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Photophoresis of a fine particle in a selectively excited gas

V. G. Chernyak and O. V. Klitenik
Department of Physics, Ural State University, 620083 Ekaterinburg, Russia

~Received 4 May 2003; published 30 December 2003!

Motion in a binary gas mixture of a fine particle affected by resonant optical radiation is considered. The
Doppler effect leads to the velocity-selective absorption of the traveling light wave by molecules of one of the
gas components. Radiation transfers the absorbing molecules from the ground state to excited ones. As a result,
the kinetic cross section and accommodation coefficient of molecules, which have absorbed radiation, change.
Maxwellian distribution for the absorbing gas molecules becomes distorted and the aerosol particle begins to
be influenced by a force. This photophoretic force and velocity of the photophoresis are calculated by taking
both the optical and kinetic characteristics of the gas molecules into account.
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I. INTRODUCTION

Phenomena related to the effect of optical radiation
aerosol particles of submicron size are important for as
physics, physics, and chemistry of the atmosphere, espec
for the laser monitoring of the atmosphere. Motion of aero
particles in the field of optical radiation is one of the ma
processes governing the time needed for the aerodisp
system to be cleared up.

Consider a fine aerosol particle, which is influenced
optical radiation. This particle absorbs light nonuniformly.
is well known that a force on acting the particle can be c
sidered as resulting from interactions of the gas molecu
with a nonuniformly heated particle surface. The light int
acts with the particle, but it does not affect the surround
gas~so-called radiometric photophoresis!. The kinetic theory
of radiometric photophoresis at arbitrary Knudsen num
has been presented in Ref.@1#.

On the other hand, the velocity-selective excitation of
gas molecules can be the other mechanism leading to
photophoresis. Let us assume that radiation propagates i
binary gas mixture and excites one of the components.
Doppler effect leads to the velocity-selective absorption
the radiation by the gas molecules. The effective reson
velocity interval is determined by the following condition
kDv;G, wherek is the wave vector andG is the homoge-
neous width of absorption line of the molecular transitio
Radiation transfers absorbing molecules from the gro
state to the excited ones. The kinetic cross section of exc
molecules differs from that for molecules in the ground sta
Consequently, the Maxwellian distribution for the absorbi
gas molecules becomes distorted. As a result, the li
induced drift and energy flux take place in the surround
gas@2#. Difference in the kinetic cross sections is one of t
reasons for the so-called bulk photophoresis. However, th
exist another one. In the case, when scattering of the exc
molecules from the particle surface differs from that for m
ecules in the ground state, a force acting upon the par
appears~so-called surface photophoresis!.

Theory of the resonant photophoresis of a particle in
pure light-absorbing gas has been presented in Refs.@3,4#. In
order to obtain the velocity distribution functions for excite
and ground-state molecules, Derjaguin and Roldughin@3#
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used the Grad momentum technique@5#. The obtained distri-
butions do not take into account significant singularit
within the interval of the resonant velocities~Dv;G/k!. The
assumption that far from the particle surface the surround
gas is spatially homogeneous was applied in Ref.@4#. In Ref.
@4# only the surface mechanism of photophoresis has b
considered. This mechanism is caused by the differenc
the momentum accommodation coefficients of the molecu
in the excited and ground states. The influence of the b
photophoresis in Ref.@4# was not accounted for.

In the case where an aerosol particle is suspended in
mixture of the light-absorbing and nonabsorbing buf
gases, the magnitude of the photophoretic force depends
on the mixture composition, molecular masses, and kin
cross sections.

In this paper, the photophoresis of an aerosol particle s
pended in the gas mixture, where molecules of one of
components are velocity-selectively excited by resonant
tical radiation, is considered. It is assumed that the aero
particle either does not absorb light or absorbs light u
formly. In the paper, a free-molecular regime~the aerosol
particle is assumed to be small compared to the mean
path of gas molecules! is investigated.

II. STATEMENT OF THE PROBLEM

Consider a spherical aerosol particle of radiusr 0 sus-
pended in a binary gas mixture, which is influenced by
uniform monochromatic radiation.

The light wave propagates along the positivez axis ~Fig.
1!. We assume that molecules of one of the gas compon
absorb radiation in the electronic or vibrational-rotation
transition from the ground staten to the excited statem. The
radiation frequencyv is slightly detuned from the cente

FIG. 1. Geometry of the problem;k is the wave vector,v is the
frequency of radiation.
©2003 The American Physical Society05-1
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of the absorption line at vmn , i.e., V5v2vmn ,
(uVu!v,vmn).

Due to the Doppler effect, the radiation is absorbed se
tively by molecules that have velocities aroundv r5V/k,
where k is the magnitude of the wave vector andv r the
light-selected velocity component along the propagation
rection of the light. Molecules that have absorbed radiat
change the kinetic cross section and accommodation co
cient. Thus, the gas phase can be interpreted as a te
mixture consisting of the excited and nonexcited compone
and the buffer gas. The excited and unexcited molecu
have equal massesm1 but the effective diameter of mol
ecules in the ground state,dn , differs from that in the excited
state,dm . Stimulated transitions and radiative decay of t
excited levels lead to the exchange of molecules betw
excited and nonexcited components. The buffer-gas m
ecules have the mass ofm2 and effective diameter ofd2 .

Resonant radiation disturbs the equilibrium in the gas
the case of finite detuningVÞ0 this stimulates the drift of
the light-absorbing gas in parallel to the wave-vector dir
tion @2#, whereas the buffer gas moves in the opposite dir
tion. These macroscopic fluxes experience different dr
when flowing around the particle because the ground-s
molecules, excited-state molecules, and buffer-gas molec
interact with the particle surface differently and they a
have different transport characteristics and masses. Co
quently, the gas transfers an uncompensated momentu
the particle. This means that there is a force acting upon
particle. This force is directed in parallel to thez axis that
can be explained by the symmetry of the problem~see Fig.
1!.

Knowing the velocity distribution functions for molecule
in the excited state,f m , in the ground-state,f n , and that for
buffer-gas molecules,f 2 , one can calculate the photophore
force as

FR52pr 0
2E

0

p

sin u du (
i 5m,n,2

miE v rvzf i dv. ~1!

Here the subscripts 1 and 2 designate quantities that ref
the light-absorbing gas and buffer gas, respectively; the s
scriptsm andn designate quantities that refer to molecules
the excited and in the ground state.

For two-level molecules of light-absorbing gas (n and
m), the velocity distribution functions are described by t
following kinetic equations@6#:

] f n

]t
1v•“ f n5

1

2
Gmk~v!~ f m2 f n!1Gmf m1Sn , ~2!

] f m

]t
1v•¹ f m52

1

2
Gmk~v!~ f m2 f n!2Gmf m1Sm , ~3!

] f 2

]t
1v•“ f 25S2 . ~4!

Here

Si5Sim1Sin1Si2 , i 5m,n,2,
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k~v!5
4uGmnu2G

Gm@G21~V2k•v!2#
, Gmn5

dmnE0

2\
, ~5!

whereGm is the rate of radiative decay of the excited lev
k~v! is the absorption probability per unit time for molecul
with given velocityv, dmn is the dipole matrix element o
m2n transition,E0 is the amplitude of the electrical field in
the light wave,Gmn is the Rabi frequency,Si j are the Bolt-
zmann collision integrals for molecules of thei th and j th
species, and\ is the Planck constant.

The boundary conditions associated with Eqs.~2!–~4! are
defined by the distribution functionsf i

1(r0 ,v) ( i 5m,n,2)
for molecules reflected from the particle surface. In gene
the particle surface temperatureTs differs from the equilib-
rium temperature in the gaseous media,T0 , due to the light
absorption. We assume that the particle either does not
sorb light at all or absorbs it homogeneously. In both ca
the particle surface temperature is uniform and, con
quently, the radiometric photophoresis does not occur.

We assume that the interaction of molecules of specii
with the particle surface can be described by Maxwe
model. Neglecting the inelastic collisions of the molecu
with the particle surface, one gets the boundary condition
the following form

f i
1~r0 ,v!5« i f i

s1~12« i ! f i
2@v22~v•n!n#,

i 5m,n,2 ~v•n!.0, ~6!

f i
s5nisS mi

2pkbT0
D 3/2

expS 2
v2

v̄ i
2D ,

v̄ i5S 2kbT0

mi
D 1/2

,

wheren is the outer normal to the particle surface,« i is the
fraction of moleculesi which are reflected diffusely,f i

1 and
f i

2 are the velocity distribution functions for molecules, r
flected from and incident at the surface, andkb is the Boltz-
mann constant. The unknown number densitiesnis are deter-
mined from the condition of impermeability of the partic
surface to the gas molecules

Ni
15uNi

2u, i 5m,n,2. ~7!

Here Ni
1 and Ni

2 are the number of molecules, reflecte
from and incident at the particle surface per unit time,
spectively. These quantities can be expressed as

Ni
15E

(v•n).0
v r f i

1~r0 ,v! dv,

uNi
2u5E

(v•n),0
uv r u f i

2~r0 ,v!dv. ~8!

The distribution functions for the incident molecules,f i
2 ,

are given in Eqs.~2!–~4!.
5-2
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We examine the case of small values ofk~v! that is quite
typical for vibrational-rotational transitions and also for ele
tronic transitions at low radiation intensity. In this case t
system is quite near the equilibrium and, thus, the distri
tion functions can be written in the form of the perturb
Maxwellian distributions

f i~v!5 f i0@11hi~v!#, ~9!

f i05ni S mi

2pkbT0
D 3/2

expS miv
2

2kbT0
D ,

wherehi(v) is the disturbance function andni is the equilib-
rium number density of molecules of speciesi.

In the steady-state regime the distribution functions do
alter with time and, consequently, the time derivatives in
kinetic equations~2!–~4! can be neglected.

We consider the free-molecular regime where the m
free path of molecules is large compared to the particle
dius. In this case, the perturbation of the distribution funct
for molecules incident upon the particle surface due to
interaction with reflected molecules can be neglected. Th
fore, the distribution functions of incident molecules are t
same as those in the case when the particle is absent. We
assume that the radiation intensity is independent of the
ordinates and the transverse size of the light beam is
compared to the mean free path of the gas molecules
such conditions the distribution functions of the incide
molecules,f i

2 , are spatially homogeneous. Hence, the s
tial derivatives in Eqs.~2!–~4! for the functionsf i

2 can be
neglected. It is important to note that the full distributio
functions depend on coordinates.

In the free-molecular regime, the influence of t
‘‘shadow’’ formed by the aerosol particle is negligible b
cause only a small part of molecules is in the ‘‘shaded’’ ar

Accounting for the above assumptions, one gets the
earized equations~2!–~4! for the disturbance functionshi of
incident molecules in the following form

1

2
Gmk~v!S nn

nm
21D2Gm~11hm!1Lmm1Lmn1Lm250,

~10!

2
1

2
Gmk~v!S 12

nm

nn
D1

nm

nn
Gm~11hm!1Lnm1Lnn1Ln2

50, ~11!

L2m1L2n1L2250. ~12!

whereLi j is the linearized collision integral.

III. DISTRIBUTION FUNCTIONS

Since only elastic collisions between molecules are c
sidered, we can use the linearized collision integralLi j of
third order developed by McCormack@7#:

Li j 52g i j hi1Ai j , ~13!
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where g i j is the effective collision frequency between th
molecules of thei-th and j-th species;Ai j is the linearized
operator of inverse collisions.

In the expression forAi j we have to take into account tha
the mean free path of the molecules is large compared to
particle radius. This means that the particle does not per
the gaseous media. The kinetic equations~10!–~12! describe
the distribution functions, which depends only on the int
action of the molecule with each other and with light. F
from the particle surface the gas and energy fluxes are
rected in parallel to thez axis and the tangential stresses
the gas are absent. The light-induced anisotropy of the pa
pressures@6,8# contributes nothing to the photophoretic forc
FR ~1!and, consequently, terms with the stress tensor can
excluded from the expression for operatorAi j .

Temperature of the gas components is different due to
light-induced cooling and heating@6,8,9#, but its distribution
is spatially homogeneous@9#. Hence, the terms accountin
for the difference in the temperatures of the components c
tribute nothing to the photophoretic force and they can
excluded from the expression forAi j .

Thus, the operatorAi j can be written as@7#

Ai j 52ciz@g i j ui2~ui2Ami /mj uj !n i j
(1)

2~Hi2~mj /mi !
3/2H j !n i j

(2)#1
8

5
cizS ci

22
5

2D
3F ~g i j 2n i j

(5)!Hi1n i j
(6)H j2

5

8
~ui2Ami /mj uj !n i j

(2)G ,
~14!

where

ui5
Ui

v̄ i

5
1

p3/2E cizhiexp~2ci
2!dci , ~15!

ci5
vi

v̄ i

, i , j 5m,n,2,

Hi5
1

2v̄ i pi0
S qi2

5

2

kbT0

mi
Ji D

5
1

2p3/2E cizS ci
22

5

2Dhiexp~2ci
2!dci . ~16!

HereUi is the velocity of componenti, qi is the heat flux of
componenti, Ji is the diffusion flux, andpi0 is the equilib-
rium partial pressure. The expressions for the ratesn i j

(k) are
given in Appendix A.

The solution of Eqs.~10!–~12!, taking account of Eqs
~13! and ~14!, has the form

hm
25

Gm

Gm1gm
S nn

2nm
k~v!211

Am

Gm
D , ~17!
5-3
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hn
25

Gm

Gm1gm

gm

gn
S 2

1

2
k~v!1

nm

nn
D

1
Gm

Gm1gm

nm

nn

Am

gn
1

An

gn
, ~18!

h2
25

A2

g2
, ~19!

where the superscript2 refers to disturbance function for th
incident molecules. The following designations have be
used:

Ai5 (
j 5m,n,2

Ai j , g i5g im1g in1g i2 ~ i 5m,n,2!,

~20!

whereg i is the effective collision frequency for molecules
speciesi.

The unknown macroscopic quantitiesui and Hi in Eqs.
~17!–~19! can be calculated using Eqs.~15! and ~16!. This
theory is linear ink~v!. Therefore we can assume thatnm
!nn , i.e. nn'n1 . In addition, in Eq.~14! we can neglect
small terms of second order~of the thermal diffusion order!
that are proportional to the frequencyn i j

(2) .
Far from the particle surface we have

um5
Gm

Gm1nmn
(1)1nm2

(1)

n1

nm

k0

p3/2
, ~21!

k05E c1zk~v!exp~2c1
2!dc1 .

Hm5
Gm

Gm1nmn
(5)1nm2

(5)

n1

nm

k1

4p3/2
, ~22!

k15E c1zS c1
22

5

2Dk~v!exp~2c1
2!dc1 .

The quantitiesk0 andk1 , which depend on the detunin
parameterx5V/kv̄1 and broadening parametery5G/kv̄1 ,
can be expressed in a simple form in the case of inhomo
neous (y!1) and homogeneous (y@1) spectral line broad-
enings. The numerical calculation has been carried out
the intermediate values ofy ~see Appendix B!.

The dimensionless drift velocity of the light-absorbin
gas far from the particle surface is given by

u15
1

n1
~nnun1nmum!

5
nmum

n1

n2

n21~m1 /m2!3/2n1

nn2
(1)2nm2

(1)

nn2
(1)

. ~23!

Applying momentum conservation law to the gas mixtu
one obtains the expression for the dimensionless velocit
the buffer gas,
06120
n

e-

or

,
of

u252S m1

m2
D 1/2n1

n2
u1 . ~24!

For Hi we easily get

H15
l2

lnl22nn2
(6)n2n

(6)

nmHm

n1
S Dn2

n2n
(6)

l2
~nn2

(6)2nm2
(6)! D ,

~25!

H252
n2n

(6)

l2
S H12

nmHm

n1

nn2
(6)2nm2

(6)

nn2
(6) D , ~26!

where

ln5n2n
(5)1nnn

(5)2nnn
(6) , l25n2n

(5)1n22
(5)2n22

(6) ,

Dn5~nn2
(5)2nm2

(5)!1~nnn
(5)2nmn

(5)!1~nmn
(6)2nnn

(6)!.

For the gas mixture as a whole we have

H5
n1H11n2H2

n
, n5n11n2 . ~27!

Thus, Eqs.~9! and ~17!–~26! completely determine the
velocity distribution functions of molecules incident upo
the particle surface.

After the linearization of boundary conditions~6! was
completed we obtain the disturbance functions for reflec
molecules,

hi
15

nis2ni

ni
« i1~12« i !hi

2~2cir ,ciu ,ciw!. ~28!

Thus, for the disturbance functions on the particle surfa
we have

hi~r0 ,ci !5H hi
1~r0 ,ci ! ~ci•n!.0

hi
2~r0 ,ci ! ~ci•n!,0.

~29!

IV. FORCE AND VELOCITY OF PHOTOPHORESIS

Making use of Eq.~1! and applying the distribution func
tions given by Eqs.~9!, ~17!–~19!, and ~28!, we obtain an
expression for the photophoretic force

FR54pr 0
2p1S GsD«1Gg

Dg

gn
1Guu11GHH D . ~30!

Here

Gs52
p1/2

6

nm

n1
um , GH5

8

15p1/2

n

n1
, ~31!

Gg52
Gm

2p1/2~Gm1gm!
S 10

3
k01

16

15
k11

k̄2

p D ,
5-4
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Gu52
1

6p1/2H 20F S m1

m2
D 1/2

21G1pF S m1

m2
D 1/2

p«221G J ,

k̄25E
0

p

sinu duE
c1r,0

c1rc1zk~v!exp~2c1
2! dc1 , ~32!

D«5«n2«m , Dg5gn2gm , p15n1kbT0 .

The quantity k̄2 is given as a function of parametersx
5V/(kv̄1) andy5G/(kv̄1) in Appendix B.

In Eq. ~29!, the kinetic coefficientGs characterizes the
surface mechanism of photophoresis related to the differe
in the accommodation coefficients for excited and unexc
molecules of the absorbing gas.

The kinetic coefficientGg describes the contribution o
the difference in the collision frequencies between exci
and unexcited molecules. Excitation of molecules leads
change in their effective diameter or the mean free path.
the other hand, difference in the mean free paths of m
ecules in the excited and ground state leads to a differenc
drags for fluxes of the gas components when flowing aro
the particle. As a result, a frequency mechanism of pho
phoresis arises.

The third and fourth terms in the expression~29!, which
are proportional to the drift velocity of absorbing gas and
the heat flux, are also associated with the difference in
collision frequencies of molecules in the excited and grou
states. However, numerical estimations show that the co
bution of the fourth term in Eq.~29! to the photophoretic
force does not exceed 3% in all cases studied, and it ma
as small as, 1% in the case of low concentrations of th
buffer gas~for n2!n1).

Particle, moving in the gas, are also affected by the d
Fc . Therefore the velocity of the uniform motion of the pa
ticle, U f , is determined from the following condition:

FR1Fc50. ~33!

The drag in the free-molecular regime for the low conce
tration of excited molecules,nm!nn , is @10#

Fc52
8p1/2

3
r 0

2m1n1v̄1aUf , ~34!

a511«n

8

p
1

n2

n1
S m2

m1
D 1/2S 11«2

p

8 D .

Thus, the photophoretic velocity of the particle with r
spect to the mass center of the gas mixture is expressed

U f5
3p1/2

4a
v̄1S GsD«1Gg

Dg

gn
1Guu11GHH D . ~35!

We choose effective collision rates in the form ofg i j

5n i j
(1) . In addition, we assume that the interacting molecu

are hard elastic spheres and the effective interaction rad
molecules in the excited state,dm2 , and ground state,dn2 ,
where the buffer-gas molecules are commensurate, i.e.,udn2
06120
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2dm2u/dn2!1. In this case the expression~30! for the photo-
phoretic force can be rewritten as

FR54pr 0
2p1S GsD«1Gd

Dd

dn
D , ~36!

where

Gs52
Gm

Gm1gm

k0

6p
, ~37!

Gd5AGg1Gu

Gm

Gm1gm

n2dn /dn2

n21~m1 /m2!3/2n1

k0

p3/2
,

A5
~m1/2!1/2n1dn

21m12
1/2n2dndn2

~m1/2!1/2n1dn
21m12

1/2n2dn2
2

,

di j 5
1

2
~di1dj !, Dd5dn2dm , m125

m1m2

m11m2
.

The second term in parentheses in Eq.~36! characterizes
the bulk mechanism of photophoresis, which is related to
difference in the effective diameters of the excited and un
cited molecules.

The particle velocity is described by

U f5 v̄1S msD«1md

Dd

dn
D , ~38!

wherems and md are the kinetic coefficients characterizin
the surface mechanism and the bulk mechanism of ph
phoretic velocity, respectively,

ms5
3p1/2

4a
Gs , md5

3p1/2

4a
Gd . ~39!

Expressions for the kinetic coefficientsGs andGd may be
considerably simplified in the cases of inhomogeneous
homogeneous broadening of the absorption line.

Inhomogeneous broadening (y!1) is typical for rarefied
gases. In this case we obtain

Gs52
2puGmnu2

3~Gm1gm!kv̄1

x exp~2x2!, ~40!

Gg52
2puGmnu2

3~Gm1gm!kv̄1
F2

3 S 13

5
p3/221D x

2
2p3/221

3
x31 . . . G . ~41!

The contribution of the third term in parentheses in E
~31! for Gg , containingk̄2 , is less than 5%. Now we neglec
this term and obtain instead of Eq.~41! the following for-
mula:
5-5
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Gg52
4p3/2uGmnu2

15~Gm1gm!kv̄1

~1318x2!x exp~2x2!. ~42!

CoefficientGd can be written as

Gd52
2p1/2uGmnu2

~Gm1gm!kv̄1
F2p

15
A ~1318x2!

2Gu

2n2dn /dn2

n21~m1 /m2!3/2n1
Gx exp~2x2!. ~43!

In the case of homogeneous broadening (y@1) for uxu
!y we obtain

Gs52
2p1/2uGmnu2

3~Gm1gm!G

x

y2
, ~44!

Gg52
2uGmnu2

3p1/2~Gm1gm!G
~10p3/224!

x

y2
,

Gd52
2uGmnu2

~Gm1gm!G FA
10p3/224

3p1/2

2Gu

2n2dn /dn2

n21~m1 /m2!3/2n1
G x

y2
.

V. DISCUSSION

The kinetic coefficientsGs andGd characterizing the sur
face and bulk mechanisms of photophoresis are proporti
to the radiation intensity. They depend on the frequenc
ratio Gm /Gm , the magnitude of the detuningV, composition
of the gaseous mixture, and masses and diameters o
molecules.

The values of the modified kinetic coefficientsGs andGd
as functions of the detuning parameterx5V/kv̄1 for various
values of the broadening parametery5G/kv̄1 are shown in
Figs. 2 and 3. Using the preceding notation we take

Gs* 5S 8uGmnu2

~Gm1gm!kv̄1
D 21

Gs ,

Gd* 5S 4uGmnu2

~Gm1gm!kv̄1
D 21

Gd .

Direction of the force and velocity of photophoresis d
pends on the sign of the detuningV, i.e., the kinetic coeffi-
cientsGs andGd and hencems andmd are odd functions of
V ~Figs. 2 and 3!. In the case of inhomogeneous broadeni
the photophoretic velocity peaks atV'kv̄1 . When uVu
>3kv̄1 , the effect is negligible because it does not sati
the resonance condition.

The kinetic coefficientsGs andGd are positive if the de-
tuning parameterx5V/kv̄1 is negative. Atx.0 bothGs and
Gd are negative.
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Thus, the directions of the surface components of
force and velocity of photophoresis are determined by
signs in the difference of the accommodation coefficients
the unexcited and excited molecules,D«5«n2«m , and the
frequency detuningV. In the case whenD«.0, the direction
of the surface component coincides with the direction
light propagation atV,0, and it is opposite to the directio
of light propagation atV.0.

To account for this result, we examine the special c
when the ground-state molecules have bigger accomm
tion coefficient,D«.0, and the frequency detuning is pos
tive, V.0. In this case the flow of excited molecules
aligned with the wave vector (um.0), while the direction of
the flow of ground-state molecules is opposite, (un,0).
Hence, when«n.«m , the flux of the ground-state molecule
experiences greater drag when flowing around the aer
particle than the flux of the excited molecules. Thus the

FIG. 2. Gs* as a function of the detuning parameterx at various
values of broadening parametery50.1 ~curve 1!, 0.2 ~curve 2!, 0.5
~curve 3!, 1 ~curve 4!, and 2 ~curve 5! at n1'n2 , m1'm2 , and
dn'd2 .

FIG. 3. Gd* as a function of the detuning parameterx at various
values of broadening parametery50.1 ~curve 1!, 0.2 ~curve 2!, 0.5
~curve 3!, 1 ~curve 4!, and 2 ~curve 5! at n1'n2 , m1'm2 , and
dn'd2 .
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sultant force acts upon the particle along the direction of
flux of ground-state molecules, i.e., in opposite direction
the light propagation.

The directions of the bulk components of the force a
velocity of the photophoresis are determined by the diff
ence of the effective diameters of molecules in the grou
state and excited state,Dd5dn2dm , and by the frequency
detuningV. In the case whenDd.0, the bulk component o
the force is aligned with the direction of the light propag
tion at V,0 and it is opposed to the direction of the lig
propagation atV.0.

It can be explained as follows. We assume thatV is posi-
tive. We also suppose that the effective diameter of m
ecules that have absorbed light increases (Dd,0). There-
fore the mean free path of these molecules decreases.
the flux of excited molecules, moving in the direction of t
wave vector, experiences a greater drag when flowing aro
the particle than the flux of ground-state molecules. Thus,
gas acts upon the aerosol particle in the direction of li
propagation.

Consider the dependence of the forceFR and velocityU f
of photophoresis on the concentration parametera5n2 /n1
and the ratio of molecular massesb5m1 /m2 . The results of
numerical calculations of the velocityU f depending on the
concentration parametera are shown in Fig. 4. Under th
condition of fixed number density of the mixture (n5n1
1n25const), growth of the concentration of the buffer g
leads to the decrease ofU f .

Combining Eqs.~38! and~39!, one can obtain an approx
mate expression for the photophoretic velocity at a giv
pressure of the gas mixture,

Cf5
U f~a!

v̄1

'
U f~a50!

v̄1~11b21/2a!
, ~45!

whereU f(a50) is the photophoretic velocity in the absen
of a buffer gas. Note that Eq.~45! provides a satisfactory
approximation to the results of numerical calculations.

The dependence of the photophoretic velocity on the r
of molecular masses of the absorbing and buffer gaseb
5m1 /m2 , is shown in Fig. 5. As may be seen from th
figure, the particle velocity increases monotonically withb

FIG. 4. Photophoretic velocity as a function of the concentrat
parametera5n2 /n1 for x50.75,m15m2 , gm!Gm , dn5d2 , «n

5«251, andD«5Dd/dn520.1.
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for b<20. In the case where the molecule of absorbing
is much easier than the molecule of the buffer gas (m1

!m2) the photophoretic velocity is proportional toAm1 /m2.
On the other hand, for a heavy absorbing gas (m1@m2) the
photophoretic velocity is independent ofb, and it is equal to
the particle velocity in a pure absorbing gas.

Now we perform numerical estimations for a specific sy
tem under typical experimental conditions. We consider
aluminum particle of radiusr 051 mm placed~1! in the so-
dium vapor and~2! in the equimolar mixture of the sodium
vapor and argon. The temperature isT05700 K. The satu-
rated vapor pressure for sodium at this temperature is 306
@11#.

The molecular characteristics of Na and Ar are

m153.82•10226 kg, m256.64•10226 kg,

d153.0 Å, d253.4 Å.

The source of light is a tunable dye laser emitting in t
vicinity of the D1 and D2 lines of sodium~wavelengthl0
'600 nm).

In this case the frequency of the incident light turns out
be much bigger than the electron collision rate in the me
and it much smaller than the plasma frequency. Langm
screening@12# takes place, i.e., light is reflected by the pa
ticle with no absorption. Hence, under these conditions
model of a nonabsorbing particle usually adopted in theor
valid.

Consider the radiated power of;10 mW and the beam
diameter of;1 mm. At this intensity the Rabi frequenc
Gmn @see Eq.~5!# is about 108 Hz. The radiative decay rate
is Gm'6•107 Hz @13#. Finally, the Doppler broadening
kv̄1'7.33109 Hz, corresponds to inhomogeneous broad
ing of the absorption line,y5G/kv̄1'0.01.

Consider the following two different cases.
a. Pure gas(n250). In this case the collision rate of th

excited molecules and the Knudsen number aregm'7.1
3106 Hz and Kn'100, respectively, which that corre
sponds to the free-molecular regime.

Numerical estimates of the kinetic coefficients yield

n
FIG. 5. Dependence of photophoretic velocity on the ratio

molecular massesb5m1 /m2 for x50.75,n15n2 , gm!Gm , dn

5d2 , «n5«251, andD«5Dd/dn520.1.
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Gs520.042x exp~2x2!,

Gd520.030~1318x2!x exp~2x2!.

Assumingx5V/kv̄150.8 andD«5Dd/dn520.01, we
get the following values of the kinetic coefficients:Gs
520.016 andGd520.228. For the photophoretic force w
obtain FR59.3310211 N. It is important to note that the
gravitational force acting upon the particle is 1
310214 N, which ;0.01% of the photophoretic force.

Assuming «n51, one calculates particle velocityU f
50.03v̄1520 ms21, that is,;6% of the sound speed.

b. Equimolar mixture Na1Ar(n15n2). The numerical
values of the input parameters are the same as those in
preceding case. Equation~38! yields the estimation of the
particle velocity,U f57 ms21.
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APPENDIX A

The expressions for the ratesn i j
(k) that enter Eq.~14! have

the form @7#

n i j
(1)5

16

3

mi j

mi
njV i j

(1,1) , mi j 5
mimj

mi1mj
,

n i j
(2)5

64

15 S mi j

mi
D 2

nj S V i j
(1,2)2

5

2
V i j

(1,1)D ,

FIG. 6. I 0 as a function of the detuning parameterx at various
values of broadening parametery50.1 ~curve 1!, 0.2 ~curve 2!, 0.5
~curve 3!, 1 ~curve 4!, and 2~curve 5!.
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n i j
(5)5

64

15 S mi j

mi
D 3 mi

mj
njFV i j

(2,2)1S 15

4

mi

mj
1

25

8

mj

mi
DV i j

(1,1)

2
1

2

mj

mi
~5V i j

(1,2)2V i j
(1,3)!G ,

n i j
(6)5

64

15 S mi j

mi
D 3S mi

mj
D 3/2

njF2V i j
(2,2)1

55

8
V i j

(1,1)

2
5

2
V i j

(1,2)1
1

2
V i j

(1,3)G .
HereV i j

( l ,r ) are the Chapman-Cowling integrals@14#.

APPENDIX B

Here we find the dependence ofk0 , k1. and, k̄2 on the
parametersx5V/(kv̄1) andy5G/(kv̄1). It is convenient to
write

FIG. 7. I 1 as a function of the detuning parameterx at various
values of broadening parametery50.1 ~curve 1!, 0.2 ~curve 2!, 0.5
~curve 3!, 1 ~curve 4!, and 2~curve 5!.

FIG. 8. I 2 as a function of the detuning parameterx at various
values of broadening parametery50.1 ~curve 1!, 0.2 ~curve 2!, 0.5
~curve 3!, 1 ~curve 4!, and 2~curve 5!.
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k05
4Gmn

2

Gmkv̄1

I 0~x,y!, k15
4Gmn

2

Gmkv̄1

I 1~x,y!,

k̄25
4Gmn

2

Gmkv̄1

I 2~x,y!.

For inhomogeneous broadening (y!1) we obtain

I 05p2x exp~2x2!, I 25
p3/2

3
~22x1x31••• !,
lu

i.

06120
I 15p2S x22
3

2D x exp~2x2!.

For homogeneous broadening (y@1) with x,y we have,
to within terms of the order ofx/y,

I 05p3/2
x

y3
, I 150, I 252

4p

3

x

y3
.

The results of numerical calculation for various values
the parametersx andy are plotted in Figs. 6–8.
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