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Electrical phenomena occurring in an electron-ion plasma in which acoustic waves are
propagated are considered. The space attenuation coefficient (absorption coefficient)

of the waves is computed.

THE spectrum of characteristic oscillations of an
-electron-ion plasma consists of two modes: plasma
or electronic oscillations with the limiting Lang--
muir frequency, and acoustic or ion oscillations.
Thermal motion excites in the plasma only acoustic
oscillations, which largely determine the tempera-
ture dependence of the physical properties of the
plasma (for example, electric conductivity, ther-
mal conductivity, absorption of sound, etc.).

Certain properties of real metals can be ex-
plained on the basis of the so-called plasma mode
in which the metal is regarded as an isotropic elec-
tron-ion plasma. This model is useful for describ-
ing those phenomena in which the characteristic
length is considerably greater than the average
distance between the particles of the metal. In
particular, such phenomena include effects, con-
sidered below, which are associated with the prop-
agation of supersonic waves in the metal.

In the first section of this paper, the problem is
formulated and the fundamental equations are dis-
cussed, on the second section the potential of the
electric field of supersonic waves is calculated,
and in the third section the absorption coefficient
of a longitudinal supersonic wave in the plasma is
calculated.

1. When a longitudinal supersonic wave is prop-
agated in an electron-ion plasma the amplitudes of
the ion and electron densities will differ in magni-
tude due to the large difference in the volume com-
pressibility of electron and ion fluids. This cir-
cumstance will result in the appearance of a space
charge that produces a longitudinal electric field
which varies at the supersonic frequency. The in-
teraction of the spreading supersonic wave with
thermal acoustic vibrations will lead to absorption
and dissipation of energy of the supersonic wave.
These effects can be taken into account by intro-
ducing a finite value for the electrical conductivity
o of the plasma, i.e., by taking into account the
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collisions between the electrons and the thermal
vibrations of the plasma. For finite values of o,
the energy of the longitudinal electric field excited
by the supersonic wave will be dissipated as Joule
heat. We shall show that this mechanism of dissi-
pation of supersonic vibrations in the metal gives
the correct order of magnitude for the absorption
coefficient.

We consider a dynamical system consisting of a
large number of electrons and ions in which an ultra-
sonic wave is propagated. If the interactions be-
tween the particles are taken into account in the
self-consistent field approximation, the initial
equations may be written in the following form:
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Here byj is the self-consistent wave function for
the j-th particle. The subscript y takes on two
values, 1 for electrons, and 2 for ions. The equa-
tions in (1) are a system of Hartree’s equations
generalized to the case of nonstationary states.
Our problem consists of evaluating the potential
of the longitudinal electric field of ultrasonic waves
in terms of constants characterizing the plasma
and the amplitude of the supersonic wave.
Equations (1) have an exact solution for the sys-
tem in a state of constant density | yj |? = const.
In states with a density that does not differ much
from a constant, (1) can be linearized. To do this
it is convenient to write (1) in the so-called hydro-
dynamic form,® by setting

1)

bri = pri 7 eXp {isy; [R}.

If we seek solutions of the linearized equations in
the form of a superposition of plane progressive
waves exp {ik-.r - iw (k) t}, then we obtain the
following system of equations for the Fourier am-
plitudes of the quantities Pyj and Syj:
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{—io + ikeVy;} Syp + eyDp + (h%/4my) k2o, = 0,
{— {0+ ik-Vy; } pyj — (K*/my) sy; = 0, (2)

ch =4zk™? 2 ExPyf
Y/

where vy; is the velocity of the j particle in the

state with homogeneous density, equal to Vs%,".)/ m,.

The system of equations (2) leads to the dispersion
equation3

L= (kG (R)/L?) 2} (e2/m) [(0 — kovyy ) — mkij4m2] S,
(3)

where
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and L3 is the volume of the system. If the veloc-
ity distribution of the electrons obeys Fermi sta-
tistics and the random motion of the ions can be
neglected in the state with a spatially homogeneous
density, then, taking into account the inequality
(w/k)? « v% (vp is the limiting velocity on the
Fermi surface), which is justified by the result
obtained, we obtain from (3)

0? (R) = wZuk?/(w2, + u2k?), 4)

0
where
w2y = drngelfmy, U ="1[s/mes [ moe, |02;

ng, is the average ion density. As k — 0 expres-
sion (4) coincides with the corresponding formula
of Silin’s paper.!

2. From (2) we can easily obtain the Fourier
component of the longitudinal electric field &y,
which can be conveniently expressed in terms of
only the ion characteristics and w (k). On using
the approximations adopted in deriving Eq. (4) we
obtain

D, = 2. w k) g, (5)

where Ay is the amplitude of displacement of the
ions equal to ¥ py j/(npk), while w (k) is the
J )

frequency of the supersonic wave.

Let us consider the case of a standing super-
sonic wave. The position in space of the loops and
nodes of the amplitude of the displacement of the

ions Ay will not depend upon the time in this case.

On the basis of (5) we can assert that between a
node and a loop there exists a difference of poten-
tial &), which varies in time with the frequency of
the supersonic wave. Preliminary experiments
support this conclusion.? In these experiments we
measured the magnitude of the variable electromo-
tive force that arises in a polycrystalline copper
sample when stationary supersonic waves are ex-

cited in it. When the standing waves had a wave-
length of 5 cm and the amplitude of oscillations
was ~107° cm the magnitude of the electromotive
force was of the order of 10 microvolts, which
agrees with the estimate in Eq. (56). The distribu-
tion of the variable electromotive force along the
sample corresponded to the nodes and loops of the
standing wave.

3. The potential (5) can also be obtained by con-
sidering oscillations in a system containing not two,
but only one kind of particles of mass m, with the
interaction potential between these particles being
given by

V(r) = (es/r)exp{— mga/uy) r}.

From this it follows that the effect of electrons on
the interaction between ions reduces to screening
the ionic charge. Since the average velocity of the
random motion of the electrons is large compared
with the same quantity for the ions, the Debye elec-
tron cloud practically does not differ in shape from
a sphere. At the same time the velocities of the
ordered (hydrodynamic) motions of the electrons
and the ions are the same, since the Debye polari-
zation cloud consisting of electrons moves prac-
tically together with the ion which is at the center
of this cloud. The ratio of the kinetic energies of
ordered motion of electrons and ions will be equal
to the ratio of their mass densities T;/Ty = m;z/m,
(where z =|e,/e;| is the number of electrons per
ion). This conclusion follows directly from Eq. (2).
We now proceed to evaluate the coefficient of
sound absorption « in an electron-ion plasma.
We consider the absorption due to the viscosity of
the electron gas which arises as a result of colli-
sions between the electrons and the thermal vibra-
tions of the lattice. The existence of viscosity leads
to the dissipation of kinetic energy of the ordered
(hydrodynamic) motion. Consequently, the quan-
tity q (the energy converted into heat per unit time
per unit volume) is a function of the kinetic en-
ergy T; of the ordered motion of the electrons.
By expanding this function into a series in powers
of Ty, and by restricting ourselves to the first
term of the expansion, we obtain

g =B (miz/ my) {5 noam0} } - (6)

(B is the expansion constant). Since the average
density of kinetic energy in'a supersonic wave is
equal to the average density of potential energy,
which in turn is equal to the energy density of the
longitudinal electric field with the potential given
by (5), formula (6) may be written in the form

q = (B/8) (miz/my) [y Dy | *. (7)
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The quantity {(mjz/m,)|V&y[*}/2 can be inter-
preted as a certain effective electric field which
gives rise to the ordered motion of the electrons.
If formula (7) is interpreted in such a way, the
constant (/87 can be identified with the electrical
conductivity of the electron-ion plasma.

By equating q to the divergence of the energy
flux density in the sound wave, which is equal to
2auymyngw? (k) | Ag |2, we obtain the following ex-
pression for the absorption coefficient:

& = (omz/2ms) | Y D4 | Yugmange? ()| Ax |2, (8)
By utilizing (5), Eq. (8) can be rewritten as
o = (my3z/2e2nys1ty) 2. 9)

This expression for the absorption coefficient co-
incides with the corresponding expression of refer-
ences 5, 6, and 7, in which the formula for o was
obtained by other methods. The numerical value

of the quantity « and its dependence on the elec-
trical conductivity are apparently confirmed by ex-
perimental data.’

We note that in the electron-ion plasma of a
metal other mechanisms of absorption of super-
sonic waves also exist in addition to the mechanism
of absorption considered above. .The absorption of
supersonic waves may be due, for example, to ther-
mal conductivity. In this case the correction to
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Eq. (9), according to reference 8, will be of order
(1-cy / cp). Since the ratio of specific heats cy / cp
for metals at not very high temperatures is close

to unity the corrections to formula (9) due to ther-
mal conductivity will be small.
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