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CONTROLLED LANDAU DAMPING OF ION-ACOUSTIC WAVES*
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We have been able to produce Landau damp-
ing of ion-acoustic waves at will without appre-
ciably changing the gross parameters —elec-
tron temperature, ion temperature, wave ve-
locity, or wave frequency —of the system.

Although several sets of clear-cut Landau-
damping experiments have been made on plas-
ma electron waves, ' only two sets have been
made on ion-acoustic waves. '~3 Yet the ion-
acoustic waves are perhaps more convenient
to use than the electron-plasma waves, since
the velocity of the ion-acoustic waves is inde-
pendent of plasma density.

In previous ion-wave experiments, the plas-
ma was supported by a magnetic field, and
waves propagated parallel to the field. ' Lan-
dau damping was controlled by varying the plas-
ma electron temperature. ' As the temperature
increased, the wave velocity became appreci-
ably greater than the thermal velocity of the
ions, and Landau damping decreased. Note
that both the electron temperature and the wave
velocity were varied to change the Landau damp-
ing.

In the present experiment no magnetic field
is needed. The electron temperature does not
vary. The wave velocity is kept constant, and
is always much higher than the mean velocity
of the heavy, primary ions composing the plas-
ma. Under this condition of operation, Lan-
dau damping is neither predicted nor observed.
However, a trace of light ions is then added
to the plasma. The mean thermal velocity of
the light ions is comparable to the ion-wave
velocity, and Landau damping is both predict-
ed and observed.

The basic system used is shown in Fig. 1.
The plasma is produced by a diffuse electron
stream, and has been observed to be remark-
ably quiescent. ~' The plasma parameters for
the case with helium are as follows: Te =1.2
eV, Ti =0.052 eV~ ne =5&108 cm-s~ heavy-
ion mass =131 amu (xenon), light-ion mass
=4 amu (helium), discharge current = 150 mA,
applied voltage =22 V, and observed wave ve-
locity =7.6 ~104 cm sec '. The determination
of the ion temperature was made by five inde-
pendent techniques. First, the velocity of the

ion-acoustic wave at low electron temperatures

yields the ion temperature. ' This measurement

yields Tz =0.052+ 0.011 eV. Second, the radi-
al drift rate of the plasma as measured by ion

waves yields a measure of ion temperature.
Third, the observed gas damping of the ion

waves with high gas pressure present yields
the ion-atom collision rate, and a measure
of the ion temperature. Fourth, a measure
of Landau damping as a function of electron
temperature yields the ion temperature. ' Fifth,
a computation of the rate of ion heating by col-
lisions with electrons, in the absence of rf
noise, reveals that the ions are lost to the wall
before they are heated appreciably. All the

above ion-temperature measurements are con-
sistent with T& =1/20 eV. Note that the above
measurements only yield Tz for xenon, and

we must assume that T~ for helium is the same.
Propagation studies are made by means of

sine-wave bursts, as are shown in Fig. 2.
By using sine-wave bursts, effects caused by
direct electrostatic coupling between the trans-
mitting and receiving electrode are eliminat-
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FIG. 1. Schematic of the apparatus used. In this ex-
periment, the spacing of the transmitting and receiv-
ing electrodes can be changed by means of a magnet
operating on the magnetic material shown. A Lang-
muir probe (not shown) is used to monitor continuously
the plasma electron temperature and density. Both the
transmitting and receiving electrodes must be negative-
ly biased.
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FIG. 2. Typical transmitted and received signals
over short distances without using coherent detector.
Lower trace, transmitted signal. Upper trace, re-
ceived signal. Note the strong, directly coupled sig-
nal on the receiver trace which is separated from the
weaker, ion-wave signal by time of Qight. Vertical
axis, amplitude (relative units). Horizontal axis, time
(10 psec/large division). The gas used is xenon.

ed. A coherent receiver is used to improve
the signal-to-noise ratio. The experime'ntal
measurements are made in the center of the
spherical vessel, so that wall effects and ra-
dial plasma drifts will have little influence
on the wave-propagation experiments.

Our Landau-damping measurements are made
in the following fashion. With no helium add-
ed, the amplitude of the signal is measured
as a function of frequency and propagation dis-
tance. The signal strength far from the source
is observed to decrease as r ', showing that
the voltage output of the receiving probe is
proportional to energy. The rate of decrease
in amplitude with distance is observed to be
frequency independent. Next, helium is add-
ed. The amplitude of the received signal now

is observed to decrease more rapidly with dis-
tance than before. Also, the rate of decrease
is observed to be more rapid with increasing
frequency. If the plot of received signal ver-
sus amplitude is extrapolated back to zero trans-
mission distance, the source strength of the
signal is observed not to change appreciably
when helium is added. The wave velocity and
the electron temperature change only about
ten percent. Thus, we assume that the addi-
tion of helium does not appreciably perturb
the system, other than to provide Landau damp-
ing.

The data are analyzed as follows. First,
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FIG. 3. Experimentally observed and theoretically
computed damping distances as a function of frequency.
No adjustable parameters are involved in the theoreti-
cal calculation. The curve marked "expected slope"
corresponds to assuming that T~= 1/30 eV. The curve
marked "theoretical results" corresponds to the mea-
sured value of Tj 0.052 eV. Data were taken at 20,
40, 60, and 80 kIIz.

the observed amplitude of the received signal
with helium at each electrode spacing and fre-
quency is divided by the corresponding one
without helium. This division, for a given fre-
quency, yields the relative amplitude decrease
as a function of distance due to helium alone.
Second, the relative decrease of amplitude
with distance is fitted by least squares with
an exponential function of the form exp(-X/Xc),
where X is the electrode spacing, and X, is
the observed damping distance for that frequen-
cy. Finally, the observed damping distance
X, is plotted as a function of frequency as shown
in Fig. 3.

In Fig. 3, we see that the observed damping
distance X, varies inversely as the frequency.
Thus, the damping cannot be collisional, be-
cause for weakly damped waves in free flight,
collisional damping is frequency independent.
To compare this observed damping with the-
ory, a simple linear approximation, valid for
small contamination, and based on the work
of Fried and Gould' and Gould, ' is used. Here,
the spatial damping factor X, is given by

e w"'/T )"'(m )"' tm T
exp -I

LT.j (m j Qm r.j '
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where e is the ratio of the number density of
light to heavy ions, ~ is the wavelength of the
ion wave, Te is the electron temperature, T~

is the ion temperature, m, is the mass of the

heavy ion, and m, is the mass of the light ion.
As can be seen from this equation, the damp-
ing distance Xo goes directly with wavelength
or, for our system which has negligible dis-
persion, inversely with frequency. Thus, the
predicted dependence of damping on frequen-
cy is observed.

Landau damping in a one-ion-species plas-
ma shows a strong dependence on the electron-
ion temperature ratio. This is due to the strong
dependence of the exponential factor in the damp-
ing equation on the temperature ratio. In con-
trast, study of the above equation reveals that
for the ion mass and temperature ratios used
here, the exponential term is near unity, lead-
ing to relatively small changes in the damp-
ing rate for small changes in the temperature
ratio.

We can also predict quantitatively the expect-
ed Landau damping, which is shown by the line
marked "theoretical results" in Fig. 3. To
accomplish this, the relative fraction of heli-
um ions to xenon ions e in the plasma must
be known. We calculate c by first measuring
the number of xenon atoms and of helium atoms
present in the discharge tube by means of an
Alphatron' ion gauge. To measure the small
amount of helium present, the xenon is turned
off at the end of the experiment. Next, the rel-
ative ionization cross sections" of helium and
xenon are used to get the relative rates of ion
production. For this calculation, we note that
the energy of the incoming electrons is cath-
ode plus plasma potential or 22+6=28 V. Fi-
nally, the ratio of production rates of the two
species of ions is weighted by the reciprocal
of the ratio of the velocities of escape of the
ions to give the relative ion density. Since
the ion temperatures are assumed to be equal,
the escape velocity is proportional to the re-
ciprocal of the square root of the ion mass.
We find that the ratio of the number of helium
xenon ions e is about 3.4x10 3. As shown in

Fig. 3, this value of e applied to our Landau-
damping formula gives a predicted damping
that agrees quantitatively within a factor of
2 of the observed value. The computed 20%
error in the ratio of Te/T& results in a calcu-
lated spread for the theoretical Xo ' of less
than 25%.

Experimentally, for a fixed helium contam-
ination, we can change the observed damping
distance by varying the frequency over a range
of only about 4 to 1. The long damping-distance
limit occurs at low frequencies when the wave-
length becomes comparable to the dimensions
of the apparatus. The short damping-distance
limit occurs because the coupling between the
transmitting and receiving probes and the plas-
ma is observed to decrease greatly at high fre-
quencies. Even coherent detection, "which
was used for most of the measurements, was
not capable of recovering the damped ion-acous-
tic wave signals above the frequencies shown.
The damping distance has been varied Over
a wide range, however, by varying the helium
concentration.

A third support for assuming that the observed
damping is due to Landau damping is obtained
from earlier, preliminary experiments done
with pulses. ' In these experiments, a small
amount of helium added to the system produced
strong damping. Also, spreading of the damped
wave packet was observed, a characteristic
associated with Landau damping since high-
frequency components are preferentially damped.
At high helium-ion concentrations, the wave-
packet velocity was observed to increase and

the damping was observed to disappear. Based
on a three-fluid model of the plasma, at high
helium-ion concentration the wave-packet ve-
locity is expected to increase toward that in

a pure helium plasma. Since the ion wave ve-
locity is then much greater than the thermal
velocity of the helium ions, the damping is pre-
dicted to decrease.

The Landau damping caused by electrons in

the plasma of pure xenon ions is quite small.
The effect is calculated to be about 0.3% of
that caused by the helium in the data shown
here.

Some final observations need to be mentioned.
Since the wave energy decreases with distance
as r ', our observations of received amplitude
vary over a range of better than 10 to 1. Since
the observed wave velocity and the damping
factor are not functions of distance, the wave

properties appear not to be amplitude depen-
dent, and our simple, linear analysis proba-
bly is valid.

Thus, we have demonstrated in a simple fash-
ion the Landau damping of ion-acoustic waves
due to a trace of light ions in a plasma of heavy
ions. Both the observed magnitude of the damp-
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ing and the dependence of damping on frequen-
cy agree with a simple theory. The observed
reduction of the damping with the increase of
the ion-wave velocity is expected. The Landau

damping can be turned on and off, or varied
over a large range at will, without changing
the other gross properties of the system.
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We have calculated the contribution, 5Z(k, &u),

of particle-hole excitations to the single-par-
ticle self-energy, Z(k, &u), of a Fermi liquid
at zero temperature. Apart from regular terms
we find that, for 0- (&&I- I~I «()L, «p, ,

a (v k )'6ReZ(q, cu)

=I Q ~'+ Q (u'e ] in((u/(u
g

aF '=1-&Z(kF, +)/&&el~ 0 is the renormali-
zation constant, vF =kF/m* the Fermi veloc-
ity, m~ the effective mass, p. the chemical
potential, and eq =vF(lql —kF). coL is a, cutoff
frequency which we shall discuss later. The
dimensionless coefficients Q, are obtained from
Landau's theory of a Fermi liquid. ' In gener-
al, every Q; is the sum of contributions from
incoherent spin' and density fluctuations, trans-
verse excitations, and collective modes. ' The
self-energy (1) yields a, term -T'InT in the
specific heat C~. In liquid He the dominant

contributions to Cy result from spin fluctua-
tions. Here we report on the salient features
of the theory and on the results. Details will
appear later.

Consider the vertex function, ' I'~
p ~(P; q, q'),

for the scattering of two particles, with four-
momenta (q, q'+P) and spins (n, P), into a fin-
al state (q+P, y;q', 5). The spectrum of par-
ticle-hole excitations is obtained from singu-
larities (poles and branch cuts) in I' in the en-
ergy-momentum transfer P. From the Pauli
principle we find I'~p ~(P;q, q') = —I ~p ~
& (q-q', q'+P, q'), so that singularities in P
are identical to singularities in q-q . For an
isotropic system with spin-independent forces,

1 1
I'up, yg

= ~ I'I &~y&pg+ .12&~y&pg.
Ward identities' relate 1" to the Fermion self-

energy, e.g. ,

"(. )(G') "
sqo (2w)4 1 ' q'
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