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DEPENDENCE OF “ANOMALOUS” CONDUCTIVITY OF PLASMA ON THE TURBULENT SPECTRUM

S. M. Hamberger and J. Jancarik
United Kingdom Atomic Enevgy Authovity, Culham Labovatorvy, Abingdon, Berkshive, United Kingdom
(Received 26 August 1970)

The scaling laws for “anomalous” conductivity seen in a turbulent plasma are shown to
depend on the type of electrostatic fluctuation spectrum present, which in turn depends
on the relative drift velocity between ions and electrons.

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!~2 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 scaling 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 vy =>c = (T,/

M)'/2, 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,2v,
=(2T,/m)*/?, the electron thermal speed, and
is characterized by fastest initial growth at fre-
quencies around w*= %(m/M)l/sw,e =3(M/m)'/®
XWpie

(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 frequencies w=w,, if
Wy > W, (the gyrofrequency) or 0 < w <w,, if
Wpe <Weg .2

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 GHz.
For comparison, the ion plasma frequency in
these experiments was 100-700 MHz, and the
Debye distance of order 10~3-10"2 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?(w)) (Fig. 1) by
computing numerically the Fourier transform of

999



VoLUME 25, NUMBER 15

PHYSICAL REVIEW LETTERS

12 OCTOBER 1970

4x107°

—~ n= 10" em-3

In

“‘I 3|l maxv, =11x10° cm sec’!

\>/ d

N

3 E

~ _‘t <20

> 2 E

< )

=

[}

[=

S

_ i

2

g

(%]

&

a

AN
o Poe . ,
o 400 T 800
(a) fpi

Frequency (MHz)

~ 3x10-3

T n=5x10%cm?

T

Y T = O- 80 nsec

Z v =0 - 2)x 10% cm sec’

3 2 Ee

o — ~ 80

& =

>

-

] 1

°

kY]

& L

2 o , ; .
o 4001 aoot 1200

tpi [

(b) Frequency (MHz)

_4xi074
B
N T= 110 - 140 nsec
=~ 3] w= (24 -32)x10em sec’!
AN
3 & oo
2 2
2
&
©
5
; /\/\
&
&
o ) : IN A
o 400 T eooT 1200
fpi £
(¢) Frequency (MHz)
2x1073]
= n = 2x10" em3
'T
o T = 130-250
Z nsec
E
3 =2 _ 4000
% 1 Eo
<
Fl
‘0
o
&
el
S
©
S o b . ¥
(2] T T ¥
ott o5 I'o 15 !
o 7
pi 05 fpe
(d) Frequency (GHz )

FIG. 1. Typical spectra seen in various regimes: (a) throughout regime A, (b) early in regime B (v,<2x 108 cm
sec”™!), (c) same pulse as (b), but later in time w,=3 x10% em sec™!), and (d) late in regime C.

the autocorrelation function of the signal, cor-
recting for the known frequency sensitivity of
the overall system. The time development of
the spectrum could be obtained by analyzing
various time segments 7 within one oscillogram,

assuming the spectrum to be stationary for each.

By varying the initial hydrogen plasma density
n and the applied longitudinal electric field E,,
over a wide range (10**-10"® cm % and 100-500
V em ™!, respectively), we could change the
critical-field parameter E /E, [where E,~2
x107*%,/T, V em™! is the critical field for run-
away'®] in the range 10-10% and the measured
maximum drift velocity during the current pulse
(lasting between 300 and 500 nsec) between 10°
and 2x10° cm sec™', compared with initial
values ¢ =107, v, ~2x10° cm sec™".

We have found that we can identify three main

1000

regimes according to the type of spectrum seen
and its temporal behavior during the pulse.

Regime A [Fig. 1(a)]. —Only frequencies w
<w,; are seen throughout the pulse, and the
fluctuations appear to be roughly localized in
directions parallel to the electron current. The
general shape of the spectrum appears to be
established in 10-20 plasma periods. This oc-
curs when E ,/E, <40 and v, <(2-3)x10° cm
sec™!. A suprathermal level of unpolarized
microwave emission is observed at frequencies
of order w,,.

Regime B. -When E,/E,240, a spectrum
similar to that above is seen [Fig. 1(b)] until
the current increases sufficiently for v, <2x10°
cm sec™!, at which point a short (20-40 nsec),
very intense burst of signal with w~ w* appears;
this higher-frequency spectrum persists at
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FIG. 2. Variation of normalized conductivity o/w,,
with drift velocity v;: crosses, regime A; solid cir-
cles, regime B; open circles, regime C.

smaller amplitude until the current decreases
[Fig. 1(c)]. The microwave emission is typical-
ly 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. 1(d)]. — At small » and large
E, (R10°E,) the spectrum is at first similar to
that in regime B, changing later in the pulse to
one containing much higher frequencies Sw, .

If we now plot (Fig. 2) the normalized conduc-
tivity 0/w,, against the measured drift velocity
vy, using different symbols for each measured
point according to the class of spectrum observed

at the instant of measurement (i.e., at peak cur-
rent), we can see clearly that the dependence

is quite different for each regime. [Notice that
to compare results from different experiments
using the parameter E ,/E, can be somewhat
misleading; in this experiment the current (and
hence v,) depends on the circuit inductance for
the larger values of o.]

The solid line shown in Fig. 2 is the semiem-
pirical constant value o=3(M/m)*/w,, found in
the earlier work of Buneman' and ourselves®
for large E,. The experimental values of o for
regime A vary with v, as expected for anomalous
conductivity during ion-sound turbulence, viz.,
occ(c /vy wp . [Notice that ¢, (which was not
measured) was not constant for each datum
point.] It is interesting that Fig. 2 shows a
critical range of drift velocities [v,~(2-3) x10°
cm sec™'] within which the instability apparently
develops into either of the two main types of tur-
bulent spectrum. From the computed autocor-
relation function for various time segments we
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FIG. 3. Variation of wave correlations with drift
velocity v, Tcopp: Crosses, regime A; solid circles,
regime B: open circles, regime C.

can make a rough estimate of the correlation
time of the fluctuations. Figure 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 to that of the normalized conductivity.

By making an ensemble average of several
shots in regime A under identical conditions we
can derive from (V3(w)) the corresponding spec-
trum of plasma potential fluctuations I(w) (to do
this we assign the various maxima to spatial
probe resonances). Over more than three de-
cades of intensity the spectrum derived agrees
in shape with that predicted theoretically for
current-driven ion-sound turbulence, which
has the general form® I(w)cw™ ! In(w,;/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 v, and the
scaling with M2 (both of ¢® and w* "), we must
associate with the Buneman hydrodynamic in-
stability, although there is as yet no theoretical
treatment of its nonlinear development.

Finally, regime C, which, we should empha-
size, 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 lo-
cally stronger accelerating electric fields which
produce a double-humped electron distribution.
Such a situation has been observed in linear dis-
charges, e.g., by Karchevskii, Averiv, and Bez-
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mel’nitsyn,’® who suggested that a similar effect
could possibly occur in a toroidal system if the
plasma were nonuniform.

The authors are most grateful to V. N. Tsyto-
vich for valuable discussions.
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NEW RELAXATION EFFECT IN THE SOUND ATTENUATION IN LIQUID “He UNDER PRESSURE*

Pat R. Roach, J. B. Ketterson, and M, Kuchnir
Avgonne National Labovatory, Avgonne, Illinois 60439
(Received 24 August 1970)

Observation of the first-sound attenuation in liquid ‘He under pressure has revealed a
new relaxation mechanism which is not predicted by any present theory.

In previous work we have shown that certain
aspects of the theory of sound attenuation in lig-
uid “He are not in agreement with experiment at
very low temperature.’ In the collisionless re-
gime (w7,,> 1, where 7,, is the wide-angle pho-
non-phonon relaxation time) the calculated atten-
uation due to a three-phonon process is given by?

-1 w1)® ky®
60 p 7S

x[tan~!(2wT,,)~tan " (3vp %wT,,)], (1)

a(w, T) wT*?

where p and ¢ are the density and sound velocity,
respectively, and #=(p/c)dc/3p. The dispersion
constant, 9, usually thought to be positive, is de-
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fined through the relation € =cp(1-yp?), where €
and p are the energy and momentum, respective-
ly, of an elementary excitation and p=3k;7/c is
the average thermal phonon momentum. The
measured attenuation was always found to be
greater than that predicted by Eq. (1). A recent
precise determination of # has eliminated the
possibility that an uncertainty in that parameter
might account for the discrepancy.® The change
of the sound velocity with temperature also dis-
agreed with theory although in this case the mea-
sured change was smaller than the predicted
value.? Moreover, this change was observed to
be smaller at higher frequencies, i.e., opposite
to that predicted by theory.? The calculation of



