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FIG. 4., Pressure dependence of spectral exponents
in neon in the high-temperature regime (300°K). Note
that where they differ, A, is greater than A,. The in-
complete density scale at the top of the figure is a re-
sult of a corresponding-states calculation based on the
1020°K isotherm for argon.

which is particularly simple for reduced temper-
atures T /€ < 3. In this range the temperature
and density effects on the spectral shape are sep-
arable and individually very simple. For kT /e
>3, the simple temperature dependence fails and
the intermolecular polarizability giving rise to
high frequencies (short times) saturates and
eventually decreases.

We have avoided associating the observed spec-
tra with a specific model for the short-time dy-
namics of the fluid, although several aspects of
the spectra can be given quite interesting inter-
pretations within the framework of such models.
It is our hope that as dynamic theories of dense
fluids are developed, the information contained
in these spectra will provide useful guidelines.

We are grateful to D. H. Olson and H. L. Car-
ter for excellent technical assistance in these
experiments.
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Collisional Drift Instability Driven by an Axial Current*
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The current-driven collisional drift instability is observed in a double-ended @-ma-
chine cesium plasma. The instability is of large amplitude and leads to significant densi-
ty decrease at onset. The characteristics of the instability are in good agreement with a
linearized two~fluid theory which includes electron heat flow and electron temperature

oscillations.

Plasma instabilities driven by currents which
flow parallel to a magnetic field are of impor-
tance because such currents are utilized for
Ohmic heating and plasma production in many de-
vices. Low-frequency drift instabilities driven
by current would be particularly interesting since
drift instabilities in the absence of current'™® are
known to cause enhanced plasma losses across
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the magnetic field, Moreover, Coppi and Maz-
zucato® 7 attribute anomalous resistivity in Ohm-
ic-heated stellarator discharges to the current-
driven collisional drift instability. In this Letter
we report the observation of this drift instability
in a cesium plasma created in a double-ended @
machine. Certain important instability features
are shown to agree with a linearized two-fluid
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theory which includes electron-heat-flow effects
and electron temperature oscillations. It is im-
portant to stress that the theory which assumes
isothermal electrons, such as in Refs, 1-3, pre-
dicts no interaction between the axial current and
the collisional drift mode. The present experi-
ments are interpreted as strong evidence that
electron temperature oscillations and heat flow
are important elements when considering colli-
sional drift instabilities., These features were
first pointed out clearly by Coppi and Mazzucato®
and investigated in more detail by Tsai, Perkins,
and Stix.®

As our theoretical model we consider a low-j3
collisional plasma slab with a static magnetic
field B in the z direction and a density #,(x) vary-
ing exponentially in the x direction. An electron
drift #, is assumed in the z direction with «,
<(®T,/m,) "2
The plasma is described by the two-fluid equa-
tions,® where the electron-heat-flow equation is
considered and the electron temperature is al-
lowed to oscillate, The equilibrium ion and elec=
tron temperatures are equal. We consider elec-
trostatic small-amplitude perturbations of the

ion motion parallel to B is ignored:

e

(w* +iv ) (w - 2.71w, +37ivy) = 1.14iv(1.71iv, - 1.5w,)

form A exp(-iwt +ik, x +ik,y +ik,z), where the
tilde denotes perturbed quantities. Electron iner-
tia and Larmor-radius effects are retained.
Modes localized in x are treated, and we assume
k, > (1/ny)dn,/dx.

The basic electron equations for the case of a
current-carrying plasma are presented in Ref. 6.
One may write the equation of heat transfer by
electrons as

3 AT,

LT

dn >
- Tea—t' +Veq, = neEsz - Vzvz(n Te)9

(1)

where q,, the electron-heat-flux vector, is de-
fined in Ref. 6.

The equation for particle and momentum con-
servation are given in Refs. 6 and 8. For appli-
cation to the present experiment, the Ohmic heat-
ing term —neE,V, will be omitted from Eq. (1),
allowing a stationary equilibrium which is uniform
in the z direction. This omission is rigorously
valid for low currents and experimental support
for the omission at higher currents will be pre-
sented in a future paper. The electron equations
are perturbed about the assumed equilibrium and
after some algebra can be reduced to'°

n_ed
ny, kT,
where v=k2T,/0.51m,v,;, w, =ku, and w*

=k (cT,/eB)[~ (1/n,)(dn,/dx)), v,; being the elec-
tron-ion collision frequency.

The ion motion is treated as in Ref. 3, yielding
another relation between 7% and @,

n_e) wx(1l-b)=-wb—iv,
n, kT, W +iv, ’

with b =k *(kT,/M;) and v, =&b%v,;, v,; being the
ion-ion collision frequency. Equations (2a) and
(2b) are combined to give the linear dispersion
relation

(2b)

®)
The values of the a’s are somewhat lengthy and
will be given in the more complete work,

Unlike the isothermal approximation, this dis-
persion relation predicts a strong current-driven
drift instability for the parameter range of exper-
imental interest, Many features are perhaps best
illustrated by the marginal-stability curves of
Fig. 1, which are drawn for typical conditions
with the assumption 2, =k,. Note that the mode
is stable at low B/k, and small u,/u,, and desta-

3 2 -
azw® +a,w* +a,w +a, =0,

(w+ivy )@ = 2.71w, +3ivy) = (1.71iv; - 1.50,)(0.67w, +1.144v,)’

(2a)

bilizes as these parameters are increased. In
addition, the critical value of axial current, i.e.,
Uo/u,y', is a strong function of B and decreases
as B is increased. Finally, the instability exists
for a wide range of 2,, and for 1,>200 cm stabili-
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FIG. 1. Theoretical marginal-stability curves with
up/ug! as parameter [u,}=(®To/M,)"?] calculated
from Eq. (3) with ny=10! em™3, (1/n)dny/dx) =—1 cm™?
and T=2500°K.
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ty is insensitive to small changes of A,.

The experiments were performed on the Prince-
ton €-3 device with a plasma column having the
following characteristics: a length of 110 cm, a
diameter of 4 cm, T,~7T,=~2500°K, n,=10°-
3X10" em ™%, and (1/n,)(dn,/dr)~1 cm™, Axial
currents in the range 20—-250 mA were driven by
a dc voltage applied between the hot end plates.
Langmuir probes were used for the measurement
of all quantities except the absolute value of the
plasma density, which was measured with an 8-
mm microwave interferometer,

For small values of B/k, the current-free colli-
sional drift mode is stabilized by ion collisional
viscosity'™® (the curve u,/u,,' =0 of Fig. 1). In
this regime an axial current was applied, At a
critical current the onset of the current-driven
mode was detected as a large-amplitude, nearly
sinusoidal, single-mode, low-frequency oscilla-
tion of probe ion saturation current and floating
potential (¢,). Concomittant with mode onset
there occurred a significant decrease (10-30%)
in the average density of the plasma and a reduc-
tion of the average density gradient, as illustrat-
ed in Fig. 2(a). Oscillation amplitudes and aver-
age plasma decrease at onset were considerably
greater than those observed in the curvent-free
drift mode,? With respect to plasma confinement
the current-driven drift mode is much more
“dangerous’ than its current-free counterpart,
The observed oscillations had the following gen-
eral characteristics: (1) #i/n,~e®;/kT,, (2) 0s-
cillation amplitude radially localized in the re-
gion of maximum density gradient [see Fig. 2(b)],
(3) modes propagated azimuthally with azimuthal
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FIG. 2. (a) Recorder trace of ion saturation current
(J,) versus axial current I for three radial positions of
probe. (b) Measured radial profiles of equilibrium
density 7y, equilibrium potential ¢,, and amplitude of
fluctuating density #. I=75 mA, B=3.17 kG, m=2,
#i/ny=0.12 at peak.
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mode numbers (m) from one to six observed un~
der varying conditions, (4) an axial-wave struc-
ture which exhibited features of both a standing
wave and traveling wave and which could be ap-
proximated by A,=2Xx(machine length). These
features are consistent with those expected for a
current-driven collisional drift mode in a double-
ended € machine, More detailed comparisons
with the theory are present below. To apply the
slab-model calculations to the cylindrical plasma
we make the following identifications: x—7, y
-6, k,~m/v, and we assume k,=m/v. Wherev-
er possible, experimental quantities are evalu-
ated at the radius of maximum wave amplitude.

We consider now the measured frequency and
its variation with plasma parameters. The pres-
ence of an equilibrium radial electric field [see
curve of ¢, of Fig. 2(b)] causes the plasma to un-
dergo an E xBrotation which leads to a Doppler
shift of the frequency by an amount w z= — (m/7)
X(cEq,/B), where E ¢, ==08¢,/87r.2*11 If we des-
ignate by wjy the frequency in the nonrotating
plasma 7est frame and by w;,  frequency ob-
served in the laboratory then w;=w - wgz and
wg is the value to be compared with theory. Note
from Fig. 2(b) that ¢ (7) closely approximates
@, 7% over most of the plasma so that the plas-
ma rotates as a rigid body, i.e., wyis nearly in-
dependent of radius; this eliminates effects which
might be caused by radial shear in the plasma ro-
tation. In Fig. 3(a) we show the variation of w,
with magnetic field for three azimuthal modes
and typical values of density and current. The
theoretical lines in this figure have been drawn
for the measured value of (1/n,)dn,/dv and are
subject to an error of +20%. Note also that the
value of (1/n,)dn,/dr is different for each azi-
muthal mode. Within the limits of experimental
error the agreement is quite good for the abso-
lute value of wj and the dependence on magnetic
field and azimuthal mode number. The variation
of wy with axial current was very slight and is
not displayed; this point was in excellent agree-
ment with the theory.

The variation of stability with certain parame-
ters is indicated in Fig. 3(b) which displays the
critical current for instability onset versus the
magnetic field for three azimuthal modes at a
density 7, =2X10" ¢m ™, The theoretical value
of magnetic field in this figure has been scaled
by a factor of 1.8, The necessity for this scaling
implies that the approximate forms for the vis-
cosity greatly underestimate the wave damping.
A similar, as yet unexplained discrepancy in the
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FIG. 3. (a) Measured frequency wy in the plasma rest
frame versus magnetic field B at y=3 X 1010 ¢m"3,
Typical error bars are indicated for each mode. Theo-
ry (solid lines) is from Eq. (3) for A ,=250 cm, T
=2500°K. (b) Critical current I .4, for mode onset
versus magnetic field B for three azimuthal modes.
Theory (solid lines) from Eq. (8), A,=250 cm, T =2500°
K, and B scaled by 1.8.

onset magnetic field has been found by Hendel,
Chu, and Politzer,? and by the authors, for the
curvent-free collisional drift mode. A discussion
of this effect is beyond the scope of this Letter
but the point is made that the scaling is not a fea-
ture of the current-driven mode alone; it seems
to apply to many experiments with collisional
drift modes in @ machines. With this scaling,
theory and experiment are in good agreement on
the magnitude of the critical current, the shape
of the curve I,;, vs B, and the variation of azi-
muthal mode number with magnetic field, In ad-
dition, it is worth noting that a wide variation in
the plasma density leads to a relatively small
variation in the critical current; the critical pa-
rameter is the current, not the electron drift ve-
locity. This is in agreement with theory.

For the above comparisons with theory we have
used a parallel wavelength equal to twice the ma-

chine length and this only approximates the axial
structure of the mode. However, neither the sta-
sility characteristics (Fig. 1) nor the frequency
aré sensitive to changes of 2, in the vicinity of
250 cm. The details of the axial structure will
be considered in a future paper.

In summary, we have observed a strong cur-
rent-driven collisional drift mode. The charac-
teristics of this mode are in reasonable agree-
ment with a linearized two-fluid theory and strong-
ly indicate the importance of electron heat flow
and electron temperature oscillations in consider-
ing collisional drift instabilities as indicated in
the work of Coppi and Mazzucato.®’
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