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v In recent years there has been increased interest in the investigation of the microscopic picture of phase
transitions in a supersaturated gas [1-3]. The reason for this is that in a number of cases (condensation of gas
in supersonic nozzles of rocket engines and gasdynamic lasers, in wind tunnels) the role of the initial stage of
nucleation is decisive for the process of condensation of the supersaturated gas. The theoretical kinetics of
this stage of nucleation have not been extensively studied. The formulation and solution of problems related to
the investigation of condensation kinetics have not gone essentially beyond the limits of the classical drop—
liquid theory of nucleation [4], the foundations of which were laid in [5-7}. Thus, in [8-11], in the analysis of
the nonstationary condensation process, use was made of a macroscopic description of the kinetics of nucleus
formation and disintegration, which is not suitable for particles of small dimensions. The method most fully
developed today is the statistical method of calculation of equilibrium concentrations of nuclei in a supersatu-
rated gas [12-14]. However, within the limits of the classical theory [4] it cannot be used for analyzing the
initial stage of nucleation.

The purpose of the present paper is to develop a kinetic model of nucleation that takes account of the
characteristics of the process of association and dissociation of complexes of small dimensions [15].

§1. The classical theory is based on the assumption that it is possible to give a thermodynamic descrip-
tion of the state of a heterogeneous system consisting of molecules of supersaturated gas and nuclei of a liquid
phase. It is assumed that the nuclei, present in a small concentration in the gas, are in thermal equilibrium
with it, and the rates of the processes

Ry K, .
Ap g+ Ay —~Ay, Ag—> A, (+ A, (1.1)

of nucleus formation Rg and nucleus disintegration Kg satisfy the relation

Ny 1Ry = NgKy, Ny= Niexp(— A®(g)/T), (1.2)

which reflects the principle of detailed equilibrium for a stable heterogeneous system, where Ng, A (g) are the
equilibrium concentration and free energy of the formation of a nucleus Ag from g molecules of A, at a degree
of supersaturation of the gas S=N1/N:; N} is the concentration of molecules of saturated gas at temperature T.
The reciprocal conversions of nuclei in the processes (1.1) are accompanied by a change in their internal
energy €, which is determined by the value of the binding energy (association energy) Ug of one molecule in the
complex Ag. Thermodynamic equilibrium in the heterogeneous gas —nucleus system will exist only in the case
when the processes (1.1) take place slowly in comparison with the process of heat exchange of the nuclei with
the gas thermostat Ry, Ky < ZY, where Zy — a,Z,; Z,isthe frequencyof collisions of a nucleus with molecules
of gas; ay is the accommodation coefficient characteFizing the effectiveness of the energy exchange between
them.

This circumstance is usually overlooked when it is assumed [8-11] that the growth of nuclei in the as-
sociation takes place as rapidly as the growth of macroscopic particles in the condensation of gas molecules on
their surfaces Rg=0,Zg, where o, is the coefficient of adhesion of the molecules to the surface of the macro-
scopic liquid or solid body [16]. Such a definition of the growth rate Rg in the general case contradicts the
assumption of the theory [4] that the nuclei are in thermal equilibrium with the gas. To see this, we note that
from the relation (1.2) for a nucleus simulated by a spherical drop of liquid with a surface-tension energy
ug?/3 and A% () =gT In S+ ug?? it follows that the rate of vaporization of small particles Ag of subcritical
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dimensions [4], Kg=Rg exp[(g-/3—g+/*)2u/3T], can be substantially greater than their growth rate, Kg »Rg,
where g, =(@p/3T In S)% is the critical nucleus dimension corresponding to the maximum free energy. If we
take a, ~uy ~ 1, we find that all the particles with such dimensions should vaporize faster than they collide
with the gas molecules, and consequently they cannot be in thermal equilibrium with the gas. This erroneous
conclusion resulted from the use for particles of all dimensions of the model of [4], in which it is assumed
that with respect to the vaporization or condensation of molecules, a nucleus behaves like a thermostat of
macroscopic dimensions. For particles of small dimensions, which do not have a large equilibrium reserve
of internal energy, such an approach is unsuitable; for these the role of a thermostat is played by the gas mole-
cules. The kinetics of the formation and disintegration of particles of small dimensions is determined by the
course of the elementary processes in the gas and may be substantially different from what is considered in
the classical theory.

§2. Let us consider a kinetic model of the initial stage of complex-formation in a supersaturated gas,
We shall treat the processes (1.1) as chemical reactions taking place by way of an intermediate unstable com-
plex (a complex with a tendency to spontaneous disintegration) A%, Inthe case of an association reaction, it is
formed as a result of the adhesion of the molecules to a stable complex (with no tendency to spontaneous dis-
integration) Ag-1=

Ay y+ A - A, 2.1

when the thermal energy E and the association energy Ug of the condensing molecule are completely converted
into the energy € of the internal degrees of freedom of the complex A%; and the latter is therefore in a super-

excited state, €2 Ug. If after a lifetime TE in the superexcited state, which is determined by the probability of
the breakdown of some intermolecular bond, the unstable complex undergoes a deactivating collision with a gas
molecule

Ag+ Ay Ay + 4,

then it is converted to a stable complex Ag which is the final product of the association reaction (1.1). The
reaction of dissociation of stable complexes (1.1) takes place in a similar manner. mitially in the process of
activating collisions with gas molecules

Ag -+ Ay > A+ 4 2.2)
*

there is an excitation of the stable complex Agto the state Ag

spontaneous disintegration

with energy € =Ug, and afterward there is

Ag—>A, A,
with the formation of the end product of the reaction, Ag_y. In this model the rate of association of stable com-

plexes corresponds to the growth rate of nuclei of small dimensions, and the rate of their collision dissociation
corresponds to the rate of vaporization.

§3. The calculation of the association and dissociation rates of stable complexes can be carried out
most simply by using an approximation to the mechanism of strong collisions that is known from the theory of
monomolecular reactions [17]. We denote by kg(e) the rate of spontaneous disintegration of the unstable com-
plex AY with an energy of excitation of intermolecular oscillations €>Ug [when €< Ug, kg(E) =0], and we de~
note by f:g (€), fo (€) the nonequilibrium energy distribution functions for the unstable complexes formed in the
processes of coﬁision activation (2.2) and adhesion (2.1), respectively. The possibility of subdividing the un-
stable particles into groups, each of which is characterized by its distribution function, is due to the fact that
the excited complexes generated in the gas thermostat do not interact with one another,

For the statistical model of the disintegration of unstable complexes simulated by the system sg of har-
monic oscillators of identical frequency vg, the expression for kg(€) has the form [17]

kg(n) = vy Quln — ny )/Qq (n)T Qg(?) = (n + s, — Di/nl(s, — 1)1,
ry = Uylhvg,

where Qg(n) is the multiplicity of degeneration of the energy level € =nhyg of the oscillatory system. The
spontaneous-disintegration constant kg(n) is obtained on the assumption of randomness for the redistribution of
energy over the oscillatory degrees of freedom of the complex. It is interpreted as the probability of fluctua-
tion at which an energy greater than the association energy is concentrated at the oscillator simulating the dis-
sociating bond. For a quasistationary description of the reactions (1.1) the rates of collision dissociation Kg
and association Rg of the stable complexes Agare defined as follows:
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K, =;.§‘;, fo(n) kg (n), Rg= =ZU fe(n) Zy. 3.1)

In the approximation for the mechanism of strong collisions
fa(n) = fg (n) Z{ (2] + R (m), 3.2)

where Z}’ is the frequency of deactivating collisions; f(n) is the equilibrium distribution function of the com-
plexes with respect to energy. Fromthe principle of detailed equilibrium it follows that

No—sfe () Zy = Ngig (n) kg (). (3.3)
Taking account of (3.2), (3.3), by substituting the expressions for kg(n) and the equilibrium distribution function
f2(n) = Qg (n)exp(—6n)/Fy, Fg= (1 —exp(—0))%¢, 6=hvyT

into (3.1), we obtain a formula for the reduced reaction rate [17:
1N ' —
=7, 2 Qg () exp (— 8n) [1 4 v Qg (W) 2 Qg (n -+ np) | 34)

To the limiting values of the dissociation rate Kg= =Kg glg and the association rate R —R?g"qag of the stable
complexes there correspond the quantities Kg =vg exp(- OnU) Rg =q g_lzg_I, which are realized in the case

) Z;/ > 1,where (13> = Gg/Kg is the average lifetime; 8= zfg(n) is the equilibrium fraction of unstable par-
"=ty
ticles in the gas. Under conditions of thermal equilibrium between the value of the coefficient of adhesion of
the molecules to the complexes a &_; and the frequency factor v there exists a relation defined by formula
(1.2). ¥ (-r@Z}’« 4, then the reaction rates, according to (3.4), are considerably less than their limiting
values @y = <1z Z) and depend substantially on the particle dimensions. For Z}J/K7 >>1 this case is possible
only for particles of small dimensions g =<g,, Sgy ~nyy(exp(#) —1) /3, which do not have a large equilibrium re-
serve of oscillatory energy. The dissociation of such complexes follows the kinetic law for a second-order
reaction and the association, that of a third-order reaction.

§4. Let us consider how the characteristics of the reactions (1.1) affect the kinetics of the condensation
process and the energy distribution of the particles in the heterogeneous system of a supersaturated gas. We
shall confine ourselves to analyzing the equations for concentrations Cg of particles of suberitical (g < gx) and
supercritical (g > gx)dimensions

degldt = Iy —Tgyy, Iy =coyRg—cg Ko 2< g < G

in the stationary approximation. We assume that the particles of supercritical dimensions beyond some value
G are removed from the heterogeneous system cg +; =0 and are replaced by an equivalent number of gas mole-
cules, The critical dimension g, will be taken to be the minimum dimension of nuclei capable of systematic’
growth, g>g,_, Rg> Kg, in the supersaturated gas. In the region g<g,, where R, < Kg, the stationary distribu-
tion of nucleus concentrations with respect to dimensions is close to the equilibrium distribution cg ~Ng, since
it is determined preferentially by the balance of particles in the association and dissociation reactions, Ag 1=
Ag, whose velocities in the thermal-equilibrium gas are related to each other by the principle of detailed equi-
librium (1.2). Making use of the relation Ig=Ig +1 =1;, we can represent this distribution in the form

, t
cg=Ng— 2 Cnm _II RylK;, Ng= N1 II R,/K,, Cpw=Io/Rmis,

m==1 j=

G . -1
where I;=rg= (Z 1/N ,R,-.H) is the stationary rate of condensation of the supersaturated gas, or the rate of
. =1

formation of condensation nuclei Ag [61.

The kinetics of the initial stage of complex-formation is essential for the process of condensation only
during the period of time until a stationary distribution of nuclei with respect to dimensions is established.

. ' e .
The length of this period T, =2, L determines the delay of the process of condensation of the supersatu-
ﬁz - ".

rated gas Ift)~I, exp (-7, /t) [8]. Since reactions involving subcritical particles of small dimensions (g =gy
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take place slowly, the delay of the condensation process at the initial stage of complex-formation may be quite
significant.

An estimate shows that for supersaturated water vapors S=60, T =240°K (g,=4, g« =8), the delay time
due solely to the establishment of a stationary concentration of stable dimers (Uy=2500°K, s5=6, vy =6-1012

sec~!,K,=10°sec™!) is 10~9 sec, Ifthese conditions are realized,forexample, forthe flow of a gas througha

supersonic nozzle, then the length of the zone corresponding to the induction period of the condensation process
is found to be more than 1 cm. In the region g> g, , where R; > K, the stationary distribution, of particles with
respect to dimensions is determined preferentially by the balance of the particles in the processes of stepwise
association, Ag_1—+ Ag —»Ag +1, and therefore it is a nonequilibrium distribution:

G—g m
= Cg + 17:?_41 ng‘-mjl_I1 Kg+i/Rg+i-

The nonequilibrium nature of the distribution of supersonic particles with respect to dimensions results
in a nonequilibrium distribution of particles with respect to energy as well. We shall characterize the distribu-
tion of particles with respect to energy by the relative occupancy of the unstable states, 5§:

bp=0;=08g 0= X fe(n), dg= X fr(n)cesce.

n=ngr n=ngr

Then from (3.1), (4.1) it follows that the fraction of unstable particles of subcritical dimensions, 8~ 6, + Kgf
ZY, is close to the thermal-equilibrium fraction 6% and for g =g, this is known to be small, 6g<<1 For
supercritical particles of small dimensions, for strong supersaturation of the gas (S>1), when Rg>»Kg, this

can be substantially greater than the thermal-equilibrium value Gg v} 6g—r— RgH/Z > 60 The appearance in the

supersaturated gas of a large number of nonequilibrium excited complexes makes it p0351b1e in principle, to
use their energy for generating laser radiation on the oscillatory transitions of intermolecular types of oscilla-
tions [18]. From this point of view, it is of interest to investigate the regime of extremely strong supersatura-
tions of the gas, at which the nonequilibrium nature of the energy distribution may be manifested for super-
critical complexes of small dimensions of the dimer and trimer types, which in the unstable state have the
highest level of excitation of intermolecular oscillations.

§5. Let us consider the question of the mechanism of association of the excited molecules and the effect
of the nonequilibrium distribution of the molecules with respect to different degrees of freedom upon the kinet-
ics of condensation of the supersaturated gas. It should be borne in mind that the process of association of a
molecule of a complex takes place in two phases which have different time scales: The first phase includes the
capture (adhesion) of the molecule as a result of an inelastic collision of the molecule with the complex, where
a portion AEB of the kinetic energy of motion of the molecule E,in the gravitational field U, Ea =E,+U,is converted
into the energy of intermolecular oscillations of the complex. The capture of the molecule is possible [16] if
the energy of relative motion of the participating entities after the collision is less thanthegravitational energy.
After this there is a relatively lengthy phase in which the newly formed complex remains in an unstable state,
The lifetime of this complex depends on the energy of the translational (Ey) and rotational (ER) degrees of
freedom of the associated molecule which is converted into intermolecular oscillations. Withincreasing excita~
tion energy €, the lifetime 'Tg- of the unstable particles of small dimensions is sharply reduced, and there-
fore the presence of a nonequilibrium reserve of rotational energy of the molecules may have a substantial ef-
fect on the reduced rate of association in the initial stage of complex formation.

The resulting reduction in the rate of association of stable particles of small dimensions may lead, in
accordance with (4.1), to a reduction (in comparison with equilibrium conditions) of the concentration of nuclei
of critical dimensions and of the rate of condensation of the supersaturated gas. A reduction in the rate of
association in a thermal-equilibrium gas may also be brought about by a reduction (owing to an excess of
excited molecules) of the adhesion coefficient % The reason for this is that the probability of capture of a
rotationally excited molecule, & q (B), s less than the probability, a, (Ey, for an unexcited molecule, a,(E) ~
2, (Eg (1-P(E, AER)), where P(E, AER), AER, are the probability of deactivation of a molecule and the value of
the excitation energy. Here account has been taken of the fact that the generation of the energy AER=> AEj of
the excited molecule at the moment of collision with the complex interferes with its capture by the gravitational
potential. A similar definition applies to the probability of capture of oscillatorily excited molecules.

As was shown in [19], the probability of oscillatory deactivation of a molecule upon collision with a com-
plex which has a deep gravitational potential may be quite high, P~10"2—1. If upon collision the excited mole-
cule is not deactivated, then the probability of its capture by the gravitational potential of the complexisa, (Ej.
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As a result of the weak interaction between the intramolecular and intermolecular oscillations, the energy of
oscillatory excitation of the molecule may, after a time 1 *, be localized in the bond which has held it in the
complex. Since the attenuation of the intramolecular oscillations is slow in comparison with the spontaneous
disintegration of the unstable complexes of small dimensions, T*>7*, the oscillatory deactivation of the ex-
cited molecule in the bound state will not have any substantial effect on the process of association. However,
if it is accompanied by the generation of energy AEy > Ug, it may cause a noncollision dissociation of stable
complexes. In this case the dissociation of the complex takes place with rupture of the bond uniting it with the
excited molecule, not of any other bond, as happens in the case of spontaneous disintegration of unstable com-
plexes. The above facts may be utilized for heterogeneous separation of selectively excited isotopically dis-
placed molecules [20].
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