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In the last few years there have been several reports
of experimentally measured vaiues 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 supra-thermal level of
electrostatic fluctuation, ariéing from some instability
excited either deliberately (as in turbulent heating experi-
ments~ ~ or collisionless shocks4), or inadvertently (as in
toroidal containment systems5 or theta—pinchess). 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 scaling laws

which govern the conductivity and their relation to known

plasma instabilities, etc. In particular, for the class of

experiment in which the turbulence 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 effects based on the
excitation of different forms of electrostatic instability.
It is the purpose of this paper to show that certainly two,
and probably 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:
l. The excitation of ion-sound waves by induced Cerenkov
emission from the drifting electrons when the drift velocity

1 -
V4 = e, = (Te/M)z, the sound speed7 9. (Te is the electron

temperature in energy units, M the ion mass.) The frequency

spectrum which develops due to non-linear effects has been

. . . Y X
discussed for this case by Kadomtsev8 and Tsytovich 0. and,

as would be expected, lies in the frequency range < wpi' the

ion plasma frequency.

2. The development of a hydrodynamic instability as predicted
; 11 12 : ;

by Budker and Buneman resulting from electron-ion counter-

streaming; in a warm plasma this is expected when. . v_ > W=

d ~
%

(2Te/m) , the electron thermal speed, and is characterised by

fastest initial growth at frequencies around

L
w* = % (m/M)° L 5 (M,/m)l/6 Wit

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 frame these could have freguencies w =~ wpe if

Yoe > W o (the gyro-frequency) or 0 < @ < Woe if
P 13
Uoe Yee -



We have studied the spectrum of short wavelength
potential fluctuations in a toroidal apparatus, already
well describedl4, using calibrated high-impedance floating
double probes (spacing < 1 mm) with frequency response up
to 2 GHz. For comparison, the ion plasma frequency in
these experiments was 100-700 MHz, and the Debye distance
of order lO_3 - lO_2 cm. The technique used was to record
the potential difference V between the probe electrodes
directly on an oscilloscope (Tektronix 519), and to obtain
the power spectra < Vz(uﬂ > (Fig.l) by computing numerically
the Fourier transform of the autocorrelation function of the
signal, correcting for the known frequency sensitivity of
the overall system. The time development of the spectrum
could be obtained by analyzing various time segmeﬁts T
within one oscillogram, assuming the spectrum to be station-
ary for each.

By varying the initial hydrogen plasma density n and
the applied longitudinal electric field Ecp over a wide

11, 13 -3

range (1O 10 cm and 100 - 500V cm_l respectively) we

could change the critical field parameter Em/Eo (where
=12 —% ; i A
E =~ 2 x 10 n/Te(Vcnn , is the critical field for
o
15, . 4 ;
runaway ) in the range 10 - 10, and the measured maximum
drift velocity during the current pulse (lasting between

9
300 and 500 nsec) between 108 and 2 x 100 cm sec ~, compared

7 8 -1
with initial wvalues cS ~ 10 , ve ~ 2 x 100 cm sec ,



We have found that we can identify three main regimes
according to the type of spectrum seen and its temporal
behaviour during the pulse.

Regime A (Fig.l(a)): Only frequencies y < wpi are seen
throughout the pulse, and the fluctuations appear to be
roughly localised in directions parallel to the electron
current. The general shape of the spectrum appears to be
established in 10 - 20 plasma periods. This occurs when

Em/Eo = 40 and v_ < (2-—3)108cm sec-l. A supra-thermal

d
level of unpolarized microwave emission is observed at
frequencies of order wpe'
Regime B : When ECP/Eo > 40 a spectrum similar to that
above is seen (Fig.l (b)) until the current increases

- 8 -1
sufficiently for vy < 2 x 10 cm sec *, when a short
(20 - 40 nsec), very intense burst of signal with g ~ w*
appears; this higher frequency spectrum persists at smaller
amplitude until the current decreases (Fig.l(c). The micro-

wave emission is typically one order of magnitude more

intense in this regime than in Regime A. The observed

signal does not depend on probe orientation with respect

to the current flow.

Regime C (Fig.l(d)) : At small n and large E (> lO3 Eo)
v

the spectrum is at first similar to that in Regime B,
changing later in the pulse to one containing much higher

frequencies < y .



If we now plot (Fig.2) the normalized conductivity

c/wpe against the measured drift velocity Var using

different symbols for each measured point according to the

class of spectrum observed at the instant of measurement

(i.e. at peak current), we can see clearly that the
dependence is quite different for each regime. (Notice
that to compare results from different experiments using
the parameter Em/Eo can be somewhat misleading: in this
experiment the current (and hence vd) depends on the
circuit inductance for the larger values of g¢.)

The solid line shown in Fig.2 is the semi-empirical
constant value 0 = % (M/m)% wPe found in the earlier work
of Buneman12 and ourselves? for large E@' The experimental
values of o0 for regime A vary with vq 2s expected for
anomalous conductivity during ion-sound turbulence, viz:
0 < (cs/vd)w elo'l6. (Notice that g (which was not
measured) was not constant for each data point.) It is
interesting that Fig.2 shows a critical range of drift

velocities (vd ~ 2-3 x lO8 cm sec—l) within which the

instability apparently develops into either of the two main
types of turbulent spectrum. From the computed auto-correlation
function for various time segments we can make a rough estimate
of the correlation time of the fluctuations. Fig.3 shows a plot
of the number of correlated wave periods (i.e. of the strongest

frequency component present) observed compared with the drift



velocity for the three Regimes, and demonstrates a similar
trend as the normalized conductivity.

By making an ensemble average of several shots in
Regime A under identical conditions we can derive from
< v2(w)=> the corresponding spectrum of plasma potential
fluctuations I(w): (to do this we assign the various maxima
to spatial probe resonances). Over more than 3 decades of
intensity the spectrum derived agrees in shape with that pre-
dicted theoretically for current-driven ion-sound turbulence,
which have the general form8 I(w) <= w—l in (wpi/w). Thus we
feel safe in identifying Regime A with the presence of ion-
sound turbulence.

Regime B, because of the observed frequency spectra, the
higher drift velocities required, the measured independence
of ¢ on L and the scaling with M;5 (both of 02 and w*l7),
we must associate with the Buneman hydrodynamic instability,
although there is as yet no theoretical treatment of its non-
linear development.

Finally, Regime C which, we should emphasise, is seen

only intermittently and under rather poorly-defined initial

plasma conditions, we tentatively ascribe to the third, beam-

plasma instability, which may arise as a result of axial

inhomogeneities of plasma density and thus locally stronger
accelerating electric fields which produce a double-humped

electron distribution. Such a situation has been obsexved



in linear discharges, e.g. by Karchevskii et al., who
suggested that a similar effect could possibly occur in a
toroidal system if the plasma were non-uniform.

The authors are most grateful to V.N. Tsytovich for

valuable discussions.
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