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Strong current&riven tux'bUlence is observed in high p colllslonless shock %'aves under
'E, -1'; and e„«v~ conditions. The level and the frequency and vrave-nuInber spectra of
this turbulence are Ineasured by scattering light from the shock. The turbulence is pxob-
ably due to an electron-cyclotron drift instability.

Previous experiments" on collisionless shock
waves have established that the electron heating
observed in low-Mach-number shocks (M&M„;„
resistive shocks) implies a resistivity in the
shock front which is about two orders of magni-
tude largex' than the "classical" value based on
binary Coulomb collisions. It is generally pre-
sumed that this "anomalous" resistivity is due
to scattering of the electrons by suprathermal
electrostatic fluctuations arising from some
microinstability.

This I etter deals with time-resolved measure-
ments of the level' and spectrum of suprather-
mal fluctuations in a collisionless shock wave.
The quasistationary shock, which propagates
perpendicular to a magnetic field 8, with Mach
number M = 2.5, is produced by radial compres-
sion of an initial deuterium plasma by a fast 9

pinch. ' The initial plasma conditions' (n„=4
& 10" cm ', T„=4 eV, T, , = I«V, ' &I = 700 6)
differ from othex' shock experiments insofax' as
the plasma p is high (pI -0.7) and T„/T, , &1. As
a, consequence of the Iatter the electron tempex'a-
ture T, does not substantially exceed the ion
temperatux'e T; during the shock-heating process
(T„=110 eV from 90 laser scattering, T,,—70
eV from Rankine-Hugoniot relations). This
makes it unlikely that the microturbulence caus-

ing the observed collisionless electxon heating'
results from an ion acoustic instability as pxo-
posed for other experiments" in which T,/T, »1.

I.aser scattering experiments. In the laser—
scattering experiments, described in detaiL else-
where, ~'9 the light pulse of a 500-M%' ruby laser
is timed to hit the shock wave while it traverses
the beam. The pulse width (12 nsec) and diver-
gence of the laser beam make it possible to x'e-

solve the structure of the shock wave.
The light scattered in the forward direction

9 = 2.5'-6' is detected by a photomultiplier, either
directly or after spectral resolution. The geome-
try of incident and scattered-light paths is such
that the scattering plasma waves have a wave
vector k-with lkl of order I/O (Ix- I/[klool),
D being the Debye length —collinear with the azi-
xnuthal current in the shock front. Simultaneous-
ly with the forward-scattering measurements,
the density and electron tempexature in the shock
are determined by 90 scattering (Ix «I) using
a multichannel detector arrangement.

Measured level of fluctuations. —Figure 1 shows
the measured total level of density fluctuati. ons
n,s as a function of time for a, scattering angle
8 = 2.5'+0. 5 (Ikl= 4 &10' cm '). Time is mea-
sured from the beginning of the 0-pinch discharge„
The experimental points denoted by open cir-
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FIG. I. (a) Intensity of density fluctuations n 8(k, ru)

within a coOisionless shock @rave (Mach number 2;5,
deuterium plasma) reaching 250 times the thermal
level. (h) Magnetic field B for time comparison.

cles are mean values of 10 or more measure-
ments, and the errox' bars are the standard de-
viation from the mean value. For a time com-
parison the magnetic field 8 in the shock wave
is also plotted. In the shock front the level of
fluctuations is strongly supratherma1, reaching
at its maximum about 250 times the thermal
value. At the back of the shock the fluctuations
decay to the thermal level.

Frequency sPectrum of fluctuations. —The fre-
quency spectrum S„(e) of these fluctuations is
obtained by spectrally resolving the scattered
light using a double Fabry-Perot interferometer
(resolution 2 XIO ' A). The total resolution, in-
cluding the spectral width of the laser line, is
3 &10 ' A. The spectral px'ofiles are scanned
shot by shot; the total line intensity, which is
measured simultaneously, is used for relative
calibration.

Figure 2 shows the frequency spectrum S,(&u)

of these fluctuations corrected for instrumenta].
width at the three points of time indicated by ar-
rows in Fig. I. The peaks of the scattered spec-
tra are shifted to the red with respect to the
laser line. At all thx'ee points of time the ab-
solute value of the shift corresponds to scatter-
ing from plasma waves with frequency w-O. 5m~„
where ~&, is the ion plasma frequency. In the
shock front the shift increases because of the
conlp1esslon of the plasma RQd theQ reD1R1QS COQ-

stant.
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FIG. 2. Frequency spectra &„(&) of enhanced fluctua-
ti.ons for three points of time indicated by arrows in
Fi,g. 1.

The direction of the shift corresponds to scat-
tex'ing from plasma waves traveling in the same
direction as the electrons that carry the diamag-
netic current in the shock front. This and the
further result that the direction of shift reverses
if the current is reversed indicate that the elec-
tx'on cux rent drives the instability. The w1dth of
the scattered spectra, which i.ncreases with time,
is comparable to its shift. This means that the
lifetime of the unstable modes is comparable
with their period. It can be estimated to be about
0.5 nsec.

&a&s-numb«spectrum offluctuations. —The
0 spectrum of the enhanced fluctuations was mea-
sured by varying the scattering angle 8 between
2. 5 and 6 . Figure 3 shows the wave-number
spectrum S(k) at the time of maximum turbulence
together with the form predicted by Kadomtsev. '
Horizontal bars through the experimental points
indicate the finite angle of acceptance of the scat-
tered light, while vertical lines are error bars.
The measured spectrum shows a logarithmic
cutoff for 0 ~ I/O as predicted by Kadomtsev's
theory of ion wave turbulence, but the dependence
on k seems to be weaker than predicted.

Discussion of results. —The observed reversal
of the fx'equency shift w1th the x'evex'SRl of the
diamagnetic current in the shock front suggests
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tron-wave dispersion curves and the line m/& = v;,
where v, is the ion thermal velocity (and not at
the ion acoustic phase velocity, as is the case for
the ion acoustic instability in the case T,/T, »1).

Using this result, Gary and Biskamp' derived
the following expression for the maximum growth
rate of this E &&B electron drift instability
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Inserting our values for conditions at the front
of the shock, we get from the above (with e„
= 1.2 x 10"sec ')

FIG. 3. Wave number spectrum S(k) of enhanced
fluctuations at tixne of maximum turbulence together
with the form predicted by Kadomtsev.

y, =1.7&IQ' sec ' for k=Q,

that the electx'on drift is the driving source of
the enhanced fluctuati. ons. Therefore the follow-
ing question ax'ises: Which waves become un-
stable and grow fast enough under the existing
shock conditions to account for the measured
level of fluctuations'P

The two quantities relevant to this question are
the ratio of electron drift velocity to electron
thermal velocity v, /v, and the ratio of electron
to ion temperatures T,/T, . The ratio v, /v, is
about 0.2 at the front of the shock and decreases
towards the rear owing to the increasing electron
temperature, while T,/T, is 0.22 in th. e initial
plasma and steadily increases within the shock
front, having an avex'age value of about I over
the shock front.

Undex these conditions ion acoustic waves,
most frequently enlisted to explain observed
plasma turbulence, should be stable (ion Landau
damping is comparatively strong for T,—T,, and

v~ & v, is necessary for instability" ). As pointed
out by I.ashmore and Davies, "however, and
observed in a computer simulation experiment
by Forslund, Morse, and Nielson, "electron-
cyclotron waves (Bernstein waves) propagating
perpendicalar to the magnetic field can become
unstable for T,- T,. and g„«v, . The reason for
this is that the Doppler-shifted Bernstein wave
"sees" a positive slope of the ion distribution
function and therefore undergoes inverse Landau
damping. Forslund, Morse, and Nielson" have
shown that because the instability is resonant
with the ions, the maximum growth rate for each
harmonic occurs near the crossing of the elec-

y „=0.6»0' sec ' for AD=0. 8,

corresponding to the wave vector for which the
level of turbulence has been measured.

On the other hand, the measured level of fluc-
tuations (250 times the thermal value) implies
that

e'~'= 250

or

y=0.9&10' sec ',

in order that the waves grow to the observed
level during a time interval of t=3Q x10 ' sec
(cf. Fig. 1). Thus the growth rate of the electron
drift instability discussed above seems to be suf-
ficient to account for the observed enhanced fluc-
tuations. "

The phase velocity of the unstable mode ob-
served in the experiment (+—0.5&&v~„kB=0.8)
agrees well with the result ~/k=v, obtained by
Forslund, Morse, and Nielson" for unstable
electron-cyclotron waves, but would also be a
reasonable fit to the dispersion curve fox ion
acoustic waves. As pointed out by Gary and
Biskamp, ' a possible way of differentiating be-
tween these two instabilities is the measure the
cone of propagation of the enhanced fluctuations
in the v„-B, plane. In the case of an E &8 elec-
tron drift instability, enhanced fluctuations
should be concentrated within a few degrees of
the drift velocity (as long as nonlinear effects
are unimportant), whereas for an ion acoustic
instability they should be observed through a
broad cone up to about 60 from v„. A light-scat-
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tering experiment to test this dependence is in
progress.

In summary, the measurements discussed
above demonstrate the presence of current-
driven turbulence in perpendicular high-P shock
waves in which strong, collisionless electron
heating has previously been observed. The most
interesting result is that the turbulence develops
in a plasma with T,/T,.—1 and v„/v, «1, where
ion acoustic waves should be stable. There are
good reasons for identifying the instability lead-
ing to the observed turbulence with the electron-
cyclotron drift instability recently found in a
computer simulation experiment" under similar
conditions. These results not only have a bearing
on collisionless shock waves, but they also sug-
gest that electric currents flowing perpendicular
to magnetic field lines in a plasma may, in gen-
eral, excite an instability, even in the case T,
-T,. and v„«v, .
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A simple, empirical connection between electronic and lattice ionicity is reported for
45 A B + compounds. The Szigeti charge per effective ionic valence is found to be equal
to the ratio of Phillips' electronegativity difference C and the plasma energy of the free-
valence-electron gas. Deviations are most prominent for low-ionicity compounds con-
taining first-row elements,

The spectroscopic scale of ionicity proposed by
Phillips and Van Vechten for the A"B' " com-
pounds' has successfully correlated a number of
important properties of these crystals. This con-
cept of ionicity is based on the electronic low-
frequency dielectric constant & and refers as
such to a crystal in equilibrium. In this case,
ionicity can be expressed in terms of an ionic
contribution C to the average electronic band gap
8, or through the fractional ionicity f; = C'/E, '.

Another manifestation of ionicity is associated
with the frequency splitting of the long-wavelength
optical vibrations of the lattice and is thus a

property of the strained lattice. Here, ionicity
has been described by the relative splitting (&,'
-~,')/~, ', ' the normalized splitting S,' or various
effective charges, notably the Szigeti charge e,*.'
x, and v, denote the longitudinal and transverse
optical zone-center frequencies, respectively,
and

where 0 is the volume of the unit cell, p. is the
reduced ionic mass, and e is the elementary
charge. The definition of e,* involves local-field


