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Photophoresis in selectively excited gas
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The motion of an aerosol particle due to resonant optical radiation is studied. Radiation is
absorbed velocity-selectively by molecules of one of the components of a gaseous mixture. Equations are
derived for photophoretic force and velocity in the free molecule regime. The dependence of these
characteristics on detuning the radiation frequency from an absorption line center and on accommodation
and transport characteristics of exited and unexcited molecules is analyzed.

Radiometric photophoresis! is caused by inhomo-
geneous heating of an absorbing aerosol particle, i.e.,
this is the case that radiation interacts with a particle
and does not interact with gas.

It is of interest to study the motion of aerosol
particles in the field of optical radiation, whose frequency
is close to the frequency of quantum transitions in a gas
molecule. In this case the radiation is absorbed by gas.

Due to the Doppler effect the radiation is absorbed
selectively with respect to molecular velocities. As this
takes place, light-induced flows of matter and energy
arise in the gas.2 Different scattering of excited and
unexcited molecules at a particle surface and their
different transport interaction cross sections lead to
appearance of a resonant photophoretic force acting on
a particle.3:4

Photophoresis of a particle in a one-component gas
was considered in Refs. 3 and 4. In Ref. 3, the Grad 13-
moment approximation? is used, in which the distribution
function is approximated through a finite number of its
moments. Thus, the distribution functions of excited
and unexcited molecules depend on the spatially averaged
velocities and ignore significant peculiarities in a narrow
velocity range, which is determined by the condition of
selective light absorption.2 Reference 4 considered only
the accommodation mechanism of the photophoresis,
which arises due to different coefficients of pulse
accommodation in excited and unexcited gas molecules.
The volume mechanism caused by different transport
characteristics of molecules in the ground and excited
states was beyond the scope of Ref. 4.

If an aerosol particle is suspended in a mixture of
absorbing and buffer gases, then we can predict an
additional  factor determining the photophoresis
magnitude. The total momentum transferred to a particle
turns out to be uncompensated due to, besides other
factors, the different masses of molecules in the gas
mixture, in which the macroscopic flows of the
absorbing and buffer gases are of opposite directions.?
It is also obvious that the photophoretic force depends
on the concentration of gas mixture components.

In this paper, we consider photophoresis of an non-
absorbing (or homogeneously absorbing) particle
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suspended in a two-component gas mixture, in which
absorbing gas molecules are velocity-selectively excited
by the resonance optical radiation. The free molecule
regime is considered, in which the molecules’ mean free
path far exceeds the particle size.

1. Formulation of the problem

Consider a spherical aerosol particle of radius 7y
suspended in a two-component gas mixture. The system is
in the thermodynamic equilibrium at the temperature T'.

Let the system be exposed to monochromatic
traveling-wave radiation directed along the axis Z
(Fig. 1).
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Fig. 1. Problem geometry.

The radiation is absorbed by molecules of one
component at an electronic or rotational-vibrational
transition from the ground state n to the first excited
state m. The radiation frequency o is slightly detuned
from the absorption line center ©,,,, that is, Q=0 —
~ Omn ( |Q ‘ <o, (Dmn)-

Because of the Doppler effect, the radiation is
absorbed velocity-selectively by those molecules, whose
velocity projection v, onto the radiation direction is
close to the resonance value v, = Q,/k, where k is the
value of the wave vector k. The effective interval Av of
resonance velocities is determined by the condition
kAv ~ T, where T is the homogeneous halfwidth of the
absorption line. The molecules absorbing the radiation
excite. The resulting velocity distribution of unexcited
molecules of the absorbing gas has a Bennett dip at the
interval Av, and the corresponding fraction of excited
molecules form the Bennett peak.® The position of the
Bennett peak and dip is determined by the sign and
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value of detuning Q of the radiation frequency from the
absorption line center.

If the excited and unexcited molecules differently
interact with the aerosol particle surface and with
buffer gas molecules, then the rates of destruction of the
Bennett peak and smoothing of the Bennett dip are
different. As the result, the total velocity distribution
of active gas molecules differs from the Maxwell one. A
well-known consequence of this at Q # 0 is the light-
induced drift of the absorbing gas.? Macroscopic flows
collinear to the wave vector k arise in the gas mixture.
These flows consisting of excited and unexcited molecules
of the absorbing gas and the buffer gas undergo different
resistance when flowing around a particle because of the
excited and unexcited molecules of the absorbing gas, as
well as molecules of the buffer gas differently interact
with the particle surface and have different transport
characteristics and masses. Thus, the gas transfers the
uncompensated momentum to the particle, that is, a
force parallel to the axis Z acts upon the particle.

Indices 1 and 2 denote the characteristics of the
absorbing and buffer gases, respectively, and indices m
and n denote characteristics of excited and unexcited
molecules. The absorbing gas consists of molecules having
the same mass m; and different effective diameters
d, # dy,.

If the velocity distributions of the excited f,,
unexcited f,,, and buffer gas f, molecules are known,
then the photophoretic force can be calculated as

T

Fr=2nr} IdGsinO Zmi J-v,vzfi dv. D)
0 i=m,n,2
It is well-known®7 that in the two-level

approximation for the absorbing molecules the velocity
distributions f,,, f,, and f; meet the system of the
following kinetic equations:

%+vam =1X(V)rm(fn _fm)_rmfm +5m ’ (2)
ot 2

it +vVf, :_1X(V) Lol =)+ T + Sy (3)
ot 2
%-FVV]CZ 252, (4)
ot
where
Si=Sim+ SintSip (i =m, n, 2);
-ttt gt )
r, T?+(Q-ko)? 2h

I',, is the frequency of radiative decay of the excited
level; y(v) determines the absorption probability per
unit time for molecules with the given velocity v; d,,;,
is the matrix element of the m — n transition dipole
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moment; Ey is the amplitude of the electric field of the
light wave; S;; are the Boltzmann integrals of collisions
between molecules of the ith and jth kinds; % is the
Planck’s constant.

As boundary conditions for Egs. (2)—(4), we have to
specify the distribution functions £ (rg, v) (i =m, n, 2) for
molecules emitted from the particle surface. In the
general case, the surface temperature differs from the
equilibrium temperature T,. This can be connected
with radiation absorption by the particle. The particle
is assumed either absorbing or non-absorbing, but
having the homogeneous temperature. Radiometric
photophoresis does not occur in this case. Therefore, we
assume the particle temperature equal to the
temperature of the gas mixture.

Let the fraction g; of molecules of the ith kind be
reflected diffusely by the particle surface with the

Maxwell distribution f% corresponding to the temperature
Ty and the density n;, and the fraction (1 —¢;) be
reflected specularly. Then, neglecting quenching or
excitation of molecules at a collision with the surface,
for molecules of the ith kind we have:

[iGro0) =g fi+ (1 —g)f; [v—2(n)],
i=m, n, 2; (vn) > 0, (6)

3/2 1/2
s mi ’ 02 — 2kBT0 /
i =ni exp|—— |, o;=|——|
2TEkBTO 0»2 m;

1

where n =ry/7y is the external normal to the particle

surface; [;(v) is the distribution function of the
molecules colliding with the surface; m; is the mass of a
molecule of the ith kind; kg is the Boltzmann constant.

In Eq. (6) the unknown densities 7;; of molecules
reflected from the aerosol particle surface can be found
from no-pass conditions.

The distribution f; of molecules colliding with the
particle is to be determined from solution of the kinetic
equations (2)—(4).

Let us restrict our consideration to analysis of the
free molecule regime, when the molecule mean free
path is much larger than the particle radius. In this
case we can neglect the fact that the distribution of
molecules colliding with the particle is disturbed due to
collisions with emitted molecules.

Assume that the cross dimension of the light ray is
much larger than the particle radius and the molecule
mean free path. Then the radiation intensity can be
thought independent of coordinates, so the distributions
formed due to collisions between molecules, that is, far
from the particle, are spatially homogeneous. In this case,
we can neglect the coordinate derivatives in Eqgs. (2)—
(4), the distribution functions f; of molecules colliding
with particle meet to.

Let the radiation be continuous and the gas state be
stationary. Then the time derivatives in Eqs. (2)—(4)
disappear.
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Consider the case of small, on the average, value
of x(v), that is usually fulfilled for rotational-vibrational
transitions. For electronic transitions this condition is
fulfilled only at low radiation intensity.

With allowance for the above assumptions,
Egs. (2)-(4) and boundary conditions (6) can be
linearized.

Then consider molecules as solid elastic spheres
with the effective diameters d; (i = m, n, 2) and use the
approximating collision integrals.® Besides, take into
account the experimentally established fact of small
difference between the diameters of excited and
unexcited molecules, that is, ‘dn - dm| Jd, <<1.

Thus, Egs. (2)—(6) completely determine the
distribution functions of molecules colliding with the
particle and reflected from it.

2. Photophoretic force and velocity

Using the obtained distribution functions and
Eq. (1), we obtain the following equation for the
photophoretic force:

FR = 41‘[7’02 P1 [GSAS + Gd LAi—dj ,

n

Ae=¢g,— g, Ad =d, — d,. @)

Here pq=mnykgTy is the partial pressure of the
absorbing gas.

The kinetic coefficient G, characterizes the surface
mechanism of photophoresis due to the different
coefficients of specular and diffuse reflection of excited
and unexcited molecules. The coefficient Gy
characterizes the volume mechanism of photophoresis
connected with the different transport properties of
excited and unexcited molecules.

In the general case, the obtained equations for the
kinetic coefficients G, and G, have a cumbersome form.
If we restrict our consideration to inhomogeneous
broadening of a spectral line that is typical of rarefied
gases (' <<k vy), then these equations can be
considerably simplified:

_ 2nG?
3(rm + Ym)ka

xexp(-x2), (8)

27T1/2G2
(rm +Ym )k51

2”2 dn/an
3/27’21

Gy=-

X Az—n(13+8x2)—B xexp(—xQ),

15 ny +(my /my)

where

2
ao Y 2mdy e my mydydyy
[my /2 nyd + gy nad?, :
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K,

Ym is the effective frequency of collisions of excited
molecules.

Under the effect of the photophoretic force Fg,
the particle is accelerated until the absolute value of the
resistance force of the gas mixture F, becomes equal to
Fg. From the condition ‘FL.|=FR we can find the
established velocity Uy of the aerosol particle.

The resistance force in the free molecule regime
with allowance for the low concentration of excited
molecules (n,, <<n,) can be found as?:

87‘51/2

F.=- 3 702m1n151(fo,
1/2
T Ny My T
a:1+sn§+n—1(Ej (1+82§). (9)

Thus, the established velocity of the particle
motion relative to the center of gravity of the gas
mixture is

_ Ad
Us 201[H5A8+H(1d—] ;

n

37[1/2 311:1/2
He = Ge, g =
4a. 4a

Gy, (10)

where p. and p; are the Kkinetic coefficients
characterizing, respectively, the surface and the volume
mechanisms of photophoretic velocity.

3. Discussion

The kinetic coefficients G, and G; depend on the
ratio between the frequencies of the radiative decay of
the excited level I';, and collisions between molecules
Ym,» detuning Q of the radiation frequency from the
absorption line center, component concentrations, and
molecular mass ratios.

Figure 2 illustrates the dependence of the modified
kinetic coefficients on the parameters of detuning
x =Q/k vy and broadening y =T /k vy:

9 -1
SAEI
kl)1 (Fm + ym)
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The direction of the photophoretic force and velocity
depends on the sign of detuning Q, because the kinetic
coefficients G; and G, and, consequently, p. and p, are
odd functions of Q (Fig. 2). The photophoretic velocity
is maximal at Q~k 7y. At |Q[> 3k 7, the effect is
negligibly small, because the resonance condition breaks
and only a small part of molecules excite through
radiation absorption.
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Fig. 2. Dependence of the kinetic coefficients Gg(x, y) and
G(x, y) on the detuning x and broadening y.

The direction of the surface component of the
photophoretic force and velocity is determined by signs
of the difference between the specular and diffuse
reflection  coefficients of excited and unexcited
molecules Ag and detuning Q. If Ag > 0, then the
direction of the surface component at Q < 0 coincides
with the radiation direction, and at Q > 0 it has the
opposing direction.

The direction of the volume component of the
photophoretic force and velocity is determined by the
signs of the difference between the effective diameters of
excited and unexcited molecules Ad and detuning Q. If
Ad > 0 then the direction of the volume component at

V.G. Chernyak and O.V. Klitenik

Q < 0 coincides with the radiation direction, and at
Q > 0 it is opposing.

Let wus present some estimates for typical
experimental conditions. Consider an aluminum particle
with the radius 7y = 1 pm in the sodium vapor and in
the equimolar mixture of the sodium vapor with argon
at the temperature Ty =700 K. The saturated vapor
pressure is 306 Pa (Ref. 10).

Molecular characteristic of Na and Ar are the
following:

my = 3.82 - 10726 kg, my = 6.64 - 1026 kg,
di=3A,dy=34A4;00~711 m/s.

A tunable dye laser with the frequency nearby D,
and D, sodium lines is a radiation source (wavelength
A =600 nm).

In this case, the frequency of the incident radiation
proves to be much higher than the frequency of electron
collisions in metal and lower than the plasma frequency.
Therefore, Langmuir screening takes place,!! that is,
the radiation energy is reflected by the particle almost
without absorption. Consequently, the theoretically
accepted model of a non-absorbing particle is realized
under these conditions.

Let the radiation power be 10 mW, the ray diameter
be 1 mm (radiation intensity /~1W /cm2). Then the
Rabi frequency G~ 108 Hz. The frequency of radiative
decay I',,=6- 107 Hz (Ref. 12). The Doppler broadening
k01 ~7.3-10% Hz, that corresponds to the inhomogeneous
broadening of the spectral line, I' /(k 21) ~ 0.01.

1. Pure gas (ny = 0).

In this case, the collision frequency of excited
molecules and the Knudsen number are y,, 7.1 - 106 Hz
and Kn ~ 100, that corresponds to the free molecule
regime.

Let x=Q/kv;=0.8and Ae = Ad /d,, = — 0.1. These
parameters obtained from experimental investigations of
light-induced drift in capillaries range within 0.01-0.1
(Refs. 13 and 14). Then for the photophoretic force we
have Fp ~9.3-1071! N. Note that the force of gravity
acting on the particle Mg~ 1.1-10""4 N makes up
about 0.01% of the photophoretic force.

Estimate now the velocity acquired by the
particle. Let g, =1, then Uf~ 0.03 vy ~ 20 m /s, that
is, about 6% of the sonic speed.

2. Equimolar mixture Na + Ar (ng = ny).

The parameters have the same values as in the
previous case. Then the particle velocity can be
estimated as Uy~ 7 m/s.

Acknowledgments

This work was partly supported by the Russian
Foundation for Basic Research (Grant No. 99-01-00143)
and U.S. Civilian Research & Development Foundation
(CRDF), Grant No. REC-005.



V.G. Chernyak and O.V. Klitenik

References

1. V.G. Chernyak and S.A. Beresnev, J. Aerosol Sci. 24,
No. 7, 857-866 (1993).

2. F.Kh. Gel'mukhanov and A.M. Shalagin, Pis'ma Zh. Eksp.
Teor. Fiz. 29, No. 12, 773-776 (1979).

3. B.V. Derjaguin and V.I. Roldughin, J.
Interface Sci. 122, No. 2, 537-543 (1988).

4. V.G. Chernyak, Zh. Eksp. Teor. Fiz. 96, No. 3, 878-884
(1989).

5. H. Grad, Commun. Pure and Appl. Math. 2, No. 4, 331-407
(1949).

6. S.G. Rautian, G.I. Smirnov, and A.M. Shalagin, Nonlinear
Resonances in  Atomic and Molecular Spectra (Nauka,
Novosibirsk, 1979), 310 pp.

Colloid and

Vol. 15, Nos. 5-6 /May—June 2002,/ Atmos. Oceanic Opt. 387

7. F.Kh. Gel'mukhanov and L.V. Il'ichev, Khim. Fiz. 3,
No. 11, 1544—1550 (1984).

8. F.J. McCormack, Phys. Fluids 16, No. 12, 2095-2115 (1973).
9. L. Waldmann, Z. Naturforschg. 14a, No. 7, 589-599 (1959).
10. N.B. Vargaftik, Reference Book on  Heat-Transfer
Properties of Gases and Fluids (Nauka, Moscow, 1972), 720 pp.
11. E.A. Turov, Material Equations of Electrodynamics
(Nauka, Moscow, 1983), 158 pp.

12. A.A. Radtsig and B.M. Smirnov, Reference Book on
Atomic and Molecular Physics (Atomizdat, Moscow, 1980),
240 pp.

13. S.N. Atutov, [.M. Ermolaev, and A.M. Shalagin, Zh.
Eksp. Teor. Fiz. 92, No. 4, 1215-1227 (1987).

14. R:-W.M. Hoogeveen, R.J.C. Spreeuw, and L.J.F. Hermans,
Phys. Rev. Lett. 59, No. 4, 447—449 (1987).



