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PART I
A GENERAL REVIEW

1. RELEVANCE OF SHOCK STUDIES

1.1. Occurence of Shocks

The first upsurge of interest in plasma shock waves was stimulated by the possibility
of heating ions rapidly to thermonuclear temperatures. Under these conditions the plasma
and the shock would necessarily be free from classical binary collisions, that is collision-
less. More recently, however, interest has centred on geophysical and astrophysical pheno-

mena, in which the same collisionless conditions prevail.

A shock is produced by the rapid compression of a plasma and it necessarily results
in energy dissipation, that is irreversible plasma heating. The non-classical heating

mechanism involved in collisionless shocks has attracted mich theoretical interest.

In the laboratory collisionless shocks have been observed in various experiments(I_ls).

The pinch effect is frequently used to compress an initial plasma, and consequently to

generate a cylindrically imploding shock. Non-cylindrical pinches, such as occur in very

(13) (14) (15) (186)

short pinch tubes , toroidal pinches » plasma guns and plasma focus devices

also produce shocks. These various pinch devices are used in fusion research and as sources

of electromagnetic and neutron radiation. Simulation of geophysical shocks has been per-

(8)

formed in a plasma wind tunnel driven by a special arc source . Some early plasma shock

e (17)

studies were performed using electromagnetic shock tubes of both and annular

geometqy(ls).

In the field of geophysics, satellite observations have shown that the earth's magneto-
sphere is embedded in a supersonic flow of plasma from the sun, but protected from it by
a collisionless bow shock,(lg) as showvn in Fig.1. Such observations have also demonstrated
the correlation between terrestrial magnetic storms and interplanetary shock waves(20)
travelling through the solar wind (Fiz.2). These satellite observations have involved a
considerable expenditure of scientific effort and money and have given rise to a large

nurber of theoretical papers on collisionless shock phenomena(21_26).

In addition to the above observations of collisionless shocks, there are many theories,
or speculations, which involve collisionless shock waves in solar and astrophysical con-
texts. Three types of shock are currently thought to occur in connection with solar flares:
(i) the flow pattern of plasma and magnetic field near the magnetic neutral point is

thought to involve a slow shock front(27), (ii) the explosive release of energy in the



flare gives rise to a shock wave travelling over the surface of the sun which has been

(28) (29)

observed through the radio emission from the hot electrons; and (iii) another shock
travels out into the solar wind along the open magnetic field lines emanating from the

flare (Fig.3).

In the more distant and speculative areas of astrophysics, there are various examples
of explosive plasma events which are thought to involve shock waves, Some models of radio

sources(so), quasar‘s(so) and pulsars(sl)

have invoked shock phenonena (e.g. Fig.4). The
best known explosive event, lthe supernova, is generally accepted as involving some sort

of expanding shock wave.

1.2. Theoretical Significance

Until recently, most theoretical plasma physics has been concerned with understanding
the great variety of small amplitude (linear) waves and their rleated linear instabilities.
Attention is now moving on to waves of appreciable amplitude and the consequent modi-
fications to the instabilities. A whole new range of non-linear phenomena occur, such as
limitation of instability and turbulence. Shock waves physics can be regarded as an exten-
sion of the existinz wave studies into the non-linear regime, where a wealth of new plasma

physics is to be found.

The most important type of shock, the collisionless shock, is dependent of plasma
turbulence, rather than collisions, for its heating mechanism. This shock provides a con-
venient opportunity to study plasma turbulence, which is in itself of importance in many
branches of plasma physics. In particular, some laboratory collisionless shocks appear
to be dominated by microturbulence driven by a universal instability(sz). This type of

instability is of importance in plasma containment experiments. Thus shock wave experi-

ments may provide a testing ground for non-linear and turbulent plasma theories,

2, NATURE OF THE SHOCK TRANSITION

2.1 Gas-Dynamic Shock

Before considering the problem of the plasma shock, it is useful to consider the
much simpler gas-dynamic shock. Compression of a gas results in the propagation of a
sound wave. This wave propagates by reason of the binary collisions in the gas. The
velocity of these waves increases with compression. Consequently, for a finite amplitude,
successive parts of the compression overtake each other, resulting in a steepening of the
front, However, unless the compression is sufficiently rapid, e.g. its velocity is greater

than the sound velocity, the wave is damped before it steepens,



This steepening process can be seen in terms of the simple dispersion curve of fre-
quency w against wave number k = 2n/A, This is a straight line for a gas. The non-
linearity, resulting from the finite amplitude, produces harmonics (sin® wt - cos 2wt),
which results in higher k, i.e. shorter wavelength and steepening. This steepening
process is limited by viscous dissipation (irreversible heating) in the finite velocity
gradient of the front. This dissipation is the non-linear cunsequence of the collisions
which caused the wave to propagate in the first instance. The diffusive aspect of the
viscous transport process balances the non-linear steepening. This balance occurs, and a
steady state shock results, when the transport process provides sufficient dissipation to
satisfy the steady conservation of mass, momentum and energy across the shock froat. The

(33)

conservation relations, called the Rankine-llugoniot jump conditions , are independent

of the mechanism of the shock front, which can be treated as a discontinuity.

The detailed structure of the shock front can be considerad in termms of the fluid
equations,using the Navier-Stokes approximation. Such calculations give a width for
strong shocks which is of the order of the collision mean free path. This implies that
the fluid equations are invalid, and the full kinetic equations should be used. Attempts
have been made to construct kinstic solutions, but no completely satisfactory answer has
been obtained. However, there is general azreement between both fluid and kinetic treat-

ments and experimental results.

In gas dynamics, if there are no collisions there are no sound waves, and consequently
no shock waves; the particles just interstream, Plasma physics has always leaned very
heavily on gas dynamics for its models and concepts. Consequently, it was at one time
throught that it would be impossible to creatz a plasma shock wave in the absence of

classical binary collisions.

2,2, Collisions in a Plasma

Before discussing collisionless shocks, it is essential to have a clear concept of
'collisions' in a plasma. Plasma physics essentially involves solutions of the many-body
problem which results from the long range Coulomb forces, There are few truly binary colli-
sions in a plasma. Particles are deflected stochastically in the fluctuating electric
fields of many other particles. This problem has usually been tackled by reducing the
many-body interactions to an effective binary one. This allows the use of normal gas—

dynamic fluid and kinetit concepts in plasma physics.

In a plasma the range of the interactions is limited by Debye screening, and this facili-

tates an approximation to binary oscillations. On the classical plasma mndel, a collision



occurs when a series of small angle deflections, calculated assuming a succession of binary
collisions between un-correlated centres of a Debye screened Coulomb field, results in a

0 ; : R ;
90° deflection. Because of the screening term, this is equivalent to considering only

collisions with impact parameters less than the Debye distance (KD).

This classical collision frequency can also be derived from the stochastic deflection
of particles in the random fluctuating electric field of the thermal plasma. Fluctuating
fields with A < Ay originate in the incoherent thermal motions of single particles, while
fluctuations with A > Ap arise from the collective screening effects of many particles.
The latter can be analysed conveniently into coherent waves. The classical collision
approximation corresponds to neglecting these collective fluctuations. For a plasma in
thermal equilibrium the ratio of the collective to the classical collision frequency is
about (0-4/1ln A), where A is the Coulomh logarithm. This ratio is usually negligibly

small, so that the classical approximation is valid.

However, real plasmas are rarely in thermal equilibrium., There is usually free energy
present in the various gradients (density, magnetic field, velocity, temperature), currents,
dif ferences of temperature between particles or non-Maxwellian distribution functions.

Some aspects of this non-equilibrium charactef can frequently interact with the low level
of thermal waves in the plasma. This interaction is usually a resonance plasma instability
which causes these waves to grow to a non-negligible level. The non-linear phase of this
growth usually results in plasma turbulence. These collective fluctuating electric fields
with A > Ap produce stochastic particle deflections and lead to an effective binary colli-
sion frequency and transport coefficients, just as did the fluctuations with A < Ap. Such
collective transport processes are usually called anomalous, turbulent or supra-thermal.
Anomalous transport coefficients are usually invoked to explain experiments rather than
derived theoretically. The latter requires sufficient knowledge of the non-linear phase

of instability for the spectrum (E®(w, k)) to be predicted.

The wide range of possible plasma instabilities within collisionless shocks is beyond

(32,34) (34-36

this lecture, but some of the more important, e.g. the two-stream and ion-acoustic

instabilities, will be discussed later.

This generalization of transport coefficients to include collective effects extends
the useful range of the fluid model of a plasma, but it has one serious limitation. The
classical binary approximation automatically gives rise to particle heating. The collective
processes cause the growth of waves. The heating results finally from the damping of these

waves. Thus there is an additional energy term in the system, corresponding to the energy



in these waves. If this energy is small compared with other energies in the system, as is
often the case, then the fluid model is a reasonable approximation. The complete process
described above results, as would be expected, in the conversion of the available free

energy into random thermal energy.
2.3, Plasma Shock

Compression of a plasma can produce longitudinal waves (plasma sound waves), but in
the presence of a magnetic field transverse non-compressicnal and mixed longitudinal and
transverse waves are also possible. These waves occur even in the absence of classical
binary collisions and are the result of the collective plasma effects. As in the case of
the gas-dynamic shock the dispersion usually starts linearly, and such waves can steepen
as the amplitude is increased forming the usual shock discontinuity. In a plasma this

steepening can be limited by two different types of process, dissipation and dispersion.

(a) Dissipative Limitations. Dissipation occurs as in gas-dynamics, but now involves

more transport coefficients because there are two types of particles and a magnetic field.

Also both classical and collective transport are possible,

For a steady-state shock the conservation relations and Maxwell's equations must be
satisfied. The resulting jump conditions are called the de Hoffmann-Teller relations(37),
and these specify the required dissipation within the shock. Consider a simple case of a
shock propagating perpendicular to a magnetic field. The jump conditions (1 - 2) in the

shock frame are the same as the Rankine-Hugoniot condition but with magnetic terms added

to the pressure and internal energy:

p + B%/(2u,)

E + B%/(2pop)

p*

(M.K.S. units)
B

The conservation equations are listed below:

Mass: PiYy = P2V
Momentum: (v,-v,)% = (pt-p¥)(1/p, - 1/p,)
I VANRNY. &3

8y: 5 1= \ps Pa 2
State: E =p/(Y=-1)
Maxwell: v,B, = vyB,

Further simplifying to the case of a negligible ratio of initial particle to magnetic

pressure (B, « 1), these reduce to a quadratic relation between shock strength § = pE/p¥



and compression F = p_/p,

Y-2\ .2 [/S+3 (Y+1)s+(¥Y-1) _
‘l’—l)F '( 2 >F+ 2Cr=1) =0

All other parameters can be obtained from F and S, for example the Alfven Mach number,
_ |F(8-1)
MA_J2F—I
and the temperature behind the shock is given by

B% I
iy - 2L (555

The more general cases are treated in Ref.38.

(b) Dispersive Limitation. Two characteristic forms of plasma dispersion curves are

shown in Fig.5. If the steepening is limited by dissipation before the change of gradients
of the dispersion curve, then a normal dissipative shock is formed. In the absence of such
dissipation, steepening of the shock is limited by the nature of the dispersion curves.

At the higher hamonics the phase velocity changes.

In case (a) the phase velocity of the wave decreases as the wave steepens. The higher
harmmonics, shorter wavelengths, are left behind, forming a set of compression oscillations
behind the main front. This type of dispersion occurs for (i) wave propagation perpendicu-
lar to a magnetic field in a low P plasma as a result of electron inertial resonance at
w ~.J (weewei) and (1/k) ~ (qﬁ»pe) and (ii) an unmagnetized plasma at ® ™~ Wp; and

(1/x) ~ Ap from the ion plasma resonance.

In case (b) the same processes occur, but the phase velocity is now increasing and
consequently the high frequency short wavelengths move in front of the main shock, forming
a set of rarefaction oscillations. This second type of dispersion occurs for oblique
propagation at an angle © to the magnetic field in a low @ plasma as a result of ion gyra-

tion in the whistler mode at ® ~ wgj, (1/k) ~ cos G(Qﬁnpi).

Neither of these cases results in the formation of a shock. It is possible to add
the energy of these oscillations to the energy equation and thereby satisfy the shock jump
relations. But there is no real dissipation. These oscillations can be damped, either by
classical or collective effects, to produce a damped wave train either behind or in front
of the main jump, as shown in Fig.5. Clearly the Torward wave train could not exist with-
out such damping. Sometimes such damped oscillatory shock structures are called collision-

less, because collisionless dispersion dominates, irrespective of the nature of the damping.



3. MID CLASSIFICATION OF SHOCKS

Shocks have been classified on the one fluid MHD model by the nature of the jump con-
ditions without reference to the structUre(SS). The conservation equations of normal and
transverse momentum,‘ together with the energy equation (all including magnetic field effects),
form three intercepting surfaces in a three-dimensional diagram with axes of temperature
transverse magnetic field, and specific volume. In general these three surface intersect
at four points, labelled 1, 2, 3, 4 in order of increasing compression. These intercepts
are possible end points for a shock jump, which must occur from a lower to a higher number
for entropy increase. These points are also divided in the middle by the initial Alfven

velocity appropriate to the magnetic field component in the direction of shock propagation.

This leads to the following classification of shocks:

(a) fast or super-Alfvenic shocks 1 - 2, which are observed in the laboratory
and are known theoretically to be stable;

(b) intermediate shocks 1 - 3, 1 » 4, 2 = 3, 2 » 4, which have not been observed
and are thought theoretically to be unstable;

(c) slow shocks 3 » 4, which have not been observed but are thought to be
stable;

(d) the transition points between fast and interﬁediate, and between inter-
mediate and slow, shocks correspond to Switch On and Switch Off shocks
respectively; and these have uncertain stability.

All subsequent discussion will be limited to fast shocks.

The existence of end points for a shock jump does not imply the existence of a con-
tinuous solution of the equatinns from the starting point to the final point. The jump
conditions are independent of the mechanism, but the construction of a solution depends on
the existence of suitable dissipation mechanisms to join the two points. This problem has
been treated by means of the two fluid MHD equations. Fortunately, it is not necessary to
solve the structure problem in order to prove the existence of the solution, because this
is dependent only on the nature of the equations at the end-point singularities. Linear
expansion of the equations about the singular points allows them to be classified as nodes,
foci or saddles (Fig.6). This classification then determines whether solutions exist(39’4o)
between the two points (no entry into saddle), and if so, whether they are monotonic (node)
or oscillatory (focus). Finally, after proving the existence of a solution, it is neces-

sary to demonstrate the stability of this solution to small amplitude wave disturbances.

This analysis(38) has shown that all fast shocks which exist, to which this discussion is

limited, are stable.



4. MID SHOCK STRUCTURES

The shock structure problem requires the solution of the two-fluid equations of mass
flow, momentum, energy, and state of the plasma together with Maxwell's equations through

the shock. Complete analytical solutions are available only for very weak shocks propagat-

ing perpendicular to a magnetic field(4l). Strong shock solutions can be obtained analyti-

(39,42-45) with a reduced number of transport processes (e.g.

(46

no thermoelectric effect). Computed solutions ) tend to be for specific cases and lack

cally for certain simple cases

detailed interpretation. There is much computational activity at present which should

finds its way into the literature soon.

To illustrate the equations involved consider a simple case of a perpendicular shock
in which the electrons and ions are shock-heated only by resistivity and viscosity respect
ively. Thermal conductivity, thermoelectric effects, electron inertia, etc. are ignored.

In the frame of the shock, v = (vy, 0,0),
(a) Continuity: nv = const

(b) Momentum of ions or fluid:

d d(pj+ Pe). d /4 dv
Moy <2 = JyBy-—=—+3 (3 b 4% (x~component)

(¢) Momentum of electrons or generalized Ohm's Law:

dpe
neEy = Jsz-:EF (x-component.)
( e ¢
nJy = Ey - vBz) = == y-component)
(d) Energy equations:
: 3 dTi _ dv 4 [ do\? . . . .
(i) Ions 2nvk = -~ Pi o T 3M ( dx) (adiabatic and viscous heating)
(ii) Electrons =—hvk == pe 0=+TJ (adiabatic and resistive heating)
2 dx dx ¥
(e) Equation of state: p = nkT
(f) Maxwell's equations: Ey = By = V,Bzs
1 dBg
Jy = 7 4g &

In the shock problem the two important dissipative coefficients in the moment.um
equations are viscosity, associated with gradient of velocity; and resistivity, associated
with the gradient of the magnetic field. Shocks can be classified as viscous or resistive,
depending on vwhich of these mechanisms dominates. Viscosity (p) arises from interstreaming

collisions, and for collision frequency V is given by



5
B = nkT/v (e T/& for classical collisions).

The various combinations of inter-particle colllisions (e.g. ion-ion, electron-electron,
ion-electron) each give rise to different viscosities (Hiji » Beps Hje)» Resistance (7)
arises from the relative motion of electrons and ions involved in a current flow and is
given by

2

3
n = ( E) v (eT? for classicsl collisions).
ne

One of the main differences in these two classes of shocks is the different dependence on
V. As the shock-heating depends on the product of the transport coefficient with the
square of the appropriate gradient, there is a tendency for the resistive shock to steepen
and for the viscous shock to broaden as v decreases; that is with increasing temperature
for classical collisions.

Thermal conductivity, another important transport coefficient does not appear directly
in the momentum equation and cannot by itself support a strong shock but can modify the
structure through the energy equation. Other phenomena, like the Hall effect and thermo-

electric effect, can similarly modify the structure of the shock.

The most acceptable definition of the so-called 'collisionless' shock is that the

irreversible shock heating in a 'collisionless' shock cannot be accounted for by using

the classical transport coefficients in the fluid model.

The above fluid considerations apply to collective transport coefficients, provided
always that these form a reasonable approximation. A shock in which such collective

coefficients dominate, would be 'collisionless' although fluid-like.

5. CRITICAL MACH NUMBER FOR RESISTIVE SHOCKS

The previous discussion (Section 3) of the existence of continuous solutions between
existing end points is high-lighted by the case of the resistive fast shock. Solutions
Jjoining the end points exist only below a certain criftical Alfven Mach number. There is

no such limit if viscosity is present.

It is possible to produce a resistive shock in which viscous processes are negligible.
For example, if the classical ion-ion mean free path is much longer than the characteristic
compression length, or more simply the shock width, and no collective viscosity is present,
then a purely resistive shock results. Above a critical Alfvén Mach number, resistivity
alone cannot satisfy the conservation relations. As a result, a second steepening occurs

within the resistive structure and this must be limited by a viscous process.



This critical Mach number is related to the existence of two Mach numbers in a

magnetized plasma.

(a) The Alfvén Mach number (M, = Vg/V,), which relates the shock velocity (Vg) to
. 1,
the Alfven velocity [V, = B/(ponM)Q],% is relevant when the magnetic field is coupled to

the compression.

(b) The acoustic Mach number (Mg = Vg/Cs), which relates Vg to the plasma sound
speed (Cs), is relevant when there is no magnetic field or the field is uncoupled from
the compression. In this case, if Mg > 1, steepening will lead to the formation of a

viscous shock.

The value of Cg depends on the combination of adiabatic or isothermal sound speeds,
a= (TkT/M)% and s = (k’[‘/M)Eé respectively, of the electrons and ions. For the colli-
sionless resistive shock, the ions are adiabatic and the electrons isothermal, so that
C2 = aZ+si.

On a scale-length short compared with the resistive shock-width, the maznetic field
and plasmaare uncoupled. Consequently, if the local flow becomes acoustically supersonic,
Mg > 1, acaustic waves will steepen forming a viscous shock as a steep jump near the rear

of the resistive structure.

Above the critical Mach number, if there is no viscous process to limit the second
steepening, the fluid equations break down by becoming multi-valued. This is usually
interpreted to mean that the shock 'breaks' or 'overturns', producing interstreaming
plasmas. This interstreaming and the resulting interstreaming instability, is thought to

produce the required collective viscosity for these shocks to exist.

The critical Alfvén Mach number hﬁ. for the appearance of this double structure, or
for 'breaking', is obtained from the condition that the flow changes from acoustically
super- to sub-sonic in passing through the shock (i.e. local Mg = 1). Thus Nﬁ will
depend on whether the electrons or ions are heated and whether they are adiabatic or
isothermal. W00d5(40) gives a consistent set of assumptions and values of MX (Table I)

which apply for collective as well as classical transport coefficients.

A Strictly, Alfven waves do not exist for propagation perpendicular to B, but Vu is
still used.

- 10 -



TABLE I

Critical. Alfven Mach numbers (B; « 1)
(k = thermal conductivity, m = resistivity, p = viscosity)

¥ =5/3 f =2

Sapng T{=0 Ty =T ;=0 Ty =T
coefficient 1 1 4 t - =

ke s Ky » Kot kg 1 1 1 1
y| 2:76 2.76 2-95 2-95

n+ Kj 2:76 301 2-48 2-80
n+ke 3.46 3-01 3-56 2:80
n+ ki + ke 346 3446 3-56 356

B s w ® o w

6. NON-FLUID MODELS

6.1. Vlasov Treatment

The Vlasov equation considers changes of the particle distribution function produced
by smoothed out electric and magnetic fields. These fields can clearly be analysed into

plasma waves. Both analytical(ss) and computational work(47’48)

has been done in this
field, but the description will be given in terms of the computational method, If the
initial system is not in equilibrium (there is free energy), the initial smoothed out fields
will change the initial distribution function of the particles in phase space. The result-
ing new average (nj-ng) and current will then give the modified smoothed out fields, and

so the calculation proceeds by steps. This method follows the resonant interactions of

particles and waves.
In effect the computation is as follows:

(a) 1Instability: the interaction of particles with waves;
(b) Non-linear effects: wave decay, interaction of waves with waves, and scatter-
ing of waves on particles;

(c) Damping of waves and consequent heating of plasma.

The complete cycle transfers the free energy of the particles into thermal particle energy.
The computational treatment is usually limited by the use of only one spatial dimension, a
limited number of mesh points, and unrealistic m/M and ?LD Up to the present, this

method has not been applied to shock structures as a whole.

A similar, but more restricted, computati on(21’23) has been performed using one-

dimensional fluid sheets. The electron and ion fluids are coupled by the space charge

- 11 -



field. Distribution functions as such are not considered directly. Above Mﬁ these
sheets interpenetrate, but with certain assumptions the computation can be continued and
interpreted. These computations have been performed for shocks in the realistic geometry

of a theta-pinch.

6.2. Wave Kinetics

(49-51) provides an alternative approach

The recently developed wave kinetic model
which leans heavily on analogies with quantum mechanics. Instability, that is inverse
Landau damping, is replaced by Cherenkov emission of a plasma wave quantum (phonon for
ion wave and plasmon for electron wave) by the particle. The wave quanta make various
quantum transitions; decay (w, = w, + w,), mutual wave-wave interactions (w, + @, = w, + 0,),
and interactions with particles (absorbing and scattering quanta, ®; + p, - pi

w, + Py *p; + w,). A formal quantum mechanical treatment is possible, but its use is

limited by the difficulty of evaluating the transition probabilities.

7. PARAMETERS FOR THE CLASSIFICATION OF SHOCKS

It is difficult to make a clear classification of fast shocks. In this section the
various parameters which, according to theory or experiment, affect the formation and

nature of the structure will be listed with brief comments.

7.1. State of the Initial Plasma

(a) Degree of ionization : assume effectively fully ionized, (also state of
ionization if Z # 1).

(b) Uniformity (e.g. ne,B): affects dynamics of compression (e.g. axial gradients
of n and B in 8-pinch tend to give non-cylindrical implosion).

(¢) Quiescence/turbulence: macroscopic or microscopic (e.g. the solar wind
appears to be turbulent).

(d) Mass or current flow: (e.g. compression of two interstreaming non-

interacting plasmas).

7.2. Initial Plasma Parameters

(a) Presence or absence of magnetic field and ratio of particle to magnetic
pressure.

.-_nik&_ _ EE_E )2 . o nj_!{Ti _(E)E . .
Be B BE/(ZPQ) h ( VA ? ﬁl - 52/(290) = VA (n.b. Ng nj

(b) Densities ng,nj and mass ratio m/M.

(c) Temperatures Te,Tj and ratios Te/Tj, Tu/Ti. Distribution functions o £y

if non-Maxwellian.

- 12 =



(d) Ratio Alfven velocity (V4) to the velocity of light (c) is important in that

it is directly related to the ratios of characteristic frequencies

In particular, if a > 1, charge neutrality is violated over the electron orbit (rce < KD),
which is then non-adiabatic. Also, if classical and collective collisions are negligible,

the electron inertia waves of Section 2.3(b) have relativistic electron drift velocities.

7.3. Piston and Compression

(a) Geometry of piston in relation to magnetic field and any gradients. This deter-

mines geometry of shock.

(b) Stability and 'porosity' of the piston influence formation of separated shock.
(c) Relation of acceleration and steady phases to useful dimensions of apparatus
influences formation of steady shock.

(d) Piston velocity influences Mach number.

7.4. Shock Conditions

(a) Clearly the values of the parameters listed in Section 7.2 can be important
within the shock.
(b) A steady state, approximately plane shock front is desirable but not always
achieved in experiments.
(c) The angle (6) which the normal to the plane of the shock front makes with the
magnetic field. Perpendicular (8 = n/2), oblique (0 < 6 < =/2) or parallel (8 = 0) shock.
(d)  Mach numbers, Alfven (M, = Vg/Vp, acoustic (Mg = Vg/Cg) and magnetosonic
My =vg/(V} + C__f;)!‘é = MN/(1-+%?)5] and relation to critical values.
(e) 1Is the oﬁserved shock structure (E, B, n)
(i) macroscopically steady and reproducible or turbulent?
(ii) montonic or oscillatory?

(iii) single or double?
(f) The ratio of shock width and rise time to characteristic lengths and times
such as those of classical collisions M\jj, Tejs 8ro radii rg, and KD,(qﬂnpe), (c/wpi),
Woas WEIs (wcewci)-%’ «esy etc.

(g) The conservation relations should be satisfied across the transition.

- 13 =



(h) Irreversible shock heating: strong or weak shock, electrons and/or iens heated.

(j) The ratio (R) of the observed to the calculated classical heating measures the
importance of collective effects, that is, to what extent the shock is 'collisionless'.
If R > 1, what type of instability is present and is there micro-turbulence (A ~ KD)
within the shock?

(k) 1Is the shock heated plasma thermal or tubulent?

8., REVIEW OF MAIN EXPERIMENTS AND RESULTS

The main laboratory experiments, summarized in Table II, will be reviewed briefly in
relation to the present state of understanding. The various parameters measured and the
diagnostic techniques used are summarized in Table III. The particular experiments with

which the present author has been concerned are discussed in Part II of this chapter.

8.1. Perpendicular Shocks with low B, and My < M}

In the absence of classical or collective collisions, such a shock would form a back-

ward wave train of electron inertia oscillations, provided that o < 1. A few heavily

damped oscillations of this type with A ~ (C/wpe) have probably been observed(g’lo}.

For o > 1 the electron current drift velocity (ud) should, theoretically, become

relativistic

) Bw,
1_B ., p ~5 R

®Wpe ' €  ponec®
Thus, if o > 1, the shock width Lg must be greater than (c/wpe) and is given by

—_ Bl _
vg~ cC 3 Lg Hgnec - @i .

Shocks of this type have probably been observed.(g)

The above structures are possible only if instabilities are absent. The most likely

(34)

instability is the two-stream instability of the current . This occurs if vy4q > Veths
: (24)

the electron thermal velocity, and has a growth rate Y ~ wpe. There is sufficient time

for this instability to grow in an electron inertia wave if
' 3ia V%
My > My = 1+ 5(By) s (B<1).

In the experiments mentioned above, these low Alfven Mach numbers were obtained by using
low densities and high magnetic fields. Above Mj, instability can be expected to damp
out the oscillatinons, producing a monotonic structure. This change of structure has been

(9)

observed experimentally .

The monotonic structure observed for 2 < My < 3 is well documented on many different

experiments. Universally Lg ~ 10 (c/wpe). Experiments show that the electrons, and not
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(7)

the ions, are heated . Also this observed heating cannot be explained by classical

7).

transport coef‘ficient,s( ; these are inadequate by two orders of magnitude. The shocks

are collisionless. The change to a double structire at Mf{ ~ 3 suggests that resistivity

.

(collective) is dominant. An effective collision frequency v#, has been obtained from

(57)

Lg and from the observed electron heating. Forvard scattering experiments have demon-
strated the presence within the shock front of a micro-instability with frequency nearer
Wpi than “’pe' An experiment on this type of shock will be descrided in detail in Part
IT1.

These monotonic shocks are interpreted as resistive shocks dominated by a collective
resistivity from micro-turbulence driven by the current. Until recently the only theory
of these streaming instabilitis was for a homogzeneous plasma without a magnetic field(m).
On this model, for an isothermal initial plasma, compression would tend to develop electron
inertia waves. This development could be limited by either of two mechanisms which heat
the electrons;

(a) vgq > vetn would drive the two-stream instability with frequency

W~ Wpe and heat the electrons giving Tg > Tj;

(b) classical collisional resistivity at the front of the shock giving Te > Tj.
Once Te > Tj, the ion acoustic instability with w - ©pi can be driven if vg > Cs.
(35) has calculated the spectrum of turbulence <¢E®*(w, k)> resulting from

(36)

the non-linear phase of the ion acoustic instability. Sagdeev has used this spectrum

Kadomsev

to derive stochastically an effective collision frequency v*. The observed collision

(7)

frequencies agree well with those predicted by Sagdeev.

(32)

More recently Krall has considered the inhomogeneous problem in the presence of
a magnetic field. He finds that the appropriate instability is an electron drift instabi-

lity (universal) driven by a combination of VB, Vn, ExB drifts.

The next important steps towards understanding these shocks will be, on the theoreti-
cal side, to combine the universal instability mechanism with the non-linear treatment of
turbulence and, on the experimental side, to measure the turbulent spectrum and correlate

it with the observed heating and with theories.

8.2 Perpendicular Shock with low B and My > Mg

On the fluid model the resistive shock is expected to develop a viscous sub-shock at
the rear for M, > MA There is no experimental evidence for this happening. On the
contrary, experimentally“’z) at My > Nﬁ:, the resistive shock develops a broad foot

(L~ c/wpi ~ rei) at the front. There are a number of possible explanatiuns for this
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discrepancy, including high P effects; but the most attractive one involves the reflection
of ions from the resistive shock(24).

On the single particle model, which is more appropriate when discussing the collision-
less ions, ions are reflected from the longitudinal electric field within the shock front,
The number of ions reflected depends on the spread of the distribution function (i.e. the
temperature), because only ions with certain velocities are reflected. Robson and
MacMohan(Gs) have suggested that a viscous sub-shock at the rear of the resistive shock
could produce appreciable ion heating and consequently spread the ion distribution func-
tion so that more ions are reflected forwards. These reflected ions then gyrate in the
magnetic field acquiring transverse energy before finally passing through the shock. Dur-
ing this forward gyration the requirement of charge neutrality will cause electrons to
follow the ions. The magnetic field will follow the electrons, giving rise to the observed
foot. The interstreaming of ions in this foot could also give rise to interstreaming
instabilities and consequent plasma heating. Experimentally there is anomalous electron
heating(7) and some evidence from charge exchange neutrals that ions are counterstreaming
in the foot(g).

The interpretation of these high Mach number shocks is not clear either experimentally

or theoretically.

8.3. Perpendicular high B Shocks

Experimental data has only recently become available(lo’]i) and the interpretation is

not year clear. There is experimental evidence for appreciable turbulence behind these
shocks, and this could be related to the turbulence observed behind the magnetospheric
bow shock.

8.4, Obligue low [ Shocks

There is clear detailed evidence for a train of forward whistler oscillation in
oblique shacks(g’]s’ss). In one experiment(ls) these shocks have been shown to require
collective resistivity for My < Mx and collective resistivity and viscosity for My > Mﬁ.
(13) (9)

and Novosibirsk results disagree. The latter say that the

For M, > Mﬁ the Austin

oblique shock becomes broad and monotonic like a perpendicular shock while the former still
8

get oscillations, No forward oscillations are observed in the flow experiments( ) but

appreciable turbulence occurs behind the shock.

8.5. Shock Without Magnetic Field

In the absence of a magnetic field, the ion acoustic dispersion relations should give
a backward train of oscillations with A ~ Ay at the ion plasma resonance o ~ wpj« Such
oscillations have been observed experimentally(g) but at high amplitude the structure

broadens to 10 Ap, presumably because of some interstreaming instahility.
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PART TI

THE TARANTULA EXPERTMENT

1. INTRODUCTION

The Tarantula experimental programme( 1,2,7,57)

has covered the formation, propagation
and structure of collisionless shocks which propagate perpendicular to a magnetic field
through a highly i.nized initial plasma of low § (i.e. P < 25%) and wee/Wpe « 1. The aim

is to elucidate the mechanism of energy dissipation in the shock when classical transport

processes are ineffective; that is, when the shocks are 'collisionless'.

The shock wave is produced by the cylindrical compression of an initial plasma by a
fast linear z-pinch in a quartez tube of large diameter, O-5 m, and length, 1-0 m. The
9
apparatus, called 'I‘arantula(5 ), is illustratad in Fig.7. The use of z-pinch, rather than

6-pinch, geometry, and the large diameter distinguish this study from most others on colli-

sionless shocks.

The study will be described in five sections: (i) initial plasma, (ii) dynamics of
compression, (iii) macro-structure of the shock, (iv) shock heating, (v) micro-structure
of the shock.

2. INITIAL PLASMA

2.1. Axial discharge

The discharge tube is normally immersed in a uniform steady axial magnetic field

(0 < B, < 2kG) and filled with hydrogen or deuterium in the range 1-40 ml pressure.

The initial plasma is produced by an oscillatory axial current (I ~ 100 kA). At
the Tirst current reversal the plasma becomes turbulent and rapidly fills the whole tube.
At the third current peak (t = 170 us) the driving voltage is removed and a quiescent
reproducible plasma develops as the current decays. The shock is produced in this after-

flow, when the current is effectively zero (t ~ 300 us).

2.2. Experimental Methods

The initial conditions for the shock experiment have been carefully documented by
three experimental methods.

(1) Double Langmiir probes provide local measurements of number density neg(r, z, t)
and electron temerature Te(r, z, t).

(2) Infra-red laser interferometry provides an absolute measure of Jneg(r, z, t)dz.

(3) The radial propagation of small amplitude magnetosonic waves has been used to

determine the density of neutral hydrogen (np). Below a critical frequency (fe ~ %njoexvil)s
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charge exchange couples both ions and neutrals into the wave motion. The measured wave

velocity is then related to the total density (np + nj).
2.3. Results

The standard conditions, P_ = 20 mT hydrogen and By, = 12 KG, have been diagnosed

0]

in detail. The plasma is axially uniform for 98 cm, and radially uniform for the central

20 cm dia. (Fig.8) with parameters,
85% ionized; ng = 7 x 10°%m™2, Tg = 1.4 eV, B, = 0-04

The plasma is reasonably quiescent and reproducible. Experiments have been performed

over the ranges 10°°m™® < ng, < 10%*m™ ; 0 < By, < 1:5 kG ; 0:04 < B, <

The initial plasma appears to be contained axially by a narrow (~ 1 cm) neutral layer

on the electrode and radially by the axial magnetic field and a more diffuse neutral layer.

3. DYNAMICS OR COMPRESSION

(

3.1. Pinch device 58) (see Fig.7)

The fast pinch is produced by discharging a low inductance capacitor bank (20 pF)
through 40 spark gap switches (source inductance 14 nH) into the initial plasma (load induc-
tance 30 nH). The capacitor bank is inductively coupled to the discharge electrodes, so
that the plasma remains at earth potential and probes can be inserted without high voltage
insulation. The inductive coupling also provides an approximately square current pulse.
For standard initial conditions the measured parameters are: Ve = 75 or 50 kV; Ez = 62,

32 KV/m, (dI/dt)y = 148, 1+1 TA/s and Ip = 420, 320 KA respectively. Standard pinch

conditions refer to Vg = 50 kV.

3.2, Magnetic Field Measurements of Piston and Shock

The axial (B,) and azimuthal (Bg) magnetic fields have been measured during the com-
pression by using multiple magnetic probes (7 and 3+5 mm dia.) and single probes down to
0-9 mm outside diameter. The shot to shot and year to year reproducibility is within about
* 15%. The piston collapse velocity (Vp ~ 110 km/s) is greater than the Alfven velocity

and thus drives a cylindrically imploding shock.

The shock front is observed as a very sharp change of B, which moves with velocity
Vg ~ 200-500 km/s in front of, and clearly seperated from, the piston. For standard con-

ditions there are three phases of the shock implosion as shown in Fig.9.

The overall dynamics of the collapse for standard conditions is illustrated with the

aid of a space-time diagram in Fig.10. The detailed study of shock structure has been made

e 0



at r = 9 cm, where the shock is steady and in a highly ionized uniform plasma. The shock
is well separated in space from the piston and in time from the reflected shock, while

still approximately planar.

The angle (8) between the normal to the shock front and the axial magnetic field has
been estimated from simultaneous measurements of the time of arrival of the shock at
r =9 cm for different axial positions. For standard corditions, the normal to the plane

® for *25cm away

of the shock is perpendicular to Bzy near the centre and € < 2
;
axially. Oblique effects occur only if 0 2> Mj (me/mi)? ~ 3-5° and can therefore be

neglected.

3.3. Comparison with MHD Computation

The dynamics of the collapse, as measured by magnetic probes, has been compared with
the predictions of a two-fluid MHD computer calculation(ﬁo), based on the known initial
conditions of the circuit and plasma. With the normal, binary collision transport coeffi-
cients the computed shock structure broadens, becoming comparable with the plasma radius.
If viscosity is omitted, the structure then steepens beyond the limit of the computation
(cf. Section I.4). These shock structure effects, which disagree with the experimental
results, have been removed by introducing into the computation an artificially fixed shock
width. The dynamics and energetics of the computation are unaffected by this artifice.

The total shock heating (Tj + Te) can be predicted but not the ratio T;j/Te.

Provided the measured initial total density (nj + neg) is used, rather than the electron
density, good agreement is obtained between experimental and computational magnetic profiles

and streak diagrams (Fig.11) for My = 2-5 (and 3:7).

4. MACRO-STRUCTURE OF SHOCK

The macro-structure of electric and magnetic field has been measured by imploding the
shock onto small magnetic (0-9 mm) and coaxial electric probes situated at r = 9 cm. The
latter measures the radial potential (Vp).

Three specific cases of low, intermediate and high Mp are listed in Table IV and
profiles are shown in Figs.12-14. The dependence of shock width on (c/bpe) for low Mp
has been checked over a range of parameters, as has the change from low to intermediate

Ma structure at Mg ~ 3.

For low and intermediate M the change of radial potential across the shock accounts
for the radial ion motion through the shock, indicating the absence of appreciable

heating.
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TABLE IV
MACRO-STRUCTURE CLASSIFICATION

Alfvén Low Intermediate High

Mach number 2-5 3.7 6.3

Bz, (kG) 1.2 0-75 0-43

ngy (102° m™3) 6.2 5.9 4.0

B1 0-04 0-10 0-20

Structure Single, Double, Oscillations,

steady steady unsteady

Lg (mm) 1-4 1.4 3.0
15;9

Lg 7c/wpe 7c/wpe 3c/wpi
ZC/wpi

The importance of classical collisions can be measured crudely by the ratio of colli-
sion time to shock rise time (TS). For low Mp, Aif the ions were heated Tij » Tg ™ 10 ns;
but if, as described later, the electrons are heated, Tee 45 only marginally greater than

tg for standard conditions. At lower pressures Tge > Tge

It is possible to solve simplified two-fluid equations of motion through the shock by
using the experimental profiles of B and Vp. In this calculation it is assumed that
the electrons are heated by an effective resistivity, the ions are adiabatic and there is
no azimuthal momentum. The computation gives predicted profiles of neg, vis Tey m*. The

final T, agrees well with the measurements described in the next section.

5. SHOCK HEATING

5.1. Thomson Scattering of Laser Light

Heating of the electrons has been measured by Thomson scattering(sl). A 400 MW 20 ns
light pulse from a ruby laser is passed across the diameter of the discharge tube at the
midplane. The laser pulse is timed relative to the shock structure using an electric probe
moved azimuthally out of the optical paths. The light, Thomson scattered into the axial
direction from a 1 cm length of the laser beam centered at r = 9 cm, is detected by a photo-
multiplier (Fig.15). The spectral profile of the scattered light is obtained by using

interference filters with narrow pass-band (3 to 35 A) and high rejection ratios (~ 1074),

This spectral profile, which results from Doppler broadening by the electrons (kKAp » 1),
fits a Gaussian to within * 15% for over a half width of the profile, and yields an elec-—
tron temperature with standard deviation of = 10% (Fig.16). Systematic errors increase
the possible error to * 15%. Calculations, based on these measured temperatures, show that

there should be sufficient time for the electrons to thermalize before the measurements.
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5.2. Measured Electron Temperatures and Comparison with Computations

The measured electron temperatures (Te) for My = 2-5 and 3.7 are presented in
Fig.17 as a function of time (7t) relative to the sharp transition in the shock structure
recorded by the electric probe. For My = 3-7 the change in magnetic field (0Bz) is
plotted as well to show the measurement of T, within the broad forward transition in the

shock structure.

The electron temperatures in Fig.17 are compared with the total shock heating (Te+ Ti)
derived (assuming + = 5/3) from (i) plane geometry conservation relations, using the
measured Vg, Neg; and By, and (ii) the cylindrical collapse MHD computations(so) based
on the initial conditions. This collapse computation has been shown above to give good
agreement with the measured dynamics of the experiments and consequently should provide a

reasonable estimate of (Tj+ Te). This comparison is summarized in Table V.

TABLE V

COMPARISON OF TEMPERATURES (eV)

Ma 2-5 3.7 63
Te measured (peak) 44 56 44
Te extrapolated to Tt =0 46 66 =
(Te +Tj) conservation 42 72 140
(Te+ Ti) computation 49 84 145

There is good agreement between the measured Te and the predicted (Te4-Ti) immedi-
ately behind the shock for M, = 2-5, and consequently the ions cannot be appreciably heated
in this case. However, for MA = 3-7 the measured Tp 1is less than the predicted (Te +Ti),

by some 28%, allowing the possibility of some ion heating.

The possibility of temperature limitation by end effects or impurities was irvestigated
for Mp = 2-5 in an experiment performed in deuterium at half the number density. The
dynamics was the same as for hydrogen (Mp = 2-5), and so the temperature should be doubled.
The measured temperature, Te = 91 eV for < = 50 ns confirmed this simple scaling and made

temperature limitation unlikely.

6. COLLISIONLESS SHOCK

6.1. Inadequacy of Classical Transport Coefficients

The electron heating to be expected from the classical transport coefficients can be
calculated from the measured fields. In order to calculate the adiabatic and viscous heat-
ing it is necessary to calculate self consistent profiles of n{(x) and v(x} through the
shock. However, the calculation shows that these effects are secondary to the main resistive

heating.
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The electron energy equation has the form

3. dT _
zl'lkl)a; = A+ V4R
: : . dvy
(i) adiabatic part A = nkTe =
. ) duy\2 dvy\2
(ii) viscous part V = lg ‘:01(&—) + 02<—d§!):| ’
= ; .. (62) ___1 dB :
where p, = electron viscosity vy = Tome dx (M.K.S. units) and C, and C, are

functions of WeTe given by Braginski(ﬁz).

2
(iii) resistive part R = l% (g%)

where 7 is the Spitzer-ngm resistivity. Electron inertial effects have been shown to
be negligible becguse Lg > (c/mpe). The heat flux vector, which can redistribute but not
generate heat, has been omitted. The equation was integrated 'step-wise' on a computer

using the observed B and V, profiles.

For Mp = 2.5 this calculation results in a temperature of only 7-5 eV which is a
factor of six down on that observed. Viscous heating is negligible and adiabatic heating
some 20% of the total, so that resistivity and the B profile dominate. If the classical
resistivity is increased by a factor of about 100 throughout the structure, the observed
heating can be obtained. Thus classical resistivity is inadequate, by about two orders of
magnitude, to expalin the observed electron heating and a 'collisionless' mechanism is

necessary.

Similarly, for Mp = 3-7 and 6:3 classical heating is inadequate. The ratio (R) of
observed to classical heating for the broad and sharp features at Mp = 3-7 are R =6 and

8 respectively; while for My = 6-3, R = 10,

By integrating the simple electron energy equation across the shock, an effective mean
resistivity and corresponding collision frequency (vﬁ) can be obtained from (Ty -T;),

(B2 -B1), Vg and Lg. For both hydrogen (20 mt) and deuterium (10 mt) shocks with My = 2-5,
* 10 -1
vwm = 0-5 x 10 S

6.2. Collisionless Mechanism for low Ma (see Section 8.1)

The most probable mechanism for these shocks is the excitation of electrostatic plasma
waves by the drift of electrons through ions in the high current density of the shock transi-
tion. This electron motion results from a combination of VeB s Vpn and Ep x By drifts.

The instability has the nature of a high frequency universal drift mode(sz).

= 95 =



For lack of better theoretical guidance, this problem has often been discussed in
terms of the 'drift' instability of a homogeneous plasma carrying a current in the absence

of a magnetic field(54). Two types of instability are considered:

(1) ion acoustic instability arising from a resonance of electrons with ion acoustic

waves (w<wpj) for vg > Cg and Te>Ti ,

(ii) two-stream instability arising from resonance of ions with electron plasma waves

(0 = wpe) for vg > vegh-

The occurrence of these instabilities depends on two ratios, (i) Ry = “d/”eth and
(ii) Rr = Tj/Te, as shown in Fig.18. In the shock problem (1/wee « ts « (1/w¢i) so that
the magnetic field is more likely to affect the resonant electrons of the ion acoustic than

the ions of the two stream instability.

The measured magnetic field gradient corresponds to a peak azimuthal current density
of 4 kA/en®. If it is assumed that the mean density %(n; + ny) and mean electron tempera-
ture X%(Teq + Tex) occurs at this peak, the resulting ratio of electron drift to thermal
velocity

d

R, = = 106 .
Leth

Assuming in addition adiabatic compression of the ions with y = 2,

T¢
RT =T§z 10%.

(34)

Such conditions, according to Stringer , are unstable to the ion acoustic but not to

the two stream instability.

Nevertheless the two stream instability could be present, if (i) the electrons are
non-Maxwellian with a high velocity component, or (ii) there is a small unresolved region

of high drift velocity.

The ion-acoustic instability by itself cannot provide a self-consistent model because
it requires Tg > Tj, which is not satisfied at the start of the shock structure. A
'trigger' mechanism is therefore required to raise Te so0 that the ion acoustic instability
can proceed. Both ordinary resistivity and the two-stream instability have been suggested

as trigger mechanisms operating at the front of shock.

The non-linear phase of the ion acoustic instability in a homogeneous unmagnetized
plasma has been studied by Kadomtsev(ss). He assumes a constant growth rate at resonance
from linear theory and non-linear 'diffusion' in (w ,k) space produced by scattering of

waves on ions. Thermalization of the waves is not considered. From this study he derives
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the spectrum, (Ez(k)), of' the resulting turbulent electric field.

The interaction of electrons with this turbulent electric field gives rise to an

effective collision frequency (v*) and corresponding turbulent resistivity (n*), which

have been calculated by Sagdeev(ss).
T M; % Te vq
* = 1072 =& (=L . — 102 =& 4 y
v 10 T; (kT(i‘) vgwpj = 10 T; Vet ®pe
63
(Note that this v* is 100 times smaller than that given by Sagdeev and Galeev( ).)%
Sagdeev also predicts dTe vg
— = 43 s
T Veth

which, for experimental values, agrees with the observed dominance of electron heating,

Substitution of mean shock parameters into the equation yielded
vk = 1.4 x 1010 g1
in reasonable agreement with values desrived from experiment (see Section 6.1).

The scaling experiment, using hydrogen and deuterium at constant Mp = 2-5, has

g = 2np, Lgy = (1/2)Lgp , Tey = (1/2)Tep, vii = v and corresponds to the Sagdeev formula.

The stewise computation of the classical plasma heating through the shock (Section 6.1)
showed sufficient electron heating for ion acoustic instability to develop at the front of
the shock at the start of the steep gradient. The computation was then continued with the
addition of the above turbulent resistivity with its functional dependence., The instability
switches off at the end of the steep gradient. The calculated and the observed electron
heating agreed when m* was reduced by a factor 0:6 from that given by Sagdeev. The com—

puted effective collision frequency averaged over the shock width was v*¥ = 0-8 x 101951,

While there is circumstantial agreement between the Kadomtsev-Sagdeev theory and
experiment, it must be remembered that the assumed conditions do not correspond with experi-
ment.

(32)

Recently Krall: has developed a linear theory for local stability within a shock
(64)

front with VB, Vn, ErxB, drifts. Also recently Drummonds and Sloan have criticized

Kadomtsev's assumption that ion scattering dominates the non-linear phase.

7. MICRO-STRUCTURE OF SHOCK FROM FORWARD SCATTERING

7.1. Description

Recently direct evidence for the existence of micro-instability within the shock has

’&t appears from recent discussions(70) that the factor 1072 given by Sagdeev(35) was
introduced to give better agreement with experiment

I =



been obtained for My = 2-5. Forward scattering of ruby laser light from plasma density
fluctuations(sl) with wavelength greater than the Debye length (see also Chapter 11 of
this book by Ramsden), shows an appreciable enhancement(57) over the stable thermal level,
of these fluctuations within the shock front. The enhancement occurs for relatively small
frequency shifts from the laser line corresponding to the range of low frequency plasma
waves (ion feature). This result reinforces previous suggestions that ion acoustic rather

than two stream turbulence dominates in this shock.

A 50 MW laser pulse of half height full width 35 ns was timed and positioned to hit
the shock front in the mid-plane of the discharge tube when the shock is at 9 cm radius.
The relative timing of the laser pulse to the shock structure was obtained from an electric

probe at the same 9 cm radius but moved azimuthally out of the field of view,

The laser beam is in a plane which is tangential to the cylindrical shock front (elec-
tric vector perpendicular to this plane) and within this plane is at 2-25O to the axial
direction.® The forward scattered light is detected in the same plane at an angle of 4-50
to the laser beam (Fig.19). The plasma fluctuations which scatter light into this detec-
tor have wave vector k colinear with azinuthal current in the shock and Ikl £ 1/
(i.e=. collective scattering). A back-scattered signal is detected in a slightly different
plane at an angle of 170o to the laser beam. This back-scattered light signal arises
from fluctuations with [k| » 1/Ap (i.e. random thermal fluctuations) and monitors the
electron heating. Both detecting systems are focused onto the 2 mm diameter laser beam at

the mid-point of the discharge tube.

Spectral resolution of the forward-scattered light was obtained by using optical
filters in front of the photomultiplier. A narrow pass-band (3 A) filter was used to
accept light scattered from the low frequency (Aw ~ wps = 01 A) fluctuations (ion feature),
while rejecting most of the light scattered from the high frequency (Aw ~ Wpe = 7 R)
fluctuations (electron feature). A wider pass-band (35 A) filter was used to accept light
scattered from both features. Spectral resolution of the back-scattered signal was obtained
by using a wide pass-band (30 A) filter set about 50 L off the ruby line so that a signal

appears only when the electrons are appreciably heated.
7.2. Results

A pulse of forward-scattered power is observed (Fig.20) which is much shorter than
the laser emission. This pulse corresponds in time and duration with the passage of the
shock front through the laser beam. The rise time of the pulse (5 ns) is just within the
limit of the photomultiplier response. Clearly there is no resolution in space or time
within the shock front.

- 28 -



The time variation of the ratio of scattered to incident power, hereafter called
normalized scattered power, has been derived from Fig.20 and plotted in Fig.21. This
illustrates the enhancement of scattering within the shock over that from the pre- and
post-shock plasma. With more gain in the detection system the pre- and post-shock scatter-
ing can be seen, as in Fig.20, together with the enhancement within the shock seen in the

wings of the laser pulse,

The back-scattered power, also shown in Fig.20, is insignificant from the cold initial

plasma (Te ~ 14 eV) but appreciable from the hot post shock plasma (Te ~ 45 &V).

The normalized scattered power from the plasma is not very reproducible. The average
of about ten measurements from either the pre-, on, and post-shock regions, gave a standard
deviation of about 30%. The average spurious signal (no plasma) was more reproducible,
with standard deviation of about 5%. These average measurements of the normalized scattered
power, corrected for spurious signal, and relative to pre-shock plasma, are given in

rable vI®?, for both 3 A and 35 A rilters.

Within experimental error, the ratio of peak normalized scattered power from the
shock to that from the initial plasma, is the same for both filters, yielding a ratio
R = 16. This result demonstrates that most of the enhanced scattering from the shock occurs

within the ion feature rather than the electron feature.

TABLE 1V
35 A 34
Pre-shock 1 1
On shock 16 16
Post-shock 2 0.7
Spurious 1:5 1-0

The observed ratio, R, should be corrected for the ratio of scattering volumes.
The shock does not occupy the whole cross sectional area of the laser beam, whereas the
pre-shock plasma does. For the assumed dimensions and geometry, effective shock thickness

~1-4mm, laser beam ~ 2 mm, this correction raises the ratio to R = 37.

7.3. Local Enhancement

The measured ratio, R, is not the true local enhancement relative to what the
scattered power in the ion feature would be from a stable plasma with the same parameters.
The power in the ion feature from such a stable plasma, with no current, depends on

_(61)
a = 1/(k\p) and Tg/Tj . Both of these parameters vary through the shock, 4-4>a> 1:2

and 1« Te/Ti< 12 from pre- to post-shock plasma. Unfortunately the theoretical dependence
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of the scattering on these parameters for Te/'l‘i > 3 1is not available without computation.

(65

Such a computation ) shows that the total (ion and electron feature) scattering cross
section is almost constant for the expcrimental variation of a and Te/Ti. However, as
the contribution of the electron feature to this total cross section increases through the

shock, that of the ion feature must decrease. Thus the local enhancement of the ion

feature is greater than the quoted ratio, R, relative to the initial plasma.

The above estimate of the scattering from a similar stable plasma took no account of
the electron current drift velocity, the source of instability. According to Rostoker
61 e
and Rosenbluth( ), the presence of an electron current within a stable plasma produces

only a small (< 2) enhancement of the ioh feature for up to 90% of the critical current

for instability.

The firm conclusion from this discussion of the experimental results is that the
observed peak in the forward scattered power cannot be explained without assuming the

presence of a microinstability within the shock front.

7.4. Inferred effective collision frequency

It is possible to extend the interpretation of these results onto less certain ground.
The measured density fluctuations can be converted into electric field fluctuation, which
can then be used to derive an effective electron collision frequency. This latter step
involves assuming the k-spectrum of the turbulence and this has not been measured. Never-
theless, it is interesting to consider the consequences of combininz theoretical spectra

with the observed level of fluctuation at one k value.

The ratio of the scatler=d signal from the shock {subscripted S) to that from the
initial plasma for a given k and within the ion feature is simply the ratio of the
Fourier spectral densities of the corresponding plasma density fluctuations within the

frequency range of the ion feature:
<ne (ks

R(K) = .
P (),

The electric field fluctuation <E?(k)>, can be derived from <n®(k)>, by assuming
the low frequency dispersion relations for ion acoustic waves and an effective mean tempera-

ture for the shock.

B (k)Dg = (@, /ag) *ROKCE*(K), -

If the initial plasma is thermal, the Rayleigh-Jeans law and the dispersion relations

yield
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eoCE?(k)>, = kTg, F(a,) (M.K.S. Units)

where

F(a)=a®/[(1 + &®)(1 + 24®)] = F(k)

However, recently the scattering from the initial plasma has been calibrated absolutely by

Rayleigh scattering from nitrogen gas. This has showvn that the scattering is a factor
A = 40 above the thermal level. ;fhen
eoCE?(k)>, = AKT,,F(a,) .
A test particle with initial velocity u, experiences stochastic deflections in a
turbulent electric fTield <{E*(w, k)> . With the usual definition of an effective collision

frequency

1 d 3 1
vE = — — (u ===iDy ,
5t t=0 uZ

The Fokker-Planck perpendicular diffusion coefficient in velocity-space has been

(66,67)

evaluated in the form

= ( ) /( (k uo)' )(Ez(w k)) 8(w+ k « v)d°kdw
(2n)

E*(w, K)) =y<E*(r, t)D{exp -i(k - r+wt)}dt

D, =

where

The form of the collision frequency can be simplified(ag) by assuming that the test

particle is an electron with the mean thermal velocity (vetn) which is much greater than
the ion acoustic wave phase velocity

Uo = vetn > (w/k)
and that the turbulence is isotropic. Then

2 kip=1
pr - =L ( £ ) 1 ]. D= B2 (K)Dkdk
0

2 m 3
G (ueth)

The limits correspond to the cut-off of collective wave effects above k = 1/Ap.

Substitution of various spectral dependencies of <E2> on k and plasma parameters
between the initial and final states, results in a wide range of v#, 10° - 3 x 10%0 g2,

which overlaps the value derived from experiment. Two types of spectrum have been used

/The scattered signals from the pre- and post-shock plasma have been shown to have a
spurious origin. Consequently they do not imply supra-thermal fluctuations. This
spurious signal does not affect the scattered signal from the shock nor the conclusions
of this section.

w B



(a) power law; the highest v* is given by the 1/k dependence which corresponds

to the Kadomtsev spectrum(ss),

(b) thermal spectral dependence F(a); this gives the highest v* for the initial

temperature.

These results on the interpretation of the forward-scattering experiments are very
preliminary and are included as an indication of the importance of the technique. When
more detailed measurements of the spectrum are made and the various theoretical assump-

tions checked, it should be possible to construct a self-consistent model of the turbul-

ent dissipation within the shock.’Z

(70,71)
Asuch a self consistent model has now been presented g
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Fig.4 A model of galactic radio sources proposed by Sturrock (Ref. 30)
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ELECTRON DENSITY IN INITIAL PLASMA
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(a)

(b

Fig.15 (a) Scattered light signal with 15A wide optical filter set at 6824 A (A\ =120 R).
The sharp rise of background light just before the scattered signal corresponds to the
arrival of the shock at the point; (b) Photodiode monitor of input laser power (350 MW);
(c) Accurate timing of measurement relative to electric probe signal. The delay of 60 nsec
corresponds to 1.5 cm behind the shock.
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Fig.16 Plot of ratio of scattered to incident power
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Fig.17 Temperatures for low and intermediate Mp shocks in hydrogen
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Fig.18 Current driven streaming instability after Stringer (Ref. 34)
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2. Post-shock 3. Pre-shock

Fig.20 Enhanced forward scattering from shock front (20ns/cm)

1) On shock only, (a) Laser power (b) Scattered power

2) With pre-shock, (a) Forward scattered (b) Laser power (c) Back scattered
3) With post-shock, (a),(b) and (c) as for 2).
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Fig.21 Normalized scattered power derived
from the oscillogram Fig.20(a).
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