
Abstract. Processes involving clusters and small particles are
considered from the standpoint of interaction of clusters or
small particles with atomic particles of a buffer gas. Two
opposite interaction regimes are the kinetic (dynamic) and
diffusion (hydrodynamic) ones, so that in the first case colli-
sions of a gas atomwith a cluster or small particle are analogous
to collisions of two atomic particles in a gas, whereas in the
diffusion regime a cluster or a small particle strongly interacts
simultaneously with many atoms. Criteria and parameters of
processes for the kinetic and diffusion regimes are given for
transport phenomena in gases involving clusters or small parti-
cles, cluster charging in an ionized gas and particle combustion,
and also nucleation processes including cluster growth as a
result of atom attachment to a growing cluster, the coagulation
and coalescence processes.

1. Introduction

Rates of processes involving clusters are of great interest for
gases and plasmas containing clusters or small particles. Let
us consider as an example cluster motion in a gas and
ascertain its character. Until the cluster is small, its collisions
with gas atoms proceed analogously to collisions of atomic
particles in a gas, so that at each instant of time the cluster
may strongly interact with only one atomormolecule. Cluster
kinetic parameters are determined then by analogy with such
parameters of atomic particles in a gas, where they are
expressed through the cross sections of atomic particle
collisions with gas atoms or molecules. In contrast, the
diffusion regime of cluster transport takes place at a large
cluster size, where many gas atoms or molecules collide with
the cluster simultaneously, and cluster motion is governed by
hydrodynamic laws. The goal of this paper is to analyze the
kinetic and diffusion regimes of various cluster processes in a
gas. It would seem that if the mean free path of gas atoms or
molecules is large compared to the cluster size, the kinetic
regime of cluster processes is realized, whereas the opposite
relation between these parameters leads to the diffusion
regime of cluster processes. But a more detailed analysis
shows that it is not always correct, and we will demonstrate
this below.

Let us consider physical objects and systems where
processes involving cluster transport in a gas are of interest.
First, this is a cluster plasma formed in the generation of
cluster beams from laser action on a surface [1±5], on the basis
of magnetron [6±11] or arc [12, 13] plasmas, or as a result of
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free jet expansion [14±19]. In particular, laser irradiation of a
metal surface leads to the generation of an atomic flux whose
parameters are varied in the course of its passage through a
buffer gas. The size distribution function of clusters formed
from the atomic flux is determined by these parameters.
Second, processes involving clusters and small particles are
of importance for power plants which use the combustion of a
solid organic fuel, where soot and other small particles are
present in gaseous products. Two methods are employed in
order to remove these particles from the gas stream, so that in
the first one particles are charged and removed from the
stream by electric field action. The second method uses the
inertia of particles at hand, which is high compared to that of
gas atoms or molecules because of their large mass. There-
fore, if a gas stream is turned about in so-called impactors [20,
21], particles continue their straightforward motion, and in
this manner may be removed from the gas stream. Of course,
the first method has been studied well enough and also
includes charging of particles and their precipitation in an
electric field [22±24]. These methods have been used in power
plants for many decades, but the further development of the
power industry raises new problems and requires more
detailed understanding of the processes in a gas containing
small particles. Third, the processes under consideration are
of importance in the combustion of powders and metals
because molecules of oxides resulting from these processes
form strong chemical bonds among themselves and join into
small particles. The growth rates of such particles are
different in the kinetic and diffusion regimes of particle
transport, and the criteria of each regime are required in the
analysis of particle growth.

The above laboratory gaseous systems with clusters or
small particles may be added by corresponding natural
systems. An example of this is a solar dusty plasma resulting
from interaction of the solar wind with a dust evaporated
from the surface of a planet satellite. This plasma creates, in
particular, Saturn's and Jupiter's rings, but the magnetic
fields of these planets and their interaction with fields of the
solar wind are more important for ring formation. These
issues are outside our consideration, and in the analysis of the
above objects we will restrict ourselves to the interaction of
single dust particles with a surrounding plasma. One more
bunch of questions connectedwith this topic relates to aerosol
behavior in Earth's atmosphere, where the processes invol-
ving aerosols and small particles depend significantly on the
local parameters of the atmosphere and particles, including
their chemical compositions.

The processes under consideration are analogous to
those in colloid solutions and processes involving biological
clusters [25]; nevertheless, below we restrict ourself to
gaseous systems only. Single clusters or small particles
nanometers and micrometers in size located in a gas or
plasma are the object of our consideration. Probes [26, 27]
are not included in this list, though their size of 50±400 mm
[28] corresponds to the boundary of the indicated range,
since probes cannot be considered as free particles in a gas.
The size of artificial satellites and asteroids [29, 30] is outside
the indicated range, and hence the behavior of these objects
is governed by other processes. Note that our analysis is
based on old concepts (see, for example, book [31]) which
arose in the consideration of other physical objects. There-
fore, the goal of this paper is not a new look at some aspects
of cluster physics and the physics of small particles, but the
analysis of processes involving clusters and small particles

from the standpoint of the influence of gas on the character
of these processes.

The processes proceeding with participation of clusters
and small particles in gases may be separated into three
groups. The transport processes of clusters or small particles
in gases, including diffusion andmobility of clusters and small
particles in gases, their relaxation in gaseous flows, etc. are
regarded as processes of the first group. Transition from the
kinetic regime to the diffusion (or hydrodynamic) one occurs
if the mean free path of gas atoms or molecules is comparable
to the cluster size. Attachment processes of atomic particles
located in a buffer gas to clusters are related to processes of the
second group. These processes include quenching of excited
atomic particles located in a gas on the surface of clusters or
small particles, chemical processes, including combustion, on
the cluster surface involving active molecules, particularly if
this cluster is a fuel and the surrounding gas contains oxygen.
Theprocesses of charging a small particle in an ionized gas as a
result of attachment of electrons or ions from a surrounding
gas and their subsequent recombination on the particle
surface are related to this group. Then, the criterion of
transition from the kinetic regime to the diffusion one is
determined by the character of motion for a cluster-attaching
atomic particle in a gas. Here, not only the range of action of
the cluster or small particle field but also the concentration of
attaching atomic particles may exert some influence on this
criterion. The third group includes processes for the growth of
clusters and small particles in a buffer gas. Note that in the
case of coagulationÐ the joining of liquid clusters at their
contactÐand the growth of fractal structures as a result of
joining fractal aggregates, the criterion of transition from the
kinetic regime of aggregation to the diffusion one, along with
the relation between the mean free path of fragments in a
buffer gas and their sizes, also includes the relation between
these size parameters and the mean distance between frag-
ments in a buffer gas.

In all the cases of collisions between atomic particles and a
cluster surface, we assume the cluster to have a spherical
shape and a hard surface. This means that the region of the
cluster's strong interaction with an atomic particle is small
compared to cluster size and such an assumption is fulfilled
for large clusters because the radius of the cluster's strong
interaction with an atomic particle is on the order of atomic
size. But the hard sphere model is also valid for thermal
collisions of atoms and molecules [32] (this means that the
scattering is determined mostly by repulsive interaction), so
that the assumption of a hard cluster boundary holds true for
small clusters consisting of a small number of atoms, though
it requires the attraction of additional parameters of interac-
tion. As for the assumption that the cluster has a spherical
shape, it corresponds to some averaging. The experience of
cluster analysis shows that the accuracy in the analysis of
collisions between a cluster and an atomic particle is
determined not by errors in the model used, but by the
accuracy and the availability of the additional parameters of
atom±cluster interaction. This justifies the model of the
spherical cluster shape with a hard surface for the analysis of
collision processes between atomic particles and clusters.
Within the framework of this model, the difference between
clusters and small particles is lost, and below we will use the
term `cluster' not only for nanoclusters, but also for
microparticles.

Note that the goal of this review is to give simple
algorithms for the determination of the rate constants of
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processes involving clusters and small particles, along with
the criteria where this is valid. The author hopes that this
considerationwill allow the reader to obtain numerical results
for the rates of certain processes under given conditions.

2. Models of clusters and processes involving
their participation

2.1 Cluster structure and properties
Clusters as systems consisting of a finite number of bound
atoms are a specific physical object due to the magic numbers
of solid clusters [33]. This means that some cluster para-
meters, such as the binding energy of a surface atom, the
cluster ionization potential, or the cluster electron affinity,
have extrema at magic numbers of cluster atoms. In reality,
the magic numbers of cluster atoms correspond to completed
cluster structures or to filled electron shells. Therefore,
clusters with magic numbers of atoms are formed in gases
more effectively than clusters with neighboring numbers of
atoms. Correspondingly, clusters with magic numbers of
atoms are observed as local maxima in mass spectra of
clusters produced in cluster beams or in gases [34] and in
mass spectra of cluster beam photoionization [35]. Magic
numbers of cluster atoms are observed in experiments
involving up to tens of thousands of cluster atoms [36].

Based on the above cluster properties, one can analyze
clusters by numerical simulation methods. Setting aside
problems with computer methods connected with finding
parameters of atomic interactions, we aim to validate simple
and universal methods which do not take into account
certain cluster structures. Therefore, we determine first the
accuracy of analytical universal cluster models. The stron-
gest nonmonotonity in cluster parameters as a function of
the number of cluster atoms relates to parameters of the
phase transition, and Fig. 1 gives the dependence of the
melting point of sodium clusters on the number of cluster
atoms [37, 38]. As is seen, values of the melting points are
scattered roughly within the limits of 20%. For other
parameters of clusters and processes, the range of nonregu-
larity is more narrow. If we draw a monotonic dependence
on the basis of the data of Fig. 1, we obtain a 10% error in
the melting points for clusters of a certain size. From this
reasoning, we will accept below that the application of
regular models for clusters some nanometers in size, as in
Fig. 1, leads to an error of 10%.

Let us now ascertain the potential of computer models in
cluster analysis. Note that computer models are vitally
important for cluster physics, especially for describing
cluster properties which are determined by the simultaneous
interaction of many atoms, where one-particle models are not
valid. The behavior of the potential energy surface is essential
for cluster behavior, because in the many-dimensional space
of atomic coordinates the potential energy surface has many
local minima [39±41]. From this it follows that any system of
bound classical atoms hasmany stable atomic configurations,
and the dynamics of cluster evolution consist in transitions
between neighboring local minima of the potential energy
surface through potential barriers [42, 43]. Hence, cluster
evolution results from a sequence of transitions between local
minima of the potential energy surface [44, 45]. Another
principal cluster property discovered in computer cluster
simulations by methods of molecular dynamics is the phase
coexistence near the phase transition point [46±48]. The latter

is a general property of a system of a finite number of bound
particles.

Let us consider the possibilities of cluster computer
simulation where cluster parameters depend on the interac-
tion between individual atoms. This problem is reliably solved
in the case of the pair interaction of cluster atoms, as takes
place in inert gas clusters. But for metal clusters, however,
which are the subject of consideration in this review, the
choice of interaction is not unambiguous, and even the atomic
configuration for the ground state of clusters may be different
depending of the interaction model (see, for example, Ref.
[49]). Therefore, computer simulation of isolated clusters
depends on information about the parameters of interaction
inside the cluster, and usually available information does not
allow us to use the potential of computer methods in full
measure, especially for processes involving clusters. We will
apply below simpler, but more reliable, analytical methods in
the analysis of cluster processes.

2.2 Liquid drop model
Within the liquid drop model that we will use below, a cluster
is modelled by a spherical liquid drop where individual atoms
are modelled by noncompressed liquid drops. The liquid drop
model is the simplest and most practical model [50] having a
universal character and has been utilized for various physical
objects. This model was introduced in nuclear physics by
Niels Bohr [51] and allowed one to analyze various properties
of an atomic nucleus [52±54]. Namely this model, but not
more accurate ones, explained at that time the possibility of
atomic nucleus fusion [55].

Evidently, a cluster is a simpler physical object in
comparison to an atomic nucleus consisting of particles of
two kinds. One can reduce interaction inside a cluster to
electrostatic interaction between cluster atoms or ions and to
exchange interaction (electron±electron interaction), and
then the distance between neighboring atoms or ions is
determined by competition among these interactions. We
use the fact that the same takes place for macroscopic
systems of bound atoms [56, 57], which allows us to express
the parameters of the liquid drop model through the
parameters of a bulk atomic system. Let us introduce the
Wigner±Seitz radius rW [56, 57], so that the number n of
cluster atoms in a cluster of radius r0 is given by the expression

n �
�

r0
rW

�3

: �2:1�

300

Tm, K

250

200
50 100 150 200 n

Figure 1. Dependence of the melting point Tm of sodium clusters on the

number of atoms n in the cluster [37, 38]. Themelting point of bulk sodium

amounts to 301 K.
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TheWigner±Seitz radius is expressed through the density r of
the macroscopic system as

rW �
�
3ma

4pr

�1=3

; �2:2�

where ma is the mass of the atom. The Wigner±Seitz radius
represents the fundamental parameter of cluster physics, and
its values are given in Table 1 [31, 58] for the density of the
liquid bulk system at the melting point or, if such information
is absent, at room temperature. The above definition (2.2) for
the Wigner±Seitz radius may also be used for molecular
clusters. It should be noted that in the model employed we
assume theWigner±Seitz radius to be independent both of the
cluster temperature and of the cluster aggregate state. This
assumption leads to an error in the parameters of the
processes under consideration of about several percent.
Note that within the framework of the liquid drop model no
distinction between a nanocluster and microparticle is made,
so the subsequent analysis relates equally to both objects,
though we will often use the term `cluster'.

The existence of magic numbers of cluster atoms for solid
clusters leads to a nonmonotonic dependence of cluster
parameters on the number of cluster atoms. Nevertheless, it
is convenient to use models with such monotonic depen-
dences that correspond to averaging over cluster structures
in some range of cluster sizes. The liquid drop model is a
continuous model for cluster parameters and it considers a
cluster to be cut out of a liquid bulk atomic system. In the
case of a liquid cluster, averaging over cluster structures
proceeds automatically for each cluster of a given size.

2.3 Hard sphere model for processes involving clusters
We will use as our base the hard sphere model in the analysis
of the dynamics of processes involving clusters. This means
that the interaction potential of colliding particles, say, a
cluster and an atom, is taken in the form

U�R� � 0 ; r > R0 ; U�R� � 1 ; r < R0 ; �2:3�

where R is the distance between colliding particles, and R0 is
the hard sphere radius which is equal to the sum of radii of
colliding particles. Though the hard sphere model is
analogous to the above liquid drop model, they relate to
different kinds of particles. Indeed, the liquid drop model

describes statistical cluster properties where the cluster
consists of hard balls, while the hard sphere model relates
to the collision dynamics of particles with a repulsive
interaction potential between them, and this interaction
potential varies sharply with variations of the distances
between particles in a range that is responsible for particle
scattering. Next, if we introduce the interaction potential of
constituent particles in the liquid drop model, it is necessary
to add to the interaction potential (2.3) a narrow well at
R � R0, which is responsible for the formation of a bound
state of colliding particles.

The hard sphere model has a long history, starting from
Maxwell's investigations [60±62], where molecular collisions
were considered like collisions of billiard balls. This allowed
him to find the velocity distribution function for an ensemble
of free molecules (the Maxwell distribution) and to analyze
the transport phenomena in this system. This model has a
universal character and may be applied to the analysis of
various systems and processes. In this context, we mention
investigations of thermodynamic properties for systems of
many particles, including the liquid aggregate state of a
particle ensemble [63, 64]. In the analysis of atom±cluster
collisions, we note that the range of their strong interaction is
on the order of the atomic size and corresponds to the atom's
location near the cluster surface. Therefore, the hard sphere
model is justified for the collision of an atom with a large
cluster that consists of a greatmany atoms. Thus, skipping the
details of collision dynamics, we find that the diffusion cross
section of atom±cluster collisions is independent of the
collision velocity and is given by

s � � pr 20 ; �2:4�

where r0 is a cluster radius, and the inequality r0 4 a0 holds
true, with a0 being the Bohr radius. The same expression
relates to the hard sphere model that is based on a sharp
dependence of the interaction potential on the distance
between colliding particles. This model also describes the
interaction and collision of gaseous atoms andmolecules, and
Table 2 contains the gas-kinetic cross sections for collisions of
gaseous atoms andmolecules, which are the average diffusion
cross sections for collisions of atomic particles at room
temperature.

If we assume that an atom±cluster contact in the course of
their collision leads to attachment of the atom to the cluster

Table 1. Parameters of some metals and semiconductors: r is the material density at the melting point or at room temperature, rW is the Wigner±Seitz
radius.

Element r, g cmÿ3 rW, A
�

Element r, g cmÿ3 rW, A
�

Element r, g cmÿ3 rW, A
�

Li
Be
Na
Mg
Al
K
Ca
Sc
Ti
V
Cr
Fe
Co
Ni
Cu

0.512
1.69
0.927
1.584
2.375
0.828
1.378
2.80
4.11
5.5
6.3
6.98
7.75
7.81
8.02

1.71
1.28
2.14
1.82
1.65
2.65
2.26
1.85
1.66
1.54
1.48
1.47
1.44
1.44
1.47

Zn
Ga
Rb
Sr
Zr
Mo
Rh
Pd
Ag
Cd
In
Sn
Sb
Cs
Ba

6.57
6.08
1.46
6.98
5.8
9.33

10.7
10.4
9.32
8.00
7.02
6.99
6.53
1.843
3.34

1.58
1.66
2.85
1.71
1.84
1.60
1.56
1.60
1.66
1.77
1.86
1.89
1.95
3.06
2.54

La
Hf
Ta
W
Re
Os
Ir
Pt
Au
Hg
Tl
Pb
Bi
U
Pu

5.94
12
15
17.6
18.9
20
19
19.8
17.3
13.6
11.2
10.7
10.0
17.3
16.7

2.10
1.81
1.68
1.61
1.58
1.56
1.59
1.57
1.65
1.80
1.93
1.97
2.02
1.77
1.70
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surface, with the subsequent release of the atom at the
isotropic atomic distribution over the angles of scattering,
we obtain the following expression for the rate constant of
atomic scattering:

k � vTs � � k0n
2=3 ; k0 �

���������
8Tp
ma

s
r 2W ; �2:5�

whereT is the gas temperature expressed in energy units,ma is
the atomic mass, vT �

�����������������
8T=pma

p
is the thermal atomic

velocity, and n is the number of cluster atoms. Table 3
contains values of the reduced rate constant of atomic
scattering at the temperature of 1000 K [58, 12]. The reduced
parameters of atom±cluster collisions may be used for the
quantitative analysis of cluster processes.

Let us consider the rate constant of a contact between two
colliding clusters within the framework of the hard sphere
model. This contact may be an intermediate stage of other
processes, in particular, the process of cluster joining. Since
the cross section of cluster collisions for the hard sphere
model is defined as s � p�r1 � r2�2, where r1, r2 are radii of
colliding clusters, we have for the rate constant of this process

[12] the following expression

k�n1; n2� �


v p�r1 � r2�2

� � ������
8T

pm

s
p�r1 � r2�2

� k0

���������������
n1 � n2
n1n2

r ÿ
n
1=3
1 � n

1=3
2

�2
; �2:6�

where m is the reduced mass of colliding clusters, and the
reduced rate constant k0 of cluster collisions is given by
formula (2.5). Since the rate constant k�n1; n2� is symmetric
with respect to permutation n1 $ n2 and depends weakly on a
number of cluster atoms, it is convenient to approximate this
quantity by the dependence

k�n1; n2� � 5k0�n1 � n2�1=6 ; �2:7�

and the numerical coefficient used corresponds to identical
sizes of colliding clusters: n1 � n2. In the case of n1=n2 � 1:5,
the numerical coefficient equals 5.1, and in the case of
n1=n2 � 2 it is equal to 5.2, so that the accuracy of the used
approximation is several percent.

In the above cases, an atom±cluster contact or a contact
between two colliding clusters results from the free motion of
particles. However, the approach of two particles in a dense
buffer gas may be restricted by their collisions with buffer gas
atoms, and we will determine below the rate of this process if
the diffusion motion of the particles in the buffer gas
determines their approach. The flux of admixture atoms to
the cluster surface is given by j � ÿDmHNm for the diffusion
character of atom attachment to the cluster surface, whereDm

is the diffusion coefficient in a buffer gas for admixture atoms
which constitute the cluster, and Nm is the number density of
these atoms in a buffer gas. Correspondingly, for the total
number J of admixture atoms which intersect a sphere of
radius R per unit time and subsequently attach to the cluster
we have the following expression

J � 4pR 2 Dm
dNm

dR
:

Because of the conservation of the total number of attaching
atoms outside the cluster, the quantity J is independent of
sphere radius R, and the above relation may be used as the
equation forNm�R�. Solving this equation with the boundary

Table 2. Gas-kinetic cross sections sg for collisions of atoms and
molecules, expressed in 10ÿ15 cm2 [59].

Colliding
particles

He Ne Ar Kr Xe H2 N2 O2 CO CO2

He 1.3 1.5 2.1 2.4 2.7 1.7 2.3 2.2 2.2 2.7

Ne 1.8 2.6 3.0 3.3 2.0 2.4 2.5 2.7 3.1

Ar 3.7 4.2 5.0 2.7 3.8 3.9 4.0 4.4

Kr 4.8 5.7 3.2 4.4 4.3 4.4 4.9

Xe 6.8 3.7 5.0 5.2 5.0 6.1

H2 2.0 2.8 2.7 2.9 3.4

N2 3.9 3.8 3.7 4.9

O2 3.8 3.7 4.4

CO 4.0 4.9

CO2 7.5

Table 3. The reduced rate constant k0 for a cluster collision with a parent atom in accordance with formula (2.5) at the temperature of 1000 K.

Element k0, 10ÿ11 cm3 sÿ1 Element k0, 10ÿ11 cm3 sÿ1 Element k0, 10ÿ11 cm3 sÿ1 Element k0, 10ÿ11 cm3 sÿ1

Li
Be
Na
Mg
Al
K
Ca
Sc
Ti
V
Cr
Fe
Co
Ni
Cu
Zn

17
7.9
14
9.8
7.6
16
12
7.4
5.8
4.8
4.4
4.2
3.9
3.9
4.2
4.5

Ga
Ge
Rb
Sr
Zr
Nb
Mo
Rh
Pd
Ag
Cd
In
Sn
Sb
Cs
Ba

4.8
4.5
13
4.5
5.1
4.3
3.8
3.8
3.5
3.8
4.3
4.7
4.7
5.0
12
7.9

La
Hf
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

5.4
3.5
5.1
5.1
4.9
4.8
4.7
6.1
4.8
4.7
4.4
4.4
4.3
4.4
5.4
4.2

Ta
W
Re
Os
Ir
Pt
Au
Hg
Tl
Pb
Bi
Th
U
Pu
ì
ì

3.0
3.6
2.7
2.6
2.6
2.6
2.8
3.3
3.8
3.9
4.1
3.8
2.9
2.9
ì
ì
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condition Nm�r0� � 0, we obtain

Nm�R� �
�1
r0

J dR

4pR 2Dm
� J

4pDm

�
1

r0
ÿ 1

R

�
:

Denoting the number density of admixture atoms far from the
cluster byNm, we arrive at the Smoluchowski formula [74] for
the rate of cluster growth:

J � 4pDmr0Nm : �2:8�

One can generalize this formula to the case where the
joining of two clusters proceeds as the result of their diffusion
motion in the buffer gas. Then, the rate constant of joining the
two clusters can be written as

k12 � 4p�D1 �D2��r1 � r2� ; �2:9�

whereD1,D2 are the diffusion coefficients of colliding clusters
in a buffer gas, and r1, r2 are the cluster radii.

2.4 Analytical and computer methods in cluster physics
Summing up the above analysis in Sections 2.2, 2.3, we note
that only a restricted circle of processes involving clusters and
small particles in gases and plasma was considered, and they
are of concern in practical applications. Though the range of
these issues may be widened, the above analysis can provide
possible theoretical grounds for examining these problems.
The basis of this analysis comprises concepts introduced in
physics many years ago, in any case before the creation of
such new areas of physics as cluster plasma and dusty plasma,
which concern the topic under consideration, i.e., the
behavior of isolated clusters or small particles in a buffer gas
or plasma. For this reason, the material represented is mostly
a methodical in character. Next, we utilized only two simple
models, namely, the liquid drop model for the cluster
structure, and the hard sphere model in the analysis of the
collision processes involving clusters. The accuracy of the
parameters for the processes under consideration is estimated
as 10±20%. The advantage of analytical methods consists in
the possibility of using analytical formulas for the rate
constants of cluster processes with reliable parameters for
certain particles and processes. It is impossible, however, to
improve the accuracy of the results within the framework of
analytical methods, whereas computer methods allow us to
do this, in principle. Below, we will compare the analytical
approach and computer simulation for a simple example.

Let us consider the collision of a metal atomwith a cluster
consisting of atoms of the same sort. In accordance with the
position of this paper, we are based on the liquid drop model
for the cluster, and its radius r0 is then given by formula (2.1),
where rW is the Wigner±Seitz radius introduced according to
formula (2.2). Correspondingly, the diffusion cross section
for atom±cluster scattering is pR 2

0 within the framework of
the hard sphere model, and the hard sphere radius is defined
as R0 � r0 � rW. We will use this formula in subsequent
expressions for transport coefficients. Let us now formulate
the algorithm for the solution of this problem in computer
simulation. We first choose an appropriate interaction
pattern inside the cluster. For example, the cluster potential
energy can be represented as a sum of the pair interaction
potentials in the Sutton±Chen form [66], where the pair
interaction potential includes electrostatic and exchange
interactions, or is taken in the form of the tight-binding

scheme [67, 68], where exchange interaction of atomic cores
and electrons is added to a repulsive interaction potential of
atomic cores. In both cases, clearly, the computer method
takes in at least two parameters of the potential energy (for
example, the potential well depth and the distance between
nearest neighbors for pair interaction), and these parameters
follow from comparing measured parameters of the bulk
metal with those calculated within the framework of the
computer approach. We note that this simple algorithm of
computer simulation of intercluster and atom±cluster inter-
actions holds true for the classical character of atomic
motion. The latter is not valid for electrons, and then the
density functional theory [69, 70] is used for describing the
spatial electron distribution function. As is seen, the above
algorithm for computer simulation does not differ, in
principle, from the analytical method based on the liquid
drop model or the hard sphere model for processes involving
clusters. The analytical method employs one interaction
parameter, the Wigner±Seitz radius. Generally, computer
simulation can provide a higher accuracy because it uses a
larger number of interaction parameters, but the numerical
simulation requires a more detailed analysis of interaction
inside the cluster and does not have a universal character, i.e.,
each computer evaluation relates to a certain cluster system.
In addition, a formal usage of computer methods without a
special analysis of the introduced parameters may lead to
unreliable results. It should also be noted that the range of
processes under consideration does not include many pro-
blems of cluster physics (see, for example, Refs [71±73]).

3. Clusters in transport phenomena in gases

3.1 Cluster motion in gas in an external field
The transport of clusters in a gas is determined by their
interaction with gaseous atoms or molecules, and this
interaction is different depending on the gas density and
cluster size. In a rarefied gas, the braking force for a moving
cluster results from single atom±cluster collisions that
correspond to the kinetic regime of the cluster transport in a
gas. In a dense gas, many atoms interact with the cluster at
each time, and the character of cluster motion in a gas has a
hydrodynamical character. This motion is similar to that of a
macroscopic particle located in a dense gas or liquid. These
two mechanisms of atom±cluster interaction are demon-
strated in Fig. 2.

Clusters

Atoms

Kinetic regime Diffusion regime

Interaction
area

Figure 2. Character of cluster interaction with surrounding atoms in the

course of cluster motion in a buffer gas. For the kinetic regime of cluster

interaction with a buffer gas, only one atom or molecule may strongly

interact with the cluster at each instant of time, while in the diffusion

regime many atoms interact simultaneously with the cluster.
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The braking force acting on a cluster which moves in a
rarefied gas with velocity w and resulting from collisions with
buffer gas atoms is defined as

Fkin �
�
m�vÿ w��1ÿ cos#�j�v� g ds dv :

Here, ds is the differential cross section of atom scattering on
a cluster, so that # is the scattering angle, g is the relative
velocity of particles, and j�v� is the velocity distribution
function of atoms that is normalized to the number densityNa

of gas atoms, i.e.,
�
j�v� dv � Na. The Maxwell distribution

function of atoms over velocities has the form

j�v� � Na

�
m

2pT

�3=2

exp

�
ÿmv 2

2T

�
;

where m is the gaseous atom mass, and T is the gas
temperature expressed in energy units. For an atom±cluster
collision within the framework of the hard sphere model, the
above expression for the braking force acting on the cluster is
simplified (see, for example, Refs [31, 58, 77]):

F � ÿw 8
������������
2pmT
p

3
Nar

2
0 : �3:1�

The minus sign accounts for the direction of the braking
force opposite to the cluster motion. Evidently, this formula
holds true in the limit l4 r0, where l is the mean free path of
atoms in the buffer gas. Indeed, the Maxwell distribution
function of atoms over velocities is violated near the cluster
at a distance on the order of l from it. Therefore, if a region
occupied by a cluster is small compared to the mean free
path of atoms, the distortion of the Maxwell distribution
function of atoms due to collisions with the cluster is not
essential.

In another limiting case (diffusion regime), the braking
force acting on a cluster that moves in a gas with velocity w is
given by the Stokes formula [78, 79]

FSt � 6pZr0w; l5 r0 ; �3:2�

where Z is the gas viscosity. Within the framework of the hard
sphere model, the mean free path l of gas atoms is defined as
l � �Nasg�ÿ1, where sg � pr 2

0 is the gas-kinetic cross section
of atomic collisions, i.e., the average diffusion cross section
for collisions of gas atoms at room temperature, so that r0 is
the effective radius of atomic interaction, and this cross
section is assumed to be independent of the temperature. In
the first Chapman±Enskog approximation [75, 76], the gas
viscosity takes the form

Z � 5
����������
pTm
p

24sg
� 5

�������
Tm
p

24
���
p
p

r 2
0

: �3:3�

Using the above formulas (3.3), we find for the ratio of
friction forces in the kinetic (3.1) and diffusion (3.2) regimes:

Fkin

FSt
� 15p

32
���
2
p l

r0
� 0:96Kn ; �3:4�

where Kn � l=r0 is the Knudsen number, and the mean free
path of atoms in the gas is l � �Nasg�ÿ1. As is seen, the cluster
braking regime depends on the ratio between parameters l

and r0. Thus, there is a continuous transition from the kinetic
regime of cluster interaction with a buffer gas to the diffusion
regime as the number densityNa of atoms or the cluster radius
r0 increases, and this transition is governed by the parameter
Nar0.

On the basis of the above formulas for the braking force
acting on a cluster, let us define the cluster mobility in a gas in
a weak electric field:

K � Z
w

F
: �3:5�

The force acting on a cluster in an external electric field of a
strength E is determined as follows: F � ZeE, where Z is the
cluster charge expressed in electron charges. This gives the
respective relationships for the cluster mobility in the kinetic
(Kkin) and diffusion (Kdif) regimes:

Kkin � 3e

8
������������
2pmT
p

Nar
2
0

� K0

n 2=3
;

K0 � 3e

8
������������
2pmT
p

Nar
2
W

; r0 5 l ;
�3:6�

Kdif � e

6pr0Z
� K1

n 1=3
; K1 � e

6prWZ
; r0 4 l : �3:7�

The cluster mobility in the whole range of parameters, by
analogy with formula (3.4) for the force acting on the cluster,
takes the form

K � Kkin � Kdif : �3:8�

Let us determine the cluster mobility in the kinetic regime
in an electric field from another standpoint using a small
parameter that is the ratio of the atom to cluster masses. In
contrast to the above formulas for the cluster mobility,
related to a weak electric field strength, employment of this
small parameter allows us to consider a wide range of electric
field strengths. The peculiarity of motion of a heavy ion in a
light gas is the narrow velocity distribution function of ions
[80] that is determined either by the thermal velocity of ions
or by the mean change in the ion velocity after collision with
a gas atom. Since an ion thermal velocity is small compared
to a thermal velocity of atoms, and a change in the ion
velocity after one collision is small compared with its
velocity, the velocity distribution function of ions may be
represented in the form f �v� � Cd�vÿ w�, where C is the
normalization constant, and w is the ion drift velocity.
Substituting this expression into the kinetic equation for
the velocity distribution function of ions, we obtain the
relation between the electric field strength E and the ion
drift velocity w [80]:

eE

mNa
�

�������
2T

pm

r
exp �ÿmw 2=2T �

w 3

�1
0

exp

�
ÿmg 2

2T

�
� g 2s ��g� dg

�
mwg

T
cosh

�
mwg

T

�
ÿ sinh

�
mwg

T

��
; �3:9�

wherem is the gaseous atommass,Na is the number density of
gas atoms, and s��g� is the diffusion cross section of atom±
cluster scattering which, in accordance with formula (2.4), has
the form s��g� � pr 20 . In the limit of low electric field
strengths that corresponds to mwg5T in the integrand, the
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above relation is transformed to formula (3.1) for the drift
velocity of a charged cluster. Formula (3.9) also allows us to
find the criterion of validity of formula (3.1) for the cluster
drift velocity with respect to the electric field strength.
Namely, formula (3.1) holds true if the cluster drift velocity
is small compared to the atom thermal velocity (not to the
cluster thermal velocity). Next, formula (3.9) in the limit of
high electric field strengths (s��g� � pr 20 ) gives

w �
��������������
eE

mNas�

r
; w4

����
T

m

r
: �3:10�

3.2 Relaxation of clusters in a gas flow
On the basis of the above formulas for the braking force
acting on amoving cluster in a buffer gas, one can analyze the
dynamics of cluster relaxation in a gas flow if the cluster
velocity differs from the gas flow velocity. Then, the equation
ofmotion for the cluster relative to the gas flow (or gas in rest)
assumes the following form in the diffusion regime of cluster±
gas interaction:

M
dw

dt
� ÿ6pZr0w ;

where M is the cluster mass, and w is the current cluster
velocity. This equation has the following solution

w � v0 exp

�
ÿ t

trel

�
;

where v0 is the initial cluster velocity with respect to a gas, and
the cluster velocity relaxation time is given by

trel � M

6pr0Z
� t0

�
r0
rW

�2

� t0n 2=3 ; t0 � ma

6prWZ
; �3:11�

wherema is the gaseous atom mass, n is the number of cluster
atoms, and Z is the gas viscosity. Notably, the reduced
relaxation time is t0 � 4:5� 10ÿ11 s for large water particles
moved in atmospheric air.

Replacing the Stokes force (3.2) in the kinetic regime of
cluster±gas interaction by the braking force (3.1), we obtain
the expression for the relaxation time:

trel � 3M

8
������������
2pmT
p

Nar
2
0

� n 1=3

krelNa
; krel � 8

������������
2pmT
p

r 2W
3ma

:

�3:12�
Here, M is the cluster mass, ma is the cluster atom mass, m is
the gaseous atom mass, and Na is the number density of gas
atoms or molecules. In particular, for large water clusters
moving in atmospheric air at the temperature T � 300 K,
formula (3.12) gives for the relaxation rate constant in the
diffusion regime of cluster±gas interaction: krel �
2:8� 10ÿ11 cm3 sÿ1, and for large copper clusters moving in
argon we have in this case krel � 2:3� 10ÿ11 cm3 sÿ1.

According to the above results, a typical time of the cluster
velocity relaxation in a gas flow significantly exceeds that for
atomic particles because of the large cluster mass. This can
lead to violation of the equilibrium between the gas and
cluster velocities if the gas velocity varies sharply. This
situation takes place if a gas with clusters flows through an
orifice from a chamber into a vacuum or a rarefied gas. Then,
the gas velocity near the orifice is on the order of the sound
speed, and if the radius of the orifice is small compared to that
of the chamber, the gas velocity in the chamber is significantly

less than the sound speed. In this case, the gas flow velocity
varies sharply near the orifice, and the cluster velocity has no
time to follow the gas flow velocity; the cluster velocity near
the exit orifice may then be small compared with the gas flow
velocity. This cluster velocity depends on the chamber profile
and is governed by a small parameter tor=trel, where trel is the
above relaxation time for the cluster velocity, and tor is a
variation time for the gas flow velocity near the orifice. If a gas
flows through an orifice, where its velocity is close to the
sound speed cs, the time of variation of the flow velocity is
tor � r0=�cs tan a�, where r0 is the orifice radius, and a is the
angle between the walls of the conical tube that connects the
chamber with the orifice and its axis. Correspondingly,
because the cluster drift velocity near the orifice is lower
than the gas flow velocity, the cluster concentration increases
near the orifice, being inversely proportional to the above
small parameter.

On the basis of the above formulas, one can determine the
mean free path L of clusters in a gas with respect to any
variation in its velocity and motion direction. At the
beginning, let the cluster velocity with respect to average gas
velocity be v0, so that in the course of relaxation it tends to
zero. Based on the above expression for a current cluster
velocity w � v0 exp �ÿt=trel�, we find the cluster path during
relaxation, i.e., the cluster mean free path in a gas, to be
L � v0trel. Taking as the initial cluster velocity its average
thermal velocity v0 � v �

����������������
8T=pM

p
, where M � man is the

cluster mass,ma is the cluster atommass, and n is the number
of cluster atoms, we obtain in the kinetic regime of cluster±gas
interaction the following expression for the mean free path of
the cluster with respect to a change in its motion direction:

L � vtrel � 3

4

������
ma

m

r
1

Nar
2
W n 1=6

: �3:13�

Comparing this quantity with the mean free path of atoms in
a buffer gas, l � 1=Nasg, we find

L
l
� C

n 1=6
; C � 3

4

������
ma

m

r
sg
r 2W

: �3:14�

Table 4 contains the values of the parameter C for some
clusters and gases.

3.3 Cluster diffusion in a gas
In determining the cluster diffusion coefficient in a gas, we
apply the Einstein relation connecting the clustermobility in a
weak electric field and its diffusion coefficient in a gas:

K � eD

T
: �3:15�

Though this relation has Einstein's name, because he used it
in the analysis of the Brownian motion of particles in a gas

Table 4. Values of the parameter C according to formula (3.14) at a
temperature of 300 K.

Gas
Cluster

He Air Ar Xe CO2

Na
Cu
Ag
W
Au

5.1
18
18
25
25

5.7
20
20
28
28

4.6
16
17
23
23

4.7
16
17
23
23

8.9
31
32
44
44
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[81±83], it had been obtained long before by Nernst [84] and
by Townsend and Bailey [85, 86] (see also monographs
[87, 88]). Using the Einstein relation (3.15), we obtain on the
basis of formulas (3.6) and (3.7) the expressions for the cluster
diffusion coefficient in a gas for the kinetic and diffusion
regimes of cluster±gas interaction:

Dkin� 3
����
T
p

8
���������
2pm
p

Nar
2
0

� D0

n 2=3
; D0� 3

����
T
p

8
���������
2pm
p

Nar
2
W

; l4 r0 ;

Ddif � T

6pr0Z
� d0

n 1=3
; d0 � T

6prWZ
; l5 r0 : �3:16�

As is seen, the diffusion coefficient in the kinetic regime is
almost independent of the cluster material. Table 5 contains
the values of the reduced diffusion coefficient of metal
clusters in argon calculated according to formula (3.16) for
the kinetic regime of cluster±gas interaction.

One can represent formula (3.16) for the kinetic regime of
cluster±gas interaction in the form [90]

D � D�

�
b

r0

�2

:

In particular, let us consider diffusion of a large cluster in air
for the kinetic regime of cluster±gas interaction, taking
b � 1 A

�
. We then obtain for the parameter of this formula:

D�Na � 1:2� 1020 cmÿ1 sÿ1.
One can join formulas (3.16) for the diffusion coefficients

in the kinetic and diffusion regimes of cluster±gas interaction,
as was done earlier for the cluster mobility. This yields

D � Dkin �Ddif ;

and the last formula may be represented in the form

D � T

6pr0Z
�1� 0:96Kn� ; �3:17�

which is converted into formula (3.16) in the limit of small and
largeKnudsen numbers. In particular, for water clusters in air
at the temperature 300 K, this formula takes the form

D � k�
r0

�
1� 1

Nar0s0

�
;

where Na is the number density of air molecules, and the
parameters of this formula are: k� � 1:2� 10ÿ11 cm3 sÿ1, and
s0 � 4:3� 10ÿ19 cm2.

Since the pair interaction potential of atoms in the range
of their repulsion varies sharply with variations of the

distance between atoms, the scattering of two colliding gas
atoms is described by the hard sphere model and has the same
character as atom±cluster scattering. Hence, the ratio of the
diffusion coefficient of clusters in a gas, Dkin, in the kinetic
regime of cluster±gas interaction and the self-diffusion
coefficient Da for gas atoms may be represented in the form

Dkin

Da
�
�
r0
r0

�2

;

where r0 is the effective radius of atomic interaction that
determines the gas-kinetic cross section sg � pr 2

0 and
depends weakly on the gas temperature. Specifically, for
atmospheric air at a temperature of 300 K, the parameters
of the above formula are [90]: r0 � 3:6 A

�
, DaNa �

4:8� 1018 cmÿ1 sÿ1, DNar
2
0 � 4:4� 103 cm sÿ1, and Na is

the number density of air molecules.
In considering the dynamics of cluster motion in a gas in

the diffusion regime of cluster±gas interaction, we assumed
the Reynolds number to be small. Let us ascertain the validity
of this assumption for cluster free fall in atmospheric air. The
cluster free fall velocity w then follows from the equality
between the gravitational force and braking force, and the
force balance gives

4p
3

r g r 30 � 6pZr0w ;

where r is the density of the cluster material, and g is the free
fall acceleration. Hence it follows that the velocity of falling
cluster is defined as

w � 2rgr 20
9Z

: �3:18�

Let us determine the Reynolds number in accordance with the
formula

Re � wr0
n
; �3:19�

where n � Z=rg is the gas kinematic viscosity, so that Z and rg
are the viscosity and density of the gas, respectively. From
this, we find the condition for the cluster radius where the
Reynolds number is small (Re5 1):

r0 5
Z 2=3

�rrg g� 1=3
: �3:20�

In particular, this criterion gives r0 5 30 mm for water drops
moving in atmospheric air. It should be emphasized that this
drop size is the boundary between the kinetic and diffusion
regimes of cluster±gas interaction at the number density of air
molecules Na � 9� 1016 cmÿ3 or the air pressure
p � 2:5 Torr at a temperature of 300 K.

Thus, the above analysis exhibits a smooth transition
between the kinetic and diffusion (or hydrodynamic) regimes
of cluster±gas interaction if the cluster radius and the mean
free path of gas atoms or molecules become comparable.

4. Collisions of atoms and molecules
with clusters and small particles in a buffer gas

4.1 Equilibrium of a metal cluster with a parent vapor
in a buffer gas
There is a group of processes resulting from collisions of
admixture atoms located in a buffer gas with the cluster

Table 5. The reduced diffusion coefficient D0 for metal clusters in the
kinetic regime of atom±cluster collisions in accordance with formula (3.16)
[89]. TheD0 values relate to the argon temperature 1000K, and the normal
number density of argon atoms, Na � 2:69� 1019 cmÿ3.

Cluster D0, cm2 sÿ1 Cluster D0, cm2 sÿ1

Ti
V
Fe
Co
Ni
Zr
Nb
Mo
Rh

0.91
1.05
1.17
1.20
1.22
0.74
0.90
0.98
1.05

Pd
Ta
W
Re
Os
Ir
Pt
Au
U

1.01
0.90
0.98
1.01
1.05
1.01
0.98
0.93
0.81
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surface. The growth of clusters as a result of the attachment of
admixture atoms of the same sort, quenching of metastable
atoms in collisions with the cluster surface, recombination of
electrons and ions at the cluster surface, and cluster combus-
tion in an oxygen-containing mixture relate to this group of
processes. We consider first the simplest among these
processes, which consists in atom attachment to the cluster
surface. This process takes place if metal atoms are an
admixture to a buffer gas where metal clusters of the same
sort are located. At a low temperature, which is assumed to be
identical for the buffer gas, metal vapor, and metal clusters,
one can neglect atom evaporation from the cluster surface,
and clusters grow as a result of the attachment ofmetal atoms.
Below, we will determine the rate constant of this process.

In the limit of a high concentration ofmetal atoms, each of
the metal atoms nearest to the cluster can reach the cluster
surface without collisions with buffer gas atoms. For
simplicity, we will assume that each contact of a free metal
atom with the cluster surface leads to its attachment. The rate
constant of this process is given by formula (2.5), and the
kinetics of cluster growth is described by the following
balance equation

dn

dt
� k0n

2=3Nm ; k0 �
���������
8Tp
ma

s
r 2W : �4:1�

Here, n is the number of cluster atoms, Nm is the number
density of free metal atoms, T is the gas temperature
expressed in energy units, ma is the metal atom mass, and rW
is theWigner±Seitz radius. The solution of this equation for a
current number n of cluster atoms leads to the following
connection between n and time t of its growth, under the
assumption that the number densityNm of free metal atoms is
kept constant in the course of cluster growth:

n �
�
k0Nmt

3

�3

: �4:2�

In the case of the diffusion regime of cluster growth, the
rate J of cluster growth, i.e., the number of attaching atoms
per unit time, is given by the Smoluchowski formula (2.8).

The metal atom diffusion coefficient in a buffer gas in the
first Chapman±Enskog approximation [75, 76] is defined as

Dm � 3
������
pT
p

lm
8
������
2m
p � 3

������
pT
p

8
������
2m
p

Nasm
; �4:3�

where lm is the mean free path of a metal atom in the buffer
gas, m � mma=�m�ma� is the reduced mass of a metal atom
and buffer gas atom, and sm is the diffusion cross section of
collision between a metal atom and a buffer gas atom that is
averaged over atomic velocities. On the basis of the
Smoluchowski formula (2.8), we have the following balance
equation for cluster growth in the diffusion regime:

dn

dt
� 4pDmr0Nm � 4pDmrWNm n1=3 : �4:4�

Let us compare the rates of cluster growth as a result of
atom attachment in the kinetic and diffusion regimes. On the
basis of formulas (4.1) and (4.4), we have the ratio of these
growth rates:

Jdif
Jkin
� 3p

���
2
p

8

����������������
ma �m

ma

r
lm
r0
� 1:67

����������������
ma �m

ma

r
lm
r0

: �4:5�

As is seen, the growth rates are close if the mean free path lm
for a metal atom in a buffer gas is comparable to the cluster
radius r0. There is an analogy here with the transport
parameters of clusters in a buffer gas, which are determined
by formulas (3.4) and (3.17). But in contrast to cluster
transport phenomena, nearby values of the cluster growth
rates do not mean the transition from one interaction
mechanism to another. The criterion of validity of these
regimes is based on a comparison between the mean free
path lm of a metal atom in a buffer gas with a typical distance
from a cluster to a nearest metal atom, N

ÿ1=3
m , so that in the

limiting case where

N 1=3
m lm 5 1 ; �4:6�

the diffusion regime of atom attachment to the cluster surface
is realized, and for the opposite criterion with respect to
criterion (4.6) the kinetic regime of atom attachment to the
cluster surface in a buffer gas takes place.

At a high temperature in the system under consideration
consisting of a buffer gas, gas of metal clusters, and atomic
metal vapor, atomic evaporation from the cluster surface is of
importance. If the rate constants of cluster evaporation and
atom attachment are equalized, equilibrium is established
between the gas of clusters and metal vapor. We first
determine the equilibrium number density of metal atoms
located near the cluster in the kinetic regime of interaction
between the clusters and buffer gas, if free metal atoms reach
the cluster surface without collisions with buffer gas atoms.
For a cluster of infinite size with an almost flat surface, this
equilibrium takes place at the number density Nsat�T � of
atoms, which corresponds to the saturated vapor pressure at a
given temperature:

Nm � Nsat�T � : �4:7�

The temperature dependence for the number density of atoms
at saturation has the form

Nsat�T � � exp

�
ÿ e0

T

�
;

where e0 is the binding energy of a metal atom with the flat
surface. When passing from the flat metal surface to a
spherical cluster, we assume this dependence to be basic, and
then the equilibrium number density of metal atoms with
respect to clusters consisting of n atoms is found to be

Nm � Nsat�T � exp
�
e0
T
ÿ en

T

�
; �4:8�

where en is the atom binding energy in the cluster consisting of
n atoms. Let us represent the total binding energy of cluster
atoms as a sum of the volume and surface parts [91]:

En � e0nÿ An 2=3 ;

where e0 is the binding energy per atom for a bulk system of
bound atoms, and A is the specific surface cluster energy.
From this follows the expression for the binding energy of a
surface cluster atom:

en � dEn

dn
� e0 ÿ 2A

3n 1=3
; �4:9�
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and formula (4.8) for the equilibrium number density of free
metal atoms takes the form

Nm � Nsat�T � exp
�

2A

3n 1=3

�
: �4:10�

Note that the above monotonic dependence of the atomic
binding energy on the number n of cluster atoms holds true
for liquid clusters, while for solid clusters dependence (4.9) is
valid on average.

Let us determine the rate of atom evaporation from the
cluster surface that follows from equality of the rates of atom
attachment and atom evaporation under equilibrium condi-
tions. Using formula (4.10) for the equilibrium number
density of free metal atoms, we obtain the cluster evapora-
tion rate in the kinetic regime of cluster interaction with a
buffer gas atom:

nkin � k0Nsat�T � exp
�

2A

3n 1=3

�
; �4:11�

and the corresponding formula follows for the diffusion
regime of cluster interaction with a buffer gas:

ndif � 4pDmr0Nsat�T � exp
�

2A

3n 1=3

�
: �4:12�

The rate of atom evaporation from the cluster surface,
together with the rate of attachment of free atoms to the
cluster surface, determines cluster equilibrium with a sur-
rounding dense vapor. It would seem that this evaporation
rate is only determined by the cluster properties and does not
depend on the character of motion of free cluster atoms near
the cluster. But taking into account that the evaporation rate
includes only such evaporated atoms whichmove far from the
cluster surface (and in this manner excluding those atoms
which return to the cluster surface), we obtain different
expressions for the evaporation rates in the kinetic and
diffusion regimes of cluster interaction with a buffer gas.

4.2 Quenching of metastable atoms by clusters and cluster
combustion
Metastable atoms are destroyed effectively upon contact with
the cluster surface. This process for metal clusters is similar to
that for collision of a metastable atom with a metal surface,
where the conduction electrons interact with a valence
electron of the metastable atom and transfer this atom to
the ground state. For a dielectric cluster, this process is
analogous to collision of a metastable atom with another
atom ormolecule, but a large number of channels are possible
in the cluster for quenching the metastable state. Therefore,
the probability of quenching the metastable atomic state as a
result of contact with the cluster surface (sticking probability)
is on the order of unity. Assuming for simplicity this
probability to be unity, we use formulas (4.1) and (4.3) for
the rate constant of atom±cluster collisions with their contact.
Hence, the rate constant of quenching of the metastable
atomic state in atom±cluster collisions, taking into account
the above assumption, has the following form for the kinetic
and diffusion regimes of atom±cluster interaction:

kkin � k0n
2=3; kdif � 4pDmr0 ; �4:13�

whereDm is the diffusion coefficient of metastable atoms in a
buffer gas. Because the concentration of metastable atoms in

a buffer gas is small, quenching of metastable atoms in a
buffer gas with clusters proceeds in the diffusion regime of
cluster±gas interaction in accordance with criterion (4.6).

Combustion of clusters or small particles in an oxygen-
containing gaseous mixture proceeds as the above processes
do as a result of contact between the oxygen molecule and the
cluster surface, and we will consider this process within the
framework of a simplified scheme. Indeed, the chemical
process of oxidation of a material and formation of oxides
proceeds in several stages, and part of them takes place on the
cluster surface, whereas the other processes involving forming
radicals proceed in a gas phase or in a new phase formed by
radicals. Considering the total process to be on the cluster
surface, we hence assume the transport of oxidant (oxygen
molecules) to an oxidable object (cluster) as the slowest
process in the chain of combustion processes. This assump-
tion allows us to determine the lower boundary of the rate for
the total process of material oxidation. Below, we restrict
ourselves to the diffusion regime of cluster oxidation as the
most probable regime for this process. Thus, when transfer-
ring the above model of collisions of an admixture atom and
cluster to the process of cluster oxidation in an oxygen-
containing buffer gas, we employ the assumption that the
contact of the oxygen molecule with the cluster provides the
total use of this molecule to obtain the final product of the
chemical reaction. Correspondingly, the rate constant of the
total process is determined by the Smoluchowski formula
(2.8), which now gives for the rate constant of the chemical
reaction:

kchem � 4pDoxr0 ; �4:14�

whereDox is the diffusion coefficient of oxygen molecules in a
buffer gas.

Let us analyze one more aspect of this process. Both the
quenching of a metastable atom in collision with a cluster and
cluster combustion in an oxygen-containing gaseous mixture
are accompanied by significant energy release, which leads to
an increase in the cluster temperature, and this, in turn, can
accelerate the process substantially. The released energy heats
not only the cluster, but also a surrounding gas, and creates
heat fluxes from the cluster. Because of the cluster smallness,
convective fluxes are absent in heat transport, and cooling of
the cluster and gas near it is governed by the thermal
conductivity of a buffer gas. Let us analyze the heat balance
equation in this case by introducing the energyDe released per
metastable atom or per oxygen molecule in cluster combus-
tion. The flux j of active particles, i.e., metastable atoms or
oxygen molecules, takes the following form j � ÿDNaHc,
where D is the diffusion coefficient of active particles in a
buffer gas,Na is the number density of buffer gas atoms, and c
is the concentration of active particles. The heat flux q is
expressed in this case as

q � ÿkHT � Dej � ÿDeDNaHc ; �4:15�

where k is the thermal conductivity coefficient of a buffer gas.
From Eqn (4.15) we obtain the equation relating the current
concentration of active particles in a buffer gas to the buffer
gas temperature:

dc

dT
� k

DeD
: �4:16�
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Equation (4.16) gives the temperature difference Tcl between
the cluster surface and a buffer gas far from the cluster. This
temperature difference is created by the heat balance on the
cluster surface, where active particles go to the cluster surface
as a result of their diffusion in a buffer gas, while heat release
is determined by the thermal conductivity of a buffer gas, and
is given by

Tcl � DeD
k

c0 ; �4:17�

where c0 is the concentration of metastable atoms or oxygen
molecules in a buffer gas far from the cluster. Relation (4.17)
relies on the assumption that the kinetic coefficients D and k
are independent of the temperature.

As follows from equation (4.16), the concentration of
active particles that is zero on the cluster surface increases
upon removal from the cluster and tends to the equilibrium
value c0. For determination of the spatial distribution of the
concentration of active particles near the cluster surface, it is
necessary to take into account the temperature dependence
for transport coefficients, such as the diffusion coefficient D,
the thermal conductivity coefficient k, and the viscosity
coefficient Z, and we use such a dependence in the tempera-
ture range T � 300ÿ1000 K. The values of appropriate
parameters are given in Table 6 and are based on the data
from handbooks [92, 93].

In conclusion of this section, we consider the criteria of
validity of the kinetic and diffusion regimes of collision of
given atomic particles with a cluster. According to formula
(4.13), the kinetic regime for atom±cluster collisions requires
the criterion

r0 5
4pDr 2W

k0
; �4:18�

where D is the diffusion coefficient of atomic particles in a
buffer gas. Since the diffusion coefficient is inversely
proportional to the number density of buffer gas atoms, a
decrease in the gas pressure leads to an increase in the
maximum cluster size for the kinetic regime of atom±cluster
interactions. As an example we consider the attachment of
silver atoms to a silver cluster in the course of cluster growth
in the magnetron discharge in argon [11] at an argon pressure
of 0.1 Torr and a temperature of 1000 K. In this case, the
parameters of formula (4.18) are the following: rW � 1:66 A

�

according to the data of Table 1, k0 � 3:8� 10ÿ11 cm3 sÿ1

according to the data of Table 3, and D � 800 cm2 sÿ1 [94],
so that the kinetic regime of atom±cluster interactions is
realized for r0 5 1 mm. Thus, the kinetic regime of atom±
cluster interactions for the growth of metal clusters takes
place in a magnetron discharge where the size of the clusters
formed is r0 5 100 nm [94].

5. Kinetics of charging for clusters
and small particles in an ionized gas

5.1 Self-consistent field of cluster and ionized gas
in the kinetic regime involving free ions
Charged microparticles located in weakly ionized gases are
one of the basic components of the dusty plasma [95±101].
The charged particle field influences the distribution of ions
and electrons near it, and this redistribution leads to creation
of a self-consistent field which is determined by both the
charged particle field and ions and electrons near the particle.
Moreover, the particle charge depends on the currents of
electrons and ions to the particle surface. Thus, both the
particle charging and the particle charge screening result from
the action of the self-consistent particle field. Determination
of this self-consistent field of the particle and ionized gas is
our first task. This allows us to determine the radius of action
of the particle field in an ionized gas, which is an important
parameter in studying the interaction of a particle with a
surrounding ionized gas.

Colliding with the particle surface, electrons and ions
attach to it, and subsequent recombination of electrons and
ions proceeds on the particle surface. Absorption of electrons
and ions by the particle influences the screening of the particle
field by electrons and ions in an ionized gas. For this reason,
the screening of the particle field differs from the Debye
screening [102, 103], and the latter phenomenon occurs only
far from the particle. Our goal is to ascertain the character of
the creation of the self-consistent field for the particle and
surrounding ionized gas, and the screening of the particle field
separately for the kinetic and diffusion regimes of particle±
gas interactions.

The character of recombination of electrons and ions on
the surface of a cluster or small particle in an ionized gas
differs from that of cluster collisions with neutral atomic
particles in a buffer gas. Below, we will call the particles as
clusters because of the identical character of processes within
the framework of macroscopic models used for them. The
attachment of electrons and ions to a cluster leads to their
charging and creates the self-consistent field that, in turn,
influences the distribution of electrons and ions near the
charged cluster. A charged cluster then creates an electric
field around itself that prevents electrons from approaching
the cluster and equalizes in this manner the electron and ion
currents to the cluster surface. As a result, a stationary field
and stationary distributions of electrons and ions are
produced in the region of action of the cluster field.

A cluster is charged negatively because the electron
mobility is higher than the ion mobility, and it is surrounded
by an ion cloud, so that the radius l of action of the cluster
field is determined by ions located in its field and exceeds
remarkably the cluster radius r0. The radius of action of the
cluster field may be derived from the relation

U�l � � Ti ; �5:1�
where U�R� is the potential energy for an electron located in
the field of the cluster and a surrounding ionized gas at a
distance R from the cluster, and Ti is the ion temperature
expressed in energy units. The kinetic regime of interaction of
a charged cluster with surrounding electrons and ions
corresponds to the criterion

li 4 l ; �5:2�

Table 6. The logarithmic derivatives over the temperature for the self-
diffusion coefficient D of atoms in inert gases, the thermal conductivity
coefficient k, and the viscosity coefficient Z for inert gases in the
temperature range 300±1000 K in accordance with the data of handbooks
[92, 93].

Gas He Ne Ar Kr Xe

ÿ d lnD=d lnT

ÿ d lnk=d lnT
ÿd ln Z=d lnT

1.73
0.71

0.68

1.69
0.70
0.66

1.70
0.75
0.74

1.78
0.80
0.77

1.76
0.86
0.85

702 B M Smirnov Physics ±Uspekhi 54 (7)



where li is the mean free path of ions in a buffer gas. If this
criterion holds true, an ion passes through a region of its
strong interaction with a self-consistent field of a cluster and
ionized gas without collisions with buffer gas atoms, thus
corresponding to the kinetic regime of interaction between the
cluster and a buffer gas. We will determine below the cluster
charge and also the electron and ion distributions near the
cluster. For simplicity, we first assume that all ions located far
from the cluster possess energy e and number density N0 that
coincides with the number density of electrons because of the
plasma quasineutrality. Then, we have for ions in the region
of action of the cluster field the following relation [104]

dt � dR

vR
� dR

v
�������������������������������������������
1ÿ r2=R 2 ÿU�R�=ep ;

where dt is the time interval during which the ion resides in a
distance range between R and R� dR, vR�R� is the normal
component of the ion velocity towards the cluster at a
distance R from it, v is the ion velocity far from the cluster,
e � miv

2=2 is the ion kinetic energy far from the cluster, so
that mi is the ion mass, and r is the impact parameter of ion
motion with respect to the cluster center.

Transferring on the basis of the ergodic theorem [105±107]
from dynamics of an individual particle to statistical
mechanics, which concerns the distribution of an ensemble
of particles in a space [103, 108], we find the probability dPi of
ion location in a given space region being proportional to the
time interval that an individual particle resides in this space
region: dPi � dt, and the number density of ions being
proportional to this probability: Ni�R� � dPi. Therefore, we
have the following relation for the ion number density in a
given region in space:

Ni �
�
r dr dPi

4pR 2 dR
:

Normalizing this relation and transferring to the limit where
interaction is absent, so that the ion number density is
Ni � N0, we obtain

Ni�R� � N0

� r�R�

0

r dr

R 2
�������������������������������������������
1ÿ r2=R 2 ÿU�R�=ep ; �5:3�

where, in the case of free ion motion, U�R� � 0, the impact
parameter of ion±cluster collision with a distance of closest
approach R is given by the relation r�R� � R.

Taking into account the influence of the self-consistent
cluster and plasma fields on ion motion, let us divide ion
trajectories into two groups, and the ion is captured by a
cluster for trajectories of the first group, which takes place for
impact parameters of collision r4rc, where rc is the impact
parameter of collision above which the ion capture is
impossible. The impact parameter of the ion contact with a
cluster of a radius r0 is given by [104]

r2c � r 20

�
1ÿU�r0�

e

�
:

For trajectories of the second group, where ions go to infinity
after collision with the cluster, the total number density of
ions in the cluster field takes the form [109]

Ni�R� � N0

2

� ��������������������
1ÿU�R�

e

r
�

�������������������������������
1ÿ r 2

c

R 2
ÿU�R�

e

r �
: �5:4�

Averaging the ion number density over the Maxwell
distribution of ions far from the cluster, which has the form

f �e� � N0
2e 1=2���
p
p

T
3=2
i

exp

�
ÿ e
Ti

�
;

we obtain the number density of ions in the self-consistent
field of the cluster and ionized gas [109]:

Ni�R� � N0

" ��������������
jU�R�j
pTi

s
�

�����������������������������������������������
jU�R�j ÿ jU�r0�j r 20 =R 2

pTi

s #
: �5:5�

Since the cluster possesses a negative charge Z and near the
cluster jZje 2=r0 4Ti, we arrive at the following relation for
the ion number density near the cluster surface:

Ni�R� � N0

������������
jZj e 2
r0Ti

s
; Rÿ r0 5 r0 ;

i.e., the number density of ions near the cluster surface exceeds
significantly the electron number density and the ion number
density far from the cluster. Based on this inference, we will
find the self-consistent field potential if it is determined by free
ions and the radius of action of the self-consistent field is large:
l4 r0. Then, the number density of ions in the region of action
of the self-consistent field is given by the first term in formula
(5.5). Let us introduce a current charge z�R� that is equal to the
sum of the cluster charge and ion charges inside a sphere of a
radiusR. In the region of a strong screening of the cluster field
by ions, this charge, according to theGauss theorem [110, 111],
satisfies the equation

dz

dR
� ÿ4pR 2 N0

��������������
jU�R�j
Ti

s
;

with z�r0� � jZj. Hence, the self-consistent field potential is
given by

U�R� �
�1
R

E�R� dR � z�R� e 2
R

:

The latter simplification leads to an error, whose magnitude
depends on distance R from the cluster center; the corre-
sponding dependence is demonstrated in Fig. 3. Under this
simplification, we have the following equation for a current
charge z�R� located inside a sphere of a radius R:

dz

dR
� ÿ4pR 2 N0

�����������
4ze 2

pTiR

s
;

and its solution has the form

z � jZj
�
1ÿ

�
R

l

�5=2 �2
;

l � 0:66

N
2=5
0

� jZjTi

e 2

�1=5

� 0:66jZj2=5
N

2=5
0 R

1=5
0

;

�5:6�

where the parameter R0 is equal to jZje 2=Ti, and R0 4 r0.
It should be noted that the above consideration relates to

a range of distances from a cluster, where the ion±cluster
interaction potential significantly exceeds an ion thermal
energy. At the boundary of action of the self-consistent
cluster field, where the interaction potential is comparable
to a thermal energy of ions, the screening is of the Debye
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character. Correspondingly, the kinetic regime of ion inter-
action with the self-consistent cluster field requires the
validity of the criterion

Nals �5 1 ;

where s � is the diffusion cross section for ion±atom scatter-
ing, which is assumed to be independent of the collision
velocity. In the case of ion scattering in the parent atomic
gas at not low collision energies, this scattering is determined
by the resonant charge exchange process, so that the cross
section of such a process exceeds remarkably that of ion±
atom elastic scattering. An ion and atom then move along
straightforward trajectories in the course of resonant charge
exchange, and the diffusion cross section of ion±atom
scattering is s � � 2sres [112], where sres is the cross section
of the resonant charge exchange. Correspondingly, the
criterion for the kinetic regime of screening of the self-
consistent cluster field takes the form

2Nalsres 5 1 : �5:7�
In particular, for argon as a buffer gas, an argon atomic ion as
the basic ion sort under the conditions considered, and the
ion±atom collision energy of 0.01 eV, we have sres � 83 A

� 2

for the cross section of resonant charge exchange [59]. Here,
the kinetic regime is realized at the argon pressure
p5 0:1 Torr for a particle radius of 1 mm and for an ion
temperature on the order of room temperature.

To determine the cluster charge in the kinetic regime as a
result of attachment of electrons and ions to its surface, we
will take into account that the fluxes of electrons and ions
towards the cluster are generated outside the region of action
of the self-consistent cluster field, and therefore these fluxes
are similar to those in the absence of screening of the cluster
field. Hence, assuming that each contact of electrons and ions
with the cluster surface leads to their attachment to the
cluster, we find the rate of ion attachment to the cluster [104]:

Ji � Ni

��������
8Ti

pmi

r �
1� jZj e

2

r0Ti

�
pr 20 ; �5:8�

where Ni is the number density of ions far from the cluster,
and Ti is the ion temperature. In the same manner, we obtain
the rate of electron attachment to a negative charged cluster in
the form

Je � Ne

���������
8Te

pme

s
pr 20 exp

�
ÿ jZje

2

r0Te

�
; �5:9�

where, as before, we employed the cross section for the
collision of two charged particles [104], Ne is the electron
number density far from the cluster, and Te is the electron
temperature. Equalizing currents of electrons and ions on the
cluster surface and assuming the plasma far from the cluster
to be quasineutral, Ni � Ne � N0, we obtain the following
equation for the reduced cluster charge x � jZje 2=�r0Te�:

x � 1

2
ln

Temi

Time
ÿ ln

�
1� x

Te

Ti

�
: �5:10�

Under the usual conditions of xTe 4Ti, this leads to the
following reduced cluster charge [113]:

x � 1

2
ln

Timi

x 2Teme
: �5:11�

In particular, for the argon gas-discharge plasma being
exemplified with parameters Te � 1 eV and Ti � 400 K, we
have x � 2:86 or jZj=r0 � 2:0 nmÿ1. Note that this considera-
tion holds true at a large cluster charge jZj4 1, so that the
attachment of an individual electron or ion to a cluster does
not change its field. For the above parameters of an argon gas
discharge plasma, this corresponds to the criterion
r0 4 0:5 nm.

Another important parameter of the cluster along with its
charge is the radius l of action of the self-consistent cluster
field that is determined by formula (5.6). In particular, for the
example of an argon plasma being considered with para-
meters Te � 1 eV, Ti � 400 K, and the cluster radius
r0 � 1 mm, we have jZj � 2000, and for the respective
number densities of electrons and ions far from the cluster,
N0 � 109 cmÿ3 and N0 � 1010 cmÿ3, we find, according to
formula (5.6), l � 90 mm and l � 36 mm, respectively, which
exceeds significantly the cluster radius.

5.2 Self-consistent field of cluster and ionized gas
in the kinetic regime involving trapped ions
Along with free ions, trapped ions, i.e., those captured in
closed orbits, may be of importance in screening a charged
particle [114]. Though the probability of ion capture in closed
orbits resulting from resonant charge exchange between an
atom and ion in the range of ion strong interaction with a
charged cluster is small, the long lifetime of this ion in the
closed orbit compensates for this smallness, so that just
trapped ions can determine the cluster screening in an ionized
gas at low number densities of plasma electrons and ions. The
trajectories of trapped ions are different for ion motion in the
pure Coulomb field and in the shielded Coulomb field of a
charged center [104, 115], as is demonstrated in Figs 4 and 5.

The role of trapped ions in screening the cluster charge
was studied widely, in particular, in papers [96, 116±124]. We
present a simple and practical version [109] of this phenom-
enon, taking into account that the cross section sres of
resonant charge exchange in ion±atom collisions is indepen-
dent of the collision velocity and exceeds remarkably the cross

1.00

�1
ÿ
D
U
=U
�1=

2

0.98

0.96

0.94

0.92

0.90

0.88

0.86
0 0.2 0.4 0.6 0.8 1.0

R=l

Figure 3. Correction to the potential of ion interaction with a self-

consistent field of charged particles located in an ionized gas leads to

replacing the self-consistent ion±particle interaction potential

U�R� � z�R�e 2=R by the quantity U�R� ÿ DU � �1R ze 2 dR=R 2. Dark

triangles describe the case where the screening of the cluster field is

determined by free ions, and white triangles relate to the screening of the

cluster field by trapped ions.
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section of elastic ion±atom scattering in thermal collisions, so
that the colliding ion and atom move along straightforward
trajectories (the relay character of charge transfer) [125, 126].
This circumstance restricts the parameters of ion capture in a
finite orbit, as shown in Fig. 6. In accordance with the
character of ion trajectories, we determine the screening
parameters in two limiting cases where they are determined
either by free or trapped ions. The closeness of the results for
these limiting cases at their border justifies this simplified
algorithm of calculations.

In considering ion capture in the cluster field, we apply the
criterion

R0 � jZje
2

Ti
4 r0 : �5:12�

A trapped ion may become free if it is located near the
boundary of action of the self-consistent cluster field, R � l,
while ions move along closed trajectories if they are captured
at a distance R >

����������
r0R0

p
from the cluster center. Therefore,

trapped ions may influence the screening of the cluster field if
the condition

l >
����������
r0R0

p
�5:13�

is satisfied. In this case, the subsequent charge transfer
process for a trapped ion leads to its transition to closer
finite orbits. If the distance between the cluster and ion
becomes less than

����������
r0R0

p
, the next resonant charge exchange

leads to ion falling on the cluster. Therefore, if criterion (5.13)
holds true, kinetics of a trapped ion consist of a series of
subsequent transitions to orbits, each of them being closer to
the cluster than the previous one, and finally the ion will fall
on the cluster surface. Since many events of resonance charge
exchange between the ion and buffer gas atoms are required
for ion capture by the cluster surface, the number density of
trapped ions in closed orbits may be large, exceeding the
number density of free ions in the limit of a low plasma
density. Therefore, the cluster field screening is determined in
this limiting case by trapped ions.

In analyzing the kinetics of trapped ions, we rely on the
character of the resonant charge exchange process at low
collision velocities compared to a typical velocity of the
bound atomic electron. Charge exchange then proceeds in
accordance with the Sena effect, where an ion and atommove
along straightforward trajectories, but a former atom is
converted into an ion [125, 127]. An ion acquires the atomic
energy e and the direction of motion of the former atom; in
addition, from the conservation laws for energy and momen-
tum [104] it follows that ion capture in a finite orbit that does
not touch the cluster surface (i.e., the distance of ion±cluster
closest approach rmin exceeds the cluster radius r0) is
determined by the relation [109]

R 2

r 20
4 1�U�R� ÿU�r0�

e
: �5:14�

Here,R is the ion±cluster distance at the capture point, e is the
initial energy of a formed ion, and U�R� is the ion potential
energy in a screened cluster field. Below, we will consider the
following range of distances from the cluster center:��U�r0���4 ��U�R���4 e : �5:15�

Under these conditions, a trapped ion cannot go to infinity
and is captured in a finite orbit. If the process of resonant
charge exchange proceeds at a distance R from the cluster
center and the energy of an incident atom is e, the probability
of transition to a finite orbit for an initially free ion, Ptr�R; e�,
and the probability of transition to a finite orbit for an
initially bound ion, ptr�R; e�, are equal to

Ptr�R; e� � ptr�R; e� �
� cos y0

0

d cos y � cos y0

�
������������������
1ÿ r0R0

R 2

r
; R5

����������
r0R0

p
; �5:16�

in accordance with parameters of the process displayed in
Fig. 6. Taking into account that a trapped ion can leave the
interaction region at the boundary of the cluster field and

2

1

3

Figure 5. Trajectory of ion motion if the ion is captured in a closed orbit in

the screened Coulomb field of a charged center.

2

1
rmax

rmin

R

y

Figure 6. Parameters of a trapped ion formed as a result of resonant charge

exchange in the region of strong interaction between a forming ion and

cluster: rmin is the minimum distance of the ion trajectory from the cluster,

rmax is the maximum distance from the cluster for a trapped ion, R is a

point where the resonant charge exchange event has proceeded, and y is

the angle between the ion velocity vector after resonant charge exchange

and vector R that joins the ion with the cluster center.

2

1

3

Figure 4. Trajectory of ion motion if the ion is captured in a closed orbit in

the electric field of the Coulomb center.
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become free, we use the following simple model for ion
capture:

Ptr�R; e� �
������������������
1ÿ r0R0

R 2

r �
1ÿ R

l

�
; l >

����������
r0R0

p
: �5:17�

Let us find the relation between the number densities of
free ions (Ni) and trapped ions (Ntr) on the basis of the
balance equation

NasresNiPtrvi � NasresNtrvtr�1ÿ ptr� : �5:18�

Here, vi is the relative velocity of a free ion and atom which
partake in the resonant charge exchange process, vtr is the
same quantity for a bound ion, Ptr is the probability of
resonant charge exchange for a free ion at the beginning, and
ptr is the same quantity for a bound ion. For a distanceR from
the cluster, where jU�R�j4 e, the ion velocity at this distance
R from the cluster is vi �

������������������������
2jU�R�j=mi

p
. The kinetic energy of

a bound ion in the cluster Coulomb field, according to the
virial theorem [128], is equal to jU�R�j=2 on average, so that
the average velocity of the bound ion is vtr �

���������������������jU�R�j=mi

p
,

and vi=vtr �
���
2
p

. Considering that Ptr � ptr, from the balance
equation (5.18) we obtain the following relation between the
number densities of trapped and free ions:

Ntr�R� � Ni�R� R
2
���
2
p

r0R0

������������������
1ÿ r0R0

R 2

r �
1�

������������������
1ÿ r0R0

R 2

r �
�
�
1ÿ R

l

�
; l4R5

����������
R0r0

p
; �5:19�

and the last factor takes into account that trapped ions exist
only in the region of action of the cluster field: R < l. As is
seen, at low number densities of electrons and ions in an
ionized gas, the screening of the cluster field is created by
trapped ions, whereas at high plasma densities this is due to
free ions.

In determining the screening parameters for the cluster
charge, we will use a simple algorithm, so that free ions
dominate in the field formation in the first version, while the
self-consistent field of a charged cluster and surrounding
ionized gas is created by trapped ions in the second version.
It turns out that the screening parameters are close for these
two versions at such plasma densities that the contributions to
the cluster field screening from free and trapped ions have the
same order of magnitude. Below, we will demonstrate the
practicality of this algorithm.

If free ions dominate in the cluster field screening, the
simplified potential of the self-consistent cluster field is as
follows:

U�R� � z�R� e 2
R

;

and the number densities of free and trapped ions in the
region of cluster field action, in accordance with formulas
(5.5), (5.6), and (5.19), are

Ni�R� � N0

��������������������������������������������������
1� 4R0

pR

�
1ÿ

�
R

l

�5=2�2s
;

Ntr�R� � Ni�R� 2R
2
���
2
p

r0R0
F�R�

�
1ÿ R

l

�
; �5:20�
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������������������
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������������������
1ÿ r0R0

R 2

r �
:

In the other limiting case, when trapped ions dominate in the
cluster field screening, as we did earlier, we solve the equation
for a current charge inside a sphere with radius R, which has
the form

dz

dR
� ÿ4pR 2 Ni�R� ;

with the boundary condition z�r0� � jZj, but as the number
density of ions Ni�R� we use the number density of trapped
ions. Solving this equation yields

z�jZj
�
1ÿ
�
R

l

�9=2 �2
; l � 1:05

� jZj r0 ������
R0

p
N0F�9l=11�

�2=9
: �5:21�

From this it follows that the number densities of free and
trapped ions for the second version of screening of the cluster
field are given by

Ni�R� � N0

��������������������������������������������������
1� 4R0

pR

�
1ÿ

�
R

l

�9=2�2s
;

Ntr�R� � Ni�R� 2R
2
���
2
p

r0R0
F�R�

�
1ÿ R

l

�
:

�5:22�

The above expressions for the number densities of free and
trapped ions allow us to find the parameters of the cluster
field screening for the two versions under consideration. Let
us define the screening charge due to free (Qi) and trapped
(Qtr) ions according to the formulas

Qi �
� l

r0

4pNi�R�R 2 dR ; Qtr �
� l �������

r0R0

p 4pNi�R�R 2 dR ;

�5:23�
and according to the definition of the radius l of cluster field
action we have

Q � Qi �Qtr � jZj �5:24�

as the equation for a radius of cluster field action l. Let us
define simultaneously the part of the screening charge x that is
created by trapped ions as

x � Qtr

Qi �Qtr
: �5:25�

Figure 7 gives the dependence of the part of the screening
charge x due to trapped ions on the reduced plasma density in
accordance with formula (5.25). The number density of ions
in the cluster field is defined by formulas (5.20) and (5.22) for
these two versions. As is seen, both versions give close results.
In particular, the contribution of trapped ions to screening of
the cluster field for the example of the argon plasma with the
parameters Te � 1 eV, Ti � 400 K equals x � 0:53 and
x � 0:50 at the reduced plasma density N0r

2
0 � 100 cmÿ1, if

we use formulas (5.20) and (5.22), respectively, for the
number densities of ions for the first and second versions.

Figure 8 displays the dependence of the reduced radius of
action of the cluster field in an ionized gas on the reduced
plasma density according to formula (5.24), in compliance
with the two versions under consideration, where the number
density of ions is defined by formulas (5.22) and (5.23). On the
basis of formulas (5.6) and (5.21), the radii of action of the
cluster field lfree, if free ions dominate in the cluster field
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screening, and ltrap, if trapped ions dominate, are given by
formulas

lfree
r0
� A

�N0r
2
0 �2=5

;
ltrap
r0
� B

�N0r
2
0 �2=9

; A�0:66
�jZj=r0�2=5
�R0=r0�1=5

;

B � 1:05

F

� jZj
r0

�2=9�
R0

r0

�1=9

; �5:26�

where the parameters A and B are independent of a cluster
radius r0. The two versions lead to close results. In particular,
for the example of an argon plasma with the parameters
Te � 1 eV, Ti � 400 K at the reduced number density of ions

N0r
2
0 � 100 cmÿ1, the reduced radius of action of the cluster

field, l=r0, is equal to 28 and 29 for the first and second
versions, respectively.

It should be noted that the calculated results depend on
the number density N0 of plasma electrons and ions and the
cluster radius r0 in the form of the combination N0r

2
0 , which

was introduced above. The identical contribution of the free
and trapped ions to cluster field screening takes place at
N0r

2
0 � 100 cmÿ1, and the trapped ions disappear at

N0r
2
0 � 103 cmÿ1 for the example of an argon plasma with

the parameters Te � 1 eV, Ti � 400 K (see Fig. 7). Figure 9
gives the number densities of free and trapped ions as a
function of the reduced distance from the cluster center at the
reduced number density N0r

2
0 � 100 cmÿ1, whereat the

contribution to screening of the cluster charge due to free
and trapped ions is comparable.

Thus, for cluster charging in a rarefied ionized gas, the
cluster charge is weakly dependent on the screening character,
since the flux of ions towards the cluster is generated in a
region where the cluster field does not act. Next, because
screening of the cluster field proceeds mostly at large
distances from the cluster compared with its radius, the
cluster potential near it is the Coulomb-like, and the flux of
electrons towards the cluster surface is also independent of
the screening character. Hence, we obtain a simple equation
(5.11) for the cluster charge. But the character of ion screening
of the cluster field becomes more complicated because it is
determined by both free and trapped ions.

Nevertheless, we have a simple algorithm to solve this
problem, since the two versions based on domination of free
or trapped ions give close results at values of the parameter
N0r

2
0 where the contributions of free and trapped ions to

screening of the cluster field are comparable. This allows us,
in particular, to use one of the expressions in formula (5.26)
for the radius of action of the cluster field, depending on the
basic contribution to screening of the cluster field due to
either free or trapped ions. As a result, we have a simple
algorithm for determination of the radius of action for the
cluster field.
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Figure 8. The reduced radius of action of a charged cluster field in an

ionized gas in accordance with formula (5.24) as a function of the reduced

number density of an argon plasma with parameters Te � 1 eV,

Ti � 400 K. White circles correspond to the version where free ions

dominate in the cluster charge screening, and their number density near
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ions is determined by formulas (5.22).
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Note that the radius of action of the cluster field in an
ionized gas allows us to analyze other aspects of interaction of
the charged cluster with a surrounding plasma. For example,
an opportunity appears to determine the drag force for an ion
in a dusty plasma [101], i.e., the friction force for moving ions.
Indeed, a plasma ion is scattered if it penetrates into the
region of action of the cluster field, which gives about pl 2 for
the diffusion cross section of ion± cluster scattering. The
contribution to the friction force of ions in a dusty plasma due
to ion scattering on clusters is approximately Nppl 2=Nas �,
where Np is the number density of clusters, Na is the number
density of buffer gas atoms, and s � is the diffusion cross
section of ion±atom scattering.

5.3 Cluster charging in an ionized gas under
nonequilibrium conditions
In analyzing the process of cluster charging in a rarefied
plasma, we assumed that attachment of electrons and ions to
the cluster surface does not contribute to the plasma
ionization balance, i.e., there is an intense source of plasma
generation and destruction, and the cluster presence in the
plasma does not violate the ionization equilibrium. There-
fore, we assumed that the number density of electrons and
ions at large distances from the cluster compared with a
radius of action l of its field tends to the equilibrium valueN0

which is determined by an external source. This condition is
more or less fulfilled for a laboratory dusty plasma and is
violated for a cosmic plasma. Below, we will analyze some
aspects of the plasma interaction with small particles in the
limit of a low plasma density.

Based on the above formulas, we will first establish the
criterion of a weak screening of the cluster field by ions, where
the plasma does not screen the cluster field and it is almost
Coulomb-like, i.e., l � R0, and formula (5.19) gives the
number density of trapped ions in the form

Ntr�R� � 4
���
2
p���
p
p N0R

3=2

r0
������
R0

p
�
1ÿ R

R0

�
; R0 5R4

����������
R0r0

p
:

�5:27�

According to formula (5.27), themaximumnumber density of
trapped ions is attained at the distanceRmax � 0:6R0 from the
cluster, and it is

Ntr�R� � 0:59N0
R0

r0
:

As is seen, this value exceeds remarkably the number density
N0 of electrons and ions far from the cluster.

Below, we will establish the criterion of weakness of the
cluster charge screening by a surrounding ionized gas. From
formula (5.27) it follows that the ion chargeQtr in a sphere of
radius R0 equals

Qtr�R0� � 4p
���
2
p

R 4
0N0e

r0
� 0:86

N0R
4
0

r0
:

Hence it follows that the criterion of weakness for screening
of the cluster charge Qtr 5 jZje by a surrounding ionized gas
has the form

N0R
3
0 5

Tir0
e 2

: �5:28�

In particular, for the example of an argon plasma with the
parameters Te � 1 eV, Ti � 400 K at the cluster radius

r0 � 1 mm, we have R0 � 210 nm, so that criterion (5.28)
givesN0 5 3� 105 cmÿ3, which testifies to the importance of
cluster field screening in a laboratory plasma.

The above consideration is suitable for a nonequilibrium
plasma with Te 4Ti. Indeed, trapped ions are formed in
charge transfer collisions in a range of distances from the
cluster

����������
r0R0

p
4R4R0, and from the lower boundary they

are captured on the cluster surface, while they leave the region
of action of the cluster field from the upper boundary. The
above formulas work better as the difference between the
upper and lower boundaries grows. For the equilibrium
argon plasma with Te � Ti, the ratio of distances for the
boundaries is

������������
R0=r0

p � ����������������������
ln �mi=me�

p �3:3 in the limit of a
low density of surrounding plasma, whereas for the example
of argon plasma under consideration, with the parameters
Te � 1 eV, Ti � 400 K, this ratio builds up to������

R0

r0

r
�

�����������
jZje 2
Tir0

s
�

��������������������������
Te

Ti
ln

�
mi

me

�s
� 18

in the limit of a low plasma density.
The above results describe correctly a region of distances

from the cluster which are not close to the boundary of action
of the self-consistent field of a cluster and ionized gas. In this
region in space, the screening of this field is determined by
both free and trapped ions. Near the boundary of action of
the self-consistent field, where jU�R�j � Te, electrons also
make a contribution to the cluster field screening. Since the
ionization and recombination processes do not contribute to
the ionization balance in this region, the screening of the
cluster field has the Debye character.

According to the results of Section 5.2, the more rarefied
the buffer gas, the larger the charge of a microparticle at a
given its size, and the larger the contributionmade by trapped
ions to the ionic coat that screens the cluster charge. Such
conditions are fulfilled in an astrophysical plasma with dust
particles, in particular, in the dusty plasma of the Solar system
[96, 101, 129], which will be analyzed briefly below. The basis
of this plasma is the solar wind [130±132]Ð the plasma flux
consisting of electrons and protons from the solar corona into
a surrounding space. Interaction of the solar wind with a dust
of comet tails or with a dust from Saturn, Jupiter, or Uranus
leads to the formation of a specific dusty plasma, and its
interaction with magnetic fields of planets creates specific
structures of a dusty plasma, such as the rings of Saturn,
Jupiter, and Uranus. The number density of electrons and
protons at Earth's level in the solar wind is approximately
7 cmÿ3, the electron temperature is about 2� 105 K, the
proton temperature reaches 5� 104 K, and the rate of the
plasma flow is 4� 107 cm sÿ1.

In particular, the E- and F-rings of Saturn contain ice
particles from 0.5 up to 10 mm in size [133, 134], and a typical
number density of ice particles is 30 cmÿ3 [133]. The sources of
dust particles are the satellites Enceladus for the E-ring [135±
137] and Prometheus and Pandora for the F-ring [138].
Simultaneous measurements within the framework of the
Cassini project give the above values for parameters of dust
particles [139, 140] and plasma parameters [141, 142] for the
E-ring. Note that in the above consideration we assumed that
far from each particle the number density of electrons and
ions is determined by external conditions, and the presence of
particles does not influence them. This does not hold true for
the astrophysical dusty plasma of the Solar system, where the
plasma number density in a region between particles does not
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correspond to the plasma density in the solar wind, and for
Saturn's E-ring it is N0 � 30ÿ100 cmÿ3, which exceeds the
plasma density of the solar wind on the surface of Saturn.
Next, the electron temperature ranges over 10±100 eV [143],
with the basic kinds of ions being OH� and H2O

� at a
temperature of 103 K.

Let us apply the above results to the dusty plasma of
Saturn's E-ring. Taking the parameters of this plasma as
r0 � 1 mm, Te � 30 eV, and Ti � 103 K, on the basis of
formula (5.11) we obtain the equilibrium particle charge
jZj � 2� 105, and formula (5.12) gives R0 � 0:3 cm. This
value is comparable to the distance between nearest neigh-
bors, since the number density of particles is Np � 30 cmÿ3

[133]. This value is also comparable to an ionic coat radius l of
a surrounding plasma, because l � R0. However, the above
cluster charge contradicts observed data. Indeed, the number
density of trapped ions is Ni � 106 cmÿ3 at a given number
density of particles and the equilibrium particle charge, which
is higher than the observable value of N0 � 102 cmÿ3.
Nevertheless, the latter significantly exceeds the plasma
number density in the solar wind, � 0:1 cmÿ3, but the flux
of the solar wind plasma cannot provide an equilibrium with
the dusty plasma, so that the dusty plasma density is much
lower than that under equilibrium conditions. Indeed, if we
employ the observable parameters of Saturn'a rings, we
obtain the corresponding dusty plasma consisting of nega-
tively charged particles, trapped positive ions, and a solar
wind flow that has not completely stopped. Then, the average
particle charge is Z � ÿ3, and the field size for an individual
particle is comparable with its size and is remarkably less than
the average distance between nearest particles.

One can consider this problem from another standpoint,
so that a dusty plasma is formed as a result of mixing of the
solar wind with dust, and the number density of electrons and
ions in this plasma is much higher than that in its source, the
solar wind. This results from the capture of ions by charged
dust particles in finite orbits, which stops the plasma flow,
increasing in this manner the number density of charged
particles. The same proceeds in a comet plasma [145, 146],
where the dusty plasma originates in the comet tail as a result
of interaction of the solar wind and a comet dust (see Fig. 10
[144]), and the magnetic field is an important element of this

interaction [147]. The plasma density for a comet tail ranges
over 103ÿ104 cmÿ3 [148, 149], if the comet is located at the
Earth level, and this remarkably exceeds the plasma density of
the solar wind, and the electron temperature of the comet tail
Te � 104 K [149±151] corresponds to the electron tempera-
ture in the solar wind. A heightened density of the comet
plasma follows from the capture of ions by charged dust
particles and the long lifetime of trapped ions.

Thus, the peculiarity in the behavior of a charged dust
particle in an astrophysical plasma is concerned with the low
density of a surrounding gas, which might lead to the large
size of the ionic coat consisting of trapped ions around each
particle. But due to a low flux of electrons and ions in the solar
wind, this plasma is far from saturation, and the particle
charge is lower than the equilibrium charge of dust particles in
this plasma.

5.4 Diffusion regime for charging clusters and small
particles in an ionized gas
Let us consider attachment of electrons and ions to a cluster in
a dense buffer gas if the criterion

r0 4 l �5:29�

holds true, and the attachment rate is restricted by processes
of motion of electrons and ions in a space. The cluster
charging in an ionized buffer gas results from electron and
ion diffusion and drift in the charged cluster field, and the
number J��R� of ions which intersect the sphere of radius R
per unit time is given by

J� � 4pR 2

�
ÿD�

dN�
dR
� K�EN�

�
: �5:30�

Here,N��R� is the number density of ions, andD�,K� are the
respective diffusion coefficient and the mobility of ions in the
self-consistent cluster field of strength E�R�. Below, we will
consider cluster charging in a dense buffer gas within the
framework of the Fuks theory [152] based on the assumption
of a relatively weak electric field induced near the cluster due
to an ionized gas, which corresponds to the criterion

rD 4 r0 : �5:31�

Here, rD is the Debye±H�uckel radius for an ionized gas [102].
Assuming the cluster charge to be negative and equal to
ÿjZje, we obtain E�R� � Ze=R 2 for the electric field strength
of the cluster. The absence of ionization and recombination
processes near the cluster is an important element of the Fuks
theory. One can then consider relation (5.30) as the equation
for the number density of ions near the cluster, because the
ion current J��R� is independent of a radius of a sphere
intersected. Connecting the diffusion coefficientD� of ions in
a buffer gas and their mobility K� in a weak electric field by
the Einstein relation [81, 82] in accordance with formula
(3.15), we have

K� � eD�
T

;

where T is the gas temperature, and equation (5.30) takes on
the form

J� � ÿ4pR 2D�e
�
dN�
dR
ÿ Ze 2N�

TR 2

�
:

Figure 10. The comet tail consisting of ions and dust particles is separated

from the comet nucleus in the direction from the Sun as a result of

interaction with a solar wind and magnetic field, so this interaction

provides binding of comet nucleus and tail in the course of comet evolution

[144].
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Solving this equation with the boundary condition
N��r0� � 0, we obtain for the number density of ions:

N��R� � J�
4pD�

� R

r0

dR 0

�R 0� 2 exp

�
Ze 2

TR 0
ÿ Ze 2

TR

�

� J�T
4pD�Ze 2

�
exp

�
Ze 2

Tr0
ÿ Ze 2

TR

�
ÿ 1

�
:

Using the boundary condition N��1� � N0 far from the
cluster, we obtain the Fuks formula [152] for the rate of ion
attachment to the cluster surface:

J� � 4pD�N0Ze
2

T
�
exp �Ze 2=�Tr0�� ÿ 1

	 : �5:32�

In the limit of a neutral cluster, Z! 0, the Fuks formula
(5.32) is transformed into the Smoluchowski formula (2.8)
[74] for the attachment rate J0 of ions or atoms to a neutral
cluster of a radius r0:

J0 � 4pD�N0r0 : �5:33�

The Fuks formula (5.32) may also be used for electrons by
replacing Z! ÿZ. In the limiting case, when the cluster
charge and those of attaching ions or electrons have the
opposite sign and Ze 2=�r0T �4 1, the Fuks formula is
transformed into the Langevin formula [153]:

Jÿ � 4pZe 2N0Dÿ
T

� 4pZeKÿN0 ; �5:34�

where the cluster charge is assumed positive, and an electron
or negative ion attaches to it. Equalizing the attachment rates
of electrons and ions to a cluster, we find the cluster charge

Z � r0T

e 2
ln
K�
Kÿ

: �5:35�

Since the mobility of electrons is higher than that for ions, the
cluster is negatively charged.

The above expressions for identical temperatures of
electrons and ions may be generalized for different electron
(Te) and ion (Ti) temperatures, and the formula for the cluster
charge takes then the form [31, 58]

Z � r0Te

e 2
ln

K��Ti�
Kÿ�Te� : �5:36�

In the case where the electron distribution function differs
from theMaxwell one, it is necessary to use in this formula the
quantity Te � eDÿ=Kÿ as the electron temperature [31, 58].
We use here the proportionality of the electron drift velocity
to the electric field strength, which holds true at not high
electric field strengths. Note also that formula (5.35) is valid
at large values of the cluster charge because the assumption is
used implicitly that attachment of an electron or ion to a
cluster, which corresponds to a change in the cluster charge by
unity, weakly influences the interaction of the charged cluster
with a surrounding plasma.

In order to ascertain the character of screening of the
cluster field by plasma electrons and ions, we introduce the
reduced potential energy for an electron. Assuming a negative
cluster chargeZ and an identical temperature of electrons and

ions, we have for the reduced potential energy at the cluster
surface: x�r0� � x0 � ln�Kÿ=K��. It should be noted that the
Fuks formula (5.32) relates to the positive cluster charge,
while for an ionized gas consisting of electrons and ions it is
negative, i.e., x � jZje 2=�RT �, where R is a distance from the
cluster, so that x0 5x5 0. Taking this into account in the
above formulas, we obtain the number densities of ions and
electrons:

Ni�R� � N0

�
exp �x0� ÿ exp �x�

exp �x0� ÿ 1

�
;

Ne�R� � N0

�
exp �x0 ÿ x� ÿ 1

exp �x0� ÿ 1

�
;

�5:37�

and the reduced difference in the number densities of ions and
electrons is expressed as

n�x� � Ni�R�ÿNe�R�
N0

� �1ÿ exp �xÿ x0���1ÿ exp �ÿx��
1ÿexp �ÿx0�

:

�5:38�

Figure 11 displays the function n�x� that is symmetric with
respect to transformation x! x0 ÿ x, and has the maximum
at x � x0=2:

nmax � 1ÿ exp �ÿx0=2�
1� exp �ÿx0=2�

: �5:39�

As is seen, n�x�4 1, and at low x we have n�x� � x.
The above expressions are valid in a distance range where

screening of the cluster charge by a surrounding ionized gas is
weak, so the Coulomb field of the cluster field acts at these
distances. This is valid under the condition

r0 5 rD ; rD �
�������������������

T

4pZN0e 2

r
; �5:40�

where the Debye±H�uckel radius rD relates to identical
temperatures T of electrons and ions. In particular, the
electron and ion number densities Ni � 1010 cmÿ3, and the
temperature T � 400 K corresponds to the Debye±H�uckel
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Figure 11.Reduced difference in the number densities of ions and electrons

as a function of the reduced potential of the self-consistent field of the

charged cluster and surrounding ionized gas.
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radius rD � 10 mm, and from this it follows that the
conditions of validity of the Fuks concept may both be
fulfilled and violated for real cluster sizes and parameters of
an ionized gas. If criterion (5.40) (r0 5 rD) holds true, the
potential of the charged cluster at large distances behaves as

j�R� � Ze

R
exp

�
ÿ R

rD

�
; �5:41�

which means that screening the cluster charge by electrons
and ions of an ionized gas is inessential near the cluster. At
high number densities of electrons and ions, this condition is
violated, which requires the generalization of the Fuks theory
to a high plasma number density. Recently, this effort has
been made repeatedly in the study of dusty plasmas (for
example, see papers [154±158]), but additional assumptions in
these cases prevent the results from applying to real systems.

6. Character of cluster growth in a buffer gas

6.1 Conversion of atomic vapor into a gas of clusters
in a buffer gas
Figure 12 represents schematically the basic mechanisms of
cluster growth in a buffer gas. Starting from the 19th century,
these processes have been studied for other systems and
media, which explains the terms used in describing these
processes. Below, we will be guided by a system consisting of
a buffer gas and metal vapor that is partially or fully
converted into metal clusters. For simplicity, clusters are
assumed to be liquid and consisting of a large number of
atoms, so that each cluster is a spherical liquid drop cut out of
a bulk liquid (see Section 2). The number densities of atoms in
the cluster and bulk liquid are identical.

The first mechanism of cluster growth in Fig. 12 corre-
sponds to the partial or complete conversion of an atomic
vapor into a gas of clusters. Then formation of nuclei of
condensation is the first stage of this process, and the
subsequent cluster growth results from attachment of free
atoms to them, as was considered in Section 4.1. Then,
realization of the kinetic or diffusion regime of cluster
growth is determined by the concentration of metal atoms in
a buffer gas in accordance with criterion (4.6) or with the
opposite criterion.

Growth of metal clusters under given conditions starts
from the formation of condensation nuclei and depends on
the character of this process. Below, we will consider the
growth of metal clusters if at the beginning the metal is found
in the state of an atomic vapor. Then, the processes of
formation and growth of clusters proceed according to the
scheme [159, 160]

A� 2M! A�M2 ; Mn �M!Mn�1 ; �6:1�

where A is a buffer gas atom, andM is a metal atom.
Let us consider the kinetic regime of cluster growth. The

growth of an individual cluster as a result of the attachment of
metal atoms to it was analyzed in Section 4.1, and for the
determination of the size distribution function of clusters, the
character of formation of condensation nuclei, i.e., the first
process in scheme (6.1), must be taken into account. It is of
importance that the formation process of condensation
nuclei, i.e., the first process in chemical formulas (6.1), results
from three-body collisions of metal atoms with buffer gas
atoms and, hence, this process is slow compared to subse-
quent cluster growth processes. As a result, small clusters are
practically absent in the size distribution function of clusters.
This position is governed by the parameter

G � k0
KNa

4 1 ; �6:2�

where k0 is the reduced rate constant of atom±cluster
collision, given by formula (2.5), K is the rate constant of the
three-body process, the first process in scheme (6.1), andNa is
the number density of buffer gas atoms. Since a typical value
of the reduced rate constant of atom±cluster collision is
k0 � 10ÿ9 cm 3 sÿ1, and the rate constant of the three-body
process lies in the range of K � 10ÿ33ÿ10ÿ32 cm6 sÿ1, para-
meter (6.2) is large enough, G � 103, even at atmospheric
pressure. This means that the process of formation of new
condensation centers is relatively weak, and large clusters are
formed even at the beginning. Under such conditions, the
parameters of complete transformation of an atomic metal
vapor into a gas of metal clusters are as follows [31, 58, 161]:

n � 1:2G 3=4 ; tcl � 3:2G 1=4

Nmk0
: �6:3�

Here, n is the average number of cluster atoms after complete
conversion of atomic vapor into a gas of clusters in a buffer
gas, and tcl is the time of this conversion.

The kinetic regime of conversion of an atomicmetal vapor
into a gas of clusters in a buffer gas requires the validity of the
criterion opposite to criterion (4.6), which has the form

Nml
3 4 1 : �6:4�

Criterion (6.4) relates to a high concentration cm � Nm=Na of
metal atoms in a buffer gas, where Nm is the number density
of metal atoms,Na is the number density of buffer gas atoms,
and the criterion of the kinetic regime of cluster growth has
the form

cm 4N 2
a s

3
g ; �6:5�

where sg is the gas-kinetic cross section for collision of ametal
atom and a buffer gas atom.

Let us consider the diffusion regime of cluster growth
from an atomic vapor that corresponds to a low concentra-

Coalescence

Atom adhesion

Coagulation

Figure 12. The mechanisms of nucleation and growth of clusters.
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tion of metal atoms in accordance with criterion (4.6). Then,
according to the Smoluchowski formula (2.8), the variation of
the average number of cluster atoms n is described by the
equation

dn

dt
� kmNmn

1=3 ; km � 4pDmrW : �6:6�
One can see an analogy with the kinetic regime of cluster
growth, but another dependence is observed for the growth
rate on the number of cluster atoms; the quantity km is now an
analog of the reduced rate constant of atom±cluster colli-
sions. Therefore, we construct, as earlier, the parameter that
characterizes a large rate of cluster growth in pair atom±
cluster collisions, compared with the rate of formation of new
condensation nuclei. This parameter is given by

g � km
KNa

4 1 ; �6:7�

and g4 1 under the considered conditions.
For determining the rate constant of cluster growth,

equation (6.6) is supplemented with the balance equations
for the number density Nm of metal atoms and the number
densityNcl of clusters, so that the bound atomnumber density
in clusters is Nb � Ncln. These equations have the form

dNm

dt
� ÿkmNmNcl n

1=3 ;
dNcl

dt
� KNaN

2
m ; �6:8�

whereK is the rate constant of the first process in scheme (6.1),
i.e., the rate constant of three-body formation of condensa-
tion nuclei, namely, diatomic metal molecules.

Let us use the simplified solution to the set of equations
(6.6), (6.8), assuming the number density Nm of free metal
atoms to be constant in the course of cluster growth, and this
growth finishes when the number density of bound atoms
attains the initial number density of free metal atoms,
Ncln � Nm. This allows us to find the parameters of conver-
sion of a metal vapor into a gas of clusters depending on the
parameter g. The average number of cluster atoms n at the
end of the conversion process and the characteristic time tcl of
this process are given by

n � g 3=5 ; tcl � g 2=5

kmNm
: �6:9�

Note that the parameter g is large when the process of
conversion of an atomic metal vapor into a gas of clusters
proceeds in a dense buffer gas. In particular, at atmospheric
pressure we have km � 10ÿ8 cm3 sÿ1, which gives g � 105,
and this value increases with a decrease in the number density
Na of buffer gas atoms as g � Nÿ2a . Thus, the diffusion regime
of cluster growth, like the kinetic regime, leads to a large
cluster size at the end of the cluster growth process.

6.2 Kinetic regime of cluster coagulation
According to the definition, cluster coagulation is the growth
of liquid drops located in a neutral medium (here in a buffer
gas) as a result of their joining at the contact. Considering
clusters as drops, we have the following scheme of their
coagulation:

Mnÿm �Mm !Mn ; �6:10�

where M is a cluster atom. Atmospheric processes of water
condensation and growth of water drops, as well as the

processes of mist formation and air pollution, are based on
the coagulation process involving liquid particles [21, 162±
164]. For definiteness, we will consider below the coagula-
tion process as a result of joining of liquid metal drops
located in a buffer gas. In contrast to the above processes
of the cluster± buffer gas interaction, the separation of the
two regimes of the coagulation process, kinetic and
diffusion, takes place here in two ways, relating both to
the character of motion of an individual cluster in a buffer
gas and to the relative motion of two colliding clusters in a
buffer gas.

We first consider the criteria of the kinetic and diffusion
regimes of coagulation with respect to approach of two
clusters. The diffusion regime of the approach of two clusters
requires the fulfillment of the criterion

NclL3 5 1 ; �6:11�

whereNcl is the number density of clusters, and L is the mean
free path of clusters in a buffer gas with respect to a change in
their motion directions, and the latter is determined by
formula (3.13). The number density of clusters equals
Ncl � Nb=n, where Nb is the number density of bound cluster
atoms, and n is the average number of cluster atoms. Let us
single out in criterion (6.11) the dependence on the number
density Na of buffer gas atoms and a typical number n of
cluster atoms.We introduce the concentration cb � Nb=Na of
bound atoms in formula (3.13) for the mean free path L of
clusters. Criterion (6.11) for the diffusion regime of cluster
approaching takes the form

Nan
3=4 4

�
cb

s 3
cl

�1=2

; scl � 4

3

������
m

ma

r
r 2W ; �6:12�

wherem is the mass of a buffer gas atom,ma is the metal atom
mass, and rW is the Wigner±Seitz radius for this cluster. In
particular, in the case of liquid copper clusters located in
argon we have scl � 2:3� 10ÿ16 cm2, and at the concentra-
tion cb � 0:01 of bound copper atoms in argon criterion
(6.12) for the diffusion regime of cluster approach takes the
form Nan

3=4 4 3� 1023 cmÿ3
�����
cb
p

. According to this esti-
mate, both the kinetic and diffusion regimes of cluster
approach are possible in reality. Moreover, as the cluster
grows, a transition is possible from the kinetic regime of
cluster approach to the diffusion one.

Based on scheme (6.10) of cluster coagulation, one can
connect the rate of cluster growth with the rate constant of
pair cluster collisions in the form of the Smoluchowski
equation [165], independently of the coagulation regime:

qfn
qt
� ÿfn

�
k�n;m� fm dm� 1

2

�
k�nÿm;m� fnÿm fm dm :

�6:13�

Here, k�nÿm;m� is the rate constant of process (6.10). The
factor 1=2 accounts for the fact that collisions of clusters
consisting of nÿm andm atoms are included in this equation
twice, and the size distribution function fn of clusters is
normalized by the condition

�
fn dn � Ncl, where Ncl is the

number density of clusters.
Introducing the number density Nb �

�1
0 nfn dn of bound

atoms in clusters, one can prove that this quantity does not
vary in the course of coagulation. Indeed, multiplying the
Smoluchowski equation (6.13) by n and integrating it over
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dn, we obtain

dNb

dt
� ÿ

�
nk�n;m� fn dn fm dm

� 1

2

�
nk�nÿm;m� fnÿm fm dn dm ;

with n > m in the second integral. Replacing nÿm by n on the
right-hand side of the above equation, we find that the terms
on the right-hand side of this equation are cancelledmutually,
and the equation takes the form dNb=dt � 0, i.e., within the
framework of the Smoluchowski equation the total number
density of bound atoms does not vary in the course of cluster
coagulation.

For simplicity, we will assume that the rate constant of
joining two clusters is independent of cluster sizes, and hence
k�n;m� � kas. Then, the Smoluchowski equation (6.13) takes
the form

qfn
qt
� ÿkas fn

�1
0

fm dm� 1

2
kas

� n

0

fnÿm fm dm :

Multiplying this equation by n 2 and integrating with respect
to n, we obtain

d

dt

�1
0

n 2fn dn � dn

dt
� ÿkas

�1
0

n 2fn dn

�1
0

fm dm�

� 1

2
kas

�1
0

n 2 dn

� n

0

fnÿm fm dm � 1

2
kasNb ;

where the average cluster size n is defined as

n �
� 1
0 n 2fn dn� 1
0 n fn dn

;

and the equation for its variation in time has the form

dn

dt
� 1

2
kas Nb : �6:14�

The solution of this equation gives the average cluster size

n � 1

2
kas Nbt ; �6:15�

if at the beginning the cluster is relatively small.
Let us determine the size distribution function of clusters

under the condition that the rate constant of joining of two
clusters in pair collisions is independent of the cluster size.
Instead of the size distribution function fn, it is convenient to
use the concentration cn of clusters of a given size defined as
cn � fn=Nb, where Nb is the total number density of cluster
bound atoms. For the concentration of clusters, we have the
normalization condition

P
n
ncn � 1, and the kinetic equation

(6.13) in terms of the cluster concentrations takes the form

qcn
qt
� ÿcn

�1
0

cm dm� 1

2

� n

0

cnÿmcm dm ; �6:16�

where the reduced time is t � Nbkast. This equation has the
following solution

cn � 4

n 2
exp

�
ÿ 2n

n

�
: �6:17�

This expression satisfies the normalization condition�1
0 ncn dn � 1 and formula (6.15) for the average cluster size

n. Indeed, substituting expression (6.17) into the kinetic
equation, we obtain formula (6.15) in the form n � t.

The above expressions are valid for both the kinetic and
the diffusion regimes of coagulation and are based on the
assumption that the rate constant of joining of two clusters in
pair collisions is independent of the cluster size. Below, wewill
use these relations in the analysis of the kinetic regime of
coagulation in cluster growth based on formulas (2.6) and
(2.7) for the rate constant of cluster association that depends
weakly on the cluster size. Substituting expression (2.6) for
the rate constant of association of two clusters into equation
(6.14), and averaging this rate constant with distribution
function (6.17), we obtain the following equation for the
rate of variation of the average cluster size due to the
coagulation process in the kinetic regime of cluster collision:

dn

dt
� k0NbI n

1=6 ; I � 1

2

�1
0

�1
0

�x 1=3 � y 1=3�2
�����������
x� y

xy

r
� exp �ÿ2xÿ 2y� x dxydy � 5:5 : �6:18�

This leads to the following expression for variation of the
average cluster size in time [166, 167]:

n � 6:3�Nbk0t�1;2 : �6:19�

Since n4 1, this formula holds true under the condition

k0Nbt4 1 :

Returning to the problem of cluster growth in a buffer gas,
we will prove that transformation of an atomic metal vapor
into a gas of clusters is separated in time from the subsequent
process of cluster growth due to coagulation, i.e., a typical
time of coagulation in the kinetic regime exceeds significantly
a characteristic time of transformation of a metal vapor into
clusters. Indeed, considering the transformation of an atomic
metal vapor into a gas of metal clusters according to scheme
(6.1), we assume that parameter (6.2) is large. When all the
metal atoms are converted into clusters, their average size
according to formula (6.3) is n � G 3=4, and a time of this
process is tat � G 1=4=�Nbk0�, whereNb is the number density
of bound atoms in clusters. According to formula (6.19), a
typical time of an increase in cluster size as a result of
coagulation is given by

tcoag � n 5=6

Nbk0
� G 5=8

Nbk0
:

Taking the average cluster size as obtained after transforma-
tion of an atomic metal vapor into a gas of clusters, we obtain
the ratio of the time tcoag of subsequent coagulation to a
typical time tat for cluster formation from atoms:

tcoag
tat
� G 3=8 :

Thus, since G4 1, the processes of transformation of an
atomic metal vapor into a gas of clusters and subsequent
cluster coagulation are separated in time.

6.3 Diffusion regime of cluster coagulation
The diffusion regime of cluster coagulation with respect to
cluster approach is realized under criterion (6.11) and, in
contrast to the kinetic regime, has two subregimes. Indeed,
the rate constant of joining of two clusters according to
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formula (2.9) is expressed through the diffusion coefficient of
clusters in a buffer gas, and diffusion of clusters in a buffer gas
proceeds either in the kinetic or in the diffusion regime,
depending on the cluster size. Thus, the kinetic regime of
cluster coagulation with respect to their approach requires a
criterion opposite to that in formula (6.12), which has the
form

Nan
3=4 5

�
cb

s 3
cl

�1=2

; scl � 4

3

������
m

ma

r
r 2W ; �6:20�

and the equation (6.14) of cluster growth due to coagulation
includes the rate of cluster association according to formula
(2.9). We are based on formulas (3.16) for the diffusion
coefficient of clusters in a buffer gas in the kinetic and
diffusion regimes. Assuming that nearby cluster sizes make
the main contribution to the rate of cluster association, we
find the respective expressions for the rate constant of
association in the kinetic and diffusion regimes of cluster
diffusion in a buffer gas:

kas � 3

���������
2pT
m

r
1

Nar0
; r0 5 l ;

kas � 8T

pZ
; r0 4 l :

�6:21�

For definiteness, let us calculate the parameters of growth
of SiO2 clusters in the region of combustion of SiH4 and
methane CH4 in atmospheric air using the typical parameters
of this process [168]. This process proceeds at atmospheric
pressure according to the scheme

0:1SiH4 � 0:9CH4 � 2O2 � 8N2

! 0:1SiO2 � 0:9CO2 � 2H2O� 8N2 ; �6:22�

and at the temperatures above 2000 K, i.e., above the melting
point of SiO2 [169], growth of the liquid cluster occurs. Under
these parameters, the number density of buffer gas molecules
is Na � 4� 1018 cmÿ3, and since the Wigner±Seitz radius for
SiO2 is rW � 2:2 A

�
, and the concentration of SiO2 molecules

under these conditions is cb � 0:01, the criterion for the
diffusion regime of cluster coagulation with respect to their
approach is r0 4 1 nm. Under these conditions, the mean free
path of nitrogen molecules, the basic component of air, is
l � 1 mm, and the kinetic regime of cluster diffusion in air is
valid if r0 5 1 mm.

Solving equation (6.14) for cluster growth with the use of
formula (6.21) for the rate constant of cluster association, we
obtain the typical number of cluster atoms n over time t for
the diffusion regime of cluster approach and the kinetic
regime of cluster diffusion in a buffer gas:

n �
�
2nef cbt

3

�3=4

; nef � 3

rW

���������
2pT
m

r
; r0 5 l ; �6:23�

where cb is the concentration of bound silicon atoms in a
buffer gas, nef is the reduced rate of cluster joining equal to
nef � 2:6� 1013 sÿ1 under given conditions. Since a typical
time of cluster residence in a flame is in the range of 0.01±0.1 s
[168], the cluster radius according to formula (6.23) at the end
of this process is 45±80 nm. This size corresponds to the
kinetic regime of cluster motion in a buffer gas, as was used
above.

6.4 Cluster±cluster regime of fractal cluster growth
Coagulation of liquid clusters leads to the transformation of
two liquid drops after their contact into one compact drop. If
colliding clusters are solid, each of them conserves its form
after the contact, but the chemical bond is formed at the
contact points. The subsequent growth of such a structure
leads to the formation of a fractal aggregate [170]. Under
these conditions, the growth of structures corresponds to the
cluster±cluster aggregation mechanism [171, 172], where the
growth results from the subsequent joining of solid particles
into fractal aggregates, and then the joining of small fractal
aggregates into larger ones. The fractal aggregate resulting
from this process is friable, and its density drops with
increasing size. Usually, a fractal aggregate is modelled as
consisting of identical solid monomers, and neighboring
monomers form chemical bonds at their contact points
[173±177]. Fractal properties characterize the correlation in
positions of individual solid particles [178, 179] and are
described by the fractal dimensionality D, which is the
density parameter of such a system. The mass M of particles
located in a sphere of radius R with a particle in the center of
the sphere is given by

M � m0

�
R

a

�D

;

where m0 is the mass of an elemental particle, a is its radius,
and D is the fractal dimensionality of this aggregate. Note
that for a compact aggregate that is fully occupied by particles
we have D � 3. Since the standard notation for the fractal
dimensionality D coincides with the notation of the diffusion
coefficient, we will denote below the fractal dimensionality as
a. For the number of monomers n constituting the fractal
aggregate, the above formula yields

n �
�
R

a

�a

; �6:24�

where R is the average radius of the fractal aggregate.
The fractal dimensionality of the aggregate may be

determined by modeling a certain process of its growth. We
note that, because the fractal aggregate is a random system,
fractal aggregates obtained due to the same scenario may
have different fractal dimensionalities. Below, we will
evaluate the accuracy of determining the fractal dimension-
ality [175, 180] obtained on the basis of computer simulations
[181±186]. In all the simulations, the sticking probability, i.e.,
the probability of formation of chemical bonds between two
contacting small particles, is assumed to be one.

We will give below the results of statistical averaging of
fractal dimensionalities based on calculations [181±186]. For
the kinetic regime of aggregate growth, i.e., if clusters being
joinedmove along straightforward trajectories, the average of
the fractal dimensionality is a � 1:93� 0:06, and in the
diffusion regime of aggregate growth, i.e., for Brownian
motion of clusters in a buffer gas in the course of their
joining, the fractal dimensionality equals a � 1:77� 0:03.
This is in accordance with the fractal dimensionality
a � 1:77� 0:10 of gold fractal aggregates that are formed in
a solution and then placed on a lattice for analysis, as
illustrated in Fig. 13.

We now analyze the growth of fractal aggregates in the
kinetic regime. The growth rate of fractal aggregates is given
by formula (6.18), and we assume the rate constant of cluster
association to be independent of their sizes. Formula (6.18)
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then takes the form

dn

dt
� 5:5k0Nb n

1=6 ; k0 �
���������
8Tp
mp

s
r 2p ; �6:25�

where mp is the mass of an elemental particle in the fractal
aggregate, and rp is its radius.

We analyze the character of growth of fractal aggregates
under the assumption that the first stage, with chemical
processes and nucleation of atomic particles, proceeds rather
fast, and liquid particles result from this stage. When the
forming particles move outside a hot region (or the melting
point of particles increases with increasing size), the particles
become solid and subsequently form fractal aggregates. Next,
in the course of collisions between fractal aggregates, their
size increases, and this process proceeds until fractal aggre-
gates remain in a given region. In the analysis of growth of
fractal aggregates, we will take into account that this stage of
particle growth proceeds slowly compared to the first stage
leading to the formation of solid particles as the basis of the
fractal aggregates.

We use the Smoluchowski formula (2.8) for the balance of
the number n of monomers which constitute the fractal
aggregate, and formula (2.9) gives for the rate constant of
association of two fractal aggregates:

kag � 4p�D1 �D2��R1 � R2� ; �6:26�
where D1, D2 are the diffusion coefficients of joining fractal
aggregates in a buffer gas, and R1, R2 are their radii. The
balance equation then assumes the form

dn

dt
� kagNag ; �6:27�

where the rate constant kag of association of two aggregates is
given by formula (6.26), andNag is the current number density
of fractal aggregates.

Kinetics of the growth of fractal structures for the cluster±
cluster character of particle joining [187] is similar to the
coagulation growth of liquid clusters, but the number of

particles-monomers in the fractal aggregate is now given by
formula (6.24) instead of formula (2.1) for liquid particles.
Using this analogy, we are dealing with an averaged fractal
aggregate that is modelled by a spherical particle. In addition,
we assume that the interaction of a fractal aggregate with a
buffer gas proceeds on the aggregate surface, as is the case
with clusters, and the hydrodynamic radius of the fractal
aggregate coincides with its geometric radius. One more
peculiarity is that the growth of fractal aggregates due to
their porous structure proceeds faster than in the case of
compact clusters. Moreover, because the density of fractal
aggregates drops as they grow, an aerogel may form at a
certain stage of the growth process, which is a structure
consisting of particles-monomers and occupying all the space.

For a demonstration of this regime of cluster growth, we
return to the above example of the formationof silicondioxide
in a flame (see Section 6.3). Under the above-indicated
parameters of combustion of CH4 and SiH4 in air at atmo-
spheric pressure, the combustion products go to the chamber,
where this mixture is cooled to room temperature. Next,
fractal aggregates are formed as a result of the joining of
solid particles, and the dynamics of aggregate growth is the
same as in the case of compact clusters. We assume, in
accordance with the above estimation, that solid clusters
(monomers of silicon dioxide) are formed at the first stage
with a typical radius a � 40 nm and a particle mass m0 �
6� 10ÿ16 g, which corresponds to the monomer number
density Nb � 4:5� 1010 cmÿ3 at the concentration cb � 0:01
of bound silicon atoms. Being guided by the diffusion regime
of motion of fractal aggregates in atmospheric air, we obtain
according to formula (6.21) the rate constant of fractal
association, kas � 8T=�pZ� � 6� 10ÿ10 cm3 sÿ1, which
allows us to analyze the character of growth of fractal
aggregates on the basis of formula (6.27).

It should be noted that the formation of fractal aggregates
is a nonequilibrium process, with the formation of monomers
at the first stage, and thesemonomers subsequently constitute
fractal aggregates. In the above example, the first stage
proceeds in the region of methane combustion, and a high
temperature in this region leads to the fast chemical process.
Monomers formed in the hot region subsequently join into
fractal aggregates, and a typical time at this stage is several
orders of magnitude more than a typical time of monomer
formation. Another example of the formation of fractal
aggregates in a gas is connected with the first stage proceed-
ing in a plasma torch [188, 189] that results from irradiation of
a metal surface by a power pulse laser beam. In this case, due
to a small size of a hot region, a time of formation of
monomers decreases and a typical monomer size is less than
that in a previous case and equals about 10 nm. Therefore,
various methods are possible for formation of fractal
aggregates in a gas, whose basis are various methods of
generation of cluster-monomers [13].

Since the number density ofmonomers drops in the course
of growth of fractal aggregates, the joining of monomers may
ultimately lead to formation of an aerogel that occupies all the
space. In the case of formation of an aerogel of silicon
dioxide, the correlation radius Rc [190±192] (that is, the
radius of fractal aggregates when they touch each other and
form a continuous structureÐaerogel) is equal to 0:4 mm. A
typical time of formation of this aerogel, where the density of
silicon dioxide is r � 3� 10ÿ5 g cmÿ3, is approximately 10
days. But, if aerogel growth proceeds in an external electric
field, the growth process accelerates and leads to formation of

0.5 mm

Figure 13. Fractal aggregate.
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fractal fibers [193, 194] (Fig. 14). This phenomenon results
from the interaction of dipole momenta of joining aggregates,
which are induced by an external electric field. Subsequent
joining of fractal fibers to one another leads to formation of
fractal tangles [195] which are interwoven fibers having a
specific structure. Thus, external fields influence the character
of growth of fractal aggregates and can lead to formation of
various structures.

It is important that electric fields highly accelerate the
process of the joining of fractal aggregates to macroscopic
structures. Since fractal aggregates are large compared with
atomic particles, the role of induced dipole momenta in their
interaction is stronger than that for atomic particles. More-
over, the structure of a growing system of fractal aggregates
also varies under the action of an external field, and fractal
fibres of joining fractal aggregates are ultimately formed
instead of an isotropic aerogel. Indeed, chain structures
formed at the first stage of association of fractal aggregates
are stretched along the field, and new fractal aggregates with
induced dipole moments join the endings of this chain [196].
Setting aside details of the growth process for the fiber
structure of fractal aggregates, we give an estimate of a
typical time for this process [31]:

tl � 3Z ln �l=a�
a 3E 2N

; �6:28�
and this process proceeds in an electric field with strength E.
Here, l � 1 cm is the structure length, a � 40 nm is the typical
radius of monomers, N is the number density of monomers,
and Z is the viscosity of a buffer gas. Running the process at
room temperature, atmospheric pressure, and a typical
electric field strength of E � 100 V cmÿ1, we obtain
tl � 20 s for the above example of combustion of methane
and SiH4 in atmospheric air. As is seen, an electric field
accelerates the joining of fractal aggregates to macroscopic
structures and leads to the formation of fiber-like structures.

In conclusion, we note that the fiber-like structures of
aerosols are known in aerosol physics as chain aggregates
[152, 162]. Moreover, the connection between chain aggre-
gates and electric fields is well known. The classical example

of this is combustion of a magnesium band in air [197, 198]
that leads to the formation of spherical aerosols consisting of
magnesium oxides, whereas aerosols formed in smoke as a
result of the same process in arc discharge have the fiber
shape.

6.5 Coalescence
Coalescence is one of the mechanisms of cluster growth (see
Fig. 10). This process results from the interaction of clusters
with a parent vapor and is also known as Ostwald ripening
[199, 200]. In this case, clusters are in equilibrium with a
parent gas or vapor, i.e., the number of evaporated atoms
from the cluster surface per unit time is equal to the number of
free atoms attached to the cluster surface per unit time.
However, the rate of atom evaporation is higher than the
rate of atom attachment for small clusters, while for large
clusters the inverse relation is fulfilled between the rates of
atom attachment and atom evaporation. As a result, large
clusters grow, while small clusters evaporate. Correspond-
ingly, the average cluster size increases as a result of
coalescence.

In reality, the diffusion and kinetic regimes of coalescence
relate to different physical processes. Indeed, the diffusion
regime describes the growth of grains in solid solutions. On
the basis of this process, the classic theory of coalescence
[201±203] was developed. Though the understanding of the
growth process of clusters as a result of coalescence relates to
the diffusion regime of grain growth in a solid solution [204,
205], a more convenient interpretation of this mechanism of
cluster growth relates to the kinetic regime of cluster growth
in a cluster plasma [58], and we will analyze below this very
mechanism of coalescence. It should also be noted that, under
equilibrium conditions, coagulation is a slow process con-
necting with cluster growth through cluster interaction with a
gas component in the processes of cluster evaporation and
attachment of free atoms to clusters. At a given temperature,
clusters are found almost in equilibrium with a parent vapor,
i.e., the number of events of cluster evaporation per unit time
almost coincides with a number of atom attachments to
clusters per unit time. A temperature variation then leads to
displacement or disturbance of this equilibrium. Since the
evaporation rate sharply depends on the temperature, a small
temperature gradient in a gaseous system with clusters and
their vapor leads to developing an instability (the cluster
instability in the case of a cluster plasma [206]). As a result of
this instability, a weak temperature gradient causes the
diffusion flow of metal atoms, and in the end this leads to a
transfer of all the metal to a cold region where it is present in
the form of clusters.

For description of the coalescence process, we consider, as
before, metal clusters injected into a buffer gas, and we
characterize their amount by the concentration cb of metal
bound atoms. At a given temperature of a buffer gas, clusters
evaporate and form a metal vapor of free metal atoms.
Further, evaporation processes are accompanied by the
attachment processes of free atoms to cluster surfaces, and
these processes are equalized in the end. Denoting the
concentration of free metal atoms in a buffer gas by cm, we
assume that cb 4 cm, i.e., the metal clusters are a large
reservoir for free metal atoms. Coalescence proceeds with a
weak disturbance of the equilibrium between free and bound
atoms.

Let us consider the above equilibrium from the standpoint
of an individual cluster, where formula (4.8) gives the

10 mm

100 mm

a

b

Figure 14. Portion of a fractal fiber cut out along (a) and across (b) of the

fiber [193].
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equilibriumnumber density of free atoms for this cluster. This
equilibrium number density of free atoms is different
depending on the cluster size, and the equilibrium between
processes of atom evaporation and atom attachment is
established for clusters of a definite size, so that for clusters
of neighboring sizes this balance is disturbed weakly, leading
in the end to cluster growth. Let us introduce a narrow size
distribution function fn of clusters:

fn � Ncl���������
2pD
p exp

�
ÿ �nÿ n0�2

2D2

�
; D5 n0 ; �6:29�

so that, by definition, fn dn is the number density of clusters
consisting of atoms with a number between n and n� dn, and
Ncl is the number density of clusters. We assume the width D
of the size distribution function of clusters to be small
compared with the average number n0 of cluster atoms. The
number of atoms attaching to clusters per unit volume and
per unit time is expressed as

J �
�1
0

Nmk0n
2=3 fn dn � NclNmk0n

2=3
0 � NbNmk0n

ÿ1=3
0 ;

and it is equal to the number of atoms evaporated from
clusters per unit volume and per unit time.

Clusters may be divided into two groups, so that the first
group includes those with the number of atoms above n0, and
the second group contains clusters where the number of
atoms is below n0. The difference in the rates of cluster
evaporation and atom attachment to clusters has a different
sign for the clusters of these groups, and is given by

DJ �
� n0

0

Nmk0n
2=3fn dn �

� n0

0

Nmk0
2�n0 ÿ n�
3n

1=3
0

fn dn

� NclNmk0
2
���
2
p

D

3
���
p
p

n
1=3
0

:

Exactly this difference determines the rate of variation of the
average cluster size. It is relatively small, so that

DJ
J
�

���
2
p

3
���
p
p D

n0
: �6:30�

Based on these results, we determine the rate of an
increase of the average cluster size. The processes for clusters
of each group lead to an increase in the average cluster size by
a value on the order of D, and the equation for the average
cluster size n has the form

dn

dt
� D

DJ
Nb
� D2

n
4=3
0

Nmk0 ;

since the rate of atom attachment to clusters (the number of
attaching atoms per unit volume and per unit time) is
J � NbNmk0n

ÿ1=3
0 . The coalescence process is an automodel

one [204, 205], i.e., the size distribution function of clusters
within some time after the beginning of the process becomes
independent of the initial conditions. This also means that the
parameters of the distribution function, its width D in this
case, depend on the process character. One can connect the
width of the distribution function with a random delay or
acceleration of the evaporation process or the process of atom
attachment to clusters. Therefore, D2 � n0, and the equation
of cluster growth in the kinetic regime takes the form

dn

dt
� Nmk0n

ÿ1=3
0 : �6:31�

As is seen, the rate of growth of the average cluster size at
coalescence is proportional to the number density of free
atoms through which the coalescence process is realized.

In the transition from the kinetic regime to the diffusion
regime of coalescence, it is necessary, as usual, to replace the
rate constant of atomic attachment to a cluster, k0n

2=3,
according to formula (2.5) for the kinetic regime of the
process, by its value 4pDmr0 for the diffusion regime in
accordance with formula (2.8). As a result, the rate of the
cluster size growth is found to be

dn

dt
� 4pDmrWNmn

ÿ2=3
0 : �6:32�

6.6 Method of molecular dynamics in nucleation processes
We were based above on the analytical methods for the
processes of nucleation and cluster growth. This group of
processes relates to particle transitions from free to bound
states. One can expect that computer methods are useful for
the analysis of these problems and, primarily, the method of
molecular dynamics, on the basis of which by putting a
certain interaction potential of atomic particles one can
follow the evolution of an ensemble of these atomic
particles. Important results for some aspects of cluster
physics have been obtained on the basis of the molecular
dynamics method. In particular, phase coexistence was early
analyzed in the cluster phase transition discovered in
computer simulation of Lennard±Jones clusters by the
method of molecular dynamics [207, 208]. Note also the
study of hot liquid Lennard±Jones clusters by the method of
molecular dynamics [209±211], which exhibits that the
structure of large liquid clusters differs from that constructed
on the basis of assumptions of classical thermodynamics
[212±216].

One can add to this inference that there now exist
computer codes ( see, for example, Refs [217±219]) which
allow one to use the method of molecular dynamics for
certain problems. This makes the method of molecular
dynamics to be available just like analytical methods. But
just as with the use of analytical formulas, it is necessary in
computer simulations to understand the problem under
consideration from the standpoint of computer calculations,
and this gives some requirements to the qualifications of the
scientist. A formal use of computer methods may lead to
contradictions. Let us analyze from this standpoint the rates
of nucleation of an atomic vapor by the method of molecular
dynamics [220±224].

The problem with computer simulations of nucleation
processes which, due to their nature, correspond to transi-
tions from a free state to a bound state of an atomic system or,
on the contrary, from a bound state to a free state, is
concerned with the large statistical weight of states of a
continuous spectrum, which leads to different time scales for
processes in this atomic system. In order to partially over-
come difficulties with the simultaneous numerical analysis of
these processes, a high density of the vapor and a small cell
size are used in direct calculations of the nucleation rate for a
supersaturated vapor located in a buffer gas, and this leads to
unreal parameters of a nucleating vapor and to additional
errors in the computer model. For example, nucleation of
germanium atoms was investigated in Ref. [223] using 8000
atoms, and the ratio of the number of argon atoms to the
number of germanium atoms varied from 1 to 5; these atoms
were located in a cell with a linear size from 15 up to 60 nm.
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Setting aside the choice of the interaction potential between
atoms, we will analyze this calculation from the standpoint of
the results obtained. If we use model (6.1) for this calculation,
choosing in accordance with the parameters used a cell size of
20 nm, a buffer gas temperature of 300 K, and the ratio of the
number of argon atoms in a cell to the number of germanium
atoms to be 1, we find the value of parameter (6.2) to be
G � 14. This allows us to use the model (6.1) for this process,
and according to formulas (6.3) a time of cluster formation is
tcl � 1:5� 10ÿ10 s, the average cluster size is about n � 3 at
the end of the nucleation process, and the maximum cluster
size according to formula (6.3) is 9. According to computer
calculations, the nucleation time tcl � 6:3� 10ÿ10 s, the
average cluster size at the end of the process is n � 5, and
the maximum cluster size equals 36. One can connect this
difference in results to the nonuniformity in the system under
consideration because the number density of atoms under
given conditions is 1� 1021 cmÿ3, i.e., the partial pressure of
germanium vapor at the early stage of the process reaches
30 atm, which corresponds to unreal conditions.

Thus, the basic lack of calculations of the nucleation rate
for an atomic vapor located in a buffer gas by methods of
molecular dynamics consists in an unreal high initial pressure
of the vapor, where other mechanisms may be responsible for
nucleation. For example, in paper [224] the initial pressure of
the copper vapor was 5.2±61 atm, while the saturated vapor
pressure at the melting point Tm � 1358 K of copper is
3:6� 10ÿ7 atm [164], and it is impossible to reach the initial
parameters of the calculation. On the other hand, new
mechanisms of nucleation are realized at high pressures,
especially the thermal mechanism of nucleation, so the
transfer of the results for high pressures to those at low
pressures that have a practical interest leads to contra-
dictions. Therefore, existing calculations of nucleation
processes by methods of molecular dynamics cannot be used
for modeling real processes.

This conclusion cannot be considered as a lack of
computer simulations in comparison with analytical meth-
ods. Computer methods are a fine instrument and its using
must be caused, in the first place, by an understanding of the
physical processes under consideration, whereas the formal
application of numerical simulations can lead to results which
are not connectedwith reality.We obtain the same result if we
apply wrong analytical formulas or analytical methods
outside the validity of certain physical processes. The fact
that the understanding of the principal aspects of cluster
physics is bound to computer simulation is corroboration of
the importance of numerical calculations.

7. Conclusions

Clusters as a system of bound atoms or molecules of
nanometer sizes differ from small particles of micrometer
sizes. This difference consists both in the principal role of
cluster magic numbers and in the impossibility of keeping
clusters in the form of a powder. In this case, contact between
neighboring clusters takes place in a relatively large area and
leads to the formation of chemical bonds between these
clusters, which, in turn, is accompanied by a loss of initial
cluster properties. In contrast, micron-sized particles related
to certainmaterials or treated in a certainmannermay be kept
in the form of a powder [225]. Clusters exist either in the form
of cluster beams or in a buffer gas.

In spite of the principal difference between clusters and
microparticles, their behavior in a buffer gas is similar.
Indeed, the interaction of clusters or microparticles with gas
atoms or molecules proceeds in a narrow region on the order
of atomic sizes near their surface, i.e., the size of the
interaction region is small compared to the size of the cluster
or microparticle. This allows us to use the same model for the
interaction of clusters and small particles with atomic
particles of a surrounding gas and, in this manner, to join
the processes involving clusters and microparticles.

Experience in the analysis of these processes exhibits the
existence of two mechanisms for these processes, depending
on the relation between the mean free path of atomic particles
under consideration in a surrounding gas (or the typical
distance between active particles) and the size of the cluster
or small particle. The latter size does not always coincides
with the cluster or microparticle size. In particular, it is
necessary to change the cluster radius by an average distance
between attaching atoms in the case of atom attachment to a
cluster. This gives additional mechanisms for processes
involving clusters and small particles and requires the
analysis of their criteria.

Thus, in analyzing the processes involving clusters and
small particles in a buffer gas, one can extract two principally
opposite regimes of these processes: kinetic and diffusion,
depending on the relation between the mean free path of
atoms ormolecules in a buffer gas and the radius of the cluster
or small particle (or between similar parameters of the size
dimensionality). The free cluster motion takes place in the
kinetic regime, whereas the diffusive motion of clusters
proceeds in the diffusion regime. However, this dividing is
insufficient for some processes involving clusters or small
particles. For example, in the case of particle charging in an
ionized gas, the mean free paths of electrons and ions may be
different, and this can lead to additional regimes of charging
of clusters and small particles. Next, a charged particle in a
rarefied gas is surrounded by an ionic coat consisting of
trapped and free ions, and a size of this coat may remarkably
exceed the particle radius, so that this provides additional
possibilities for the regimes of charging of clusters and small
particles. In the case of cluster coalescence, the character of
cluster approach depends on the cluster mean free path with
respect to a variation of the cluster velocity, motion direction,
and other parameters of the size dimensionality. This all
testifies to the variety of regimes of processes involving
clusters or small particles due to their interaction with a
surrounding buffer or ionized gas, and it requires a careful
analysis of the regimes of this interaction in studying the
corresponding processes.
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