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Light-induced evaporation and condensation growth of aerosol particles

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

~Received 30 June 2001; published 27 February 2002!

The nonisothermal evaporation and condensation of a particle suspended in a vapor-gas mixture under the
effect of resonant optical radiation is studied. A traveling light wave is absorbed by the aerosol particle and
velocity selectively by vapor molecules. The dependence of the evaporation or condensation rate on optical and
thermophysical properties of the particle and gaseous molecules is studied. The free-molecule regime is
examined.
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I. INTRODUCTION

The study of phenomena related to the effect of opti
radiation on submicrometer particles is of fundamental
portance in astrophysics and are of interest in connec
with laser monitoring of the atmosphere. In particular, t
evaporation of aerosols in the field of optical radiation is o
of the main processes determining the time it takes for
aerodispersion system to clear up.

A fine macroscopic particle suspended in a mixture c
sisting of its own vapor and a noncondensing gas is con
ered. When the particle is irradiated by optical radiation
heats up, thus destroying the phase equilibrium, and be
to evaporate. The kinetic theory of radiative evaporation
an aerosol particle absorbing radiation has been presente
particular, in Ref.@1#.

Velocity-selective excitation of vapor molecules can
one more cause of the evaporation or condensation grow
aerosol particles. Let the radiation be a traveling light wa
whose frequency is close to that of an electronic
vibrational-rotational transition of a vapor molecule. Due
the Doppler effect, velocity-selective absorption of radiati
takes place. The effective resonant velocity intervalDv is
determined by the condition thatk•Dv;G, wherek is the
wave vector, andG is the homogeneous linewidth of th
transition. The molecules that absorb radiation become
cited and change their transport properties, in particular,
kinetic cross sections. If excited and unexcited vapor m
ecules interact differently with the molecules of the buf
~nonabsorbing and noncondensing! gas, the Maxwell veloc-
ity distribution of the vapor molecules is distorted@2#. As a
result, the temperature of the vapor can be higher or lo
than the equilibrium temperature of the system@3,4#. In the
first case the aerosol particle evaporates, and in the seco
grows due to the condensation of the vapor.

Another possible reason for the breakdown of the ph
equilibrium is the dependence of the collision rate on
quantum state of the molecules. The change of the kin
cross sections~or the mean free path! of the molecules tha
absorb radiation leads to modification of the Knudsen la
structure. The effective thickness of the Knudsen layer
the exited and unexcited molecules is different. As a res
the dynamic equilibrium between evaporation and conden
tion will be broken. The aerosol particle will be evaporati
or growing depending on specific conditions.
1063-651X/2002/65~3!/036125~8!/$20.00 65 0361
l
-
n

e
n

-
d-
t
ns
f
, in

of
e
r

x-
e

l-
r

er

d it

e
e
ic

r
r

lt,
a-

The dependence of the probability of condensation at c
lisions of molecules with the particle surface on their qua
tum state is another reason of violation of phase equilibriu
If the condensation coefficient of the molecules that ha
absorbed radiation is increased, condensation processe
dominant and the particle grows. In the opposite case
which the probability of condensation of the excited mo
ecules is lower than that of the unexcited molecules,
particle evaporates.

The kinetic theory of isothermal evaporation and cond
sation growth of an aerosol nonabsorbing particle in a fi
of resonant optical radiation has been presented in Ref.@5#.
The model ignored a change of the particle temperature.
generally, the temperature of the particle differs from t
equilibrium temperature of a gas, a fact that can be explai
either by the absorption of the light by the particle or
removal of the latent heat of evaporation.

In this paper the nonisothermal evaporation and cond
sation growth of an absorbing particle suspended in a va
gas mixture, in which the vapor molecules are velocity
lectively excited by resonant optical radiation, is studied.

II. STATEMENT OF THE PROBLEM

Let us consider a spherical particle suspended in a m
ture consisting of the vapor of this particle and a nonco
densing gas. The radiusr 0 of the particle is much greate
than the radius of a critical nucleation center. The system
in thermodynamic equilibrium at temperatureT0 .

We irradiate the system with monochromatic light. A tra
eling light wave is propagating along the axisz ~Fig. 1!. Let
the radiation be absorbed by the vapor molecules in an e
tronic or vibrational-rotational transition from the groun
staten to the first excited statem. The radiation frequencyv
is slightly detuned from the center of the absorption line
vmn , i.e., V5v2vmn , (uVu!v,vmn).

FIG. 1. Geometry of the problem;k is the wave vector,v is the
frequency of radiation.
©2002 The American Physical Society25-1
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Molecules that have absorbed radiation become exci
This alters their transport characteristics and their probab
of being captured by the interphase plane. Thus, the gas
phase can be interpreted as a three-component mixture
sisting of the excited and unexcited components of the va
and the buffer~nonabsorbing and noncondensing! gas. The
components of the vapor consist of molecules of equal m
m1 but different effective diametersdnÞdm . As a result of
stimulated transitions and the radiative decay of the exc
level, these components are constantly swapping molecu

Resonant interaction between light and vapor destroys
state of phase equilibrium, and evaporation or condensa
growth of the aerosol begins. Obviously, the decrease~in-
crease! in particle mass per unit time, i.e., the evaporati
~condensation! rate, is determined by the mass vapor flux
the particle’s surface,

d

dt S 4

3
pr 0

3r0D522pr 0
2^n•J&, ~1!

wherer0 is the density of the particle,n is the outer normal
to the surface of the particle,J is the vector of vapor mas
flow, the bracketŝ¯& indicate the integration over the ang
u ~Fig. 1!

^n•J&5E
0

t

Jr sinu du. ~2!

If the velocity distribution functions of the excitedf m and
nonexcitedf n vapor molecules are known, the quantityJr
can be calculated as

Jt5m1E v r~ f n1 f m!dv. ~3!

When the absorbing molecules are approximated b
two-level model, the velocity distribution functions for th
vapor molecules,f m and f n , and the molecules of the buffe
gas f 2 , satisfy the following kinetic equations@3#:

] f n

]t
1v•“ f n5 1

2 Gmk~v!~ f m2 f n!1Gmf m1Sn , ~4!

] f m

]t
1v•“ f m52 1

2 Gmk~v!~ f m2 f n!2Gmf m1Sm , ~5!

] f 2

]t
1v•“ f 25S2 . ~6!

Here

Si5Sim1Sin1Si2 , i 5m,n,2, ~7!

k~v!5
4uGmnu2G

Gm@G21~V2k•v!2#
, Gmn5

dmnE0

2\
,

whereGm is the rate of radiative decay of the excited lev
k(v) is the probability of absorption per unit time for mo
ecules with a given velocityv ~the absorption rate for suc
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molecules!, dmn is the dipole matrix element of them-n tran-
sition, E0 is the amplitude of the electric field of the ligh
wave,Gmn is the Rabi frequency,Si j are Boltzmann collision
integrals for molecules of thei th and j th species, and\ is
Planck’s constant.

To specify the boundary conditions for Eqs.~4!–~6! we
must fix the distribution functions for molecules emitte
from the particle surface. Generally, the temperatureTs of
the surface differs from the equilibrium temperatureT0 , a
fact that can be explained either by the absorption of light
the particle or by removal of the latent heat of evaporati
Let us assume that the parta i , (i 5m,n) of the vapor mol-
ecules in thei th state is evaporated in an equilibrium mann
according to the Maxwell distribution functionf i

s with the
surface temperatureTs and with the corresponding numbe
density of saturated vapornis , and the part (12a i) is re-
flected without having been condensed on collision with
particle. The velocities of the reflected vapor molecules
distributed according to Maxwell’s lawf i

r . It is assumed that
the function f i

r depends on the surface temperatureTs and
unknown number densityn1r . Then ignoring inelastic colli-
sions with the surface, for vapor molecules we have

f i
1~r0 ,v!5a i f i

s1~12a i ! f i
r ; ~8!

i 5m,n; ~v•n!.0,

where

f i
s,r5ni ~s,r !S m1

2pkBTs
D 3/2

expS m1v2

2kBTs
D . ~9!

kB is the Boltzmann constant.
We assume that molecules of the buffer gas are diffus

scattered by the surface, with their energy being comple
accommodated and their velocity distribution function bei
Maxwellian

f 2
1~r0 ,v!5n2r S m2

2pkBTs
D 3/2

expS m2v2

2kBTs
D ~v•n!.0,

~10!

wheren2r is the number density of the buffer-gas molecu
reflected from the surface,m2 is the mass of a buffer-ga
molecule.

Note that all macroscopic quantities in Eqs.~9! and ~10!
depend on the polar angleu.

We assume that only unexcited molecules evaporate f
the surface. Then in the boundary condition~8! we must put
nms50, while nns is the equilibrium densityns of saturated
vapor corresponding to surface temperatureTs .

In expression~9!, the unknown number densitiesnir of
the excited (i 5m) and unexcited (i 5n) vapor molecules
reflected from the surface of the aerosol particle can be fo
from the balance relations for the mass vapor fluxes at
interphase boundary

Ni
15~12a i !uNi

21u1a iNi
s ; i 5m,n. ~11!
5-2
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Here

Ni
1,s5E

~v•n!.0
v r f i

1,s~r0 ,v!dv. ~12!

uNi
2u5E

~v•n!,0
uv r u f i

2~r0 ,v!dv, Nm
s 50,

where the superscripts1, 2, and s refer, respectively, to
flows determined by the emitted, incident, and evapora
molecules.

The distribution functions for the emittedf i
1 and evapo-

rated f i
s vapor molecules are given by Eqs.~8! and ~9!, and

for the incident moleculesf i
2 can be found by solving the

Eqs.~4! and ~5!.
In the boundary condition~10!, the unknown number den

sity n2r of reflected buffer-gas molecules can be found fro
the nonpercolation condition

N2
15uN2

2u. ~13!

The kinetic boundary conditions~8!–~10! include the un-
known temperatureTs . The temperature distribution insid
the particleTp and on its surfaceTs5Tp(r 0) is described by
a nonuniform heat-conductivity equation@6#

2lpDTp5W~r ,u!, ~14!

where lp is the particle heat-conductivity coefficient. Th
volumetric energy generation rate in the case of the pl
monochromatic wave ofl0 length according to the Lorenz
Mie theory has the form@6#

W~r ,u!5
4p

l0
nxIB~r ,u!, B~r ,u!5

uE~r ,u!u2

E0
2 . ~15!

Heren andx are, respectively, the refractive and absorpt
indexes~N5n1 ix is the complex refraction index!, E(r ,u)
is the local value of the electric field intensity inside t
particle, andI is the intensity of radiation;B(r ,0) has been
averaged over the azimuthal anglew.

The boundary conditions to the heat-conductivity eq
tion ~14! require the temperature limit at the particle cen
and continuity of radial heat flux on the surface

S qr1
L

m1
Jr1lp

]Tp

]r D
r 5r 0

50, ~16!

whereqr is the radial heat flux in a gaseous phase, andL is
the latent heat of phase transition per condensed phase
ecule. The second term in Eq.~16! represents the phase tra
sition heat ablation during evaporation, the third one the
dial heat flux inside the particle due to the heat conductiv

The radial heat flux in gaseous phase at the surface o
particle can be calculated as

qr5 (
i 5m,n,2

1

2
miE ~v r2v0r !~v2v0!2f i~r0 ,v!dv. ~17!

Herev0 is the mass-average velocity
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i 5m,n,2

miE vf idv.

r5n1m11n2m2 , n15nn1nm . ~18!

The radial mass vapor flux at the particle surface tak
into account Eqs.~3!, ~11! and ~12! can be calculated as

Jr5m1 (
i 5m,n

a i~Ni
s2uNi

2u!. ~19!

We examine the case of small values ofk(v), which is
common for vibrational-rotational transitions, while for ele
tronic transitions this case is realized at low light intensiti
In this case the state of the system is close to equilibrium
the distribution functions of molecular velocities can be wr
ten as perturbed Maxwellian distributions

f i~v!5 f i0@11hi~v!#, ~20!

f i05ni0S mi

2pkBT0
D 3/2

expS miv
2

2kBT0
D ,

where hi(v) are the disturbance functions for excitedi
5m), ground state (i 5n) and buffer-gas (i 52) molecules,
ni0 is the equilibrium number density of molecules of spec
i, and T0 is the equilibrium temperature of the vapor-g
mixture.

The component temperatures differ little from the equil
rium temperatureT0 , i.e.,

Ti5T0~11t i !, ut i u!1. ~21!

wheret i is the unknown temperature perturbation of thei th
component. The equilibrium vapor molecule densitiesns(Ts)
andn10(T0) are also slightly different from one another, i.e

ns5
ns2n10

n10
, unsu!1.

Then the linearized Clapeyron-Clausius equation@7# has
the form

ns5~b21!ts , ts5
Ts2T0

T0
, b5

L

kBT0
. ~22!

It follows from the linearity of the theory that the particl
evolution can be described independently from the lig
induced drift @2# and photophoresis@7,8#. The slow motion
of the particle~in linear approximation on the Mach numbe
i.e., M!1! does not influence evaporation rate of this p
ticle.

Consider a quasistationary approximation when the ch
acteristic time of evaporation or growth is much more th
the characteristic diffusion~and heat-conductivity! time @1#.
In this case the distribution functions do not depend on
time. Then in the kinetic equations~4!–~6! we can ignore the
time derivatives of the distribution function.

We consider the free-molecule regime, in which the me
free path of molecules is much greater than the radius
5-3
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particles. In this case we can ignore the perturbation of
distribution function for the molecules incident upon a p
ticle due to collisions with emitted molecules. Therefore,
distribution functions of incident molecules are the same
though the particle was absent. If we assume that the in
sity of the light is independent of the position and the tra
verse size of the light beam is much greater than the m
free path of the molecules, the distribution functionsf i

2 of
the incident molecules are spatially homogeneous. The
Eqs. ~4!–~6!, which the functionsf i

2 must satisfy, we can
ignore spatial derivatives. Note that the full distribution fun
tions depend on coordinates.

We assume that the influence of the ‘‘shadow’’ that t
aerosol particle will cast is negligible in the case of the fre
molecule regime because only a small part of molecules i
‘‘shaded’’ area.

Under these assumptions, the linearized variants of E
~4!–~6! for the disturbance functionshi

` at a distance from
the particle~for the incident molecules! assume the form

1

2
Gmk~v!S nn0

nm0
21D2Gm~11hm

` !1Lmm1Lmn1Lm250,

~23!

2
1

2
Gmk~v!S 12

nm0

nn0
D1

nm0

nn0
Gm~11hm

` !1Lnm1Lnn1Ln2

50, ~24!

L2m1L2n1L2250. ~25!

We consider only elastic collisions between molecul
and for the linearized collision integralsLi j we make ap-
proximations@9# that ensure accurate values for the first
moments ofLi j . Obviously, in an approximation linear i
k(v) we can assume thatnm!nn . Then the solution of Eqs
~23!–~25! takes the form

hm
`5

Gm

Gm1gm
3S nn0

2nm0
k~v!211

gm

Gm
nm

`1
Am

Gm
D , ~26!

hm
`5

Gm

Gm1gm

gm

gn
3F2

1

2
k~v!1

nm0

nn0
S 11nm

`1
Am

gm
D G

1nn
`1

An

gn
, ~27!

h2
`5n2

`1
A2

g2
. ~28!

Here the following designations have been used:

Ai5 (
j 5m,n,2

Ai j , ci5
v

v̄ i
, v̄ i5S 2kBT0

mi ,
D 1/2

, ~29!

Ai j 5S ci
22

3

2D Fg i j t i
`22

mi j

mj
~t i

`2t j
`!n i j

~1!G ,
g i5g im1g in1g i2 , ~ i 5m,n,2!,
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n i j
~1!5

16

3

mi j

mi
njV i j

~1,1! , mi j 5
mimj

mi1mj
,

whereg i j is the effective frequency of collisions between t
molecules ofi th and j th species,V i j

(1,1) is the Chapman-
Cowling integral@10#.

At a distance from the particle, the number density a
the temperature disturbances ofi species are calculated as

n i
`5

ni
`2ni0

ni0
5p23/2E hi

` exp~2ci
2!dci , ~30!

t i
`5

Ti
`2T0

T0
5p23/2E S 2

3
ci

221Dhi
` exp~2ci

2!dci .

Note that generally the expression forAi j in Eq. ~29! in-
corporates terms containing the macroscopic velocities of
vapor and the buffer gas, partial heat fluxes, and compon
of the stress tensor. However, these terms give a contribu
only in a local vapor flow and do not give a contribution to
vapor flow averaged over the surface of the particle.

After linearization of boundary conditions~8!–~10! we
obtain the disturbance functions for excited and unexci
vapor molecules and buffer-gas molecules emitted from
surface of the particle

hm
15~12am!Fnmr1S c1

22
3

2D tsG ,
hn

15anns1~12an!nnr1S c1
22

3

2D ts ,

h2
15n2r1S c2

22
3

2D ts , n ir5
n1r2ni0

ni0
. ~31!

Here it is taken into account that only unexcited mo
ecules evaporate from the surface. The unknown parame
n ir can be found from the Eqs.~11!–~13!.

Thus, on the surface of the particle for the disturban
functions we have

hi~r0 ,v!5H hi
1~r0 ,v! ~v•n!.0

hi
`~r0 ,v! ~v•n!,0.

~32!

III. RADIAL VAPOR FLUX

In an approximation linear ink(b fv) we havenm!nn ,
i.e., n0'n1 . Then Eqs.~26! and ~30! yield

nm
`5nm0~11nm

` !5
n10

2p3/2k0 , ~33!

tm
`5

n10

2p3/2nm0

Gmk2

Gm1nmn
~1!12nm2

~1!m12/m2
,

where
5-4
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k05E k~v!exp~2c1
2!dc1 ,

k25E ~c1
22 3

2 !k~v !exp~2c1
2!dc1 . ~34!

Both k0 and k2 , which depend on the parametersx
5V/(kv̄1) and y5G/(kv̄1), have a simple form for both
inhomogeneous (y!1) and homogeneous (y@1) line
broadening. For intermediate values ofy, a numerical calcu-
lation is carried out in the Appendix.

The relative light-induced cooling~or heating! of the va-
por and heating~or cooling! of the buffer gas at a distanc
from the particle are, respectively,

t1
`5

n20

n101n20

nm0

n10
tm

` S 12
V2m

~1,1!

V2m
~1,1!D ,

n20t2
`52n10t1

` . ~35!

Taking into account Eqs.~2!, ~12!, ~19!, ~20!, ~26!, ~27!,
~31!, ~33!, and ~35! for the mass vapor flux integrated ov
angle 0 we obtain

^Jr&5Gt^ts&1^Jk&, ~36!

where

^Jk&5
r1v̄1

2p1/2 S GsDa1Gc

Dg

gn
1GTt1

`D , ~37!

Gt5an

r1v̄1

2p1/2 S b2
1

2D , GT5
an

2
,

Gs5
gm

Gm1gm

k0

2p3/21
Gm

Gm1gm
S k1

2

p
1

nmnm2
~1!

2n1Gm

m12m2

m11m2
tm

` D ,

~38!

Gc5
anGm

Gm1gm
S k0

2p3/22
k1

2

p
2

k2

6p3/2D , ~39!

k1
25

1

2 E0

p

sinu duE
c1r,0

uc1r uk~v!exp~2c1
2!dc1 ,

Da5a02am , Dg5gn2gm , r15m1n1 . ~40!

The quantityk1
2 is given as a function of parametersx,y

in the Appendix.
In Eq. ~36!, the kinetic coefficientGt characterizes the

radiative evaporation of an aerosol particle. In Eq.~37! the
coefficientGs characterizes the surface mechanism of eva
ration ~or growth!, which is related to the difference in th
evaporation-condensation coefficients for the excited and
excited vapor molecules. The kinetic coefficientGc charac-
terizes the contribution related to the difference in rates
collisions of the excited and unexcited vapor molecules.
nally, the third term in Eq.~37! describes the rate of conden
03612
-

n-

f
i-

sation growth~or evaporation! of the aerosol particle due to
light-induced cooling~or heating! of the vapor.

For calculation the quantitŷts& in Eq. ~36! it is necessary
to determine the radial heat flux. From Eq.~17! integrating
over the angleu we obtain

^qr&5Qt^ts&1^qk&. ~41!

Here

Qt5p1v̄1Fan

~b21!

p1/2 1p21/2S 11
an

2 D1
n20

n10
S m1

m2
D 3/2G ,

~42!

^qk&5p1v̄1S QsDa1Qc

Dg

gn
1QTt1

`D , ~43!

where

Qs5
p21/2Gm

Gm1gm
S k1

2

p
2

k0

2p3/2

1
m22m1

m21m1

nm2
~1!

Gm1nmn
~1!12~m12/m2!nm2

~1!

k2

6p3/2D ,

~44!

Qc5
p21/2Gm

Gm1nmn
~1!12~m12/m2!nm2

~1!

k2

2p3/21
p21/2Gm

Gm1gm

3F ~12an!S k1
21

p
2

k2

6p3/2D 1an

k0

2p3/21
k3

2

2pG ,
~45!

QT5
1

2p1/2F S m1

m2
D 1/2

212anG , ~46!

k3
25

1

2 E0

p

sinuduE
c1r,0

c1r
2 uc1r u3k~v!exp~2c1

2!dc1 ;

~47!

p1 is the vapor pressure at the equilibrium temperatureT0 ,
the quantityk3

2 is given as a function of parametersx, y in
the Appendix.

The solution of heat-conductivity equation~14! together
with boundary condition~16! gives @11#

^ts&5
F02C0

Qt1LGt
, F05 1

4 IK a , ~48!

c05^qk&1L^Jk&,

Ka54r0nxE
0

p

sinu duE
0

1

s2B~s,u!ds,

s5
r

r 0
, r05

2pr 0

l0
.

5-5



nz

ro

au
or

are
ii of

x

a- ter

V. G. CHERNYAK AND O. V. KLITENIK PHYSICAL REVIEW E 65 036125
Here functionB(s,u) is given in Eq.~15!, r0 is the diffrac-
tion parameter. The calculation of efficiency factorKa of the
radiation absorption by the particle on the basis of Lore
Mie theory has been given in Ref.@12#.

Thus Eq.~36! is transformed into the following form:

^Jr&5Rr

m1

L
F01

r1v̄1

2p1/2S RsDa1Rc

Dg

gn
1RTt1

`D ,

~49!

where

Rt5
LGt

Qtm11LGt
, h5

m1Qt

Qtm11LGt
, ~50!

Rk5hGk2
2p1/2

b
~12h!Qk , k5s,c,T.

The kinetic coefficientsGk , Qk are given by Eqs.~37!–~39!,
~42!, and~44!–~46!.

Thus there are four mechanisms of evolution of the ae
sol particle: radiative evaporationRr , surfaceRs , collisional
Rc , and temperatureRT evolution.

In the case of pure vapor (n250) for typical condition
b@1 we obtain

Rt51, Rs5
k0

p3/2b
, Rc52

2

b

Gm

Gm1gm
S k1

2

p
1

k3
2

2p

1~11an!
k2

3p3/2D . ~51!

In pure vapor the temperature mechanism is absent bec
t1

`50 ~the light-induced cooling or heating of the vap
takes place only in the presence of the buffer gas!.

The modified kinetic coefficientsRs* andRc* for pure va-
por as a function of the parameterx5V/(kv̄1) are shown in
Figs. 2 and 3. With the preceding notation we have

FIG. 2. Kinetic coefficientRs* @Eq. ~52!# as a function of the
detuning parameterx5V/(kv̄1) and homogeneous broadening p
rametery5G/(kv̄1); y50.1 ~curve 1!, 0.2 ~curve 2!, 0.5 ~curve 3!,
1 ~curve 4!, and 2~curve 5!.
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se

Rs* 5
Gmkv̄1b

8Gmn
2 Rs , ~52!

Rc* 5
~Gm1gm!kv̄1b

8Gmn
2 Rc .

If we choose effective rates of collisions of thei - j in the
form g i j 5n i j

(1) and assume that the interacting molecules
hard elastic spheres and that the effective interaction rad
exciteddm2 and ground statedn2 vapor molecules with the
buffer-gas molecules are commensurate, i.e.,udn2
2dm2u/dn2!1, the expression~49! for the mass-average flu
of the vapor becomes

^Jr&5Rt

m1

L
F01

r1v̄1

2p1/2 S RsDa1Rd

Dd

dn2
D . ~53!

Here

di j 5
1
2 ^di1dj&, Dd5dn22dm2 , ~54!

FIG. 3. Kinetic coefficientRc* ~eq. ~52!! as a function of detun-
ing parameterx5V/(kv̄1) and homogeneous broadening parame
y5G/(kv̄1); y50.1 ~curve 1!, 0.2 ~curve 2!, 0.5 ~curve 3!, 1 ~curve
4!, and 2~curve 5!.

FIG. 4. I 0 as a function of detuning parameterx for various
values of homogeneous broadening parametery50.1 ~curve 1!, 0.2
~curve 2!, 0.5 ~curve 3!, 1 ~curve 4!, and 2~curve 5!.
5-6
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Rd52tm
`

nm0

n10

n20

n101n20
RT12jRc ,

j5
~m1/2!1/2n10dndn21m12

1/2n20dn2
2

~m1/2!1/2n10dn
21m12

1/2n20dn2
2 .

The coefficientsRr andRs are the same as in Eq.~50!.
The second term in parentheses in Eq.~53! characterizes

the bulk mechanism of evaporation~or growth! of the par-
ticle, a mechanism related to the transport properties of
excited and unexcited vapor molecules.

IV. DISCUSSION

The kinetic coefficientsRs and Rd , which characterize
the surface and bulk evaporation~or condensation growth!
mechanisms of an aerosol particle, are proportional to
radiation intensity and depend on the ratio of the rate
radiative decay of an excited levelGm to the intermolecular
collision rategm . The value ofGm /gm , which depends on
gas pressure, has a stronger effect on the bulk compone
the radial vapor flux.

The rate of particle evaporation or growth is strongly d
pendent on the magnitude of the detuningV of the radiation
frequency from the center of the absorption line of vap
molecules. In contrast to the phenomenon of light-induc
drift, @2# the direction of the radial vapor flux is independe
of the sign ofV, i.e., the kinetic coefficientsRs andRd are
even functions ofV. Here the evaporation~or growth! rate
peaks at exact resonance,V50.

The magnitude of the detuningV determines the light-
induced cooling or heating of the vapor, i.e., the sign
relative variation of the vapor temperaturet1

` . From Eqs.
~35! and~33! we see that the sign oft1

` is determined by the
signs ofDd andk2 . Suppose that the effective diameter
molecules that have absorbed light increases (Dd,0). Then
as Fig. 6 shows, for small values ofV the vapor heats up
while for large values ofV it cools off. Thus, there exists a
inversion value V inv that depends on the parametery
5G/(kv̄1). For inhomogeneous broadening (y!1), V inv
'7.5G, while for y52 we haveV inv'0.751. WhenDd

FIG. 5. I 1 as a function of detuning parameterx for various
values of homogeneous broadening parametery50.1 ~curve 1!, 0.2
~curve 2!, 0.5 ~curve 3!, 1 ~curve 4!, and 2~curve 5!.
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,0, the third term in square brackets on the right-hand s
of the Eq.~37! for the radial vapor flux describes evaporatio
of a particle if V,V inv and condensation growth ifV
.V inv .

The kinetic coefficientRs is always positive. Therefore
the surface mechanism gives evaporation of the particle
Da.0 and condensation growth atDa,0. As to coefficient
Rd, it can be both positive and negative depending on c
crete requirements. If the concentrations of the vapor
buffer gas are approximately identical (n10'n20) or the
buffer gas misses (n2050), the kinetic coefficientRd is plus.
In case of small concentration of the vapor (n10!n20) the
coefficientRd changes the sign at the inversion value of d
tuning, V5V inv . Thus at n10!n20 the bulk mechanism
gives evaporation or condensation growth of the particle
pending on the signs ofDd and (V2V inv).

We now make some numerical estimates for a spec
system under typical experimental conditions. We take a
dium particle whose radiusr 0 is 1 mm and immerse it in a
mixture of sodium vapor and the inert gas argon at tempe
ture T0 equal to 700 K. The saturated vapor pressure is 3
Pa. The effect of surface curvature can be neglected. C
sider the equimolar mixture:n105n20'331022 m23. The
molecular characteristics are

FIG. 6. I 2 as a function of detuning parameterx for various
values of homogeneous broadening parametery50.1 ~curve 1!, 0.2
~curve 2!, 0.5 ~curve 3!, 1 ~curve 4!, and 2~curve 5!.

FIG. 7. I 3 as a function of detuning parameterx for various
values of homogeneous broadening parametery50.1 ~curve 1!, 0.2
~curve 2!, 0.5 ~curve 3!, 1 ~curve 4!, and 2~curve 5!.
5-7
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m153.82310226 kg, m252.6310226 kg,

d153.0 Å, d253.4 Å.

The source of light is a tunable dye laser emitting in t
vicinity in the D1 and D2 lines of sodium~wave lengthl0
'600 nm!. The radiated power is about 10 mW and t
beam diameter is about 1 mm. At this intensity the R
frequencyGmn @see Eq.~7!# is of order 108 Hz. The radia-
tive decay rateGm'63107 Hz @13#. Finally, the paramete
y50.01 corresponds to inhomogeneous line broadening
can be shown that the refractive,n, and absorptive,x, in-
dexes of the particle are equal to 0.00 and 2.62, respectiv
Then an efficiency factorKa of the radiation absorption by
the particle is equal to 0.00, i.e., the temperatureTs of the
surface differs from the equilibrium temperatureT0 , a fact
that can be explained only by the latent heat of phase t
sition.

The calculation gives that the Knudsen number~Kn! is
approximately 100, which corresponds to the free-molec
regime, andb517.1,t1

`51.9831024. For the kinetic coef-
ficients we obtain

Rs'0.007, Rc'0.004, RT'0.11.

If we assume thatDa50.01 andDd/dn250.01, then
^Jr&'331025 kg m22 s21, i.e., the particle loses approx
mately 4310216 kg s21. As the mass of particle is
4310215 kg, the evaporation time is approximately 10 s.

In conclusion, we note that experimental study of th
problem at a variety of buffer-gas pressures and values oV
might become a source of accurate information ab
evaporation-condensation coefficients and transport cha
teristics of excited molecules.
id

03612
i

It

ly.

n-

le

t
c-

ACKNOWLEDGMENTS

This research was made possible in part by Award N
REC-005 of the U.S. Civilian Research and Developm
Foundation for the Independent States of the Former So
Union ~CRDF! and the Russian Foundation for Basic R
search~Grant No. 99-01-00143!.

APPENDIX

Here we find the dependence ofk0 , k1
2 , k2 andk3

2 on
the parametersx5V/(kv̄1) and y5G/(kv̄1). It is conve-
nient to write

k05
4Gmn

2

Gmkv̄1
I 0~x,y!, k1

25
4Gmn

2

Gmkv̄1
I 1~x,y!, ~A1!

k25
4Gmn

2

Gmkv̄1
I 2~x,y!, k3

25
4Gmn

2

Gmkv̄1
I 3~x,y!.

The results of numerical calculation for various values
the parametersx andy are plotted in Figs. 4–7.

For inhomogeneous broadening (y!1) with x!1 we
have

I 05p2, I 15
p3/2

3
, I 252

p2

2
, I 35

p3/2

2
. ~A2!

For homogeneous broadening (y@1) with (x,y) we have,
to within terms of ordery21,

I 05
p3/2

y
, I 15

p

2y
, I 250, I 352

p

y
. ~A3!
f
,

f
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