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which is particularly simple for reduced temper-
atures kT/e s 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.
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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, 6
&

is greater than 62. The in-
complete density scale at the top of the figure is a re-
sult of a corresponding-states calculation based on the
1020oK isotherm for argon.

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-
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experiments.
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VA more complete description of the apparatus to-
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published later.

Collisional Drift Instability Driven by an Axial Current*
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(Received 12 October 1971)

The current-driven collisional drift instability is observed in a double-ended Q-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-Quid theory which includes electron heat flow and electron temperature
os cillations.

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

the magnetic field. Moreover, Coppi and Maz-
zucato" 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 Q
machine. Certain important instability features
are shown to agree with a linearized two-fluid
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FIQ. 2. (a) pecorder trace of ion saturation current

(j+) versus axial current I for three radial positions of
probe. (b) Measured radial profiles of equilibrium
density no, equilibrium potential qo, and amplitude of
Quctuating density n. 1=75 mA, B=3.17 ko, m=2,
n/no=0. 12 at peak.

ty is insensitive to small changes of A,.
The experiments were performed on the Prince-

ton Q-3 device with a plasma column having the
following characteristics: a length of 110 cm, a
diameter of 4 cm, T, = T, =25.00'K, no =10'c-
3X10"cm ', 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 8/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 (yf). 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 current-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) n/nc-eyz/kT» (2) os-
cillation amplitude radially localized in the re-
gion of maximum density gradient [see Fig. 2(b)],
(3) modes propagated azimuthally with azimuthal

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.,= 2 x(machine length). These
features are consistent with those expected for a
current-driven collisional drift mode in a double-
ended Q 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 -x, y
—&, k, -m/r, and we assume k„=m/r. 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 q, of Fig. 2(b)] causes the plasma to un-

dergo an E x B rotation which leads to a Doppler
shift of the frequency by an amount ws-=—(m/r)
x(cE«/&), where Ee„=-&q,/Br.""If we des-
ignate by &„ the frequency in the nonrotating
plasma res~ frame and by , b, frequency ob-
served in the laboratory then ~~ =o» —~~ and

&~ is the value to be compared with theory. Note
from Fig. 2(b) that p, (r) closely approximates
p, ~ r' over most of the plasma so that the plas-
ma rotates as a rigid body, i.e., &~ is 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 &us

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 (I/nc)dnc/dr and are
subject to an error of +20lo. 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 &„and the dependence on magnetic
field and azimuthal mode number. The variation
of &~ 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 n, =2&&10" cm '. 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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chine length and this only approximates the axial
structure of the mode. However, neither the sta-
sility characteristics (Fig. l) nor the frequency
are sensitive to changes of A., 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. "

The authors would like to thank T. K. Chu,
D. L. Jassby, F. W. Perkins, and T. S. Tsai for
helpful discussions, and J. Frangipani and C. Har-
rison for technical assistance.
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onset magnetic field has been found by Hendel,
Chu, and Politzer, 2 and by the authors, for the
current free colli-sional 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 Q 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 I3, 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-

FIG. 3. (a) Measured frequency ~z in the plasma rest
frame versus magnetic field B at n()=3& 10~p cm 3.
Typical error bars are indicated for each mode. Theo-
ry (solid lines) is from Eq. (3) for A. ,=250 cm, To
=2500'K. (b} Critical current i„i, for mode onset
versus magnetic field B for three azimuthal modes.
Theory (solid lines) from Eq. (3), A.,= 250 em, &p = 2500'
K, and B scaled by 1.8.

*Work supported by U. S. Atomic Energy Commission
Contract No. AT(30-l)-1238. Use was made of comput-
er facilities supported in part by National Science Foun-
dation Grant No. NSF-GP579.

)Current address: Institute for Plasma Physics,
Garching bei Munchen, Germany.

B. Coppi, H. W. Hendel, F. Perkins, and P. A. Po-
litzer, in Proceedings of the International Conference
on Physics of Quiescent Plasmas, Frascati, Italy,
1967 [Laboratori Gas Ionizzati (Association Euratom-
Comitato Nazionale per I'Energia Nucleare}, Frascati,
Italy, 1967], Vol. I, p. 201.

H. W. Hendel, T. K. Chu, and P. A. Politzer, Phys.
Fluids ll, 2426 (1968).

3R. Rowberg and A. Y. Wong, Phys. Fluids 13, 661
(1970}.

F. F. Chen and D. Mosher, Phys. Hev. Lett. 18, 639
(1967).

5p. A. Politzer, ph. D. thesis, princeton University,
1968 (unpublished) .

6B. Coppi and E. Mazzucato, Princeton Plasma Phys-
ics Laboratory Report No. MATT-616, 1968 (unpub-
lished).

B. Coppi and E. Mazzucato, Phys. Fluids 14, 134
(1971).

S. T. Tsai, F. W. Perkins, and T. H. Stix, Phys.
Fluids 13, 2108 (1970).

S. I. Braginskii, in Reuieces of Plasma Physics,
edited by M. A. Leontovich (Consultants Bureau, New
York, 1965}, Vol. I, p. 214.

A similar equation appears in L. S. Bogdankevitch,
B. Milie, and A. A. Hukhadze, Nucl. Fusion 7, 199
(1967}.

T. K. Chu, B. Coppi, H. W. Hendel, and F. W. Per-
kins, Phys. Fluids 12, 203 (1969).

1499


