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crate-density gas, " and we foresee applications
of this experiment to studies of the radial distri-
bution function in this region (0.9R, to 1.3R,) for
fluid xenon at all densities.

In the present measurements"' " the local mag-
netic field was measured by NMR free-preces-
sion techniques at a field of 12.2 kG in which the
resonant frequency of Xe"' was measured in con-
stant applied field 0,. Improved field stability,
more stable frequency sources, and the use of
signal averaging techniques resulted in the great-
er precision of these measurements.

The samples were similar to those used in pre-
vious investigations, "consisting of sealed Pyrex
containers of (constant) volume about 0.2 cm'.
Densities were determined by weighing and are
known to 1%. Higher temperature (pressure)
measurements were obtained in this work by
keeping the Pyrex containers under pressure in a
BeCu pressure vessel to compensate for internal
gas pressures. Some of the measurements at
lower densities were performed in a 7-kG perma-
nent magnet. The excellent stability of this mag-
net (drift &1 part in 3 &10' per min) kept the res-
onant frequency constant, allowing the signal
averager to be used to better advantage. Because
of the smaller magnet gap, our pressure vessel
could not be used in this magnet; this limited the
study to the lower densities at temperatures up
to 90'C. The measurements on the 29-amagat
sample which were made in this magnet at 7 kG

have been scaled to 12.2 kG for presentation on
Fig. 2.
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The anomalously large resistivity observed in collisionless shock-wave experiments is
explained in terms of a driR instability of ion acoustic waves,

A number of experiments" have detected shock
waves traveling perpendicular to an ambient mag-
netic field 8 =BED, and established that the struc-
ture of these waves implied a resistivity in the
shock front much larger than the resistivity due
to electron-ion collisions. This anomalous re-
sistivity was made evident by the width of the
shock front, L„which far exceeded the classi-
cal width. '

A model for explaining this enhanced width in
terms of ion waves driven unstable by currents
in the shock front has been proposed by Sagdeev.
Early calculations' based on this model produced
results which were too large by two orders of
magnitude to agree with the experimental resis-
tivity. However, when the results were multi-
plied by an arbitary factor A =0.01 they did give
a shock thickness which scaled with density in
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approximately the same way as did the experi-
ments.

We believe that the Sagdeev idea is the correct
one, and that it fails to agree with experiments
mainly because the calculations have ignored the
ambient magnetic fields and the field gradients.
We here include the magnetic field self-consis-
tently and show that it provides an averaging ef-
fect which reduces the Sagdeev resistivity by a
large factor without radically changing the scal-
ing, and produces a prediction of shock width and
anomalous resistivity in agreement with experi-
ments over a very large range of parameters.

To calculate turbulent resistivity and shock
thickness, we apply a recently developed theory'
of the linear and quasilinear behavior of ion-
wave instabilities in a magnetically confined plas-
ma to the usual two-fluid model' of perpendicular
(to B) low-amplitude collisionless shocks.

In this model, a weak perpendicular magnetic
shock wave consists of a plasma in a rising mag-
netic field B,=B,(x)s„with a gradient e = (1/B)
x(dB/dx); the front propagates in the x direction
with a speed u, &B,(4mnM) '~'. There is an elec-
tric field E»- -eBO /4men arising from charge
separation in the front, and a density gradient
(1/n)(dn/dx) - (1/Bo)(dB/dx) produced by field
compression, where n is the plasma density at
the midpoint of the shock, e is the electron
charge, and c is the velocity of light. There is
also an electric field E since cdE /dx= -dB,/
dt, and a diamagnetic current j = -eB,c/4m in
cgs Gaussian units. This current is produced in

part by E &&8 drifts and in part by magnetic gra-
dient drifts.

The time scale of these shocks is such that the
electrons gyrate many times as the shock front
passes, but the ions are nearly undeflected by
the B field. A detailed derivation of the equilib-
rium distributions has recently been presented'
elsewhere.

Extending the calculation of Ref. 5 by allowing
the instabilities to be two-dimensional, 5E = @y
&&e@ e+ye~~', and including the zero-order elec-
tric fields prescribed by the two-fluid equations,
we find that this shock front is unstable to low-
frequency (co & eB/mc), short-wavelength (A.

smaller than the electron gyroradius), electro-
static, ion-acoustic waves:

The growth rate y is

(k*+»'c)C', c~, k/Y 2C' "')
[1+(0'+SC')X,'I"' 2 ' Q m

x (Y-1)e (2)

where 7.", is the electron temperature, M the ion
mass, c, = (T,/M)'~', XD = (T,/4me')'~' the De-
bye length, and Q=eB,/mc. The parameter Y is
defined in terms of the parameters of the shock-
front fields:

Jv, (af„/a t )dv eB ur. 'P.
fv f dv c(mM)"' e'c'

y 0

4pnm, c'
X B2

eE nz Qkc,
eT, eT,K(1+0 XD )'~

The growth rate y depends on e, the fraction
of electrons in the resonance with the wave u.

The Bessel function J0' contains finite gyroradi-
us effects. When the instability has a wavelength
smaller than the electron gyroradius the orbiting
of the electrons averages out the 5E fields and
the growth rate y is reduced. This reduces y be-
low the B= 0 value, over most of the k spectrum.
The factor Y-1 shows the competition between
Landau damping (the 1 term) and the density gra-
dients (the Y term) which tend to destabilize the
system. We see that Y & 1 for instability and y- eB/c(mM)'~'. Wave numbers for which y ~ —,'y
lie in the range Q(m/2T, )' '

& k & 1/X D and If
-k4mn, m Qc, /eB' & k. The growth of waves at the
expense of currents in the shock front implies a
change af, /at in the plasma distribution f,.

Since the growth rate (y) is less than the oscil-
lation frequency of the waves (w, ), a quasilinear
theory' can be used to calculate the slow change
(time scale 1/y) in the average electron distribu-
tion [f(t) =f,(t)+5fe~ 'e~~', f,(t) =(f),„]. This
theory produces af, (t)/at in terms of the energy
in the waves E, the growth properties y, and
the frequency and wave-number range of the un-
stable waves. The structure of these perpendicu-
lar shock waves is influenced by the moment

fv&(af, /at)dv, and the result can be written in
terms of an effective resisitivity

I (T./M)"', .
(1+n'x, ')"'

where P, -=4mnT, /B', E is the total electrosta-
tic energy in the unstable waves, and &, is the
plasma frequency u, = (4mn, e'/m)' '.

To use Eq. (3) we estimate (justified by the dis-
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cuss ion below)

Z./nT. (4)

(d p /c 6 2& (5)

and replace this combination of parameters by a
constant A which is of order unity. Then

eB 4mnmc'
vef f

( M)1/2 B2

QJ A
lu e re e 1

tlTe C 6

This estimate is well below the early estimate of
Sagdeev, ' because of the averaging effect of B,
evident from the Bessel functions J,' in the sta-
bility analysis above.

The estimate of E„ in Eq. (4) comes from the
fact that only electrons with velocity v ~ (2T, /
m)' ' are resonant with the unstable waves,
which limits the energy available for the instabil-
ity. The collection of parameters in Eq. (5) is of
order unity (experimentally). Theoretically, Eq.
(5) represents the condition that the veloctiy of
electron currents j&/ne not exceed the electron
thermal speed (2T,/m)'~'. lt has long been sur-
mised' ' that very early in the shock front a
strong instability will preheat the electrons until
the electron thermal speed exceeds the velocity
of the electron current [e.g. , until Eq. (5) is sat-
isfied]. This involves both electron heating (P,
increasing) and shock broadening [e = (1/B)(dB/
dx) being reduced].

The shock thickness' is related to dispersion
properties of magnetosonic waves (scale x-c/
v, ) and to resistivity. When «v«eB, /c(mM)' '
the shock thickness is L, -c/~, . When v, f f~
eB,/c(mM)' ', 1., becomes proportional to v, ff,
Using Eg. (6) we predict for the value of I., and
its scaling with density and temperature

I, = (c/v, )[I+ A ln(4snmc'/B')] ~ (7)

The criterion 4snmc'/B'» I for anomalous re-
sistivity is in agreement with experiment over a
range of several orders of magnitude in this pa-
rameter, Table I shows a comparison, with the
constant A estimated by A = &.

Table I. Shock width, experimental versus theoretical.

I experiment I theoretical
S S

Reference 4wnmc 2/B2 (mm) (mm)

30
1.5 x 103

4x103

0.8
3-4
1.4

1.0
4 5
1.1

There are, of course, possible improvements
and additions to the above theory. For example,
if the ion dynamics are included in the quasilin-
ear theory the energy spectrum would be some-
what modified and Eq. (7) would contain a weak
dependence on ion mass M.

In conclusion, we have performed a calculation
which makes quantitative the model proposed by
Sagdeev to explain anomalous resistivity in weak
perpendicular collisionless shock waves. By
properly including magnetic effects we find that
they reduce the production and coupling of elec-
trons to ion waves, and produce for the first
time a calculated resistivity which is in quantita-
tive agreement with experimental results.
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