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tom of Fig. 3(a). These satellites are shifted by
approximately 70 to 100 kHz from the oscillator
frequency. Near the region of maximum refrac-
tive index the amplitude of the satellites grows
and becomes nearly equal to that of the central
peak. Figure 3(b) shows simultaneous values of
the index of refraction, the wave amplitude, and
the satellite amplitude as a function of radial po-
sltlon.

There are oscillations in this plasma which
modulate the density by about 10% and which ap-
pear to be drift waves. The dependence of ampli-
tude on radius and magnetic field and the depen-
dence of frequency on magnetic field and ion
mRss lndlcRte thRt these low-frequency oscllla-
tions are drift waves. We have observed that the
frequency of these oscillations is always exactly
equal to the frequency separation between the
satellites and central peak for the driven high-
frequency waves. These data, indicate a strong
nonlinear interaction between the driven waves
propagating near the lower hybrid resonance
and the drift waves which are always present in
the plasma column. Furthermore, as the ampli-
tude of the high-frequency waves increases, the
low-frequency oscillation amplitude is affected
and usually decreased. It is possible that this
effect may be caused by a change in the plasma
equilibrium induced by the driven oscillations
rather than dynamic stabilization. However, the
relatively intense satellites indicate a strong in-
teraction between the low-frequency and high-fre-

quency waves that could be of considerRble inter-
est to those workers concerned with dynamic or
feedback stabilization.
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A mechanism for strong ion heRtlng 1Q oblique colllslonless shock %'Rves is found in
numerical-simulation experiments and identified with an essentially electrostatic two-
lon beam instability excited DoQllneRrly by the potentlRl osclllations accompanying the
whistler precursor.

In the theory of collisionless shock waves in a
magnetized plasma two regimes are conveniently
dlst1nguished: (a) 'tile I'esIstive I'egIIIle valid
for low Mach numbers, 34A~3, where the main
dissipation process is electron heating by anoma-
lous resistivity; and (b) the viscous regime,
valid for higher Mach numbers, where anoma-
lous ion heating prevails. The resistive regime
is now quite well understood, since the instabil-

ity mechanism has been identified. ' As it pro-
duces a microhlrbulence with wavelength A, -A. D

which is much smaller than typical magnetic
scales, c/oI~, —c/&o~„a fluid description in terms
of a phenomeno1ogical resistivity is adequate.

The so-called viscous or supercritical regime
is more complicated to understand, and several
different ideas on how ion heating takes place
have been proposed. ~ ' The case of a perpendicu-
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lar (with respect to the ambient magnetic field
B) shock wave has been elucidated recently by
computer -simulation experiments. ' It was
found that some dissipation occurs by trapping
of ions in the magnetosonic wave train behind the
shock front, but that the beam of reflected ions,
which is the main source of energy to be dissi-
pated, flows upstream nearly unperturbed (in
those computations the ions are assumed to be
unmagnetized). Thus, ion gyration effects must
play a major role in the final thermalization pro-
cess, which is in agreement with the conclusion
drawn in Ref. 3.

For shock waves propagating obliquely with re-
spect to the magnetic field, a different behavior
is possible. It is well known that outside a nar-
row angular range about the plane perpendicular
to 8 the trailing magnetosonic wave vanishes and
the whistler precursor appears. Oblique shock
waves play an important role in astrophysics,
the best known example being Earth's bow shock.
The predominant feature here is the strong mag-
netic turbulence, which suggests that the dissi-
pation process is connected with the excitation
of magnetic oscillations. In this Letter we show
the existence of a strong dissipation mechanism
which is absent in the perpendicular case. %e
first present results of numerical-simulation ex-
periments and then give a qualitative theoretical
explanation of the nonlinear processes observed.

The numerical model is one-dimensional in
space and three-dimensional in velocity space
and describes both electrons and ions by a num-
ber of simulated particles tIN= (2-8) && 10' per
species] including their electrostatic and electro-
magnetic interactions (the displacement current
is neglected which is consistent in one dimension).
Thus the time scales ~~, ', 0, ', and 0, ' and
the spatial scales XD, c/u&~„and c/~~, appear,
which for practical computations imposes some
restrictions on the mass ratio. In the runs dis-
cussed below we use m, /m, = 64 and 128. The
units chosen are c/&u~„cA, and B'/4m' (8 is the
unperturbed magnetic field) so that we have tem-
perature T, , =-,'P, „where P = P, P,. is the ratio
of kinetic to magnetic pressure. The shock wave
is produced by an electric field E,„which is in-
duced at the edge of the system and drives a mag-
netic piston into the plasma (the coordinate sys-
tem is such that the shock propagates in the x di-
rection; the unperturbed magnetic field is in the

x, z plane).
Figure 1 illustrates a run with m,./m, = 128,

c/cA=64, T, =-„and T, =~„sucthhat c/& ~,

=128XD. The driving field is E„=20where E is
in units of Bc„/c. The angle between B and the
shock normal is 45'. The main result is that in
contrast to the perpendicular case there is strong
interaction between the upstream plasma and the
reflected ion beam. Ions are trapped in the po-
tential wells associated with the whistler wave.
To demonstrate that gyration effects of the ions
play no role in this process, the same run was
repeated with the Lorentz force in the equation
of motion of the ions switched off, which shows
essentially the same picture. The Mach number
of the leading edge of the wave train is M A-—4.9.
The ion phase-space vortices are soon filled up,
so that the density reaches its downstream value
within a few oscillation periods. While electron
heating is moderate, since the effect of anoma-
lous resistivity cannot be taken into account in
our model, the ion temperature becomes much
larger than the electron temperature because of
the thermalization of the reflected ions.

Figure 2 shows an x, v„ ion phase-space plot
for a run with m, /m, = 64, all other parameters
being unchanged. To give a clearer picture of
the electrostatic interaction, this case is shown
in the version with unmagnetized ions. Compar-
ing Fig. 2 with Fig. 1, it is seen that the ion-
beam interaction is much weaker for the smaller
mass ratio. The main part of the reflected ions
form a nearly unperturbed beam flowing up-
stream. As in the case of a perpendicular shock
wave these ions are turned around into the shocked
plasma only by gyration effects. '

%e also performed a run, which is not shown
here, with m, /m, =128, but E„=32, producing
a faster shock wave, MA —-5.8. Here, too, the
electrostatic beam interaction is seen to be some-
what reduced as compared with the lower Mach-
number case 34A-—4.9 in Fig. 1. However, the
rapidly increasing strength of the ion-beam inter-
action with increasing mass ratio as seen from a
comparison of Figs. 1 and 2 allows for the con-
clusion that for the hydrogen mass ratio this in-
teraction should play a dominant role up to very
high Mach number s.

The strong ion dissipation process observed
in the shock front suggests the presence of a
counter streaming ion-ion instability. For the
case of two ion beams streaming perpendicularly
to a magnetic field, the parameter range for in-
stability was investigated in Ref. 3 by solving the
linear dispersion relation. It can be seen that
the linear instability is absent when the relative
velocity V of the ion beams exceeds a cer tain
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er parameters as in Fig, 1,

value Vo= CA& -2 (1+P)' ' This is always the case
1n superercritical perpendicular shock eaves,

Refs. 4w 1c exp lalns the observat1on IQade 1n Re s.
ct withand 5 that the reflected ions do not interact m1

the incoming plasma.
The dispersion relation is quite different for

t beams propagating obliquely at an angleWO 1On

8 with respect to B. For cold ion beams e 1s-
persion relation was derived in Ref. 2. When
evaluating it, we find instability for much higher
relative velocities, V&cA(m,. w '~2 assuming
Q~ (dP, 2

an C 4)Ped kcj~ -cos6-1 and some other con-
d't' not given here, However, it can easi y
be seen ath t th's "beam-whistler instability, " as
t ll d

' Ref. 2, is not an instability be-
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tween the two ion beams but between one ion
beam and the electron component with phase ve-
locities near those of either ion beam. Numeri-
cal simulation of the development of this beam-
whistler instability shows that it is quite ineffec-
tive. Hence no appropriate linear instability
mechanism is available.

We claim that the instability seen in Fig. 1 is
essentially the electrostatic two-ion-beam in-
stability excited nonlineaxly. The two-ion-beam
configuration is only linearly stable, but non-
linearly unstable if the initial perturbation g,
is sufficiently large. Separate numerical simu-
lations of the two-ion-beam system initially
modulated by a large-amplitude wave confirm
this picture. Thus the electrostatic dissipation
of the reflected ions is due to the presence of
the whistler precursor and its coupling to elec-
trostatic oscillations. For perpendicular shock
waves no whistler is excited and hence no elec-
trostatic thermalization of the reflected ions
occurs. The same is true of nearly parallel
shock propagation, since here the whistler be-
comes purely electromagnetic.

We have presented a mechanism of anomalous
ion dissipation in oblique collisionless shock
waves. We still have to relate our results to ex-
perimental observations made, for instance, on
the bow shock. The very coherent, laminar be-
havior seen in Fig. 1 is probably due to the one-
dimensional character of the model (similar be-
havior was found in the perpendicular case4 and
for purely electrostatic shock waves'). In a high-
er -dimensional space, wave-coupling processes
will probably disturb the whistler wave train and
make it more turbulent. An essential feature of
the dissipation process is that it is intimately
connected with strong excitation of magnetic field
oscillations. This explains the highly oscillatory

behavior of the bow-shock magnetic field profiles,
which did not appear in previous numerical-sim-
ulation computations, where the only ion dissipa-
tion process was by gyration. In the present
model anomalous resistivity was not taken into
account, which could damp the wave train to a
certain degree. However, the wild magnetic tur-
bulence in the bow shock indicates that this damp-
ing is not very effective. It should be noted that
the present nonlinear instability mechanism has
no relation to an electrostatic shock model dis-
cussed earlier, ' which implies a linear instability
between the upstream and the downstream plas-
mas (instead of the reflected ion beam) with scale
A-aD (instead of c/~~, ) and hence no coupling to
magnetic field oscillations.
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