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Sound (low frequency) waves in a gas are considered in the case of excitation that selects molecules
with respect to velocity as a result of the Doppler effect. By expanding the solutions of the kinetic
equation into a series in the eigenfunctions of the linearized collision operator, it is shown that the
following events occur in a selectively excited gas: 1) the velocity of ordinary (longitudinal) sound
depends on the direction of the sound with respect to the laser beam; 2) two new types of waves
exist which, for small angles between the sound wave vector and the direction of the laser beam
are a) thermal sound, in which temperature and gas density oscillations occur, and b) transverse
sound, in which oscillations of the macroscopic gas velocity occur in a direction perpendicular to
the wave vector of the sound. A gasdynamic theory of these processes is developed which yields
the same results as the kinetic approach. The anisotropic corrections to the velocity of ordinary
sound and the velocities and properties of the new types of waves depend on the frequency and
intensity of the laser radiation and the properties of the excited gas. They may be as great as
several millimeters per second. An experiment is proposed for observation of the anisotropic
character of the correction to the velocity of ordinary sound.

1. The beginning of a systematic investigation of kinetic
processes in a gas in the case of velocity-selective excitation
was put forward in Refs. 1 and 2. Such excitation takes place
when, on account of the Doppler effect, only atoms (or mole-
cules) having certain projections of the velocity along the
direction of a laser beam interact efficiently with the laser
radiation.

According to Ref. 3, the kinetic equation for a selective-
ly excited gas can be written in the form

of Gl

f
+ —_ 3
T v—ar = “ d*v, &*Qo (w, cos )

Xwlf'f/ (1+E()) (1+E(V))
—ff(1+E(v)) (1+E(vi)) ], (1)

under certain conditions. Here f(¢, v, r) is the distribution
function, summed over the internal states of the atoms,
® = |v —v,|; o(w, cos @) is the differential scattering cross
section of atoms in the ground state; f'=f (v, r), fi=f (v}, I);
the velocities v’ and v; are expressed in terms of the velocities
vand v,, and also the scattering angle is given on the basis of
the usual conservation laws for elastic collisions.

The factors [1 + £ (v)] describe the selective interaction
and distinguish Eq. (1) from the ordinary Boltzmann equa-
tion. For a two-level model of an atom in the case of weak
excitation, we have the functions

E(v) =2, (v),
Oo
where 0, is the elastic scattering cross section of the excited
atom by an unexcited atom, o, is the elastic scattering cross
section of two unexcited atoms, and 7, is the population of
the upper level at the point v of velocity space. When the
characteristic time of the radiation process is much smaller
than the characteristic time for gaskinetic processes,
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where T is the radiation halfwidth of the absorption reso-
nance line, ¢ is the velocity of light, 1is a unit vector along the
laser beam, Q = w;, — w,, — is the difference between the
frequency of the laser radiation w and the frequency of the
resonance transition w,,, and #,,, is the maximum popula-
tion of the upper level. We emphasize that the dependence of
£ (v) on v reduces to a dependence on v - 1 and we introduce
the notation § (v) = £ (vl)=¢£ (v ) where vI =y .

The stationary distribution function of the gas, which is
described by Eq. (1), and which has the macroscopic velocity
V, number density 7, and the mean kinetic energy density
(3/2)n,T,, has the form®:

m ) % 44+pe (To, V)
ol 1+ (V1)

Xexp{——m (v—=V—u,(T,, V) le)z}, (2)
2T
where

r=1{ 1~ Lo (T V) - (T, V) 1},

f(vlnfO’ T07V)=n0(

1 ( m )(h+i)/2
T V)= — (2
o V)= G0w\ 7,

2
Xj exp( —";?'0 ) v*g (v +V1) dvy.
We assume |£ (v )| <1, |ux | <1. For the calculations that fol-
low, we shall use a dimensionless velocity for the atoms,
u = v/v,, where v, = (T /m)"’?, and we shall normalize the
distribution function accordingly. The coefficients u, , writ-
ten down without their arguments, will be assumed in what
follows to be calculated at the value V = 0. Further, we shall
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need u, with k = 0 — 5. We note that the theory developed
below is valid for any relation between the Doppler and ho-
mogeneous broadening of the absorption lines. In the parti-
cular case in which the homogeneous broadening is much
smaller than the Doppler,

e (To, V) = (0,= V) (m/To) "o (T, V),

where the resonance velocity of the absorption is v, = Q_/
;.

2. We now investigate the sound oscillations in a gas
described by Equation (1) with the stationary distribution
function (2). Applying standard techniques (Refs. 4 and §),
we linearize Eq. (1) and seek a distribution function in the
form

f=f(u,n07 TOv O) [1+g(u1 r, t)]v
For the function g, which contains only terms of first order
in u,; and &, we get from (1)

og
at

lgl<1.

% o 2 [ttt )1 200 H2 ), 0
where the operators z o and 87 o have the form
Po(8)=vono (2m) " ” d’u, Qe (w, cos 0)
Xe™*[g'+g,'—g—gl,
5% (8) =vrno(2m) ™ jjdau, d*Qua (w, cos )

Xe=**u, (ul) [g'+g,"—g—g:].

In the derivation of (3), it is important to note that the factors
containing (1 + £) vanish under the integral sign.

We seek a solution of (3) in the form gu,r,¢)
= exp( — iwt + ikr)p (u), where @ is the sound frequency
and k is the wave vector. For the function ¢ (#) we have the
equation

—iog(u)=0 (¢ (u))

=[(1+po+E (1)) L +H6L —ivkulg(u), (4)

ie., @ (u)and — iw are the eigenfunction and the eigenvalue
of the operator O which appears on the right side of (4). We
represent O in the form

O0=2L,+8+V, S=—iviku, PV=(p,+E(n,))L,+0L.
The operator } V governs the selective excitation of the gas.
The operator S has the same form as in the ordinary kinetic
theory of sound. The operator .? is also the ordinary linear-
ized Boltzmann collision operator. We define a Hilbert space
through the scalar product

Hlgo= | druery (wygw),

containing the weight e ~*”, which is identical with the ex-
ponent found in the kernel of the operator .2’ Then the
operator Ko o will be Hermitian in this space, which makes it
possible to apply standard stationary perturbation theory
(see, for example, Ref. 6). Here we need to take it into ac-
count that the operator S is anti-Hermitian, while the opera-
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tor ¥is non-Hermitian. The opera/t\or:S\' must beregarded asa
small increment to the operator ., since oscillations with
the wave vector k<1/4, where 4 is the free path length, are
studied. The gperator ¥ is also to be regarded as a small
correction to ., (which is always valid when the intensity of
the exciting radiation is low), vg\hile we shall be interested in
effects which are first order in V.

Let ¢, be the eigenfunctions and 4 e the corresponding
eigenvalues of the operator .% . Because .£ ,is Hermitian, it
generates a complete orthogonal set {@,]}. As is well
known,*? the operator f has the fivefold degenerate eigen-
valued,°=0(a=1— 5) all the other eigenvalues are real
and negative and have (for the case of stiff potentials) a value
of the order of 1/7 or greater, where 7 is the time of free
flight.” The excited eigenvalues of the operator O corre-
sponding to them also have negative real parts of the order of
1/7 and therefore the solutions corresponding to them are
damped out within times of the order of 7.

3. We are interested in sound with frequencies w€1/7.
Therefore, we shall consider only the eigenfunctions or
modes corresponding to the eigenvalues of the operator O,
into which the fivefold degenerate zeroth eigenvalue of the
operator .Z , transforms under the perturbation. We choose
a set of coordinates such that the sound wave vector k has the
coordinates (k, 0, 0), while the unit vector 1 in the radiation
propagation direction vector has the coordinates (cos 3,
sin 3, 0); it is clear that Bis the angle between the sound wave
vector and the direction of the radiation.

As the first five unperturbed eigenfunctions of the oper-
ator we choose the following orthonormal set:

1 u?
(pl,2= 2_./7 (:tux+ W) 9

2 2 5 2
P3,5=Uy, Uz, Q= (?) (?'—‘%—) . (5)
The functions ¢, — @, correspond to five gasdynamic modes

in a dissipationless monatomic gas. The functions ¢ , , de-
scribe sound propagation along the x axis in the positive (¢,)
and negative (p,) directions. The functions ¢; — @ describe
the stationary distribution of the y- and z-components of the
velocity of the gas (¢;) and (@) and its temperature (@,) along
the z axis. To find the correct eigenfunctions of the zeroth
approximation and the eigenvalues to first order in the per-
turbing operator S + V, weshould solvethe secular equation

det [Kus—AD8,5] =0,  Kog=<qa|S+V|@s>.

It is easy to see that the matrix K,z has only two nonzero
elements: K, and K,,. Therefore ¢, and @, are thecor-
rect functions of the zeroth approximation in §' + V; we use
the notation ¢, = @, , ¢, = @, . The corresponding eigen-
values are

Asy, s2=Ky1, Kpn=F (*ls) #ikvr. (6)

We note that in this approximation, the degeneracy ¢; — @5
is not removed and the specifics of selective excitation are
not affected.

According to perturbation thegry, the correction from
the second-order approximation in.S' + ¥ to the eigenvalue
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for the acoustic modes is equal to

AS‘:, =K;rz ((Z= 1_2) ’ (7)
I Lentsst ol
Koy'== £ 54| $1V | @<qs| 847 | o).
i>s M

Although @; with j =S5 enters into the determination of
K ., the explicit form of @ ; is not needed for further calcu-
lations.

In second order, the degeneracy of @, — @ is removed
and the correct eigenfunctions are the superpositions
C3p3 + C4p4 + cs@s. The corresponding eigenvalue in the
second approximation is the root of the secular equation

det (Kap,—}vaap) =0 (a, [5=3'_5) . (8)

The coefficients ¢, of the superposition (@ = 3-5) are the
solutions of the set

Z K. cs=MAca (a=3-H). 9)

p=3

Taking account of the explicit form of the operators Vand §,
we have

1
Kag'=vT2k22 < a | 12| @7 < | =] o>

ji>5 ™M

1 ~
+ivok ZF(mal 8L | ;< 5| x| >

i>5

sk Yy <@al§ () |0 <] sl 99>. (10)

>5

The first term in (10), which is connected with dissipative
processes, can be neglected under the condition that
|kvr7|<€|1ol or |KA |€|po|. The second and third terms in
(10) describe the effect of the excitation of the gas on the
dispersion relations for the first five modes.

To calculate the second term in (10), we note that, to
first order in u,

; "2 (22) 129
53’(%‘)—}111 Z, '5; Aj du (11)
Therefore,
|
0 0 0

0 (3 —ps)cosBsintp !

1
0 —— (1o — 4u2 -+ p4) cos PsinP

T,
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1 -
ivrkzﬁ—((pal 8L | ;> <@;| u=| s>

j>5 9

) ]
=—zvrkuilz <(P¢l‘é;|(P5><(Pfluz|(Pa>

i>5

5
, 9 9
=wkap,,l{ <(P‘a.l£ U | @g> — ,..2, <(palal-|¢1><¢1|ux|%>}

d
=—ivrkp, cos Pbas—ivrkp,l { {Qu| e | s>

0
—<‘Pa|uxl(Ps><‘Pa|5;|q’a>

ad
=—ivrkp, cos ﬁﬁag—ivrkualﬁpalml%)

X {4 Qa | s ] Pad —{p| us | @pd } =—ivrkpicos BOas  (12)

(for (a, B) = (1, 1), (2, 2) and for a, B = 3-5). The origin of
the matrix elements (12) is associated with the shift of the
argument of the exponential of the stationary distribution
function (2). For the third term in (10), we have

ivrk Z<(P'a|§(u1|) [ 5 <qs] uxlcpﬁ>=iv7k{ {Qa | & (uy) us| @p>

i>5

e
— X 8 ) |93 <r el 0 } =ork<gu | € (w) el 00

=1

< @a | & (uy) | @ud <@ | —ivrku| @e>=ivrk<a| & (uy) | @s?
+15 Cpa | & () | @p>. (13)

The calculation of the matrix elements according to Eq. (13)
is conveniently carried out in the coordinate frame in which
k = (kcos B, ksinf3,0)and 1= (1,0, 0).

By calculating the matrix elements K /; from Egs. (10—
13), for the longitudinal acoustic modes from (6), (7), we ob-
tain the dispersion relations (the upper sign corresponds to
the S 1 mode the lower to the S 2 mode)

5 ' 1
©Os1,5:=kvr {:}:(—?;-) [ 1+3—0(_H0—2H2+M4)]
+1 (—3ps+6ps—ps) cos p
30 M1 TOUs— s
1(5\" 1 .
i—‘(—s) (3uo+3uz—2w.)coszﬁ+7(3u,_u3)005[5 .

10
(14)

To find the coefficients of the second-order superpositions,
we obtain the system

—_— —4 2 4 i ‘s ‘s
s (9315

1
70 (— 311 + Bytg — ps) cos B
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The values A are found from the secular equation corre-
sponding to (15). We use for its roots the designationsA4,, 4,,,
A » the meaning of which is made clear in the discussion of
the results. Solving the secular equation, we find

A.=0, Ain,p=—1kvr

002513{ (3ni—ps)sin® B

1
+ 16‘(_3”1'*'6“3_“5) =+ [( (3pi—ps) sin® B
1 z 92 A
_E(_3M1+6H3—M5)) +?~(uo—4uz+m)zsinzﬁ] } .(16)

For A, the eigenfunction ¢, is equal to ¢, = ¢s. For4,, and
A.,, the eigenfunctions, which we denote by ¢,, and ¢,,, are
superpositions of ¢, and @, in the general case.

In the special case of small angles £,

ikv
An= — 10T (=3mt6ps—ps), Pu~qu,
ikv (mo—4patpa)® .
e~ =% 1,2 —2 BT T, gy
¢ ) Mi—<s R — sin*f, Q,~@

The dispersion relations corresponding to the ¢4, tr, and z
modes have the form

'—imth, tr, z(k) =}\th, tr, z (k). (18)

4. We now discuss the results obtained. We recall that
the sound is propagated parallel to the x axis; the direction of
the laser beam lies in the (x, y) plane; S is the angle between
this direction and the x axis. We consider the S'1 and S2
modes, which correspond to ordinary sound in the unper-
turbed gas;.S' 1 corresponds to sound propagation in the posi-
tive x direction, S 2, to the negative. In our case, the sound
velocity s, = |Sw,, /6k | depends on the angle S while,
g (B =0) =, (B =) as it should. Let 8 =0, i.e., the la-
ser radiation propagates in the positive x direction. The
sound velocity s, in the direction of the laser beam is differ-
ent from the sound velocity s, propagating in the opposite
direction. The velocity difference is equal to

As=s,—8,="/ 150z (42ps—s—ps). (19)

The excitation of the gas in the considered approximation
has no effect on the dispersion relation for the mode with
a = 5(modez), which corresponds to macroscopic motion of
the gas along the z axis.

The oscillations in the two remaining, weakly attenuat-
ed modes 4 and tr in the excited gas (in the general case) are
superpositions of the oscillations of modes @5 and @, of the
unperturbed gas, i.e., oscillations of the temperature and the
transverse velocity v, . However, in contrast with the unper-
turbed gas, the modes ¢,;, and @,, in the excited gas are not
stationary distributions, but traveling transverse-thermal
waves with velocitys,, ,, = id,, ,,/k. Wenote thatat <1, it
follows from (17) that the mode ¢4 is a thermal traveling
wave, in which oscillations of the temperature and density,
respectively, of the gas take place; the mode tr is a transverse
traveling wave, in which oscillations of the y component of
the macroscopic velocity of the gas principally occur.

Thus, the presence of velocity-selective excitation in a
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gas causes the velocity of ordinary (i.e., longitudinal) sound
to depend on the direction of its propagation and gives rise to
the appearance of two new types of traveling waves (modes
th and tr), which can be called, respectively, the first and
second branches of transverse-thermal sound. Both the an-
isotropic increments to the velocity of ordinary sound and
the velocity of the new waves are of order xv (o, — 0¢)/0,
where x is the fraction of the excited atoms in the gas. For the
gas we can use, e.g., neon, on which experiments on velocity-
selective excitation have been carried out.® Taking the realis-
tic values (o, — 0o)/0,~10~" and x ~ 10~ * as estimates, we
obtain a velocity on the order of 1075 v, i.e., several milli-
meters per second. The condition that the damping of the
new types of waves be weak is given by the relation
|Thkvr | €x(o, — 04)/0,, Which ensures the smallness of the
first term in (10). Taking as an estimate 7~ 10~? s, which is
valid for a gas at room temperature and pressure on the order
of 100 Torr, we obtain k<0.3 cm™~'. This means that obser-
vation of a wave with wavelength of order 10 cm and more is
possible.

Corrections to the velocity of the longitudinal wave can
be observed, for example, in the following experiment. Let a
standing wave be generated in a cavity, with a frequency
that is the same as one of the eigenfrequencies of the resona-
tor. The gas is excited by laser radiation, directed parallel to
the standing wave. Under the action of the radiation, the
length of a sound wave of fixed frequency  begins to depend
on the direction of sound propagation; the resonance condi-
tions for the sound in the cavity worsen and the amplitude of
the standing wave decreases. It is significant that this de-
crease cannot be removed by changing the frequency o, since
under the action of the radiation, the effective Q of the cavity
decreases. Thus, we can quickly [within the time needed to
establish the stationary distribution function (2)] switch the
effective Q of the cavity.

APPENDIX

We have used the kinetic approach above. We now ob-
tain and investigate the equations of gasdynamics for a selec-
tively excited gas. Applying the operators

mjdsv, mjvdsv, mj—;idxv

to Eq. (1), and using only the fact that the collision integral
on the right side of (1) conserves the number of particles,
momentum and energy, we obtain the equations of gasdyna-
mics in the form of the conservation laws

dp d
—+—(pV,) =
ot oz, PVH=0 (A1)
0 2
0— (pVi) +— (prVk'*"Thh) =0, (AZ)
t oz,
6( v 1 )
—\o—+—
Gr\Pg TS
i) [ ( pV? 1 ]_
+?2:; Vk 2 +‘2—Spﬂ;) +nMV[+qh ——-O, (A3)

where p = nm is the density of the gas, m is the mass of the

E. E. Zudin and V. N. Sazonov 956



atom; the gasdynamic velocity V, the pressure tensor 7; and
the additional (uncorrected) energy flux q that arise in the
derivation of the set (A 1)—(A3) are determined by the formu-
las

Vi={<vi/n>,
ﬂik=<m(Uf—Vi) (Uh._Vh) >, (A4)
qg:= < 'i;l‘ (vi_Vi) (Ut—Vz)2 >,
(.= jdﬂvf(v) (... (AS)

The set (A1)—(A3) consists of five equations and permits
formulation of the problem with initial conditions for V, p
and some other scalar quantity, for which we choose the
pressure p, equal, by definition, to (1/3)Tr7. We shall con-
sider gasdynamics as a theory of the field having the five
components p, V, p. For this purpose, we close the system
(A1)—~(A3),i.e., we express 7 and g; in terms of p, V, p. The
ordinary equations of gasdynamics (without account of dis-
sipative processes) are obtained if we postulate the Pascal’s
law and the absence of additional energy flux:

1 =pOu, q:=0. (A6)

We note that (A6) is obtained if we take f(v,
V) = fi (v — V), where f,, is the equilibrium Maxwell func-
tion. In our case, however, f'is not a displaced Maxwellian,
since there is still another vector in the problem—the wave
vector of the radiation, k;. The function / depends on k, by
virtue of the Doppler effect. Hence f(v, V, k;) =f(v, V,
c|k;| — k;v), where c|k; | — k; v is the radiation frequency in
the system of an atom having a velocity v (we assume v<c).
We shall denote by a prime those quantities measured by an
observer having the velocity w relative to the laboratory sys-
tem. It is necessary that

POV elk! | =kV)=f(v, V, clki|—kv)

in the case

V=v—w, V'=V—w, c|k/|—k/v'=c|k,|—kv.

The function

f(V, V1 kl) =f(V—V, clk’l_klv7 kl/lkll) (A7)

satisfies this requirement. Substituting (A7) in (A4), and
(A5), we find that 7, and g; can be represented in the form

ﬂithaik_l_a(lilh_t/saih) y  g=ql; (A8)

where I, = k; /k. We have introduced two new functions, a
and g, which depend onp, pand | =V - 1, the projection of
the velocity V in the / direction:

ll==d(*p, p1“V|1)a Q4=_q (‘95 P Vll) .

We emphasize that there is no justification for neglecting the
dependence of @ and g on any of the variables. Aside from the
dependence explicitly indicated, @ and g the functions natu-
rally depend on the intensity of the scattering radiation, and
vanish when there is no radiation. Thus, as has already been
pointed out in Ref. 3, an additional energy flux (the function
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g) and anisotropic pressure tensor (the function a) arise in a
selectively excited gas.”

Taking account of (A8), the set (A1)-(A3) become closed;
here a and g must be regarded as known functions of their
arguments.

We emphasize that in the derivation of (A1)—(A3), (A8),
we have not used all the specifics of Eq. (1), but have used
only the conservation laws and the symmetry of the prob-
lem. If the equilibrium distribution function f has the form
(2), which takes into account the specifics of Eq. (1) in full
measure, then g and q are expressed in terms of their param-
eters as follows:

m m
a=P[M0( l’ Vn) —Ue (_p_’ Vu)] )
Y Y
32 mp m
i Lo (7272 o (72 7)]
Y Y

Using the set (A1)-(A3), (A8), we can investigate the
various modes of sound oscillations within the framework of
gasdynamics. Taking account of (A9), the set (A1)-(A3),
(A8), after linearization near the values p,, po, Vo = 0, we get
the same results (14), (16) for sound as in the kinetic ap-
proach. Here the velocity of ordinary sound s turns out to be
equal to s = (5 po/3p0)"/? (ux — 0), as it should.

The possible types of sound oscillations in a selectively
excited gas have been investigated in the work of Ref. 10 on
the basis of the various gasdynamic relations written there.
Assumptions are made in implicit form in Ref. 10 which, in
our notation, take the form

(A9)

(A10)

a’=0$ Q(pa 12 VII)ZQ(p5 p)

Making the additional assumptions (A 10), we can obtain all
the results of Ref. 10 from the set (A1)—(A3) for a selectively
excited gas that is homogeneous in composition, including
the presence of a new type of oscillation—thermal sound,
whose velocity is found to be proportional to cos 3.

However, the assumptions (A 10) contradict the kinetic
approach and the systematic gasdynamic theory based on it
which, in addition to other waves reveal the presence of two
new types of oscillations—thermal sound and transverse
sound, the velocity of which is a complicated function of 8
[see (16), (18)]. In spite of this, the work of Ref. 10 has value
as the first indication that the sound oscillations in a selec-
tively excited gas do not reduce to ordinary sound.

The authors thank Ya. N. Isotomin, K. P. Zybin and
other workers in the seminar of V. L. Ginzburg for discus-
sions and also for reviewing the work of Ref. 10.

DThe dependence of @ and p on the intensity of the radiation can be used
for efficient generation of sound.’
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