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Abstract

The influence of resonance radiation on the pressure exerted by gas on the surface of a condensed phase is
studied. The effects, which are associated with a change in the recoil pressure of molecules escaping from the surface
in a radiation field, are considered. Combined manifestation of thermal and resonance effects is analyzed, as well as
the influence of a change in the indicatrix of scattering of the molecules leaving a surface in a radiation field. It is
shown that new components of a photophoretic force, that acts on an aerosol particle, can appear in the field of
resonance radiation. In such a situation there is a resultant force even in the case of uniform heating of the particle
when classical photophoresis does not occur. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is known that transfer phenomena in hetero-
geneous systems are substantially, and in a number of
cases decisively, influenced by the processes occurring
on the interface surface. Surface processes often prove
to be a channel by means of which transfer phenomena
are connected with different kinds of external influ-
ences on a system. So, resonance (in particular, laser)
radiation can change the character of the interaction
of gas particles with a surface [1,2], which in turn leads
to a change in the permeability of porous bodies and
individual capillaries relative to the gas flowing
through them [3-6]. When resonance radiation affects
a gas-porous body system, which was equilibrium
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before the exposure to radiation, a resultant mass flux
can be realized in this system [7-16]. The influence of
radiation on the escape of gas through capillary-
porous bodies into vacuum in the absence of the
sources and sinks of molecules on the walls of the
pores can occur both by means of surface diffusion
process and via a change in the indicatrix of scattering
of molecules by the wall of a capillary due to radiation
[4—6]. The second of the mechanisms mentioned above
allowed one in Ref. [6] to explain the results of exper-
iments concerning the reduction of the resultant flux of
rarefied gas outgoing from a capillary into vacuum in
the resonance radiation field [3] and [15] to interpret
the results of experiments related to the sign of press-
ure drop occurring in a gas exposed to radiation with
a frequency detuned from the resonance frequency of
the molecules of the gas contained in two closed
volumes connected by a capillary [16]. Besides the pre-
viously mentioned phenomena of radiation-induced
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Nomenclature

E density of energy flux

e excitation energy of molecules

F force acting on an aerosol particle

f velocity distribution function of molecules
h Planck constant

Iy density of flux of desorbing molecules

J radiation flux density

Boltzmann constant

factor of efficiency of radiation absorption
by aerosol particle

thickness of plate

mass of a molecule

P/Q2rmkTy)'"?

density of gas molecules

density of adsorbed molecules

gas pressure

recoil pressure of gas molecules

radius of an aerosol particle

gas temperature

temperature of surface

time of relaxation of excited molecules
mean velocity of molecules
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Greek symbols

o sticking coefficient

Aab absorption coefficient

B reflection coeflicient

£ emissivity

0 angle between a normal to the surface and
a trajectory of molecule movement

A thermal conductivity

u parameter characterizing the difference of
molecule scattering by a surface from the
cosine law

v radiation frequency

¢n projection of molecule velocity on a nor-

mal to a surface
¢x &y, €, coordinates of molecule velocity

. cross section of radiation transitions of
molecules

T adsorption time

Subscripts

1 nonexcited molecules

2 excited molecules

a adsorbed molecules

ab radiation absorption

g gas

mass transfer in separate channels and porous bodies,
effects due to the radiation-induced change in the
pressure, acting from the side of the gas on the con-
densed phase surface, can also be important. These
problems arise, in particular, in calculation of the
forces that act on aerosol particles. The detuning of
the frequency of the radiation incident on the wall
from the resonance frequency of molecules deforms the
velocity distribution function [17] leading also to a
change in the state of the gas near the wall [18]. Note
that a change in the character of the occurrence of sur-
face processes in the radiation field can lead to a
change in gas pressure acting on the surface even if the
velocity distribution function of molecules incident on
the surface can be considered to be invariable. Further
the effects are considered which are related to a change
in the recoil pressure of the molecules outflowing from
a surface in a radiation field [19-23].

2. Gas pressure on a wall heated by radiation in the case
of different coefficients of sticking to a surface of the
molecules excited and nonexcited by radiation

Consider a solid plate placed in a gas phase. Let res-

onance radiation with the flux density J fall on one of
the sides of the plate. The plate is assumed to be ther-
mally thin, so that the temperature can be considered
constant along the thickness (this can be realized for
sufficiently thin opaque bodies with high heat conduc-
tivity and also for optically transparent materials [24]).
In this case, for a stationary temperature of the plane-
parallel plate, placed in a gas phase, at a rather small
difference between the temperature of the plate 7 and
the surrounding gas temperature T, with [24] taken
into account, the following expression can be written

Jao = 2(n + 4ec T )T — Ty) = 2n'(T — Ty), )

where 7' is the effective coefficient of heat transfer
between the plate and the gas phase (the conditions
of heat transfer for both sides of the plate are
assumed to be identical), ¢ is the Stefan—Boltzmann
constant. For transparent bodies we have: J, =
J(1 — B)(1 —exp{—PB L)), where B, is the reflection
coefficient, f,, is the absorption coefficient, L is
the plate thickness; for opaque bodies the following
correlation can be written: Jy, = J(1 — f,).

A combined influence of thermal and resonance
radiation effects will be considered using as an example



V.V. Levdansky | In1. J. Heat Mass Transfer 42 (1999) 4055-4063 4057

velocity-selective excitation of molecules by radiation
in a gas phase. Suppose that radiation characterized by
a frequency v affects in the direction of the X-coordi-
nate, which is perpendicular to the side surfaces of a
transparent plate. If the resonance frequency v, of the
gas molecules is slightly larger than v, only the mol-
ecules moving in the direction opposite to the direction
of radiation flux will go over into an excited state due
to the Doppler effect. Thus, a larger portion of excited
molecules is incident on the plate surface at X= L than
at X = 0 (excited molecules fall on the latter surface
only after intermolecular collisions due to which they
can be deactivated). Further we consider for simplicity
that excited molecules do not fall on the surface X = 0
at all. For the densities of excited and nonexcited mol-
ecules equations can be written that describe tran-
sitions of molecules from one state to another. In the
two-level model approximation they have the following
form [25]

dny JZ  m

T (m ”I)IV— + o 2)
dn2 _ Jx np

3 = m nz)hv e 3)

where n;, n, are the densities of nonexcited and excited
molecules, respectively; ¢, is the relaxation time of mol-
ecules; 2 is the cross section of radiation transitions of
molecules from one state to another.

In a stationary state for y =ny/(n; +n;) Eqs. (2)
and (3) yield

JZ JX
?——7{;&/(1'{'2};1‘,) (4)

In the case considered the value of X is nonzero if the
component £, of the molecular velocity falls into a cer-
tain interval of values which depends on the frequency
of radiation (it is essential that in this case the value of
% is nonzero only when &, < 0 due to the Doppler
effect).

It is known that the pressure exerted by gas on the
condensed phase surface is attributable to the impacts
of molecules against the surface, as well as to the recoil
pressure generated on escape of molecules from the
surface. Further we assume that excited molecules stick
to the surface (they are adsorbed with complete deacti-
vation and take the surface temperature) with the
probability «, and reflect elastically (without deactiva-
tion) with the probability 1—a,. There are analogous
probabilities also for nonexcited molecules. The stick-
ing coefficients of excited (o) and nonexcited (a;) mol-
ecules are considered to be averaged over velocities
and angles of incidence. We also neglect the possibility
for the excitation of gas molecules on their impact

against the surface. With the above assumptions taken
into account the following expressions can be written
for the velocity distribution functions of nonexcited
(f 1) and excited (f ;) molecules escaping from the
surface

Si=U-a)fi +fa &

fr=0-a)f, ©

where f] and f, are the velocity distribution functions
of nonexcited and excited molecules incident on the
surface, respectively. The function f; characterizes de-
sorbing molecules. In the case of monomolecular
adsorption and diffuse law of emission of desorbing
molecules this function has the form

Jo="2x, ™

where gr is determined as

®)

et [ (é§+é§+f§)m}
43 el

= 2nkr)y P 2T

Assuming the Henry law to be satisfied for adsorption,
we have for n,

na =| alj &fi dE +a2j &y dE | . ©
<0 <0

En f

We have the following expression for the pressure
exerted by the gas on the surface

P=Pt+ P+ Py, (10)

where P, P and P, are the components of the
pressure due to incident, reflecting and desorbing mol-
ecules, respectively.

It is seen from Eqgs. (1-10) that the pressure exerted
by the gas on the surface exposed to radiation depends
on both its heating and resonance effects
(fi £S5, 01 # az). In a general case the functions f;, f>
are determined by kinetic equations that take account
of the transitions of gas molecules from one state to
another due to radiation.

If the velocity distribution of gas molecules is ap-
proximated by the Maxwell velocity distribution,
which is identical on both sides of the plate, we, taking
into consideration what has been said above, have the
following expressions for the difference of pressures
acting on the opposite sides of the plate [20-22]
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Jab 1/2
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It is seen from Eq. (11) that the value of AP will
increase with an increase in J,p, and in the difference
o —a, and with a decrease in #’'. Therefore, when the
pressure and temperature of the gas on both sides of
the plate are identical, the resultant force acting on the
plate can appear as a result of plate heating by inci-
dent radiation and of the difference in the sticking
coefficients for the opposite surfaces of the plate.

(an

3. Influence of the spatial distribution of the molecules
outgoing from a surface on recoil pressure

It is known that in the field of resonance radiation
molecules can be scattered by the surface in nonequi-
librium fashion [26,27]. The influence of this effect on
gas flow in capillaries was considered in [6,15]. Below,
the influence of change in the spatial distribution of
molecules outgoing from the surface in radiation field
on a normal momentum transferred by gas molecules
to the surface and, correspondingly, on the gas press-
ure on the surface is analyzed [19-22].

The problems of nonequilibrium desorption of gas
molecules from the surface are considered in [26]. The
nonequilibrium desorption is understood to be the de-
sorption of molecules, in which the distribution func-
tion of emerging molecules is not described by the
Maxwell distribution function with the temperature
equal to the surface temperature. It is noted that the
cosine law is not usually applicable for nonequilibrium
desorption and that angular distribution of desorbing
molecules is proportional to cos” 0, where 0 is the
angle between the direction of the motion of a mol-
ecule and a normal to the surface, yu is the parameter,
which characterizes the difference of the spatial distri-
bution of molecules leaving the surface from the cosine
law. A similar spatial distribution of evaporating CdS
molecules exposed to the influence of optical radiation
was observed experimentally in [27]. It is also shown
that evaporating molecules are divided into high-
energy ones that emerge at small angles relative to the
normal to the surface (u>1) and low-energy ones
whose angular distribution corresponds to the cosine
law and the desorption mechanism can be considered
to be quasi-equilibrium thermal. The probability of the
escape of molecules from the surface at an angle 6 to
the normal in the solid angle element dw can be pre-
sented in the form

cos” 6
27

dW=(u+1) do. (12)

With the foregoing taken into consideration, it is
assumed further that the dependence of u on the mean
velocity of scattered molecules can be approximated as

u=1latyv=rv, 13)

u>latv=vy,

where v, is the mean velocity, which corresponds to
the surface temperature, v, is the mean velocity of mol-
ecules in nonequilibrium scattering (u# 1) (a more
exact description of the process naturally needs allow-
ance for the distribution function in velocities and, cor-
respondingly, in the values of g, but further for
simplicity we will limit ourselves to the approximation
of the mean values of v and u).

Suppose that all the molecules incident on the sur-
face are adsorbed on it and that the influence of radi-
ation on an adsorbed phase leads to a nonequilibrium
desorption (the parameter u in (12) is not equal to
unity). In this case the pressure exerted by desorbing
molecules on the surface can be presented in the form
[19-22]

cos #t1p
2n

2n /2
Py = J J mvl(p+1) sin 6d0 dg, (14)
0 0

where I4 is the flux density of the molecules being des-
orbed [19-22].
From Eq. (14) we obtain an expression for Pg:
_u+1

2
Py mm"ulu + §mv111, (15)

where /; and I, are the densities of fluxes of the mol-
ecules being desorbed that correspond to the velocities
vi and v,. The relationship between I, and I, depends,
in particular, on radiation flux density, and the sum of
I, and I;, on the assumption of the Maxwell distri-
bution function for gas molecules incident on the sur-
face, is equal to nv/4, where v is the mean velocity of
molecules in the gas phase. Under the assumption that
the desorption of molecules, characterized by the
inequalities x>1 and v, #v,, is realized only on the
irradiated side of the plate, the difference in the recoil
pressures of escaping molecules for the opposite sides
of the plate is determined by the expression [21]

u+1 2
APd =Ium(mvu—§v1 . (16)
As it follows from Eq. (16), the value of AP,
increases with increasing I, v; and u.
The detuning of the frequency with which radiation
is incident on the plate from the resonance frequency
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of gas molecules, which leads to velocity-selective exci-
tation of molecules [17], can also influence the recoil
pressure of the molecules that escape from the surface.
In this case the effect of the detuning mentioned can
manifest itself both via the dependence of the sticking
coefficient of gas molecules on the direction of their
motion and through the change in the indicatrix of
scattering of the excited molecules. Besides, velocity-
selective excitation of molecules can lead to asym-
metric transfer of energy released in deactivation of
excited molecules on their collisions with a wall
[28,29].

4. Momentum transfer by molecules to a surface due to
light-induced energy transfer

Consider the process of light-induced energy transfer
using as an example a transparent plane-parallel plate
[21]. As before, suppose that the plate of thickness L is
exposed to resonance radiation in the direction of the
X-coordinate, perpendicular to the plane of the plate,
and that this radiation is characterized by the fre-
quency v whose value is slightly smaller than the res-
onance frequency vy of the gas molecules; this, as
noted earlier, leads to the excitation of the molecules
that move oppositely to the X-axis.

Disregarding radiation heat transfer, the stationary
distribution of temperature 7(x) along the plate thick-
ness is determined from the equation

d (,dT

under the following boundary conditions

ar

~igg| = EO) - E©), (18)
dT

~Agy|, = B~ ED), (19

where A is the thermal conductivity (hereafter assumed
to be constant); E(0) and E(L) are the densities of the
fluxes of energy brought onto the plate surfaces X = 0
and X= L by the gas molecules incident on them; E4(0)
and Ey(L) are the densities of the fluxes of energy
removed from the corresponding surfaces of the plate
by emerging molecules.

The sticking coefficients of both excited and nonex-
cited molecules are assumed to be equal to unity for
simplicity. We also consider that when excited mol-
ecules are being adsorbed, they deactivate completely,
whereas the molecules incident on the surface and leav-

ing it are described by the Maxwell velocity distri-
bution function.

To estimate E(0) and E(L), we use the following
simple model. Let the densities of the molecular fluxes
incident on the opposite surfaces of the plate be equal
to N =P/(27rkag)”2, where P and T, are the pressure
and temperature of the gas, respectively (assumed to
be constant values), m is the mass of a molecule, k is
the Boltzmann constant, and the difference between
E(0) and E(L) is only that E(L) includes the excitation
energy e of gas molecules because of the account taken
of the above-mentioned condition of detuning of the
radiation frequency from the resonance frequency of
these molecules. On the assumption that
E (0) = NxTV(0), E((L) = NxT(L), E(0) = Nk Ty,
E(L) = N(xTg + ye), where « is the quantity character-
ized by the number of the degrees of freedom of gas
molecules, Eqgs. (17-19) yield the following equation
for T(X)

Aye yeN
T=T, X.
L k(22 + kNL) t A RNL

(20)

It follows from Eq. (20) that under the conditions
specified the temperature T will be maximum at X=1L,
i.e., on the plate surface, which is located farther away
from a radiation source (with a change in the sign of
detuning v—v, the temperature profile reverses).

The difference between 7(0) and 7(L) leads to the
occurrence of noncompensated momentum acting on
the plate. Under the above-stipulated assumptions and
under the condition (I'— T)/T; < <1 we obtain for
the difference in the pressures that act on the opposite
sides of the plate the following relation

P yNeL

AP=7 To(kNL+22)

@
It is seen from Eq. (21) that AP increases with
increasing y, e and decreases with increasing T, and 4.

5. The force acting on an aerosol particle in the
resonance radiation field

Electromagnetic radiation is known to be able to
exert direct force on the aerosol particle (pressure of
radiation), as well as to lead to the appearance of the
forces associated with a temperature drop in the gas
phase and in the particle itself. The last two factors
initiate, respectively, such phenomena as thermophor-
esis and photophoresis of aerosol particles. But when
an aerodisperse system is subjected to the influence of
resonance radiation, new specific regularities can
appear in momentum transfer by gas molecules to an
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aerosol particle due to the radiation-induced change
in the character of the interaction of molecules with a
condensed phase particle [30-39]. In [30] the effect of
light-induced drift of aerosol particles due to the
detuning of radiation frequency from the resonance
frequency of gas molecules was investigated by ana-
logy with a light-induced drift of molecules in a gas
mixture [17). In this case, specific models of the inter-
action of gas molecules with a surface were not con-
sidered. In [31-33] the influence of the above-
mentioned frequency detuning on the speed of motion
of aerosol particles was analyzed in the case of differ-
ent tangential momenta transferred by excited and
nonexcited gas molecules to the surface. As noted in
Ref. [22], this phenomenon is related to the light-
induced gas flow in channels and porous bodies. If
the walls are immovable, gas moves under the action
of radiation, and if the walls (aerosol particles) are
not fixed, they also are set into motion in the field of
radiation, which changes the tangential momentum
transferred by the molecules. Works [34-39] are
devoted to the discussion of the problems associated
with the onset of the force, which acts on the aerosol
particle in the field of radiation and which is caused
by a change in the recoil pressure of the gas mol-
ecules escaping from a surface. This is directly related
to the above-considered problems of the influence of
resonance radiation on the pressure exerted by the
gas on the condensed phase surface.

Consider a spherical aerosol particle of radius R on
which radiation flux of density J is incident, with the
radiation wave length being much smaller, and the
mean free path much larger, than R. For the absolute
value of the force acting on the particle the following
expression can be written {40]

T
F=2nR? [j P, cos 8 sin 8d6 |, (22)
0

where P, is the gas pressure on the particle surface, 0
is the angle between the axis, passing through the par-
ticle centre in the direction parallel to the radiation
filux, and a normal to the surface.

The value of P is determined by the momenta trans-
mitted to the aerosol particle on impact of a gas mol-
ecule with the particle surface and by the recoil
momenta of the molecules that escape from the sur-
face. Under the assumption that the pressure and tem-
perature of the gas that surrounds the aerosol particle
are constant and that its surface is impermeable
(absence of phase transitions), the contribution to the
value of F will be made only by the recoil pressure Py
of the molecules that leave the particle surface. The
difference in P4 for different parts of the surface for a
one-component gas are usually attributed to nonuni-
form heating of the particle [40]. However, with reson-

ance radiation acting on an aerodisperse system, the
noted difference in the values of P4 can appear even in
the case of uniform temperature distribution in the
aerosol particle.

First we will consider a case of the influence of res-
onance radiation on the force that acts on an aerosol
particle in accordance with the mechanism studied in
Section 2 (uniform heating of a body and difference
in the sticking coefficients of excited and nonexcited
molecules). The difference in the sticking coefficients
for an aerosol particle can be attributed to both the
radiation field nonuniformity (e.g., for the particles
whose size is much in excess of the radiation wave
length and that have illuminated and shaded regions)
and velocity-selective excitation of gas molecules,
when only those molecules are excited which move in
a definite direction. Further we consider for simplicity
that the excited molecules fall only on one side of the
particle and assume that the flux density of the
excited molecules incident on the particle surface is a
constant value (it does not depend on the angle ).
Assuming the Maxwell distribution function of the
molecules incident on the particle surface with con-
stant density and temperature, and taking into
account Egs. (11), (22) and the fact that the tempera-
ture of a uniformly heated spherical particle can be
expressed in the form

kpJ

=Ty + 2 23
T et 2, (23)

where k;, is a factor of radiation absorption efficiency,
we have for F

-1
P LJE Jz
F= 5TER th<1 +2Elv) | oAy — U2

1/2
y [<l+.kp_f) / _1].
4n'Ty

It follows from Eq. (24) that for F to be different
from zero, the resonance and thermal effects (exci-
tation of gas molecules and difference in the tempera-
tures of an aerosol particle and gas) should be
realized simultaneously. But if there are phase tran-
sitions on the particle surface (i.e., there is a resultant
molecular flux into the particle), the force F will not
be zero even in the case of the equality between the
temperatures of the particle and of the gas. Only the
difference in the sticking coefficients of the excited
and nonexcited molecules is sufficient here. The value
of F in a quasi-stationary approximation can be esti-
mated as

24

-1
P J& JE
F= EﬂRzmtv(l +ZEtv) l o — o | > (25)
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where o«; and a, have the sense of the condensation
coefficients for excited and nonexcited molecules, and
the radius R of the aerosol particle depends on time
and is determined by the resultant molecular flux into
the particle. Note that unlike the case of an impen-
etrable surface, here the asymmetry of the recoil press-
ure is due to the molecules that fall on the particle
surface and condense on it; under the above assump-
tions the molecules that escape (evaporate) from the
surface do not make contribution to the arising force.

Note that the change in the sign of the difference
oy —o> which, in particular, can be attained by detuning
of the radiation frequency from the resonance fre-
quency of gas molecules leads to a change in the direc-
tion of the force acting on the particle.

Consider the influence of the spatial distribution
of molecules emerging from the surface of an
aerosol particle on the force acting on this particle
with o;=ap,=1 [35]. Suppose that nonequilibrium
scattering of molecules (u # 1, v, # v;) is realized only
on one of the sides of the particle; then the dependence
of the fraction &, of molecules, scattered in nonequili-
brium manner, on the angle 8 can be presented in the
form

g, = yJ cos 0, (26)

where y is the proportionality factor, which character-
izes the probability of nonequilibrium scattering of
molecules.

Taking account of the conditions mentioned, we
obtain from Eq. (22) the following expression for the
value of the force acting on an aerosol particle [35]

F= %EszJNm<z—i—;vu . %vl). @n

It should be noted that in the case of that considered
in Section 3 light-induced energy transfer connected
with the deactivation of radiation-excited molecules on
interaction with the surface, the source of heat released
on the surface of the aerosol particle will be an asym-
metric surface source also in the case of transparent
aerosol particles, as well as particles which are small
relative to the radiation wave length (i.e., for situations
when ordinary radiative heating of particles is practi-
cally uniform).

For the absolute value of the force acting on a
spherical particle exposed to radiation by its one side,
with radiation being absorbed on its surface, the fol-
lowing expression can be written accurately to the
terms of the first order of smallness [40]

TR |J| P

= BRIy %)

However, as noted in [40], expression (28) is appli-

cable only for opaque particles, whose radius is much
in excess of the radiation wave length. Small particles
have not sharp shades, light flows around them due to
diffraction [40]. In this case the asymmetry of the heat
field in the particle is small, which, respectively, also
means a small force of ordinary photophoresis. When
energy is transferred to the particle in the process of
the deactivation of radiatively excited molecules on the
particle surface, expression (25) is also applicable to
small, as well as transparent particles with account
taken of the fact that the quantity J will be replaced
by the density of the flux caused by the excitation of
the molecules and their subsequent deactivation on the
particle surface.

6. Conclusions

The change in the character of interaction of gas
molecules with the condensed phase surface in the
resonance radiation field can result in a change of the
pressure exerted by the gas on the surface. In turn,
this is responsible for the onset of new components
of photophoretic force acting on an aerosol particle.
The appearing components of the force are different
from zero even in the case of uniform temperature
distribution in an aerosol particle. This fact is es-
pecially important for small-radius particles with large
thermal conductivity or for transparent particles when
ordinary photophoresis is very small. The presence of
new components of the photophoretic force enables
one to control the movement of aerosol particles by
exposing an aerodisperse system to resonance radi-
ation.
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