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Photophoresis of a fine particle in a selectively excited gas
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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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[. INTRODUCTION used the Grad momentum technidé The obtained distri-
butions do not take into account significant singularities

Phenomena related to the effect of optical radiation orwithin the interval of the resonant velociti€av~I'/k). The
aerosol particles of submicron size are important for astroassumption that far from the particle surface the surrounding
physics, physics, and chemistry of the atmosphere, especial§as is spatially homogeneous was applied in REf.In Ref.
for the laser monitoring of the atmosphere. Motion of aerosol4] only the surface mechanism of photophoresis has been
particles in the field of optical radiation is one of the major considered. This mechanism is caused by the difference in
processes governing the time needed for the aerodispergée momentum accommodation coefficients of the molecules
system to be cleared up. in the excited and ground states. The influence of the bulk

Consider a fine aerosol particle, which is influenced byPhotophoresis in Ref4] was not accounted for.
optical radiation. This particle absorbs light nonuniformly. It ~ In the case where an aerosol particle is suspended in the
is well known that a force on acting the particle can be conMixture of the light-absorbing and nonabsorbing buffer
sidered as resulting from interactions of the gas molecule§@ses, the magnitude of the photophoretic force depends also
with a nonuniformly heated particle surface. The light inter-on the mixture composition, molecular masses, and kinetic
acts with the particle, but it does not affect the surrounding°ross sections.

gas(so-called radiometric photophoresighe kinetic theory In this paper, the photophoresis of an aerosol particle sus-
of radiometric photophoresis at arbitrary Knudsen numbepPended in the gas mixture, where molecules of one of the
has been presented in REL]. components are velocity-selectively excited by resonant op-

On the other hand, the velocity-selective excitation of thetical radiation, is considered. It is assumed that the aerosol
gas molecules can be the other mechanism leading to tHearticle either does not absorb light or absorbs light uni-
photophoresis. Let us assume that radiation propagates in thermly. In the paper, a free-molecular reginfhe aerosol
binary gas mixture and excites one of the components. Thearticle is assumed to be small compared to the mean free
Doppler effect leads to the velocity-selective absorption ofPath of gas moleculgss investigated.
the radiation by the gas molecules. The effective resonant
velocity interval is determined by the following condition: [l. STATEMENT OF THE PROBLEM
kAv~T", wherek is the wave vector andl' is the homoge-
neous width of absorption line of the molecular transition.
Radiation transfers absorbing molecules from the groun
state to the excited ones. The kinetic cross section of excite
molecules differs from that for molecules in the ground state

Consequently, the Maxwellian distribution for the absorblngabsorb radiation in the electronic or vibrational-rotational

gas molecules becomes distorted. As a result, the IIght'fransition from the ground stateto the excited staten. The

induced drift and energy flux take place in the surroundin S o
gas[2]. Difference in the kinetic cross sections is one of thegraldlatlon frequencyw is slightly detuned from the center

reasons for the so-called bulk photophoresis. However, there

Consider a spherical aerosol particle of radigssus-
ended in a binary gas mixture, which is influenced by a
ldniform monochromatic radiation.
The light wave propagates along the positivexis (Fig.
1). We assume that molecules of one of the gas components

. . . articl
exist another one. In the case, when scattering of the excited k,w particle r
molecules from the particle surface differs from that for mol- - 5 r
ecules in the ground state, a force acting upon the particle > 9 0 >
appeargso-called surface photophoresis Y Z
Theory of the resonant photophoresis of a particle in a

pure light-absorbing gas has been presented in R&#. In
order to obtain the velocity distribution functions for excited FIG. 1. Geometry of the problenk; is the wave vectory is the
and ground-state molecules, Derjaguin and RoldudBih frequency of radiation.
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of the absorption line atwy, i€, Q=wv—on,, 4|G 2T drEo
(|Q|<w1wmn) K(V): 2 24! Gmn: Zh 1 (5)
Due to the Doppler effect, the radiation is absorbed selec- L[+ (Q—=k-v)7]

tively by molecules that have velocities aroung=Q/k, . . .
where k is the magnitude of the wave vector and the wherel“m is the raFe of rad|at.|\./e decay _of.the excited level,
light-selected velocity component along the propagation di-K(_V) |s_the absorptlon prob_ablllty per unit t'me for molecules
rection of the light. Molecules that have absorbed radiationVth given velocityv, dp, is the dipole matrix element of
change the kinetic cross section and accommodation coefffl~ N transition,E, is the amplitude of the electrical field in
cient. Thus, the gas phase can be interpreted as a ternaff lght wave,Gp,, is the Rabi frequencys; are the Bolt-
mixture consisting of the excited and nonexcited componentéMann collision integrals for molecules of then and jth
and the buffer gas. The excited and unexcited moleculeSPECi€S, and is the Planck constant.
have equal masses; but the effective diameter of mol- __The boundary conditions associated with H@3—(4) are
ecules in the ground stat, , differs from that in the excited defined by the distribution functions’ (ro,v) (i=m,n,2)
state,d,,. Stimulated transitions and radiative decay of thefor molecules reflected from the particle surface. In general,
excited levels lead to the exchange of molecules betweel€ particle surface temperatufe differs from the equilib-
excited and nonexcited components. The buffer-gas moltium temperature in the gaseous medig, due to the light
ecules have the mass of, and effective diameter df,. absorption. We assume that the particle either does not ab-
Resonant radiation disturbs the equilibrium in the gas. IrS0rb light at all or absorbs it homogeneously. In both cases
the case of finite detunin@+#0 this stimulates the drift of the particle surface temperature is uniform and, conse-
the light-absorbing gas in parallel to the wave-vector direcduently, the radiometric photophoresis does not occur.
tion [2], whereas the buffer gas moves in the opposite direc- _We assume that the interaction of mo_IecuIes of spec|e's
tion. These macroscopic fluxes experience different drag¥ith the particle surface can be described by Maxwell's
when flowing around the particle because the ground-stat@0del- Neglecting the inelastic collisions of the molecules
molecules, excited-state molecules, and buffer-gas moleculd4th the particle surface, one gets the boundary conditions in
interact with the particle surface differently and they alsothe following form
have different transport characteristics and masses. Conse- n s _
quently, the gas transfers an uncompensated momentum to fi(ro.v)=&ifi+(1=e)f; [v=2(v-mnl,
the particle. This means that there is a force acting upon the

particle. This force is directed in parallel to tkeaxis that i=m,n,2 (v-n)>0, ©)
can be explained by the symmetry of the problesee Fig.
1). . m; 312 02

Knowing the velocity distribution functions for molecules fi= nis( 2mkyTy) P T 52/
in the excited statdf,,,, in the ground-statef,,, and that for '
buffer-gas moleculed,, one can calculate the photophoretic 2k, T\ M2
force as _,=( o ) ,

I

FR=2wr§f sing do > mif v, fi dv. (1)  wheren is the outer normal to the particle surfaeg,is the
0 t=m.n.2 fraction of molecules which are reflected diffusely,” and

Here the subscripts 1 and 2 designate quantities that refer fo 2re the velocity distribution functions for molecules, re-

the light-absorbing gas and buffer gas, respectively; the suflected from and incident at the surface, dqds the Boltz-

scriptsm andn designate quantities that refer to molecules inMann constant. The unknown number densitigsare deter-

the excited and in the ground state. mined from the condition of impermeability of the particle
For two-level molecules of light-absorbing gas and ~ Surface to the gas molecules

m), the velocity distribution functions are described by the - .

following kinetic equation$6]: N =[Ni|, i=mn.2. @)

Jf 1 Here N;" and N;” are the number of molecules, reflected
—+v.- Vi ==« (=) +nfmnt+S,, (2) from and incident at the particle surface per unit time, re-

o 2 spectively. These quantities can be expressed as
fm 1
V- V== ST k(W) (fn= o) = Tt Sy (3) Nf=f 0 EF (o) dv,
(v-n)>0
M v vt S, (4)
—_— V. = . — —
o TV =]t o ma ®
(v-n)<0
Here
The distribution functions for the incident moleculds, ,
S=Sn+S,+S,, i=mn2, are given in Eqs(2)—(4).
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We examine the case of small valuesxg¥) that is quite
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where y;; is the effective collision frequency between the

typical for vibrational-rotational transitions and also for elec-molecules of the-th andj-th speciesA;; is the linearized
tronic transitions at low radiation intensity. In this case theoperator of inverse collisions.

system is quite near the equilibrium and, thus, the distribu- In the expression foA;; we have to take into account that
tion functions can be written in the form of the perturbedthe mean free path of the molecules is large compared to the

Maxwellian distributions

fi(v)=fig[1+hi(v)], ©)

- L 3IZeX mi02
10T 27kaT0 2kaO '

whereh;(v) is the disturbance function anmy is the equilib-
rium number density of molecules of species

particle radius. This means that the particle does not perturb
the gaseous media. The kinetic equati@t®—(12) describe

the distribution functions, which depends only on the inter-
action of the molecule with each other and with light. Far
from the particle surface the gas and energy fluxes are di-
rected in parallel to the axis and the tangential stresses in
the gas are absent. The light-induced anisotropy of the partial
pressure$6,8] contributes nothing to the photophoretic force
Fr (Dand, consequently, terms with the stress tensor can be

In the steady-state regime the distribution functions do noexcluded from the expression for operafy .
alter with time and, consequently, the time derivatives in the Temperature of the gas components is different due to the

kinetic equationg2)—(4) can be neglected.

light-induced cooling and heatif®,8,9], but its distribution

We consider the free-molecular regime where the meais spatially homogeneou$®]. Hence, the terms accounting
free path of molecules is large compared to the particle rafor the difference in the temperatures of the components con-
dius. In this case, the perturbation of the distribution functiortribute nothing to the photophoretic force and they can be
for molecules incident upon the particle surface due to thexcluded from the expression féy; .
interaction with reflected molecules can be neglected. There- Thus, the operatof;; can be written a$7]
fore, the distribution functions of incident molecules are the
same as those in the case when the particle is absent. We aIAg = 2Ci[ vijUi— (Ui — Vm; /m; uj)Vi(jl)
assume that the radiation intensity is independent of the co-

ordinates and the transverse size of the light beam is big
compared to the mean free path of the gas molecules. At

8 5
= (Hi= (m; /m)*2H)) ]+ ¢ ciz(c?— 5)

such conditions the distribution functions of the incident

molecules,f; , are spatially homogeneous. Hence, the spa- | (vii— OV + O — E Ui— Jmme u) p@
tial derivatives in Eqs(2)—(4) for the functionsf;” can be (v v )i+ 7H =g (U Iy Uy,
neglected. It is important to note that the full distribution (14)

functions depend on coordinates.

In the free-molecular regime, the influence of theyhere

“shadow” formed by the aerosol particle is negligible be-

cause only a small part of molecules is in the “shaded” area.

Accounting for the above assumptions, one gets the lin-

earized equation®)—(4) for the disturbance functions of
incident molecules in the following form

1 n
E1“m,<(v)(n—”—1) —I'(1+hy) + Lyt Lint Lz =0,
m
(10
1 Nm Nm
- ErmK(v) 1-—|+ n—rm(1+ hm) +Lamt LantLn
n n
=0, (11

L2m+ L2n+ L22:0. (12)

whereL;; is the linearized collision integral.

IIl. DISTRIBUTION FUNCTIONS

Ui
U=—
Uj

1
= _3/2f ci;hiexp(—c?)dg;, (15)
a

Here U is the velocity of componerit g; is the heat flux of
component, J; is the diffusion flux, andp;, is the equilib-
rium partial pressure. The expressions for the rafg¢sare
given in Appendix A.

The solution of Eqs(10)—(12), taking account of Egs.

Since only elastic collisions between molecules are con(l3) and(14), has the form

sidered, we can use the linearized collision intedral of
third order developed by McCormag¢K]:

LIJ:_yljhl+AIjv (13)
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— Fm ’)/m 1 nm ml 1/2n1
= Ym[  + L [y |
hn I‘Im—i_ Ym 7¥n 2 K(V) Np up mo n, Uq (24)
- o %“' ﬁ (18 For H; we easily get
CotYm M ¥n Y0’ (6)
A, H,= 7\26 . anm(A (6) ET?Z) )
h, =—, (19 R VENONORR

Y2 -

where the superscript refers to disturbance function for the © o o

incident molecules. The following designations have been Von NmHm ¥nz = Vm2
used: Ho=— )\_ _ . e one ), 26

| 2 1 Vn2
A|:]=;n2AI]Y /)/I ’)/|m+ 'y|n+ ’ylz (|:m,n12), Where
(20) N NI N RN TR C I )

wherey; is the effective collision frequency for molecules of
species.

The unknown macroscopic quantities and H; in Egs.
(17)—(19) can be calculated using Egdl5) and (16). This
theory is linear ink(v). Therefore we can assume thaf,
<n,, i.e. ny=~n4. In addition, in Eq.(14) we can neglect
small terms of second ordéof the thermal diffusion order
that are proportional to the frequeneff’.

Far from the particle surface we have

Ap= (V(5)_ (5))+( (5) (5))+(V(6)—v(6))
For the gas mixture as a whole we have

n{H;+ns,H,

N , h=n;+n,. (27
Thus, Egs.(9) and (17)—(26) completely determine the
velocity distribution functions of molecules incident upon

the particle surface.

um:#ﬂ Ko 1) After the linearization of boundary conditior(§) was
Tt v B4yl ng 7872 completed we obtain the disturbance functions for reflected
molecules,
Ko:f C1ox(V)exp —cf)dc;. Nis— N

i
rn Ny K

| S (5)+V(5)n 4732

Klzf Ciz

The quantitiesc<y and «;, which depend on the detuning
parametex=Q/kv,; and broadening parametgr=1"/kv, IV. FORCE AND VELOCITY OF PHOTOPHORESIS
can be expressed in a simple form in the case of inhomoge-
neous y<<1) and homogeneouy#% 1) spectral line broad-
enings. The numerical calculation has been carried out f
the intermediate values gf(see Appendix B

The dimensionless drift velocity of the light-absorbing

Him=

(22 Thus, for the disturbance functions on the particle surface
we have

5 h(re,c) (c-n)>0
~| k(v)exp(—c?)dc;. . LN (TesG i
2 K 1 1 hl(rOlCI) [hi(rOvCi) (ci-n)<0. (29)

2
Cl_

Making use of Eq(1) and applying the distribution func-
OIiJOFIS given by Egs(9), (17)—(19), and (28), we obtain an
expression for the photophoretic force

; o A
gas far from the particle surface is given by Fr=4mr2p, GsA8+Gy7:+GuU1+ GyH|. (30
1
Uy == (NpUn+NipUpn) Here
1
(1) _ (1) 1/2
NpU n v Ten 8 n
- : 312 . 6 m2_ (23 GS:_T oo Unm, Gy= 12 n,’ (31)
N1 np+(my/my)™ny vy N1 157 M
Applying momentum conservation law to the gas mixture, I 10 16 2
one obtains the expression for the dimensionless velocity of G,=— m—m 3 Kot 15 ,
the buffer gas, 27 (Tt ym)
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1 my | 2 my | 12 —dm2|/(_jn2<1. In this case the expressioB0) for the photo-
G,=— 6771’2{ ({(E) —1} 7{(—2) ’7782—1H, phoretic force can be rewritten as
o , FR=4wr§p1(GsAs+Gdﬂ), (36)
K2=f sing daf Cy,Cik(V)exp(—c7) dey, (32 dy
0 €1,<0
where
Ae=gpn—enm, Ay=v¥n—¥m, P1=N1kpTo.
Iy Ko
The quantity x, is given as a function of parameters Gs=-— T+ 6’ (37)
=0/(kv,) andy=T"/(kv;) in Appendix B. " Ym
In Eqg. (29), the kinetic coefficieniG¢ characterizes the
surface mechanism of photophoresis related to the difference Gy=AG,+G I'm nod,/dn2 Ko

in the accommodation coefficients for excited and unexcited
molecules of the absorbing gas.
The kinetic coefficientG., describes the contribution of

! Fm+')’m n2+(ml/m2)3/2nl 773/2'

. . 2y ) ’ m,/2)Y%n,d2+miZn,d,d
the difference in the collision frequencies between excited A=( 1/2) 7y + M Mooz ,
and unexcited molecules. Excitation of molecules leads to (my/2)Y2n,d2+ min,d2,

change in their effective diameter or the mean free path. On

the other hand, difference in the mean free paths of mol- 1

ecules in the excited and ground state leads to a difference in -~ djj=7(di+d;), Ad=d,—dp, My
drags for fluxes of the gas components when flowing around
the particle. As a result, a frequency mechanism of photo-
phoresis arises.

m;m;
Cmptmy,

The second term in parentheses in E2f) characterizes
the bulk mechanism of photophoresis, which is related to the

The th|rd_ and fourth terms in Fhe eXpreSS'm)' which — jitterence in the effective diameters of the excited and unex-
are proportional to the drift velocity of absorbing gas and t0qited molecules

the_h_eat flux, are also associated.with the (_jifference in the The particle velocity is described by
collision frequencies of molecules in the excited and ground
states. However, numerical estimations show that the contri- Ad
bution of the fourth term in Eq(29) to the photophoretic Ufzv_l(MSAs+Md —) (39
force does not exceed 3% in all cases studied, and it may be dy

as small as< 1% in the case of low concentrations of the o - o
buffer gas(for n,<n). where ug and uy are the kinetic coefficients characterizing

Particle, moving in the gas, are also affected by the dra he surface mechanism and the bulk mechanism of photo-

F.. Therefore the velocity of the uniform motion of the par- PNOretic velocity, respectively,

ticle, U¢, is determined from the following condition: 312 312

Frt Fo=0. (33 = gq Os R g

Gy. (39)

The drag irj the free-molecular regime for the low concen-  Expressions for the kinetic coefficier®s andG4 may be
tration of excited molecules),<n,, is [10] considerably simplified in the cases of inhomogeneous and
homogeneous broadening of the absorption line.

8771/2 Inh 3 ; X .
F=_ 2 7aU; 34 nhomogeneous broaden_lng<€ 1) is typical for rarefied

¢ 3 foMiMvaat 39 gases. In this case we obtain

8 Ny, [ My 2 13 241G 2
a:1+8”;+n_(m_) 1+82§ . Ge=— | mnl X eXF(—XZ), (40)

! 1 3(Cmt ymkv,
Thus, the photophoretic velocity of the particle with re- 5
spect to the mass center of the gas mixture is expressed as _ 27|Gpy E(1_3773,2_ 1))(
3nll2 Ay T 3Tt ymkea 315
U= v_l(GsAs+Gy—+Guu1+GHH). (35) 0 32_ 1

4a n ——3 x3+ } (41)

We choose effective collision rates in the form of;
= vi(jl). In addition, we assume that the interacting molecules The contribution of the third term in parentheses in Eq.
are hard elastic spheres and the effective interaction radii a31) for G,,, containingk,, is less than 5%. Now we neglect

molecules in the excited statd,,,, and ground state],,,, this term and obtain instead of E¢t1) the following for-
where the buffer-gas molecules are commensurate|d,2., mula:
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4 3/2G 2
G,=- Lm“'_(l% 8x%)x exp(—x%). (42
1T+ ymkvg

CoefficientG4 can be written as

27TA 13+8x2
15 ( X9)

27Tll2|Gmn|2
(I'm+ ymKvq
2n,d. /d,,

u
ny+(my/m,)%°n,;

x exp(—x?). (43

In the case of homogeneous broadeniyg>() for |x|
<y we obtain

27YGpnl? X

s T BTt Yl 2

(44)

2|Gl? X
G,=-— /2|—mn|(10773/2—4) =,
37T o+ ym)T
107324

3771/2

o 2Cn
T Tty

. 2n,d,/d., ] X
Ny

)33 2

Y, (my/m, y

V. DISCUSSION

The kinetic coefficient$sg and G4 characterizing the sur-

PHYSICAL REVIEW E 68, 061205 (2003

0.08 1
G*

0.04 1

-0.04

-0.08

. — . .
6 -4 -2 0 2 4 6
X

FIG. 2. G} as a function of the detuning paramexeat various
values of broadening parameter 0.1 (curve 1, 0.2 (curve 2, 0.5
(curve 3, 1 (curve 4, and 2(curve 5 at n;~n,, m;~m,, and
dn"-‘d2.

Thus, the directions of the surface components of the
force and velocity of photophoresis are determined by the
signs in the difference of the accommodation coefficients for
the unexcited and excited moleculéss =¢,— ¢, and the
frequency detuning). In the case whede>0, the direction
of the surface component coincides with the direction of
light propagation af)<<0, and it is opposite to the direction
of light propagation af)>0.

To account for this result, we examine the special case
when the ground-state molecules have bigger accommoda-
tion coefficient,Ae>0, and the frequency detuning is posi-

face and bulk mechanisms of photophoresis are proportiondive, (>0. In this case the flow of excited molecules is
to the radiation intensity. They depend on the frequenciesaligned with the wave vectoug,>0), while the direction of

ratiol,,/T",,, the magnitude of the detunirg, composition

the flow of ground-state molecules is opposite,,<0).

of the gaseous mixture, and masses and diameters of tiidence, where,,>¢,, the flux of the ground-state molecules

molecules.

The values of the modified kinetic coefficieritggs andGy
as functions of the detuning parameter ()/kv, for various
values of the broadening parameyer I'/kv, are shown in
Figs. 2 and 3. Using the preceding notation we take

8 Gl )1
- Gsy
(I'm+ ym)kvq

4G pi? )1
(rm+ 7m)kv_l

*

S

*

Direction of the force and velocity of photophoresis de-

pends on the sign of the detunify i.e., the kinetic coeffi-
cientsGg andG4 and henceug and .y are odd functions of

Q (Figs. 2 and R In the case of inhomogeneous broadening, & a4 o> 9o 2 i &

the photophoretic velocity peaks & ~kv,. When |Q|

=3kv,, the effect is negligible because it does not satisfy

the resonance condition.

The kinetic coefficient$s; and G4 are positive if the de-
tuning parametex=/kv, is negative. Ax>0 bothG and
G4 are negative.

experiences greater drag when flowing around the aerosol
particle than the flux of the excited molecules. Thus the re-

3
G*

d

X

FIG. 3. G} as a function of the detuning paramexeat various
values of broadening parameter 0.1 (curve 1, 0.2 (curve 2, 0.5
(curve 3, 1 (curve 4, and 2(curve 5 at n;~n,, my~m,, and
dnwdz.

061205-6



PHOTOPHORESIS OF A FINE PARTICLE INA. .. PHYSICAL REVIEW 68, 061205 (2003

0.30 0.3
Cf c
0.25 f
0.2
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0.15-
0.1
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0.05
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0 1 2 4 3 4 0 5 10 15

b

FIG. 4. Photophoretic velocity as a function of the concentration
parametera=n,/n, for x=0.75m;=m,, y,<I'\,, d,=d,, €,
=g,=1, andAe=Ad/d,=—0.1.

FIG. 5. Dependence of photophoretic velocity on the ratio of
molecular masse®=m,/m, for x=0.75,n,=n,, v,<I'\,, d,
=d,, en=¢,=1, andAe=Ad/d,=—0.1.

sultant force acts upon the particle along the direction of the

flux of ground-state molecules, i.e., in opposite direction tof" P=20. In the case where the molecule of absorbing gas

the light propagation. is much easier than the molecule of the buffer gas (

The directions of the bulk components of the force and<Ms) the photophoretic velocity is proportional {an; /m,.
velocity of the photophoresis are determined by the differ-On the other hand, for a heavy absorbing gagx m;) the
ence of the effective diameters of molecules in the groundPhotophoretic velocity is independentiafand it is equal to
state and excited statd,d=d,—d,,, and by the frequency the particle velocity in a pure absorbing gas. 3
detuningQ. In the case whehd>0, the bulk component of ~ Now we perform numerical estimations for a specific sys-
the force is aligned with the direction of the light propaga-t€m under typical experimental conditions. We consider an
tion at 2<0 and it is opposed to the direction of the light luminum particle of radiuso=1 um placed(l) in the so-
propagation af)>0. dium vapor and?2) in the equimolar mixture of the sodium

It can be explained as follows. We assume tfas posi- ~ vapor and argon. The temperatureTig=700 K. The satu-
tive. We also suppose that the effective diameter of molfated vapor pressure for sodium at this temperature is 306 Pa
ecules that have absorbed light increas&si€0). There-  [11]- -
fore the mean free path of these molecules decreases. Then The molecular characteristics of Na and Ar are
the flux of excited molecules, moving in the direction of the

wave vector, experiences a greater drag when flowing around m,;=3.8210"%° kg, m,=6.6410 % kg,
the particle than the flux of ground-state molecules. Thus, the

gas acts upon the aerosol particle in the direction of light d,=3.0 A, d,=3.4 A
propagation.

Consider the dependence of the fofggand velocityUy The source of light is a tunable dye laser emitting in the
of photoph_oreS|s on the concentration parametemn;/n; vicinity of the D; and D, lines of sodium(wavelengthi g
and the ratio of molecular masses m;/m,. The results of _gnqg nm).
numerical calculations of the velocity; depending on the 5 his case the frequency of the incident light turns out to

concentration parameter are shown in Fig. 4. Under the e mch pigger than the electron collision rate in the metal,
condition of fixed number density of the mixtur@<n;  5nq it much smaller than the plasma frequency. Langmuir
+ny=const), growth of the concentration of the buffer gasgcreening12] takes place, i.e., light is reflected by the par-

leads to the decrease bf. ticle with no absorption. Hence, under these conditions the

Combining Eqs(38) and(39), one can obtain an approxi- model of a nonabsorbing particle usually adopted in theory is
mate expression for the photophoretic velocity at a given,g)iq.

pressure of the gas mixture, Consider the radiated power 610 mW and the beam
diameter of~1 mm. At this intensity the Rabi frequency
Ci= U(a) - Ug(a=0) (45) G, [see Eq(5)] is about 18 Hz. The radiative decay rate

is I'y=6-10" Hz [13]. Finally, the Doppler broadening,

Kv;~7.3x 10° Hz, corresponds to inhomogeneous broaden-

whereU;(a=0) is the photophoretic velocity in the absenceing of the absorption liney=I"/kv,~0.01.

of a buffer gas. Note that Eq45) provides a satisfactory Consider the following two different cases.

approximation to the results of numerical calculations. a. Pure gagn,=0). In this case the collision rate of the
The dependence of the photophoretic velocity on the rati@xcited molecules and the Knudsen number ape=7.1

of molecular masses of the absorbing and buffer gases, x10° Hz and Kn~100, respectively, which that corre-

=my/m,, is shown in Fig. 5. As may be seen from this sponds to the free-molecular regime.

figure, the particle velocity increases monotonically with Numerical estimates of the kinetic coefficients yield

v; vy(l+b V%)’
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values of broadening parametes 0.1 (curve 3, 0.2 (curve 2, 0.5  Vvalues of broadening parameter-0.1 (curve 1, 0.2 (curve 2, 0.5
(curve 3, 1 (curve 4, and 2(curve 5. (curve 3, 1 (curve 4, and 2(curve 5.
64 [m;\3m, 15 m; 25 m;
Gs=—0.04% exp —x?), (5)= il (22) P22 0 g
s p—X") Vi) =1g m,— i| Qf +4m+8mi ;
Gg=—0.03q13+8x%)x exp(—x?). ; (50(1 2_ @),
Assumingx={Q/kv,=0.8 andAe=Ad/d,=—0.01, we 64 (m m | 32
get the following values of the kinetic coefficient&g I(6) ( 'J) (') Q(2 2)+ Q(l 1)
=—0.016 andG4= —0.228. For the photophoretic force we I 15 m; 8
obtain Fr=9.3x10 ' N. It is important to note that the
gravitational force acting upon the particle is 1.1 Q(l A4 = 9(13)}
X 10 ** N, which ~0.01% of the photophoretic force.
Assuming snfll, one calculates particle velocity; HereQi(j'*r) are the Chapman-Cowling integrdtsAl.
=0.03 ;=20 ms -, that is,~6% of the sound speed.
b. Equimolz_;\r mixture N&a Ar(n;=n,). The numerica_l APPENDIX B
values of the input parameters are the same as those in the B
preceding case. Equatiai38) yields the estimation of the Here we find the dependence &f, x1. and, «, on the
particle velocity,U;=7 ms 1. parameters=/(kv;) andy=I"/(kv,). It is convenient to
write
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APPENDIX A ]
The expressions for the rate§’ that enter Eq(14) have
the form[7] =
16 m; m; m; T T v T v g T v T v
@_=2 M (1.1) _ i -6 -4 -2 0 2 4 6
vy nQs . my= ,
b3 m T omi+m, x

2 FIG. 8. 1, as a function of the detuning paramekeat various
(2),% m”) nlo@a_ § Q(;,l)) values of broadening parameter 0.1 (curve 3, 0.2 (curve 2, 0.5
A 2 0y (curve 3, 1 (curve 4, and 2(curve 5.
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2 2

4G
mn mn
ko=—— lo(X,y), ki=——11(X,y),
1 koy ° Y T kop Y
_ 4G2,
Ko= 15(X,V).
2 T ko, 2(X,y)

For inhomogeneous broadening<€1) we obtain

77_3/2
lo=m?Xx exp(—x?), I2=T(—2x+x3+ S,

PHYSICAL REVIEW &8, 061205 (2003

3
l,= wz(xz— E)X exp(—x3).

For homogeneous broadeningsf 1) with x<y we have,
to within terms of the order of/y,

X 4 X
|0:773/2_3, Il:O' |2:—?—3
y y
The results of numerical calculation for various values of
the parameters andy are plotted in Figs. 6-8.
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