in a straight l =3
stellarator. Increasing the shear reduces the amplitude of the instability and also the
cross-field diffusion coefficient.

The stability of a low-P plasma magnetically
confined in a toroidal stellarator may be seri-
ously weakened by unstable drift waves. These
well-known plasma oscillations are associated
with the spatial inhomogeneity which is inherent
in confinement. The growth of the instability is
due to a restriction of the electron parallel mo-
tion which may be caused either by collisional
resistivity or by collisionless resonant-particle
effects.

Theory predicts that drift waves should be
stable in a strongly sheared magnetic field. The
shear stabilization of collisional drift waves has
been studied experimentally by Chen and Mosher'
in an annular plasma column surrounding a rod
carrying current parallel to the main magnetic
field. The drift waves disappeared and the peak
plasma density increased as the current in the
rod was increased.

We have investigated the shear stabilization of
drift waves by means of stellarator-type helical
windings external to the plasma. A straight stel-
larator was constructed for these experiments
since in a toroidal device the shear cannot be
easily varied over a very wide range of values
without disturbing the toroidal equilibrium of the
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FIG, 1. Schematic of the STAMP experiment. For
clarity only one of the six helical conductors is indi-
cated.

plasma.
The essential features of the experimental ap-

paratus (STAMP) are shown in Fig. 1. Lithium
or sodium plasmas are produced by thermally
ionizing a beam of neutral atoms directed onto
a rhenium plate (diameter 7.5 cm) heated to over
2000'K. The basic principles of such a Q machine
are well known and the detailed design of the
sources used on STAMP has been reported pre-
viously. ' Two identical sources which can be
moved axially produce a plasma whose length

may be varied between 40 and 400 cm. The axial
magnetic field is variable up to 4000 0 and at
that field lithium ions have a Larmor radius of
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0.3 mm. The periodicity of the l = 3 helical wind-
ing is 80 cm and the maximum current is 48000
A.

Computations of the helical magnetic fields are
in good agreement with measurements using an
electron beam to trace out field lines onto a
fluorescent screen. The magnetic field lines
lie on a nested set of trefoil-shaped cylinders.
The rotational transform t, has a nearly para-
bolic radial dependence and at the separatrix the
transform per winding period is 2p. It is con-
venient to express the magnetic shear in terms
of the shear length L,=[(2p/80)ddt/dh] ' which
varies roughly as the inverse square of the ra-
dius and is about 7 cm at the separatrix.

When the current in the helical winding is zero,
we observe spontaneously occurring oscillations
of the plasma density 8 and potential q which we
have previously identified as collisionless drift
waves. ' At a density of &0' cm ' the electron-
ion collision length X„.= 600 cm, and electron-
ion encounters within the length of the column
are too infrequent to generate collisional drift
waves. The density and potential oscillations
have peak rms amplitudes n, and y, close to the
radius r, where the density scale length 6
= [ d(inn, ) /dr]

' is smallest. Typically n, /n,
= ey, /kT = 10-20%%uo.

We observe that the amplitude of the unstable
drift waves is reduced as the current in the heli-
cal winding is increased. A typical comparison,
with and without shear, of the radial profiles of
mean density n, and rms level n, is shown in
Fig. 2. In this case the effective shear was b./
L = 0.05.

A necessary stability condition for drift waves
to eliminate the normal modes has been calcu-
lated by Krall and Rosenbluth4: b./L, &a,. /h. It
is also necessary to ensure that even if the nor-
mal modes are stable, the local growth of non-
thermal fluctuations does not lead to an unac-
ceptable level of instability. To prevent this
Rutherford and Frieman' have calculated that
4/L, & (m, /m;)"' and in general both of these
conditions should be satisfied for complete sta-
bility. However, in our experiments with a lith-
ium plasma the normal-mode stability condition
is harder to satisfy since (m, /m;)'I'= 1/20 and
typically a, /b, &I/10. In Fig. 3 the relative rms
amplitude n, /n, is plotted against s = b.'/L, a;.
Extrapolating the experimental results suggests
that n, /n, would reduce to zero in the vicinity of
s=1.

Figure 2 shows that there is an increase of
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FIG. 2. Radial profiles of mean density n 0 and rms
level n~ compared for a shear-free lithium plasma
(dashed curve) and for a helical current of 30000 A
(full curve). In the shear case, the profiles were mea-
sured parallel to the base of the separatrix triangle
(see inset diagram) which lies just inside the diameter
of the end plates. The length of the column was 200
cm and the axial field 1300 G.

about 10%%uo in the central plasma density when
the shear is switched on. This apparently small
increase in fact corresponds to a significant re-
duction in the cross-field diffusion rate which
is masked by the relatively high axial loss rate.
Axial losses are about 5 times greater than radi-
al losses in this collisionless plasma since the
ions are not trapped in the potential well formed
by the end-plate sheaths and the recombination
probability of lithium on rhenium is about 60%.
The drift waves produce a radial plasma flux

j ~(wave) = (nEe/B) = (1/rB)d(HP)/de.

We have measured (ncp) using two probes with
a variable separation and we observe that the
density wave leads the potential wave, typically
by a phase angle of 20 deg. This results in an

997



VOLUME 2S, NUMBER 1S PHYSICAL REVIEW LETTERS 12 OCTOBER 1970

2.0-)

|0

8
o

CI
05-

4

0Z-

0I—
0 0-5

6 /Lget
2

lp

0.$- X

j

li

Cl
C

C
Ol-

I

l.p

FIG. 3. nt/n 0 and Dj, (normalized to Dao'~ =ck T, /
16eB) plotted against & /L~a; . The theoretical thresh-
old of stability is at & /L~ a; = 1.

outward plasma Qux which is a maximum close
to the peak amplitude in n, . At small radii
j (wave) agrees well with values of the radial
flux estimated from the small axial gradient in
the central plasma density. The total radial Qux

at the outside edge of the plasma, j~(total), was
measured on a cylindrical ion-biased collector
positioned just outside the radius of the end

plates (r~ =3.75 cm). The value of j~(total) mea-
sured in this way is equal to the peak value of
ji(wave) which indicates that the radial plasma
losses are determined by the amplitude of the
unstable drift waves. Close to the edge of the
end plates, however, j~(wave) falls off, indicating
an additional loss mechanism in this region.
This is probably due to convective plasma mo-
tions caused by slight asymmetries of the end

plate temperature. ' Asymmetries as small as
10 K would be sufficient to provide the observed
loss rate at the edge of the plasma column. We
have not made a detailed investigation of the con-
vective processes, but our measurements of
j,(wave) and j,(total) are consistent with a radial
transport model proposed by Chen' in which the
drift waves sustain the radial plasma flux in the
body of the column although additional mecha-
nisms, such as convection at the edge of the col-
umn, are responsible for the final stage of trans-
port out to the walls.

The radial diffusion coefficent D~ has been cal-
culated from these measurements of the fluxes
j~(wave) and j~(total). In a uniform field D~ is
nearly inversely proportional to the field strength
and is of the order of Ds,„=cttT/16eB. This is
roughly two orders of magnitude higher than the
coefficient of diffusion due to binary collisions.
The accurate calculation of D in the sheared
configuration is difficult due to the complicated
topology of the magnetic fields, but approximate
values can be estimated taking mean values for
the density gradient and show an improvement
in D~ as the effective shear is increased. We
have not investigated in detail the dependence of
D, (with shear) on either the axial magnetic field
or the column length.

The main limitation in extending the measure-
ments closer to the theoretical threshold of sta-
bility at s = 1 is that the density gradient steepens
rapidly as the helical winding current is in-
creased. This reduces the effective shear across
the density gradient to much less than the total
shear between the center of the tube and the
separatrix. The plasma density profile is de-
termined by the spray of lithium atoms onto the
end plates and ideally this should match the tre-
foil shape of the magnetic surfaces. We are
modifying the spray pattern in order to make the
density gradient less steep and thus improve the
effectiveness of the magnetic shear. We are
also improving the circular symmetry of the
end-plate temperature in order to reduce the
convective losses at the edge of the end plates.
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The scaling
depend on the
on the relativ

In the last few years there have been several
reports of experimentally measured values of
plasma conductivity which are much smaller
than the so-called "classical" value based on
binary Coulomb collisions. Most such reports
relate to plasma in which there is a suprather-
mal level of electrostatic fluctuation, arising
from some instability excited either deliberately
(as in turbulent heating experiments' ' or col-
lisionless shocks') or inadvertently (as in toroi-
dal containment systems' or theta-pinches').
Since a wide range of experimental parameters
have been involved, and the theory of turbulent
plasma is still in an exploratory stage, some
confusion has arisen regarding the sealing laws
which govern the conductivity and their relation
to known plasma instabilities, etc. In particular,
for the class of experiment in which the turbu. —

lence arises as the result of applying a strong
electric field to a weakly collisional plasma,
three separate (though related) mechanisms
have been proposed to explain the observed ef-
fects based on the excitation of different forms
of electrostatic instability. It is the purpose of
this paper to show that certainly two, and prob-
ably all three, of these situations can occur for
different plasma conditions even in the same
apparatus, the scaling laws (i.e., variation of
conductivity with density, applied field, ion
mass, etc. ) being different for each.

Very briefly, the three exciting mechanisms
referred to above are these:

(1) The excitation of ion-sound waves by in-
duced Cherenkov emission from the drifting
electrons when the drift velocity v„~c,= (T,/

laws for "anomalous" conductivity seen in a turbulent plasma are shown to
type of electrostatic Quctuation spectrum present, which in turn depends

e drift velocity between ions and electrons.

M)' ', the sound speed.' (T, is the electron
temperature in energy units, M the ion mass. )
The frequency spectrum which develops as a
result of nonlinear effects has been discussed
for this case by Kadomtsev' and Tsytovich, "'
and, as would be expected, lies in the frequency
range &w~„ the ion plasma frequency.

(2) The development of a hydrodynamic in-
stability as predicted by Budker ' and Buneman
resulting from electron-ion counterstreaming.
In a warm plasma this is expected when v„~v,
=(2T,/m)' ', the electron thermal speed, and
is characterized by fastest initial growth at fre-
quencies around &u* = —,'(m/M)'~'~~, = 2(M/m)'I'
+ 40p~.

(3) Various forms of beam-plasma instability
resulting from the formation of a secondary
"runaway" beam of electrons which interacts
with the background electrons. In the laboratory
fra,me these could have frequencies w= +~, if
~~, » &u„(the gyrof requency) or 0 & ~ & to~, if

13(dpe ( (d ~ .
We have studied the spectrum of short-wave-

length potential fluctuations in a toroidal appa-
ratus, already well described, "using calibrated
high-impedance floating double probes (spacing
&1 mm) with frequency response up to 2 6Hz.
For comparison, the ion plasma frequency in
these experiments was 100-700 MHz, and the
Debye distance of order 10 '-10 ' cm. The
technique used was to record the potential dif-
ference V between the probe electrodes directly
on an oscilloscope (Tektronix model 519), and
to obtain the power spectra (V'(&u)) (Fig. 1) by
computing numerically the Fourier transform of

999


