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Abstract. Heat and mass transfer processes of a one-component gas in a capillary due to the resonant interaction of mole-
cules with optical radiation are studied. The theory is based on the solution of linearized kinetic models at arbitrary
Knudsen numbers. Two mechanisms of transport phenomena are considered. The surface light-induced drift and heat flux
are caused by the difference in the accommodation coefficients for excited and ground state molecules. The so-called
bulk mechanism of light-induced heat and mass transfer are caused by the difference in the kinetic cross sections for the
excited and unexcited molecules. Kinetic coefficients characterizing these phenomena are calculated depending on Knud-
sen numbers and the detuning of radiation frequency from the center of the absorption line. The comparison between the
theory and experiment is performed.

INTRODUCTION

For the first time the phenomenon of light-induced drift (LID) in infinite gas was predicted in [1]. The velocity-
selective excitation of the gas molecules by resonant optical radiation can cause drift of the gas (LID) and heat flux
(light-induced heat flux, LIHF). The LID takes place only in gaseous mixture with a buffer-gas, whereas the LIHF is
possible in a one-component gas. But a boundary surface can play the role of a buffer-gas, which reflects excited and
unexcited molecules in different ways.

The theory of LID of a one-component gas in a capillary is developed for a free-molecular regime in Ref. [2].
The surface LID due to the difference in the accommodation coefficients of excited and unexcited molecules was
predicted in this work. The so-called collision LID of a one-component gas takes place in the vicinity of the bound-
ary surface [3]. This mechanism is caused by the difference in the kinetic cross sections of the molecules in the ex-
cited and ground states.

The moment-integral method for solution of the kinetic model equation at arbitrary Knudsen number (Kn) was
used in [4]. A discrete ordinate technique was applied in [5] for calculation of the LID velocity depending on the Kn
number. In both works [4, 5] the second-order model of the linearized collision integral was used. This approxima-
tion to the Boltzmann equation gives an incorrect Prandtl number.

In this paper the LID and LIHF in a capillary are calculated at arbitrary Kn numbers. The third-order McCor-
mack model [6] for gaseous mixture is solved by the moment-integral method. The kinetic equation gives correct
Prandtl number and accurately describes velocities of species, stress and partial heat fluxes in a gaseous mixture.

STATEMENT OF THE PROBLEM

Consider a one-component gas confined in cylindrical capillary of radius ry. A traveling light wave propagates
along the channel axis (the z-axis). We assume that particles absorb radiation in the electronic or vibrational-
rotational transitions from the ground state “n” to the excited state “m”. The radiation frequency o is slightly de-
tuned from the center of the absorption line @, i.e. Q=O-O, , (| Q | << ©,On,)-

Due to the Doppler effect, the radiation is absorbed selectively by molecules that have velocities around
v,0=Q/k, where k is the magnitude of the wave-vector and v, the light-selected velocity component along the propa-
gation direction of the light. Molecules that have absorbed radiation change the kinetic cross-section and accommo-



dation coefficient. Thus, the gas can be interpreted as a binary mixture consisting of the excited and nonexcited
components. The excited and unexcited molecules have equal masses m, but the effective diameter of molecules in

the ground-state, G, differs from that in the excited state, G, . Stimulated transitions and radiative decay of the

excited levels lead to the exchange of molecules between excited and non-excited components.

Resonant radiation disturbs the equilibrium in the gas. In the case of finite detuning Q # 0 this stimulates the drift
of the light-absorbing gas (LID) and heat flux (LIHF) in parallel to the wave-vector direction [1].

We use two-level approximation for the molecules. In the stationary case, the non-equilibrium state of the gas

can be described by the distribution functions for the excited, fm , and unexcited, fn , molecules. These functions
satisfy the following kinetic equations [7]
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where I is the rate of radiative decay of the excited level, I"is the homogeneous half-width of the absorption line,

x(V) =

% (V) is the absorption probability per unit time for molecules with given velocity V, dmn is the dipole matrix

element of m-n transition, E is the amplitude of the electrical field in the light wave, G is the Rabi frequency,

71 is the Planck constant, and S; is the Boltzmann collision integral for molecules of the i-th species.
The boundary conditions associated with Eqs. (1) are defined by the distribution functions f; for molecules re-
flected from the capillary surface. We assume that the interaction of molecules of i-th species with the surface can be

described by Maxwell model. Neglecting the inelastic collisions of the molecules with the wall, one gets the bound-
ary conditions in the following form
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where € is the fraction of molecules of the i-th species which are reflected diffusely, N is the inner normal to the

capillary surface, N, is the number density of diffusely emitted particles, kb is the Boltzmann constant, T is the gas

temperature; the superscripts “+” and “-* label respectively reflected and incident on surface particles.
Molar flow of the gas and heat flux averaged over the capillary cross section are determined by the following ex-
pressions
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We examine the case of small values of % (V) that is quite typical for vibrational-rotational transitions and also

for electronic transitions at low radiation intensity. In this case the gas is quite near the equilibrium and, thus, the
distribution functions can be written in the form of the perturbed Maxwellian distributions
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where hi is the correction to the Maxwell distribution function for i-th component, n; is the equilibrium number

density of molecules of i-th species.
Further simplification is obtained by assuming that the molecular collisions are elastic, and their frequencies,

Yi =7Yu + 7Yy (Lj=m, n; vy is the effective collision frequency between the molecules of the 1-th and j-th spe-

cies), are much larger than the radiative decay constant I, ie., I, =1 / Y << 1. We assume in addition that
the radiation intensity is uniform over the capillary cross section.

Under the above assumptions, the kinetic equations (1) are linearized with respect to the values h, and T ..

Since only elastic collisions between molecules are considered, we can use the linearized collision integral of
third order developed by McCormack [6] for gaseous mixture.

The linearized expressions (3) for the mass flow and heat flux in a capillary have the form
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Here G, G, S, and S are the dimensionless kinetic coefficients depending on the Knudsen number Kn, ac-

commodation coefficients €, , and effective diameters of the excited, o, and unexcited, G, molecules; nand p

m?

are the number density and pressure of the gas, respectively.

METHOD OF SOLUTION

Kinetic equations, taking into account linearized boundary conditions (2), are formally integrated and trans-
formed into a set of integral equations for the dimensionless velocities (U, ), stresses (T, ,) and heat fluxes (H,).
These equations are Fredholm integral equations of the second kind. They were solved by the Bubnov-Galerkin

method [8]. The method is effective because it allows one to calculate the LID (1), and LIHF ( Q) with high accu-

racy by using only approximation for profiles of the macroparameters u,, 7, ,, H, . In N-approximation we have
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Substitution of approximations (6) into the set of integral equations and the requirement of the orthogonality of
residual to each of the basic functions make it possible to obtain the set of linear algebraic equations for quantities
ag) 5 bg), Cg) . We used the second approximation (N = 2). In this case the results for the velocity of LID have sat-
isfactory accuracy at all values of the Knudsen number [4].

The theory is linear in((V) . Therefore we can assume that n, << 1n_,ie. n, &N . In addition, we assume
that the molecules are hard elastic spheres. In this case it is convenient to introduce into the theory the rarefaction
parameter & which is inversely proportional to the Knudsen number

S:ﬂKn‘l, Kn:l, (7)
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where 1 is the mean free path of the molecules.
Let the relative difference between the effective diameters of excited (G, ) and ground-state (G, ) particles is

small. Besides let the accommodation coefficients €, are close to unity, i.e. we assume the almost complete ac-

commodation. Thus, the theory acquires two small parameters
[Ad]
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Linearization with respect to the small parameters (8) makes it possible to separate the surface and collision
mechanisms of the LID and LIHF. For the kinetic coefficients we obtain

Ac ~ Ac Ac ~ Ac
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Analytic expressions for the G, and S, can be obtained only for large and small values of the Kn number.

For the near free-molecular regime (O << 1) we obtain
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In case of slip-flow regime (& >> 1) we have
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The expressions for the rates v,/ in terms of the Chapman-Cowling integrals are given in [6].

Numerical calculations were carrled out at intermediate Kn numbers. The results are shown in Figs. 1-3.

DISCUSSION

The solution of the kinetic equation substantiates the known qualitative conclusion that the LID of a one-
component gas is possible only in bounded systems, while the LIHF takes place in a boundless gas additionally. In
the latter case we obtain for the LIHF
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Note that the same expression follows immediately from the Egs. (5), (9), and (11) in the slip-flow regime.
Inhomogeneous broadening of the absorption line (I" << KV ) is typical for rarefied gases. In this case neglect-

ing terms proportional to the V (smce a, 0,07, a, =0,1) we obtain

Q=—7 \/_ pVQ[ _j E. (13)
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In the case of homogeneous broadening (I" >> kv ) we have ), = 1,5y, . Thus, the LIHF is proportional to the

rate V( ) i.e. this is the second order effect (identical with the Dufour effect). It follows that the second-order ki-

nn °
netic model for gaseous mixture does not describe the LIHF because does not contain terms of the order of ngn) .
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FIGURE 1. The dependences Gl and G2 of O ; 1- numerical calculation, 2 — Egs. (10), 3 — Egs. (11), 4 — results of [4].

The kinetic coefficients G|, G, S,,S;, characterizing the surface mechanism of light-induced transport phe-
nomena, have the constant signs at all values of the Kn. Thus, the directions of the surface LID and LIHF are deter-
mined by the signs in the difference of the accommodation coefficients for the unexcited and excited particles, Ag,

and the frequency detuning €2 . In the case when A€ > 0,
0 the direction of the surface LID coincides with the direc-
/ tion of light propagation at {2 > 0, and it is opposite to

.2\
1G,,G,,10 G the direction of light propagation at {2 < 0. The surface
5 > / LIHF is directed opposite to the surface LID at any values

of Kn.

The kinetic coefficients G,, G, and S,, S, charac-
terize the collision LID and LIHF respectively. The de-
pendence of G, on the rarefaction parameter O is shown

in Fig.1. At intermediate Knudsen numbers (at

. G, 8=0,, ~0,195) the coefficient G, reverses sign.
M Hence it follows that the velocity of the LID reverses di-

; ; ; ; rection at intermediate regime. In addition, the direction

-3 -2 -1 0 Ig & 1 of the collision LID is determined by the difference of the
FIGURE 2. G, and G, as functions of the S effective diameters of particles in the ground-state and

excited state, AG, and by the sign of the detuning €2 . In

case when 0 <9, andAc >0, the collision LID is aligned with the direction of the light propagation at {2 < 0

and it is opposed to the direction of the light propagation at{2 > 0. When Ac > 0, the direction of the collision
LIHF coincides with the direction of the light propagation at{) > (), and it is opposite to the direction of light
propagation at Q < 0 at any values of the O .

The dependences of coefficients G, and G, on the rarefaction parameter O are shown in Fig. 2. Note that

these coefficients arise due to usage of kinetic models in the higher approximations, beginning with third-order

(2)
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model [6]. They are proportional to the rate V' and, as a rule, have the higher order of smallness in relation to val-
ues of coefficients G, and G, . In the case of the inhomogeneous broadening of absorption line (I" << kv ) we
have ), / X = F/ (kV), and the contribution of coefficients G, and G, to the magnitude of LID is negligible. The
contribution of coefficients S; and S, to the magnitude of the LIHF is negligible too, of order F/ (kV). But in the
case of the homogeneous broadening (I" >> kV ) the contributions of coefficients S,, S,, S; and S, to the mag-
nitude of the LIHF are of the same order.
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FIGURE 3. Sl , S2 , S3 , S4 as functions of the parameter 0 ; 1- numerical calculation, 2 — Egs. (10), 3 — Egs. (11).

s The light-induced pressure difference between the ends of a
AP_//Q . = closed capillary is studied in [9] for CH;F molecules. This pres-
MM g ] sure difference, Ap, is aroused in the steady-state, where the

1-branch P (24,13); 2-Q(12,3); 3-R(4,3); 4-R (31,9).

T T
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Table. 1. Experimental parameters for CH3;F molecules.

LNk D=

Branch R(4,3) R(31,9) Q(12.,3) P(24,13)
A, 107 -1.88 -(2.36-2.96) 4.71-4.97 (2.17-3.33)
Ac/cy, 107 9.45 -(47.7-60) -(99.5-105) -(58.3-89.2)
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light-induced drift is balanced by a Poiseuille flow [4]. For
quantitative comparison of the theory with experiment [9] un-

known parameters AG/ o, and Ag are determined (table 1).

FIGURE 4. Comparison the theory (solid lines ) with experiment [9]:
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