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In fully ionized plasma, close (large-angle)
collisions between particles in appreciable re-
lative motion are rare. However, collective
Coulomb interactions (i.e. , small-angle colli-
sions) cause instabilities which grow so rapidly
that relative motions of ions and electrons, i.e.,
currents, are continually damped down by con-

version of directed energy into (random) fluctua-
tion energy.

The growth mechanism is the familiar '~
two-stream amplification. For initially station-
ary ions of uniform charge density p [ plasma
frequency &u» = (e p/Me/, )'~

J traversed by
electrons [charge density -p, plasma frequency
&a&pe

= (e p /m e,)'~'] with velocity u, the (real)
wavelength 2m/P of fluctuations and their (poss-
ibly complex) frequency e obey the dispersion
formula

p.'/ '+
p /(A- ')=1.

[A fluctuation Coulomb field E creates ion ve-
locities e E/i~M and, by virtue of continuity,
ion charge density fluctuations - (p/i&a) V'e E/
i&uM =e, V E ~pi'/(u'. Similarly the electrons
contribute charge density fluctuations e, V'E
(ape /(Pu - &u), encountering the fluctuations at
the Doppler-shifted frequency Pu - e. Poisson's
equation furnishes the dispersion law. ] 2w/P is
measured along the electron flow; transverse
wavelengths are irrelevant.

Exploring the likely range +pi« lu) l«(a)pe
for possible complex ~= l~ I exp (i8), one equates
first the imaginary parts in the approximation

Pll/(dpe -(d/4)pe =(I-(dpi /(d ) ~ - I+hl ' /2(gP,

giving ( ~ ~' = v ~pe cos 8. Then, from the
range 0&8 & n/Pand the real part one deduces
the following table.

PQ (dpe -2.0 -1.5 -1.0 -0.5 0.5 1.0 1.5
Re+

Imcv

0.05 0.09

0.48 0.54

0.15

0.60

0.25 0.40 0.58 0.78 1.00

0.66 0.69 0.66 0.51 0

All quantities in the table are in units of e i' '
x ~pe . The growth rate, Im&u =(~p, +pecos 8)&'

pl

xsin8. maximizes at8 =n/3, where Pu =cope.
For hydrogen, ~pe= 43(dpi and the shortest

e-folding times of fluctuation amplitudes are
18+&e. (Multiply by A'~' for ions of mass num-
ber A. ) The wavelength is then the distance trav-
eled by the electrons during one electron-plasma
period. But appreciable growth occurs over a
band of wavelengths 20% longer to 10% shorter
(for hydrogen). Exponential rise is accompanied
by very little oscillation (small Reer). Energy
doubles in just about one electron plasma per-
iod. The growth rate is independent of u, but

our arguments imply that u exceeds random
electron velocities.

If a field is briefly applied to a plasma in
thermal equilibrium, accelerating electrons to
energy eV within an interval shorter than a
plasma period, initial thermal energy eV, of
plasma oscillation within the relevant wave-
length band will amplify sufficiently to destroy
the directed electron motion in about log, (V/V, )
electron-plasma periods (probably 10-20 for
typical cases).

%hen a quasi-steady current is maintained by
a lasting applied field I, fluctuations will never
be allowed to drop appreciably below the level



VOLUME 1, NUMBER 1 PHYSICAL REVIEW LETTERS JuLY 1, 1958

of the mean dc electron velocity: they are re-
stored with a relaxation time of a few plasma
periods. The plasma is turbulent and far from
neutral, electric fields other than K are con-
tinually excited. Electron motion is damped be-
cause electrons and ions collide in bunches
rather than individually. The collision frequency
is the inverse of the relaxation time, say +pe/K
where K is perhaps 10.

With the appropriate collision term in the
equation of motion of the electrons, their mean
velocity u becomes steady when

m(opeu/K =em',

giving a current density pu =KepK/m&u e =

K E' pRpe E and a real conductivity KE' Gape. Thi s
is of the order of mhos per meter for a density
10"per cc, much smaller than typical conduc-
tivities calculated from individual collisions
(see Spitzer'). It applies at low frequencies
(less than epe/K) only.

Radiation from bunches of charge accelera-
tedbythe two-stream mechanism is more in-
tense than Bremsstrahlung (owing to coherence).
Boundary conditions permitting, it may account
for noise received from ionized media. Hoyle'
describes qualitatively a mechanism for noise
production by interestreaming charges.

The mechanism may wreck some ambitious
schemes for channeling electrons through ions
or vice versa'& 8 and it is of value in thermo-
nuclear work where rapid heating is both de-
sired and observed. ' It may be the answer to
the Langmuir paradox (see Gabor et al."), and
the rapid growth of collective instabilities,
compared with the poor interaction through
close collisions, would suggest that coarse-
grained turbulence (rather than micro-random-.
ness of particle motion) is the closest one can
get to a "thermo"-nuclear regime.
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Cohen and Feynman' have pointed out that the
elementary excitations in liquid helium may be
studied by scattering monoenergetic cold neu-
trons from the liquid. At temperatures below
2'K, the most important scattering process is
that in which the neutron creates a single exci-
tation in the liquid. In this case, the energy and

momentum of the excitation are given by the
change of energy and momentum suffered by the
neutron in the scattering.

Thermal neutrons which have been passed
through a polycrystalline filter may be used in-
stead of monoenergetic neutrons in this experi-
ment. In this case, the sharp cutoff in the neu-
tron spectrum transmitted by the filter serves
as an energy marker. If the predominant scat-
tering process is the creation of a single exci-
tation, the energy spectrum of the scattered
neutrons should also possess a sharp cutoff, but

at a lower energy.
Palevsky, Otnes, Larsson, Pauli, and Sted-

man' have done an experiment of this type. They
find that at a helium temperature of 1.4'K, the
shape of the cutoff is preserved in the scattered
beam. At 4.2'K, no indication of a sharp cutoff
is seen in the scattered beam. This indicates
that the scattering process proposed by Cohen
and Feynman is essentially correct. These au-
thors have obtained a number of points on the
energy-momentum curve for the excitations.

This note is to report preliminary results of
a similar experiment in progress at Los Alamos.
A beam of thermal neutrons from the Los Ala-
mos Omega%est Reactor was filtered through
16 in. of beryllium, and allowed to strike a tar-
get of liquid helium 10 in. in diameter and 3 in.
high. The energy spectrum of neutrons scat-
tered through an angle 8 was measured with a


