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Abstract. We present a new theoretical formulation of the nu- The most general description of the formation of dust grains
cleation process of solid particles from the gas phase with sfiem the gas phase is given by the time evolution of the local size
cial emphasis on the effects of chemical non-equilibrium in thtéstribution function of the dust particles, which is determined
gas phase and thermal non-equilibrium between the gas éydhe microscopic gain and loss processes changing the size of
the clusters or dust grains. In the derivation of the nucleatitime clusters. Balancing these processes results in a master equa-
rates from kinetic theory and from thermodynamic argumertisn, which is in principle restricted only by the assumptions
thermal and chemical non-equilibrium are straightforwardly imegarding the microscopic processes taken into consideration.
cluded. A hierarchy of expressions for the stationary nucleatidrgeneralized master equation for particle formation in a dilute
rate is given, ranging from a system of equations, which deteepor, which accounts for arbitrary chemical reactions was pre-
mines the rate, to an approximate analytic expression in the caseted by Gail & Sedimayr (1988) (henceforth Paper 1V). In
of a single dominating growth species, which requires only tlgeneral, such an approach is unfortunately intractable, because
time scales of the growth processes and the Gibb's free eneeggh reaction coefficient of all chemical reactions involved in
change for the formation of clusters. the process has to be known and the number of different reaction
channels increases dramatically with the size of the particles.
Key words: molecular processes — dust, extinction — circunfherefore, this method is limited by the availability of the basic
stellar matter — stars: late-type data for the reactions and the necessary numerical effort. The
latter problem can be reduced by splitting the range of cluster
sizes into two regions: the region of small clusters up to a few ten
monomers, where the kinetic equations are solved for each dis-
Small solid particles, which are found to be generally distributegete size, and the region of larger clusters up to radii of the order
throughout the interstellar medium (ISM), are not formed in thef 1 sm, where the discrete particle sizes are lumped together
ISMitself, butin the more dense outflows from stars, especialltto sections of geometrically increasing size (e.g. Girshick &
the winds of Red Giants and Supergiants, and the ejecta of Nog#fu[1989; Johnson et al. 1993).
and Supernovae (e.g. Gelirz 1989). The dust forming regions Many of the previous approaches to describe the nucleation
of these objects are characterized by complex dynamical gtdcess of seed particles in astrophysical environments rely on
chemical processes, and substantial non-equilibrium effects @gssical nucleation theory or at least on its fundamental as-
to be expected, whenever velocity fields or sufficiently strorgimptions (e.g. Salpeter 1974; Yamamoto & Hasedawal1977;
UV radiation are present. Draine & Salpeter 1979, Gail et 4. 1984, henceforth Paper 1).
In the ejecta of Novae, for one example, the cluster temhe classical theory assumes, that
peratures are usually controlled by the radiation field and do
not equal the kinetic gas temperature. In addition the molecu- the free energy of formation of small clusters can be ap-
lar composition of the gas and also the very small clusters are proximated in terms of macroscopic parameters such as the
not in chemical equilibrium, because the conditions change too surface tension of the bulk solid,
quickly for the molecular abundances and for the cluster distri- the cluster vibrational temperature is equal to the gas tem-
bution as well to remain in equilibrium (e.g. Beck 1993; Johnson perature (thermal equilibrium, TE),
et al[1993). — small clusters are present in equilibrium concentrations,
Consequently, thermal non-equilibrium between the clus= chemical equilibrium (CE) prevails in the gas phase.

ters and the gas and chemical non-equilibrium in the gas phase

have to be taken into account in the theoretical description (§f€ McDonald 1962; Feder etal. 1966; Abraham 1974). Predic-
the dust formation process. tions of the classical nucleation theory mostly agree well with

the results of nucleation experiments for low supersaturation,
Send offprint requests t&.B.C. Patzer low nucleation flux systems (cf. Nuth_1986) for which it has

1. Introduction




848 A.B.C. Patzer et al.: Dust formation in stellar winds. VII

been developed originally, such as the formation of raindroggin and a molecule, wheiemers of the nucleating species

in supersaturated air. But the predictions fail for materials witire associated to or dissociated from the grain.

relatively strong covalent or metallic bonds (e.g. Nuth & Donn In previous papers (Paper IV; Gauger ef al. 1990; Dominik

1982/1983). This is also the case for experiments on the nuaéal.[1993) an explicit distinction was made between homoge-

ation of organic compounds (e.g. Strey et al. 1986; Hung et akous processes, where the reacting molecule isrier itself,

1989; Peters & Paikef 1989). The problems related to the @md heteromolecular processes, because in the latter process the

plication of classical nucleation theory to the non-equilibriurdissociation of ari-mer requires the reaction with a molecule,

conditions found in stellar environments and the uncertaintie$iereas in the homogeneous caseitheer is spontaneously

inherent in this approach have often been discussed, for exammitted from the grain, with no reaction partner involved. For

ple by Donn & Nuthl(1985), who reject all four assumptions fahe following considerations, we drop this explicit distinction,

astrophysical objects based on theoretical arguments. which is mainly done in order to keep a clear notation in sim-
Therefore, it is the aim of this paper to develop a neplified terms. However, the difference between the processes

formulation of the nucleation process under the conditions sifiould be kept in mind.

chemical non-equilibrium in the gas phase and of thermal non- The current treatment of nucleation phenomena is limited

equilibrium between the gas and the clusters or dust particlbgthese assumptions regarding the considered microscopic pro-

We use the methods of kinetic nucleation theory and thermzesses changing the cluster size. It can be characterized as

dynamic arguments, which refer to a true, physically realizabtetero-/homomolecular homogeneous nucleation in a diluted

equilibrium state. In this way non-TE and non-CE effects amapor. Nucleation processes, where, for example, 3- or many-

straightforwardly included in the derivation of the nucleatiohody reactions are involved, are beyond the scope of this paper,

rate. but more general nucleation schemes can be developed along
In Sect[2 we formulate the master equation describing rifie line of arguments presented in this paper.

cleation and grain growth, and introduce the reference equilib-

rium s_tate and_ its application to_ the characteris_tic time scale_szt_)i_ Master equation

the microscopic processes. This is the foundation for the deriva-

tion of expressions for the stationary nucleation rate in Sect.Fgllowing Paper IV the master equation for the actual particle

which despite some approximations all include the non-TE a#léinsityf (IV, t) of particles with sizeV can be written as

non-CE effects. In Se¢i._3.1 the most general case is considerd?}j(,N ) ; s

where several equally important growth species are involvedd t) c c .

nucleation. For the special case of a single dominating growth dt Z} JiN ) = Z TN +3,1) @)

species an analytic form of the nucleation rate is given in Sect. B

[3:2. With additional assumptions an approximate analytic re¢herel denotes the maximugamer contained in the molecules

lationship is derived depending essentially on the growth tingentributing to the growth of the particle, anf§ (N, t) is the

scale and the Gibbs free energy of formation of the critical clugffective transition rate for the transition from dust particles of

ter, for which several approximations are discussed in Bett. &@2e N — i to particles of sizeV and vice versa, due to all

We finish the paper with a summary in Sédt. 4. chemical reactions associating or dissociating-amer of the

condensing species. This effective transition rate is given by

i=1

o : A, _
2. The master equation in the case of chemical and F(N —it) F(N, ) o
| UTee(mi, N =i t)  7ev(mi, N, )

thermal non-equilibrium Ji(N,t) =
mi;=
In the following we consider solid particle formation for pure _ _ _ _ .
substances, i.e. the formation of grains, which consist only \§herem; labels the)M; chemical reactions in which armer
monomers of one kind (eg the C-atom in case of pure Cg:‘r_associated. Of course one of thelk reactions describes
bon grains or the SiO molecule in the case of unmixed silicéf¢ homogeneous nucleation process(m;, N —i,t) is the
monoxide dust particles). In addition, we assume for simpli@ctual growth time scale of the growth reactien for a cluster
ity of presentation that all clusters are compact and have ®eSize N — i, andre, (mi, N, t) is the actual evaporation time
same shap@Such particles are fully characterized by their siz&cale of the corresponding reverse reaction.
which is measured by the number of monom¥rsontained in
the particle. 2.2. The growth and evaporation time scales
The ensemble of dust particles of different sizes is described ] ) ) .
by the respective particle densitigé,t) at time t, and the The growth time scales can be derived directly from the consid-

time evolution off is determined by the microscopic gain angration of the microscopic processes based on gaskinetic theory.
loss processes changing the particle sizeThese processesSmce the gas density in the dust forming regions of astrophysi-

can be considered in general as chemical reactions betweerf@@Piects is usually quite low, only two-body reactions have to
be taken into account, and the mean free path of the molecules

! The development can be generalized by inclusion of shape paragmuch larger than the dimension of the dust particles. Then,
eters. the growth time scale can be written as
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unstable (Katz & Wiedersich _1977; Katz & Donohue 1979).

Sometimes the ‘existence’ of this unattainable constrained dis-
Toe (mi, N —iyt) = A(N —i) a(mg, N —i) - tribution is justified in principle by a Maxwell demon, who

Vel (ng(my), N — i) ng(mj, t) (3) breaks up all clusters beyond a certain size and returns the par-

ticles as monomers to the system, which are then available to
Heren¢(m,, t) denotes the particle density of the molecule dbrm clusters, again. Unfortunately, the reference to such an
the growth (or forward) reactiom;, a(m;, N —i) isthereaction artificial constrained state obscures the contributions coming
efficiency,v..1(n¢(m;), N — i) is the average relative velocityfrom kinetic theory and thermodynamic arguments, especially
betweenthe molecule and the cIthandA(N—z’) isasuitably in situations where chemical and thermal non-equilibrium have
defined reaction surface of the cluster of si¥e- i. In the case to be taken into account.

of heteromolecular processes the evaporation time scale of theag katz & Wiedersich (1977) have shown itis not necessary
reverse reaction correspondingig can be written formally in 1 refer to this artificial state of constrained equilibrium in order
the same way to obtain the evaporation time scales. Following their arguments
we consider the state of clusters (Wrmers) in asaturated
vapor, which is characterized by phase equilibrium between
the monomers and the bulk solid phase,&g= 1, whereS;
Vel (e (i), N) nu(my, t) (4) denotes the supersaturation ratio of the monomers. It is shown
) ) . ) _in Appendix A, that in this situation the supersaturation ratio
wheren,(m;,t) is the particle density of the molecule in thiss¢ an M-mer with respect to the bulk solid phase is given by
reverse reaction a_nﬂ(rm3 N ) i; the respective reaction effi- Sy = (1), if the temperatures of all components are equal,
ciency. If the reaction efficiencies were all known, the growtfy, he gas and the clusters are in thermal equilibrium, and if the
and evaporation time scales could be calculated directly frcggs phase is in chemical equilibrium. Therefore Xheners are
these equations. However, the growth efficiencies are often §nzhemical equilibrium with the monomers, and in a saturated
certain, and the evaporation coefficieptisn;, ') are mostly 5501 withsS, = 1 they are also in phase equilibrium with the
unknown. _ _ bulk solid phase. Consequently, themers must be in phase
For homogeneous nucleation, the evaporation process, agiiliprium with the monomers as well. The latter conclusion
‘spontaneous emission’ of the growth molecule or a part of faains valid, even if we now assume, that there is no bulk solid
occurs without a reaction partner from the gas phase. Inthis cgg@se present. Thus, the principle of detailed balance holds for
it is in principle possible to derive the evaporation time scalg_ars of all sizes in the so defined equilibrium state.
from first principles, and a number of approaches have been Ole_To summarize, the equilibrium state is characterized by the

veloped recently (cf. Oxtolly 1992). However, the uncertaintie?]ase equilibrium between monomers as wel\agers and

inherent in these theories are still quite large. Therefore, ofie . . : o
o . . _the bulk solid, by simultaneous chemical equilibrium in the gas
has to rely on equilibrium thermodynamics for the determina;

. L hase, and by thermal equilibrium, with equal temperatures of
tion of the evaporation time scales for both homogeneous : S

e solid, the clusters and the gas, i.e. it is a state of local ther-
heteromolecular processes.

In local thermodynamic equilibrium between the gas phagéOdynam'C equilibrium (LTE-state).

and clusters, therinciple of detailed balance holds for the

single microscopic growth processes and their respective pe4. Application of the detailed balance

verse reactions. This fact can be used to express the evaporation

time scaler., (m;, N, t) of the reverse reaction in terms of thedince the values of all quantities in the LTE-state are deter-
growth time scale,, (m;, N —i, t) of the corresponding growth mined, once the mass density, the abundances of the elements,
reaction. However, the reference equilibrium situation has to 88d the equilibrium temperature are chosen, these quantities
defined carefully. relate the LTE-state to the actual situation in the gas where con-
densation takes place. Obviously, the values of the mass density
and elemental abundances are fixed by the values in the actual
situation. Because we want to express in terms ofr,, for

Conventional nucleation theory considers an artificial therm@e clusters of sizév, the equilibrium temperature is given by
dynamic equilibrium state of clusters irsapersaturatedva- the internal temperaturg; (N) of the N-clusters. This means,
por, which can be maintained only hypothetically by constraithat if the temperature of the clusters in the actual situation de-
ing the size distribution of clusters to be in equilibrium with #ends on their size, one has to refer to a different LTE-state for
supersaturated vapor, but cannot be attained in reality, since@agh cluster size, which is determined by the respective cluster
supersaturated vapor is not in phase equilibrium and thereftggnperature.

Let us denote all quantities referring to the LTE-state with

In this paper we only consider the relative velocity due to the , . which indicates also the explicit or implicit dependence
thermal motion of the gas, but neglect any systematic motion (driﬁjn ' 5 P P P

of the grains relative to the gas. The effects of drift are discussed i®@ the equilibrium temperaturg= T4(XV). As stated in the
recent paper by Kiger & Sedimayr(1997). previous section the condition of detailed balance holds for each

T_l(miszt) = A(N) g(m;, N) -

ev

2.3. Definition of the reference equilibrium state

2
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microscopic process and thus, the effective transition rate of thescribes the deviations caused by different relative veloci-
chemical reactionn; (cf. Eq. [2)) equals zero for all clusterties in the actual situation and in the LTE-state. We consider
sizes, which leads to the following equation for tNecluster: only relative velocities,; due to the thermal motion of the

o o gas, which are proportional to the square root of the temper-
fIN=9) [ (N) (5 awre of the gas divided by the reduced mass of the cluster
;gr (mi, N —i)  Tey (my, N) ' and molecule. Therefore, the relative velocities in Egl (10) can-

cel pairwise and}, equals one in the case of heteromolecu-

[e] o . .

f (N =), f (N), n¢ (m;), andn, (m;) are theequilibrium lar processes. For homogeneous nucleation, where no reaction
particle densities of th& —i clusters, of théV-mers, and of the Partner is needed for the reverse reaction, the remaining ratio
molecules involved in the growth reaction and its corresponding}, = (Vrer (ne(mi), N =) /veer(ng(m;), N — i)) results in a
reverse reaction. These equilibrium particle densities can flagtor of (T4(N)/T,)'/? appearing in EqL{8).

determined from the law of mass action If we keep the equilibrium particle densities instead of re-
©
]‘3 (N —4) B (my) - ArGe(th Ta(N)) placing_them \_/iaArG (m4, N, T4(N)) an alternative form of
= exp (6) Eg. [8) is obtained
° o R Ty(N)
f (N) Ty (ml) —1 -1 . *
o Tev (mia N, t) = Tgr (miv N —1, t) a*(miv N) vrel(miv N) :
The Gibbs energy of thereactidn G (m,;, N, T4(N)) is given .
by the standard molar Gibbs free energy of formation of all 1 1 (N =)
reaction participants at the temperatiitg V) ST bl TN @ (11)
(TaV)) belme TaN)) 7 ()
ArGe(mi7 N,Ty(N)) = whereS(T4(N)) is the supersaturation ratio, defined as the ra-
< - . tio of the actual partial pressure of the monomers to the vapor
AtG (N, Ta(N)) — AtG (N —i,Ta(N)) + saturation pressure above the flat surface of the solid with the
© ©
AG (ne(me), Ta(N)) = AG (n(my), Ta(N))  (7)  temPperaturéa(ty)
With Egs. [(b) and(6) Eg[14) can be written as g p(1,t) (12)
sat (Ta (N
o (mg, N, t) = Tg_rl(mi,N—i,t) ax(mi, N)viy(m;, N) - Psat(Ta(N))
- andbg (m;, T4(N)) denotes a generalized departure coefficient
ne(mi, t) exp | &€ (mi, N, Tq(N)) ®) with respect to the reaction;, which is derived in Appendix B.
ng(m;, t) P R Ty(N) It comprises the effects of thermal non-equilibrium betwaen

clusters and the gas and the departures of the particle densities
which clearly demonstrates, that the decisive quantity to expregshe monomers and of the molecules of the growth and the
Tev IN terms of 7, is not the equilibrium cluster distribution reverse reactiom; due to chemical non-equilibrium in the gas

# (), but rather the standard molar Gibbs free energies Rjf2se (see also Gauger efal. 1990).
©

formationA;G of the reaction participants. ) ) )
The non-TE effects caused by deviations from a TES The stationary nucleation rate for chemical and thermal

population of states of the reacting molecules in the forward Non-equilibrium

and reverse reactions are comprised by the quantity 3.1. A general expression for the stationary nucleation rate
A = o (m;, N — 1) B (my, N, i) 9 For typical conditions in circumstellar dust shells two regions
o (mi, N) = a(mi, N — 1) B(mi, N, 1) ©) i particle size space can be distinguished with respect to the

growth of the solid particles.

In the submacroscopic region cluster properties relevant to
{Ic_)wth depend strongly on the cluster size, but whenever the
owth processes are sufficiently fast, the ‘flow’ of clusters up
larger sizes can be considered to be a stationary process. In
e macroscopic region those properties become independent of
size, but due to the larger size of the dust particles stationarity
will break down and grain growth has to be treated as a time

« (mi N) = (Urel (ﬂf(m?)a]]\\ff'l)>/ dependent process.

with & (m;) andB (m;) denoting the reaction efficiencies av-
eraged over all possible quantum states of the reacting pag
cles with respect to a TE-population of states at the tempe

tureTy(N) (see Paper IV, for more details). The dimensionle%%
quantity

This division into two size regimes can be illustrated by an
o estimate for the time a particle needs to grow up to a certain
Vrel (n(m;), N) (10) (macroscopic) sizé/. Neglecting the destructive processes and
Vrel(ne (M), N) approximating the reaction rates of the growth processes by
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the collisional rates the growth timg, is very roughly given Inserting the definitions of the effective transition rates (Eq.
by e (N) N'/3 which for large particle sizes exceeds e.dZ)) and the current densities (Elg.113)) into [Eq] (15), one obtains
the hydrodynamic time scale. A more thorough discussion and
quantitative estimates af.(/N) for typical conditions in cir-
cumstellar dust shells of Red Giants are given in Paper [¥ ) Z Ci(N+i,t) f(N+i) N =1+1, ..., N(16)
Comparison with the characteristic time scales for changes i |n
the outflow shows, that depending on the reaction efficiencies
stationarity may hold up to quite larg€, of the order ofl05, - ;
for C-rich AGB stars and somewhat smaller, but still large sizé%f' Paper IV), where the coefficients are given by
for cool, oxygen-rich late-type stars (M-stars), except at the
lowest observed mass loss rates, where the stationarity concept IoM
fails. From these conditions we conclude, that nucleation i€a(V + i,t) = Z Z o (M, N+, 1) (17)
stationary process in circumstellar shells, where effective dust j=li| m;=1
formation takes place. Otherwise the nucleation process has to
be treated as a time dependent problem as described byfthe = —I, ..., —1, and by
master equation (Eqd.](1) arid (2)).
If the growth timet,, (V;) to macroscopic particles of sizes
N > N;, where the particles already show properties of t
bulk solid, is small compared to the time scales for changqe?s (N +6.1) Z Z mj’ N+it) (18)
in the environment, the time it takes to establish a stationary
flow of clusters up taV; in cluster size space can be neglected.

The stationary flow implies that the particle densities of t ar t=0, .., I-1 S'nce the latter coefncn_ants vanish for
clusters do not change in time, i, &N, ¢) — f(N), and this N = N, the system consists of as many equations as unknowns

steady state distribution of cluster densities is build up almc?srfd fgntbe sol\r/]ed ‘3: least n dumerlgall):, prO\{[lded ;?e necessary
instantaneously under the momentarily prevailing condltlons'k put data, such as the size dependent reaction efficiencies, are
Let us introduce the current densi#lif (N, ¢) of clusters nown.

flowing upwards in cluster size space at si¥egiven by In the most general cases, when several cluster_ sizes are
connected by several equally important growth species only a

I numerical solution is possible. However, often the nucleation

Z JS(N + k,t) (13) process is dominated by one or few molecules, for example

0 acetylene in the formation of soot from flames (Frenklach &
Wangd 1994). Then an analytic expressionkpcan be obtained,

which can be also interpreted as the rate of formation of clustassdemonstrated in Sect. B.2.

of sizeN. Since tth(N) are constantintime one obtainsfrom  For N = I + 1,..., 21 the particle densities of themers

Eqg. (@) withJ°(N, t) the condition of the effective transitionappear in the set of Eq§.{15). The usual assumption introduced

j=i+1m;=1

|
—

i=1

o>~
Il

rates at this point in classical nucleation theory (e.g. Abraham 1974)
is to assume that the particle densities ofitimeers are also de-
0=J°N,t) —J(N +1,t) (14) termined by stationarity, and that they approach the equilibrium

densities of thé-mers in the artificial constrained equilibrium
Thus, stationarity implies that the current densities in sixéth the supersaturated vapor.
space are equal to one another at time t, and therefore equaHowever, this is not appropriate if nucleation takes place
to a size independent rate of cluster formationstationary in an environment where processes are present which drive the

nucleation rate system away from equilibrium. This is the case in stellar out-
flows, where the particle densities of the molecules may deviate
Jo(t) = J(N,t) N=I1+1,1+2.. (15) substantially from the equilibrium densities due to the presence

of a velocity field or of a sufficiently strong UV radiation field

As discussed already in Paper 1V, this equation yields, {of. Beck et al[ 1992). At the same time the temperature of the
principle, an infinite system of linear equations fi§r and the clusters can be different from the gas temperature and may de-
steady state particle densities of the clusférs ). However, the pend on the cluster size, if for examflg( V) is determined by
destructive processes have to become negligible for sufficieritig radiation field rather than by collisions with the surrounding
large particle sizes, since otherwise the dust particles wo@as (€.g. for PAH's, see Cherchneff etal. 1991).
evaporate on average. Therefore, a truncation of the system isOnce condensation is possible in such a non-equilibrium
possible at a cluster siz& chosen suitably large, but smallersituation, the reaction chain for nucleation has to start at-the
thanNV;, and the solution of the truncated system is independenérs with their actual particle densities as they are determined
of this special choice (see Appendix A of Paper IV for arigorousy the gas phase chemistry, and the steady state distribution of
proof). the cluster densities has to adjust accordingly.
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3.2. Analytic approximation of the nucleation rate for the case growth time scales,, and equilibrium quantities referring
of a single dominating growth species to the LTE-state defined in SeCt. R.3. Inserting Ed. (8) for the

evaporation time scale into EG_{21) results in
In the following, we consider a situation where nucleation pro- P 4-421)

ceeds by reactions with one molecule only, which associates or
dissociates afi-mer. c1(p) = Tgr(my, K, 1)
In this case, each growth process increases the size of{ )= flk,t)
cluster by AN = I, and it is obvious, thaf separate re- v
action chains will develop, because the first reaction step is|1 -+ Z Tg(mr, k+v1,t) (nr(mf’t)) .
the reaction of the molecule containing &mer with other = Te(mr ki) ni(mr,t)
molecules containing-mers, where: can take on the values v
k = 1,2,...,I. The first reaction chain starts with the addi- H ax(mp, k + pl) vy (mr, k + pl) -
tion of an I-mer to the monomer and proceeds via the sizesu=1
N =1+1,1+ 21,..., the second chain starts with the dimer ©
and proceeds vi& = 2+ 1,2+ 21, ..., and so forth. Since the exp AG (mpk + pl, Ta(k + pl))
total rate of particle formation is simply given by the sum over R Ta(k + pl)
all reaction chains, we derive the stationary nucleation rate for
one chain as an example. Consequently, the task of predicting the rate of nucleation
It is convenient for the following derivation to express th&as been reduced to two simpler problems (see also e.g. Katz &
cluster size\V in terms ofl, which yields: Donohue1979):

(22)

N=k+uvl with »=1,2, ... (19) i) the d_etermination ofthe growth time scajg from chemical
kinetic theory or rate measurements, and
wherek numbers thd separate reactions chains. ii) the determination of the thermodynamic properties of the
The system of equations resulting from Eqs. (16)-(18) for N—clgsters and their reaction partners, as comprised in the
the reaction chaik can be solved analytically by the procedure  A(G s, from equilibrium thermodynamics.
of Becker & Doring (1935). Thereby the algebraic equations
for eachV = k + vI are solved by a simple elimination proce- If these quantities are known the summation in Egl (22)
dure, i.e. by inserting the expression for the steady state den§@y be evaluated numerically rather easily, especially because
f( N’ — I) resulting from the equation faN = N’ into the apart from the actual particle densities of the reaction partners
equation forN = N’ — I, which finally yields one equation for (1t (7, t), n.(mr, t)) only the actual particle densitf(;, t) of
the stationary nucleation rat , (t) for the kth chain: the k-mer, at which the reaction chain starts, appears in the sta-
’ tionary nucleation rate. Unfortunately, in practice the necessary
thermodynamic data, especially the size dependent Gibbs free
o Tar(mp, ke + ol t) energy of formation of the clusters, is lacking for many cases.
1+ Z H Tev(mi, k + pl,t) (20) Furthermore, often even the sequences of chemical reactions in
v=1lp=1 the nucleation processes are not known definitely, for example
f(k,t) f(k; + 1) bl Toe(mp, k4 vI,t) for the condensates in circumstellar dust shells of oxygen-rich,
Tee(mp ko) Tey(mp, ki + 01, 1) Ter(my, k +vI,¢) late-type stars. In such cases one has to fall back upon the con-
v=1 cepts of conventional nucleation theory in order to obtain the
Here f(k, t) is theactualparticle density of thé-mer at which €duilibrium distribution of clusters. ,
the chain starts. As explained in the previous section, this parti- | € €xpressiofL{11) can be used alternatively to exptgss
cle density can be different from the equilibrium density in thig t€rms of7,, and the equilibrium particle densities. Then, Eq.
state of LTE between the cluster and the gas. (22) reads
Since the destructive processes can be neglectedy for
N = k+01I the second term on the r.h.s. vanishes and we obtain

r 7k7 t
a direct expression for the nucleation rdg, (t) in terms of the va,;l(t) = Tg(@glt)) 1+
growth and evaporation time scales F(k,
v—1 v
c r Jk+vlt) - 17
4l0) = " kL) n
1 = Te(mr o] (k + ,u)
_ flkt) “ Tar(my, kA plt) e aw(myp, k+ pd) v, (mp, k+ )
1+ 21 * ’ rel ’ 23

Tgr(mh k t) ;Ml_[l Tev(mr, k + pl,t) @) e SHTy(k + pl)) bg(my, Ta(k + pI)) (@3)

As discussed in Sedi. 2.2 the evaporation time scales  This equation as well as E.{22) cannot be simplified more,
are mostly unknown, but they can be expressed in termsbafcause in general the equilibrium quantities in the products
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on the r.h.s. refer to different LTE-states, W_hich are charactq_fhus,;? (1) is not an undetermined quantity, which can be set
ized by the cluster temperature corresponding to the respeciiygial tof (1, ¢), as it is done in classical nucleation theory (Gir-

cluster size (cf. Sedi. 2.4). To proceed further we introduce t8gick & Chiu 1990).AG(N) denotes the free energy change

assumption that the temperature of the clusters does not depgfidhciated with the formation of a cluster of si¥efrom the

on their size, i.eTy (V) = Ty, which means, that the equilib-gatyrated vapor, and it is related to the standard molar Gibbs

rium quantities refer to a single LTE-state with the temperatuyre . o
T a g P {ree energy of formation of th&-clusterA:G (N) by

Since only relative velocities due to the thermal motion of
the gas are considered, we hayg = 1 for heteromolecular AG(N) = AfGe(N) Y RTyIn Psat(Ta) | NAfG?(S)
processes, and,, = (T4/T,)'/? for homogeneous processes pe
(see Sec2]4). If we moreover assume, thatm;, N) =

a,(my), independent ofV, Eq. (23) reduces to (27)
©
. 1 whereA;G, (s) is the standard molar Gibbs free energy of for-
c — _ . s

Tor ()= Sk(Tq) bg(k, Ta) mation of the solid phase and denotes the pressure of the

1 . v standard state (see Appendix A). Some approximations for this

Tgf)(mb k+vlt) ( a(my) vig (mr) ) (24) free energy change, which are based on the concepts of classical
S0 f (k4oL Ty) S1(Ta) bg(mr, Ta) nucleation theory are discussed in SECf 3.3.

Inserting Eq.[(26) into Eq[(25) and combining the two ex-
whereb, (k,Ty) denotes the generalized departure coefficiepbnential functions into one yields
for the k-mer (see Appendix B). In the following we will drop
the dependence of the equilibrium quantities on the temperatugg (A(N)) =
T, of the LTE-state (shown here for clarity), in most arguments.

o I
The equilibrium state to which the (V) refer, is the case of ey { AG(N) N In <S(mb§(m1)> } (28)
LTE between clusters and the gas, i.e. the vapor is saturated. In { R 7a I o (mp)vly(mr)

this state the equilibrium distributioh (V') decreases monoton-  \we now approximate the argument of the exponential func-

ically with N (e.g. McDonald 1962). However, from a comparitjon A(N), which has a maximum &, , by its truncated Taylor
son with the results of standard nucleation theory for nucleatignansion around’,

at thermal and chemical equilibrium (but no phase equilibrium)

it is obvious, that;Cg () divided by the second term in Eq.{24) ;
must have a minimum, which again defines critical cluster si;@(N) ~ M _ N In (S(Td)bg(mf)>

N... Assuming this ratio to change smoothly with the cluster RTqy I o (my) vy (mr)
size around the critical cluster, and since the main contribution (N-N,)? (> AG 29
to the sum comes from this region, the summation in EG. (24) + 2R Ty ON2 ) (29)

can be replaced by an integration w.r.t. the cluster size. With a
transformation from the size variableback toN = k + vI  Sincethe growth time scale depends only weakly on thesize,

one obtains can be replaced by its value &1, to obtain after some algebra
k/I
e—1(p 1 S(Ta) b(mu)
A ST ) 29

o (mr) U:el(ml 1/ 1 SI(Td) by (my) (k—=N.)/1

NI g (mp, N, ) N ST(Tq) bg(my) T 0= I 5*(Ta) by(k) <a*(ml)vfc1(m1)> '
TgriMp, IV, 1) ) _ 2y, (2 A1) O%e\) Tar(mr, N, t

[ 2 (S e st

I ay(mr) vk, (my

Fw Fov.

For an equilibrium state the particle densities of the clusters N—N.—I 1 PAG 2| 4 20
are given by a Boltzmann-like distribution in size space /(N*k) exp 2RT, (81\72> . x x (30)
° ° AG(N) o )
FN)=F (1) expy——p (26) If most of the contribution comes from the region arou¥d
d

the value of the integral will change insignificantly, if we replace

o o ) the lower limit by —oo and the upper limit byo. The solution
(Abrahani 1974), wher¢ (1) is the equilibrium density of the f the resulting integral is given by

monomer. Soince we refer to the LTE-state of clusters in a satu-

rated vaporf (1) is equal to the particle density corresponding [*° ( 2 g \/?
—ax xr =

to the vapor saturation pressusg.(7a) (see Appendix A). [ exp a (31)
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The r.h.s. of this equatiop (B1) is the inverse of the well knowpy,e of} (1) as well as the form ofAG(N) depend on the

Zeldovich factor, which is defined by definition of the reference equilibrium state.
12 As we have pointed out in Sed¢f. 2.3 classical nucleation
1 0?2 NG theory refers to a state obnstrainedequilibrium between the
Z(N.) = <27rR T, | ONZ ‘N ) (32)  clustersandthe supersaturated vapor at the same supersaturation

ratio S and temperatur€ existing in the real situation. Based on

With these rather mathematic approximations we finally of1€rmodynamic arguments the Gibbs free energy of formation
tain the following expression for the stationary nucleation ratfr the N-cluster in this constrained equilibrium is derived as

AG(N)
RT

. 4rrd
= N In(S) + 0.c N23 with 0 = 107 (35)
kT

walt) =T Tor(mr, Ny, t) (McDonald 1962), where the cluster is considered to be a spher-
SH(Ty) b(k) - ical droplet with a hypothetical monomer radits ando is the
I surface energy of the macroscopic solid, thus neglecting any de-
exp { (N, — k) In ( 5" (Ta) bg(m1) > } (33) Ppendence of the surface energy of the cluster on size. The first
I r term gives the free energy &f monomers in the bulk solid,

ay(mr) v, (mr)

. - anpd the second term describes the surface free energy, i.e. the
The factor in the first I|_ne of Eq[(3_3) resemples the usu_@'Entribution from the creation of the surface of tNecluster.

expression for the nucleation rate, which describes nucleation Due to the definition of the constrained equilibrium, the

in the classical case of thgrmal gqumbnum between CIUSteé@uilibrium particle density of the monomer in this state is equal
and gas and chemical equilibrium in the gas phase, but no phase ) o o
equilibrium between clusters and the gas (e.g. Eq. (2.17)tfhthe monomer particle density in the actual situatjbiil) =

Z(N) -

Paper I; Eq. (8) in Feder et &l (1966)). f(1,1), which yields
The departure coefficient (k) corresponding to the actual
particle density of thé-mer f(k, t), which appears in EG(83), f (N) = f(1,t) exp {N In(S) — O N2/3} (36)

reflects the difference to the classical approach. In our treatment
the reaction chain starts at thamer, with its particle density, asfor the cluster size distribution in the constrained equilib-
it is determined by the gas phase chemistry, which can devidten state. If this is inserted intd.(t) = 7,'(1, N.,t)
S|gn|f|<?antly_ from the particle density in chemlc_al equilibrium gN*)Z(N*) (cf. Eq. [33)) the result of classical nucleation
as defined in Sedi.2.3. The exponential function represen o

. . S . eory (e.g. Abrahar 1974) is recovered.
correction of the ‘classical’ bulk term, which accounts for the

e o . Despite the fact that the classical approach presupposes ther-
ggﬁﬁ}Sri?medewatlons from thermal equilibrium and chemicg, equilibrium between the clusters and the gas, and chemi-

. . . . ... _cal equilibrium in the gas phase, the classical expression for

Finally, the total nucleation rate for addition or dissociatio G(N) has two additional shortcomings: the size dependence

8: ?ﬁ;gﬁ:—g\w Icslegelx\t/% rrl1 l?)é;r;?;;m_oever all reaction Cham%f the surface energy of the clusters is neglected, and it does not
! u : oy, 1.€. yield the the correct iminNG(N) — 0for N — 1,i.e.itis not

7 consistent.
Jo@t) = Z JC (1) (34) The latter problem has been pointed out by _several guthors
= and Blander & Katz[{1942) formulated the following consistent
modification

3.3. Some remarks on the Gibbs free energy chaxgéN) ° _ 2/3
and the equilibrium cluster size distribution FN)=J(1,1) exp {(N = 1) In(8) = oo (N7 1)} (37)

In this section we compare different approximations fawhich results in a correction of the classical rate by a factor
AG(N),which are based on the concepts of the classical theasfie? /S. A similar correction of the classical form of the Gibbs

and discuss their effects on the analytic expressiow for free energy change has been made by Draine & Salpeter|(1977),
In Sect[3.2 we introduced with Ed. (26) the following exwho obtained in the limit of the bulk material for the surface

pression for the equilibrium size distribution of clusters energy

F (V) =F (1) exp {_ Agg{V ) } J(N) = £(1,) exp { (N = 1) In($) - 6 (N — 1)/} (38)

. . _ .. Although the consistency correction f&sG(N) in Egs.
whereAG(N) is the Gibbs free energy change assgmated mm) and [38) seemingly is applied to both the bulk term and
the formation of theN-cluster from the vapor, and (1) is the surface term, in fact only the classical surface term needs
the equilibrium particle density of the monomer. Obviously, th® be corrected if the LTE-state okaturated vapor as defined
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in Sect[Z.B is chosen as the reference equilibrium. In this statmaximum, which define¥',, provided nucleation is possible.

]CZ (1) equals the particle density corresponding to the vap pe decisive quantity for nucleation to take place is the product
S1(Ty) bg(mr) /ax(mr)vi,(mr)). If its logarithm is greater

saturation pressure, arxiG (V) consists of the surface contri- . g ,
than unity,A has a maximum and the particles can nucleate. It

bution to the Gibbs free energy only. 0 . X
i§ important to note that the value of the supersaturation ratio

With this reference state the bulk contribution is a natural | | h di ; et v if deviati
result of the derivation of, from kinetic theory and thermody-* 1S not alone the predictor for nucleation. Only if deviations

namic arguments (cf. Girshick & CHiu 1990), as a closer inspefégm chemical and thermodynamic equilibrium are negligible,
tion of Eq. [33) shows. Fok = [ = 1, Ty = T}, a.(1) = 1 the value ofS determines the onset of nucleation.
. . — - [l - g - 1

and chemical equilibrium in the gas phase, one obtains From Egs.[(40) and.(28) the critical cluster size is given by

N, 1=
:,l(t) = Tgirl(LNMt)Z(N*) 1 1 3
Ny o Ne \*? Ny 3
f(1,t) exp{(N*l) ln(S)Ag(j{m)} (39) 8 1+ 1+2(N*7oc) Q(N*pc) 42)
g

where we have inserted Eds.[26) (B4);f0§|2’\7*) andb, (1), as in Paper | (Eq. (2.15)), but witN. .. given by

respectively,_ gnd expressé;{l) in terms off(1,¢) andS. 9 SI(Ty) be(my) 3
The modifiedAG(N) satisfy the limitV = 1, however, the Nioo = |50 / In () v (ma1)
effects of the curvature on the surface energy for small clusters #ATH Prel AT

are not accounted for. To consider this effect Gail ef al. UgSﬁ%ing Egs.[(3R) and(40) the corresponding Zeldovich factor is
defined a size dependefy;, which leads to

(43)

given by
AG(N N -1
f%(T -0 1/3 (40) v N
o et
v) = = 44
whereN; is a fit factor, essentially representing the particle size 97 (N, — 1)%/3 N, \1/3 3 (“44)
at which the surface energy is reduced to one half of the bulk 1+ (N*ﬂ)

value. Another extension of classical nucleation theory, which

corrects for effects of the curvature enfor smaller clusters, Thus, the corrections, which account for chemical and thermal

was suggested by Dillmann & Meiér (1991). non-equilibrium, enter into the nucleation rate explicitly by the
To conclude this section, we give an expression for the sggdditional factors in Eq[(41) and implicitly via the modified

tionary nucleation rate for those cases, where the thermogsitical cluster size.

namic data of the clusters are not known, and one has to rely onFor the homogeneous nucleation of the monomerki.e.

the approximations for the Gibbs free energy reviewed in this= 1, Eq. (41) reduces to

section. Inserting Eq[T40) into EG.{33) and recasting yields

cat) = 7 (L, NG ) Z(N,) f(1,8) -
Tg

°pt) = ITg;l(mI,N*,t)Z(N*)fu,t)bg(k)fi- expd (N, — 1)1 S(Ta) |Ta
N1 * a.(1) \ Ty
N, = 1)In(S(Ta)) — b0 - [
- 00 (N* _ 1)1/3 +N1/d
f =R ( bg(mj) > } (41) !
1 a(mp) vl (mr) which shows, thatin this case only departures from thermal equi-

ibrium affect the nucleation rate, whereas no chemical depar-

. . li
where it should be noted, that the ratio of the temperatures t‘??r’e coefficient appears in this expression. However, the actual

ways cancels with the corresponding factor in the generaliz&grticle density of the monomg 1, £) is given by the chemical
departure coefficient of the-mer (cf. Eq.[(B4)). non-equilibrium in the gas '
In conventional nucleation theory the critical cluster size '

N, is determined by the minimum of the cluster size distribu-

tion } (V) for the artificial constrained equilibrium, which is4' Summary

equivalent to the maximum of the correspondih@'(N). The We have presented a new formulation of the nucleation process,
size distribution in the LTE-state, in contrast, is a monotonihat accounts for effects due to chemical non-equilibrium in the

cally decreasing function a¥. However, as already mentionedyas phase and thermal non-equilibrium between the gas and
in Sect[3.2, the functiosl (V) introduced in Eq.[(28) still has the clusters or dust particles. In this approach the derivation of
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expressions for the nucleation rate is based on kinetic theory aAigpendix A: on the supersaturation ratio of IN-clusters

where necessary, on thermodynamic arguments, which refe[to wurated th in oh ilibri
a physically realizable equilibrium state. n a saturated vapor the monomers are in phase equilibrium

. . . - . with the the bulk solid phase and, if the solid phase and the
. .Followmg Katz&Wledgrsmh (1947) anunconstrained equ§as phase are also in thermal equilibrium characterized by the
librium state of clusters in a saturated vapor has been de- o _ o _
fined, which is characterized by the phase equilibrium betwel§nperaturer’, the partial pressure of the monomers1) is
monomers as well a&’-mers and the bulk solid. and further-equalto the vapor saturation pressure above the flat surface of the
more by simultaneous chemical equilibrium in the gas phaselid phases.; (1). Then, one obtains for the supersaturation
and thermal equilibrium between the clusters and the gas. Rettio of the monomers
erence to this true LTE-state allows a straightforward inclusion .
of thermal and chemical non-equilibrium in the formulation of P (1)

the nucleation process. S1=3 =1 (A1)

. . . Dgat (1
Since the nucleation process can be treated as a stationary sat (1)
problem for typical conditions in circumstellar dust shells (cf. Assuming now chemical equilibrium in the gas phase the

Paper IV), we have obtained a hierarchy of expressions for h&ia| pressures of thay-mers can of course be expressed in

stationary nucleation raté. terms of the partial pressures of the monomers by means of the
The most general expression fdf, which describes nu- |aw of mass action, which yields

cleation involving several important growth species connecting

several cluster sizes, results from a system of equations, which o N o <
can be evaluated at least numerically provided all the neces ) p g) _AG (N) = NAG (1) (A2)
input data are known. P P RT

If, however, nucleation is dominated by a single growth
species, the system can be solved analytically, which yields ﬁereAfGe(N) is the standard molar Gibbs free energy of
direct expression for the nucleation rate in terms of the grow\% -

and evaporation time scales for all cluster sizes in the stationf@ymation for theN-mer,A;G' (1) is the standa{r}d molar Gibbs

regime. This expression has to be used, as long as the temgge energy of formation for the monomer, anddenotes the

ature of the clusters and other quantities depend on the clugi@issure of the standard state, to which the standard Gibbs en-
size. If the cluster temperature is independent of size, and Bigies are referred to.

size dependency of other quantities can be neglected, an approx. . o .

imate analytic equation foy¢ is obtained, which essentially Since, the vapor saturation presstig (1) is given by

depends on the growth time scale and the Gibbs free energy, of - °

formation of the critical cluster in the LTE-state. Psar (1) ox ArGy(s) — AtG (1)
Often the latter quantity is not known for the relevant cluster pe P R f

sizes. In such cases one can rely on the concepts of classical

nucleation theory, which approximates the Gibbs free energ& < )

in terms of the surface free energy of the bulk liquid or soli¥hereAsG, (s) denotes the standard mc?lar G'Obbs free energy

phase. The applicability of this approach to small clusters hafsformation of the solid phase, and with(1) =ps,; (1) one

long been a matter of debate (e.g. Donn & Nuth 1985). Howevehtains from Eq[{AR)

the classical approach with modifications to account for the size

(A3)

dependence of the surface energy can be adjusted to descyi Zon ©
even the properties of small clusters quite well. @ = exp NAG, (5) OAfG () (A4)
Nevertheless different types of laboratory experiments asP RT

for example, measurements of absorption characteristics of the

clusters, experimental investigations of the relevant elementary The comparison of this equation with E. (A3) implies, that
chemical reactions underlying the nucleation process, and #)eI.h.s. is justthe vapor saturation pressure of\th@er above
perimental studies of vapor-phase nucleation of refractory nihe flat surface of the solid, i.e. we have

terials are needed to make full use of the developed theoretigal

treatment. P (N) Pea (N)
) et (A5)
p p
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F.T. Ferguson for their suggestions, which have improved the paper. This means, that if the monomers are in phase equilibrium
The work at Los Alamos National Laboratory has been performeuith the solid phase, which is also in thermal equilibrium with
under the auspices of the US Department of Energy. the gas, and if chemical equilibrium prevails in the gas phase
and thus between th&¥-mers and the monomers, thémers
are in phase equilibrium with the solid too.
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Defining the supersaturation ratio of themers by wherep(1,¢) is the actual partial pressure of the monomers,

o p (1,7q(N)) is the partial pressure of the monomers in the

Sy = P (N) (A6) LTE-state, ang(1, Ty ) is the partial pressure of the monomers if
Dant (N) chemical equilibrium &f, was established. Th€;(m;, T") and

K,.(m;, T) denote the dissociation constants for the molecule
this phase equilibrium results in the following relationships in the forward and reverse of reaction, at temperaturg’. If

the monomer is given by a molecular specL%g-, (my, Ty(N))
(K s (m;, T,)) describes the equilibrium constant of the forma-

tion of %f (m;) (ng(m;)) with respect to the monomer and
not with respect to the elements this molecule is formed from.
These constants enter, because in chemical equilibrium the par-
In Sect[Z.B we have defined the reference LTE-state, which isti@l pressures of the molecules can be expressed in terms of the
troduced in order to express the usually unknown characterift@ytial pressures of the elements in atomic form, which con-
time scales of the reverse (evaporation) processes terms Stitute the respective molecule, and by definition the molecule
of the corresponding characteristic time scales of the forwa@tithe forward reaction is build up frommmonomers and the
(growth) processes. Compared to this LTE-state the conditighglecule of the reverse reaction.

in the real situation where nucleation takes place, such as thelnthe LTE-state the partial pressure of the monomer is equal
temperature of the gas or the particle densities of the groviehthe vapor saturation pressutg: (74 (N')) above the flat sur-
species, are different, and the effects of these deviations caridse of the solid attemperatufg(V ) (see Appendix A). There-
Con\/enienﬂy described in terms géneraﬁzed departure Coef-fore, the first ratio on the r.h.s. can be expressed in terms of the

Sy =(S)Y =1. (A7)

Appendix B: definition of the generalized departure
coefficients

ficients(cf. Gauger et al._1990). supersaturation ratio, which has been defined by EqG. (12) in
Let us first consider the case of chemical equilibrium in theect[2.4.
gas phase at the actual gas temperafreThe equilibrium Now we define the generalized departure coefficient of re-
densities of the reacting molecules are denoted by’ai‘e. actionm; by
n¢(m; ) andn, (m;) are the densities of the molecules involvedin 1 5_(m_)
the growth reactiomr; and its reverse, if chemical equilibriumbg (m;, Ty (N)) = = EASUYA (B3)
was established in the gas phase at the actual mass density, bi(1) be(m;)
~————
elemental abundances, and gas temperdiure non—CE
The deviations of the actual particle densitigém;, t) and - -
n.(m;, t) from those in a situation of chemical equilibrium in( Ki(mi, Ty) ) /( K (mi, Ty) )
the gas phase &, are given by Kt (my, Ta(N)) K+ (my, Ta(N))
be(mg) = S0 gng gy = D gy o e
g () Tix (1) where the remaining ratios of partial pressures have been ex-

rrlessed by the chemical departure coefficients. As indicated,
I first two terms comprise the effects which result from the
._.chemical non-equilibrium in the gas phase, and the last term

- i e o i Somprises the effects due to the thermal non-equilibrium be-
densities and the particle densities (im;) andn, (m;) inthe  yyeen theN-clusters and the gas.

LTE-state with the temperatufe; (V) of the N-clusters under
consideration, which enters into the relationship fqf* (Eq.

These are the usual chemical departure coefficients descri
a chemical non-equilibrium (non-CE) situation.

In the case of homogeneous processes, i.e. the addition of
i-mers, where no molecule is involved in the reverse reaction,

@): the generalized departure coefficient is given by
ny(mg,t) 'Zf (m;) beis Ta(N)) = ~l:(z) i K(i,Ty) Td;N) (B4)
ne(mi, t) n. (my) V(1) g6, TyN) Le

non—CE non—TE(cluster—gas)

Converting the particle densities by means of the ideal gas law

into partial pressures and multiplying with ratios of one yield%cf' Gauger et al. 1990). Heﬁél) is the chemical b-factor for

the monomer and(:) is the chemical b-factor for themer,
andK (i, T') denotes the equilibrium constant of the formation

ne(mi, t) Zf (mi) _ i p(1,t) (~p(1,t) >l. (82) of ani-mer fromi monomers. Finally inserting EG_{B3) into
ne(mi,t) p (m;) P (1, Ty(N)) p(1,Ty) Eq. [B3) yields:
pr(ma,t) pr(mi, Ty) f(r(miaTg) Io(f (mi, Ta(N))  ny(my,t) %f (m;) 1

Pelme T) p10met) o e ma(Ny) KmoTe)  nemad) & (my | ST b TV O
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Ifthe gas is phase is in chemical equilibrium and the temper-
ature difference between ti¥é-clusters and the gas vanishgs,
is equal to one. Therefore, the generalized departure coefficient
represents a correction to the supersaturation ratio which ac-
counts for the effects of chemical and thermal non-equilibrium.
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