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A continuous spectrum of low-frequency oscil-
lations is found in many types of gas discharge
which are maintained by a flow of current. Pre-
vious studies! of such oscillations in reflex dis-
charges have shown that they are not caused
merely by local fluctuations in cathode emission,
but are a more fundamental characteristic of the
plasma. That ion waves can be excited by a lon-
gitudinal current has been shown theoretically?;
and indeed, oscillations in discharges at low mag-
netic fields have been shown?® to be ion waves. It
is the purpose of this experiment to see whether
the continuum of oscillations at high magnetic
fields can be decomposed into ion waves with a
distribution of frequencies.

This is accomplished by using correlation tech-
niques to measure the longitudinal wavelength of
each frequency component of the fluctuations.
Such techniques, well known in aerodynamic tur-
bulence and in control systems engineering,?
have been used previously on plasmas by Batten,
Smith, and Early,® and by Bol.® The chief dif-
ficulty of the present experiment lies in the ac-
curate alignment of the measuring probes along
a line of force. Since wavelengths and correla-
tion lengths perpendicular to B may be expected
to be much shorter than those parallel to B, and
indeed were found to be so in preliminary meas-
urements, a large error in the longitudinal cor-
relation will result from a small error in align-
ment.

The steady-state plasma column studied is 1.3

TR

cm in diameter and 55 cm long and is created by
a reflex discharge with one hot and one cold cath-
ode. The hot cathode, 1.9 cm in diameter, is a
dispenser cathode indirectly heated by a pancake
filament carrying direct current. An anode plate
pierced by a hole 1.3 cm in diameter is mounted
1.5 cm from each cathode. The gas used (helium)
is flushed continuously. The magnetic field is
variable from 0 to 7900 gauss, and has a maxi-
mum axial variation of 2% in the plasma region.
Three electrostatic probes (P, to P,), 0.07 mm
in diameter and 1 mm long, with insulating
sleeves 1 mm in diameter, enter the discharge
radially through side ports spaced evenly along
the column. Two probes of similar construction,
mounted perpendicularly onto shafts parallel to
the discharge, can be moved along B and can be
rotated to sample different radii.

These probes, whose shafts project through the
end plates of the discharge vessel, are aligned by
means of a small electron beam, 0.25 mm in di-
ameter, from a movable electron gun located be-
hind the cold cathode. For each setting of the
probes, this cathode is temporarily removed, and
first the further and then the nearer probe is ro-
tated until a maximum of beam current is inter-
cepted. The fraction of the total beam current
which is collected by the probe tips indicates that
the beam does not spread appreciably with the
magnetic fields and pressures used. In this man-
ner the probes can be aligned to an accuracy of
0.1 mm; an error much greater than this would

1-9 333



VOLUME 9, NUMBER 8

PHYSICAL REVIEW LETTERS

OCTOBER 15, 1962

give inconsistent results.

A survey of the oscillations shows three general
types of behavior, as illustrated in Fig. 1: (I) At
low magnetic fields the discharge is quiescent;

(I) at moderate fields there is a periodic oscil-
lation which doubles in frequency as the field is
lowered; (III) at high fields, above about 750
gauss, there is mostly incoherent hash with a
simple frequency superimposed. This behavior

is insensitive to the external circuit of the dis-
charge, to a slight misalignment of the electrodes,
and to the discharge current. The coherent fre-
quency in region (II) increases with B and joins
smoothly onto that of region (III). This frequency
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FIG. 1. Oscillations in potential of floating probes.
The middle traces in each case are of probes P3 (near-
est to the cold cathode) and P, (at the mid-plane of the
discharge). The top trace is that of a probe rotated
90° about the discharge axis. The bottom trace is of
Py and is out of phase because of a misalignment.

is merely that of an asymmetric plasma rotating
under a radial electric field. We are concerned
with the incoherent hash in region (III) and not
with this rotation frequency, since a periodic
oscillation cannot cause enhanced diffusion. The
frequency spectrum of the oscillations, taken
with a narrow-band frequency analyzer, shows
that the power is concentrated near zero fre-
quency, the more so for higher pressures, and
that no phenomenon is apparent at the ion cyclo-
tron frequency. The density fluctuations are
large, generally greater than 50%.

Under typical conditions for the experiment
reported here the discharge potential was about
30 volts, the ion density about 10 to 10'2 cm™3,
and the electron temperature in the vicinity of
3 eV.

For correlation measurements both probes
were biased 100 volts negative to the anodes,
and the saturation ion current fluctuation signal
from each probe fed through a high-pass elec-
tronic filter to one input of a Tektronix type CA
differential preamplifier and oscilloscope. The
sum or difference of the two signals was fed
from the output of the oscilloscope through a po-
tential divider and a variable attenuator to a radio
receiver with bandwidth about 3 kc/sec, which
provided frequency selection. The signal from
the i.f. stage of the receiver was displayed on an
ac VTVM. A variable time delay can be inserted
in one signal path to the preamplifier. If A and
B are the two probe signals, and § and D their
algebraic sum and difference, then the normalized
cross-correlation function R defined by

R=(AB)_ /3(A")_ +(BY)_) )

is given by
R=(1-P)/(1+P), (2)
where
P= (D*‘)av/(sz)av-

After adjusting the gains so that (4%),, =(B?),,,
P is measured by the change in the attenuator
necessary to keep the VTVM reading unchanged
as the sign of B is changed at the differential
amplifier input. Note that keeping the peak (rec-
tified) value of the receiver i.f. output constant
is the same as keeping the rms value constant,
since this output is essentially a sine wave. If
a unique dispersion relation w=kv is obeyed, a
plot of R vs probe separation d will be a cosine
of kd.
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FIG. 2. The cross-correlation function R as a func-

tion of probe separation d at various frequencies. In
each plot, one probe is fixed at the position of the
vertical axis while the other is moved. Open circles
are points taken with a time delay on one probe signal;
the numbers indicate the number of quarter-periods

of delay. The hot cathode lies to the left of the figure.

The results of the correlation measurements
of the density fluctuations on the axis of the
discharge for frequencies below 200 kc/sec show

good correlation {R = 1) for all probe separations.

The correlation R falls slightly with increasing

d, decreasing B, and increasing frequency f. The
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results for higher frequencies are shown on Fig. 2.
The statistical errors are less than the diameters
of the points. Accuracy of probe alignment is
indicated by the smoothness of the curves, since
each value of d required a realignment of the
probes by the electron beam. The discontinuities
at the mid-plane of the discharge are due to the
slight irreproducibility of the discharge. In data
not shown here, the correlation length (not wave-
length) seems to decrease with pressure and in-
crease with magnetic field.

From these data it is seen that the longitudinal
wavelength of the oscillations is much too long
for these to be ion waves. The wave velocity
calculated from the measured quarter-wavelengths
is of the order of 2x107 cm/sec, which is much
larger than the acoustic velocity (~10°) and much
smaller than the Alfvén velocity (10°). The cause
of the oscillations has not yet been determined.

Although the large fluctuations in potential as-
sociated with these density fluctuations might be
expected to produce enhanced diffusion across
the magnetic field, our measurements of the dif-
fusion rate show no increase at the onset of the
turbulence, in contradiction to the results of Bon-
nal et al.”
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