
VOLUME 48, NUMBER 17 PHYSICAL REVIEW LETTERS 26 APRj:L 1/82

Our spectra also contain a weak component
at the cylinder frequency, I', &', due to slight
misalignment within the Couette system, and the
spectral lines are broadened because of poor ta-
ble speed control. Detailed measurements with
improved system alignment and speed control
will be made for all of the observed states (m, .
m, ).'

In conclusion, we have shown that doubly peri-
odic flow in the Couette system corresponds to
two traveling waves that propagate with different
speeds. The symmetry arguments of Hand4 and
Gorman, Spinney, and Rand' suggest that there
may be other cylindrically symmetric fluid sys-
tems with this feature. In fact, Pfeffer and
Fowlis" have described an asymmetrical flow
state observed in a differentially heated rotating
annulus in terms of the superposition of two trav-
eling waves.

Several questions are raised by these results.
For example, why does simple superposition ap-
pear to generate the observed space-time sym-
metries? Also, what is the physical significance
of two wave speeds? If the flow is locally per-
turbed, will the effect of the perturbation travel
at either or both speeds? These and other ques-
tions remain for future investigations.
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Observations of Double Layers and Solitary Waves in the Auroral Plasma
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Small-amplitude double layers and solitary waves containing magnetic-field-aligned
electric Geld components have been observed for the first time in the auroral plasma
between altitudes of 6000 and 8000 km in association with electron and ion velocity dis-
tributions that indicate the presence of electric fields parallel to the magnetic field. The
double layers may account for a large portion of the parallel potential drop that acceler-
ates auroral particles.

PACS numbers: 53.35.Fp, 52.35.Mw, 94.30.Qm

Double layers, small localized regions of a
single electric field polarity, have been studied
analytically, ' but until now have been observed
only in computer simulations' and in laboratory
plasmas. ' We report the first observation of
small-amplitude double layers in a naturally
occurring plasma. These double layers differ
from the previously reported electrostatic shocks'

in that their electric field is much smaller (typi-
cally no greater than 15 mV/m), their electro-
static polarization relative to the magnetic field
is predominantly parallel rather than perpendicu-
lar, and the duration of an individual double layer
is much shorter:ypically 2-20 ms rather than
0.1-10 s for the electrostatic shocks. The dom-
inant polarity of the electric field through an

1982 The American Physical Society 1175



VOLUME 48, +UMBER 17 PHYSICAL REVIEW LETTERS 26 APRIL 1/82

individual double layer points toward the mag-
netosphere. The localized parallel electric field
components and net potential jumps identify these
structures as double layers. In contrast, the
solitary waves possess the properties of double
layers except that they contain no net potential.
The solitary waves and double layers are not ac-
companied by other higher-frequency waves up
to the 18-kHz limit of the detector.

S3-3 was a polar-orbiting satellite with an
apogee of 8000 km and a perigee of 250 km. It
was equipped with three orthogonally oriented
pairs of spheres, which made a three-component
measurement of the electric field. ' The satellite
spun in a cartwheel fashion with a period of 18 s,
so that one of the two radial pairs of spheres
was nearly aligned with the magnetic field every
4.5 s. Each of the two pairs of spheres in the
radial direction was separated by 37 m, while
the pair in the axial direction was separated by
6 m. During portions of the orbit, electric-field
wave data with a temporal resolution of 0.1 ms
were telemetered to the ground. Other instru-
ments measured ion and electron fluxes. '

The top half of Fig. 1 shows three components
of the electric field when one pair of spheres
was aligned within 6 of the magnetic field. Ex-
amples of double layers and solitary waves are
marked. Negative parallel electric fields point
out of the ionosphere. The perpendicular compo-
nents of the electric field show low-frequency
turbulence, a common feature of auroral-zone
data, and electrostatic ion-cyclotron (EIC) waves
at about 140 Hz. Notice that both of these fea-
tures have little or no parallel electric field
component. The bottom portion of Fig. 1 shows
three components of the electric field 2 s later,
when both radial pairs of spheres were oriented
at about 45 with respect to the magnetic field.
The data have been transformed into a magnetic-
field-aligned coordinate system. The purpose of
the bottom half of the figure, in addition to show-
ing another example of the data, is to demon-
strate that the observations are not interference
features that depend on the antenna orientation.

The double layers and solitary waves shown in
Fig. 1 represent only a small portion of the -400
events that were observed in the 45-s interval
that coincided with a region of upgoing ion beams
and enhanced loss cones in the -0.5-keV electron
distribution. These particle signatures indicate
the presence of a potential drop below the satellite
of about 0.5 kV. ' In addition, enhanced downward
fluxes of electrons and a slight local minimum in
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the electron pitch angle distribution at 90' indi-
cate the presence of a parallel electric field
above the satellite.

About 100 min of data during times when the
S3-3 satellite was in the auroral zone at altitudes
between 2000 and 8000 km have been examined.
Six additional groups of interspersed double lay-
ers and solitary waves, ranging in number be-
tween 10 and 400, were found between 6000 and
8000 km altitude. All were located in regions
where upgoing ion beams and electron pitch-angle
distributions indicated the presence of parallel
electric field both below and above the satellite.
The double layers in each group had an irregular
recurrence period that, on the average, was ap-
proximately 0.1 s. EIC waves occurred in all
cases coinciding with or within a few seconds of
all double-layer observation. EIC waves are
known to be well correlated with observations of
upf lowing ions.

A major goal of auroral physics is to determine
the origin and distribution of the parallel elec-
tric fields that accelerate the electrons that pro-
duce the visible aurora. The presence of double

FIG. 1. The two perpendicular and one parallel elec-
tric field components shown. Examples of double layers
(DL), solitary waves (SW) and electrostatic ion cyclo-
tron (EIC) are marked. These data were acquired on
August 11, 1976, at an altitude of 6030 km, an invariant
latitude of 74.1, and a magnetic local time of 15.74 h.
The finite parallel component of the low-frequency
turbulence (i.e., - 10 Hz) in the lower half of the figure
is an artifact due to frequency-dependent gain of the
detectors at low frequencies.
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layers in regions of parallel electric fields sug-
gests that the net potential through a series of
small-amplitude double layers distributed along
the magnetic field may account for much of the
total potential drop in these regions. In the 45-s
interval surrounding the data in Fig. 1, double
layers were observed approximately 5% of the
time with typical parallel electric fields the
order of 10 mV/m. Thus, the average parallel
electric field component produced by the double

layers was -0.5 mV/m. This electric field, dis-
tributed over an altitude range the order of 1000
km, would give a net potential of about 0.5 kV,
which would account for the observed particle
distribution functions. It should be noted that
the 45-s interval corresponded to 0.5' in invar-
iant latitude, which is the scale size over which
large-scale parallel electric field acceleration'
("inverted V's") is known to occur, rather than
the scale size of individual electrostatic shocks.

To find the parallel potential drop through an
individual double layer, it is necessary to know
the length of the double layer in the direction
parallel to the magnetic field. The 37-m boom
length is a lower limit on the length since the
opposite-polarity electric fields in any single
structure are not separated by an extended region
of near-zero electric field. Another estimate
may be obtained if the double-layer velocity along
the magnetic field is known. In principle, the
double-layer velocity relative to the spacecraft
can be determined by comparing the onset of the
event in two sets of double probes oriented in dif-
ferent directions as illustrated in Fig. 2. The
double probe labeled "V34" is extended 9 m fur-
ther along the magnetic field than is V12, and so
it should be the first to detect any pulse coming
either up or down the magnetic field. The best
estimate for the example in Fig. 2 is that the V34
double probe detects the double layer 0.2+ 0.3
ms before the V12 double probe, which corre-
sponds to a velocity of -45 km/s and a parallel
length of 300 m. Other such estimates give typi-
cal time delays that are also zero within the -0.3-
ms uncertainty of the measurements. " There-
fore, in fact, such estimates can give only a low-
er limit for the velocity, which is the order of or
greater than 50 km/s. For comparison, the ve-
locity of 500-eV H' (the typical energy of the ion
beam in the regions of the double layers) is 310
km/s. The para, llel velocity estimate of ~ 50 km/
s combines with the -4 ms typical duration of
an event to give a parallel double-layer scale
length of ~ 200 m. This lower limit on the scale
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FIG. 2. A comparison of the data from bvo double
sphere electric field detectors oriented with respect
to the magnetic field (B) as shown in the top portion of
the figure. The Qat portions of the data at the extrema
of the output of V34 are due to saturation.

length and the observed -10-mV/m field combine
to yield an estimate of more than a few volts for
the net potential in a double layer.

While no direct measurements of density and

temperature were made simultaneously with
observations of double layers, Langmuir probe
measurements' from similar regions of space
indicate electron densities of -5 —10 cm ' and
electron temperatures of -0.5- 5 eV for the cold
component. In addition, particle measurements
show a hot "plasma sheet" electron component
with a density of 1 cm ' and a temperature of
0.5 keV. Since the Debye length depends mostly
on the cold component, the corresponding Debye
length (AD) is in the range of 5 m. Thus, the
double-layer thickness parallel to the magnetic
field is the order of or greater than 40K. D and the
average double-layer separation is the order of
or greater than 800 A. D. The scale length per-
pendicular to the magnetic field is more difficult
to estimate. Planar structures should produce
similar signals in all detectors, except for dif-
ferences in polarity and magnitude. This is often
not the case, as can be seen in a few examples
in Fig. 1 indicating that the perpendicular scale
length of an individual double layer can be com-
parable to the parallel scale length. Such trans-
verse structure may indicate that the double lay-
ers and solitary waves propagate obliquely, are
modulationally unstable, "or are intrinsically
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FlG. 3. Two possible potential structures for the
double layer which are consistent with the data.

nonplanar electr ostatic per turbations. In any
case, the important feature of the double layers
is their average parallel electric field and po-
tential drop.

The data presented here are, in many ways,
similar to the results of computer simulations
wherein current-driven double layers form with
a longitudinal scale of -50 Debye lengths, are
separated by about -1000 Debye lengths, have
potential drops the order of or less than the elec-
tron thermal energy, are preceded by negative
potential spikes with a scale length the order of
10 Debye lengths, and emit ion-acoustic solitons
as they decay. ' The negative potential spike is
thought to play a crucial role in the formation
of the double layer by reflecting a portion of the
current-carrying electrons, thus establishing
a charge imbalance. ' ~ The observed double
layers also often have this oppositely directed
electric field which precedes the larger double-
layer electric field pulse and are also frequently
associated with solitary waves. Exact compari-
sons between simulations and data are difficult
because the wave propagation direction relative
to the spacecraft cannot be unambiguously deter-
mined from our single-spacecraft measurement.
This ambiguity allows two interpretations of the
data, as indicated in Fig. 3. The first wave
form, (1), is preceded by a positive-potential
compressive pulse as it propagates toward the
ionosphere. The second wave form, (2), is pre-
ceded by a negative-potential rarefactive pulse
propagating toward the magnetosphere. The lat-
ter structure resembles the current-driven
double layers seen in simulations. A recent
study" of ion-acoustic soliton dynamics in colli-
sionless auroral plasma indicates that downward
propagating compressive modes are damped by
ion reflection dissipation, whereas upward propa-
gating rarefactive modes can be resonantly ampli-
fied by coupling to the field-aligned electron cur-
rent. This analysis favors wave form (2) as the

correct interpretation. Also the upward-directed,
supersonic ion beams associated with these events
have the effect of Doppler shifting. the wave propa-
gation velocity in the beam direction. "

Small-amplitude double layers may explain the
fine structure of auroral kilometric radiation.
The find structure consists of many rising and

falling tones; this has been interpreted as the
motion of the source region down and up the mag-
netic field line at velocities between 3 and 300
km/s. The width of the tone indicates a source-
region size of less than 50 km. It has been hy-
pothesized that the fine structure is due to moving
double layers. " Although we are not capable of
measuring kilometric radiation, it seems reason-
able to suppose that we have observed these
double layers. Some caution is required, how-

ever, since the kilometric source region is ob-
served to move both up and down the magnetic
field line, while the observations reported here
are all in upward ion beam regions, suggesting
that these structures may be moving upward.

We have shown that small-amplitude double
layers and solitary waves exist in the collision-
less auroral plasma in association with regions
of parallel electric fields. The double layers
may account for a large portion of the total po-
tential on auroral field lines and may be respon-
sible for the fine structure of auroral kilometric
radiation. The formation of these nonlinear
waves in the auroral plasma remains an outstand-
ing problem.
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Stimulated Raman Scattering from uv-Laser-Produced Plasmas
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Time-integrated, spectrally resolved measurements between 400 and 750 nm have been
made of light backscattered from plasmas produced by 450-psec pulses from a 351-nm
laser at 10 ~ to 10 ~ W/cm . Threshold and saturation behavior for the two-plasmon de-
cay and the absolute and convective Haman instabilities have been observed. The scat-
tered light spectra suggest the presence of a steepened density profile at the quarter
critical density.

PACS numbers: 52.25.Ps, 52.35.-g, 52.50.Jm, 52.70.Kz

Parametric processes in laser -produced plas-
mas can be sources of energetic electrons which,
through their long mean free paths, may preheat
the target core in laser fusion experiments and
thus influence the hydrodynamics significantly. '
Among the parametric processes, stimulated
Raman scattering (SRS) and the two-plasmon
(2m~) decay instability may be efficient genera-
tors of hot electrons, ' especially in the exten-
sive underdense plasmas expected for inertial-
confinement fusion targets. Observations of SRS
from plasmas produced by 1064- and 532-nm
lasers have recently been reported in the litera-
ture. ' The existence of the 2o ~ instability has
variously been inferred from &co, measurements~
and from direct plasma wave observations in CO, -
laser-produced plasmas by Baldis, Samson, and
Corkum. '

In this Letter, we report backscattering meas-
urements from plasmas produced by 351-nm

laser light which demonstrate (as a function of

intensity) clear thresholds and low-level satura-
tion for the 2'~ instability as well as for the
absolute (SRS-A) and convective (SRS-C) Raman
instabilities. Broad continuum spectra between
400 and 700 nm were observed for the SRS-C
instability. The relatively small frequency
change (b,&u) associated with the low-wavelength
limit of these spectra indicates that SRS is opera-
tive in plasma densities as low as 0.05n, (n, is
the critical density for 351-nm radiation). The
measurements do show the expected lower thresh-
old for the 2cu~ instability relative to the SRS-A
instability as predicted by theory. However, the
SRS-C is found to have approximately the same
threshold as the SRS-A instability, instead of the
considerably higher threshold expected if both
instabilities operate in plasmas with comparable
scale lengths.

The experiments described here were performed
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