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We examine a one-component gas in resonant interaction with an electromagnetic
wave, taking into account the change in the collision cross section of the particles
when one of them is excited. We show that a gas can be cooled by light-stimulated
energy exchange between the gas and a thermostat. We also predict that a
hydrodynamic gas flow will be established under the action of the radiation.

PACS numbers: 51.10. + vy, 51.70. + f

In this letter we examine the behavior of a one-component gas whose particles
interact resonantly with an electromagnetic plane wave whose frequency satisfies the
condition | — @,,| S kv, where w,, is the frequency of a transition from the ground

state, k = w/c, and v; = /2T /M . The essential features are the velocity-selective
excitation of the particles and the change in the collision cross section when one of the
colliding particles is excited. The present interest in the effects which arise under these
conditions was stimulated by Ref. 1. It is shown that a non-Maxwellian distribution is
established and, as a result, there is a flow of kinetic energy and momentum in the gas.

We shall seek the velocity distribution of the particles f(v) as a steady-state solu-
tion of the Boltzmann equation in the weak-nonequilibrium approximation:

fv) =f (V) +:8f(v) = f(1+X(Vv)), (1)

where f(v) is the local-equilibrium Maxwell distribution. The correction §f should
satisfy the normalization conditions:?

Bf = [dP0f =0; eof =0; vof=0; (¢ =Mv2/2). )

Let £,(v) and f,(v) be the distributions of excited and unexcited particles, respectively.
The condition of weak nonequilibrium is

f, <<fy. (3)
We introduce the probability of population of the upper level, p,,(v):

f,(0) =p,, 15 0 =(1-p,, (M)W, (4)

By virtue of condition (3}, p,. is defined as a functional of the equilibrium distribution
Jo(v) and does not depend on the nonequilibrium correction §f. We write the collision
term in the form
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St (f) =.fd3vldQ [v -0, [{o{Q) (fl(vl")fl(v'-) ~fy (V)fl(Vl) )

0 (O 0 + v V) — L) v ~f (0 fi(v))) ] (5)

Substituting Eqs. (1) and (4) into Eq. (5) and linearizing with respect to y (v), we obtain
the equation

St(f)=.fd3vldﬂ'l v-vilf WLV e(D) [alv)) 4:2(v?) —alw ~alv)]=0;

A
d(v) =x(v) + ki Pya{l+X(W; Ao=0, -0 (6)
o

We seek a solution of this equation in the model of ‘“‘similar cross sections”:
Ue(ﬂ’vrel)

0'(.0,1),61 )
in the center-of-momentum system. The solution is of the form?

= const., where £2 and v, are the scattering angle and speed of the particles

a{v) =4 +:Be + C(kv); (7)
Ac
-:—a—'P“(V) A+ Be.+.Ckv)
X(v) = + : (7a)
Ao Ao
1+ —p, 1+ — 4
+ > P22(V) + o Py 2(V)

The constants 4, B, and C are found from conditions {2). Taking for p,,(v} the Lorent-
zian shape:®

11 Y
S w —w,, ~kv) 2, ‘y§<l +7—)
S
we obtain
1 Ao I "
X(V) = mime — — +. A+ .Be + C(kv).
2 o Is 9 9 U‘e +.7 !
(@ @y, —kV)? +y5(1 + 5 7
o s
9

{In the second term on the right-hand side of Eq. {7a) the denominator can be consid-
ered approximately equal to unity). The velocity distribution in the case of a narrow

172
line -2 (i) <1, is shown in Fig. 1.

kv,

5
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FIG. 1. Total velocity distribution of the particles.
The radiation is propagating along the x axis; the ve-
locity components v, and v, are arbitrary. It was as-
sumed that ¢, > o.
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The “burning of a hole” through the total distribution of particles leads to addi-
tional clearing up of the transition. Defining an absorption coefficient I" in accordance
with Ref. 3, we obtain:

dl kmyl 3 unsat
N =-—, = fpy V) f(VdPv= (10)
dx 1 c,+.0 ) y
1y ——— _\%
20 Is)

where 7, is the rate of longitudinal relaxation.

We now examine the photo-induced thermoeffect, which lies in the fact that the
establishment of a nonequilibrium distribution causes a flow of kinetic energy in the
direction of propagation of the electromagnetic wave. Using Eqgs. (1), (9), and (10), we
obtain

3 Ao uw(T-:T,) Mu?
q= fevdfdiy = — — ——=TI; T, = — (11)
2 o fey 3
Here u is the resonant velocity, u||k, u, = L= %, u,=u, =0.
k

This leads to a “slow” (by virtue of restriction (3) redistribution of the thermal energy
over the volume occupied by the gas. The steady-state temperature distribution over
the volume satisfies the equation

div(gq -«xvT) =10, (12)

in addition to the conditions of uniform pressure and conservation of total number of
particles

T 3
[ (1 r po
nT =-p =-const, fﬁ?) —7 —~7 ’
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FIG. 2. Scheme for cooling the gas. End 1
is held at a constant temperature T,; the
other end and the sides are thermally insu-
lated. All of the walls are optically trans-
parent. I (0} is the intensity of the incident
radiation.
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and also the boundary conditions. Here 7, and p, are the initial temperature and
pressure.

This effect can be used to cool the gas if one of the sides of the vessel containing it
is brought into contact with a thermostat (Fig. 2). Equation (12) assumes the form

ar 1 dl 3 A w| 7(0
P VLSNP W SN A LIL AU
dx ¢ 1(0) dx 2 o 7{(1)}’11(

Assuming for the sake of simplicity that the thermal conductivity « is constant, we
obtain:

(
Te) =T, +AT —.T oxpd-Ac 1) L (13
1(0)

The change in temperature will be appreciable under the condition AI'L % 1, where L
is the length of the vessel. This condition can be written in the form

L>1;, o, = ;K o~
. I ¢ 215 o

Az ao: !uf<l(l]) % hwy, vr

ag {T‘e + g UTD

Here o, is the cross section for the absorption of radiation by a single particle in
. . o . .\ T{0)\12
resonance.” The optimum intensity is determined by the condition (—I(—)—> —]g’—2~ ~1,
s Ur,
since for larger values of I (0) the excitation is no longer velocity selective. Thus, under
the conditions 40/0, ~l,0~0,, and I, L~1, one can choose |u|~y,/k, which
corresponds to a maximum attainable temperature of

Vs

Tu ~Mu? ~ Mc?
m w
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Taking Mc*~ 1—10 GeV, y,~ 10® sec™', and @ ~ 10" sec™!, we obtain
Tim ~ 0.1-1 K. Equilibrium is established in a time of the order of

_CLIT-Tin_ L [y, 1
la(THl sl ‘L([) vaJ '

Another manifestation of the nonequilibrium situation brought about by the radi-
ation is the “photo-induced viscosity” effect, which arises in the presence of a light-
intensity gradient perpendicular to the direction of k. If the average velocity of the
excited particles is nonzero, the transport of particles in the direction of the gradient
gives rise to a force which shifts layers of the gas with different light intensities relative
to one another. This force arises owing to the different mean free paths of the excited
and unexcited particles. This leads to the establishment of a steady-state hydrodynam-
ic flow of the gas. In a closed volume this motion will be a closed circulation, and the
total momentum of the gas will remain zero. To obtain the viscous stress tensor ¢’ 4,
one must formally take into account terms in p,, that are due to the transport of
particles. Assuming for simplicity that the conditions 7 /I, <1;y,/kv <1;y,7,>1 hold
(7, is the average the time between collisions), we obtain

P 2(V' -='-'P(2°2) -':}"1-1 (vv )P(zoz) ’

where pY) is given by expression (8). Evaluating the nonequilibrium correction accord-
ing to Eq. (7a) in the approximation ¥, 'v;|VI |/, we obtain

Lov v
; a0t 0

g - ’
dy xz dz Yz

OC:‘B =~_:Alfvay'8f(v)d3v’, O';y =~

r -] Aa‘ . ~ 1 ( ) 3 F
Ui .=»}/1 p—a"_'y V=,_;fvxp2°2(v)f°(v}d U:-u-ﬁw

"nne

Under conditions of axial symmetry the Navier-Stokes equation is of the form

+ = — — P m— e | —— Ve —— el
gt x p Ox r dr dr * l/r or (rar )

Here v' = 7'/p, and v is the usual kinematic viscosity. Neglecting any inhomogeneity
of the pressure, we obtain

V.(r) -2 V(r) +.a. (14)

The constant a is determined from the condition
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fp-Vx(r)rdr =0.

The result (14) can be compared with the speed due to radiation pressure, namely ¥V, ,
~ Tl /en M:

V, Ao Mlulc

if Ao ~ o, y,7; ~ 1. Thus the effect can be useful for measuring and controlling the
degree of selectivity of the excitation of particles of a gas through the Doppler effect.
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