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view of the low threshold (vn «a, ) and relative in-
sensitivity to T,l&;, this cross-field ion acoustic
instability may be responsible for anomalous
transport and ion heating in collisionless shocks, ' '4

neutra1-sheet phenomena (e.g. , Earth's magnetic
tail), and other situations where there is drift of
electrons relative to ions across a magnetic field.
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We present a model for the nonlinear evolution of the electron-plasma ion-acoustic de-
cay instability when the ratio of electron and ion temperatures is of order 1. Ion nonlin-
ear Landau damping is found to be the dominant saturation mechanism, %'e calculate the
saturated spectral intensity and pump absorption coefficient. An estimate is given of the
energy that the enhanced fluctuations absorb from an electromagnetic wave incident on
an inhomogeneous plasma.

There is increasing evidence that the enhanced
fluctuation levels arising from the excitation of
parametric instabilities are responsible for the
enhanced heating and anomalous absorption ob-
served in a wide variety of laboratory, ' ' numer-
ical, ' and ionospheric' experiments, where a
plasma is irradiated by an intense monochromatic

electromagnetic wave. We believe many of the
essential features of these experiments are con-
tained in the model presented here for computing
the saturation. level of these instabilities.

%'e treat the nonlinear evolution of the decay6'
instability in a homogeneous plasma in which the
pump wave E(t) can be regarded as monochro-
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matic with frequency &, and can be treated in the
dipole approximation, i.e.,

E(t) = Eosin((u, t). (1)

We thus defer to future work discussion of the
important effects associated with average plasma
inhomogeneities and the self-consistent propaga-
tion of the pump. Those wave vectors k for
which the decay conditions +0= vk + v, are ap-
proximately satisfied will be unstable. Here +I,
= o:~[1+—2(kXD)'] is the plasma-wave frequency
and u. = k(T,/m;)' '(1+ ST,/T, )' ' is the acoustic-
wave frequency, with x D

= (T,/4mne')' ~' the elec-
tron Debye length, and T, the tem. perature of
species j.

The ratio of electron and ion temperatures will
be chosen to be approximately 1, a value rele-
vant to ionospheric plasma parameters. In this
limit, for the small wave-vector modes which
we consider, the plasma-wave damping decre-
ment v, «v„ the acoustic-wave damping decre-
ment. The damping rate v, is taken as the sum
of electron-ion collisional and electron Landau
damping, and v, is principally due to ion Landau
damping. The physical effects associated with
this parameter regime are drastically different
from those when T, »T;. (We do not consider

this regime here!)
We choose the pump xntensxty so that the max-

imum parametric growth rate y„satisfies the
inequalities

v@ ~(v Eo
vg&&py= vq ~6 4

——1 R v~.
(dy Pg gfE T~

It is well known that under these conditions
another instability, the oscillating two-stream
instability, "may be excited with comparable
growth rate. However, the active region of k
space is down by a factor v, /v„and hence we
neglect it from consideration.

With this choice of E,' and T,/T„considerable
analytic progress may be made in obtaining the
spectral intensity. The principal simplification
resulting from the relative ordering v, «v, - co,
occurs because on the kinetic time scale v, ' the
ion waves do not represent additional degrees of
freedom, but rather relax quickly to functions
of the nonlinear low-frequency charge density.
Thus, only the evolution of the plasma waves
need be followed on the long time scale. It fol-
lows that nonlinear Landau damping is the dom-
inant nonlinear mechanism.

The kinetic equation for plasma waves in the
random-phase approximation is

-~(~, t)=-y(~ I ) 1,-.— -1-
—, J, dt '4'(3! "-1)+(1-V")ly(~, t") +&p, '.fd Ep, 8 +1

2 d7

All variables are dimensionless and are defined
as follows:

y(, g) = n&$-(t) I')/8 l'T.

o.=(12w) '(u, (kZo)'v, '(neo') '(m, /m;)'t',

E'= (co,/16v, )(E,'/4mnT, )((u/, v, ),

v~tp X (Qlo —(dg —(gg)/v

p, = cos8, 5 = (AD/24''2v)(co~/v, nXD')E, '.

Here (~E-„(t)~')/B'AV is the ensemMe average' of
the fluctuation electric field intensity, V is the
system volume, and t is the time. Spherical co-
ordinates are used with the polar axis directed
along Eo. In obtaining this form we have assumed
solutions which have azimuthal symmetry and
which are even functions of p, . The first term on
the right-hand side of Eq. (2) is the parametric
growth term. The second term is the ion non-
linear Landau damping terme which leads to sat-

ur ation.
Estimates" of the relative strengths of ion as

compared with electron nonlinear Landau damp-
ing show that the former is highly dominated in
the small wave-vector expansion. A further ap-
proximation which allows us to obtain an analytic
result for the spectral intensity is the approxima-
tion of the integral form of the nonlinearity by an
integral differential form. This form for the ion
nonlinear Landau damping is obtained" under the
assumption that the scale for change of the spec-
tral intensity IT, with Ikl is greater than that for
Z =—(&u& —

m& )/(Ik -k'Ivr ). We take the width of
the linear instability region as an estimate of the
scale in ikI over which Iy changes. If we define
the spherical angle between k and k' as Ag, then
the condition of applicability may be written
2 sin(68/2) &1. We find some b,8 = m below, and
thus our approximation is only marginally valid
for such large angles. The predicted angular
dependence of II, may be in error, but we expect
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the total energy in the satux'ated state to be well
estimated since the order of magnitude of the
nonlinearity is insensitive to the shape of the
spectral intensity. Studies of the kinetic equation
using the more exact form of the nonlinearity
will be reported at a later date.

The last term in Eq. (2) is the Cherenkov emis-
sion term, "much enhanced above the thermal
level, and is determined by ion emission upshift-
ed by the pump frequency for all but very small
values of the pump intensity.

Although real frequency shifts of the modes due
both to the pump and to the nonl3. neality may not
be neglected a Prior, we have neglected these
since it is to be expected that the principal effect
of frequency shifts will be to change the region
of space which contains the enhanced level of
fluctuations so that the frequency matching condi-
tion is satisfied between the nonlineax' mode fre-
quencies and the pump.

We neglect the possibility of saturation by qua-
silinear modification of the distx ibution func-
tion for two reasons. First, the phase velocities
of the enhanced plasma waves are large with the
consequence that very few particles participate
in quasilineax' diffusion. Secondly, in a nonuni-
form plasma, such as the ionosphere, the spatial;

region containing enhanced fluctuations is small
compared to the mean free path of electrons with
velocities near the phase velocity of the plasma
waves. As a.result electrons which undergo
quasilinear diffusion rapidly leave the unstable
region.

We note that although in what follows we seek
only the time-independent solution to Eq. (2), we
can indeed use it to study the time evolution of
the spectral intensity on the v, ' time scale.

A formal solution to Eq. (2) is

y = O p. '/[a'(x) —f '(x)p'],

whose integral over p, is immediately obtained as

+~ a a/5+1f, dp, y(x, p)= — ln

Since 5 «1, the source may be treated as a
small perturbation for those modes which are
appxeciably excited if, as we assume, E&1+5.
We develop a solution which is asymptotic in the
small parameter 5.

The solution for y, our primary result, is ob-
tained to dominant order as

y(x, V) =&V'[2exp(-y/&)+1 —V'j ',

y (x) = -'(E'[are tanx+ are tan(E' —1)'~'] —x —(E' —1)'~'}.

Of course, the solution is dominant only in the region of x for which y &0, and we disregard the small("thermal" ) corrections to y outside this region. The spectral intensity is sharply peaked along the
direction of the pump wave. In fact, its angular half-width 8,~, is exponentially small, i.e.,

24(2m)'~' v. . .g, (E,' -1)'~'8; -exp --- ~nx ' arctan(E' —1)' ' ————
kA D QPg, g2

The total energy in the high-frequency component of the excited spectrum is also of interest. The
dominant result for the integral of y over p. is, from Eq. (4),

Integration of this result between the two zeros of y yields

f d f dpy( p)='I [ +(E' —1)' '] —-' ' —-'&'1 [( '+1)/&']}
If E'»T, then the second zero x, given by x,= zE', and thus

fdx fdpy=!m'Z',

ol ~ iQ dimensional units~

wave energy g v

particle energy 2

We note that the parametri. c growth and the Cherenkov emission terms contain additional x depen-
dence which has been neglected in Eq. (2). We have included these dependences in other calculations
with the result that the wave energy at saturation, Eq. (9), is only slightly modified and that the angu-
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lar half-width 8, ', depends on x but is never greater than the result of Eq. (7).
We now compute the rate of work done by the pump, and we use this to define an effective energy

absorption rate v,«by v, ffEO'/8m=—(1/T)f+t E,(t) jo(t).
Since ion nonlinear Landau damping conserves plasma-wave energy, "to O(k'A, D'), we may write

E&t '
mv, nT, E, '

The energy flow is as follows: First, the pump field suffers ion nonlinear Landau damping thereby
driving the plasma waves unstable. Second, these waves grow to a sufficiently large level that they in
turn are stabilized by coupling via ion nonlinear Landau damping to stable plasma waves, causing an
enhancement in their level. Finally, collisional and/or Landau damping of the plasma waves transfers
the energy to the electrons.

Our result (9) allows an estimate of the total energy absorbed from a plane electromagnetic wave
incident on a nonuniform plasma slab. The method is to obtain the local heating rate in the unstable
region by multiplying (9) by 2v„compute E, from WEB theory for electromagnetic waves in a lossless
plasma, and integrate over the unstable region. The result for the nonlinear absorption coefficient F
(valid when the absorption is weak, i.e., I' less than 1) is

2 c 4v, Erc' 4(c
where E~~ is the threshold field determined by v, = v„E~ is the incident electromagnetic-wave field
strength in vacuum, and H is the electron density scale length. If the nonlinear absorption is to dom-
inate classical absorption, E~ must exceed E~~.
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