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Cluster birth—death processes in a vapor at equilibrium
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A method is presented to analyze and observe, in molecular dynamic simulations, the statistical
properties of instantaneous cluster transitions, mainly fusions and fissions for a homogeneous vapor
at equilibrium. The method yields the way to obtain mean lives, branching ratios and, to some
extent, transition rates as well. To the best of our knowledge branching rations in cluster decays
have not been measured bef¢sanulationally or experimentally An application of this method to

a model system provides a critical reassessment of the standard Homogeneous Nucleation Theory
(HNT). Our own simulations show that transitions different from absorbing or evaporating a
monomer are quite important, representing in some cases 50% of all decay events. Our method also
shows unequivocally that the decay processes involving clusters classified by size alone are not
Markovian. © 1999 American Institute of Physid$$0021-96069)51914-4

I. INTRODUCTION The most successful theory that describes a vapor using
cluster dynamics is the Homogeneous Nucleation Theory,
Dilute gases near the coexistence line spontaneously crétNT.2=° This theory describes the evolution of the cluster
ate microscopic liquid dropletclusters. If the gas is at  populations in terms of equilibrium properties and basic ki-
equilibrium, there is a permanent presence of clusters benetic assumptions. The HNT assumes that the only relevant
cause, even though the clusters have a finite mean life anstocesses are absorption and evaporation of monomers,
tend to evaporate, new ones are being permanently creategamely, it assumes that when a cluster changes size it does
A gaseous system with dynamics influenced by the preseneg changing one step at a time. The theory also assumes that
of cluster is calledvapor. The generally accepted theoretical all these processes are Markovian, and the corresponding
framework describes vapors in terms of the clusters presentansition rates depend only on the cluster concentrations,
in it and the different reactions between clusters. temperature and pressyisee the comments before and after
A cluster dynamic model should describe the cluster re£q. (7.6) in Ref. 4]
actions as a set of incoming clusters that react producing Since the HNT assumes that all processes change size
emerging clusters. All the intermediate steftise reaction one step up or down, it is natural to call them fusions or
itself) should not be considered. The simplest reactionsissions, respectively, and such classification is exhaustive in
would be fissiongtwo or more clusters merger fusions(a  that case.
cluster divides into sub-clustersAlso more complicated re- The absorptior(fusion) transition rates are expressed as
actions can occur. For example, a collision of two clusterghe product of the collision rate between clusters and mono-
typically gives rise to sub-clusters. In our simulations themers and thesticking coefficientThe latter is a measure of
cluster reactions that cannot be classified as fissions or fuhe fraction of collisions that are successful, namely, the re-
sions represent at most 7% of the total number of reactionsictions in which the monomer is actually absorbed by the
But even in a dilute vapor it is impossible to isolate thesecluster. Since this coefficient is quite difficult to estimate
processes since the time scales involved in the reactions afom a microscopic model several phenomenological models
comparable with the cluster mean lives and flight times. Thahave been put forwarti’ Models have been advanced to
is, there are no asymptotic free states that could be associatgttorporate the internal degrees of freeddBut, usually
to the reactants or the products, and it is not clear the instanthe sticking coefficient is set to one, which corresponds to
a reaction starts or ends. As an illustration, the history of aonsidering relevant all microscopic cluster reactions.
cluster produced in a fusion is presented in Fig. 1. The figure  To calculate the evaporatidfission transition rates, the
illustrates that there are no clear definitions of which are thedNT uses detailed balance arguments and the fact that ab-
intermediate steps and which are the final products. sorption and evaporation are at equilibrium at the saturation
To avoid ambiguities, the approach we will use in this pressuré®=1? The equilibrium concentration of clusters of
work is to consider as relevant all microscopic cluster reacsizek, N,(t)/N, at the saturation pressure are obtained from
tions even if they are just intermediate steps. That is, althe so callectapillary approximationthat uses a thermody-
instantaneous branchings in Fig. 1 are analyzed. Any otheasamic approach, calculating the concentrations in terms of

choice would lead to ambiguities. the cluster’s free energyG, . This free energy is expressed
as a sum of a volumetric term and a surface term.
dpresent address: CECAM, ENS-Lyon, 46 ‘Allel'ltalie, 69007 Lyon, W'th these assumpt_lons, the HNT gives a Se_t of ClO_SEd
France; electronic mail: rsoto@cecam.fr equations for the evolution of the cluster populations which
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pors, but they have nonclassical kinetic properties. For ex-
ample, at equilibrium their velocity distribution function is
/ A4 not Maxwellian.
v In this paper we study the HNT cluster reactions hypoth-
eses using molecular dynamic simulations for generalized
; contour cluster&*’In Sec. Il we present two cluster defi-
nitions to work with. In Sec. Il we introduce a probabilistic
formalism to analyze cluster reactions and a new method that
simplifies the measurement of the reaction probabilistic

properties in molecular dynamics simulations giving direct
access to some quantities needed in HNT. In Sec. IV the

7

7

Cluster mean lives

k=2 ——t

. — method is used to analyze the cluster reactions in molecular
ﬁ:g: /_\/ dynamics simulations of a vapor model in two dimensions.
k=7 — We find that these processes are not at all Markovian
— for one cluster definition—geometric—but for another
ime

definition—energetic—the processes are closer to being
FIG. 1. The schematic history of a cluster of size5 produced in a fusion Markovian (in a sense specified lajefFurther, we measure

of two clusters in a chain of processes actually observed in a simulation. Ththe branching ratios of the different decay modes associated
cluster absorbs, evaporates and re-absorbs particles and sub-clusters iRt seyeral size clusters, which as far as we know have not
complicated fashion. As a comparison, the mean lives for clusters of Siz%een measured before. It is found that clusters do not onl
k=2 tok=7 are shown. The simulation is @t=0.68 andn=0.05 and the ' ; . Yy
cluster definition is geometric. decay through the absorption or evaporation of monomers.
The other modes can be as important as 50% of the total

decays. Finally, conclusions are in Sec. V.

are local in time. From the equations it follows that if the

system was placed in a phase space zone where the liquid

phase is stable then the same type of dynamics of cluster. CLUSTER DEFINITION

formation persists with the difference that now the clusters of

a size larger than a certain threshdftditical cluster sizg Microscopically a vapor will be considered as a nonideal

grow until macroscopic liquid droplets are formed. The su-3as mixture in which each species of clusters has a set of

percritical clusters are produced when a small cluster absordgternal degrees of freedom. For the sake of simplicity we

sequentially a sufficient number of monomers. Since thé'® going to consider a system made up of point “mol-

HNT assumes that clusters can absorb only monomers argfules” that simply have translational degrees of freedom

evaporation is more probable than absorption, the above pr@nd interact with short range potentials. .

cess is slow. The predictions that stem from these equations A cluster will be considered to be a set of particles that

are mostly successful but in some cases their predictions faill SOme sense are bound together. For the moment, and with-

with respect to experiment&:16 out having to provide a detailed definition, it will suffice to
Great efforts have been made to improve the classicaiSe & functiorC(r,v)—that depends on the relative positions

theory. These efforts have mainly gone in the direction ofand velocities of two particles—of short range in positions,

modifying the free energy calculatiasee Ref. 17 and ref- Such thatC is either 1 or 0 with a well defined criterion. To

erences therejnIn Ref. 17 there is a detailed analysis anddefine clusters we introduce the conceplimted particles as

derivation of the cluster concentrations using a formal virialfollows. o _

expansion, and it is found that nonideal corrections to the (i) If C(ray,Vap) =1 then by definitiora andb arelinked

free energy and pressure are needed to have better pred(d if particleais linked tob andb is linked toc, thena and

tions. c are linked. Finallyfwo particles belong to the same cluster
The HNT has also been reformulated to allow for otherif @nd only if they are linked

decay modes, different from the pure absorption and evapo- Using this generic definition each microscopic state has

ration of monomer&®®7 introducing appropriate transition @ unique decomposition in clusters. Contour clugfersrre-

rates, which are estimated phenomenologically. spond to choosingC(r,v)=0(ro—r), where © is the
Even though the HNT extensively uses the concept 0]&.-|eavis_ide function. That is, two par_ticles are said to be

clusters there is no unique definition for them. The only in-linked if they are closer than,. We will refer to these as

dication is that clusters are microscopic domains of the liquid@@ometric clusters

phase®* Usually a cluster is understood either as a set of We will also use another definitiorenergetic clusters

molecules that are nearer to each other than a specifictV0 particles are linked if they are energetically bound, that

distancé® or as a set of molecules inside a spherical stell, IS,

or a density fluctuation which exceeds a certain thresffold. mo2

One can also require that, besides proximity, the particles C(r,v)=0 <peff(rM)—<p(r)—T O(ry—r), (1)

satisfy some energy requirement associated to the idea of

forming a bound stat®?*These energetic clusters were pro- where ¢ is the interparticle potentiak®™ is the effective

posed as better candidates to have a dynamic theory of vaentral potentialcentrifugal barrier included andr, is the
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point where the effective potential is maximum for a given - diime 1 -

relative angular momentum. A discussion of the properties of | i | o
H 0 t

these CIUSterS IS In REfS' 23124 {(cluster birth) (cluste,rodeteclion) (clus:-et:decay)

Given any microscopic definition of clusters, the instant o _ _
when a particular cluster decays corresponds to the insta G. 2 The times _mvolved in the measurement of the life span ofaclus_ter.
. . . e time variable is set tb=0 at the unknown instant when the cluster is
when it changes microscopically. As a consequence of eacfogieq.
one of these processes new clusters are born, and in this
sense it can be said that the instants of decay and birth of

clusters coincide. Markovian, the transition rate is constant, but, in general,
memory effects appear in the transition rates.
Ill. PROBABILISTIC ANALYSIS Similarly, the total transition rat&(t) is defined as
In this section we describe the basic concepts that appear ~ Po(t)
in the measurement of the probabilistic properties of decay - Jipo(s)ds’ ©

processes. In doing so we use a generic cluster kize _ .
throughout this section, and to make the notation simpler we 1 herefore, we have shown that the main properties of

omit the labelk from all the quantities we define below, ~ decay processes can be studied in termpgf(t). In the
next section we derive a procedure to measure these distri-

A. Decay probabilities butions in molecular dynamic simulations.

Let us assume that, in a vapor at equilibrium, a cluster of
sizek is createdin the sense given in the previous secliah B, Measured distributions
timet=0. There is a probabilitp,(t)dt that the cluster will
decay in the intervadit after timet. The decay can occur in
different modes that we label. The specific definition of

In principle, if clusters could be detected in the simula-
tion from the time of their creation, they could be followed

decay modes is arbitrary and it is possible to have a contind_f_rr:t" :jhelr_gegay, recording fgek')r I|fe;|m_e znd digay modes.
ous or discrete classification of modes, the only restriction e distributionspo,(t) cou e obtained making histo-

being that the classification covers all possible cases. If th rams of the times obtained, classified by mode. In practice,

cluster decays at time there is a probability distribution owever, it is almost impossible to follow all particles in a

f (1) that the decav occurs through mode with S f (t simulation until a cluster is created. If only a set of particles
:/i )Then y g ¢ A0 were followed, most probably they would participate in

small clusters(due to the great fraction of small clustgrs
po(t)=po(t)2/ f/(t):Z Po (1), @) svriter\]/?hngrllgr;esr E(r)lrgs.gettlng enough statistics in connection
The approach we use is to take regular snapshots of the
, system and detecting in them one cluster of each size until a
decays thr_o_ug_h mode . maximum sizek. Then, these clusters’ histories are followed
.At eq“"'b”“”_" the dl_str|but|onsp0/(t) have to be_ well until they decay, recording in each case the size of the origi-
defined and stationary, independent of the clock time, buhal cluster, the time they lived from detection to decay and

depgnf?ent on th? t.|m(|a Iadeahg cIusteL haslllwlad. gt h the corresponding decay mode. In the next snapshot only
o e_rent statistica properngs can be caicu aFe rqmt lusters of sizes that already decayed are looked for. The
distributionspy,(t). The mean life of clusterf sizek) is

ones that still live continue being followed.
o As a result of the simulation a list of decay times and
= fo Po(t)tdt. 3 decay modeg(t;,/i)}i=1...m are obtained for each cluster
size. Assuming that the instants clusters are dete(itesl
The branching ratiof ,, through mode” is defined as the snapshots are uncorrelated from the instants the clusters
probability that the cluster decays through this mode, irrewere created, it follows that the paif@;,/;)}i—1... are not

wherep,,(t) is the probability density that at tintea cluster

spective of the decay time. That is, distributed with po,(t) but with a different distribution
w p,(t). The distributionp (t) is the probability density that a
f,= fo Po(t)dt. (4)  cluster will die through mode” a timet after detection re-

gardless of the agk, it had at detection. The valugg can
Finally, to study the memory effects in a particular modetake are unknown but, since the detection is at random, they
we define the transition rafg, (t) as are distributed according to the age distributipg(t). A
graphical description of the times used is given in Fig. 2. In

T, (t)= pIO/(t) = xp(’/(t) ) (5) brief, then,p(t) represents the conditional probability that a
1-fobo(s)ds [{po(s)ds cluster decays at time+t, given that it has not decayed
In other wordsT (t) is the conditional probability that until to, averaged ovepg(to),
the cluster will decay through modé in the interval €,t Po,(t+10) » o (t+1o)
+dt) given that untilt it had not yet decayed. pA(t)= <_t0—d> =f mpe(to}dto'
Several properties of the probability density can be ob- 1=JgPo(s)ds Pelto) 0 JtoPo
tained from the transition rates. In particular, if a process is )
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We also defing(t) as the probability distribution of the

times{t;} irrespective of the decay mode,

p<t>=2/ pAL). 8

Expression(7) can be simplified if the age distribution is
given in terms ofpy(t). A detailed analysis of the statistical

death probability yields

~ J{po(s)ds
Pe(t)= Fr s ©
Replacing(9) in (7) gives
[opo (t+to)dty  [{po (S)ds
D, (1)= oPor 0)0lo  JPos (10)

Josm(s)ds — [gsm(s)ds’
It is necessary to calculate the factfspy(s)ds to be

able to invert the previous relation and thus calculate th

distribution po,, from the measured distributiop,. Carry-
ing a sum over/ on both sides of10) and evaluating the
result att=0 implies
J spp(s)yds=1/p(0). (11
0

Differentiating(10) with respect td, the inverse relation
follows:

A
Po ()=~ 00) " (12)
From definition(2), the probabilitiesf ,(t) are
pAt)
f (t)= : 13
o

In terms of the measured distributiops(t), the mean
life, branching ratios and transition rates are

= %, (14)

& pp/(((f)) ! a9
TAt)=- % (16)
T(t)=- %. (17
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© r<a,
p(r)y=y —&¢ o<r<ao, (18
0 wo<r.

The units chosen are such that=1, e=1, =1, and we
have setx=1.5. The Boltzmann constant is set to one, such
that temperatures are given in units of the well depth

We simulated systems df=10° particles at tempera-
tures and number densiti@scorresponding to the pure ho-
mogeneous gas phase with a non negligible presence of clus-
ters. The boundary conditions used were periodic to avoid
heterogeneous condensation. Systems like this one are
known to relax to a state totally independent of the details of
the initial condition.

In the case of piecewise constant potentials (k& the
simulation is carried out by the Event Driven Molecular Dy-
namics technique that, instead of numerically integrating
Newton’s dynamics, makes the system advance analytically
from event to eventAn event is the instant when two par-
ticles meet at a distance equal to a discontinuous change of
the potentiaf®>2’

After relaxation a first snapshot is taken and one cluster
of each size—up to a certain limik& 10)—are looked for.

It may happen that no clusters are found of a given size.
Right after the snapshot the system is followed from event to
event detecting if any of the marked clusters change. If so,
the time lapse from detection to this decay and the specific
decay mode are recorded. At regular intervatsnew snap-
shots are taken. In each snapshot the system is searched for
new clusters of sizes that have already decayed and also of
sizes for which no specimen was recorded last time. The
interval At is taken larger than the longest cluster mean life

in order to obtain uncorrelated measurements.

Instead of calculating the distribution probabilities(t)
making histograms, since it is too noisy, the lists of times are
processed constructing the accumulated probability functions

Q/(t) andQ(t),

t
Q)= fop/mdt, (19

t
Q(t)=J0p(t)dt- (20)
After smoothing these functions a numerical determination
of the distributions is easier.

The mode classification is made annotating the sizes of
the clusters where the particles of the original cluster now

What we have achieved, then, is to find the way tobelong. If the cluster under study absorbs another one, then
evaluate physically interesting properties of the decay proenly one size larger than the original size is recorded. Iso-

cesses directly from the distributiors, (t) that can eco-
nomically and directly be measured in the simulations.

IV. MOLECULAR DYNAMIC SIMULATIONS

lated particles are considered clusters of size 1.

Among all possible decay modes most decays could be
classified as(a) fusions, namely processes where two or
more colliding clusters produce a bigger one(lr sponta-
neous fissions, namely, processes where a cluster breaks up
without combining its particles with those of another cluster.

We have made molecular dynamic simulations of a twoSpontaneous fissions are detected because the total number

dimensional vapor at equilibriugaseous phageOur sys-

of particles in the products is equal to the size of the original

tem is a gas of particles that interact with a square welkluster; these processes are labeled by the size of the largest

potential ¢,

product. Fusions are recognized because there is only one
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TABLE I. Densities and temperatures used to measure mean lives, transi- = 1/Q’(O) (22)
tion rates and channel decay fractions. As a reference, the critical density '
and temperature for this system arg=0.3 andT.=0.8 (Ref. 28. which can be calculated approximatifgt) by a polyno-

mial neart=0. It is seen that mean lives decrease with clus-

Simulati T . ; et
imuiation " ter size because the absorption cross section increases and
Sim 1 0.005 0.68 evaporation is easier.

Sim 2 0.050 0.68 The mean life of small clusters is larger for energetic

than for geometric clusters. This is so on the one hand be-
cause evaporation is less likely when particles are bound

energetic clustejsand on the other because not every col-

final cluster anclj 'E)S |S|§e |ihlat;]ger _thanftf;rc]e Or'g'nl‘?.l onel; trleS%sion produces a size change since they are bound particles.
processes are labeled wi e size of the resulting cluster.~, < tand to keep their identity.

In the case of energetic clusters there are other processes For larger clusters the relation is the opposite due to a

bestl.d?s 'f|s\:,r|10ns lantd fubs lons, Sllljgh as the SUbS“tUt'OE of Maracteristic of the energetic clusters: due to energy fluctua-
particie In the cluster by a colliding monomer or Wnen ay., .« it hecomes more and more probable that a particle be-
trimer collides with a monomer producing two dimers. Thes_elonging to the cluster gets enough energy to become un-

are two examples of processes that cannot be classified USING '\ ded from its neighbors. Such processes will usually

the abov_e sche_me_. With the geometric definition of a C_IUSterOCcur deeply in the bulk of the cluster but they are counted
the previous criteria classify all decay modes. In particular

e . ; ‘as evaporation processes and therefore they are the end of the
fissions imply exactly two final clusters.

The simulati de with alobal densitand present cluster, even though the particle will, most likely, be
t € ts'm_ll_'l ations W_?_rilm? Ie \()V' thg oba tﬁn yatn ._reabsorbed a short time afterwards. Even though these pro-
emperaturel given In Tabie 1. In both cases e SySIem IS oo ggeg have no physical implications their effect is to lower-

purely gaseous and the temperature is below the critical ten}hg the mean life of large energetic clusters. Further, this

perature. implies that, for energetic clusters, the mean life approaches
a constant as density goes to zero.
A. Mean lives

. In_ Fig. 3 the measure(_j mean life fo_r different cIusterB_ Branching ratios
sizes is shown for geometric and energetic clusters. In terms _ _ _ _
of the accumulated probabilif®(t), the cluster mean life is The branching ratios can be calculated using expression

(15) written in terms of the accumulated probabiliti@s(t),

(0
. _QuO) o2

Q)

Ny
o

-y
& OO

that is, calculated in the same fashion as the mean life was.
Figures 4 and 5 show the branching ratios for all modes,
for clusters defined geometrically and energetically, respec-
tively, for sizes from 2 to 10. Due to the mode classification,
- for each value ok the graphs are divided in two regions, the
fissions are plotted fror’=1 to /=k—1 and the fusions
10 from /=k+1 upwards. The modeg'=k is empty because
there is no simple fusion or fission where the final cluster has
the same size as the original one. For energetic clusters, the
T T T nonclassified transitiongor example, substitutionsare kept
in mode/ =0.
Simple fusions show an exponential decay because an-
2 other cluster is needed to collide with the original dioé
sizek). The probability of the occurrence of such a collision
1 is roughly proportional to the population kfclusters, and it
8 decays exponentially witk. 34
6 Fissions are less probable las / increases because to
produce a smaller cluster it is necessary to evaporate a larger
, . , , , sub-cluster and this becomes more improbable as the sub-
0 2 4 6 8 10 cluster increases in size. For energetic clusters, the nonclas-
Size k sified processes represent up to 7% of all cases.
From all the above it should now be clear that the stan-

Mean Life
n

—_
T

Mean Life

FIG. 3. The mean lives for clusters of different skzehown as a function of [ « ;
k. The solid square®pen circleg correspond to energetigeometrig clus- dard hypOtheSIS in the HNT that “the Only pOSSIbIe pro

ters. Lines are drawn to help visualization. The two sets correspond to th€€SSES are evapora_ltlon and absorption of monomeérsk(
simulations described in Table I. —1 and/=k+1)" is not really true. These monomer re-
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FIG. 4. Branching ratios ofleometric clustergor the modes described in the text. The different graphs correspond to clusters of sizds=ftbrio k
=10. The density and temperature values are those of simulation 2 in Table I. The other simulation in Table | shows qualitatively similar results.

lated processes are the most probable ones but the dynamicates or absorbs another cluster regardless of the final size.
relevance of the other modes is not at all negligible. In ordeiThat is, for clusters of sizk, we define

to measure the relative importance of the discarded pro- k=1
cesses, we define the probability of evaporatfqp,, and _

. ” . ; fovar= 2 T/, (23
absorptionf 4¢o;@s the probability that a given cluster evapo- /=
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FIG. 5. Branching ratios foenergetic clusterdor the modes described in the text. The different graphs correspond to clusters of sizds=ftoro k
=10. The density and temperature values are those of simulation 2 in Table I. The other simulation in Table | shows qualitatively similar results.

©

measured asf,_,/fq,, for the evaporations and as

fabsor:/:2k+1 f . (24 f,,,/f eorfOr the absorptions and they should be essentially
1 if the standard HNT were correct. These fractions are given

Then, the relative importance of the classical modes isn Table Il for different cluster sizes and simulations. In
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TABLE II. The relative importance of absorbing a monomer compared to
all possible absorption mode§, . 1 /f 50 and the relative importance of
evaporating a monomer compared to all possible evaporation modes,
fr—1/fevap- The results are given for different geometric and energetic clus-
ter sizes. The density and temperature values are those of the simulation
number 2 in Table I. If the HNT hypotheses were valid, these ratios should
be essentially one.

fk+l/fabsor fkfllfevap fk+1/fabsor fkfllfevap

k (energ) (energ) (geom) (geom)

2 0.63 1.00 0.64 1.00

3 0.66 0.99 0.63 1.00

4 0.68 0.75 0.65 0.77

5 0.69 0.63 0.66 0.65

6 0.70 0.57 0.66 0.59

7 0.71 0.54 0.67 0.55

8 0.72 0.51 0.67 0.52

9 0.73 0.49 0.66 0.50 0.08

10 0.73 0.47 0.67 0.49 (b)

0061

some cases, the discarded processes correspond to 50% of!
the total number of evaporation or absorption processes. 0041
It is shown that the monomer absorptions are roughly
70% of the total absorption processes, independent on the
cluster definition and size. Obviously this ratio should de-
pend on density. It goes down as density increases due to the
larger population of dimers, trimers and other clusters to fuse
with the original one. The monomer evaporations correspond
to the total number of evaporation processes for small clus- o0 10 2 0w 0 % 7
ters k=2,3), but as size increases the relative importance of
evaporating larger sub-clusters increases. From the simul&iC: 6. The transition rate for the decay mode 2+1 for both(a) geo-

. . . metric and(b) energetic clusters as measured in simulation 2. For the geo-
tional results one cannot infer the behavior to be expected fOt¥1etric clusters, the transition rate vanishestfel0.78. As a reference, the
clusters approaching macroscopic size. dimer mean life for geometric clusters is=1.75 and for energetic clusters

To the best of our knowledge these branching ratios=3.67.

have not been measured bef¢goemputationally or experi-
mentally), and it is always assumed that the HNT hypotheses
are valid. At this point we underline the opportunity given by case the nonuniformity is more dramatic. The conclusion is
computer simulation: it makes it possible to measurethat the decay processes are not Markovian contrary to an-
phenomena—unreachable to direct experiments—used in tigher standard hypothesis of the usual HNT.
theory, thus giving more reliable data for theoretical predic- If a process is not Markovian, then clusters remember
tions. Table Il shows that a basic assumption has to be modtheir time of creation, and memory effects must play a role.
fied in a homogeneous nucleation theory to incorporate othefhe origin of the memory effects is different for geometric
processes. The branching ratios so obtained can be used witan for energetic clusters.
the generalized reaction model given in Ref. 9 to make nu-  For geometric dimers the memory effect comes from the
merical predictions, but as it will be shown in the following fact that most of them correspond to two monomers collid-
analysis these models fail because of the non-Markoviaing; thus the lifetime is quite short and has an upper limit
character of the decay processes. determined by the collision parameters. Since the lifetime is
bounded, the transition rate vanishes after a while.

The energetic dimers at first sight should have a constant
transition rate because, by energy considerations, a third

The transition rate¥ ,(t) and T(t) are quite difficult to monomer is necessary to break the dimer. But, fast dimers
evaluate from the data since it is necessary to take secorabllide sooner than slower ones, producing the effect that old
derivatives of the accumulated probabilities; see @6). clusters tend to be slower. As the probability for dimers to

We have studied the transition rates associated to dimedie depends on their average velocity, their transition rate is
breaking into two monomerq;,_,;,4(t). The accumulated not constant. This effect is also present for geometric clus-
probabilities are fitted to rational functions from where theters, but the memory effect mentioned in the previous para-
transition rates are calculated analytically. In Fig. 6 wegraph dominates.

present the transition rates as functions of time. It is clear For larger clusters the processes are not Markovian ei-
from the plots that for both the geometric and energetic clusther. The absorption processes show a memory effect analo-
ters, the transition rates are not constant, but in the geometrigous to that described for energetic dimers, namely, faster

0.021

C. Transition rates
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clusters collide first, thus producing that older clusters areian. This implies that out of equilibrium, it is impossible to
on the average, slower. The memory effect of the evaporawrite down local-in-time equations for the cluster popula-
tion processes have a similar, but less dramatic, origin as itions.
the case of the geometric dimers. The origin of the non-Markovian character of the decay

Besides—since fissions are endothermic and fusions afggrocesses comes from the coarse grain classification of clus-
exothermic—newly born clusters have a different energy disters(labeling them by their sizésnd modeglabeled by the
tribution function than clusters at equilibrium. Younger clus- product sizes Namely, since the reactions are classified
ters created in a fusion will evaporate rapidly because thewithout any mentioning of the dynamic degrees of freedom
have more internal energy than the average. All thesef the clusters involved much information is lost. It is known
memory effects produce nonuniform transition rates andhat if both classifications were more refined, the processes
therefore birth—death processes are not Markovian. This pravould be closer to being Markovian. In fact, in a complete
vents us from writing local-in-time equations for the evolu- description(leaving out no information whatsoeyeas in a
tion of cluster concentrations because, in a nonequilibriuniiouville-like-equation for clusters, all processes would be
situation, the memory effects imply that the dynamical equaMarkovian. As soon as some information is lost equations
tions depend on previous macroscopic states. become non-Markoviah?®

The memory effects are less notorious when energetic  Since it is far too difficult to write down and solve an
clusters are used because a large number of transitions caxact (Liouville-like) equation for the vapor dynamics, an
responding to pure collisions are not counted, though otheintermediate approach with a finer cluster classification
effects appear, such as complex decay modes and distortioesheme should be used. The kinetic approach consists in
of the velocity distribution function&® The kinetic origin of  classifying clusters according to size, position, velocity and
memory effects come from dealing with clusters simply clas-values of the internal degrees of freedom. With this ap-
sified by their size without taking into consideration quite proach, reasonably precise kinetic equations should be local
different dynamic characteristidsuch as angular momen- in time even though strictly speaking one has to say that
tum or internal energybetween them. To have local equa- memory effects have rather short characteristic tifles.
tions, the clusters must be classified according to the values It should be noted that the numerical results obtained are
of their degrees of freedom, requiring a kinetic approach byvalid for this specific model, and numerical differences are to
means of kinetic equations. be expected for other short range potentials. Possibly major

differences should appear applying this method for three di-
mensional systems where, due to the larger connectivity, the

V. CONCLUSIONS surface tension is larger giving rise to more stable clusters.
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