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A novel mechanism of sound amplification in a weakly ionized gas, caused by the friction between 
"hot" electrons and neutral particles, is proposed and investigated theoretically. The 
amplification can occur in propagation of the sound both along and transverse to an electric 
current. In the latter case, it is anomalously large, provided that the electron drift velocity 
depends weakly on the reduced electric field intensity. The new mechanism turns out to be 
competitive with the familiar mechanisms of amplification and damping of sound in weakly 
ionized gases. 

1. INTRODUCTION propagation of a shock wave in a weakly ionized plasma have 

A weakly ionized gas is a system in which, in contrast to 
a neutral gas, the presence of external electric and magnetic 
fields leads to additional forces and channels of energy dissi- 
pation. A thermodynamically nonequilibrium system is 
easily obtained in this case, in which not only is the tempera- 
ture of the electrons considerably greater than that of the 
gas, but also the energy distribution of the electrons can be 
non-Maxwellian. These features of a weakly ionized gas can 
lead to amplification brought about by an external source, of 
a sound wave traveling along it, or to the development of an 
acoustical instability because of fluctuations of the gasdyna- 
mic parameters of the medium.'-" 

The universal mechanism of sound amplification in a 
weakly ionized gas is connected with the bulk thermal emis- 
sion, which depends on the density of the charged particles. 
It is equivalent to the sound amplification in a medium with 
a negative second viscosity.4 In a nonequilibrium system, 
this mechanism is most effective if the sound wave propa- 
gates in the direction of the electric current. In the perpen- 
dicular direction, the sound is attenuated. This case has been 
studied in greatest detail both experimentally and theoreti- 
cally5-' (see also Refs. 1-3). In an electrically negative gas, 
amplification can take place even in the direction perpendic- 
ular to the electric current if the annihilation of the electrons 
is determined by the dissociative sticking to the mole~ule .~  
The latter is brought about by the strong dependence of the 
rate of sticking, and consequently of the density of the elec- 
trons, on the parameter E / N  ( E  is the electric field intensity 
in the gas, Nis the density of neutral particles). In the pres- 
ence of an external magnetic field, another mechanism of 
buildup of acoustic oscillations is possible, connected with 
the interaction of the magnetic field with the currents in- 
duced by the vibrational motion of the medium.' In a molec- 
ular vibrational-nonequilibrium gas there exists an addi- 
tional reason for sound amplification.93'0 It is due to the 
possibility of conversion of the excess of vibrational energy 
into the energy of the sound wave. 

Although the question of sound propagation in a weak- 
ly ionized gas already has a history, great interest neverthe- 
less attaches to it today. For example, the question arises in 
quantum electronics and plasma chemistry in the study of 
the limiting powers in a gas discharge. This question is also 
important for stimulated Brillouin scattering in a gas, the 
efficiency of which depends on the attenuation coefficient of 
the sound waves.''.'2 Recently, anomalous properties of 

been discovered experimentally. They are manifested espe- 
cially in acceleration of the wave and diffusion of its 
f r ~ n t . ' ~ . ' ~  This phenomenon is not yet completely under- 
stood and needs further study. 

In the present paper we suggest (and investigate theo- 
retically) for sound amplification in a weakly ionized gas a 
novel mechanism in which, in spite of the small degree of 
ionization, the electrons play the fundamental role. The rea- 
son for the amplification is the friction between the electrons 
and the neutral particles, which causes the density fluctu- 
ations and the average energy of the electrons to be accompa- 
nied by corresponding changes in the thermodynamic char- 
acteristics of the gas. This mechanism is in its nature very 
close to the case of sound amplification in a magnetic field, 
since, in contrast to other known mechanisms, it is not con- 
nected with the bulk heat release in the gas. At the same 
time, it does not require the presence of a magnetic field. It is 
shown below that the friction between the electrons and the 
neutral particles leads to amplification of the sound waves in 
a direction perpendicular to the electric current. The maxi- 
mum amplification takes place at frequencies that are com- 
parable with the electron-annihilation frequency. At the 
same time, situations are possible in which a sound wave 
propagating along the electric current will also be amplified. 
Upon satisfaction of a number of conditions, which can be 
met in practice, the gain growth rate becomes anomalously 
large. The reason is that the small oscillations of the electron 
density along the electric field leads (because of the continu- 
ity of the current) to large oscillations of the mean energy of 
the electrons, with a phase shift ~ / 2 .  The new amplification 
mechanism turns out to be fully competitive with the well- 
studied thermal mechanism. 

2. BASIC EQUATIONS 

We consider a weakly ionized gas placed in an external 
electric field. We shall assume that positive ions of a single 
type are present in the gas, along with electrons, both of 
which are created by an external ionizer, and both of which 
are annihilated by electron-ion recombination. The electric 
field heats the electrons, but leaves the ions "cold" with a 
temperature assumed equal to that of the gas. Moreover, 
because of the low degree of ionization, the frequency v,, of 
electron-electron collisions is significantly lower than the 
frequency v, of relaxation of the energy of the electrons. In 
this situation, the energy distribution of the electrons is non- 
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equilibrium, and is determined both by the relative electric 
field E /N and by the cross section for interaction of the elec- 
trons with neutral particles. All these conditions are easily 
satisfied in practice.' 

V?e shall use the traditional hydrodynamic approach to 
the description of neutral particles for the study of sound- 
wave propagation in a weakly ionized gas. We shall assume 
that the wavelength of the sound is large in comparison with 
the mean free path of the particles, while the perturbations of 
the parameters of the gas are assumed to be small in com- 
parison with their mean values. For simplicity, we shall ne- 
glect viscosity and shall not take into account the known 
mechanisms of amplification or attenuation of the sound. 

We shall consider charged particles in the framework of 
the nonequilibrium hydrodynamics of an electron gas, de- 
veloped by the authors of Refs. 15, 16 (see also Refs. 2, 17, 
18). In this approach, information on the momentum and 
mean energy of the electrons is contained in the nonequilib- 
rium energy distribution of the electrons. The distribution 
function itself is controlled by the electron density n, , by the 
relative electric field E /N, and so one. It is precisely for these 
quantities that the equations of hydrodynamics are obtained 
from the electron kinetic Boltzmann equation with the help 
of perturbation theory in small parameters-the ratios of the 
times and lengths of relaxation of the energy distribution of 
the electrons to the characteristic macroscopic scales of non- 
stationarity and inhomogeneity of the problem (in the given 
case, these are the period and length of the sound wave). In 
such a hydrodynamic system the coefficients (the drift ve- 
locity of the electrons, the diffusion coefficient, the recombi- 
nation coefficient, et al. ) are themselves functions of the pa- 
rameter E / N  and should be found from the locally 
homogeneous, stationary kinetic equation. 

The equations of continuity and of motion of a gas, with 
account of friction between neutral and charged particles, 
have the form 

wherep,~,  and V are the density, pressure and hydrodynam- 
ic velocity of the gas, while S, and S, are terms that describe 
the momentum transfer from the electrons and ions to the 
neutral particles. The quantity 

where e and m are the absolute values of the charge and mass 
of the electron, n, is the density of electrons, v is their veloc- 
ity, Y, = NUU, is the transport frequency of collisions of 
electrons with neutral particles (a ,  is the transport cross 
section), e = E/E, E is the external electric field intensity. 
The angular brackets denote averaging over the electron dis- 
tribution function f(v). 

In most cases of practical interest, the fraction of the 
energy transferred by the electron to an atom or molecule in 
a collision is small (Y, <Y, ). Therefore, the anisotropy of 
the electron distribution function with respect to the velocity 
is small, which allows us to use the two-term approximation 
of Ref. 19. Calculation of S, in this case yields 

S,=eEn,- Vp,, 

p, = n, T, is the pressure of the electrons, T, is their effec- 
tive "temperature": 

where f,(u) is the isotropic part of the electron distribution 
function over the velocities, normalized by the condition 

Because of the low temperature of the ions in comparison 
with T, , their pressure can be neglected. Then 

Si=-eEni 

(n ,  is the ion density), and Eq. (2)  reduces to 

P (dvldt)  =- V (p+p,) +eE (12.-ni) . (4) 

Let the period of the sound oscillations be large in com- 
parison with Y; ' and with the relaxation time of the electron 
charge r, = ( 4 ~ ) - '  ( a  is the electrical conductivity of 
the plasma). The charged-particle densities are determined 
by the ion-density balance equation of: 

and by the equation of conservation of electrical current 

Here v, = p i E  is the drift velocity of the ions (pi is their 
mobility), q,f l  is the rate of formation of electron-ion pairs 
per unit volume and per unit time, 0, is the electron-ion 
recombination coefficient. The expression for j, neglecting 
the ion current, has the 

div 7 
ve0-x,e(e, V Inn,) -x,e - 

Y 

where y = E/N, D ,  is the coefficient of transverse diffusion 
of the electrons. The coefficients xi  have the dimension of 
the coefficients of diffusion and describe the effect of the 
nonlocality of the electron distribution function in first or- 
der in the parameter A, /L, which is assumed to be small. 
Here A, is the relaxation length of the electron energy, L is 
the plasma-inhomogeneity characteristic dimension of the 
plasma and is, in sound propagation, of the order of its wave- 
length. The quantities x i  are found from perturbation theory 
in the small parameter A, / L  for the electron distribution 
function, which in this case is equal to 

div 7 
+o.ro)-+ b3(v) (e ,  V ln y ) ] .  

T 

The formulas for the determination of the coefficients 
xi from the functions b, (u) and the equations for b, ( u )  were 
obtained in Ref. 15. 

The nonlocality of the electron energy distribution 
function leads to nonlocality of the quantity 
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div 7 
T.=T..(.I) [ i + r p i ( y )  (e .  v in n.)+rpZ(y) - 

Y 

where 
0 

The addition of the usual electrodynamic equations 

rot E=O, (9) 

d iv  E=4ne (ni-n,)  (10) 

allow us to close the investigated set of equations. 

3. SOUND WAVES IN THE CASE v , ~ ,  4 1 

The obtained set of equations is rather complicated for 
the analysis of sound propagation in the general case. It can 
be simplified in individual specific situations. 

We shall assume the unperturbed weakly ionized gas to 
be homogeneous and quasi-neutral. Transport of perturba- 
tions of the charged-particle density along the electric field is 
possible for two reasons: because of the violation of quasi- 
neutrality and as a result of diffusion currents. The impor- 
tance of either cause is determined by the parameter 
Y, rM .'',IX At Y, rM < 1 ,  diffusion currents become domi- 
nant, while the excitations of the gas can be considered as 
quasi-neutral. If Y, 7, $1, we should neglect diffusion along 
the electric field, but must take into account the violation of 
quasineutrality. 

To  begin, we consider the first case, Y,, r ,  < 1, and set 
n,  = n, = n. We linearize the set of equations ( 1 ), (4)-(6) ,  
( 9 ) ,  and ( 10) with respect to the perturbations ofp,  V , p ,  E, 
ii, 3, y near the stationary homogeneous state. We use the 
standard method of expansion of the excitations in plane 
waves exp( - iwt + ik-r), where the wave vector is real and 
the frequency is complex ( w  = 0 + i r ) .  As a result we ob- 
tain 

m 
-ikqcp, - + icp, -- 

N 

Here c, is the velocity of sound in the non-ionized gas, 
77 = (k-e) / k  is the cosine of the angle between the electric 
field and the direction of propagation of the excitations, 

d l n  T,,  A d l n  u,, 
y v e o  z- r Vco = - 

d l n  y d l n y  ' 

dDT A d l n v ,  
Do=y --- , v, = - 

a Y dln y ' 

In  the derivation of ( 11) is was assumed that u; <c,. In the 
resultant system, we must add two other equations, namely, 

which follow from the definition of y and Eq. (9) .  
In the study of the system of equations ( 1  I ) ,  account 

must be taken of the smallness of the perturbations intro- 
duced into the sound propagation by the ionization of the 
gas: T<R, r < v , ,  and Ic - c,l <c,,, where Y, =B,n is the 
frequency of electron-ion recombination. In the general 
case, the solution of the system ( 11 ) is very complicated. We 
shall consider separately the propagation of the sound trans- 
verse to (7 = 0 )  and along (7  = 1 )  the electric field. For 
simplicity, we set I + ,  I < 1. Account of this term does not lead 
to new qualitative effects, since in most of the cases of practi- 
cal interest, at  effective electron temperatures - 1 eV, we 
have - 0.3 < +, < 02'). 

At 7 = 0, we get 

Here y, is the adiabatic exponent of the neutral gas, 

We have 

(pZk2DT/v,,-  ( k h , )  "I, p-a (v i lco)kht ,ea.  

Therefore, it follows from (12) that the maximum growth 
rate of sound amplification is obtained at  a --,2 and is equal 
to r / R  = p ,  /8y,p. The change in the square of the sound 
velocity is of the same order. If a < 1, then T/R - ape  /p. At 
a 3 1 we have T/R - p ,  / ( a p )  . 

In the case of sound propagation along the electric field 
( 7 = 1 ) and G,, - 1, the maximum value of the modulus of r 
is also observed at a - 1 : 

At G,, > 1, there should be sound amplification, and at 
0, < 1, sound attenuation. If n < 1, then 

In the opposite case ( a  $ 1 ) 
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Irl - - ( P e / P )  max (a-', khu) .  
52 

The sign of r is determined by the magnitudes and signs of 
the electron kinetic coefficients p i ,  DL = D ,  + x,, and 
DE = Do + ~2 + x3. 

An anomalously high value of the modulus of r is ob- 
tained in the case considered if ir, = 0. Then, at a 5 1, 

h 

The condition T,  > 0 is virtually always satisfied. Accord- 
ing to ( 13), an anomalously high attenuation of the sound 
along the electric current should be observed at D ,  > 0, with 
a decrement I r I /fl )p, / p .  If, however, DE < 0, then at 

sound amplification will occur with increment 

In this case, the change in the sound velocity and also its 
dispersion are both anomalously large in the weakly ionized 
gas. 

The value of r falls off with increase of a, as follows 
from ( 13). Moreover, at a )  1, other terms, not taken into 
account in ( 13), become important, terms which lead to ad- 
ditional attenuation. 

4. SOUND WAVES AT v,  T, % 1 

We take into account the violation of quasi-neutrality in 
the perturbations of a weakly ionized gas ( f i ,  #hi  ), neglect- 
ing diffusion along the electric field. In this case, the set of 
equations ( 11 ) is replaced by 

We now consider sound propagation transverse to the 
electric current (7 = 0).  Here the solution of the set ( 15) is 
substantially simplified upon satisfaction of the conditions 

which are valid in cases of practical interest. In this case 

Thus, as in the case v , ~ ,  4 1 analyzed earlier, at 7 = 0 
sound amplification is observed and 

The ratio T/S1 at a - 1 has the same order and 

If the last two conditions are not satisfied, then the value of 
r / R  is even smaller. 

Analysis of the system ( 15) in sound propagation along 
the electric field (7 = 1) and D, - 1 shows that sound am- 
plification is observed here with a growth rate 

r P e  -=- a 

Q 27.p j eo (a2+4)  

if a - 1 and O r ,  U, / c o g  kA, . In the opposite case, sound 
attenuation occurs. 

A special situation arises, as before, if D, = 0. Then 
sound attenuation results with 

r p, eE QzM ( U V ~ / U ~ ~ + Q T M )  
-=--- 
Q 2y,p kTeO ( a v i / v , o + Q z M ) 2 +  ( a Q t M )  ' 

Ifa &Or,  (u, / v i  and a 5 1, then the attenuation is anom- 
alously large: 

The relative change in the square of the sound velocity in the 
gas and also its dispersion both increase in this case. For 
other values of a the attenuation is weaker. 

5. DISCUSSION OF RESULTS 

It was shown above that the friction between the elec- 
trons and the neutral particles leads to sound amplification 
in a direction perpendicular to the electric current, with 
growth rate r / f l  5 p e  /p.  A special situation arises in sound 
propagation along the electric current if D, ~ 0 .  In this case, 
both anomalously large sound amplification is observed (at 
v , ~ ,  < I ) ,  with a growth rate T / O - p , / p k A , ,  and also 
anomalously large attenuation (at v ,  r, 1 ). We shall con- 
sider these phenomena in more detail as applied to specific 
cases. 

The buildup of the sound oscillations in the direction 
perpendicular to the electric current takes place in the fol- 
lowing way. The growth of the density 8 of the medium 
produces an increase in the rate of ionization and, conse- 
quently, in the electron density f i e .  The latter leads to an 
increase in the electron pressure j, . Because of the friction 
between the electrons and the neutral particles, the velocity 

of the gas changes and together with it (because of the 
continuity of the medium) also the value of 8. At frequen- 
cies that are comparable with the frequency of electron-ion 
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recombination (a - 1 ) , the oscillations of Rand  i'z, are shift- 
ed in phase by an amount - 1. This shift leads to sound 
amplification. 

The case v,, < v,  was considered above. It is easy to 
show, in analogous fashion, that sound amplification will 
also take place in the opposite limit, when the energy distri- 
bution of the electrons is Maxwellian. 

The sound-amplification mechanism connected with 
the bulk heat release does not work in a direction perpendic- 
ular to the current. The dissipative processes here lead to 
sound absorption. The decrement T*  of the absorption, pro- 
duced by the viscosity and thermal conductivity, is directly 
proportional to 51,. In most cases, at p = 1 atm, T*/ 
R 2 z 2 .  1 0 1 °  s.*' Under conditions that are favorable to am- 
plification, T / f l  -p, /p.  Therefore, setting as an estimate 
T, /T -  lo2 and fl - lo4 s- ', we obtain from the requirement 
r >  r *  a lower bound for the degree of ionization n /  
N >  2.10WX. Thus, sound amplification in a weakly ionized 
gas in a direction perpendicular to the electric current can be 
observed at a sufficiently high degree of ionization. It is ear- 
lier to obtain amplification at low frequencies. 

Sound amplification along the electric current is ex- 
plained on the basis of the following chain. An increase in the 
density of the medium at sufficiently low frequencies 
(a 5 1) leads to an increase in i . The latter, because of the 
conservation of electric current density (at  v,  r, g 1 ), 
changes the relative electric field y: 

-' n" 
Y IL 

If D, - 1, then the quantities y and n oscillate in coun- 
terphase, since kDE /u, - kA, < 1. Change in y produces os- 
cillations of T ,  and p,. The latter, because of the friction 
between the electrons and the neutral particles, leads to a 
change in V, and consequently to a change in N. Significant 
sound amplification for the stated mechanism does not oc- 
cur here. The situation changes if D, = 0. Then the oscilla- 
tions of y turn out to be shifted relative to n by n-/2 forward 
or backward, depending on the sign of D, . The amplitude of 
the oscillations of y is (kA, ) - - '  times greater than n. If 
DE < 0, then the chain described above produces sound am- 
plification. 

The condition D, = 0 can be satisfied for a number of 
gases and gas mixtures, a list of which is given in Ref. 22. 
This applies, in particular, to CH,, N2:Ar, CO:Ar, 
C0,:Ar,22 HZ:Ar,23 and HCl:Ar.*, Argon can be replaced by 
other inert gases in which there is a Ramsauer effect-kryp- 
ton and xenon. The mechanism of the appearance of regions 
where D,, 5 0, is currently well u n d e r ~ t o o d . ~ . ~ ~  It is particu- 
larly characteristic of a weakly nonequilibrium plasma, in 
which the energy distribution of the electrons differs from 
Maxwellian. For this, in addition to the Ramsauer effect, an 
effective vibrational excitation of molecules by electron im- 
pact is necessary. In the case considered above the main ba- 
sic channel of electron annihilation is the dissociative recom- 
bination. This is usually realized in practice when 0," 5 0. 

Another necessary condition for sound amplification 
along the electric field is the requirement that D, < 0. This 
coefficient is analogous to the thermal diffusion coefficient 
in a gas at weak nonequilibrium, since the value of y deter- 
mines the mean energy of the electrons. Calculations of DE 
for a number of specific gases are given in Refs. 25 and 26. 

FIG. 1. Dependence of u,,, on y = E / N  and the composition of the gas in 
the mixture N,:Ar: 1-6 = 2.10-', 2-10 ', 3-10-4. 

Like the thermal diffusion coefficient, the quantity DE can 
change sign, depending on the collision frequency of the 
electrons with neutral particles. 

In the present work, a calculation was carried out, by 
the method of Refs. 25 and 26, for the determination ofD, in 
N,:Ar mixtures. The energy distribution of electrons in a 
nonequilibrium, weakly inhomogeneous gas was found nu- 
merically from the Boltzmann equation, and the electron 
transport coefficients were determined. We took into ac- 
count elastic scattering of electrons from neutral particles, 
as also their rotational, vibrational, and electronic excita- 
tions, and also ionization. The scattering cross section of 
electrons from Ar atoms and N, molecules was taken to be 
the same as in Ref. 25. It was shown earlier that this choice of 
cross sections allows us to obtain good agreement of the re- 
sults of the calculation in pure gases with the experimental 
data on the drift velocity of electrons, their coefficients of 
transverse and longitudinal diffusion, the reaction rate con- 
stants, and the ionization of neutral particles by electron 
impact. 

Figures 1 and 2 show the dependences of u, and DE on 
y and S (S is the fraction of the molecules of N, in the mix- 
ture) for various N,:Ar mixtures. It is seen that at all points 
where D,, = 0, the condition D, <O is satisfied, i.e., sound 
amplification can be observed. It should be noted that small 
additions of N, in Ar are sufficient for the validity of the 
condition D,,, = 0. Therefore, sound amplification can take 
place even in not very pure Ar  that contains few impurities, 
for example, of air. The latter obviously holds also for Kr  
and Xe. 

FIG. 2. Dependence of ND, on y = E / N  and on the composition of gas in 
the mixture N,:Ar: 1-6 = 2.10p', 2-lo-', 3-lop". 
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The condition v, T ,  < 1, which is necessary for amplifi- 
cation of the sound waves, can be satisfied without difficulty 
in a weakly ionized gas.','X The condition ( 14), which is also 
necessary for sound amplification, can be rewritten in the 
form v i  <A, v,.  Estimates of this inequality for the mixture 
N2:Ar = 2:98, under the assumptions v, -10' cm/s, 
p, = 2 .  l o u 7  cm3/s, gives n/N>2. lop7. Consequently, 
there should be a sufficiently high degree of ionization of the 
gas. The assumption G, = 0 is also satisfied here, since re- 
combination of the electrons in the mixtures N,:Ar is deter- 
mined basically by the ions N:, N,t because of the recharg- 
ing of the ions Ar t  and Ar,+ on the N, molecules. The 
recombination coefficient on nitrogen ions in the region of 
effective electron temperatures considered ( - 1 eV) is prac- 
tically independent of y.27 

Account of Joule heating of the gas does not change 
those results of the present research, which pertain to sound 
amplification in a direction perpendicular to the current. 
Actually, the thermal mechanism of sound amplification 
does not operate in this direction. (An exception is the case 
in which the annihilation of the electrons is determined by 
the dissociative sticking to the moleculex.) In sound propa- 
gation along the current, the traditional thermal mechanism 
of amplification and the method proposed in the present re- 
search operate jointly. Their growth rates are additive. Upon 
satisfaction of the condition 2, <kA, < 1, depending on the 
quantity v, 7, , the mechanism shown above leads either to 
anomalously large amplification or to attenuation of the 
sound along the current. We now compare the effectiveness 
of this mechanism with that of the traditional thermal mech- 
anism. The growth rate of the amplification in the second 
case is of the order ofthe rate of heating ofthe gas at constant 
pressure': 

where 6. is the fraction of the electron energy converted into 
heat. If the V-Trelaxation rate is small, then the value of 6, 
is connected with the excitation of the rotational levels of the 
molecules and with the elastic scattering of the electrons. 
The ratio T/vT is equal to 

We now estimate this quantity, using the results of the calcu- 
lation that we have carried out, for the mixture 
N2:Ar = 2:98. According to the calculation, 2, =O, at 
y~ lo-'' W.cm2, when 6, -0.05, v, ~ 2 . 4 .  106 cm/s, 

u,A, /IDE ( -, 10. Using these data, we obtain T / v ,  -2 .  
Thus, the mechanism of sound amplification along the elec- 
tric field that we considered gives a greater efficiency than 
the traditional mechanism. 
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