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Abstract

Numerical simulations have provided detailed information
of the microscopic processes that occur in a high Mach-
number oblique shock wave such as the bow shock. The
gross feature of the ion dissipation is a strong inter-
action of the reflected ions with the whistler precursor,
which can be explained by a nonlinear ion-ion counter-
streaming instability. The instability simultaneously
amplifies the magnetic oscillations of the whistler which
supports the strong magnetic turbulence at the bow shock.
In addition electrostatic substructures have been observed
which significantly enhance the thermalization of the ion

distribution on the Debye scale.




The essential point in the theory of collisionless

shock waves is the nature of the dissipation. While

much progress has been made in recent years in under-
standing the collective processes in subcritical shocks,
the knowledge about what happens in the high-Mach-number
regime is still limited. This is especially true for
shock waves propagating obliquely with respect to the
ambient magnetic field. The experimentitally best known
example is the bow shock in front of the earth's magnetos-
phereﬁhich we shall always refer to in the following.
Satellite measurements have provided rather detailed
information on the structure of this shock transition
(Fredricks at al., 1968 and 1970; Montgomery et al.,
1970) . The following properties are now well established:
The main dissipation process is anomalous ion heating;
the ion temperature, which is usually smaller than the
electron temperature in the upstream state, becomes much
larger than the electron temperature behind the shock
transition. The magnetic field profiles are highly
oscillatory in the neighborhood of the shock transition.
There exsistsa considerable level of high frequency

turbulence which is essentially electrostratic.




Since single satellite measurements do not yield
unambiguous information of wave lengths)experimental
identification of the type of magnetic waves present
in the bow shock is difficult. A widespread view 1is,
that they are predominantly whistlers. Little is
known about the excitation mechanism. It would be
very satisfying if it were directly connected with

the process of ion dissipation.

The electrostatic turbulence is generally interpreted

as a microturbulence with k Ap ~ | . A possible mechanism
of excitation was first suggested by Fredricks et al.,

1968. Since the high frequency oscillations are often
correlated with strong magnetic field gradients, i.e.

high current densities (Fredricks et al.), they appear

to be due to the same instabiﬁty which produces turbulence
and anomalous resistivity in laboratory collisionless shock
waves. This instability is now quite well understood
theoretically (Forslund et al., 1971). In contrast to the
well known two-stream instability in an unmagnetized plasma,
which requires a large temperature ratio Te/Ti for Arift
velocities smaller than the electron thermal velocity 1rthe’
the instability produced by a current perpendicular to a

magnetic field exists almost independently of the temperature




ratio. This resistive mechanism will heat essentially

the electrons. However, there may be other sources of
electrostatic instabilities which could give rise to
stronger ion dissipation.

Phenomenologically, the main dissipation in a high

Mach number shock wave is due to ion viscosity, i.e.

to some process involving only the ion component of the
plasma. The problem is to find the dominant collisionless
mechanism.This determines, for instance, the scale length
of ion heating. Several different processes are conceivable
some of which have been discussed previously. Thermalization
may occur within an electrostatic subshock with a thickness
of the order of the Debye length (Tidman, 1967; Lindman and
Drummond, 1971; Bertotti et al., 1971); or it may be due

to some instability involving also magnetic oscillations,
which would give rise to a thermalization scale 2 cﬂna H
or, finally, there may be no sufficiently strong instability
in which case thermalization occurs only via ion gyration
effects taking a distance longer than CAHpi (Auer et al.,
1971) . However, none of these ideas have yet been convin-
cingly proved or disproved. This is due to the fact that,

on the one hand, satellite observations have not furnished
sufficient information of the microscopic processes involved

in the bow shock, and, on the other, that present theoretical




methods such as linear stability analysis or weak

turbulence theory are not reliable in describing
N

the highly nonlinear processes¥va supercritical

shock wave.

A possibility of avoiding the shortcomings of pure

theory is to use numerical methods i.e. to conduct
some"computer experiment'. Previous numerical computat-
ions of oblique shock waves (Rossow 1967, Lindman and
Drummond 1971) were primarily based on the macroparticle
model devised by Auer, Hurwitz and Kilb (1962)for a
perpendicular shock wave. This model is well suited to
describe subcritical, laminar shock waves. However,

in the case of a supercritical wave the statistical

noise introduced by the small number of simulation
particles becomes very high, which makes the physical
interpretation of the numerical results ambiguous. An
alternative numerical method is the PIC (particle-in-cell)
method (Birdsall and Fuss, 1969; Morse and Nielson, 1969),
which in the last few years has become a very powerful

tool for treating collisionless plasma phenomena.

Using this method we have performed numerical simulations
of high Mach-number oblique shocks. In section 2 we describe
the numerical model and give the main results of the compu-

tations. Section 3 discusses the linear dispersion relation




for a magnetized plasma with counterstreaming ions
beams, while in section 4 the nonlinear instability
of two ion beams is investigated. In section 5 we
compare the numerical results with measurements on

the bow shock.




2) Numerical Simulations

The equations we investigate are the Vlasov equation

for the electron and ion distribution functions and

Maxwell's equations for the self-consistent electric

and magnetic fields. Both electrons and ions are magnetized,

and so we include the spatial scales %40F' i szdpe ,
CA/QUPZVV AP for 8, 1) , and the time scales .J2£:4

J?;d, Q%ﬁ-: a%g-z where C, 1is the Alfvén speed and Be

= gn:n7; /131 . To solve this system of equations numerically,

we use the PIC-method: Electrons and ions are represented

by a certain number N of simulation particles. They

They move in a fixed grid of cells on which the macroscopic
guantities, i.e. the densities and fields, are defined. At
& time tg the number of ions and electrons in the different
cells and their mean velocities determine the charge
densityS’and current density J in the centers of the cells.
From ? and _j the electric and magnetic fields are computed
and the par;icle velodties and positions are advanced in
time to t,* 4t  under the influence of these fields

(for details of the HC method see, for example, the review
paper by Morse, 1970) . The problem we treat, a plane oblique
shock wave, is l-dimensional in space, but 3-dimensional

in velocity space. So we solve the equations



=e(§+é?};x§) ions

electrons

together with Poisson's equation

(2) c(:é 4[6

and the equation for the vector potential

3 vl
T = Bdw

The perpendicular displacement current is neglected, which is

consistent in one dimension. The coordinate system is
indicated in Fig 1. The magnetic field has a component
along the shock normal, Bx== const because of div B = o.
We only briefly sketch the numerical procedure of solving
equations (1) - (3), since it is very similar to the
method C in the paper of Morse and Nielson (1971). Although
the perpendicular canonical momentum is not conserved
because of Bx:# o, it is very convenient to treat the
x-component and the perpendicular components of Egs. (1)
in a different manner. The vector potential is written

as A= A  + A, A = (o,o,Bxg ) and A; = (o, A,v(x),ZMz
(x) ). Integrating the x-component of (1) gives the new

particle positions from which f and ? can be computed.




The perpendicular part of (1) can be written in

the form

.
« 2 - : 2
(4) 7, v;).xB,, , By =y — 2 A, .

—

— —

Integration of (4) gives 3;, from which j and A, are
computed. The units chosen are ﬁé»; ,_(l['4 (and
hence CA) and B2/4-m‘n as energy unit, so that Te,i
= 1/2 ﬁa & i These quantities refer to the unperturbed
plasma, i.e. the upstream state of the shock. Because
of the different time and length scales involved in the

present model, numerical feasibility imposes some

restriction on the mass ratio and the parameter C/cA.

The shock wave is generated by a constant electric

field Eoy induced at the edge of the system, which

drives a magnetic piston into the plasma. The general
behaviour is illustrated in Fig. 2 showing a run with

mi 1 1 c c .
e = 128, Ty = /4 T.l = /16, /cA = 64, (so that / Wpi

= 128 AD) , E_ = 20 (measured in units CA/C B) and © = 45°

oy
(6 = angle between magnetic field and shock normal).
The wave front first steepens and a potential barrier is

built up, until some of the ions are reflected. In a high

Mach-number shock wave these reflected ions are the origin



of the anomalously high ion temperature, since both

their energy and number rapidly increase with the
Mach-number. The reflected ion beam then undergoes

strong interaction with the whistler which is generated
in front of the shock. They are trapped by the electric
potential coupled to the whistler forming vortices in
phase space (Fig. 2a). As these vortices are filled up,
the actual shock front, characterized by the first particle
reflecting potential hump, or more generally by the density
profile, is moving upstream across the whistler, i.e. the
shock speed, MAfx 5, is somewhat higher than the phase
velocity of the whistler, but not as high as the group
velocity. At later times not shown in Fig.2., the down-
stream part of the whistler wave train is irreversibly
damped as the density reaches its downstream value.

The influence of the magnetic field on the ion dissipation
is of minor importance. This has been demonstrated by
repeating the same run with the Lorentz force of the

ions switched off. No essential difference was observed,
the ion phase space plots look similar to those of Fig.

1 a. Thus, we conclude that gyration effects of the
reflected ion beam play no essential role in the

thermalization process in the present run.
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To further elucidate this beam-whistler inter-

action, we performed a number of runs varying the

mass ratio, the driving field Eoy' and the parameter
c/cA. We first compare three runs with mi/me= 64, 128,
256. To see more cearly the electrostatic trapping of

the ions, the ions were taken to be unmagnetized in these runs.

Phase space plots are shown in Fig. 3. We find that

the trapping process becomes more effective for larger
mass ratio. In the case mi/me = 64, Fig. 3a, only one
phase space vortex is formed, while the main part of

the reflected ions is flowing upstream nearly unperturbed.
In the case mi/me = 128, Fig. 3b, the interaction of the
reflected ions with the incoming plasma is much stronger,
two vortices have been formed at t = 2.25 _{254 , and
only few particles are escaping upstream. For mi/me = 256,
Fig. 3c, this effect is still more pronouncecd. From the
B-plots in Fig. 3 it is evident that the interaction of
the reflected ions is correlated with the excitation of
the whistler in front of the shock.

We then varied the Mach-number by changing the driving

field E, Increasing Mp reduces the strength of the

v
electrostatic ion heating. This was shown by a run with

the same parameter values as in Fig 2, but with Eoy = 32



Ll

which produces a shock wave with MAy 5.8. In this case
only a single trapped ion vortex is formed most of the
reflected ions following their gyro-orbits. In a further
run we then increased the mass ratio, mi/me = 256; the
electrostatic interaction was again stronger in agreement
with the dependence on the mass ratio illustrated in Fig.3.
Varying the parameter C/cA, i.e. the ratio G%PT:/AD ;

no noticeable change of the gross features of the dissi-
pation process was observed, since the wavelength is that
of the whistler. However, superimposed on the large scale
beam-whistler interaction are essentially electrostatic
oscillations with wavelengths proportional to cA/cjand
hence to *lD' This micro—turbulence is first excited in the
regions of strong potential peaks, which correspond to
electrostatic subshocks (Lindman and Drummond; Bertotti

et al., 1971). Latron these regions broaden so that the
electrostatic turbulence covers nearly the whole shock
transition. It leads to an enhanced thermalization of the
ion distribution function on the Debye scale. These feature
can be recognized in Fig. 4, where ion phase space is
plotted with higher spatial resolution than in Fig. 2.

Here we selected a run with low initial ion temperature,
Te/Ti = 25, showing up the fine scale structures in phase

space more clearly. Electrostatic subshocks have been
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formed at x~2.5 and x = 4, at a time t = 1.5 after
one large trapping vortex, given in Fig. 2, has been
formed.

To summarize the numerical results:

A strong interaction of the reflected ions with the
whistler precursor has been observed which leads to
ion trapping by the electric potential of the whistler.

This interaction is weaker for higher Mach numbers but,

on the other hand, becomes more effective with increasing
mass ratio.Superimposed we find an electrcstatic turbulence

which plays an important part in the fine scale thermali-

zation of the ion distribution function.
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3) Linear Stability Analysis

It is natural to try and explain the ion dissipation
observed in the numerical experiments in terms of an
instability exited by the ions reflected from the shock
front. The linear dispersion relation of a two~ion-beam
plasma has been investigated previously by Bertotti and
Biskamp (1969) in the purely electrostatic case and by
Auer et al., (1971) and by Papadopoulos et al. (1971a)
for two ion beams streaming perpendicular to a magnetic
field. A common result of these studies is that in the
two-ion-beam configuration the most unstable modes, i.e.
those propagating in the direction of the beams, are
stabilized when the relative drift velocity of the beams
exceeds a critical value, V5 = 2’-‘5 , or in the presence
of a perpendicular magnetic field UV ﬁrQng+Q?(assuming
Tefb'ri), where Cg = V7;/M4; is the ion-sound speed.
Now the drift velocity between the incoming plasma and
the reflected ions in a supercritical shock wave such as
the bow shock is roughly 2 MA Cp 7 which is much larger
than the critical velocity 7%, . Hence the conclusion was
drawn by Auer et al. that ion heating does not occur via

a strong instability but essentially by the gradual
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thermalization of the reflected ion beam because
of gyration. However these computations are restricted
to the perpendicular case. One has still to consider
the case of two ion beams streaming obliquely to a
magnetic field (which is more adequate fo; bow shock
conditions), where infact the linear dispersion
relation turns out to be quite different. In deriving
this dispersion relation, we introduce the following
simplifications: Both electrons and ions are treated
in a fluid picture, i.e. wave-particle resonance effects
are neglected. This is reasohable, since we are interested
in the nonresonant interaction of the ion beams. Furthermore,
the ions are assumed unmagnetized, which implies that the
wavelengthsof the modes investigated are smaller than the
ion gyroradius bfL ~ k c‘/wm- > and that the
frequency and growth rate are larger than the ion
gyrofrequency, &3) Jﬁ > .I25 . On the other hand,
w < _fze_ , So that electron cyclotron resonances
can be neglected. We chase the reference frame, where the
plasma is in rest, U1h1 -+ u2”2 = 0 , where h,,h,
are the dnsity fractioms of the beams and Ul’ U2 their
velocities. Changes in the electron pressure are taken to

be isothermal; however, assumption of a different law would
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not change the dispersion relation qualitatively.
Finally, we restrict ourselves to modes k parallel

to the ion beams, since these modes have the strongest
effect on the 2-ion beam configuration. In this case

the dispersion relation becomes:

= 2
ny Opi Ny @pi 1
(5) 2 tT — 2 7 - 2. 2 2
(w=—kU)"  (w-kl,) kA, + 16/ 6
where
w,,2 B 2 2
(6) G = 222 [ 14 Zpe 2., oz

We o 2 2 =

e k' W 1+ w02/ (ke)*
is the dispersion function corresponding to the whistler
branch and @ is the angle of B, with respect to k. The

relation (5) was also obtained by Lindman and Drummond.

In the bow shock and in most laboratory collisionless

=

2
shock experiments one has —Qe, *'vcorb“ , SO that WYWee /JZ&

> 7. In addition, we assume two equal density beams,
U1 = -U.2=Q for convenience. For felp ~ 7 (1) reduces

to the simple nonmagnetic dispersion relation,

(7)) :
(3) 2 “p 2 %
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If U >c¢ , the modes propagating along the
beams are stable. Modes propagating at large angles

with respect to the beam direction may still be un-

stable. However, their effect on the two ion beams
is very small, as has been shown by 2-dimensional

numerical simulation of this instability (Forslund

and Shonk, 1970). For k C/Q%pc éé 7
and ﬁ s % 7 Eq. (1) becomes:
1 En (.. 2 2 2 2
(4) 2 C‘)Pl . 2 Wp, " w,,,, cot & %c [/+ Cc.)/,.z
. R Ny
(w-hU)? (webkl)? w2 /s it fn 9 2\ G2/

Here the modes are no longer purely electrostatic.
Magnetic field oscillations are ccupled to electric
potential oscillations. It is easy to obtain the
instability threshold from Eq (4). The system is

unstable if

0¢c by <« WP
(5) reaag ) ‘
[+ L&
k2c®
c
For _Q,_'va; and kc/‘*-’pe_ ~/ Csb ~ /

Eq (4) predicts instability up to very high velocities,
u £ khy/m., C4 . This instability, however, is not

due to the interaction of the ion beams but is an
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electron-ion instability with phase-velodties close

to either ion beam. The ion - ion instability is
suppressed by the high mobility of the electrons

along the magnetic field, which is represented by the
large third term on the left side of Eq (4). Even when
U < qff-C;‘ , which is the velocity range of the
ion - ion beam instability in the perpendicular case,
ie. @ =T/2 ) the ion - ion instability is not

growing for beams oblique to the magnetic field.

The electron- ion instability given by Eg (4) has only

very little effect nonlinearily, although its linear

growth rate may be quite large. It is easily stabilized
after heating the electrons and each separate ion beam
somewhat. The free energy available in the ion - ion
counterstreaming configuration is not used. This has been
shown by following numerically the behaviow of a homogenous
two-ion beam plasma using the particle model of section 2.
Thus, we conclude that also in the more general case where
the ion beams are streaming in some oblique direction with
respect to the ambient magnetic field, ﬁg”T?%ear ion - ion

instability exists under the conditions of a supercritical

shock wave.
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4) Nonlinear Two-Ion-Beam Instability

Though the two-ion beam configuration is linearily
stable at high drift velocities, it constitutes a
system far away from thermal equilibrium with a large
content of free energy. By a sufficiently large per-
turbation a nonlinear instability may be triggered
which transforms this energy into potential and thermal
energy much in the same way as the linear instability

does for small drift velocity of the beams.

We have investigated numerically the nonmagnetic one-
dimensional two-ion beam configuration, varying the
amplitude of the initial perturbation. We assume equal
density beams, N; =¥z , with drift velocities + U, and
high temperature ratio Te/Ti = 25 to eliminate ion Landau
damping. The main results are illustrated in Fig 4. For

U < Ce a linear instability starts out of the thermal
noise, leading to rapid thermalization of the ion
distribution (Fig 5a, W =035¢5). For W >¢ the system

is linearily stable, even a small superthermal perturbation
is not amplified (Fig 5b, L= 3 Ce ). However, modulation
of the system by a wave with a sufficiently high amplitude

¢o can trigger the instability, which subsequently evolves
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similarly to the linear instability ( Fig. 5c,
U=3¢,efo =0.5T). We also find that the
amplitude necessary to initiate the instability

increases as the relative drift velocity becomes

larger.

We now identify the dissipation process in front of
the shock wave with the effect of the ion - ion

counterstreaming instability excited nonlinearily

by the electric potential oscillations coupled to the
whistler precursor (for oblique propagation the whistler

is a mixed electrostatic - electromagnetic wave). This

idea is supported by a number of arguments obtained from
the numerical simulations. We have seen in section 2 that
the ion trapping process becomes stronger with increasing
mass ratio. The reason is that for larger mass ratio the
whistler excitation in front of the shock is more effective
because electron Landau damping becomes weaker which for
M,Cp <V, 1S proportional to M, €a/ Vihe ~ \’E-E. Hence
the instability can be triggered more easily. With in-
creasing Mach-number the dissipation process becomes less
effective. The reason is that the relative velocity between

incoming ard reflected ions becomes larger, which makes it more
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difficult to excite the instability. In the case

of a shock wave propagating perpendicularly to a
magnetic field no anomalous dissipation of the

reflected ion beam is observed. Assuming unmagnetized
ions, the reflected ions are flowing upstream completely
unperturbed, as has also been found by Forslund and
Freidberg (1971) and Papadopulos et al. (1971 b). The

reason is that in the perpendicular case no whistler
precursor exists which could trigger the nonlinear in-

stability.
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5) Application to the bow shock

The interaction of the beam of reflected ions with the
whistler precursor, as seen in the numerical simulations,

can account for the rapid ion dissipation in the bow

shock. It is coupled to strong excitation of whistler

waves, which explains the very oscillatory magnetic structures
at the bow shock. The rather regular magnetic field profiles
seen in the computations seem to be essentially due to the
one-dimensional character of the model. In three dimensions
such coherent wave patterns will certainly be made turbulent
by some wave-coupling process (see e.g. Wright, 1971).

Also the thermalization process will probably be faster in
higher dimensional systems. This effect is well known from
two- and three-dimensional simulations of the 2-stream in-
stability (Morse and Nielson, 1969). In addition to the large
scale ion trapping by the whistler a significant level of
electrostatic turbulence with kéLP ~ | has been observed in
our simulations. It is not localized at a certain point

of the shock, i.e. there is no single, well defined

electrostatic subshock, but a whole set of such subshocks,

giving rise to a broad spatial range of the ion wave turbulence.
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Thus we find that in addition to the current-driven
turbulence, which as explained in the introduction,
should play some role in the bow shock producing
anomalous resistance, there is a second source of high
frequency noise connected with the relaxaction of the
reflected ions.

In our one-dimensional model the anomalous resistance
is not contained. This implies that resistive electron
heating is not included, which, however, is partly
compensated by the artificially enhanced heating by
electromagnetic whistler damping because of the small

mass ratios used.

We have also seen in the computations that under certain
conditions)especially at very high Mach numbers)the beam-
whistler interaction may be reduced or completely suppressed.
In this case bunches of reflected ions follow their gyro-—
orbits nearly unperturbed by electrostatic fluctuations.
They form a high velocity beam which persists for a long
time, until it becomes thermalized after many gyration.
These particles may account for the secondary peaks in the

ion distribution, especially in front of the shock, observed

by Montgomery et al.
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Conclusions: |

We have presented numerical simulations of a one-
dimensional oblique collision free shock wave in the
Mach-number range of the bow shock. Using a shock

model which includes electrostatic as well as electro-
magnetic interactions of both electrons and ions, we
were able to describe processes of very different scales, |
ranging frem C/QPL to )X - The main new feature observed
was a strong interaction of the reflected ions with the
incoming plasma, which we identified with a nonlinear
ion-ion counterstreaming instability excited by the
potential oscillations ccupled to the whistler. This
instability cannot be obtained by usual linear stability
analysis. The thermalization is enhanced by small scale
turbulence with k Aofa/, excited in regions where the

ion beams come close together. Occasionally, especially
at very high Mach-numbers, may bunches of high energy
ions escape the influence of the whistler potential humps
and follow their gyro-orbits. These particles may give
rise to the secondary peak in the ion distribution in

front of the bow shock.

Acknowledgement: One of the authors (D.B.) gratefully
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on the subject of electrostatic subshocks.
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Caption

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Coordinate system
Ion x, ¥; - phase space, magnetic field components
B7 . Bz, total magnetic field B and electric

potential g of a magnetic shock at times a)

.-1 -7
t = 1.25 _Qi , b) t = 3,25.¥2i . Mass ratio
. omi
is e ™ 128,

Ion x, V34 - phase space and magnetic field components

-1
By + B, of a magnetic shock at t= 2.25.12i for
mi _ mi _ mi = 256.
a)ﬁg = 64, Db) e - 128, c¢) e

The ions are unmagnetized here.

High resolution ion phase space plots showing

the existence of small scale electrostatic turbulence
taken at t = l.S-Eé_l, with the parameters of the

run shown in Fig 2., except Ti = 0,01 so that Te/Ti

= 25l

Ion phase space plots of the 2-ion beam instability
a) linear instability at t = o and t = 40 wp(“7
for U = * OwldSe
b) For U = + 3 C¢ and initial perturbation eﬂo -
0125 Te no instability develops (plots taken at
-1

t = o and t = 80 Wp, )

c) nonlinear instability for u

+ 3 and e¢o= 0.5 T,

]

(as in b) plots taken at t = o and t = 80 wp ™

)
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flect the opinions of the Max-Planck-Institut fiir Plasmaphysik or the final opinion of the authors
on the subject.

Neither the Max-Planck-Institut fir Plasmaphysik, nor the Euratom Commission, ncr any person
acting on behalf of either of these:

1. Gives any guarantee as to the accuracy and completeness of the information contained in
this report, or that the use of any information, apparatus, method or process disclosed there-
in may not constitute an infringement of privately owned rights; or

2. Assumes any liability for damage resulting from the use of any information, apparatus, me-
thod or process disclosed in this report.




