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Nonstationary Behavior of Collisionless Shocks*
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Laboratory measurements indicate that a collisionless shock wave formed in a plasma-
mind-tunnel device is. nonstationary on the time scale of the ion gyroperiod. This behavior
suggests a possible interpretation of recent data on magnetic fieM structure in the vicinity
of Earth's bow shock. Comparison is made between the laboratory measurements and
earlier computer simulations in which ion gyromotion was included.

We wish to report what we believe to be the
first observation in the laboratory of nonstation-
ary collisionless shocks in magnetized plasma.
Our experiments were conducted in a plasma
wind tunnel designed to produce steady-state
shock profiles. Details of this device and re-
sults of earlier measurements may be found else-
where. ' Recent refinements in our measure-
ments, as described below, reveal that the inter-
action of an essentially steady plasma stream in
the magnetosonic Mach-number range 4 to 8 with
a fixed magnetic obstacle leads to a standoff
shock which is not stationary. Rather, the plane
containing the shock interface oscillates back
and forth in the direction of the upstream plasma
flow with a frequency comparable to the upstream
ion gyrof requency.

A large number of workers have reported ob-
servations of collisionless shocks in magnetized
plasmas. ' ' These observations were made on

radially imploding pinch devices, and to the best
of our knowledge the fact that these shocks may
be nonstationary has not been reported earlier.
It may be argued that under conditions where the
shock is produced by radial implosion, physical
limitations in the available space preclude the ob-
servation of fluctuations within the shock inter-
face on the time scale of the ion gyroperiod.

Recent observations' made by satellite-based
sensors of Earth's bow shock may also be inter-
preted in terms of a nonstationary shock. Pre-
cursor compressions and rotations of the mag-
netic field on the upstream side of the shock,
and fluctuations behind the shock of amplitude
approximately 10 gammas are frequently ob-
served. The origin of the precursor structure
was concluded to be large-amplitude wave trains,
which are frequently destroyed by changes in
conditions at the shock. In light of our experi-
ments, however, we feel that the possibility that
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the bow shock undergoes rapid, irregular radial
accelerations should not be ruled out. Such ac-
celerations would also be consistent with the data
for magnetic field versus time obtained from
satellite observations on both the upstream and
downstream sides of the bow shock.

Vfe present our experimental observations
next and conclude with a discussion which relates
these observations to several theoretical argu-
ments recently advanced to explain the mecha-
nism of strong shock formation in collisionless,
magnetized plasmas.

A plasma-wind-tunnel device is used to pro-
duce a standing shock wave, grossly stationary
in the laboratory reference frame, for times
long compared with an ion gyroperiod. This de-
vice is described in detail elsewhere. l

The shock wave is produced by the interaction
of a supersonic plasma flow with the field of a
magnetic obstacle. The obstacle is a set of
straight, closely spaced, current-carrying con-
ductors located on a diameter of the plasma-flow
cross section, whose diameter is 70 cm at the
half -density points. The upstream flow condi-
tions are characterized by T, = T„P=Bwnk(T,
+T,)/B'=-3, and Mach number M in the range 4
to 8. Here n is the particle density, k is Boltz-
mann's constant, and B is the magnetic field
strength.

These conditions will be recognized as not
untypical of the solar wind as it approaches the
geomagnetic field. Directed ion energy in the
upstream flow has been measured to be in excess
of 100 eV, and consequently the mean free path
for scattering of these primary ions by the ions
of the shocked plasma is on the order of 1 m,
much greater than the shock thickness. The
neutral content of the flowing plasma has been
measured, and found to be less than 5/0 of the
ion density.

Figure 1 shows schematically the location of
the obstacle conductors, the coordinate system,
and the location of the shock wave. The flowing
plasma approaches the obstacle from the left
(negative x), and a shock wave is observed to
stand in the flow approximately 30 cm upstream
from the obstacle, depending on the obstacle
current and plasma Qow energy. The components
of the magnetic field just upstream and down-
stream of the shock are also shown in Fig. 1.
On the upstream side, 8, and B, are typically
15 to 20 G, while just behind the shock B, is
approximately 80 6 and B, has decreased to less
than 5 G. While there i.s a field component B„
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FIG. l. Schematic diagram showing coordinate sys-
tem, and relative positions of magnetic obstacle, shock
wave, and upstream plasma Qow.

of about 20 6 far upstream, in the vicinity of the
shock it has virtually vanished. The behavior of
these fields is discussed more fully elsewhere. '

The presence of magnetic fluctuations in the
shock region has previously been observed. Cor-
relation of these fluctuations in space and time
has now shown that the shock plane oscillates
back and forth in the direction parallel to the up-
stream flow, at frequencies comparable to the
upstream ion gyrofrequency (-30 kHz).

To correlate the magnetic fluctuations through
the shock region in the x direction, a multiple
magnetic probe is used. This probe has four
coils oriented to sense 8, at 2-cm intervals
along x. The integrated outputs from these coils
are shown in Fig. 2(a). The slower-sweep (500
iLsec per division) photos show the behavior of
B, throughout the run, while the faster-sweep
photos show the magnetic fluctuations during the
central portion of the run. The observed correla-
tion of the fluctuations leads to the conclusion
that the shock wave, while grossly stationary in
the lab frame, oscillates back and forth in an ir-
regular fashion. In Fig. 2(b) we have plotted B,
vs x for two times f, and t„indicated in Fig. 2(a)
by arrows. Time-averaged values of B,(x) are
shown for positions outside the range of the multi-
ple probe, with error bars indicating the arnpli-
tudes of the magnetic fluctuations at these points.

During the course of a run, the shock is ob-
served to oscillate with an amplitude of 4 to 5
cm, compared to the previously measured' thick-
ness of 6 to 8 cm. These dimensions are com-
parable with the "ion inertial length" c/&u~, . = 8
cm, but smaller than the ion gyroradius vo/0, .
=30 cm. fc is the velocity of light, &u~, is the
upstream ion plasma frequency, vo is the up-
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Fio. 2. (a) integrated outputs from multiple probe
coiis sensing ft . (b) Magnetic profile ft, (v) versus x.
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FIG. 3. Integrated outputs from magnetic probes
sensing B» at positions x=-32 cm, y =0, and z as
noted.

stream flow velocity, and 0, is the ion gyrofre-
quency near the center of the shock (2s &&75 kHz). ]

To determine that the magnetic oscillations
are in phase in the z direction, magnetic probes
sensing B, were placed at 5-cm intervals above
and below the system (x) axis. The integrated
outputs of these probes are shown in Fig. 3, and
the oscillations are observed to be well correlat-
ed in the z direction. Similar experiments have
shown good correlation in the y direction. The
conclusion is that the magnetic structure of the
shock oscillates in the x direction as a rigid
body.

%e have previously observed' that in order to
change the time-average position of the shock
wave by 4 cm, power supplied to the plasma ac-
celerator must be changed by about 15%. When

this is done, the magnetic field profile both up-
stream and downstream from the shock is con-
siderably changed. In the experiments reported
here, although the shock is oscillating with an
amplitude of 4 cm, the upstream and downstream
magnetic fields are quiet. Furthermore, no

sign of the Q, activity is observed by the current
and voltage monitors on the plasma accelerator.
%e therefore conclude that the oscillations are
an inherent part of the shock structure, rather
than due to power fluctuations from the acceler-
ator.

It is generally believed that weak shocks, M„
s 3 (M„being the Alfven Mach number), may be
understood in terms of fluid theories which take
into account anomalous resistivity induced by
electron streaming in the plane of the shock,
where the streaming arises from magnetic gra-
dients. Although many details remain to be re-
solved, there is generally good agreement be-
tween experimental observation and theoretical
predictions for this regime.

Strong shocks, where resistive dissipation is
not sufficient to produce relaxation, require an
anomalous "ion viscosity" for shock formation.
This is consistent with the observation that in
strong shocks the ions are more strongly heated
than the electrons. It has been suggested" that
ion counterstreaming instabilities can lead to
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levels of plasma turbulence sufficient to produce
anomalous "ion viscosity. " A careful examina-
tion of this problem' reveals that this instability
mechanism is operative only as long as T,/T,
is sufficiently low. For T,/T, ~0.6 the growth
rates decrease to values comparable to ion gyro-
frequencies, and it becomes essential to take in-
to account ion gyromotion. Similar reservations
may be expressed with regard to the electron
cyclotron drift instability proposed by Forslund,
Morse, and Nielson. "

Recent macroparticle computer calculations
on electrostatic shocks" have shown some suc-
cess in producing stationary shocks over a lim-
ited range of T,/T, and Mach number. Extension
of this approach to magnetosonic shocks, in
which the electrons are treated as magnetized
but the Lorentz force on the ions is neglected,
leads to results rather similar to the electro-
static (B=0) ones. " More recently it has been
reported" that such a model in which ion gyromo-
tion is neglected leads to stationary shock forma-
tion for MA&3.

The experimental results presented here appear
to lend credence to the earlier computer-simula-
tion studies which included ion gyromotion. ""
In these computations one observes only quasi-
stationary shocks with significant fluctuation on
the ion gyrofrequency scale and higher within the
shock structure. On the evidence of these cal-
culations it has been argued'" that ion gyromo-
tion induces large-scale fluctuations and a re-
sultant coarse graining in the ion velocity dis-
tribution at high Mach numbers. Fine-scale in-
stabilities may then help smooth the distribution
towards a final equilibrium state.

We plan to continue these experiments with

principal attention being focused on understand-
ing the details of shock formation, energy parti-
tion, and thermal relaxation under the high-
Mach-number conditions approximating Earth' s
bow shock.
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We observe the onset of the ballistic flow of phonons using temperature pulse tech-
niques below 0.2 K in solid He crystals grown from the superfluid. First-sound veloci-
ties obtained from these measurements compare satisfactorily with ultrasonic measure-
ments recently reported.

At the present time there is considerable inter-
est in the propagation of temperature pulses in
dielectric solids. ' Depending upon the dominant
phonon scattering mechanism, temperature puls-
es may propagate ballistically, travel as second

sound, or decay by diffusion. Second-sound puls-
es and diffusive behavior have been previously
observed in crystals of 'He. ' In this Letter we
report the detection of ballistic flow in solid 'He,
and compare the pulse arrival times with recent






