Supersonic collapse of Langmuir waves
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1. The collapse!'~%! of Langmuir waves play a funda-
mental role in the physics of plasma turbulence, and
determines in many cases the mechanism whereby
energy is transferred from Langmuir waves to the
plasma particles. The most fundamental problem in the
theory of collapse is that of the regime of strong com-
pression of Langmuir caverns, where the oscillation
energy density in the caverns (w= EZ/47) ranges from
wo= (m/MnT to w,, ~nT, after which Landau damping
or intersection of electron trajectories sets in.

The Langmuir collapse is described by the system of
equations!!

A2i g, + Ag) = diva vy, 1)

n”—An=A|V¢]2. 2)

Here n=(3/8)(6n/n,)(M/m) is the dimensionless
variation of the plasma density, t=(4/3)(m/M)w,t and
r=(4/3)Ym/M (r/v,) are dimensionless coordinates,
and ¥ is the envelope of the high-frequency potential

8 m 1/2 iw,t
V¢=—§(2nnnTe—E) Revye 7,

For motions with characteristic space and time
scales L and 7, satisfying the conditions

1>>L>> ¢

(3)
1>>7>> L*
it is possible to go over in (1) to the adiabatic
approximation
i, =220y,
and Eq. (2) can be simplified to
2
n,, =blvy @

After these simplifications, the equations admit of a
self-similar formulation'!?

A2
AY(t) = s H o
(t,~t)4? (e, -

n=(e, - )3V (E) 5)

corresponding to collapse at t=¢,. For this substitution
we have L ~72/% and the conditions (3) improve as 70,
In this case w/nT~ (m/M)T2>m/M, i.e., the intensity
of the Langmuir waves is contained in the interval of
interest to us.,

In the regime (5), the characteristic dimension Ar of
the cavern and the characteristic time At of its com-
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pression satisfy the condition Av/A¢> ¢, (c, is the ion-
sound velocity), so that one can speak of Supersonic
Langmuir collapse, The equations for R(£) and V(£)
have solutions if the potential R is antisymmetrical,
R(r,2)=-R(r,-2). In the regime (5) there is produced
at t=t, a singularity of the type

lvyl =80

and the entire energy contained in the cavern is gathered
into a point,

2, The systems of equations (1), (2), and (1)—(4) were
solved by us numerically in axially symmetrical three-
dimensional geometry. It was shown earlier'®! that a
collapse takes place within the framework of the system
(1) and (2). The description of the corresponding
formulations of the problems can be found in'*5!, New
numerical calculations have shown that under the initial
conditions | Vy|2~10 =20 (w/aT~ (10 - 20)m /M) the be-
haviors of the solutions of the systems (1), (2), and (1)—
(4) do not differ qualitatively. In either case one ob-
serves the formation of a collapsing cavern of the dipole
type (see'®51), the evolution of which in time satisfies
the self-similar relations (5) with good accuracy (see
Fig. 1). The deviation of the functions | E!-'(t) and
|n|-3/4(¢) from linearity near t=¢, is due to the fact that
the approximation of the differential equations (1) by
difference schemes no longer holds near the collapse,

3. The collapse develops as a result of instability of
the Langmuir condensate, If the condensate intensity is
wy << (m/M)nT, the collapse is subsonic during the first
stage (Ar/At<c,), and the supersonic regime sets in at
w~ (m/MmT, The dimension of the cavern is then Ay
~VM/myp, and the energy contained in the cavern is
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The cavern shrinks in self-similar fashion until the
oscillation energy in it becomes comparable with the
thermal energy (w~nT), and then its dimension is

TR
rman(—) p*

In a Maxwellian plasma, the Landau damping of
waves with & ~ 1/”mu is still exponentially small, and
the cavern continues to be compressed to dimensions
T< Tniae The oscillator velocities of the electrons in the
cavern then exceed the thermal velocity, and this makes
it necessary to take into account the electronic non-
linearities., The energy dissipation in such a cavern is
due to the intersection of the electron trajectories. If
the intensity of the Langmuir condensate w,/»n7 then
exceeds m/M , then the collapse is supersonic from the
very beginning. The initial dimension of the cavern is
now 7,~ 7y (wo/nTY* /2, and Ae ~nTrd (nT/w,) /2,

If w,/nT < [In(m/M)}? (we have w,/nT < 1072 for a
deuterium plasma), the cavern will radiate energy as
before, owing to the trajectory intersection, whereas -
in the opposite case the energy absorptionis due to
Landau damping when the cavern reaches the minimum
dimension ¥ ~ 7.

In a plasma containing accelerated particles (ails of
the distribution function), the role of the Landau damp-
ing in the absorption of the cavern energy becomes
much more significant. We note that Langmuir collapse
in itself is a strong mechanism for the formation of
high-energy “tails.”

In conclusion, the authors thank L.I. Rudakov for
numerous useful discussions.
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