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ABSTRACT

We present experimental evidence for the presence of
current driven ion wave turbulence within a certain class
of collisionless shock waves. The frequency spectrum and
wave number spectrum of this turbulence have been measured
by scattering light from the shock front. These measure-
ments are compared with the assumptions énd predictions of

non-linear theory.
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We are studying(]"4) a collisionless shock with low Alfven Mach
Number (MA < 3), which propagates perpendicular to a magnetic field.
The shock is produced by the radial compression of an initial hydro-
gen plasma by a linear z-pinch. The initial plasma is 85% ionized
with electron density ng; = 6.4 10%° m™®, and temperatures
Tey = Til = 1.2 eV, and is in an axial magnetic field
B,7 = 0.12 Wb m~ . The shock propagates radially inwards through the
initial plasma and at 9 cm radius is in a steady state. The shock
velocity Vg = 240 km s™ (M, = 2.5), the shock width Lg = 1.4 mm
and the compression ratio is 2,5. The measured electron temperature
behind the shock, Te2 = 44 eV, 1implies negligible ion heating and
a mean resistivity within the shock which is 100 times the classical
value. The corresponding effective electron-ion collision frequency
v¥ ~ 3 GHz.

The compression of le in the shock front gives rise to an
azimuthal current with an electron drift velocity Vb = 4-CS, where
Cs 15 the local ion sound speed. For the conditions in the shock
front, linear stability theony(5—7) predicts current driven ion
wave instability. According to non-linear theony(s), this instability
develops into turbulence with frequencies wfﬁ wpi’ the ion plasma
frequency and wavelengths A R RD, the Debye length.

In a previous study(s) of the light scattered by this shock we
measured a level of plasma fluctuations within the shock, which was
over 100 times thermal. These supra-thermal fluctuations were identi-
fied as ion waves from their observed frequency. The measured level
of fluctuation was shown, using certain assumptions, to be sufficient

to yield stochastic heating of the electrons to the observed

temperature.



When light is scattered in a given direction by plasma
waves(g_“) , the change of optical wave vector and frequency are
related to the plasma wave vector (k) and frequency (w), both

positive, as follows:

k= Ei + kK and correspondingly ® = ®; * W

where the subscript s is for scattered and i for incident. The
addition and subitraction signs correspond to scattering from plasma
waves propagating in opposite directions. The scattering angle (®)
determines |E| of the plasma waves. The frequency spectrum of the
plasma waves is given by the spectral profile of the scattered light

and the relation

_ [ 2x%c ; )
ws=* (0, -w)= +<x 2) AN with AN = Ag = N,

i

Opposite wavelength shifts (+ AN) correspond to scattering from
waves propagating in opposite directions. The differential scattering
cross—section per electron, cé(u),ﬁ), measures the level of electron

density fluctuation in terms of its Fourier transform,

oy (w, k) = <‘c">n':3'2 (w,k) >/ng = S(w, k)og

where Gé is the appropriate Thomson scattering cross-section for an
electron. We define §,(w) = S(w,k) for a fixed k and
S(k) = JS(w, k)dw,

We study the light forward-scattered from a 50 MW ruby laser
beam of diameter 2 mm during the transit of the shock through the
beam. The incident and forward scattered light paths intersect sym-
metrically in the mid-plane of the discharge tube at an angle
0 = 5.1 . Both light paths are in a plane which is tangential

to the shock front when the latter is at 9 cm radius.



The plasma waves responsible for this scattering have a mean wave
vector k collinear with the azimuthal current within the shock front
and mean IE| = km = 8,2x10° m™%, The nature of the plasma waves
depends on the parameter o = 1/(th), in which 2%, varies through
the shock. For k =k , the value of o varies from 3.8 to 1.0
between the front and rear of the shock with a = 1.1 for the mean
conditions in the shock. However there is no spatial resolution
within the shock structure.

The scattered power is measured by an S20 photomultiplier and
can be normalized to the incident laser power as measured by a photo-
diode. The observed pulse of scattered light has a width (half
intensity) of 10 ns corresponding to the shock transit. This pulse
is much shorter than the laser pulse (35 ns) and consequently the
scattered light is easily distinguished from stray light. The timing
of the shock relative to the laser pulse is obtained from an electric
probe, which is displaced azimuthally out of the optical paths.

A viewing aperture of diameter 3.6 cm, accepts light scattered
through a range of angles © = 5.1 # 1.80. These correspond to scat-
tering from waves with a range of |k| from 5.8 to 10.5 x10° m™2,

The angle ¢ between the scattering plane and the tangent plane to
the shock varies over the range —160 <p< +160. Conseqiently the k
of the scattering waves covers the same range of angles (¢) to Vb,
while remaining nearly perpendicular to Ez’ We now report measure-
ments of the dependence of normalized scattered power, i.e. S(k),
on |k| and ¢ within these ranges.

The variation of S(k) with |k| is obtained by placing various
masks over the viewing aperture. Each mask has an arc shaped slot of

. The measured S(k), shown in Fig.1 decreases rapidly

constant |k



with increasing Ekl up to an effective cut-off at |k| ~ 8.0 x 10° .
As this cut-off oégurs near the centre of the aperture the effective
average |k| is nof Ky

Similarly, masks with fan shaped slots of constant ¢ are used
to measure the dependence on angle ¢. Within an experimental
accuracy of * 15%, there is no change of S(k) over the range ¢ = * 160.

We also report(4) measurements of the spectral profile Sk(w),
of the scattered light accept by a viewing aperture of 2.0 cm diameter.
From the measured S(k) this aperture corresponds to an effective
|| = k, = 7.1x10° m™t, The profile is obtained by analysing the
scattered light with a Fabry-Perot interferometer of 0.02 A resolution.
The measured spectral width of the incident laser line is 0.02 A
(after instrumental correction) as shown in Fig.2(a). This narrow
line is obtained by using a triple etalon resonant reflector in the
laser cavity.

The spectral profiles are scanned, shot by shot, by varying the
refractive index (pressure) of the gas in the interferometer.  The
transmitted light within the central fringe is detected by an 520
photomultiplier and is normalized to the incident scattered light.

The spectral profile of the light scattered from the shock is
shown in Fig.2(b). The width of the profile at half intensity
&\ = 0.055 A, which is three times broader than the incident laser
line. The peak of the profile is shifted to the red by Ahp = + 0,074
from the laser line. The scattered powers at t Ahp differ by a
factor of more than 50.

The direction of this shift AN corresponds to scattering
from plasma waves propagating in the same direction as the azimuthal

electron current (i.e. VD) in the shock front. The vector



directions are shown in Fig.2. The direction of Vb in the shock
front can be reversed simply by reversing le. In a Z-pinch, with
orthogonal drive and initial magnetic fields, such a reversal has no
effect on the plasma behaviour other than to change the '"hand'".
Reversal of the azimuthal current in this way, results in a reversal
of the sign of the shift of wavelength of the scattered light as shown
in Fig.2(c). The smooth curves shown in Fig.2(b) and (c) are the best
fit to the whole set of observations irrespective of the sign of the
wavelength shift.

The peak of the scattered spectrum occurs for a shift Ahp cor-
responding to scattering from plasma waves with a frequency W, = 28 GHz,
This is the range for ion waves in the shock, i.e. 5 < wpi' However
in the experiment wpi ® W,e» the electron cyclotron frequency, and
so electron Bernstein modes have to be considered(7). We have studied
a similar shock with almost the same Mach number (My = 2.3) but with
mpi decreased by a factor 0.75 and oo increased by a factor 1.3,
The range of o within the shock is the same. In this scaled experi-
ment, spectral profiles similar to Fig.1 were obtained (i.e. shift,

reversal and broadening) but with shift Alﬁ = 0,05 A and width

&M= 0,04 A. Both AA and &\ scale as w,_.

pi and not as Woee

We now discuss the interpretation of these measurements of S(E)
and Sk(w). The reversal of the shift AM with reversal of Vp,
allows us to identify the electron drift current as the driving source
for the observed supra-thermal fluctuation, We can identify the
fluctuations as ion waves by considering the frequency w of the
peak of Sk(w). This frequency scales as w,; and the mode (w55ke)
fits the ion wave dispersion curve for the mean conditions in the

shock, i.e. wy = 0.65 wpim’ keth = 0.78. In the dispersion



equation we assume Y, - 1, adiabatic ion heating with ¥; = 3 or
5/3, and neglect magnzatic effects(7). Although ® amd k are
related by dispersion, there is no confusion in the dependence of
sk(w) on W,

The profiles, Sk(w), are similar in shift and reversal to

those predicted by Rosenbluth and Rostoker(TI)

for a stable plasma
with large VD and Te > Ti' However our observed profiles are more
enhanced(s) and broader than predicted for a stable plasma. Asymmetric
profiles, Sk(w), have been observed in other experiments(IO), but
none of these have shown a well defined shift with an identified
caise.

The width (8\) of Sk(w) measures the lifetime (t) of the
mode (wo,ke). The measured OM yields = =(Kf/c6k) = 0.32 ns. This
time is roughly the coherence time between random changes of phase.
As v ~ (2%w,) there is appreciable randomness of phase; suffi-
cient, we shall show later, for the fluctuations to constitute
turbulence. This lifetime is much shorter than would be expected
for a simple balance of linear growth and non-linear damping of the
mode.

We can now compare our results with the assumptions and pre-
dictions of non-linear theory. Kadomtsev(8’4) has developed a theory
of current driven ion wave turbulence in the absence of a magnetic
fisld, He assumes a delta function for Sy (w); this is not true
for our turbulence. He then balances the linear growth rate against
non-linear scattering of the ion waves by the ions and derives a

(13),

spectrum of the form

S(k) « k2 1n (kc/k)



where the cut-off at kc results from the absence of linear growth
for k > kg ~ 1/7p.

Our measured spectrum is a good fit to the Kadomtsev form as is
shown in Fig.1. This comparison is obtained from the experimental
data by plotting k®%S(k) against 1nk. The plot is linear and the
logarithmic cut off dominates. The intercept on the 1nk axis
yields k., and an effective %, ~ 1.2x107® m. This is in good
agreement with the value for the mean shock conditions
Mm = 1.1 x107% m, Thus the observations are consistent with the
idea that k, results from the absence of linear growth for k > 1/%
and that the scattering originates from plasma with the mean shock

parameters.
In Kadomtsev's model, for V, » C, the turbulence is spread
over the hemisphere of k-space surrounding the direction of VD‘
The observed anisotropy with respect to VD and the lack of depend-
ence of S(k) on small angles ¢, are consistent with this model.
Finally we reconsider some of the assumptions used previousLy(3’4)
when constructing a self-consistent model of this collisionless shock.,
This model is based on the stochastic heating of electrons. Electrons
with the mean thermal velocity (Ve), are assumed to interact with
the effectively stationary (CS & Vé) electric field pattern of the
ion wave turbulence. The stochastic behaviour arises from the finite
coherence length of the ion waves, given by d = CS T. The electron
experiences a random phase change after a time t = d/Ve = (CS/Vé)T.
From the results presented here t = 7.4 x107%2 s, This corresponds
to 44 random changes of phase in one effective collision time,

Teoll = 1/v¥=3,.3x 10749 g, Thus on the time scale of these collisions

the Random Phase Approximation and consequently the stochastic approach



is valid.

We have verified the important assumptions that there is a cut-
off in S(k) for k > 1/Mp. Although less critical, we have also
verified the Kadomtsev form of S(k) that was assumed; except in
that previously we used a sharp cut-of f at kkD = la

Our previous simplifying assumption of isotropic turbulence is
clearly wrong. Measurements of this anisotropy against angle are
required before suitable corrections can be made.

We thank Dr R.J. Bickerton for his advice and Mr P.R.L. Hedley
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Fig.1 Wave number spectrum S(k):
Experimental points are mean of 5 measurements and error bars are standard
deviation of the mean. The curve is a Kadomtsev spectrum. CLM-P 235
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Fig.2 Frequency spectrum Si(w):

Spectral profiles of (a) incident laser light, (b) and (c) scattered light, i.e.
Sk(w), for opposite directions of _le and VD as shown. Experimental
points are mean of 5 measurements and error bars are standard deviation
of the mean. CLM-P235









