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ABSTRACT

The currently accepted theories of collisionless shocks with low
Alfven Mach number, invoke ion wave turbulence to explain the resis-
tive heating and the shock structure. These ion waves have fluctuat-
ing electric fields which scatter and consequently heat electrons,
and also have fluctuating electron densities which can scatter light.
This latter process has been used to study the turbulence within these
shocks.

We present measurements of a supra-thermal level of ion wave
fluctuations within the shock. From this we have estimated the
energy in the turbulence and the effective collision frequency.

The latter is sufficient to explain the observed shock heating.

We also present recent measurements of the spectral profiles of
the light scattered by these ion waves. The profiles demonstrate
that the ion waves propagate in the direction of the electron current
with the ion wave phase velocity but are heavily damped. This damp-
ing results in many random changes of phase during an effective

collision time,
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PART 1_: INTRODUCTION

1.1. Shock Experiment#®

We have previously described a collisionless shock with low
Alfven Mach number (M, < 3), which propagates perpendicular to a
magnetic field(l’z’s). The shock is produced by the radial compres-
sion of an initial hydrogen plasma within a linear Z-pinch. The
initial plasma is 85% ionized with electron density ng; = 64 x 102%m—2,
and temperatures T, = Ty, = 1°2 eV, and is in an axial magnetic
field By, = 0-12 Wb m~2, The shock propagates radially irwards
through the initial plasma with a steady velocity Vg = 240 km gt
(My = 2+5), and with a steady structure of width Lg = 14 mm, rise
time 6 ns and compression ratio F = 2.5. The measured electron
temperature behind the shock, Tg, = 44 €V, implies a resistivity

within the shock which is about two orders of magnitude greater than
(4)

the classical collisional value . This demonstrates the collision-

less nature of the shock.

An effective mean resistivity (ﬁ), can be estimated from a
simplified resistive power balance equation,

ﬁ(F-I)z‘-P—Zl—)zI.S—(n Vg) 15 k (Tey - Te,) (M.K.S.)
P'OLS = e1 'S ez el L

The result corresponds to a collision frequency,
v =3 x 10° Hz
A "collisionless" process is required to explain this suprathermal

collisivn frequency.

The mean electron drift velocity (vd) within the shock is

% See earlier lecture at this conference, "Review of Experimental
Studies of Collisionless Shocks Propagating Perpendicular to a
Magnetic Field" By J.W.M. Paul.



about four times the ion sound speed (cg) and a tenth of electron

o

thermal velocity (ve). For these conditions,
Cg < Vg <Veg and Tg>Tj

the best available theories(s-s) predict that the current driven ion

wave instability should occur. The non-linear phase of this instabi-
lity(g) will lead to a supra-thermal level of fluctuation (i.e. tur-

bulence) with A > Ap’ the Debye length and w g Wpj »

The fluctuating electric fields in this turbulence will produce
an effective collision frequency and stochastic heating of parti-
cles provided there is sufficient randomness of phase. The fluctuat—
ing density in the tubulence will give enhanced scattering of light.

This light scattering has proved a most powerful demonstration and

diagnostic of this turbulence,

1.2. Scattering Theory

When light is scattered by plasma waves{lo_lz), the change of

optical wave vector and frequency are related to the plasma wave
vector (k) and frequency (w) by the equations of conservation of
momentum and energy
k¢ =kj k ; wg=w tftw

wherz the subscript s is for scattered and i for incident. The
positive and negative signs correspond to plasma waves propagating
in opposite directions. |

For small change in the incident wavelength A (lee.

lkil = |kgl), |K| is given by the scattering angle © as follows,

lk] = |kg-kj =i7-_t-sin(§>,
1 /

while the frequency spectrum of the waves with this [kl and



k = £ (kg -k;) is given by the spectral profile, AN = Ag-A;r of

the scattered light
27C

w== (ws —wi) = ¥ (‘—7\'}" AN
i
Opposite wavelength shifts (% A\) correspond, through the sign of
E, to waves propagating in opposite directions. The same conclusions
can be obtained by considering the doppler shift of light scattered
from the moving pattern of the waves.
The fraction of the power scattered into solid angle d1 per

unit length of laser beam is given by

dP = ne o (w, k) d? dw .
The differential scattering cross-section per electron, alw, k),
measures the level of density fluctuation in terms of its Fourier
transform,
<6n{23((.0 3 k))
n

e

clw,k) = O = S(w, k)o‘eJ

where 0, is the appropriate Thomson scattering cross section for
a single electron and

Gul(w, R = ﬂ@ng(;,t» expl-i(K . T+ 0t) ]dF at.

In the absence of spectral resolution, the cross-—section measures

S(k) :[S(W,k) do .

For the plasma conditions within the shock, as described in
Section 1.1, and for incident ruby laser light, scattering from
plasma waves (k < 1/\p) can be observed only for small scattering
angles (6 < 50), i.e. forward scattering.

1.3. Scattering Experiment
(3,13,14)

We have studied the light forward-scattered from a
50 MW ruby laser beam of diameter 2 mm, during the passage of the

shock through the beam. The experimental arrangement is shown in



Fig.1. The laser pulse width of 35 ns is greater than the transit
time of the shock through the laser beam (10 ns). The timing of the
shock relative to the laser pulse is obtained from the shock luminosity
or from an electric probe which is azimuthally out of the optical
paths. The incident and forward-scattered light paths intersect
symmetically in the midplane of the discharge tube at an angle of 5-10
(see footnote*), Both light paths are in a plane which is tangential
to the shock front when at 9 cm radius.

The plasma waves responsible for this scattering have a mean wave
vector k lying within a double cone of half angle 12° with its axis
colinear with the azimuthal current within the shock. The magnitude
of k lies within the range’Z k| = ky = 842 * 2:1 x 10° mw~t. The
nature of the plasma waves depends on the parameter a = 1/(k\p),
where Ap is the Debye distance., For this experiment, o varies in
the range 3+8 > a > 1+0 between the front and rear of the shock res-
pectively, with a = 1+1 for the mean conditions.

The laser power incident on the plasma is monitored by a photo-

diode. This signal is used to obtain the ratio of scattered to inci-

dent power, the "normalized scattered power'",

PART 2 : MAIN EXPERIMENTS

2.1. Enhanced Scattering

The scattered light, measured by a photomultiplier, appears as a
pulse, shown in Figs.2 and 3, which is much shorter than the laser

emission, and corresponds in time and duration with the passage of

* A recent measurement revealed that this angle is not 4.5° as was
reported previously.

A As a result of the ?ew v?lue for ©, kp has changed from the
previously reported(3:14) value of 7.1 x 105 m2.



the shock through the laser beam. The rise time of the pulse (5 ns)
is just within the limit of the photomultiplier response.

In these measurements the scattered power from the shock is super-
imposed on a 6% spurious background signal. This background is
observed even when the detecting system does not view the laser beam,
but only when the pre-ionization discharge has occurred. As the back-
ground persists long after the plasma has gone, it is attributed to
electrode material. Unfortunately this spurious signal prevents
measurements of the scattering from the pre- or post-shock plasma.

With more gain in the detecting system the short pulse of enhanced
forward scattering from the shock can be seen above the spurious
background even when it occurs late or early in the laser pulse (Fig.3).
Such measurements show that the normalised scattered power is inde-
pendent of laser power for over an order of magnitude variation of

the latter.

Although there is no space or time resolution within the shock,
there is clearly anenhanced level of scattering and consequently an

enhanced level of fluctuation at k = kp within the shock.

We have also measured light which is back-scattered through 1700
(0. « 1). Spectral resolution of this back-scattered light is obtained
by using a wide pass-band (30 A) filter set at about 50 A off the
ruby line so that a signal appears only when the electrons are
appreciably heated. As shown in Fig.3., this back-scatter signal is
insignificant from the cold initial plasma, but appreciable from the
hot post-shock plasma. These measurements demonstrate that the elec-

tron heating is coincident with the burst of enhanced forward scatter-

ing.



2.2. Presence of Ion Waves

Spectral resolution of the forward scattered light is obtained
by either (i) interference filters with 3 Aor 354 pass band
centred on the laser line, or (ii) a 3 A filter in front of a Fabry-
Perot interferometer as shown in Fig.1. The interferometer is tempera-
ture controlled to * O-IOC, and is scanned by varying the refractive
index (pressure) of the gas between the plates.

The measured normalised scattered power within the 3 A and 35 A
pass bands is the same within the experimental accuracy (* 15%). Thus
the scattering produces a change of wavelength A\l < 1.5 A and must
arise from plasma fluctuations with frequencies appreciably less than
the electron plasma frequency, for which A\ = 5 A, As there is no
reason to expect appreciable Doppler-shifting of the plasma frequency,
this result excludes the possibility of an enhanced level of electron
plasma waves#*,

In the first measurements with the Fabry-Perot interferometer,
the free spectral range was 3 A, to overlap with the 3 A rilter.
The corresponding resolution was 0-08 A. The spectral profiles
obtained from the Fabry-Perot interferometer are normalised by using
a photomultiplier and glass-plate splitter to monitor the scattered
power incident on the interferometer. These measurements demonstrate
that all the scattered light lies within the wavelength range * 0-15 A
from the centre of the ruby line, as shown in Fig.4. The spectral
half width AA = 0.075 A, which is about twice that of the incident
light, is equivalent to a frequency change Aw = 3 x 10*°® Hz. This

corresponds to scattering from plasma waves with

* See earlier lecture at this conference, "Review of Experimental
Studies of Collisionless Shocks Propagating Perpendicular to a
Magnetic Field" By J.W.M. Paul.
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w = Aw < Wpi
where the ion plasma frequency wpj =5 x 10*© Hz. Although the
structure of the spectral profile S&u,km) is not resolved, these
measurements provide evidence that the enhanced fluctuations within

the shock are ion waves.

2.3, Measurement of Scattering Cross—Secticn

The average scattering cross-section within the shock has been
measured by comparing the power scattered from the shock, with that

(15)

Rayleigh-scattered from nitrogen gas. This method of calibra-
tion has been checked by showing that the normalised power scattered
from nitrogen is proportional to gas pressure and independent of
laser power, while giving the correct ratio to the scattering from
neon gas to within 10%. An independent, but less accurate, calibra-
tion of the laser power, using a calorimeter, and of photomultiplier
sensitivity against a thermo pile, agreed to within 30% with that
obtained from the Rayleigh scattering.

The ratio (R) of the scattered power from the shock to that

from nitrogen gas, with number density np, 1is given by

n U(k ) a s Na G,
R=G (ﬁ) = <Hn—a..';> <6ne(km)> =G- (n—§—£>5(km)

where op 1is the Rayleigh cross-section for nitrogen and G 1is a
geometrical factor (G = 2-3) arising from the different scattering

volumes of the shock and the nitrogen.
The measured ratio of scattered power from the shock to that

from nitrogen gas yields a level of fluctuation within the shock,
Bnilky)> =42 x 10%2 w2 ,

This corresponds to,



olky) = 33 x 10°7  and S(ky) = 430 ,

for the mean value of ng within the shock, while for the limiting

values at the front and rear,
780 > S(ky) > 250

respectively. The same level of fluctuation is measured with and
without the electric probe in the plasma. The‘standard deviation of
these measurements is 15%, but some records vary by as much as a
factor of two.

It is interesting to note that this enhancement is not observed

for the higher Mach number shock (My = 3+7) reported previously(I’z’s).

PART 3 : COMI'ARISON OF RESULTS WITH THEORY™

3.1. Ion Wave Turbulence

For a stable homogeneous unmagrietised plasma with no current,

0
(10,11) states that S(k) < 1-0. The presence of

scattering theory
a uniform current, unless very close to instability, does not appreci-
'ably alter this result(Iz) nor does the presence of a homogeneous
magnetic field.

The high value of S(kp) observed in this experiment implies
the presence of instability and subsequent non-linear limitation.
The free energy driving thislinstability mist be associated with

the current flow or the inhomogeneities within the shock. In this

resistive shock, these are interdependent and although no complete

theory exists, ion wave turbulence is predicted(sus). These predic-

tions are verified by the experimental results. The two main

* BSee earlier lecture at this conference, "Review of Experimental
Studies of Collisionless Shocks Propagating Perpendicular to a
Magnetic Field" By J.W.M. Paul.
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theoretical approaches to the ion wave instability problem will be

discussed in the next two Sections.

3.2. Homogeneous Plasma Theory of Kadomtsev

A non-linear theory of homogeneous ion wave turbulence in the
absence of a magnetic field has been developed by KadOmtsev(g). He
balances a constant linear growth rate against non-linear scattering
of the waves on ion. This scattering removes energy from the unstable

region at high k(~ I/KD) and dif fuses it towards an infinite sink

at k = 0. The balancing process results in a spectrum of turbulence¥

3 /V T (kTe)?
- () () 2 ()

4me

spread over a single conical region of k (Cerenkov cone for emission

of phonons) with axis directed along vq and half angle V¥ = cos “(cg/Vqd).
The relation between the predicted <E°(k)> and the observed

<6ng(k)> can be obtained by assuming that the linear dispersion

relations(le) for ion waves hold within the shock. The relations

for an unmagnetized plasma are used on the grounds that ®cj <« W,;»

Wee COS @ « wp; (90° - ¢ is the angle between k and B) and

Bernstein modes should not be important. The dispersion relations

yield

EZ(k / Ma \2 cé
d2 (3 & et

where

(Yo KTo/me)

2
Ce

For the mean shock conditions, vg/ve =0+1, Tj = 1-7 eV for

¥ This formula was taken from ref(9) p.71 by combining Ef = k®Iy
and the formula for Ix. The factor (2n)° appears from convert-
ing the Fourier transform to the form used in light scattering

theories,



adiabatic heating with ¥Y; = 5/3, cg = Vo for isothermal electrons

(Ye = 1), and ¥ » /2 for Vq » cg. The above formulae then yields

&ng(kp)> = 8 x 10%2 m™2
Thus the Kadomtsev theory predicts a fluctuation level for the mean
shock conditions which is about twice that observed.

3.3. Inhomogeneous Plasma Theory of Krall#*
(7,8)

This theory considers the more realistic conditions of
plasma flow through a magnetic shock front. Electron drift motions
due to VB, Vn and E x B are included. The stability of waves
propagating in the (r ,6) plane (i.e. perpendicular to B) is con-
sidered. The resonance of these waves with the electron drift results

in ion wave instability. As a consequence of the plasma flow, the

unstable waves have both ky and kg components. Linear instability

theory yields a maximum growth rate ¥ = / Wee Wej in the region

1 1
k i
[Zf'ce]<| |<7\D

and with kg « kﬁ/. This theory contains no diffusion terms and so

there should be no appreciable enhancement at kg ~ 1/Ap. This is

in conflict with the observations reported here.

PART 4 : ESTIMATE OF THE ENERGY IN TURBULENCE

The total energy in the turbulence, assuming that it is iso-
tropici, can be estimated from the measured level of fluctuation.

The linear ion wave dispersion relations, mentioned above, are assumed

* See contribution to this conference by N. Krall

# According to discussion during the conference,the parameters
of most experiments yield, kg ~ I/Pce spread over a range of Ky
from 1/rece to 1/\p.

} The latest results, given in Section 6, show that this assumption
is not true.
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and used to obtain the relations''®) between the three forms of
potential energy <&nZ(k)> , («f‘mi(k)) and <{E®*(x)) in the waves
for a given k value. The ratio of the total energy, Wr(k) to
that in the electron density fluctuations, Wp(k), at a given k

can be expressed

Wr(k)

R = 2(1+X%)(1+t+X®) =F(X,t) =
n

where X = kA\p and t = Tg/Tj . While

Stk
Wh(k) = We 5ik)

Ng

where Wg = 1 me Ne vg, the electron kinetic energy density (Yg = 1).

2
The total energy integrated over the spectrum
Kmex
1 3
W=— | Wp(k) d’k
2% _/jm T
0

The turbulent spectrum can be expressed in dimensionless form

by normalizing to the value at Kk = Kkpe

E2 () = Tk, ky) <E> (kP

so that

S(k) = T'(k 5 k) (ep/k) ®S (k)

1

combining the above equations, the ratio of the total energy in

the ion wave turbulence to the electron thesrmal energy

where Np = (4/3)m\) and

X
J(k ’ kmax) = X[?-QXT (X ’xmax)F(X ’ t)dX
(0]

* There are limitations on the validity of this equation, see
reference 17.
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We further assume that the k-spectrum of the turbulence has the
form of a power law, I'(k , kp) = (k/km)N. Integration shows that Q
is finite only for N 2 -1. The limiting value N = -1, which corres-
pends to the Kadomtsev spectrum, yields the maximum value of Q, which
for the mean shock conditions is about 12%. Thus, on the basis of
these assumptions, for which we offer no proof, we have obtained a
limiting estimate of the energy in the turbulence. This estimate
suggest that neglect of this energy in the fluid equations is justi-

fied.
PART 5 : ESTIMATE OF THE EFFECTIVE COLLISION FREQUENCY

5.1. Stochastic Approach

There are two different approaches, quasi-linear and stochastic,
to estimating the effective collision frequency in a turbulent plasma.
Also, for each method there are two different frequencies correspond-

ing to momentum and energy transfer:

(1) Quasi-linear estimates of v of/dt and v°® af/ot
yield collision frequencies for momentum and energy

transfer respectively.

(2) Stochastic calculations use the Fokker-Planck equation(18)ﬂ

The perpendicular diffusion coefficient and the dynamical
friction coefficient correspond to momentum and energy
transfer respectively.
In the following we shall adopt the stochastic approach(lg) as
the simpler. We consider a test particle with initial velocity u,.
We shall later identify this velocity with the random thermal velocity

of the electrons. The test particle experiences interactions with an

isotropic* fluctuating field <E*(w,k)>. Resistivity is usually

* The latest results given in Section 6, show that this assumption
is not true.
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defined by a momentum balance, so we shall estimate the momentum

transfer collision frequency.

The stochastic deflections experienced by the test particle
(electron) in the fluctuating electric field eventually result in a
total deflection of 90°, i.e. an effective binary collision. The
time for such a collision can be defined as the time after which the

average square of the velocity perpendicular to ﬁo equals ug
2 2
<ui> = ug
Thus the effective collision frequency is given by

2Gu2>
t

*
v 3

SZI....‘

o W

t=0
This sideway diffusion of the particle can be related to the

Fokker-Planck velocity-space diffusion coefficient (D)

du>

t=0

This perpendicular diffusion coefficient has been evaluated for a

fluctuating electric field by Thompson and Hubbard(zo) and described

(18) (21)

also by Sitenko and Sturrock .

s 7 - 2
D, 1 <.§ ) ] (]_.LE;LEQl )(Ez(w, K)>8(w+ k .v)d’kdw

(2r)2 \ m ug,

where

E*(w, k)= f(Eg(r ,t)D exp{—i(ﬁ. T+ wt)}d? dt

For our purposes this diffusion coefficient, involving an integration
over all waves for a single test particle, should also be evaluated

for all ug 4in the Maxwellian velocity distribution and again

integrated.

s A o



5.2. Simplifications

We have made the following simplifications in order to evaluate D, :

(i) The waves are ion waves for which the phase velocity
(cg) 1is much less than the mean electron thermal
velocity (ve). For ve » cg the electrons effect-
ively experience a time independent wave spectrum,
i,e.

E*(w, k) = E2(k)) 8(w)

The reasonance tem &(w+ k. uy), when combined

with the above ©&(w), yields 6&(k. up), i.e.

IE..ﬁol = ®w = 0, The resonances occur for particles
and waves moving almost perpendicular to each other.
The few slow particles at other angles are neglected.

(ii) As k.uy =0 for the particles and waves of interest,
the first bracket under the integral reduces to unity*.
A further simplification is obtained by substituting

the relation
1

8(k .ug) = (ki)

Ug
(iii) If we assume that the wave spectrum is isotropic
we can put d°k = 27k ,dk,dk; and integrating over

ki ,
” Kmax
D, = 3 (E") ] -7 <E2(k_1_)>kj_d.'ﬁg_

S en2\ e/ |y

e
o}

Now we can simply drop the , subscript.

* In references (3,14) a mean value of k.u was taken, and this
made the bracket 2/3.

T



(iv). We assume that, as vq « Vg, the electron distribu-
tion function is also isotropic. The effective colli-
sion frequency can be obtained by suitable integration
over a Maxwellian distribution of test particles, i.e.
values of luol. As ve » cg and we have already
assumed k.u, = 0, we can approximate the distribu-
tion of luol by using the mean electron thermal

velocity ve in D,.

With these simplifications, for which we offer no proof, we

obtain km:su{
N I I =0 i 2
y# =3 Dy ”4—715(m> ;gf@ (k)Dkdk .
(0] eo

5.3. Evaluation

The integration limit Ky . is assumed to correspond to the cut-

; 7,8
off of collective effects for k > 1/Ap. Strlnger‘(s) and Krall( 8)

have shown that appreciable linear growth for this instability occurs
for k < 1/Ap. Thus Kkpax = (1/Ap).

The turbulent spectrum <E(k)> can be represented by <{T'(k, kp)>
as in Section 4, and converted to <6n2(k)> as in Section 3.2. The

effective collision frequency can now be put in the form

w.
ve = o oo (k) Lliey)
where 1
I(k,) = x;",;f I(X , Xp)XdX

o]

and X = k?\D,

We now assume that the spectrum can be represented by a power

law T(k, ky) = (k/k)V, as in Section 4, with N> -1 for finite

= Y5 =



energy. Integration yields

X2 (kgrp)®N
I(km) “TN+2 T N+2

If the integration limit kpay is left in, it is clear that the value
of v* depends mainly on the part of the spectrum near Kmaxs which
for this case is 1/Ap.

We next assume that the enhanced scattering occurs for the mean
or rear plasma conditions (a ~ 1) rather than the initial conditions
(o~ 4). Then our measured enhancement at k, 1s at the dominant part
of the spectrum and the exact form of the spectrum is less important.

We have assumed N = -1, corresponding to the Kadomtsev spectrum,
and evaluated the effective collision frequency. For the mean shock

conditions

v*:l-Oxloﬂhz%

Even if the power law is changed to N = +2, v* is only halved. The
limiting values of v* for conditions at the front and rear of the
shock with N = -1 are

22 GHz > v* > 5 GHz
respectively.

The collision frequency for the mean shock conditions, is about
three times that (V) estimated more directly through the resistivity
in Section 1.1. Consequently the measured level of fluctuation within
the shock, (with the above assumptions), is sufficient to explain
the observed electron heating. Within the accuracy of the estimates
of v and v*, we have obtained experimental evidence for a self-

consistent model of a collisionless shock based on ion-wave turbulence.

(14)

# This is larger than the previously reported value, v* = 4.5 GHz,
because of the two corrections, firstly on © and secondly on D,.

= 16 =



PART 6 : RECENT RESULTS

6.1. Measurement of the Spectral Profile S(w ,ky) for = Bz,

Recent measurements of the spectral profile of the scattered light
have been obtained after two main changes in the system., Firstly,
the spectral resolution of the Faby-Perot interferometer was changed
to 0.02 4 by reducing the free spectral range to 075 A, The stabi-
lity of the interferometer to absolute drift of the fringe system was
also improved. Secondly, the spectral width of the incident laser
line was reduced to a measured value of 0-:03 A corresponding to 0-02 A
after correction for the instrumental width. This narrow line was
achieved by modifying the resonant reflector of the oscillator cavity.
The single sapphire resonant reflector was replaced by a triple etalon
reflector which was temperature controlled to * O-IOC. The laser
emission contained two satellite lines of similar width but each with
a third of the central intensity. These satellites at f 0-43 A from
the central line were out of the spectral region of interest.

For measurements of the spectral profiles of both the incident
laser light (from Rayleigh scattering) and the scattered lisht from
the shock, the signal was normalized to the scattered power incident
on the Fabry-Perot rather than to the incident laser power.

A spectral profile of the enhanced scattered light has been
obtained with resoltuion of 0-02 A four the same conditions as the
previously described rough spectral profile with resolution 0-08 i,
Fiz.5 shows the measured profile with error bars which are the standard
deviations of about four measurements. The width of the profile at

half intensity ©A = 006 A, is three times the width of the incident

laser line.

- 17 -



The peak of the profile is shifted to the red by AA = 0-07 A
from the laser line. This corresponds to scattering from plasma
waves with frequency w, = 28 GHz. The shifted line has a full width
at half intensity, O\ = 0:06 A which is comparable to this shift.
The direction of the shift corresponds to the enhancement of waves
propagating in the same direction as the azimuthal electron current
in the shock front. This current arises from the compression of the
initial axial magnetic field by the shock. The vector directions are
shown in Fig.5. The direction of this azimuthal current in the shock
front can be reversed simply by reversing the axial magnetic field.
In a z-pinch, with orthogonal drive and initial magnetic field, such
a reversal has no effect on the plasma behaviour other than to change
the "hand". This would not be true for a 6-pinch.

Reversal of the azimuthal current in the shock is this way
resulted in a reversal of the sign of the shift of wavelength of the
scattered light as shown in Fig.5. Thus it is the waves propagating
in the direction of the electfon current which are enhanced. This
demonstrates that the instability is driven by the electron current.

The smooth curves shown in Fig.5 are the best fit to the whole
set of observations irrespective of the sign of the wavelength shift.
The good fit of thc experimental points to the smooth curve shows the
symmetry of the reversal of sign with reversal of current. The pro-
files are also, within experimental error, symmetrical about the
shifted peak at &M = 0:07 A. (Note that the S.D. of the mean points
is about half that of the individual measurements as shown by the
error bars).

6.2. Discussion

There is clearly an ion wave mcde in the plasma. The frequency

w T -



Wy = 28 GHz, is lower than, but comparable with, the ion plasma
frequency within the shock, for which 35 GHz < wpj < 56 GHz between
front and rear respectively, with wpjp = 44 GHz for the mean con-

ditions. Thus

wo = 0-64 wpin

This frequency o and the mean shock kmi\p fit reasonably well
onto the ion wave dispersion curve for B =0, Yg =1 (isothernal

electrons) and Teg > Tj, i.e.

W )2 _ (Kip)®
(wpi "1+ (kAp)?

as shown in Fig.6%.

The turbulence is clearly not isotropic. The difference of
scattered power from waves with oppositely directed k, is at least
50 for w = wg. Effectively only the mode propagating with the
electron drift is enhanced. The turbulence clearly reflects the
driving source, the electron drift current.

This lack of isotropy will affect the estimated of energy in the
turbulence made in Section 4, and the estimate of the effective colli-
sion frequency made in Section 5. Until the dependence of <52neﬂd>
on direction is known, it is not possible to make any corrections to
thase estimates. However, if* the turbulence is uniformly spread over
a hemisphere in k space, as is assumed by Kadomtsev for vy » Cg»
then our previous estimates would need to be halved.

Asymmetric profiles of scattered light have been observed
previously(10) but the results presented here provide the first clear

shift and first identification of the electron drift as the cause of

% Measurements made immediately after the conference showed that g
was proportional to wpj for constant o within the shock.
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the asymmetry. The spectral profiles are similar to those predicted

by Rosenbluth and Rostocker(lz)

for a stable plasma with large elec-
tron drift and Te > Tj except that the observed line near wpi 1s
much broader and the S(w ,k) much larger than predicted for a
stable plasma.

The large width of the scattered spectrum is significant. We
assume that although the spectrum was obtained from different shots,
it represents the spectrum of a single shot. The spectral width of
the line centred on w, then measures the damping of this mode. (It
could not represent a steady growth as there would be forty exponentia-
tion times during the shock transit). The possibility that the
observed spectrum reflects a dependence on k?kD, through the disper-
sion relations, rather than a dependence on ®w 1is most unlikely.
The argument is illustrated in Fig.5. The observed line is symmetri-
cal about wg, which would not be expected for wp near wpj and a
dependence on khp. Also there is appreciable scattering for w > Wpi >
which is difficult to explain using the assumed dispersion relations
without an appreciable damping width.

The width of thz line is comparable with its shift. This means

that the damping time or lifetim (tp) of the mode is comparable

with the period,
~ 2%
o]

Ty, = 22 x 10 *%second

The mode is very heavily damped but still exists., It has not degener-
ated into a Gaussian profile about w = 0 as would occur for
tp « (1/wg) .

The lifetime of the mode represents the interval between random
changes of phase as the waves grow and damp, that is the correlation

time. This randomness of phase is an essential aspect of the
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stochastic calculation in Section 5. We are now in a position to
show that this random phase approximation is reasonable.

In Section 5 th stochastic problem was reduced to that of a test
particle with velocity ve interacting with a stationary electric
field pattern. The randomness of phase arises from the spatial extent
of the correlation of phase, that is the correlation length (£), This

is simply related to the lifetime, Tp, by the ion wave phase velocity

(Cs)-
¢ =cg Tg

The test particle now experiences a random change of phase after a

time

T = (eA,) = Thlcg/Ve)

For the mean shock conditions T~ 5 x 10~'% second, so that in one

effective collision time,

Teol = (1/”*) ~ 3x 10—10 s

the test particle experiences about 60 random changes of phase.
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Fig.2 Enhanced forward scattering from the shock(14)
Synchronized records of one event with 20 ns per large
division. (a)Electric probe monitor of the shock

(b) Forward scattered power with 3 A filters, (c) Incident
laser power CLM-P222
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Fig.3 Enhanced forward scattering from the shock ) (20 ns per large division);
(a) Shock central on laser pulse, i.Laser power, ii.Forward scattered power;

(b) and(c) shock late and early in laser pulse, i.Forward scattered power,
ii.Laser power, iii.Backward scattered power.
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Fig.4 Spectral profile of forward scattered light from the shock with 0.08 A
resolution(14), Spurious background of 6% automatically subtracted by

pulsed nature of the signal. LI
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Fig.5 Spectral profile of incident and forward scattered light with 0.02 &
resolution. (a)Incident laser line, (b) and (c) Profile of light scattered from
shock with Bz] up and down respectively.
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Fig.6 Measured density fluctuation spectrum S(w, km) and the simple
theoretical ion wave dispersion curve for isothermal electrons with Te>» Ti.

CLM-P222









