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1. INTRODUCTION

Collisionless shock waves appear with increasing frequency in
the literature of space and astrophysics. The adjective collision-
less is deceptive. The classical definition of a collision involves
a series of small angled deflections by the THERMAL ELECTRIC FIELD
FLUCTUATIONS, QE%), in the plasma. However many plasmas are far
from thermal equilibrium (e.g. severe gradients in a shock) and the
free energy can usually couple into the COLLECTIVE (i.e. wave)
degrees of freedom of the plasma. This coupling is a plasma instabi-
lity and leads to a SUPRA-THERMAL level of <EZ).

If many such degrees of freedom are excited with random phases,
the plasma is said to be  TURBULENT. Non-linear wave-wave mode coup-
ling can generate this 'wave chaos' in analogy with the particle-
particle origin of 'molecular chaos'. There are interesting concep-
tual questions here which we must leave.

We restrict our discussion to electrostatic turbulence with
(i) scale € Lg = shock width (i.e. microturbulence),
(ii) fluctuating potential ¢ < (kTg/e) so that large angle de-
flection, and trapping are not imported, (i.e. weak turbulence).
Under these conditions the turbulent <E2> results in more rapid
deflection of the particles than for a thermal plasma. There is an
effective or turbulent collision frequency i.e. V* > Vihermal- The
plasma can be described reasonably well by a FLUID MODEL with
ENHANCED TRANSPORT coefficients derived from v*. The dependence
of these transport coefficients is determined by the instability
and the non-linear processes. The dissipation, i.e. entropy increase,
arises through the randomness of the turbulence.
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Experiments! > have demonstrated that 'collisionless shocks'
exist in which an enhanced collision rate arises from microturbu-
lence and that the shock can be described by an MHD fluid model
with enhanced transport coefficients. '

2. COSMICAL COLLISIONLESS SHOCKS

We shall briefly mention some of the circumstances in which
collisionless shock occur in the literature of space and astrophysics,
recognizing that in the latter case it is often conjecture.

(i) Space: Satellites have observed both the earths bow
Shock3 4 and interplanetary shocks in the solar wind.

(ii) Solar: Optical® and radio observations®»7 demonstrate the
emission of shocks from solar flares. Some models of flares
invoke an internal shock as well. ’

(iii) Stellar: Flare stars and supernovae may involve shocks.

(iv) Galactic: Galactic 'jets' and 'explosions' may involve
shocks as may the expanding 'plasma blobs' of double radio
sources.

The appeal of a collisionless shock in situations (ii) to (iv)
is that it can convert kinetic energy, through the mediation of
plasma turbulence, into the observed NON-THERMAL ELECTROMAGNETIC
EMISSION. Turbulence can stochastically accelerate particles to
sufficient energy for synchrotron emission and can also directly
emit at (Wpe and its harmonics. Both of these emission processes
are observed.

It should be noted that the kinetic energy of the streaming
plasma can generate the required turbulence even if no shock wave

forms ahead of it. Both 'piston' and shock can be turbulent.

3. LABORATORY EXPERIMENTS

Just as laboratory spectroscopy and atomic physics have contri-
buted to the understanding of classical (i.e. optical) astrophysics
so we expect laboratory plasma physics to contribute to the under-
standing of modern (e.g. radio) astrophysics. Phenomena are more
readily understood when they and the theories involved can be
studied in the laboratory under the 'microscope', rather than the
telescope.

Laboratory experiments on collisionless shocks can be divided
into three classes depending on the nature of the flow and piston.

Flow experiments; A quasi-steady supersonic plasma flow can
be produced by an arc or a nozzle. When the flow impinges on an
obstacle, such as a magnetic dipole, a bow shock is produced.
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Plasma pistons; A more dense plasma can be made to compress
a less dense one and produce a shock. The more dense plasma can
be produced within a plasma by (i) increasing the degree of ioniza-
tion using pulsed UV light or by (ii) ionizing a solid target using
a powerful pulse cf laser light. Alternatively, plasmas of differ-
ent density, separated by a negatively biassed grid, can be pulsed
into contact. If the two plasmas interact sufficiently strongly a
shock should be produced.

Magnetic piston: A rising magnetic field acts on a highly con-
ducting plasma like a piston. Three cylindrical configurations are
used; (i) Z-pinch with axial current, (ii) the theta-pinch with
azimuthal current, both of which give radial compression, and (iii)
the annular shock tube with radial current and axial compression.

The time and space scales must be right for piston and shock
formation. 1In small apparatus, for example, the field may diffuse
before any compression occurs or the driver plasma may not have
time to interact with and hence compress the ambient plasma.

4. SHOCK DISCONTINUITIES

Assuming a shock forms, its nature depends on the piston and
the compression wave which it can generate. In the absence of a
magnetic field, there is only the one sound speed c% = vp/p. How-
ever in a magnetized plasma there are three anisotropic sound speeds,
slow (cg) intermediate (cji) and fast (cf). All of these, except
the intermediate wave, should theoretically steepen to form shocks.
For MHD stability, the change of flow speed across the shock, in its
frame, must jump only one sound speed (i.e. only one wave is trapped
and steepens).

Regarding the shock as a discontinuous jump from state 1 to
state 2, the conservation relations and Maxwell's equations deter-
mine the shock jumps (i.e. Rankine-Hugoniot or de Hoffman-Teller
relations). These are uniquely defined by four parameters.

(i) Ratio of initial plasma to magnetic pressure B = 2,uoP’B2

(ii) Ratio of shock to sound or Alfven speed (cp), i.e. Mach Nos.
M = Vg/Cq; My = Vg/CA =VUgp Vg/B  (S.I. units)

(iii) The angle between shock velocity vector Vg and B

(iv) The ratio of specific heats 7.

For both fast and slow shock ﬁs, El’ Ez are coplanar. For
fast shocks B, > B, and the ratio R = KTO/%MV% tends to limit
1/v as My * ©. For slow shocks B, < B, ‘and R is not limited.

5. LIMITATION OF STEEPENING

The internal structure of the shock will be determined by the
first process which can limit the steepening and satisfy the: jump

-3 -



relations.

Dispersive limitations: Consider a collisionless plasma without
instability. Through the dispersion relation, D(w,k) = 0, the
phase velocity of a wave is related to its wave number, k = 27/A.
When a dispersive effect decreases dw/dk at a certain kg,
steepening results in a slower phase velocity and a trailing wave
train; e.g. (i) non-magnetic ion sound waves at ko ™~ 27/Ap, (ii)
fast waves with Vgl B, [ <1, at ko ~ 27(wpe/c). When dw/dk
increases, steepening will produce a forward wave train, but some
damping is essential because it cannot extend indefinitely forward;
e.g. fast wave propagating obliquely to B at kg ~ 2m(wpi/e).
Both these dispersive processes limit steepening and produce a
large amplitude wave. Neither produce the required entropy
increase for a shock without some additional process.

Dissipative Limitations: The gradients produced by simple steepen-
ing or the above large amplitude waves have free energy which can -
be dissipated through thermal collisions or instability driven tur-
bulence. Both of these processes can be described by a transport
coefficient and for a strong shock only viscosity (u) and/or
resistivity (n) need be considered. In a viscous shock dissipa-
tion through wv is dominant while in a resistive shock VB (i.e.
current J) is dominant.

Particle Effects: The above gradients have associated electric
fields and these can reflect some of the incident ion distribution
function. 1In the absence of a magnetic field these particles are
lost, and no steady state is possible. The steepening can still
be limited by the energy loss. In the presence of a magnetic field
the reflected particles gyrate, gain energy and pass back through
the shock. Theories exist which predict that the phase mixing of
these gyrating particles behind the shock gives rise to the required
entropy change for a shock to form. Trapping of particles within
wave trains can also produce an entropy increase.

The structure of a.Shock will depend on which of these various
processes limits the steepening.

6. SCALING LAWS

In relating large scale natural phenomenon (L ~ 10° - 10% m)
to small scale laboratory experiments (L ~ 1073 - 10° m) it is
important to recognize a simple physical process and attempt to
simulate it in the laboratory by scaling the relevant parameters.

For shock waves the important parameters are:

(i) Jump parameters: f3, My, 6, ¥
(ii) Plasma parameters: ne, Te, Ti, ion mass and charge
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(iii) Flow parameters: Vg

(iv) Fields: B, E, ¢ (potential)
(v) Microscopic parameters: distribution fns2 falv), £i(v),
. (3] : 2
lengths Ap, Acpll, Tces rei and @ = ;EE) ===

_ ‘pe

Collisionless plasma effects should obey the Vlasov equation
for which the exact scaling laws are (ref. 8)

teL;noel™@; BaLl; EaLl (A oL, ro ¢ L)
@, B) Y, Vs: MA) Ma T’ d\: fe: f]_! independent'

Clearly this scaling does not include thermal fluctuation effects
{(e.g. Acolls Np) or radiation effects.

For collisionless shocks we shall find that the shock width
depends on (c/Wpe) or (c/wyj) for magnetic shocks and Ap for non-
magnetic. All of these folEow the Vlasov scaling L « n~% and
fortunately the scaling curve also passes through the region of
laboratory plasmas. For example

L(m) n(m™3) B(T)
Bow shock 109 10¥6 1079
Laboratory 1072 . 1020 1072

Qualitative scaling of thermal effects Lg < Agpll can also be
obtained in the laboratory.

7. ELECTROSTATIC SHOCKS

In a collisionless unmagnetized plasma ion inertia produces dis-
persion at wpj. This gives rise to large amplitude trailing waves
with A ~ )\p and these have been observed in the laboratory®:10.

At high Mach number M > 1.6, the E-field of the wave reflects
particles forward and these are lost. The wave itself take up the
reaction and becomes irregular, and non-steady.

At much higher M it is not even possible to produce a piston
because the intersteaming velocity is too great for instabilitylO0,
There is, as yet, no evidence of ion-ion streaming instability produc-
ing a viscous shock.

8. MAGNETIC SHOCKS : MACROSTRUCTURE

We shall restrict our discussion to fast shocks because these
are observed in the laboratory. We shall classify by the jump para-
meters Ma, B and 0.



There are several critical Mach numbers in shock physics. The
most important, MA, occurs when the plasma is heated sufficiently
for the flow behind a magnetic shock to become sub-sonic as well as
sub-magnetosonic. Above MX non-magnetic sound waves can steepen,
on a scale length for which the magnetic field and plasma are resist-
ively decoupled, and form a sub-shock. Below MK we expect a
resistive magnetic shock and above MA an additional viscous elec-
trostatic sub-shock.

(o]

8.1 0 =90 (i.e. Vg B), i, < 1, My <MK ~3

Weak shocks with structures dominated by classical resistivity
are observed!!. These change to a broader structure with
Lg “'lo(c/wpe) when the electron drift velocity (vd) within the
shock is sufficient to drive the ion wave instability (i.e. vg > co).

Large amplitude trailing waves are observed at low densities® ’!1,
These result from the dispersive effect of electron inertia and have
Lg ~ (c¢/wpe). _For @ 21, vg » c and relativisitic limitation
yields Lg =«f;(c/wpe) = vp/wpi, which is observed” . At higher den-
sity there is time for the two-stream instability driven by vq ™ veth
to grow within the shock, and then a non-oscillating structure with
Lg ~ 10(c/wpe) appears’

The characteristic non-classical (i.e. collisionless) shock
for this 0, f3, My, has L, ~ 10(c/wpe) and has been studied in
many 1aboratoriesl’2’9’11'1§. The 'collisionless' nature of these
shocks is demonstrated by the inadequacy of classical transport
coefficients to explain the observed electron heating which requires
n* “'IOOnSP(classical)13b. Also in some cases Tg(= Lg/Vg) is much
shorter than the classical collision time (Tgj)!!. As rci ® Lsg
> ree, the ions are unmagnetized while the electrons experience
drift motion due to VB, yn, YT and V¢ (i.e. Ep). This latter
is dominant in most experiments, Ej, arises from ¢yp, and the Hall
effect and adiabatically slows down the ions. The electrons are
irreversibly heated and satisfy the conservation relations.

The observed drift velocity exceeds the critical value for
electrostatic instability. As the electrons are heated usually
Te > Tj, and so ion wave (I.W.) or I.W. coupled to electron cyclo-
tron wave (E.C.W.) instability can occur!®, There is experimental
evidence for I.W. turbulencel and the mn* derived from the macro-
structure scales!! in agreement with the predictions of the
Kadomtsev-Sagdeev theory for I.W. turbulence.

8.2 0 =090, B €1, My > My ~3

For 6 > M, > Mf ~ 3 the resistive shock with Lg = Ly “’10(C/wpe)
has a broad 'foot' in frontwith Ly 7 2(c/wpi) ~ 8 Lg'®. The sharp
rise LR is the same as for Mp <My and is dominated by I.W.
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turbulence. The foot appears to be formed by the gyration of ions
(LR ~ r¢i) -in front of the resistive structure. However the ob-
served electric potential op 1is not sufficient to reflect the
required number of ions.

Theory predicts that above MK there should be a viscous sub-
shock at the rear of the resistive shock and that this sub-shock
should heat ions. The observed electron heating is inadequate to
satisfy the conservation relations and so ion heating is assumed to
occur within a sub-shock. There are two suggested mechanisms for
reflections of ions within the sub-shock. Firstly, the ion heating
makes reflection more probable. Secondly the sub-shock can consist
of damped ion inertia waves and the overshoot will reflect adequately.

The fraction of the jump AB across Ly increases until for
Mp ~ 6 there is no LR13. This structure has oscillations behind
and is unsteady.

8.3 6 = 90°, B> 1

There are only two experiments®’!!?12°1% jn thig regime. The

most striking difference from f € 1 1is that there is no structur-
al change at M} and that Lg ~ (c/wpi) for 3 < Mp< 9. There is

a clearly observed change from electron heating below, to increasing
ion heating above MA, with the observed Te + Ti fitting the con-

servation relations. There is also direct evidence for microturbu-

lence as for [ < 1.

8.4 Oblique Shocks

For oblique propagation, Whistler dispersion produces a for-
ward wave train which is observed in piston experimentsl®. Non-
classical damping of the oscillations corresponds to an 7 similar
to that observed for perpendicular propagation. For My - MA,
there is no 'foot' or other evidence of reflected ions, but the
observed structures require a viscous sub-shock at the rear. Under
certain conditions, which are not fully understood, the Whistler
oscillations develop high frequency components as the shock propa-
gates and these eventually destroy the regular structure.

In the steady flow experiments17 there is no evidence of a for-
ward wave train. Both in and behind the shock, Lg ™ c/wpi, there
is macroscopic electromagnetic turbulence. In these experiments
there appears to be sufficient time for the high frequency instabi-
lity, mentioned above, to convert the steady oscillations to turbu-
lence.

These observations emphasise the problem of time scales in
simulation experiments.



8.5 Parallel Propagation

For parallel propagations there are two classes of shock. The
non-magnetic shock and the 'switch-on' shock. The latter generates
a transverse component of B, and occurs in a limited region of
parameter space defined by

~ 1

; - 2. 5
B <2/y and 1 SMp =My ;3 My = (1L +8)+1]/(y-1"
1 A A 1

Such shocks have been observed € in the laboratory but not studied
in detail.

9. MICROSTRUCTURE OF SHOCKS

The inadequacy of thermal transport leads directly to a search
for collective effects and microturbulence. The micro-turbulent elec-
tric fields, <E%-, will scatter and heat particles while the corres-
ponding density fluctuations <pne?} can scatter photons and allow
a direct measurement of the level and spectrum of the turbulence in
terms of the Fourier transform <pne?(u,ki>. The nature of the
fluctuations can be deduced and hence (E%) derived from the mea-
sured <§neé>. This technique has been used on two perpendicular
shock experiments.

The results from the first, TARANTULA', with [ < 1, Mp < Mg,
Te > Ti are summarized. The fluctuations are SUPRA-THERMAL by
more than two orders of magnitude. For a given k there is a
dominant mode with frequency « such that - (w,k) fits and scales
as for ION WAVES. The mode, however has a short coherence time
T ~ 2n/w demonstrating a high degree of RANDOMNESS OF PHASE. This
turbulence is grossly ANISTROPIC being confined to within 50° from
the direction of the electron current within the shock. At present
these measurements are restricted to the plane perpendicular to B.
However, if the fluctuations are ion waves, as seems probable, this
anisotropv should form a cone about the driving electron current.
The wave number spectrum has the form <6ne2(u5k)> o« (1/%k%) 4n (1/kAp)
in agreement with the predictions of non-linear theory! 8219,

The non-linear theory of ion wave turbulence is discussed in
terms of a balance of linear growth at k ™~ 1/)p against non-linear
diffusion to lower k. This diffusion results from the 3-wave pro-
cess in the form of resonant wave decayl? or non-resonant wave
scattering on particlesla. Both processes give the observed k-
spectrum. The decay process is only possible because of the short
coherence time but, when possible, as the resonant process it should
dominate. However as yet there is no clear agreement between experi-
ment and non-linear theory.

The measured level of turbulent energy (£ 2% thermal), poten-
tial fluctuations (e¢ < 1% kTe) and randomness of phase are used to
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justify a STOCHASTIC treatment of the electron heating by the tur-
bulence. This yields a mean effective resistivity within the shock
which is a half that required experimentally.

The second experiment> involving photon scattering has f > 1,
My 2,MK and Tg < Tj. The measurements are similar to the above
although no scaling with ion plasma frequency is reported. This
similarity is surprising because for Te < Ti ion wave turbulence
is not expected and the E.C.W. appears necessary

10. COMPUTER SIMULATION OF MICROSTRUCTURE AND TURBULENCE

Particle simulation computations, usually one-dimensional,
have followed the development of turbulence driven by a current
across a magnetic field. However the conflicting results require
more discussion than is possible here2l 222

11. COLLISIONLESS SHOCKS OUTSIDE THE LABORATORY

Finally we return to the cosmical scene to consider two examples
of collisionless shocks.

(i) The Earthk's Bow Shock

Measurements from spacecraft show clearly the existence of a
collisionless bow shock but equally clearly it is NOT STEADY in posi-
tion or structure. It is, in general, a fast oblique shock with
My ~8>MR, BR 1, Tey 2 Ti;» Tez < Tiy. Unfortunately the shock
moves in position with a velocity comparable to or greater than that
of the space craft. This results in multiple crossings and ambiguous
length scales. The length scales for the shock transition vary con-
siderably for different parameters and from crossing to crossing.
Detailed results from OGO v® and VELA 4% show magnetic field changes
in distance Lg ™~ 10 c/tpe and less frequently c/wpj, while temp-
erature changes are over L ~ 10 c/wpe for ions and 30 Ap for
electrons (rare observation). In one crossing a reversible wave
train with A ~ c/wpe (i.e. dispersive wave train) was observed.

Some of these results aré surprising for B 2 1 and Mp > MJ.

, High frequency FLUCTUATING ELECTRIC FIELDS are observed in
regions of high magnetic field gradient. However the ambiguity of
veloeity makes the k and W scales uncertain. The frequency
spectrum appears as discrete modes which tend to broaden and merge
towards the rear. There is some similarity here with the current
driven turbulence observed in laboratory shocks! *?

(ii) Solar Flare Shocks

A shock like disturbance has been observed, by both optical5
and radio emission, to emanate from the sudden release of energy
in a solar flare on the disc of the sun. Theradio emission at Wpe
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and 2 “pe (Type II) must arise from some COLLECTIVE EFFECT within
the shock front.

A limb flare has been observed’ to give rise to type IV radio
emission propagating outwards from a solar flare like a shock wave.
Analysis suggests that this synchrotron emission commences when the
disturbance forms a collisionless shock through two-stream instability
and that it disappears when the shock broadens at My = MA. The emis-
sion is thought to be compatible with synchrotron emission from a
TURBULENT PLASMA with a few electrons STOCHASTICALLY accelerated to
a few MeV. This calculation assumed current driven ion wave turbu-
lence of the Kadomtsev form'?.

12. CONCLUSIONS

There is now clear evidence for the turbulent nature of colli-
sionless resistive (My < Ma) shocks in the laboratory. A reason-
able degree of self-consistency and agreement with theory has been
obtained. Some of these features are also observed in space and
solar shocks.

Future laboratory effort should move on to particle effects,
including acceleration, in both electrostatic and high M, magnetic
shocks and, if possible, also onto electromagnetic emission from
shocks.

The task of understanding natural phenomena is intrinsically
difficult because of irreproducibility and uniqueness. Also physical
processes can not be isolated as in the laboratory. Fortunately
there is no need to understand cosmic plasmas in great detail., If
the basic processes involved can be understood as a result of theory
and experiment, then an adequate model can be constructed. While
not accurate in detail it should then have a high degree of plausi-
bility.

REVIEWS

PAUL, J.W.M., Physics‘of Hot Plasmas Ed. Rye and Taylor, Oliver &
Boyd, pp.302-345, 1968.

Proceedings Conference Collision-free Shocks in the Laboratory
and Space, ESRO - SP-51, 1969.

CHU, C.K. and GROSS, R.A. Advances in Plasma Physics Ed. Simon and
Thompson, pp.139-201, 1969.

HINTZ, E., Methods of Experimental Physics, Ed. Griem and Lovberg,
9A, pp.213-274, 1970.

TIDMAN, D.A. and KRALL, N.A., Shock Waves in Collisionless Plasmas,
Wiley, 1971.

- 10 -



14.

15.
16.
17.
18.

19.
20.
21
22.

REFERENCES

PAUL, J.W.M. et al. Nature, 223, 822, (1969), Phys. Rev. Lett.,
25, 497, (1970); IAEA Conference, Madison, J9, 1971.
KEILHACKER, M. et al, Phys. Rev. Lett., 26, 694 (1971); IAEA
Conf. Madison, J10, 1971.

FRIEDRICKS, R.W. et al. Phys. Rev. Lett., 21, 1761, (1968) and
24, 994 (1970).

MONTGOMERY, M.D. et al. J. Geophys. Res., 75, 1217, (1970).
MORETON, G.E., Aston. J., 69, 145 (1964).

WILD, J.P. et al. Nature 218, 536 (1968).

LACOMBE, C. et al. Astron. and Astrophys., 1, 325, (1969).
SCHINDLER, K., Rev. Geophys., 7, 51 (1969). :
KURTMULLAEV, R.Kh. et al, IAEA Conference Novosibirsk, Al, 1968.
TAYLOR, R.J. et al, Phys. Rev. Lett., 24, 206 (1970).

HINTZ, E. et al. TIAEA Conference Madison, J11, 1971.

HINTZ, E. et al, TIAEA Conference Novosibirsk, A2 1968.

PAUL, J.W.M. et al, Nature, 208, 133 (1965); 216, 363 (1967);
ESRIN Report no.SP - 51.

KEILHACKER, M. et al. IAEA Conference Novosibirsk, A3, 1968;
Z. Physik, 223, 385 (1969).

GARY, S.P. et al, J. Plasma Phys., 4, 739, 753, (1970).
ROBSON, A.E. et al, TIAEA Conference Novosibirsk, A6, 1968.
PATRICK, R.M. et al, Phys. Fluids, 12, 366 (1969).

‘KADOMTSEV, B.B. Plasma Turbulence, Academic Press, London,

1965.

TSYTOVICH, V.N. Culham Laboratory Preprint CLM-P 244. (1970).
LASHMORE-DAVIES, C.N, J. Phys. A, 3, L&40, (1970).

LAMPE, M. et al. Phys. Rev. Lett., 26, 1221 (1971).

FORSLUND, D. et al. TAEA Conference, Madison, E18, 1971.

- 11 -












