PLLASMA DYNAMICS
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RESEARCH OBJECTIVES

The aim of this group continues to be the study of the fundamental properties of
plasmas with particular emphasis on plasmas in magnetic fields. In emphasizing our
interest in high-density plasmas, we have spent a great deal of effort on production
of plasmas of high-percentage ionization at low pressures under steady-state conditions,
the achievement of which will allow us to carry on the fundamental studies in which we
are most interested.

We are also studying ways of determining the characteristics of plasmas by means
of microwaves and infrared optics. Along with these production and diagnostic studies,
we are continuing measurements on the fundamental physics of loss and gain mechanisms
of electrons in plasmas in magnetic fields. Emphasis is also being placed on the study
of microwave radiation from plasmas, with and without magnetic fields, both as a tool
for measuring the plasma temperature and thermal properties and as a means of under-
standing more about the motion of electrons and ions in magnetic fields.

Theoretical work has been concentrated on the study of waves in plasmas and of sta-
tistical theories of the nature of a plasma.

S. C. Brown

A. LOW-FREQUENCY PLASMA WAVES

A study has been initiated into the response of plasmas at frequencies much below

the electron plasma frequency. Our object is to establish longitudinal ion plasma waves

*This work was supported in part by the U.S. Atomic Energy Commission
(Contract AT(30-1)~1842); inpart by the U.S. Air Force (Electronic Systems Division)
under Contract AF19(604)-5992; and in part by the National Science Foundation (Grant
G-24073).
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in a plasma column and measure their propagation and attenuation characteristics. The
experimental arrangement shown in Fig. XIII-1 has been built and is at present under
test.

The fundamental idea behind the experiment is to produce a plasma column with cw
microwave power into the TE111 mode of the cavity. The frequency is adjusted to the
electron-cyclotron frequency for resonance heating at low gas pressures. A small mod-

ulation is then impressed on the microwave power to vary the electron heating within
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Fig. XIII-1. Experimental apparatus.

the cavity. As the electron energy is varied, the ionization frequency should also be
modulated, and hence there will be a local modulation in the electron and ion density.
Simple calculations of the ion plasma wave show that for frequencies of approximately

1 mc the wavelength of the ion (and electron) density perturbations can be made as small
as a few centimeters, and we should observe a definite wave propagating down the col-
umn.

The presence of the wave is particularly easy to determine by measuring the poten-
tial that is external to the plasma column at the modulation frequency. Typical data
are shown in Fig. XIII-2.

The appearance of the ac potential at the modulation frequency seems to be asso-
ciated with the flow of charges in the body of the plasma, and because of the extremely
long wavelength, it must be a flow of the hot electrons rather than the cold ions. Since
the electron plasma wave is attenuated for frequencies below wp, we were encouraged
to re-examine these waves with particular reference to the mechanism for transport
of energy. The normal Boltzmann formulation for electron waves is solved for the per-

turbation of the distribution function away from some equilibrium distribution. Coupling
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this result with Poisson's equation, we get the dispersion relation (assuming

v, = 0)
wi S‘*oo £_dv 0
1=_FE _° . 1
N Yoo (w-k - v)?

The difficulties of this integral are associated with the pole at v = w/k and lead to the
phenomenon of Landau damping. If we approximate the denominator for small velocities,

we get

W = wg + 3k% (w3l (2)

This steady-state dispersion, however, cannot be valid for the more complicated
boundary-value problem in which the electron energy is periodically varied at
some plane. The propagation characteristic will, in fact, depend on the partic-
ular variation of the distribution function, and also on the unperturbed distri-

bution function.
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At this point, therefore, we switch to a hydrodynamic approach that assuredly will
miss Landau damping but, on the other hand, will show how momentum and energy are
transported in this longitudinal wave. The derivation starts with the first four moments
of the transport equation. For simplicity, we assume that electrons collide with neutrals
and that it is possible to define a local temperature T associated with a Maxwellian dis-
tribution of velocities. This derivation thus differs from the Boltzmann approach, which

actually tries to solve for the local distribution.

-g%+ V-T=0 (3)
VN + B E= o T (4)
2,20 +VEH+TE - - ng v 3 (T-T__) (5)
c gas
Mipgoel  3oels. 5 g
where

n = particles/M3 v, = collisions/sec

T-= par"cicles/M:Z sec g = energy-loss parameter

H= volts/M2 sec E = volts/M

T = volts

One can derive Eq. 2 from Egs. 3 and 4 by making an assumption about the temp-
erature variation in the longitudinal wave, that is, either assuming it to be isothermal
or adiabatic, and linearizing the equations with small perturbations of the variables. A
more complete analysis is made possible by assuming an arbitrary variation in the
temperature, and by linearizing all four equations. For small-signal analysis, we

assume that

H = Hel jwt-kx) T=T_ + qedlet-kx)
T = Tel jlwt-kx) no=n t Eej(wt-kx)
B = ‘E‘:ej(u)t-kx)

Now we set the collision frequency equal to zero, even though this is con-
trary to our assumption of a maintained local Maxwellian distribution. The char-
acter of the resulting waves will thus become evident, and we can add collisional
damping later. The determinant of the linearized equations, although rather com-
plex, results in a dispersion relation that, when written in nondimensional form,

is
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where W2 = wz/wg, and K2 = kz(eTo/m)z/wg. There are two waves associated with Eq. 7,

both of which are shown in Fig. XIII-3. Wave I islike the normalelectron plasma wave,
while wave Il propagates down to zero frequency. The ratio of heat flow H to particle

flow I' for these waves is

w —1. (8)

For wave II, the heat flow is zero at w = wp, and the wavelength is finite. At very low
frequencies, wave II has a large wavelength and phase velocity equal to the adiabatic
electron sound velocity. This result seems to predict closer correlation with our exper-
imental results than Eq. 2.

The presence of two electron waves is somewhat plausible, since we know that it is
physically possible to excite independent variations in electron density and temperature

at some plane in the plasma, and thus two waves will be needed to satisfy these boundary
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Fig. XIII-3. Waves associated with w.
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conditions. Experimental and theoretical work is continuing.
D. R. Whitehouse, P. W. Jameson

B. DECAMETER RADIATION FROM JUPITER

This report is a summary of a paper that has been submitted for publication to
Nature.

The observed correlation between solar-flare activity and intense radio bursts from
Jupiter in the 5-38 mcregion has prompted several suggestions about the origins of this

1-3

radiation. With the premise that the radioactivity is brought on by sudden eruptions

of fast solar electrons as they arrive at Jupiter, we have shown thatan existing theory‘;"6

for maserlike amplification of synchrotron radiation from electrons witha non-Maxwellian
energy distribution orbiting inthe Jovian magnetosphere can provide a quantitative model
for the emission.

The theory predicts a narrow frequency band of amplification near the local electron
gyrofrequency, but the intensity predicted for the second and higher harmonics is smaller
than that of the fundamental by more than four ordersof magnitude. Thus the appearance
of a single band of radiation should not rule out the synchrotron mechanism, as has
been suggested. 2

G. Bekefi, J. L. Hirshfield
(Dr. J. L. Hirshfield is in the Department of Physics, Yale University.)
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