
Abstract. The processes are considered in a cluster plasma
consisting of a dense plasma of a buffer gas and a metal
admixture. These processes involving clusters in a gas or plas-
ma include nucleation processes in a supersaturated vapor,
formation of metallic clusters in a dense gas from metal-con-
taining compounds, and chemical processes in the course of this
conversion, processes of cluster charging in a plasma and under
the action of an electron beam. The basic methods are analyzed
for cluster generation including formation and growth of clus-
ters in free jet expansion of a gas, under laser action on the
metallic surface, and growth of clusters in a plasma resulted
from injection of metal-containing molecules into a plasma.
Some applications of cluster beams are discussed, which in-
clude fabrication of thin films, new materials, and creation of
a hot nonuniform plasma.

1. Introduction

A cluster as a system of bound atoms constitutes a physical
object that is of interest both from the fundamental and

applied standpoints [1 ± 10]. Use of clusters in the form of
cluster beams is convenient for both the generation and
application of clusters. This provides high rates of cluster
formation and allows one to transport clusters in a simple way
to the place where they will be used. Cluster beams were first
generated in Germany [11 ± 13] as a result of the expansion of
a vapor formed in a chamber through a small nozzle into a
vacuum. The subsequent evolution of the experimental
technique [14 ± 18] led to the development of various schemes
of cluster generation with identical elements. Indeed, in all
cases of cluster generation a nucleating vapor passes through
a nozzle. Then a buffer gas or non-nucleating gas is pumped
out, the clusters are charged by a crossing electron beam, the
beam of charged clusters formed is accelerated and is
operated by standard electric optics.

The yield cluster beam is used for the formation of thin
films and in other identical applications [19 ± 28] and for the
fabrication of new materials, especially where such clusters
are embedded in a continuousmatrix [29 ± 33], the latter being
a type of nanostructured material [34]. But the chain of
processes in the course of the generation of cluster beams is
complex and nonequilibrium. Therefore, the yield parameters
of the generators of cluster beams depend remarkably on the
processes which proceed there.Moreover, yield parameters of
cluster beamsmay be improved in some cases by changing the
basic processes and correspondingly by changing the regime
of cluster generation. Along with applications, some pro-
cesses are of basic importance since they dominate and can be
studied in the course of investigating cluster generation. The
goal of this paper is to review the processes and phenomena
which are important for cluster beam generation and to
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analyze these processes both from their fundamental and
applied standpoints.

2. Character of cluster growth
in gases and plasmas

2.1 Properties of clusters
Large clusters as macroscopic systems of bound atoms can be
found in both the solid and the liquid aggregate states, the
solid cluster being more interesting as a specific physical
object because some parameters of solid clusters show a
nonmonotonic dependence on the cluster size (or the number
of atoms in it). The optimal cluster sizes correspond to
completed structures, and the numbers of atoms in such
clusters are called magic numbers. If the number of cluster
atoms is one higher or lower than the magic number, the
atomic binding energy for these clusters, as well as other
cluster parameters such as the ionization potential and the
electron affinity, is lower than that at the magic number of
cluster atoms [35 ± 37]. This means that various parameters of
solid clusters are nonmonotonic functions of the number of
cluster atoms and take optimal values (minimal or maximal)
at magic numbers of atoms. Since the family of a completed
cluster structure includes an infinite number of cluster sizes, a
solid cluster is characterized by an infinite number of magic
numbers.

Large clusters consisting of amany atoms are the object of
our consideration. Solid clusters consisting of magic numbers
of atoms are similar to completed crystalline particles. In this
case a nonmonotonic dependence of the cluster parameters
on the number of cluster atoms is observed when charged
clusters are extracted from the cluster source, and currents of
charged clusters of different sizes are measured on the basis of
mass-spectrometric separation of clusters. This is the method
for determining the magic numbers of charged clusters, and
sufficiently large clusters can be analyzed by this method. In
particular, magic numbers of sodium clusters are observed in
clusters consisting of up to 22,000 atoms [38].

When a cluster melts, it losses its crystal structure as well
as its magic numbers as a characteristic of the cluster
structure. We give an example of cluster melting in Fig. 1
[39]. As a result of the melting, a shapeless particle is formed,
and we will model it by a spherical liquid drop. Moreover, in
considering a large liquid cluster, we will assume its density to
be identical to that of a macroscopic liquid. Then the cluster
radius r is given by [10]

r�n� � rWn 1=3 ; �2:1�

where n is the number of cluster atoms, and rW is theWigner ±
Seitz radius

rW �
�
3m

4pr

�1=3

: �2:2�

Here,m is the mass of an individual atom, and r is the density
of the cluster material. The model of a liquid drop for a
cluster, where the cluster is changed by a macroscopic liquid
drop with the bulk density, will be used below. Table 1

T � 100 K T � 930 K T � 1100K T � 1270K

T � 0K T � 890K T � 990 K T � 1110K

a

b

Figure 1. The character of amorphization of the cluster structure on

heating copper clusters [39] (the cluster temperature is indicated):

(a) n � 891, and (b) n � 1291. (These clusters have an octahedral

structure and the structure of a regular truncated octahedron, respec-

tively, at zero temperature.)

Table 1. Parameters of large liquid clusters based on the data derived from Ref. [40].

Element Tm, K Tb, K rW, A
�

k0, 10ÿ11 cm3 sÿ1 e0, eV p0, 105 atm A, eV DHf, eV Nsat�Tm�, 1013 cmÿ3

Ti
V
Fe
Co
Ni
Zr
Nb
Mo
Rh
Pd
Ta
W
Re
Os
Ir
Pt
Au
U

1941
2183
1812
1768
1728
2128
2750
2886
2237
1828
3290
3695
3459
3100
2819
2041
1337
1408

3560
3680
3023
3200
3100
4650
5100
4912
3968
3236
5731
5830
5880
5300
4700
4098
3129
4091

1.67
1.55
1.47
1.45
1.44
1.85
1.68
1.60
1.55
1.58
1.68
1.60
1.58
1.55
1.58
1.60
1.65
1.77

5.82
4.86
4.18
3.96
3.70
5.18
4.23
3.78
3.42
3.50
3.30
2.73
2.64
2.52
2.60
2.65
2.80
2.93

4.89
4.9
3.83
4.10
4.13
6.12
7.35
6.3
5.42
3.67
8.1
8.59
7.36
7.94
6.44
5.6
3.65
4.95

300
46
11
3.5
47
52

360
59
7.7
4.4

250
230
63

230
130
170
12
5.4

3.2
3.7
3.0
3.1
2.9
3.8
4.5
4.5
3.8
2.9
4.7
4.7
5.3
4.7
4.9
3.6
2.5
3.8

4.91
5.34
4.32
4.41
4.46
6.31
7.47
6.82
5.78
3.92
8.12
8.82
7.99
8.16
6.93
5.87
3.80
5.53

0.64
8.4
24
3.7
2.0
0.005
0.2
7.4
1.5
16
1.2
10
8.1
1.0
6.4
0.04
0.007
1.2�10ÿ6

Note.Here,Tm is themelting point of themetal,Tb is its boiling point, theWigner ± Seitz radius rW is defined by formula (2.1), the reduced rate constant

k0 of atom attachment [see formula (2.8)] relates to the temperature 2000 K, the parameters e0 and A are defined according to formula (2.4), the

parameter p0 is included in formula (2.10), DHf is the enthalpy per atom for transformation of a solid into a monatomic gas at a pressure of 1 atm and a

temperature of 298 K, and Nsat�Tm� is the number density of atoms at the melting point and saturated vapor pressure.
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contains the parameters of some heat-resistant metallic
clusters near and above the melting point [10, 41] if we
employ the liquid drop model. Note that the number density
of atoms Nsat�Tm� at the melting point and saturated vapor
pressure is the parameter that characterizes the maximum
number density of free atoms above the metallic surface if it is
not destructed. We express the pressure in atm and determine
the saturated vapor pressure by the formula

psat�T � � exp

�
e0
Tb
ÿ e0
Tm

�
; �2:3�

where we took into account that the saturated vapor pressure
is 1 atm at the boiling point Tb.

In contrast to the solid state, parameters of liquid clusters
depend monotonically on the cluster size. In particular, the
total binding energy E of cluster atoms can be determined by
the expression [42, 10]

E�n� � e0nÿ An 2=3 ; �2:4�

where e0 is the sublimation energy of bulk per atom, the
second term in the right-hand side of this formula includes the
surface energy that can be expressed through the surface
tension of a macroscopic system, and the formula is an
expansion of the cluster energy over a small parameter
� nÿ1=3. The parameters of this formula for large liquid
clusters near the melting point are given in Table 1 and they
were obtained on the basis of the parameters of bulk liquid
metals. In so doing, we assume the atom binding energy e0 to
be large in comparison with the typical thermal energy of
atoms, which is � Tm (Tm is the melting point, and
throughout this paper we express the temperature in energy
units).

Thus, we assume the atom binding energy at the melting
point, e0, and at zero temperature to be identical, and such an
assumption leads to an error of several percent. One can
become convinced of this accuracy by comparing e0 with the
specific enthalpy DHf of transformation of a metal into a
monatomic gas under normal conditions (a pressure of 1 atm
and temperature of 298 K), whose values are given in Table 1.
Note that DHf relates to the solid state and hence exceeds the
value of e0, and the accuracy of the data for e0 is better than
the difference between e0 and DHf. According to Table 1, the
average ratio e0=DHf is equal to 0:94� 0:03. Therefore, the
accuracy of the parameters in formula (2.4), presented in
Table 1, is on average better than several percent. Below we
will neglect the temperature dependence of parameters e0 and
A in formula (2.4).

As follows from expression (2.4), the atomic binding
energy for a liquid cluster is

en � dE�n�
dn

� e0 ÿ De
n 1=3

; De � 2

3
A : �2:5�

Of course, the atomic binding energy tends to that of a bulk
system, e0, for an infinite cluster, but the contribution of the
surface energy to this quantity is remarkable even for large
clusters. The reason for this is the developed cluster surface
because many cluster atoms are located on or near the cluster
surface. Therefore, surface effects are of importance for
clusters. From this it follows that the parameters of large
clusters, expressed in the form of a series expansion over a
small parameter nÿ1=3, depend on the cluster size. On the

other hand, this expansion simplifies the cluster analysis, and
we will use that below.

The liquid drop model applied to a large liquid cluster
allows us to analyze the kinetic parameters of a cluster located
in a gas or plasma. In particular, within the framework of this
model, the cross section of atom attachment to the cluster
surface is equal to

s�n� � pr 2 ; �2:6�

where r is the cluster radius in accordance with formula (2.1).
In the above formula we assumed that each contact of an
incident atom with the cluster surface leads to its attachment,
and the radius of action of atomic forces is small compared to
the cluster radius, i.e., this formula is valid for large clusters.
From this we obtain the following expression for the rate of
atom attachment to a cluster surface:

n�n� � Nv s�n� � Nk0n
2=3 ; �2:7�

where N is the atom number density, v is the average atom
velocity, and s�n� is the cross section of atom attachment to a
cluster consisting of n atoms, in accordance with formula
(2.6). The reduced rate constant k0 is given by the formula [43,
44, 10]

k0 �
��������
8T

pm

r
pr 2W ; �2:8�

where T is the gaseous temperature expressed in energy units,
and m is the atomic mass. Because of the simple temperature
dependence, this is a universal parameter for a given type of
clusters. Table 1 contains the values of k0 for some metals at
the temperature T � 2000 K.

The process of atom attachment to the cluster surface is
the detailed inverse process with respect to evaporation of
atoms from the cluster surface, so that both these processes
are described by the scheme

Mn �M !Mn�1 ; �2:9�

whereM is an atom.Hence, the evaporation rate nev�n� can be
expressed through the attachment rate (2.8) on the basis of the
principle of detailed balance. In deriving this connection, we
take into account that for an infinite cluster, when the atom
binding energy en coincides with that of a bulk system, e0, the
equilibrium between processes of atom attachment and
evaporation takes place at the saturated vapor pressure
psat�T � that corresponds to the saturated number density
Nsat�T � of cluster atoms, and we have for an atomic vapor:

psat�T � � TNsat�T � :

The temperature dependence of the quantities takes the form
[45, 46]

psat�T � � p0 exp

�
ÿ e0
T

�
; �2:10�

and we have the same dependence for Nsat�T � since the main
temperature dependence for these quantities is exponential.

Switching to the equilibrium of an individual cluster in an
atomic vapor and using the exponential temperature depen-
dence for the equilibrium number density of atoms, we obtain
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the following expression for the atom evaporation rate nev�n�
from the cluster consisting of n atoms [43, 44]:

nev�n� � n�n� Nsat�T �
N

exp

�
ÿ en ÿ e0

T

�
; �2:11�

where the binding energy of the cluster atoms is given by
formula (2.4), and the rate of atom attachment is given by
formula (2.7). Thus, the rate of cluster evaporation is
expressed through the atom number density at the saturated
vapor pressure, and the parameters of formula (2.11) are
represented in Table 1 for metallic clusters.

As follows from the above analysis, usage of the liquid
drop model for a large liquid cluster allows us to consider
some parameters of such a cluster and its kinetic parameters
in a simple way. In particular, formulas (2.7) and (2.11)
govern the rates of atom attachment and cluster evaporation
for a large liquid cluster, so that if a cluster consisting of n
atoms is located in an own vapor with a number density N of
atoms, the character of evolution of the cluster size is given by
the equation

dn

dt
� k0n

2=3Nÿ nev�n� ; �2:12�

and we accounted for the fact that the processes of cluster
growth proceed step by step. Thus, the liquid drop model is
able to describe some properties of large liquid clusters and
their behavior in an atomic vapor.

2.2 Mechanisms and rates of cluster growth in gases
The growth of clusters in gases and plasmas is one of the
nucleation processes which are studied for other systems, such
as the formation of coagulation processes in solutions, the
formation and growth of islands on the surface, and
condensation processes in gases and gaseous mixtures.
Hence, cluster growth is analogous to other processes of
nucleation and is governed by the samemechanisms, and then
a cluster is an analog of condensation nuclei in other cases.
We now enumerate these mechanisms, which are represented
in Fig. 2 [47].

The first mechanism (Fig. 2a) of growth of condensation
nuclei results from the attachment of individual or free atoms
or molecules to a test nucleus and the evaporation of growing
clusters or nuclei of condensation, i.e., these processes
proceed according to scheme (2.9). Evidently, this mechan-
ism of nucleation takes place if free atoms (or molecules)
dominate. If the pressure of free atoms exceeds the saturated
vapor pressure at a given temperature not so strongly, then
the size distribution function for clusters that are not large in
size is close to equilibrium, like that realized in the absence of
cluster growth. One can introduce the critical cluster size for
which the rate of atom attachment and the rate of cluster
evaporation are identical. Then clusters whose size is less than
the critical one evaporate, and clusters whose size exceeds the
critical one grow. This situation corresponds to the classical
case of the nucleation process [48 ± 52], when the rate of atom
attachment to clusters is almost equal to the total rate of
evaporation of clusters, i.e., the difference in these rates is less
in comparison to each of them. In considering cluster growth
in a plasma, we will be guided by another limiting case, when
the degree of vapor supersaturation is high and the processes
of cluster evaporation are not important for cluster growth.

When all the atoms are bound in clusters, the subsequent
cluster growth can be a result of joining individual clusters

according to the scheme

Mn �Mq !Mn�q : �2:13�

This is the coagulation process (Fig. 2b) [53], and its name
shows that such a process was studied first for solutions and
liquids. This process of the growth of condensation nuclei can
proceed in various physical systems containing clusters or
small particles. As an example of this nucleation process, we
can point to the sticking of dusty particles in a gravitational
field [54].

One more mechanism of cluster growth (Fig. 2c), namely
Ostwald ripening [55] or coalescence, takes place when the
two previous mechanisms of nucleation are forbidden or are
quite weak. For example, in the case of the growth of islands
on the surface [56 ± 62], the nucleation process results from
evaporation of atoms bonded to the surface in small islands,
and these atoms then move along the surface and attach to
large islands; the coagulation process does not occur there
because of the small mobility of islands on the surface. In the
case of charged clusters, when the coagulation process is
forbidden because of a Coulomb repulsion of charged
clusters, the coalescence nucleation mechanism follows from
an equilibrium between clusters and free atoms, which are
formed as a result of cluster evaporation and the attachment
of atoms to the cluster surface. In the case of very large
clusters, the pressure of free atoms corresponds to the
saturated vapor pressure at a given temperature. The
equilibrium between an individual cluster and an atomic
vapor depends on the competition for the processes of cluster
evaporation and attachment of free atoms to the cluster. For
small clusters, the evaporation process dominates, whereas
the attachment of free atoms is stronger for large clusters,
compared with the evaporation process. Therefore, small
clusters evaporate and large clusters grow, leading to an
effective growth of clusters and a decrease in the number
density of clusters. When the mean cluster size becomes large,

Â

b

c

Figure 2. Mechanisms of cluster growth: (a) attachment of atoms to the

cluster surface if an individual cluster is located in an atomic vapor;

(b) coagulation or joining of clusters, and (c) coalescence or Ostwald

ripening, where small clusters evaporate and large clusters grow due to an

equilibrium between clusters and an atomic vapor.
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the automodel regime of cluster growth [63 ± 65, 51] is
established. In this limiting case, the form of the size
distribution function of clusters does not vary in time,
whereas the average cluster size increases in time.

The rate of cluster growth for this mechanism of the
nucleation process is proportional to the number density of
free atoms. For a large average cluster size, the equilibrium
pressure of free atoms is close to the saturated vapor pressure
that depends strongly on the temperature. Therefore, this
mechanism of nucleation, namely coalescence or Ostwald
ripening, is triggered at high temperatures. This nucleation
mechanism dominates when the clusters are charged and the
number density of free atoms is respectively small and is
determined by its equilibrium with clusters or condensation
nuclei.

We now demonstrate the character of these general
mechanisms of nucleation and cluster growth in the wide-
spread case of cluster generation as a result of the expansion
of a gas or vapor if the gas flow passes through a nozzle. In the
course of expansion, the gas temperature decreases sharply
and the transformation of this gas into growing clusters is
thermodynamically favorable. For definiteness, we consider
the case where a metallic vapor is found in a buffer gas, and
only metallic atoms are converted into clusters. Denoting the
number density of free metallic atoms and atoms of a buffer
gas by N and Na, respectively, and introducing the number
density Ncl of clusters and cluster size n (a number of cluster
atoms), we obtain the following balance equations

dN

dt
� ÿNcl k0n

2=3Nÿ KN 2Na ;
dNcl

dt
� KN 2Na ;

dn

dt
� k0n

2=3N : �2:14�

Here, K is the rate constant of formation of a diatomic
molecule in three-body collisions, its typical value in this
case being K � 10ÿ32 cm6 sÿ1. The last equation in the set
(2.14) is equation (2.12) where we ignored the process of
cluster evaporation, i.e., the gas temperature is supposed to be
relatively low. This set of balance equations shows the
character of the cluster growth process and corresponds to
the scheme

2M�A!M2 �A ; Mn �M!Mn�1 ; �2:15�
whereM andA are the metallic atom and the atom of a buffer
gas, respectively. Formation of a diatomic metallic molecule
is a slow process because of its three-body nature. Therefore,
the formed diatomic molecules next play the role of nuclei of
condensation and are transformed quickly into large clusters
by the attachment of metal atoms in pairwise collisions. From
this it follows that at the end of the nucleation process, when
initially free atoms become bonded to clusters, the formed
clusters are large. Note that, in contrast to the classical theory
of nucleation in a supersaturated vapor [48 ± 52], when the
degree of supersaturation is not high and the competition for
the attachment and evaporation processes creates a barrier to
cluster formation and growth, we now consider the case of a

high supersaturation, and evaporation processes are not
essential then.

This character of the cluster growth process is realized at
large values of the parameter

G � k0
NaK

4 1 : �2:16�

Taking a typical value of k0 at high temperatures to be
� 3� 10ÿ11 cm3 sÿ1 (see Table 1) and K � 10ÿ32 cm6 sÿ1

[66, 44], we find that this inequality is satisfied at
Na 5 3� 1021 cmÿ3, i.e., for gaseous densities of atoms one
has G4 1.

The ratio of the first to second terms on the right-hand
side of the first balance equation (2.14) is of the order of a
current cluster size n, and since n4 1, one can neglect the last
term in the first equation. We solve the set of equations (2.14)
under the assumptionN�t� � const. Then we arrive at the size
distribution function fn of clusters in the form

fn � Ncl

nmax
; n4 nmax ;

fn � 0 ; n > nmax :

and the solutions of Eqns (2.14) in this approximation give

nmax �
�
k0Nt

3

�3

; n � nmax

2
;

Ncl � KN 2Nat � 3Nn
1=3
max

G
; Nb � Ncln � 3Nn

4=3
max

2G
; �2:17�

where n is the average cluster size,Nb is the number density of
bound atoms, and N is the number density of initially free
metallic atoms which partake in the formation and growth of
clusters. We assume the gas temperature at which the
nucleation process proceeds to be relatively small, so that
one can ignore evaporation of cluster atoms. From relations
(2.17) we find the characteristic time tcl of the clusterization
process, when all the free atoms are converted into bound
atoms of clusters. From the relation Nb � N, where N is the
number density of free atoms at the beginning of the cluster
growth process, it follows by that time:

nmax �
�
2G

3

�3=4

; tcl � �54G�
1=4

k0N
; Ncl � 541=4N

G 3=4
:

�2:18�
As evidenced by the solutions (2.18), these processes lead to
the formation of large clusters at the end of the conversion of
free metallic atoms into clusters.We collected in Table 2 some
parameters of this process when the concentration of metallic
atoms at the beginning is 1%with respect to the total number
of buffer and metallic atoms at a pressure of 1 atm. We
introduce the critical temperature Tcr such that the saturated
vapor pressure at this temperature is psat�Tcr� � 0:01 atm,
and we choose a current temperature T from the relation
psat�T � � 0:0001 atm, i.e., at this temperature free metallic

Table 2. Parameters characterizing formation of metallic clusters in a buffer gas if the total pressure of the buffer gas is 1 atm and the concentration of
metallic atoms is 1%.

Metal Tcr, 103 K T, 103 K N, 1017 cmÿ3 G, 103 Ncl, 1015 cmÿ3 tcl, 10ÿ6 s nmax t2, 10ÿ6 s x

Mo
W
Ir

3.8
4.6
3.6

3.0
3.8
3.0

2.4
1.9
2.2

2.7
2.7
1.8

1.7
1.4
2.4

1.2
1.9
1.6

280
280
200

2.4
3.7
2.7

38
38
30
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atoms are 1% of the total number of metallic atoms under
thermodynamically equilibrium conditions. Hence, in con-
sidering the kinetics of the nucleation process, one can ignore
evaporation of clusters at this temperature. In addition, we
take the rate constant k0 from Table 1, and the rate constant
of a three-body process is K � 1� 10ÿ32 cm6 sÿ1 [44] with
regard to the data [66] where this value was obtained by
averaging several experimental results, and the statistical
error in this value may be as great as 2. The data in Table 2
give a representation of this stage of the nucleation process.

Note that the kinetics of nucleation at this stage, when the
basic portion of atoms is free, differs in principle from the
classical case of gas nucleation [48 ± 52] when the degree of
supersaturation is not large. The rate of atom attachment is
then comparable to the rate of cluster evaporation, and the
latter brings down the total rate of conversion of free atoms
into bound ones. In the case under consideration, when the
supersaturation degree is large, evaporation of clusters is not
significant, and this decreases the typical time of the
nucleation process.

When this stage of the nucleation process is terminated,
and all the atoms are converted into clusters, subsequent
cluster growth results from the coagulation process (2.13) (see
Fig. 2b) according to the scheme

Mk �Mnÿ!Mk�n ; �2:19�
where M is a metallic atom, and the clusters are neutral.
According to the definition of the average cluster size we have
n � Nb=Ncl, where Ncl is the number density of the clusters,
andNb is the total number density of bound atoms in clusters.
This gives

n � 3:5�Nbk0t�1:2 �2:20�

for the cluster growth through a time t after the beginning of
the process for neutral clusters [67, 68]. We assume here that
the reduced rate constant k0 of atom attachment to a cluster
and the number density Nb of bound atoms do not vary in
time, and this formula is valid under the condition

x � k0Nbt4 1 : �2:21�

In order to estimate the rate of the coagulation process in
reality, we give in Table 2 the values of a typical time t2 during
which the average cluster size is doubled, as well as the values
of the parameter x at this time.

2.3 Peculiarities of a cluster plasma
According to the definition, a cluster plasma is a weakly
ionized gas containing clusters. Being guided below by the
processes of cluster generation, we will consider a specific
cluster plasma which includes a dense buffer gas and metallic
clusters. These clusters can grow and evaporate, but a buffer
gas does not change in the process. On the other side, a dense
buffer gas prevents the metallic clusters from attaching to the
walls which enclose this plasma. Next, plasma particles can
destroy clusters at collisions, and such processes are not
essential for clusters with large binding energies of their
atoms. Therefore, we consider below a cluster plasma which
consists of a dense buffer gas, usually an inert gas, and clusters
of heat-resistant metals.

Wemark the principal difference between a cluster plasma
and a dusty plasma. In a cluster plasma, clusters grow and
evaporate, and therefore even a uniform cluster plasma is

unstable with respect to the slow process of cluster growth.
Clusters are less than particles of a dusty plasma (they are
usually of micron size). Particles of a dusty plasma are stable
and can form stable structures in external fields [69 ± 73].
These structures are the main problem of study of dusty
plasmas and their applications (see, for example, Ref. [74]).
One more example of a dusty plasma is a cosmic plasma [75 ±
77] whose investigation is connected with astrophysical
problems. The structures arising in a dusty plasma are
impossible for a cluster plasma because of its instability, and
therefore the investigation of a cluster plasma is connected
with other problems. One of these problems relates to the
formation of clusters from a condensed phase, allowing one
to convert a metal of a condensed phase into cluster beams
and to realize in this manner the transport of large metal
masses. Thus, cluster and dusty plasmas have different
properties and are of interest for different applications.

It is convenient to use a cluster plasma for the generation
of intense cluster beams. One can expect that the average
number density of bound atoms in clusters does not exceed
the number density of free atoms before formation of the
clusters. If metallic clusters are formed as a result of joining
free atoms, and free metallic atoms are emitted by a metallic
surface, the number density of bound atoms is restricted by
the number density of free atoms in a saturated vapor at the
melting point, which is relatively small. In particular, Table 1
contains the number density Nsat�Tm� of metallic atoms over
a liquid surface at the saturated vapor pressure and the
melting point. Evidently, if clusters are formed from free
metallic atoms ejected by a metallic surface, the total number
density of bound atoms does not exceed Nsat�Tm�.

This results from an equilibrium between the atoms
formed and a metallic surface from which the atoms are
generated. One can ignore this restriction if the atoms are
produced under nonequilibrium conditions. Probably, the
best method to achieve a high density of metallic atoms is the
use of molecules containing metallic atoms instead of free
metallic atoms. This method is implemented for generation of
intense fluxes of metallic atoms and was employed first for
generation of metallic clusters for a cluster light source in
experiments by Scholl and his co-workers [78 ± 81]. In
particular, in experiment [78] a microwave discharge of
frequencies 2.3 ± 2.5 GHz and a power of about 100 W
provided a temperature in the range of 4000 ± 5000 K at the
center of the vessel. WO2Br2 molecules which were injected
into the discharge evaporated completely from the walls kept
at a temperature of 1000 K, and these molecules were
destroyed at the center of the discharge cell where tungsten
clusters were formed from this time on. The clusters formed
revert back to the tungsten chemical compounds near the
walls of the vessel. This method is called chemical regenera-
tion and was used for the formation of various clusters of
heat-resistant metals for cluster lamps on the base of such
molecules as Re2O7, OsO4, MoO2X2, TaX5, TaOX5, NbX5,
NbOX3, HfX4, ZrX4, and TiX4, where X is a halogen atom
[78 ± 81]. This list testifies to the universal character of the
chemical regeneration process. For definiteness, below we
analyze this method for moleculesMXk, whereM is the metal
atom, X is the halogen atom, and k is an integer.

We first consider the chemical equilibrium of such
molecules in a hot buffer gas, being guided by an arc plasma
of high pressure. Under these conditions, a hot buffer gas or a
dense weakly ionized gas is kept at a certain temperature that
leads to a relevant distribution of components of this
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molecule. We consider the total chemical equilibrium for this
gaseous compound, which is described by the scheme

MXk !M� kX : �2:22�

Along with the chemical equilibrium (2.22), equilibrium is
established between the metal atoms and clusters in accor-
dance with the scheme (2.9):

Mn �M !Mn�1 : �2:23�
Let us introduce the binding energy per halogen atom, eX,

so that the total binding energy of atoms in the compound
MXk is keX, and the binding energy per atom for a bulky
metal is eM. From these chemical equilibria, one can estimate
a typical temperature T1 at which this compound MXk

decomposes into atoms, as well as a typical temperature T2

at which clusters are converted into atoms:

T1 � eX
ln �N0=�X�� ; T2 � eM

ln �N0=�M�� ;

or �M� � Nsat�T2� ; �2:24�

where �X� is the total number density of free and bound atoms
X, N0 is a typical value of the atomic number density, �M� is
the total number density of free and bound metal atoms, and
Nsat�T2� is the number density of atoms at the saturated vapor
pressure and temperature T2.

From the above analysis we find that clusters exist stably
in the temperature range [82 ± 85]

T1 < T < T2 ; �2:25�

where, on the one hand, molecules inserted into a hot gas
decay into individual atoms, and, on the other hand, metallic
atoms join in the clusters. This criterion is possible under a
certain relation between the atomic binding energies. Since
the formation of molecules MXk at low temperatures is
favorable energetically, the following criterion must hold
true:

eM < keX : �2:26�

As a demonstration of the reality of criterion (2.26), Fig. 3
displays typical temperatures for evolution of the molecules
WCl6 in the course of formation of tungsten clusters. Note
that the existence of a temperature range (2.25), where
molecules MXk are destructed and clusters Mn exist under
thermodynamic equilibrium, corresponds to the criterion that
follows from formulas (2.24) subject to the condition
�X� � �M�:

eX < eM : �2:27�

Thus, there is a temperature range where halogen-containing
molecules of metals inserted in a hot buffer gas are converted
into metallic clusters.

In order to reveal the reality of this possibility, we give in
Table 3 the values of the above parameters. Note that the
analog of the quantity eX is the Gibbs free energy DGX of
halogen molecules per atom or the enthalpy per atom DHX

for these molecules, and the analog of the quantity eM is the
Gibbs free energy DGM or the enthalpy per atom DHM for a
bulk metal. These quantities allow us to determine typical
temperatures T1 and T2 for a given compound with an
accuracy of 100 ± 200 K for T1 and better than 100 K for T2.
Table 3 [41, 84 ± 86] contains the values of T1 obtained on the
basis of DGX (and on the basis of DHX in parentheses), and
the temperature T2 is determined from the saturated vapor
pressure of a metallic vapor. Note that only some compounds
may be used for the formation of metallic clusters when they
are inserted in a hot buffer gas. We do not include in Table 3
compounds for which formation of metallic clusters is not
favorable thermodynamically at any temperature. Thus,
though the chemical regeneration method allows us to obtain
a high density of metallic atoms which are transformed later
into bound atoms of clusters, this method is suitable for a
restricted number of compounds.

We are coming to one more aspect of cluster behavior in a
non-uniform dense buffer gas when an atomic vapor is also
present in the space. Then clusters can move in the buffer gas
as a result of diffusion, and we find the diffusion coefficient of
the clusters within the framework of the liquid drop model.
Using as we did earlier the assumption that the radius of
action of atomic forces for buffer gas atoms is small in
comparison with the cluster radius, we obtain that the
diffusion cross section of collision between a buffer gas
atom and a cluster is s � pr 2, in accordance with formula
(2.6). Then in the first-order Chapman ±Enskog approxima-
tion, we have for the diffusion coefficient Dn of a cluster in a
buffer gas [87, 88]:

Dn � 3
����
T
p

8
���������
2pm
p

Nar
2
Wn 2=3

: �2:28�

Here, rW is the Wigner ± Seitz radius [formula (2.2)], m is the
mass of a buffer gas atom, Na is the number density of atoms
of the buffer gas, and T is the gaseous temperature. From this

2000 3000 4000 5000 6000 T, K

Boundary for
WëW bonds

Initial
temperature

Boundary for
WëCl bonds

Equilibrium
temperature

Figure 3. Typical temperatures for evolution of the metal-containing

molecules WCl6 of concentration 10% in a buffer gas (argon) at a

pressure of 1 atm.

Table 3. Parameters of some compounds of heat-resistant metals at the
initial number density 1016 cmÿ3 for themoleculesMXk. (Thermodynamic
potentials per molecule are expressed in eV.)

Compound DGX DGM DHX DHM T1, 103 K T2, 103 K

HfCl4
SnCl4
ThCl4
TiBr4
TiCl4
UCl4
VCl4
ZrCl4
NbCl5
NbF5

VF5

IrF6

MoF6

UCl6
WCl6
WF6

ì
2.1
ì
3.0
3.5
3.8
3.0
4.3
3.3
5.2
4.1
2.2
3.9
3.0
ì
4.5

6.0
2.8
5.8
4.4
4.4
5.1
4.7
5.9
7.1
7.1
4.7
6.4
6.3
5.1
8.4
8.4

4.2
2.6
4.7
3.2
3.8
4.1
3.3
4.8
3.6
5.5
4.4
2.5
4.2
3.3
3.0
4.9

6.4
3.1
6.2
4.9
4.9
5.5
5.3
6.3
7.5
7.5
5.3
6.9
6.8
5.5
8.8
8.8

(2.4)
1.2 (1.5)
(2.6)
1.7 (1.8)
2.0 (2.1)
2.1 (2.3)
1.7 (1.8)
2.4 (2.7)
1.8 (2.0)
2.9 (3.1)
2.3 (2.5)
1.2 (1.4)
2.2 (2.4)
1.7 (1.8)
(1.7)
2.5 (2.7)

3.15
1.73
3.12
2.28
2.28
2.73
2.40
3.08
3.41
3.41
2.40
3.15
3.19
2.73
4.04
4.04
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we obtain the size dependence for the diffusion coefficient:

Dn � D0

n 2=3
; �2:29�

and the temperature dependence isDn �
����
T
p

. In addition, the
only dependence of the diffusion coefficient on the buffer gas
parameters is that on the mass of a buffer gas atom:
Dn � 1=

����
m
p

. Table 4 gives the values of the parameter
Dnn

2=3 for various metallic clusters in argon [41], if this
parameter relates to the standard number density of atoms
(Na � 2:69� 1019 cmÿ3), the unit mass of a buffer gas atom
(m � 1:66� 10ÿ24 g), and the temperature T � 1000 K.

Because of their large size, clusters move slowly in a space.
This leads to specific phenomena in a cluster plasma. We
consider the case when clusters are located in some region,
while metallic atoms of number densityN are distributed over
a wider space. Under these conditions, atoms attach to
clusters and clusters grow. On the other hand, clusters can
propagate through a space as a result of diffusion. Neglecting
the evaporation of clusters, we conclude that instability can
occur when clusters grow faster than they can change their
local positions. As a result, more mobile atoms come from all
over the space and attach to the clusters, and in this way all
the metal is collected in some region in the form of growing
clusters.

For the analysis of this phenomenon, we use the balance
equation for cluster size (2.14), which ignoring atom evapora-
tion, takes the form

dn

dt
� k0 n

2=3N ; �2:30�

and the displacement of a test cluster is given by the equation

dx2

dt
� 2Dn ; �2:31�

where x is the coordinate for the cluster position along the
gradients of the temperature or densities, an average is made
over possible positions of the cluster, and Dn is the diffusion
coefficient for a cluster consisting of n atoms in the buffer gas.
Rewriting this equation in the form

dx 2

dn
� 2D0

k0 n 4=3N
; �2:32�

where we resorted to formula (2.30), we find a solution of this
equation:

x 2 � D2

�
1

n
1=3
0

ÿ 1

n 1=3

�
; D2 � 6D0

k0N
: �2:33�

Here n0 is the initial cluster size. As follows from this result, a
cluster displacement in the course of the above processes
cannot exceed a certain value. This means, on the one hand,
that clusters remain in some region and, on the other hand,
that growing clusters collect metallic atoms from other
regions in this way. This instability [82, 41] with respect to
the metal distribution in a space takes place in an inhomoge-
neous plasma with a temperature gradient, so that a metal is
collected in the region which is favorable for the cluster's
existence. Such an instability results from the cluster size
dependence for both the rate of cluster growth and the cluster
diffusion coefficient in a buffer gas.

3. Processes in gases and plasmas
involving clusters

3.1 Equilibrium of clusters in a hot vapor
The cluster plasma under consideration consists of a dense
buffer gas, clusters of a metal admixture, and an atomic
metallic vapor that is found in equilibrium with clusters.
Because of the high density of the buffer gas, there is a local
thermodynamic equilibrium between clusters and their
atomic vapor. This equilibrium is governed by processes of
attachment of atoms to clusters and cluster evaporation:

Mn �M !Mn�1 : �3:1�

In the adopted conditions, the number densityN of free atoms
is small compared to the number density Nb of bound atoms
in clusters, which in turn is less significant than the number
density Na of buffer gas atoms, so that we have

N5Nb 5Na : �3:2�

The local equilibrium established between the clusters and
their atomic vapor is determined by the equality between the
total rate of atom attachment to clusters and the total
evaporation rate for cluster atoms. This means that the
introduction of clusters into a given region of a space leads
to the formation of free metal atoms in this region, and
equilibrium corresponds to the equality between the rates of
atom attachment to the clusters and cluster evaporation.

Let us introduce the size distribution function of clusters
fn (n is the number of cluster atoms) that is normalized by the
condition�

fn n dn � Nb : �3:3�

The equality between attachment and evaporation rates will
lead to the relation

N

�
kn fn dn �

�
nev�n� fn dn ; �3:4�

where kn, nev�n� is the rate constant of atom attachment to a
cluster of n4 1 atoms and the rate of evaporation of this

Table 4. Parameters characterizing diffusion of large clusters in argon as a
buffer gas. (The cluster diffusion coefficient is given by formula (2.28) for
T � 1000 K, and D is defined by formula (2.33).)

Element D0, cm2 sÿ1 D
����������
N0N
p

, 1015 cmÿ2

Ti
V
Fe
Co
Ni
Zr
Nb
Mo
Rh
Pd
Ta
W
Re
Os
Ir
Pt
Au
U

0.91
1.05
1.17
1.20
1.22
0.74
0.90
0.98
1.05
1.01
0.90
0.98
1.01
1.05
1.01
0.98
0.93
0.81

1.59
3.51
2.13
2.22
2.31
1.52
1.85
2.05
2.23
2.16
2.19
2.42
2.49
2.60
2.51
2.45
2.32
2.11
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cluster, respectively. In the limit of infinite cluster size, when
the cluster surface is changed by a bulk surface, this
equilibrium gives

N � Nsat�T � ; �3:5�

where Nsat�T � is the number density of metallic atoms at the
saturated vapor pressure for a given temperature T.

We use the relation (2.11) that connects the rates of
processes (3.1) due to the principle of detailed balance and
for large clusters has the form [43, 44]

nev�n� � Nsat�T � kn exp
�
ÿ en ÿ e0

T

�
; �3:6�

where en is the atomic binding energy for a cluster consisting
of n atoms, and e0 is the corresponding quantity for a bulk
system �n � 1�. Modeling the cluster by a liquid drop, we
have for large clusters on the basis of formula (2.4):
en ÿ e0 � De=n 1=3 �De � 2A=3�. Using formula (2.7) for the
rate of atom attachment, we reduce formula (3.4) to the
following expression

N

�
n 2=3 fn dn � Nsat�T �

�
exp

�
De

Tn 1=3

�
fn n

2=3 dn : �3:7�

As follows from this formula, the equilibrium number density
of free atoms near the clusters is larger than that for a bulk
surface. In particular, in the case of a narrow size distribution
function with an average cluster size n, this formula gives for
the equilibrium number density of free atoms:

N � Nsat�T � exp
�

De
Tn 1=3

�
: �3:8�

If metallic clusters are injected into a buffer gas, the
equilibrium between clusters and free atoms is established
during a time when cluster evaporation will provide the
equilibrium number density of free atoms. This system is
not stable because small clusters evaporate and large
clusters grow, i.e., the size distribution function fn of
clusters varies in time. Cluster growth in such a case is
determined by the coalescence mechanism (see Fig. 2c). The
typical time of this process leading to a change in the size
distribution function is large in comparison with the typical
time of establishment of this equilibrium and depends on
the shape of the size distribution function fn. Thus, the
system under consideration, which includes clusters and
their atomic vapor, is characterized by a certain hierarchy
of times, which leads to the corresponding quasi-equili-
brium in this system.

3.2 Chemical processes in a hot buffer gas
In order to reach a high metal concentration in a plasma, it
is convenient to introduce a metal into a plasma in the form
of metal-containing molecules. Indeed, if an atomic metal
vapor is created by various methods of excitation of a
metallic surface (see Fig. 4 [89]), the number density of
metal atoms in the plasma does not exceed the number
density of atoms at the saturated vapor pressure at the
surface temperature. If we assume that the surface tempera-
ture does not exceed the metal melting point, the injection
of a metal into a plasma in the form of its compound, which
decays later in the plasma, increases the number density of

metal atoms in the plasma by several orders of magnitude in
comparison with excitation of the metallic surface. But
injection of metal compounds into the plasma makes the
character of the processes of formation and evolution of the
metal components more complex, which requires an addi-
tional analysis. Below we consider this problem in the case
where a metal is injected into a plasma in the form of
molecules MX6, where M is a metal atom, and X is a
halogen atom. This allows us to demonstrate the advantages
of this method of injection of a metal component into a
plasma.

Let us analyze the kinetics of decomposition of these
molecules in a buffer gas. According to formulas (2.24), we
have two typical temperatures T1 and T2 in this case, so that
clusters exist below a temperature T1, and a chemical
compound exists below a temperature T2. Taking the current
plasma temperature in accordance with inequality (2.25)
between T2 and T1;we find that under equilibrium these
molecules decompose, and metallic atoms are joined into
clusters. But decay of these molecules is accompanied by a
heat absorption that in turn decreases the rate of decay of
metal-containingmolecules. Belowwe consider the kinetics of
decomposition of metal-containing molecules in a buffer gas
when their concentration is enough to influence the rate of
this process through a temperature decrease. It is then
necessary to also account for the thermal conduction process
that leads to the transport of heat from surrounding regions
which do not contain these molecules.

In considering the decay of a metal-containing molecule
MXk that loses halogen atoms step by step, we use for
describing this process a simple model which assumes the
identical binding energies eX for each bond MXkÿX.
Correspondingly, the rates of decay of molecules MX6 and
their radicals MXk �k � 1ÿ5� in collisions with buffer gas
atoms are independent of k and are determined by the
formula

nd � Nakgas exp

�
ÿ eX

T

�
: �3:9�

Here, Na is the number density of buffer gas atoms, T is the
current temperature of buffer gas atoms, kgas is the gas-kinetic
rate constant for collisions of molecules and radicals with
atoms of a buffer gas, and we assume the rate nd to be
independent of the number of halogen atoms k in the
molecule or radicals. On the basis of this model, we analyze
below the kinetics of destruction of metal-containing mole-
cules in a hot buffer gas.

1 2 3

4 5

6

7

8
9 10

Figure 4. The mechanisms of generation of an atomic vapor as a result of

excitation of themetallic surface: 1Ðelectron or ion beam, 2Ðoven, 3Ð

laser, 4Ð evaporation, 5Ð erosion, 6Ðmetal surface, 7Ð inverse flux,

8Ð atomic vapor, 9Ð nozzle or slit, 10Ðmetal flux.
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Under these conditions, the set of equations for the
concentrations ck of radicals with k atoms has the form

dc0
dt
� ndc1 ;

dck
dt
� ÿnd�ck ÿ ck�1� ; k � 1ÿ5 ;

dc6
dt
� ÿndc6 :

�3:10�

In the beginning, the system consists of molecules whose
concentrations correspond to the following boundary condi-
tions

c6 � cM ; ck � 0 ; k 6� 6 ; �3:11�

where cM is the total concentration of free and boundmetallic
atoms, and we ignore here the transport processes.

The set of equations (3.10) with the boundary conditions
(3.11) can be solved analytically, and we obtain

ck � cM
x 6ÿk

�6ÿ k�! exp �ÿx� ; k � 1ÿ6 ;
�3:12�

c0 � cM
�
1ÿ f �x�� ; f �x� � exp �ÿx�

X5
k�0

xk

k!
; x �

� t

0

nd dt ;

where f �x� is the part of molecules and radicals, i.e., 1ÿ f �x�
is the part of free metallic atoms. Assuming a prompt cooling
of the buffer gas after decomposition of molecules and
radicals, we have the following balance equation for the
temperature in the course of molecule destruction [89]:

dT

dt
� dT

X5
k�0

�
dck�1
dt
ÿ dck

dt

�
� dT

�
dc6
dt
ÿ dc0

dt

�
� ÿndcM dT f �x� ; �3:13�

where dT is the cooling temperature of the buffer gas per one
percent of metal-containing molecules with respect to the
number of buffer gas atoms and per one broken bond (we
express the initial molecular concentration in percent).

Along with the rate of temperature variation, one can find
the current temperature of a buffer gas for this character of
molecular destruction. We have

T � T0 ÿ dT
X5
k�0
�6ÿ k�ck � T0 ÿ cM dTF �x� ; �3:14�

where

F �x� � 6ÿ exp �ÿx�
�
x 5

120
� x 4

12
� x 3

2
� 2x 2 � 5x� 6

�
:

�3:15�

Here, F �x� is the number of broken bonds per molecule,
T0 � T�0� is the initial temperature, and the total buffer-gas
cooling temperature is defined as

T0 ÿ T �1� � 6cM dT :

We ignore heat transport in this formula, so that it is valid at
small cM.

Since the binding energy eX ofmetal-containingmolecules
is large in comparison with a thermal energy� T, the process
of molecule destruction acts strongly on the heat balance of a

buffer gas with a metal admixture in spite of the small
concentration of metal-containing molecules in the buffer
gas. In reality, metal-containing molecules are introduced
into a narrow region, and therefore heat transport is of
importance for the heat balance. Taking into account heat
transport, we generalize the heat balance equation (3.13) to
the form [89]

qT
qt
� wDTÿ ndcM dT f �x� ; �3:16�

where w is the thermal diffusivity of the buffer gas. We
included in the heat balance equation heat transport due to
the thermal conductivity of the buffer gas. We consider this
equation when metal-containing molecules occupy a cylind-
rical region of radius r0 in a plasma, ignoring diffusion of
molecules and radicals outside this region.

For simplification of equation (3.16), we reduce it to a
quasi-stationary regime when the buffer gas temperature
remains to be T0 in the region r5r0, and T� is the gas
temperature at the center. Then equation (3.16) is replaced by

T0 ÿ T�
teq

� ndcM dT f �x� ; teq � 0:17r 2
0

w
: �3:17�

The equation for the temperatureT� at the center of a cylinder
takes the form [89]

T0 ÿ T� � 100Nmkgas dT f �x� 0:17r
2
0

w
exp

�
ÿ eX
T�

�
; �3:18�

whereNm is the number density ofmetallic atoms at the center
(by definition, cM � 100Nm=Na�, and metallic atoms join in
clusters at the end of the process.

Table 5 contains parameters of compounds of metal-
containing molecules [40] (r is the density of these com-
pounds at room temperature, and Tm and Tb are their
melting and boiling temperatures, respectively) which can be
used for generating intense cluster beams. As is seen, these
compounds are found in a condensed state at room
temperature and are transformed into a gas of metal-contain-
ing molecules by heating. Table 5 also lists parameters

Table 5. Parameters describing evolution of metal-containing molecules in
hot argon (p � 1 atm, cM � 10%, r0 � 1 mm).

Compound MoF6 IrF6 WF6 WCl6

r, g cmÿ3 2.6 6.0 3.4 3.5

Tm, K 290 317 276 548

Tb, K 310 326 291 620

eX, eV 4.3 2.5 4.9 3.6

eM, eV 6.3 6.5 8.4 8.4

T1, K 2200 1200 2500 1700

T2, K 4100 4000 5200 5200

dT, K 120 37 130 48

T0, K 3700 6000 5000 5800

T�, K 3600 2900 4600 4200

teq, 10ÿ5 s 12 17 8 9

t0, 10ÿ3 s 5 0.1 1 0.1

Nm, 1017 cmÿ3 2.0 2.5 1.6 1.8
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describing destruction of these metal-containing molecules in
argon as a buffer gas under optimal conditions for the
generation of intense cluster beams. In this table we take
x � 0, i.e., f �x� � 1, and the buffer gas temperature is chosen
in such a way thatNm=Nsat�T�� � 10 forMoF6 andWF6, and
Nm=Nsat�T�� � 1000 for IrF6 and WCl6. This means that a
small portion of themetal can be found in the buffer gas in the
form of free atoms. We also assume that metal-containing
molecules are injected at the beginning into a cylinder region
of radius r0 � 1mm. In all the cases, the temperature isT0 far
from the center where metal-containing molecules are
located, and is T� at the center of this region. Next, we use
the following formulas for the energy parameters of the
compounds under consideration:

dT � ÿG�MXk�
250k

; eX � 1

k

�ÿG�MXk� � G�M� � kG�X�� ;
eM � G�M� ; k � 6 ; �3:19�

whereG�Y� is the specific free Gibbs energy of formation of a
given component Y, and k � 6 for these cases. We take into
account that the energy for detachment of the halogen atoms
is taken from the kinetic energy of the buffer gas atoms, for
which the heat capacity is cp � 5=2. In addition, we take the
gas-kinetic cross section sgas � 3� 10ÿ15 cm2 to be identical
for various molecules and radicals and to be independent of
the temperature.

Note that the temperatures T1 in Table 5 are taken from
Table 3, and they correspond to a current number density
N � 1016 cmÿ3 of halogen atoms, though this value depends
on the rate of transport of halogen atoms; we recalculate here
the temperature T2 for this number density of bound metallic
atoms. The criterion (2.25), namely

T2 > T > T1 ; �3:20�
is satisfied for the parameters contained in Table 5, so that
metal-containing molecules are decomposed in this region,
while metallic atoms are joined in clusters. We have here two
typical times for the process of evolution of this system. The
first one, teq, is a typical time for establishing the heat regime
under consideration and it is given by formula (3.17). The
second typical time, which is equal to

t0 � 6

nd�T�� �
6

Nakgas exp �ÿeX=T0� ; �3:21�

is the total time for the destruction of the metal-containing
molecules. Since the rate of attachment of metallic atoms to
clusters is assumed to be high, this is a typical time of
transformation of metal-containing molecules into metallic
clusters. The values of these times are presented in Table 5.
The character of the processes requires teq 5 t0, and accord-
ing to the data in Table 5, this inequality is fulfilled for the
examples under consideration.

Thus, the heat balance of a system consisting of a dense
hot buffer gas and metal-containing molecules includes heat
absorption due to destruction of metal-containing molecules
that is compensated for by heat transport from surrounding
regions where metal atoms are absent.

3.3 Nucleation in a hot buffer gas
with metal-containing molecules
We now consider the character of nucleation when metal-
containing molecules are introduced into a hot buffer gas.

Then, the first stage of the evolution of this system consists
in the destruction of molecules as described above. Atoms
being formed are then joined in clusters. We assume the
criteria (2.25) and (3.20) to be fulfilled, so that the
thermodynamic equilibrium of the system corresponds to
the destruction of molecules and the formation of a
condensed metal. The rate of transformation of metal-
containing molecules into metallic clusters in a plasma and
a typical cluster size during cluster growth are determined
by the kinetics of processes involving metallic atoms and
clusters. In considering the evolution of the metal compo-
nent, we restrict ourselves to the following scheme of the
basic processes:

MXk !M� kX ; M�Mn !Mn�1 : �3:22�

So, we shall deal with the stage of cluster growth when it is
determined bymetallic atoms originated from the destruction
of molecules. We restrict ourselves only to pair processes,
and, for example, the first stage of cluster growth resulting in
the formation of diatomic molecules proceeds as follows

MX�M!M2 �X : �3:23�

Neglecting three-body processes, we ignore the participation
of buffer gas atoms in cluster growth, whereasmetallic atoms,
which constitute a basis of clusters, are formed in collisions of
metal-containing molecules and radicals with buffer gas
atoms. Next, we keep in mind that the process of cluster
formation proceeds in a small region of a space occupied by a
buffer gas, so that resultant free halogen atoms andmolecules
go out the cluster region and propagate through all the buffer
gas region, whereas clusters remain in this region because of
their lowmobility. Thus, we neglect the role of halogen atoms
in cluster growth, and though the nucleation process is
considered to proceed in a uniform system, for other
processes it is not uniform.

Under the above conditions, we obtain the following set of
balance equations for the number density N of free metallic
atoms, the number densityNcl of clusters, and a typical cluster
size n in a uniform system [41]:

dN

dt
� QÿNclknN ;

dNcl

dt
� kchN

2 ;
dn

dt
� knN : �3:24�

Here, Q � Nbnd � NaNbkd is the rate of formation of free
metal atoms as a result of molecule destruction, so that Na is
the number density of buffer gas atoms, Nb is the number
density of bound atoms at the end of molecule decomposi-
tion, nd is the rate (3.9) of the process of destruction of metal-
containingmolecules and their radicals, kn is the rate constant
of atom attachment to a cluster that, according to formula
(2.6), is kn � k0n

2=3, and kch is the rate constant of the process
of formation of a metal diatomic molecule M2. We consider a
diatomic metallic molecule that is transformed later into a
growing cluster as a nucleus of condensation, and attachment
of atoms to a diatomic molecule proceeds at pair collisions
(3.23), exactly like the attachment of atoms to larger
molecules and clusters.

The analysis of the set of balance equations (3.24) shows
that the cluster number density Ncl and cluster size n grow in
time, while the number densityN of free atoms increases in the
first stage and drops in the second stage of cluster growth.
Roughly, one can divide the time into three intervals, as is
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illustrated in Fig. 5, so that at t4tmax the number density of
free atoms grows, and in a time t � 1=nd metal-containing
molecules are destroyed. Note that we consider as free atoms
that part of the radicals which can form metal compounds at
pair collisions as in reaction (3.23).

In the second stage of the nucleation process
(t > t > tmax), we have

Q � NaNbkd � Ncl
dn

dt
� kchN

2n : �3:25�

Assuming kd � kch, in the second stage of the nucleation
process we obtain

N �
�������������
NaNb

n

r
: �3:26�

Because of inequality (3.2), this relation holds true at large
numbers of cluster atoms �n4 1�. Next, from the first
equation of set (3.24) at the maximum of N we have

tmax � N

Q
� N

NaNbkd
; �3:27a�

and since by order ofmagnitude a typical decay time ofmetal-
containing molecules is

t � 1

Nbkd
; �3:27b�

we arrive at the following result

t4 tmax : �3:28�

This means that the time dependence of the number densityN
of free atoms has the form shown in Fig. 5, and the maximum
of this quantity is achieved before the total destruction of
metal-containing molecules. In addition, we have from the
last equation of set (3.24) and relation (3.26) at the end of the
nucleation process the following estimate

n � �k0Nt�3 � �k0t�3
�
NaNb

n

�3=2

that gives

n � �k0t�6=5�NaNb�3=5 �
�
k0
kd

�6=5�
Na

Nb

�3=5

; �3:29�

and because each factor of the last product is large, we obtain
large clusters at the end of the destruction ofmetal-containing
molecules �n4 1�.

In the same manner, using formula (3.27a) for tmax and
formula (3.26), we have for a cluster size by that time:

n �
�
k0
nkd

�3

;

with a consequent relationship

n �
�
k0
kd

�3=4

4 1 : �3:30�

Since k0 4 kd, we are dealing with large clusters at this stage
of the nucleation process.

Thus, in considering the cluster growth process as a result
of the decomposition of metal-containing molecules under
the conditions (2.25) and (3.20), we find that this process of
transformation of metal-containing molecules into metallic
clusters proceeds mostly at large cluster sizes. In the course of
this process, criterion (3.2) holds true, and also N4Nsat�T �,
i.e., evaporation of clusters is a weak process, and one can
ignore it. When all the metal-containing molecules have
decayed, the other mechanisms of cluster growth are possible
in accordance with Fig. 2. But these processes start at large
cluster sizes, when the clusters contain the main part of
metallic atoms.

3.4 Charging of clusters in a plasma
Let us consider the processes of the charging of clusters in a
plasma. The simplest mechanism of cluster charging results
from the attachment of plasma electrons and ions to the
cluster surface. These processes lead to the establishment of a
certain equilibrium in the plasma, such that a cluster charge
creates a barrier for electrons, and resultant electron and ion
currents to the cluster surface are equalized. Because of a
small concentration of charged particles in the plasma under
consideration, the motion of electrons and ions near a
charged cluster is determined by their diffusion in a buffer
gas andmobility under the action of a cluster electric field. Let
a cluster be a spherical particle of a radius r0 with a chargeÿZ
(in electron charges). Then the currents of electrons Ie and
ions Ii to the cluster surface are equal to [10, 41, 90]

Ie � pr 20

���������
8T

pme

s
Ne exp �ÿx� ;

�3:31�
Ii � pr 20

���������
8T

pmi

r
Ni�1� x� ; x � jZje

2

r0T
:

We rely on the Maxwell energy distribution function for
electrons and ions with a gaseous temperature T, and
assume the cluster radius r0 to be small in comparison
with the mean free paths of electrons and ions in a buffer
gas. Here, me and mi are the electron and ion masses, e is
the electron and ion charge, Ne and Ni are the electron and
ion number densities, and we consider here a quasi-neutral
plasma: Ne � Ni. Then the equilibrium cluster charge
follows from the relation [10, 90]

jZj � r0T

e 2
ln

� �������
mi

me

r �
1� jZje

2

r0T

��
: �3:32�

N

Nmax

0 tmax t t

1

2

3

Figure 5.The time dependence of the number density of freemetallic atoms

in the course of formation of metallic clusters from metal-containing

molecules in a buffer gas.
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Note that this mechanism of cluster charging leads simulta-
neously to the effective recombination of electrons and ions in
a plasma, i.e., clusters in a plasma serve as traps for electrons
and ions.

The other process of the cluster charging is thermoemis-
sion of electrons from the cluster surface. For a plane surface
of a metallic particle and the Fermi ±Dirac energy distribu-
tion of electrons, the thermoemission current density of
electrons is given by the formula

ith � emeT
2

2p2�h 2
exp

�
ÿW

T

�
; �3:33�

where W is the work function of a metallic surface, i.e., the
electron binding energy. This formula can be reduced to the
Richardson ±Dushman formula [91 ± 93]

ith � ART
2 exp

�
ÿW

T

�
: �3:34�

Here AR is the Richardson parameter. According to formula
(3.33), its value is AR � 120 A �cm2 K2�ÿ1, and Table 6 gives
the values of this parameter for some heat-resistant metals.

If the thermoemission current is induced from the surface
of a charged cluster which is assumed to be similar to a
spherical bulk particle, formula (3.33) is transformed to [10]

ith � emeT
2

2p2�h 2
exp

�
ÿW

T
ÿ Ze 2

r0T

�
: �3:35�

We assume in this formula that an electron release from the
cluster surface proceeds similarly to this process near the
plane surface, but in the case of a charged cluster a removed
electron must overcome the electric potential of cluster
attraction.

Because the thermoemission current does not depend on
the number density of plasma electrons, and the current of
attaching electrons and ions is proportional to this quantity,
the thermoemission character of cluster charging dominates
at low electron number densities. Hence, there is an equili-
brium number density Nem of electrons for a given tempera-
ture at which the thermoemission electron current is equal to
the current of electron attachment to the cluster surface. The
equilibrium cluster charge is zero at this electron number
density, while it is negative for higher Ne and is positive for
smaller Ne at a given temperature.

A thermoemission current charges a metallic cluster
positively, and it can be taken into account if the thermo-
emission current from the cluster surface 4pr 20 ith is compar-
able with the current Ii of ion attachment. Let us consider the
limit of low number densities of plasma electrons and ions,

when a positive cluster charge is determined by the thermo-
emission current. In this limit

ith 4

���������
8T

pmi

r
Ni ; �3:36�

so that the equilibrium cluster charge is established as a result
of the thermoemission process and the attachment of plasma
electrons to the cluster surface. The cluster charge is then
negative at large electron number densities and is positive at
low electron number densities. It becomes zero if

ith �
���������
8T

pme

s
Ne : �3:37�

Because for T5W the thermoemission current density
according to formulas (3.33) and (3.34) depends monotoni-
cally on the temperature, there is a neutralization temperature
Tn for each electron number density, so that the cluster charge
is zero at this temperature. The neutralization temperature is
defined by formula (3.37), and its dependence on the electron
number density for molybdenum and iridium is depicted in
Fig. 6. Table 7 contains the values of the neutralization
temperature for the electron number densityNe � 1013 cmÿ3.

In the limit of low electron number densities we obtain

ith 4

���������
8T

pme

s
Ne ; �3:38�

and a cluster is charged positively. We assume that the
thermoemission process near the cluster surface does not
depend on the cluster charge, but if the energy of a releasing
electron is small, it cannot be removed from the cluster and is
captured by its electric field. In this limit, based on formula
(3.37) for the balance of currents to the cluster surface and
using formula (3.33) for the thermoemission current density,
if the cluster charge is relatively small, instead of formula
(3.32) for the cluster charge we arrive at [68, 10, 41]

Z � r0T

e 2
ln

� ���������
pme

8T

r
ith
Ne

�
� r0Te

e 2

(
ln

"
2

Ne

�
meT

2p�h 2

�3=2
#
ÿW

T

)
: �3:39�

Table 6. Parameters of the electron current for thermoemission of metals
(W is the metal work function, Tb is the boiling point, and ib is the current
density at the boiling point) [90, 92].

Metal AR, A �cm2 K2�ÿ1 W, eV Tb, K ib, A cmÿ2

Mo
Nb
Pd
Re
Ta
Th
Ti
W
Y
Zr

51
57
60

720
55
70
60
75

100
330

4.3
4.0
4.8
5.0
4.1
3.3
3.9
4.5
3.3
3.9

5070
5170
3830
5870
5670
4470
3280
5740
3478
4650

8:8� 104

2:1� 105

240
2:3� 106

3:3� 105

2:2� 105

750
2:8� 105

3:5� 103

2:4� 105

4000

Tn, K

3500

3000

2500

2000

1500
8 9 10 11 12 13 14 15

lgNe

Mo Ir

Figure 6. The neutralization temperature Tn for molybdenum and iridium

clusters. For a given electron number density, the thermoemission current

from the cluster surface is equal to the current of the attaching electrons.
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We assume here that the number density Ne of plasma
electrons does not depend on the presence of clusters in the
plasma, i.e., we are dealing with the equilibrium conditions
for an individual cluster in the plasma.

We now consider the equilibrium between plasma elec-
trons and a cluster charge when the thermodynamic equili-
brium is sustained by processes

M�Z�1
n � e !M�Z

n ; �3:40�

and we find the distribution of clusters over charges.
Introducing the probability PZ�n� for a cluster consisting of
n atoms and having a charge Z, and assuming the tempera-
tures of bound electrons in metallic clusters and free plasma
electrons to be identical, we use the Saha formula for
ionization equilibrium [51, 90]:

PZ�n�Ne

PZ�1�n� � 2

�
meT

2p�h 2

�3=2

exp

�
ÿ IZ�n�

T

�
; �3:41�

where IZ�n� is the ionization potential of the cluster consisting
of n atoms and having a charge Z. In this approximation, the
cluster ionization potential is equal to

IZ�n� �W� Ze 2

r0
: �3:42�

Introducing the average cluster charge through the relation
PZ�n� � PZ�1�n�, we have [10, 68]

Z � Tr0
e 2

(
ln

"
2

Ne

�
meT

2p�h 2

�3=2
#
ÿW

T

)
: �3:43�

This formula coincides with formula (3.39), which is obtained
by another method.

Under equilibrium conditions, the charge of clusters
located in a weakly ionized gas depends on the electron

temperature of this plasma (or the mean energy of elec-
trons), and also on the electron number density. If an
ionization equilibrium (3.40) is established between the
clusters and the plasma, the relation for the number densities
of clusters of different charges is given by the Saha formula
(3.41). From this formula it follows that at high electron
temperatures clusters are charged positively, while at low
electron temperatures they can have a negative charge. In
particular, let us find plasma parameters where, in accordance
with experiment [94], 80% of clusters formed Cu1000 have a
unit negative charge, and 20% of these clusters are neutral.
Using the Saha formula (3.41) and values of the electron
affinities for clusters, we find that such a situation takes place
at the electron temperature 2800 K, if the electron number
density is Ne � 1013 cmÿ3; this also corresponds to the
electron temperature of 2510 K, if Ne � 1012 cmÿ3, and the
electron temperature is 2250 K for the electron number
density Ne � 1011 cmÿ3. Note that the cluster temperature is
usually less than the electron temperature.

Let us consider the other limiting case when plasma
electrons are produced from clusters. For simplicity, we
assume the clusters to have an identical number of atoms n.
In this limit, an equilibrium (3.37) yields

Ne � ZNcl ; �3:44�

where Ncl is the number density of the clusters. Let us
introduce the rate nth of electron emission as a result of
thermoemission from the cluster surface:

nth � 4pr 20 ith � n0n 2=3 ; n0 � 4pr 2With ; �3:45�

where r0 is the cluster radius, rW is the Wigner ± Seitz radius,
and n0 is the reduced electron emission rate. The temperature
dependences for the reduced emission rates n0 are given in
Fig. 7 for molybdenum and iridium clusters. The cluster
charge in this limiting case is equal to

Z � n0
Nclke

; ke � pr 2W

���������
8T

pme

s
: �3:46�

As can be seen, in this limit the cluster charge Z does not
depend on its size. The parameter ke depends weakly on the
cluster material. In particular, for clusters of Mo, Rh, W,
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T, 102 K

n 0
,s
ÿ1

Figure 7. The temperature dependence of the reduced emission rate

nemnÿ2=3 for thermoemission of molybdenum (*) and iridium () clusters.

Table 7. Parameters of charged metallic clusters.

Element W,
eV

Tn,
103 K

ZAr=n
1=3 k�, 10ÿ8

cm3 sÿ1
Zcr=n

1=2 jcr=n
1=6,

V

Ti
V
Fe
Co
Ni
Zr
Nb
Mo
Rh
Pd
Ta
W
Re
Os
Ir
Pt
Au

3.92
4.12
4.31
4.41
4.50
3.9
3.99
4.3
4.75
4.8
4.12
4.54
5.0
4.7
4.7
5.32
4.30

2.51
2.63
2.75
2.82
2.87
2.51
2.57
2.74
3.00
3.04
2.65
2.90
3.12
3.01
3.03
3.38
2.85

0.084
0.078
0.074
0.073
0.072
0.093
0.085
0.081
0.078
0.080
0.085
0.081
0.080
0.078
0.080
0.081
0.083

1.7
1.5
1.3
1.3
1.3
2.1
1.7
1.6
1.5
1.5
1.7
1.6
1.5
1.5
1.5
1.6
1.9

1.4
1.4
1.2
1.2
1.2
1.6
1.6
1.6
1.4
1.3
1.7
1.6
1.7
1.6
1.6
1.4
1.2

12
13
12
12
12
12
14
14
13
11
14
14
16
15
15
13
10

Averages 2:8� 0:2 0:080� 0:005 1:6� 0:2 1:4� 0:2 13� 2

Note.Here,W is the metal work function, Tn is the temperature at which

the average cluster charge is zero in accordance with formula (3.37), ZAr

is the average cluster charge according to formula (3.39) at a temperature

of 1000 K for argon as a buffer gas, the rate constant k� is defined by

formula (3.47), and the parameters Zcr and jcr are given by formulas

(3.51) and (3.52), respectively.
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Re, Os, or Ir the average value of the Wigner ± Seitz radius
(see Table 1) is rW � 1:58� 0:02 A

�
, so that at the tempera-

ture T � 3000 K we have for clusters of these metals: ke �
�2:67� 0:07� � 10ÿ8 cm3 sÿ1. Let us represent the rate
constant ke in the form

ke � k�

�
T

1000

�1=2

; �3:47�

where k� is the same rate constant at the temperature of
1000 K. Table 7 contains the values of k� for some metallic
clusters. Note that the parameters of Table 7 are found in a
narrow range, and we give in Table 7 statistically averaged
values of the parameters for the cases under consideration.

3.5 Charging of clusters by electron impact
Usually in generating cluster beams, when a cluster beam
passes through a nozzle, the beam is crossed by an electron
beam, and the clusters are charged as a result of ionization of
the clusters by electron impact. A formed beam of charged
clusters is governed by electric fields. Therefore, the character
of cluster ionization by electron impact is of interest, and we
will find below the cross section of cluster ionization by
electron impact. For simplicity, we assume that each contact
of an incident electron with the cluster surface leads to
electron release, so that the cross section of ionization of a
neutral cluster by electron impact is equal to pr 20 , where r0 is
the cluster radius. If a cluster is charged positively, an incident
electron of energy e has the energy e� Ze 2=r0 near the cluster
surface, and a releasing electron is removed from the cluster if
its energy exceedsZe 2=r0 (Z is the cluster charge).We find the
cross section of cluster ionization by electron impact by
assuming the statistical character of the distribution of
scattered electrons over energies near the cluster surface.
Because in this case the probability of an electron having an
energy in the range from e to e� de is proportional to e 1=2 de,
the ionization cross section sion within the framework of this
model equals

sion � scap

� e
Ze 2=r0

�e 0�1=2 de 0 � eÿe 0�Ze 2=r0
Ze 2=r0

�e 00�1=2 de 00� e�Ze 2=r0
0 �e 0�1=2 de 0 � eÿe 0�Ze 2=r00 �e 00�1=2 de 00

;

where the cross section scap of electron contact with the
cluster surface in electron ± cluster collisions is given by

scap � pr 20

�
1� Ze 2

r0e

�
:

We take into consideration that near the cluster surface the
energy of an incident electron equals e� Ze 2=r0, if e is the
energy of an electron far away from the cluster.

Thus within the framework of this model, we have for the
reduced cross section of ionization of a charged cluster by
electron impact:

sion
pr 20
� 16�1� x�

px 4

� x

1

y 1=2
��x� 1ÿ y�3=2 ÿ 1

�
dy ;

�3:48�
x � er0

Ze 2
5 1 :

For simplicity, we suppose the metal work function W to be
small in comparison with Ze 2=r0. According to these
formulas, the maximum cross section is equal to 1:29pr 20 and

corresponds to the collision energy 4:7Ze 2=r0. The ionization
cross section (3.48) is approximated by the dependence

sion
pr 20
� 1:2

�
1ÿ exp

�ÿ1:5�xÿ 1��	 ; 1 < x < 12 : �3:49�

As follows from the above results, electrons of a given energy
can ionize the cluster up to a charge Z < er0=e 2. Therefore,
one can govern the cluster charge in a beam using a suitable
electron energy of the electron beam.

Since the cluster charge creates a strong tension inside the
cluster, the value of the charge is restricted, and the limiting
cluster charge that leads to cluster destruction depends on the
binding energies of the atoms in the cluster. Modeling a
cluster by a liquid drop and assuming its charge to be spread
over the surface, we can find the limiting charge as the
threshold of the Rayleigh instability, when the surface
tension energy 4pr 20 g � An 2=3 (g is the surface tension) averts
the cluster from destruction due to the Coulomb interaction
Z 2e 2=�2r0� of elementary charges. This gives the limiting
cluster charge as the threshold of the Rayleigh instability due
to small deformations of the liquid cluster [95]:

Zcr �
�
16pgr 30
e 2

�1=2

�
�
4ArWn

e 2

�1=2

: �3:50�

Since there are various versions of the Rayleigh instability
[95 ± 97], the numerical coefficient of this formula may differ
slightly from the value given above. Using the limiting sizes of
krypton and xenon clusters for the critical cluster charges
Z � 2ÿ4 according to measurements [98 ± 102], we represent
this formula in the form

Zcr �
�
5ArWn

e 2

�1=2

� �1:00� 0:06� : �3:51�

We consider in these formulas the limiting cluster charge Zcr

as a continuous variable. Table 7 contains values of the
reduced critical charge for some large metallic clusters.

Note that the electric potential on the cluster surface,
induced by its critical charge jcr � Zcre=r0, depends weakly
on the cluster size. According to formula (3.50), this electric
potential is equal to

jcr �
Zcre

r0
�
�
5A

rW

�1=2

n 1=6 : �3:52�

Table 7 lists the values of the parameter jcr=n
1=6 for some

metallic clusters, and these values are found in a narrow range
for various metals.

A crossing electron beam, which charges the clusters in a
cluster beam as a result of collisional ionization, can lead
simultaneously to the destruction of large clusters. Therefore,
the electron beam can influence the cluster size. We have the
following balance equation for the cluster charge Z if it is
created by an electron beam:

dZ

dt
� sion J ;

where sion is the cross section of cluster ionization by electron
impact, and J is the intensity of the electron beam (the number
of incident electrons per unit area and per unit time). Taking
the ionization cross section as sion � pr 20 , where r0 is the
cluster radius, we have for the cluster charge by the time t, if
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cluster charging is determined by this ionization process:

Z � t

t0
n 2=3 ; �3:53�

where t0 stands for a value which is identical for clusters of
any size. From this it follows that the critical charge (3.50) is
achieved firstly for large clusters, and then large clusters are
destructed. Hence, cluster charging by an electron beam as a
result of cluster ionization leads to a change in the size
distribution function of clusters because of destruction of
large clusters. Note that the ionization process is permitted if
the electron energy in the beam exceeds the value of ejcr [see
formula (3.52), and Table 7].

4. Methods of generation of cluster beams

4.1 Basic methods of generation of cluster beams
Clusters as physical objects occupy an intermediate place
between atoms and molecules, on the one hand, and
condensed systems, on the other hand. Clusters are thermo-
dynamically nonequilibrium systems, and their evolution
over a long time period leads to the formation of a gaseous
phase as a result of cluster evaporation or to the formation of
a condensed phase through the joining of clusters. Clusters
have a high reactivity, so that contact between two clusters
leads to their joining, and the properties of the incident
clusters are lost in the resulting cluster. Therefore, clusters
are used in the form of beams where they are separated and
therefore conserved in beams. Among the applications of
cluster beams is the manufacturing of thin films as a result of
cluster deposition on a target and the fabrication of new
materials as a result of simultaneous deposition of an
amorphous target and a beam of solid clusters. It is
convenient to transport a metal by means of cluster beams.
Therefore, cluster beams constitute themost widespread form
of cluster applications. Table 8 lists the basic methods for
generating cluster beams and their peculiarities, and we will
briefly analyze these methods.

One can divide the methods of cluster generation into two
groups according to the character of material transformation
into the clusters. In the first case, clusters are formed as a
result of the destruction of an original material with the direct
formation of clusters. An example of such a method is the
formation of clusters through the bombardment of an object
by fast ions, where destruction of the target is accompanied by
the formation of fragment-clusters. Another example of this
type is the sputtering of a liquid with the formation of small
liquid drops or aerosols. In the case of methods of the second
group of cluster generation, a target is transformed into
atoms (or molecules) at the first stage of the process of
cluster generation, and then clusters are formed from free
atoms. At the second stage of such a cluster generation,
expansion of a gas or vapor through a nozzle into a vacuum
is used, and the condensed phase is a thermodynamically

stable state of a system of atoms at the end of the expansion
process. Transformation of an atomic vapor or gas into a
condensed phase through the formation of clusters does not
lead to formation of a stationary state, since clusters are not
stable thermodynamically and have a tendency to increase in
size as a result of the coagulation or coalescence processes (see
Fig. 2). Nevertheless, clusters can have a fairly large lifetime in
a gas or in a cluster beam.

Generation of clusters as a result of the bombardment of a
target with ions of keV energies [103 ± 113] is based on the fact
that collisions of fast ions with a surface lead to the formation
of different fragments, which include clusters, as well as
atoms and molecules. Clusters resulting from ion impact
with a surface can acquire a charge, which allows one to
separate the clusters and accelerate them. Cluster beams
formed in this way are characterized by a small size and low
beam intensity. This method is used for the generation of
selective beams of small clusters for research applications.

Other methods of generating cluster beams from a vapor
or a gas are based on the transformation of an excess of an
atomic gas or vapor into a condensed phase when the vapor
pressure exceeds the saturated vapor pressure at a given
temperature. As this takes place clusters are formed in
nucleation processes and grow in time. Through infinite
time they would be transformed into a condensed phase, but
the process of cluster growth finishes due to vapor expansion.
A cluster beam is then formed as a result of the evolution of an
expanding vapor. There are various methods for the forma-
tion of an expanding vapor depending on the cluster material
and output parameters of the cluster beam. An oven is used
for fusiblemetals, so that an atomic vapor forming in the oven
expands through a nozzle into a vacuum together with a
buffer gas. The cooling of this mixture during expansion
causes nucleation of the vapor and formation of clusters. This
method provides for the generation of fairly intense cluster
beams which are deposited onto a substrate for the produc-
tion of thin films (for example, see Refs [114 ± 118]). In the
case of heat-resistant metals, a laser beam is employed to
evaporate them and form free atoms [119 ± 124]. The atoms
evaporated are mixed with a flow of the buffer gas, and the
subsequent expansion of the mixture leads to the formation
and growth of clusters.

Along with these methods, mixed methods of cluster
generation are possible. As an example, we describe the
cluster aggregate source [125, 126] for cluster generation. In
the first stage of the aggregation process, clusters of rare gases
(for example, argon clusters) are formed as a result of the
adiabatic expansion of the gas through a small orifice (300 mm
in diameter). These clusters are injected into a scattered
chamber where the material of resultant clusters (for exam-
ple, NaCl) is evaporated in a resistively heated oven.
Molecules produced in these conditions are captured by rare
gas clusters and finally evaporate them. As a result, molecular
clusters are formed, which may or may not contain rare gas
atoms, depending on the conditions of aggregation. In this

Table 8.Methods for generating cluster beams and their peculiarities.

Method Material Peculiarities

Bombardment of a target with keV-ions
Free jet expansion of a vapor from an oven
Laser evaporation and free jet expansion
Free jet expansion of a vapor after erosion of electrodes
Nucleation in a dense plasma

ì
Low-evaporated
Heat-resistant
Electrode material
Heat-resistant

Small-sized clusters, low intensity
Moderate cluster size and intensity
Low intensity
Moderate cluster size and intensity
Large-sized clusters, high intensity
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way one can transform clusters of rare gas atoms into
molecular clusters.

Comparison of the two groups of methods of cluster
generation shows that the first is simpler because it provides
for direct cluster formation from a condensed system. But one
can control the cluster sizes in the second case, and cluster
beams can have a higher intensity. Hence, these methods of
cluster generation, when a vapor or gas is formed at the first
stage of cluster growth, are preferable in practice, especially in
the case of material decomposition into atoms ormolecules in
the first stage of the process, and later these atoms or
molecules are joined in growing clusters. Below we shall
focus on such methods of cluster generation.

4.2 Laser generation of metallic atoms and clusters
Figure 4 illustrates various methods for the excitation of a
metallic surface in the generation of atoms. The number
density of atoms in a space near the surface then does not
exceed the atomic number density at the saturated vapor
pressure for the surface temperature, and the coincidence of
these quantities corresponds to equilibrium between the
formed vapor and surface. If we assume that the surface
loses stability atmelting, i.e., the surface temperature does not
exceed the metal's melting point, the number density of
metallic atoms in the space does not exceed the number
density of atoms in the saturated vapor at the surface
temperature. For most metals this limit gives relative vapor
pressures, but this restriction can be escaped if evaporation of
atoms proceeds under nonequilibrium conditions. This
situation takes place for the laser method of cluster genera-
tion [119 ± 124], and a typical scheme for such a method is
depicted in Fig. 8. A focused laser beam directed to a metallic
surface then causes generation of an atomic beam that is
mixed with a buffer gas flow. After an expansion of this
mixture its temperature decreases, and metallic atoms are
joined in metallic clusters. We now consider the first stage of
this process, when an atomic beam arises from a spot
irradiated by a laser beam.

There are various regimes of interaction of a laser beam
with a surface [127 ± 129]. Because absorption by a surface
depends on its temperature, which in turn depends on thermal
processes on the surface, a self-consistent character of
interaction of laser radiation with the surface can lead to a
specific structure of thermal distributions over the surface

[130 ± 132]. In the case under consideration, a laser beam is
focused upon a small spot on the surface, and the character of
absorption and heat balance is more or less uniform across
this spot. As a result, a gasdynamic streamofmetallic atoms is
formed near an irradiated spot on the surface. Along with
atoms, electrons are produced, and their density increases
sharply with an increase in the power of the laser beam
propagated to the surface. Interaction of the formed
electrons with the laser beam through bremsstrahlung leads
to an increase in the electron energy and therefore can cause a
breakdown of the atomic beam formed [133, 134, 129]. As a
result of this process, laser radiation is absorbed by electrons
and does not reach the surface, and the threshold of this
instability for the specific laser power lies above 107 W cmÿ2

[133, 134, 129], if the laser pulse duration amounts to
� 10ÿ6ÿ10ÿ5 s, and the size of the irradiated spot is
� 10ÿ 100 mm. Below we consider such a regime of this
process [127, 135, 136] when an absorbed laser energy is
consumed mostly by evaporation of atoms, and the evapo-
rated atoms form a gasdynamic stream. Note that because of
a high density of evaporated atoms, fractal aggregates,
namely bound solid clusters of a sparse structure, can be
formed in this regime [137 ± 142], i.e., solid clusters can form
sparse bound structures.

We consider this process under the simplest conditions,
when the vapor pressure in the stream significantly exceeds
the pressure of the buffer gas, and since the angle of
divergence of a stream is usually 5ÿ15� [143], we assume the
stream to be cylindrical near the surface. In this regime, we
arrive at the heat balance equation

Pabs � j�e0 � 2Tsur� ; �4:1�

wherePabs is the specific absorbed laser power, j is the atomic
flux from the surface, e0 is the metal binding energy per atom,
and Tsur is the surface temperature. We make use of the semi-
Maxwell velocity distribution function of evaporated atoms
near the surface and the expression in the parentheses of this
formula defines the average energy consumed per one
released atom. Because the beam pressure exceeds the buffer
gas pressure, a formed stream under the adiabatic character
of beam generationmoves with the velocity of sound, which is
u � �gTb=m�1=2, where g is the ratio of the specific heat
capacities at a constant pressure and volume, and this
constant is 5=3 for an atomic gas. Introducing the prob-
ability z�Tsur� of atom attachment to the surface at a given
temperature in the case of their contact, on the basis of the
principle of detailed balance we obtain the atomic flux from
the surface in the form

j�Tsur� � z�Tsur� � 1

4

������������
8Tsur

pm

r
Nsat�Tsur� ; �4:2�

whereNsat�T � is the number density of atoms at the saturated
vapor pressure for a given temperature.

The semi-Maxwell distribution function of atoms over
velocities at the surface is transformed into the distribution
function of beam atoms, and assuming that the atoms of a
beam do not return to the surface, we have the following
balance equations which connect the parameters of the
atomic distribution at the surface and in the beam:

j � uNb ; 2Tsur � mu 2

2
� 5

2
Tb : �4:3�
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Figure 8. Schematic of a cluster generator on the basis of the laser method:

1Ð laser beam; 2Ð rod-target; 3Ð flow of a buffer gas; 4Ð stream of a

buffer gas and clusters after the nozzle; 5 Ð skimmers; 6 Ð crossing

electron beam; 7Ðion optics and accelerator; 8Ðemergent cluster beam.

Atoms of a metallic vapor are formed as a result of laser irradiation of a

metallic rod, then the atoms are transformed into clusters as a result of

expansion in a cold buffer gas and expansion of the mixture formed into a

vacuum.
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Wemake use of theMaxwell distribution function of atoms in
a beam, and then Tb is the temperature of these atoms, Nb is
their number density in the beam. The balance between the
fluxes of atoms and energy near the surface (4.3) leads to the
following relationships between the parameters of the atomic
vapor before and after formation of an atomic beam [129,
135, 136]:

Tb � 0:69Tsur ; Nb � 0:25Nsur : �4:4�

This velocity distribution function in a beam is established as
a result of collisions between atoms, so that the transfer from
the surface to a beam proceeds at distances of the order of the
mean free path l for atoms. Evidently, this one-dimensional
scheme is valid if the radius r of an irradiated spot on the
surface exceeds significantly the mean free path l of atoms,
i.e., this regime does not relate to low laser powers. Table 9
demonstrates the character of this regime of atomic genera-
tion for some metals, which relates to high local intensities J
of atomic fluxes. Note that in these cases the typical mean free
path of atoms is l � 0:1ÿ1 mm. Table 9 also gives the ratio of
the specific radiation power sT 4 (s is the Stephan ±
Boltzmann constant) at the surface temperature (if this
surface emits as a blackbody) to the absorbed specific power
Pabs. As can be seen, thermal emission of the surface makes a
small contribution to the heat balance.

We note the peculiarity of the nucleation process in this
regime of laser irradiation of a metallic surface. As a result of
transformation of a surface vapor into an atomic beam, the
vapor temperature decreases, and the vapor pressure in the
beam can become lower than the saturated vapor pressure
psat�Tb� at the beam temperature, whose values are given in
Table 9. The excess of atoms is then converted into clusters
whose parameters are given by formula (2.18), and tcl is the
time of this transformation, tclu is the distance from the
surface where the clusterization process finishes, the para-
meterG is given by formula (2.16), and n is the average cluster
size at the end of the transformation of atoms into clusters.
We do not account for the influence of heat release as a result
of the nucleation process on gasdynamical parameters of the
atomic beam.

The lasermethod of cluster generation is of a pulse nature,
and a laser beam cannot act on a cluster beam because in the
opposite case laser radiation acts on clusters and leads to their
decomposition and the heating of the beam, so that the
atomic temperature increases and the beam decays. Of
course, one can suggest a continuous version of laser
generation of clusters, where a laser beam takes a small
angle with the surface, but then other troubles occur. Next,
the size of the irradiated spot on the surface and, correspond-
ingly, the beam diameter are restricted, allowing us to escape
convection in the beam. Under these conditions, the atomic
beam and, subsequently, the cluster beam are formed in the
nonequilibrium conditions, providing a relatively large metal
flux J in this case. But because of the pulse character of the
laser beam and the small beam size, the laser method does not
give high rates of metal transport. Note the role of the buffer
gas which carries clusters from the region of the laser action
and takes the excess heat as a result of nucleation processes. In
addition, the buffer gas promotes subsequent cluster growth.

4.3 Cluster generation at free jet expansion
If an atomic gas or vapor passes through a nozzle, it expands
after the nozzle, so that the temperature and density of this
gas decrease significantly, thus the gas pressure after the
nozzle can exceed the saturated vapor pressure at the current
gas temperature. An excess of gas can then transform into
clusters. Since the number density of atoms decreases with
subsequent gas expansion, there is a finite time of favorable
conditions for the nucleation process. Therefore, though the
free jet expansion method of cluster generation is the simplest
and most convenient method of conversion of an atomic gas
into clusters, the nucleation process is realized under certain
conditions with respect to the gas pressure and expansion
parameters. We consider below the character of the processes
for this method of cluster generation and formulate optimal
conditions for these processes.

If a gas expands when being passed through a nozzle, it is
practically motionless before the nozzle, whereas a gas flow is
formed after the nozzle, and the parameters of this gas flow
depend both on the distance from the nozzle and on the
distance from the flow axis. The spatial parameters of this

Table 9. Parameters characterizing atomic evaporation from a metallic surface under the action of a laser pulse with the specific power of 107 and
3� 106 W cmÿ2 (in parentheses). (The data were obtained on the basis of formulas (4.1) ± (4.4) and fromdata in Table 1 under the assumption that 30%of
the laser energy is absorbed by the surface and the sticking probability is z�Tsur� � 1.)

Metal Cu Mo Ag W Ir

Tsur, 103 K 3.6 (3.2) 5.9 (5.3) 3.8 (3.3) 7.3 (6.7) 5.8 (5.3)

Nsur, 1019 cmÿ3 5.3 (1.7) 2.8 (0.89) 46 (15) 2.6 (0.81) 3.9 (1.2)

psur, atm 26 (7.4) 22 (6.4) 240 (68) 26 (7.4) 31 (8.9)

Tb, 103 K 2.5 (2.2) 4.0 (3.7) 2.6 (2.3) 5.0 (4.6) 4.0 (3.7)

Nb, 1019 cmÿ3 1.3 (0.42) 0.70 (0.22) 11 (3.8) 0.64 (0.20) 0.96 (0.31)

pb, atm 4.5 (1.3) 3.8 (1.1) 41 (12) 4.4 (1.3) 5.3 (1.5)

psat�Tb�, atm 0.19 (0.03) 0.08 (0.01) 0.32 (0.05) 0.054 (0.009) 0.09 (0.015)

J, g �cm2 s�ÿ1 490 (150) 410 (120) 5700 (1800) 580 (180) 800 (240)

sT 4
sur=Pabs, 10ÿ3 0.32 (0.69) 2.2 (5.1) 0.18 (0.39) 5.3 (12) 2.2 (5.0)

G 560 (1700) 1300 (3900) 310 (920) 1100 (3500) 650 (2000)

n 43 (96) 80 (180) 27 (62) 73 (170) 48 (110)

utcl, mm 12 (49) 24 (97) 4.9 (20) 25 (100) 15 (61)
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flow depend also on the nozzle profile; in particular, they
differ slightly for hyperbolic and straight conical nozzles
[144]. We will below ignore these peculiarities of the gas flow
and define a typical time of gas expansion, i.e., a typical time
of passage of atoms through a nozzle region, as follows

tex � d

u tan a
: �4:5�

Here, d is the nozzle diameter, a is the angle of beam
divergence, the current speed u of gas flow is given by the
formula

u �
���������
5T0

m

r
�4:6�

for the adiabatic expansion of interest, and T0 is the gas
temperature before the nozzle. This expression follows from
the law of conservation of the entropy of an expanding atomic
vapor and differs from formula (4.3) when a gas stream is
formed by a jump.

The asymptotic expressions for the number density N of
atoms and the temperature T far from the nozzle at a distance
x from it are [15, 16]

N � 0:15N0

�
d

x

�2

; T � 0:282T0

�
d

x

�4=3

: �4:7�

Here, N0 is the initial number density of atoms in the
chamber, d is the nozzle diameter, and the above expressions
are valid if x > 4d. These asymptotic expressions for the gas
parameters far off a nozzle and the boundary conditions near
the nozzle allow us to approximate the gas parameters in the
intermediate region by the following expressions

T � T0

"
1� 3:55

�
x

d

�4=3
#
; N � N0

"
1� 6:7

�
x

d

�2
#
: �4:8�

Note that the asymptotic expressions (4.7) satisfy the relation

N

N0
�
�
T

T0

�3=2

�4:9�

and this corresponds to the adiabatic character of expansion
[45, 145] in neglecting the nucleation process.

Our task now is to describe the nucleation process in the
course of free jet expansion of a gas or vapor after passage
through a nozzle, when its temperature drops significantly
and the gas pressure becomes more than the saturated vapor
pressure at a given gas temperature. This leads to formation
and growth of clusters. Let us apply to this process the scheme
of processes (2.15) with evolution of gas parameters accord-
ing to formula (2.17). In this problem, a typical parameter of
the time dimensionality is the expansion time tex, and T is the
current gas temperature. Based on the scheme (2.15) of
nucleation processes and using the corresponding set of
balance equations (2.14), we find out that an expanding gas
is transformed into clusters if the following inequality is valid:

tex 4 tcl ;

where tcl is given by formula (2.18). Correspondingly, the
character of the nucleation process is governed by the
parameter (2.21):

x � N0k0tex � 3:2N0r
2
Wd

tan a
4 1 ; �4:10�

where we made use of the expression (4.5) for the expansion
time.

A convenient semiempirical method for analyzing the
nucleation process in an expanding beam was developed by
Hagena [16, 146 ± 151] who applied a scaling law for a beam
on the basis of the experimental data. The reduced Hagena
parameter G � is introduced as

G � � G
Gch

; G � N0d
qT

0:25qÿ1:5
0 ;

�4:11�

Gch � r
3ÿq
ch T

0:25qÿ1:5
ch ; rch �

�
m

r

�1=3

:

Here, N0 is the initial number density of atoms before the
nozzle,T0 is the initial temperature,m is the mass of the atom,
d is the nozzle diameter, r is the density of the condensed
material, and Tch is the specific sublimation energy of the
material per atom. The values of q can be varied within the
range 0:5ÿ1 depending on the experimental data, and the
optimal value of this parameter is q � 0:85. Table 10 lists the
values of Gch for some materials [147] for this value of q. As
follows from the analysis of various gases and vapors, total
nucleation occurs when G > 200.

As can be seen, the parameters used in the Hagena theory,
excluding q, are the parameters of the nucleation process and
nucleating vapor. In particular, rch differs by a numerical
factor from the Wigner ± Seitz radius rW in accordance with
formula (2.1), Tch corresponds to the parameter e0 in Table 1,
and other parameters N, T, and d are identical in both cases.
In the stage of nucleation of an atomic vapor, the nucleation
rate within the framework of a simple scheme of nucleation
processes (2.15) also depends on the three-body rate constant
K, which, being averaged over several processes, is equal to
1� 10ÿ32 cm6 sÿ1 within a factor of 2 as follows from the
experimental data [66] and the appropriate analysis [44]. If we
consider this parameter to be constant for various gases and
vapors, one can assume the rate of nucleation within the
scheme (2.15) to be dependent only upon the parameter x that
is determined by formula (4.10). Thus, comparing theHagena
model with the scheme of nucleation (2.15), i.e., the para-
meters G and x for these two models, we obtain the identical
dependence of these basic parameters on the number density
of atoms N0 before the nozzle, almost identical dependence
on the nozzle diameter, and different dependences on the
initial gas temperature. We compare also the parameters of
nucleation G and x for these two models under the conditions
of the Hagena experiment [148, 149] for nucleation of a silver
vapor at free jet expansion (T0 � 2200ÿ2400 K,
p0 � 18ÿ140 kPa, d � 0:35ÿ1 mm, a � 5ÿ8:5�), where the

Table 10. Values of the reduced Hagena parameter for some vapors and
gases [146].

Gas,
vapor

Gch, 1014 mÿ2:15 Kÿ1:29 Gas,
vapor

Gch, 1014 mÿ2:15 Kÿ1:29

Ar
Kr
Na
K
Rb
Cs
Cu
Ag
Au

347
210
11.5
9.1
6.4
7.8
6.3
6.0
4.3

Zn
Cd
Hg
Al
Ga
In
Ge
Fe
Ni

17.8
16.9
32.4
5.5
5.8
5.6
3.4
5.0
6.6
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highest intensities of formed cluster beams have been
achieved. Under these conditions we obtain

G
x
� 0:4� 0:1 �4:12�

in this range of parameters, where the Hagena parameter G �

varies in the range 50 ± 1000. As is seen, the parameters of
both models with the accuracy indicated (about 30%) can be
taken as the nucleation parameter in this range of parameters,
where the nucleation parameter varies by more than an order
of magnitude. This can be used both for evaluation of the
nucleation rate and the accuracy of the results.

The above model, which uses the scheme of nucleation
processes (2.15) and takes the parameter tex as a characteristic
of the expansion process, is valid if the nucleation process
proceeds in a small region. According to research for free jet
expansion in monatomic gases, it is not fulfilled in reality.
Hence, for a numerical analysis of the nucleation process at a
free jet expansion, it is necessary to account for the gas
dynamics of a flux after a nozzle. Then, the nucleation
process influences the flow temperature and therefore is of
importance for the gas dynamics of an expanding beam.
Thus, the correct computer analysis of this problem requires
accounting for the process of cluster growth during expansion
of a gas and its influence on the heat balance of the gaseous
flow together with the gasdynamics of the flow of a nucleating
gas. The above simple model, using processes (2.15) for the
formation and growth of clusters and parameter (4.10) for the
description of expansion of the gaseous flow, gives the correct
character of current processes and allows one to obtain
semiquantitative results for the rate of the nucleation process
under real conditions.

4.4 Cluster generation in a plasma
The first stage for the second group of the above methods of
cluster generation is the preparation of a supersaturated gas
or vapor, and subsequently this vapor is transformed into
clusters as a result of nucleation processes. Supersaturation of
the vapor may be attained by its cooling, and the rate of the
nucleation processes is determined by both the number
density N of atoms in this supersaturated vapor and its
lifetime t with respect to the expansion. In any case,
formation of clusters is possible, if the following criterion
holds true:

Nk0t4 1 ; �4:13�
where the rate constant k0 is defined by formula (2.8), and its
values are given in Table 1. Criterion (4.13) is similar to the
criterion (2.21) or (4.10), and according to this criterion, for
cluster formation it is necessary that, along with super-
saturation, the gas or vapor be found in this state long
enough for the nucleation process. In particular, according
to the data in Table 1, the number density of atoms of heat-
resistant metals at the melting point and the saturated vapor
pressure is� 1013 cmÿ3; so that criterion (4.13) takes the form
t4 10ÿ3 s, whereas the expansion time for passage of a vapor
through a nozzle of diameter� 100 mm is� 10ÿ6 s. From this
it follows that the method of cluster generation by free jet
expansion is not suitable for the generation of clusters of heat-
resistant metals, if an atomic vapor is accumulated in a space
near a metallic surface.

This problem for heat-resistant metals can be overcome if
clusters are formed in a plasma flow involving metallic atoms
or metal compounds injected into a plasma flow. Then the

typical time of cluster growth in formula (4.13) is determined
by the typical time of plasma flow, which greatly exceeds the
typical time of vapor passage through a nozzle, so that
criterion (4.13) can be fulfilled. We note that this plasma
method is suitable only for clusters with a large binding
energy of atoms, since a relatively high cluster temperature
and the presence of energetic and active atomic particles in a
plasma lead to destruction of clusters with a small binding
energy. Hence, the plasma method of cluster generation is
utilized in addition to othermethods and is convenientmostly
for clusters with a high sublimation energy, in contrast to the
method of free jet expansion that is applied to clusters of low
sublimation energy. In considering this method, we will relate
it to a vapor of a heat-resistantmetal that is a small additive to
a dense buffer gas. Below we discuss the method of cluster
generation in a plasma flow in detail.

Note one more peculiarity of cluster generation for heat-
resistant metals if metallic atoms are formed by destruction of
metal-containing molecules. This process requires a high
specific energy for conversion of metal-containing molecules
into metallic clusters, which leads to cooling of the buffer gas.
Therefore, the concentration of metal-containing molecules
in the buffer gas is limited. But this concentration can be
increased if these molecules are injected into a restricted
region near the center of the buffer gas flow [152, 153], so
that an energy needed for the destruction of metal-containing
molecules is taken from neighboring regions of the flow. This
allows one to attain a high efficiency of the plasmamethod for
cluster generation.

Thus, we use the following scheme for this process. A
plasma flow of a buffer gas emerges from a plasma generator
of small power, and a metal in the form of metal-containing
molecules is injected into the central region of this plasma.
For definiteness, we take molecules MX6 as metal-containing
molecules (M is a metal atom, X is a halogen atom), and
assume that the plasma temperature satisfies criterion (2.25).
Then these molecules decay in the plasma, andmetallic atoms
are joined in clusters. Next, metal-containing molecules are
injected into the center of the plasma flow, so that the metallic
clusters formed remain in the region of molecule injection
because of a low mobility of clusters, while formed halogen
atoms and molecules propagate through all the flow space.

A general scheme of the cluster generator is presented in
Fig. 9 and includes the following basic elements. A plasma
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Figure 9. Schematic of a generator of clusters from an arc afterglow: 1 Ð

plasma generator; 2Ðplasma flow; 3Ð injection of a gaseous compound

of heat-resistant metal; 4 Ð cluster beam in plasma flow; 5 Ð afterglow

tube; 6 Ð output plasma flow; 7 Ð nozzle for plasma expansion into a

vacuum; 8Ðvacuum chamber; 9Ðelectron beam; 10Ð skimmers; 11Ð

expanding buffer gas; 12Ð electric field optics; 13Ð cluster beam; 14 Ð

pumps.
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generator of low power (� 1 kW) creates a flow of an arc
plasma of a buffer gas (for simplicity and definiteness, we will
consider below argon as the buffer gas at a pressure of 1 atm
and temperature of several thousand kelvins, so that this
plasma is characterized by a small ionization degree). A
narrow beam of metal-containing molecules is injected in the
form of a liquid jet into this flowing buffer gas near the flow
center. As a result of the evolution of this flowing afterglow
plasma, metal-containing molecules are decomposed, and the
metallic atoms formed attach to growing clusters in this
region, so that the metal is collected near the flow center in
the form of growing clusters, while halogen atoms and
molecules, another component of metal-containing mole-
cules, spread out over all the buffer gas. At the end, the
central part of the plasma flow contains a weakly ionized
buffer gas and growing metallic clusters, whereas the halogen
concentration is small at the flow center. The central part of
the flow passes through a separate nozzle or slit, and standard
methods are used for pumping the buffer gas after the nozzle,
for charging the clusters by a crossing electron beam, and for
accelerationof the charged clusters in an external electric field.
The noncentral part of the plasma flow, which contains the
main part of the buffer gas and does not contain metallic
atoms, is extracted separately and is purified fromadmixtures,
so that the purified buffer gas may be utilized once more.

The average number density of bound metallic atoms in
clusters for the plasma method of cluster generation (see
Table 5) is lower than that obtained by the method of free jet
expansion for clusters containing gaseous atoms or mole-
cules. It is comparable to the average number density of
atoms in metallic clusters obtained by laser irradiation of a
metallic surface (see Table 9). But because the width of cluster
beams as a result of the laser method is relatively small, and
the laser method is usually used in a pulse regime, the total
intensity of the cluster beam (the total metal mass in clusters
transferred per unit time) generated by the plasma method is
several orders of magnitude higher than that for the laser
method.

Figure 10 shows the character of variation of the electron
number density in the course of evolution of the plasma flow

at the flow center. Plasma obtained from a plasma generator
is an equilibrium one, i.e., the electron number density is
connectedwith the electron temperature by the Saha formula.
As the electron temperature decreases in the flow during the
plasma cooling, the number density of electrons decreases
sharply. Ultimately, this leads to violation of the ionization
equilibrium, if the rate of three-body recombination of
electrons and ions that is responsible for the equilibrium
maintenance in the course of plasma cooling cannot reestab-
lish a decreasing equilibrium number density of electrons, and
the current number density of electrons exceeds the equili-
brium one. The subsequent sharp decrease in the electron
number density takes place after formation of clusters as a
result of attachment of plasma electrons and ions to clusters.
Then, until the plasma temperature is no longer small, the
electron number density results from electron thermoemis-
sion from the cluster surface. At low plasma temperatures, the
electron number density in a cluster region becomes small and
is determined by plasma transport from a surrounding region
which does not contain clusters, and recombination of
electrons and ions in a cluster region results in attachment of
electrons and ions to clusters. As can be seen, evolution of the
plasma under consideration includes several stages with a
different character of the balance between plasma electrons
and ions.

Figure 11 illustrates a variation of the cluster charge in the
course of plasma evolution. At the stage when the clusters are
formed and the balance of charged particles in the plasma is
determined by the attachment of electrons and ions to the
clusters, the cluster charge is negative because the electron
mobility in a buffer gas exceeds the ion mobility, and a cluster
negative charge equalizes the electron and ion currents to the
cluster surface. When the number density of plasma electrons
is low but the temperature is not low, the number density of
plasma electrons is determined by thermoemission of elec-
trons from the cluster surface, and the cluster charge is
positive, though it is relatively small. Next, when the plasma
temperature becomes low and the thermoemission process is
weak, the electron number density in the cluster region and

Saha distribution

Plasma hardening

Attachment of electrons
and ions to clusters

Thermoemission
of electrons

Plasma transport
from environment

Ne

Formation
of clusters

t

Figure 10. Character of plasma relaxation in the course of plasma

evolution in the plasma generator of continuous cluster beams.

Z;Ne

t

Attachment of electrons
and plasma ions to clusters

Attachment of electrons
and plasma ions to clusters

Thermoemission
of electrons Plasma transport

to cluster region

Figure 11. Variation of electron number density (solid curve) and cluster

charge (broken curve) during evolution of a cluster plasma in the plasma

generator of cluster beams.
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the charge of an individual cluster result from the transport of
the plasma from regions surrounding the cluster region. Then
the cluster charge becomes negative again.

Figure 12 shows the evolution of the plasma temperature
in a center of the cluster region, where the first stage of
processes relates to a pure buffer-gas plasma without clusters.
When metal-containing molecules are injected into the
plasma, its temperature drops strongly because the thermal
energy of the buffer gas is consumed on destruction of the
metal-containing molecules and formation of metallic clus-
ters. Later on this heat absorption is compensated for by heat
transport from neighboring regions without clusters, and
when cluster growth is over, i.e., all metal atoms are bound
in clusters, the heat balance of a cluster region is maintained
by heat transport to the walls. Such a development of plasma
and cluster parameters in a plasma generator of cluster beams
exhibits the character of processes which determine properties
of this cluster plasma.

4.5 Pulsed generation of intense cluster beams in a plasma
The general character of the generation of metallic clusters
by the pulsed plasma method of cluster generation is similar
to that of continuous generation of metallic clusters in a
plasma [152, 153], but because of a higher number density of
bound atoms in the pulsed method of cluster generation, we
rely on another scheme of cluster generation. Briefly, a drop
with metal-containing molecules is injected into a dense
buffer gas and is heated fast, leading to its transformation
into a gas, the destruction of free molecules, and the
formation of free metallic atoms, which then are joined in
metallic clusters in a weakly ionized buffer gas. When a
buffer gas with these clusters flows through a nozzle or
orifice, atoms of the buffer gas are pumped out, and the
resultant beam contains metallic clusters only. The pumping
out does not affect the clusters because of their large mass
compared to the atomic mass, and therefore clusters possess
large momenta in comparison with atomic momentum. One
can expect that the pumping out also allows one to obtain a
beam of van der Waals-bonded clusters, liberating them
from free atoms. But because of the small binding energy of
atoms, these clusters evaporate atoms up to an equilibrium

between the evaporation and attachment processes. For
metallic clusters, the equilibrium number density of free
atoms is very small, i.e., one can ignore the presence of free
metallic atoms in the space between clusters.

The general scheme of a generator of a pulsed cluster
beam (Fig. 13) is outlined as follows. A liquid drop consisting
of metal-containing molecules is injected into a dense buffer
gas, and is then heated by gas discharge. The drop also
contains lightly ionized admixtures, and an electromagnetic
wave of microwave discharge is absorbed mostly in the
vicinity of the drop because of the higher degree of plasma
ionization there. This leads to strong heating of the drop and
surrounding gas up to temperatures of several thousand
kelvins during a short time by virtue of consumption of a
small amount of electromagnetic energy. Under this action,
compounds of the drop are decomposed into atoms, the
metallic atoms join in clusters, and other components spread
over the buffer gas as a result of diffusion in the form of atoms
and molecules, while the diffusion coefficient of clusters
formed is small and they remain in the initial region. Cluster
growth proceeds until the buffer gas with clusters expands
through a nozzle into a vacuum. After the nozzle or orifice, as
a result of standard methods [146, 154], atoms of a buffer gas
are pumped out, and clusters are charged by a crossing
electron beam and governed by electric fields. The resultant
pulsed beam contains large charged metallic clusters, whereas
free atoms are absent in this beam, and this cluster beam can
be a target for laser irradiation that leads to X-ray emission.
This is the general scheme for the preparation of a cluster
target, and this regime of evolution is realized only under
certain conditions. Below we focus on processes of evolution
of a liquid drop consisting of metal-containing molecules in a
buffer gas and find the conditions when this character of
processes is realized.

We suppose for simplicity that the liquid drop inserted in
the buffer gas has a spherical shape and conserves this shape
after transformation into a gas. The buffer gas is located in a
waveguide, and a pulsed gas discharge causes a fast heating of
the gas up to a certain temperature T0. As a result, the drop is
transformed into a gas ofmolecules, which are destructed into
atoms, and an atomic metallic vapor is transformed into a gas
of clusters. This system is characterized by two typical
temperatures T1 and T2, [82, 41], so that above temperature
T1 the thermodynamic equilibrium corresponds to the break-
ing of all bonds between halogen and metal atoms, and below
temperature T2 the formation of metallic clusters is favorable

T

t

Saha distribution

Plasma hardening

Decay of metal-
containing molecules

Heat transport
to walls

Formation
of clusters

Figure 12.Heat regime of evolution of a cluster plasma.
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thermodynamically. We assume the criterion (2.25) to be
valid and the operation time of gas discharge to be relatively
small, so that the processes of destruction of radicals and
metal-containing molecules proceed mostly when the break-
down pulse is over. We will be guided by compounds whose
parameters are given in Table 5.

We demonstrate the reality of this system through the
example of a drop of 10 mm radius, consisting of metal-
containing molecules in a condensed state (the densities of
these compounds at room temperature [40] are given in
Table 5), is injected into argon at a pressure of 50 atm. The
drop also contains lightly ionized additives and it is heated by
a short pulse (� 10ÿ6 s) of an electromagnetic wave. As a
result, the drop evaporates and expands, and argon pene-
trates to the drop's interior. For definiteness, we assume the
concentration of argon atoms inside the drop in the course of
the process to be c � 50%. In Table 11, we give the total mass
M of metal atoms in the drop and the total number nM of
metallic atoms in it. Note that in this case the input energy for
heating and destruction of the drop is not large; in particular,
the energy that is consumed for transformation of this drop
into metal and halogen atoms is about 10ÿ4 J, i.e., various
types of gas discharges are available for this. Next, we
introduce the temperature T2 as Nsat�T2� � Nm, where Nm is
the total number density of bound metallic atoms in the drop
evaporated, and the number density Nsat�T � corresponds to
the saturated vapor pressure at a given temperature. We take
the temperature T0 of argon outside the drop such that
Nsat�T0� � 0:1Nm, and its values are listed in Table 11. Note
that since the temperatureT� at the drop's center is lower than
T0, the number density Nsat�T�� of metallic atoms at this
temperature is less significant (see Table 11).

The heat regime of this drop is similar to that considered
in Section 3.2. Indeed, the energy needed for destruction of
metal-containing molecules is taken from the surrounding
buffer gas that does not contain metallic atoms. Halogen
atoms formed as a result of the destruction of metal-contain-
ing molecules and their radicals leave the drop's region, while
metallic atoms join in clusters and remain in this region. Such

a regime is established during a typical time

teq � r 2

3w�T�� ;

where w is the thermal diffusivity of argon, whose values are
taken from Refs [155, 156], as are the values of the diffusion
coefficient for halogen atoms (they are modeled on inert gas
atoms) in argon. The halogen atoms formed leave the drop
region rapidly, and the inverse process of their attachment to
metal-containing radicals is not significant. The total time of
transformation of metal-containing molecules into metal
clusters, given by formula (3.21), is determined mostly by
destruction of these molecules and their radicals:

t0 � 1

vd�T�� ;

where vd�T�� is the rate of destruction of molecules and
radicals in collisions with argon atoms. Under these condi-
tions, cluster growth is determined by the coagulation
process, and the average number n of cluster atoms by the
time t is given by formula (2.20):

n � 3:5�k0Nmt�1:2 ; �4:14�

where Nm is the total number density of bound metallic
atoms, and k0 is the reduced rate constant of cluster
collisions [see formula (2.8) and Table 1]. The longer the
drop is located in the buffer gas, the larger the clusters that are
formed in this process. We give in Table 11 the minimal value
of the average cluster size n�t0� if the time the cluster is located
inside argon corresponds to the total time of destruction of
metal-containing molecules. In reality, this process leads to
larger cluster sizes. The ratio nM=n is themaximumnumber of
clusters formed during this process.

The decay of metal-containing molecules with a release of
halogen atoms leads to an increase in the gas pressure, while
the joining of radicals and clusters causes a decrease in the
pressure. We assume a soft regime for these processes, so that
atoms of a buffer gas penetrate into this region, having
compensated variations of the gas pressure. In addition, we
suppose that the volume of the region, where bound metallic
atoms are located, is conserved in the course of formation and
growth of clusters; the concentration of boundmetallic atoms
in the volume where they are located with respect to atoms of
a buffer gas was taken to be cM � 50%.

As a result of these processes, released halogen atoms
spread over the space due to their diffusion in argon. Let us
estimate the average displacement Dx of metallic clusters as a
result of their diffusive motion that is given by the formula

Dx 2 � 2

�
D dt ; �4:15�

where the diffusion coefficient D of large clusters in a buffer
gas is given by formula (2.28), and its values are listed in
Table 4. Using the dependence (2.29) for the diffusion
coefficient �D � D0=n

2=3� and taking formula (4.14) for the
current number n of cluster atoms, we find the average
displacement Dx of metallic clusters as a result of their
diffusion:

Dx 2 � 3:7D0n
1=6

k0N0
; �4:16�

Table 11. The parameters characterizing cluster formation as a result of
destroying a drop of 10 mm radius. The drop consists of metal-containing
molecules and is located in argon at a pressure of 50 atm.

Molecule MoF6 IrF6 WF6 WCl6

r, mm 45 48 46 40

M, 10ÿ9 g 4.9 16 8.9 6.8

nM, 1013 3.1 5.0 2.9 2.2

T2, 103 K 5.9 5.7 7.3 7.3

T0, 103 K 5.0 4.9 6.2 6.2

T�, 103 K 4.3 2.8 5.2 4.4

Nm, 1019 cmÿ3 4.2 6.6 3.5 4.2

Nsat�T��, 1017 cmÿ3 0.05 5� 10ÿ4 1 0.05

teq, 10ÿ6 s 0.3 0.8 0.3 0.3

t0, 10ÿ6 s 15 4 10 2

n, 105 10 2 4 0.6

nM=n, 107 3 26 8 35

Dx, mm 1 1 1 1
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whereN0 is the number density of buffer gas atoms. Note that
the main contribution to Dx is made by clusters with large
numbers of atoms, so that formula (4.14) for evolution of the
average cluster size is valid, and we relied on this fact at
integration of formula (4.15). Table 11 contains the values of
Dx for the regimes under consideration and confirms our
assumption that cluster diffusion is not essential.

Thus, the above-discussed pulsed method for generation
ofmetallic clusters from a plasma allows one to obtain intense
pulsed beams of clusters. The number density of bound atoms
in cluster beams obtained by the pulsed plasmamethod is two
orders of magnitude higher than that for the stationary
plasma method of cluster generation (compare the data of
Tables 5 and 12) and is comparable with that in intense beams
of van der Waals-bonded clusters. But in intense beams of
clusters consisting of gaseous atoms or molecules, free atoms
or molecules are also present. They are found in equilibrium
with clusters and can influence subsequent processes of
application of cluster beams. In pumped out beams of
metallic clusters, free metallic atoms are practically absent.

4.6 Cluster beams for metal transport
The above analysis shows that the generation of cluster beams
of metals is problematic within the free jet expansion method
when a metal vapor from a metallic surface is accumulated in
a chamber and then this vapor is converted into a cluster
beam by free jet expansion into a vacuum or a gas of low
pressure. The reason for this is the low saturated vapor
pressure of many metals at the melting point, and the
equilibrium number density of atoms in a chamber does not
exceed that at the saturated vapor pressure and surface
temperature because an excess of the equilibrium vapor will
attach to the hot surface. Evidently, the surface loses stability
at the melting point, so that the vapor pressure in a space near
the heatedmetallic surface is restricted by the saturated vapor
pressure at the melting point. This value of pressure is usually
not enough for conversion of a metallic vapor into a cluster
beam because of the small time of expansion, and the
standard scheme of generation of cluster beams is not
suitable for most metals.

This trouble can be overcome if we use nonequilibrium
conditions near the metal surface. A simple method for
reaching this purpose is the formation of cluster beams in a
chamber near a hot metallic surface by using a flow of cold
buffer gas. Then an equilibrium between the metallic surface
and the clusters is absent, and a part of the evaporable atoms
attaches to the clusters in a cold region, leading to the
transformation of a metallic vapor into clusters which are
captured by the flow of the buffer gas.

Note that the problem of the generation of intense beams
of metallic atoms is of importance for metal transport.
Indeed, the basic applications of cluster beams consist of
depositing cluster beams on a target with fabrication of thin
films or creation of a new materials with embedded clusters,
and such applications result from metal transport in the form
of cluster beams between two objects. Because equilibrium
between the clusters and the source of metallic atoms is
absent, the number density of metallic atoms in cluster
beams is not restricted by equilibrium conditions which
must be fulfilled for atomic beams. Therefore, cluster beams
constitute a more convenient form for metal transport than
atomic beams.

Let us consider this problem for the simple geometry when
a hot metallic surface and a cold surface are parallel planes,

and a dense buffer gas flows between them. We assume that
the heat balance between these planes is due to thermal
conductivity of the buffer gas, i.e., we have

q � ÿk dT

dx
� const ; �4:17�

where q is the heat flux between the planes, k is the thermal
conductivity coefficient for the buffer gas, T is its tempera-
ture, and x is the distance from the hot metallic surface. We
assume for simplicity that the process of atom attachment to
clusters does not make a contribution to the heat balance of
the buffer gas. Then if clusters of a typical size n are found in
equilibrium with metal atoms in the region of the buffer gas
whose temperature is T, an equilibrium number density of
free atoms in the cluster region according to formula (3.8) is
given by

N eq
m � Nsat�T � exp

�
ÿ 2A

3n 1=3T

�
; �4:18�

where Nsat�T � is the atomic number density at the saturated
vapor pressure at a temperature T of the cluster region, andA
is the specific surface energy of the cluster. Thus, the rate of
cluster formation and growth is determined by the number
density of atoms Nsat�Tm� related to the saturated vapor
pressure at surface temperature. These values are given in
Table 1 for some metals, and in addition Fig. 14 contains the
parameters of formula (2.10) for the saturated vapor pressure
of liquid metals, together with the melting and boiling points
of thesemetals, as well as the specific surface energyA of these
metals, defined by formula (2.4).

In considering the dynamics of the cluster growth process,
we base it on the scheme (2.15) of formation and growth of
clusters. Atoms which are evaporated from the hot metallic
surface propagate through the space in the form of a wave,
and in the absence of the nucleation process, the number
density of atoms is Nsat�Tm� in the region that is attained by
the wave (we take the surface temperature to be equal to the
melting point Tm), and the number density Nsat�T � corre-
sponds to the saturated vapor pressure at the surface
temperature T. According to formula (2.18), the time t of
conversion of a metallic vapor to clusters is given by

t � �54G�
1=4

k0Nm
:

During this time atoms displace at a distance

l �
���������
2Dt
p

;

where D is the diffusion coefficient of metallic atoms in a
buffer gas. Based on the scheme (2.15) of the nucleation
process, we neglect the evaporation process, so that nuclea-
tion takes place in a cold region that is not located close to the
hot surface. We take for definiteness the characteristic
distance l0 from the surface, where the equilibrium number
density is low compared to the saturation number density
Nm � Nsat�Tm�, as

l0 � 2T 2
m

e
; e � e0 ÿ 2A

3n 1=3Tm
; �4:19�

and the criterion

l4 l0
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Period
G r o u p

I II III IV V VI VII VIII

2

454; 1615 1.61

3Li 0.99

Lithium 1.3

1560; 2744 3.12

4Be 1.4
Beryllium 23

3
371; 1156 1.08

11Na 0.73
Sodium 0.63

923; 1363 1.44

12Mg 1.4
Magnesium 1.1

3.09 933; 2730
2.0 13Al
11 Aluminium

4

336; 1032 0.91

19K 0.62
Potassium 0.37

1115; 1757 1.67

20Ca 1.4
Calcium 0.72

1814; 3103 3.57

21Sc
Scandium 8

1941; 3560 4.89

22Ti 3.2
Titanium 300

2183; 3680 5.1

23V 3.7
Vanadium 150

2180; 2944 3.79

24Cr 2.4
Chromium 30

1519; 2334 2.44

25Mn
Manganese 2.0

1812; 3023 3.83

26Fe 3.0
Iron 11

1768; 3200 4.10

27Co 3.1
Cobalt 35

1728; 3100 4.13

28Ni 2.9
Nickel 7

3.40 1358; 2835
2.2 29Cu
15 Copper

1.22 693; 1180
1.5 30Zn
1.6 Zinc

2.76 303; 2680
1.5 31Ga
2.0 Gallium

5

312; 961 0.82

37Rb 0.54
Rubidium 0.28

1050; 1655 1.5

38Sr 1.3
Strontium 0.32

1795; 3618 4.0

39Y
Yttrium 4

2128; 4650 6.12

40Zr 3.8
Zirconium 52

2750; 5100 7.35

41Nb 4.5
Niobium 360

2886; 4912 6.3

42Mo 4.5
Molibdenum 59

2430; 4538 6.7

43Tc
Technetium 250

2607; 4423 6.1

44Ru
Ruthenium 100

3237; 3968 5.42

45Rh 3.8
Rhodium 7.7

1828; 3236 3.67

46Pd 2.9
Palladium 6.0

2.87 1235; 2435
2.0 47Ag
15 Silver

1.06 594; 1040
1.4 48Cd
1.4 Cadmium

2.38 430; 2353
1.5 49In
0.17 Indium

3.10 505; 2875
1.6 50Sn
0.24 Tin

1.5 904; 1860
1.04 51Sb
0.03 Antimony

6

301; 944 0.78

55Cs 0.51
Cesium 0.24

1000; 1913 1.71

56Ba 1.4
Barium 0.17

1191; 3737 4.34

57La
Lanthanum 8

2510; 4876 5.95

58Hf
Hafnium 14

3290; 5731 8.1

73Ta 4.7
Tantalum 250

3695; 5830 8.59

74W 4.7
Tungsten 230

3459; 5880 7.62

75Re 5.3
Rhenium 42

3100; 5300 7.94

76Os 4.7
Osmium 230

2819; 4700 6.5

77Ir 4.5
Iridium 130

2041; 4098 5.4

78Pt 3.6
Platinum 40

3.65 1337; 3129
2.5 79Au
12 Gold

0.62 334; 630
1.23 80Hg
7.7 Mercury

1.78 577; 1746
1.3 81Tl
2.0 Thallium

1.95 600; 2022
1.4 82Pb
1.0 Lead

1.92 544; 1837
1.2 83Bi
50 Bismuth

1.2 527; 1235

84Po
2 Polonium

7

300; 900 0.7

87Fr
Francium 0.1

970; 1800 1.4

88Ra
Radium 0.1

1320; 3470 4.1

89Ac
Actinium 9

Actinides
2023; 5061

5.6
90Th
Thorium 5

1845
6.5

91Pa
Protactinium

1408; 4404 4.95

92U 3.8

Uranium 5

917
4.63

93Np
Neptunium

913; 3500 3.5

94Pu
Plutonium 1

1450; 2600
2.8

95Am
Americium 3

Melting and boiling
temperatures, K

p0, 105 atm

A, eV

e0, eV923; 1363 1.44

12Mg 1.4
Magnesium 1.1

Symbol

Element

Atomic number

Figure 14. The parameters characterizing evaporation of liquid metallic clusters.
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holds true, if the nucleation takes place in a cold region.
Evidently, the optimal pressure of a buffer gas corresponds to
the approximate relation

l � l0 ; �4:20�
which provides for the maximum efficiency of conversion of
evaporable atoms into clusters.

Table 12 contains the parameters of the process under
consideration for some metals, when the temperature of a hot
surface is the metal's melting point. Argon is taken as a buffer
gas at a pressure p, which satisfies relation (4.20) [the diffusion
coefficient of metallic atoms in a buffer gas is inversely
proportional to the buffer gas pressure, as well as the
parameter G according to formula (2.16)]. Then the tempera-
ture gradient near the surface is taken as Tm=L, where Tm is
the melting point, and the distance between the hot and cold
surfaces is L � 1 cm. The diffusion flux of atoms emerging
from the metallic surface in the buffer gas is equal to

jdif � D
Nm

l0
; �4:21�

whereas the flux of evaporable atoms near the surface is
obtained from the expression

jev �
����������
Tm

2pm

r
Nsat�Tm� ;

where m is the atomic mass. Just the diffusion flux of free
atoms determines the rate of cluster growth. The part of
initially evaporable atoms which later attach to clusters is
given by

x � jdif
jev

; �4:22�

and Table 12 contains the above fluxes and the efficiency of
conversion of evaporable atoms into clusters.

The heat regime under consideration is such that the
nucleation process makes a small contribution to the heat
balance of the buffer gas, and the corresponding criterion has
the form

k
dT

dx
4D

Nm

l0
e0 :

Introducing the concentration cm � Nm=Na of metallic
atoms, we rewrite this criterion as follows

cm 5 c0 � l0
e0

dT

dx

k
DNa

: �4:23�

Taking as we did earlier dT=dx � Tm=L, where L � 1 cm, we
obtain c0 � 1 in this formula, while the concentration cm of
free metallic atoms in the buffer gas is lower by several orders
of magnitude (see Table 12). Hence, the criterion (4.23) holds
true, and the heat balance of the buffer gas is determined by
the thermal conductivity of the buffer gas; a typical specific
heat flux then amounts to� 100W cmÿ2 for the cases covered
in Table 12.

Thus, the character of formation of clusters near a hot
metallic surface may be described as follows. Evaporable
atoms reach a cold region where formation of clusters is
possible. Clusters are formed first at a distance l0 from the hot
surface, where an equilibrium number density of free metallic
atoms is given by formula (4.18). The temperature gradient
aimed away from the hot surface creates the gradient of the
equilibrium number density of free metallic atoms, which in
turn causes the diffusion flux of atoms in the case of
equilibrium between free metallic atoms and clusters. There-
fore, clusters are formed and grow in a narrow region, and
expansion of this region as a result of atom attachment to
clusters proceeds slowly in the course of atomic evaporation
because of the strong temperature dependence (4.18) of the
equilibrium number density of free atoms. Next, the rate of
cluster formation is strongly distinguished for different
metals (see Table 12). This quantity can be increased
essentially if a liquid metal surface will be used for evapora-
tion.

5. Processes in the generation of cluster beams

5.1 Peculiarities of nucleation at free jet expansion
Analyzing the character of nucleation in an expanding gas, we
above assumed the gas temperature to be constant in the
course of gas evolution, i.e., we ignored thermal processes
during nucleation. We now consider the influence of the heat
balance on the nucleation process that may be of importance
for pure gases and vapors. Indeed, the binding energy per
atom in the clusters formed exceeds significantly a typical
thermal energy of free atoms, and heat release during the
nucleation process canmake a remarkable contribution to the
heat balance of a nucleating gas. For the analysis of the heat
process in the course of expansion of a nucleating vapor, we
consider a mixture of a buffer gas with an admixture of a
nucleating vapor, characterizing its amount by the concentra-
tion c of admixture atoms with respect to the total number of
atoms in a given volume. We assume for simplicity the
released energy per atom as a result of cluster formation to
be e0 and this quantity is independent of cluster size, i.e.,

Table 12. Parameters describing a metal flux from a hot surface in a buffer gas.

Metal l0, mm p0, atm G�Tm� D, cm2 sÿ1 jdif, cmÿ2 sÿ1 jdif, mg cmÿ2 sÿ1 jev, cmÿ2 sÿ1 x, % cm

Ti
V
Cr
Fe
Co
Ni
Cu
Nb
Mo
Rh
Pd
Ag

0.7
0.8
1.1
0.9
1.3
0.81
0.77
0.69
0.87
1.2
1.0
0.85

10
3.7
0.037
2.1
6.0
50
50
86
20
0.12
1.3
6.0

210
570

49000
670
420
24
17
30

120
22000
920
120

0.45
1.5
150
1.9
1.3
0.072
0.046
0.085
0.39
79
2.8
0.3

1:5� 1014

1:6� 1015

2:3� 1019

2:0� 1015

2:9� 1014

2:4� 1012

1:3� 1012

3:9� 1012

6:7� 1014

4:3� 1018

5:1� 1015

6:0� 1013

0.012
0.14
2000
0.18
0.028
2:3� 10ÿ4

1:4� 10ÿ4

6:0� 10ÿ4

0.11
730
0.90
0.011

9:3� 1017

2:0� 1018

1:3� 1022

2:0� 1018

7:0� 1017

5:3� 1016

3:2� 1016

6:3� 1016

3:0� 1018

1:3� 1020

2:7� 1018

2:1� 1017

0.03
0.08
0.18
0.10
0.04
0.004
0.004
0.007
0.022
3.3
1.4
9.5

6:1� 10ÿ7

6:8� 10ÿ6

0.14
1:2� 10ÿ5

1:8� 10ÿ6

1:3� 10ÿ8

7:0� 10ÿ9

1:4� 10ÿ8

3:0� 10ÿ6

0.023
3:4� 10ÿ5

2:9� 10ÿ6
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according to formula (2.4) we neglect the cluster surface
energy. Taking a test volume of an expanding gas with a
certain number g of atoms and considering free jet expansion
of the gas into a vacuum as an adiabatic process, we apply the
second law of thermodynamics to the given gas in the form

dE � dQ� p dV � 0 ; �5:1�

where E is the total atomic energy in the volume, Q is the
thermal energy of atoms in the volume, and p is the gaseous
pressure. Correspondingly, the variation of the thermal
energy of the gas is described by the equation

dQ � 3

2
g dTÿ

X
k

Ek dnk � 3

2
g dTÿ ge0 dc ; �5:2�

where dT is the temperature variation, g is the total number of
atoms in a given volume, nk is the number of clusters
consisting of k atoms and located in a given volume, and Ek

is the total binding energy of atoms in a cluster containing k
atoms [Ek � e0k according to formula (2.4) in which we
ignore the cluster surface energy].

Considering the expanding gas to be ideal, we have the
equation of state of the gas in the form p � NT, whereN is the
number density of gas atoms, and since the total number of
atoms in a given volume equals g � NV, we have p dV �
ÿgT dN=N. Then, the equation (5.1) for the adiabatic process
in a gas �dE � 0� takes the form

ÿ dN

N
� 3

2

dT

T
ÿ e0

T
dc � 0 �5:3�

and is independent of the size of the volume under considera-
tion. On the basis of this equation, one can consider two
limiting heat regimes for an expanding gas. At high
temperatures one can neglect the nucleation process, so that
a current temperature T and number density of atoms N for
an expanding atomic gas are connected with the initial values
T0 and N0 of these parameters by the adiabatic law of
expansion of an atomic gas [45, 145]:

N

N0
�
�
T

T0

�3=2

: �5:4�

The other limiting case for the heat regime of an
expanding nucleating gas is realized at low temperatures
when the nucleation rate is high. Taking the gas parameters
at the beginning of nucleation to be T�, N�, and setting
T � T� � const in the course of nucleation, we have from
equation (5.3) the following relation

c � T�
e0

ln
N�
Nf

; �5:5�

where c is the concentration of bound atoms, and Nf is the
number density of free atoms at the end of the nucleation
process. This formula takes the form [68, 41]

c � T�
e0

ln n : �5:6�

Here, n is a typical number of atoms per cluster at the end of
the nucleation process with the participation of free atoms,
which takes the value� 10 under typical conditions of free jet
expansion. In particular, in the case of generation of xenon
clusters, assuming a typical temperature of nucleation
T� � 150 K, we have for xenon (e0 � 158 meV) according to

formula (5.6): c � 20%. Thus, only part of an expanding pure
gas or vapor can be transformed into clusters if the expansion
process proceeds under adiabatic conditions. This is deter-
mined by the heat balance of an expanding gas, and the
number of bound atoms in an expanded pure gas is practically
� 10ÿ20% [41, 68]. The reason for this finding is that a
thermal atomic energy is small compared to the binding
energy of a bound cluster atom, and since the energy released
in the nucleation process remains in the gas, from this it
follows that the number of bound atoms at the end of the
expansion process is less significant than the number of free
atoms.

Of course, this formula is based on the adiabatic character
of gas expansion, when the nucleation energy is transformed
into a thermal energy of free atoms. One can utilize a specific
long nozzle where, due to gas ±wall interaction, the heat
liberated in the nucleation process is transferred to the walls,
and the concentration of bound atoms in the end can be
increased in this manner. But at low wall temperatures, free
atoms can attach to the walls and form a condensed phase on
the walls that complicates current processes and requires
special analysis.

We give here an example when heat release retards the
nucleation process on the basis of experiment [157], where the
evolution of a copper vapor was studied. The initial vapor
temperature was T0 � 2500 K, the initial vapor pressure was
p0 � 100 Torr, and the nozzle diameter amounted to
d � 0:625 mm. At the end of the expansion process, only a
small part of the atoms was converted into diatomic
molecules, and the vibrational Tvib and rotational Trot

temperatures of the dimers formed were measured as
Tvib � 950� 100 K and Trot � 800� 50 K. Polyatomic
molecules or clusters were not observed in this experiment.
One can estimate the character of nucleation under these
experimental conditions. We have that the pressure of the
copper vapor is close to the saturated vapor pressure at its
temperature, i.e., formation of clusters can start from the
initial temperature. We obtain with these parameters that
d=u � 0:4 ms (u is the speed of sound, i.e., the velocity of a
beam being formed), and the typical expansion time that
accounts for a small expansion angle is practically greater by
one order of magnitude. A typical time of conversion of
atoms into diatomic molecules is in this case:
�KN 2�ÿ1 � 600 ms. One can see that in spite of the high
copper vapor density created in this experiment [157], which
used laser ablation, the vapor density is small for the
generation of clusters during expansion times. This example
shows that high enough pressure is necessary for cluster
generation in free jet expansion, as it takes place in the
nucleation of a dense buffer gas.

One more peculiarity of the nucleation process relates
mostly to the generation of gaseous clusters or van derWaals-
bonded clusters where bonds between atoms are sustained by
a weak van der Waals interaction. Let these clusters be
generated by the free jet expansion method, and then free
atoms are pumped out from the cluster beam. Then because
of small binding energies of atoms, new atoms are formed in
the course of the propagation of the cluster beam, and atoms
evaporate from the cluster surface until an equilibrium is
established between clusters and free atoms, and the portion
of free atomsmay be significant under real conditions. On the
contrary, for clusters with a high binding energy of atoms, like
metallic clusters, the portion of free atoms in cluster beams is
small.
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As a demonstration of this peculiarity, Table 13 contains a
portion of free atoms in an equilibrium cluster beam
depending on the pressure and temperature after the nozzle,
and these portions refer to two typical cluster sizes, where the
number n of cluster atoms is n � 104 and n � 106. These data
were obtained from the equality of fluxes of atoms attaching
to the cluster and evaporating from the cluster surface in
accordance with Ref. [158]. As follows from data in Table 13,
the portion of free atoms increases with an increase in
temperature or a decrease in pressure. Note that the triple
point for xenon is equal to 161.4 K, so that under the
conditions examined in this table clusters can be found both
in the solid and in the liquid states.

5.2 Character of formation of atoms in cluster generation
The first stage of the nucleation process, when clusters are
formed froma condensed phase, is the formation of an atomic
vapor; the efficiency and intensity of this process are the
parameters which characterize this method of cluster genera-
tion. In particular, Fig. 4 depicts various methods of
formation of metallic atoms as a result of excitation of a
metallic surface. Below we shall analyze some of these
methods of atom formation from the standpoint of their
efficiency. We characterize the efficiency of atom formation
by the energy consumed per atomÐ that is, the energy cost of
one atom.

In the case of fusible metals, the optimal and effective
method of generation of an atomic vapor uses a specific oven.
The optimal method of atom formation for heat-resistant
metals depends on certain conditions and requirements. In
particular, we have considered above the laser method of
generation of an atomic stream from a metallic surface (see
Section 4.2), and the main problem of providing high
efficiency in this process of atom formation is to prevent the
interaction between the laser beam and the atomic flux.When
it is attained by a pulse regime of the laser beam or by the
removal of an atomic stream by a flux of a buffer gas, the
efficiency of this method of atom generation may be high
enough, though the rate of atom formation is limited. Along
with this, other problems of atom formation may occur, and
we consider below one more peculiarity of the atom
generation process. If a surface is heated strongly, it emits
radiation, and the contribution of the radiative process to the
heat balance of the surface can be remarkable. In particular,
in the case of tungsten, the radiative channel of energy losses
is the basic one in a temperature range which is employed for
atom generation, and the atomic energy cost in these
conditions is equal to

e � p

j
;

�5:7�

where p is the radiation power per unit area, and j is the flux
of evaporable atoms. Taking the parameters of the processes
from Ref. [40], we determine the tungsten atomic energy cost
e � 270 keV at T � 3000 K, e � 28 keV at T � 3300 K, and
e � 4:2 keV atT � 3600K, when the tungstenmelting point is
T � 3660 K. The binding energy per tungsten atom for these
temperatures according to Table 1 is about 8.6 eV. As can be
seen, the method of formation of tungsten atoms by heating
the tungsten surface (wire) is characterized by a low efficiency
(or a high energy cost). The sharp temperature dependence of
the atomic energy cost is due to the exponential temperature
dependence for the evaporating atomic flux, as well as the fact
that the radiation from the surface determines the energy
balance at these temperatures. For materials with a low
temperature of vaporization and a high saturated vapor
pressure at temperatures where their surface is stable, the
heating method may provide effective atom generation from
the surface.

In the case of laser evaporation of surface atoms, the
efficiency of atom generation is higher compared to the
heating method because a higher surface temperature leads
to another regime of the heat balance for the surface [formula
(4.3)]. In this respect, gas-discharge methods based on
cathode sputtering by an ion current may be more effective
for the production of an atomic vapor because of the direct
character of the atom formation process. In particular,
magnetron discharge is used for the generation of metallic
atoms in a buffer gas because this discharge is characterized
by a high efficiency of cathode sputtering. Therefore, clusters
ofAg, Al, Co, Cu, Fe,Mg,Mo, Si, Ti, andTiNwere produced
by this method with average cluster sizes falling within the
range 500 ± 10,000 atoms [159 ± 161, 94]. The charged clusters
formed are accelerated by an external electric field that allows
one to obtain a cluster beam energy in the range 0.1 ±
10 eV atomÿ1. Thus, the experience acquired in generating
cluster atoms from a condensed phase shows that an atomic
vapor in this case may be obtained by various methods
depending on the evaporated material and the parameters of
the cluster beam.

The first stage of the gas discharge method for cluster
generation is the formation of free metallic atoms as a result
of electrode sputtering, and then the atoms later on join in
clusters. Often gas discharge is triggered at low gas pressures,
whereas transformation of atoms into clusters proceeds
effectively at high pressures, and this contradiction can be
overcome by separating the regions of atom generation and
cluster generation. In particular, the above magnetron
discharge technique for cluster generation [161, 94] uses an
argon pressure of 10 ± 100 Pa, while the gas pressure is of the
order of 1 Pa for common discharges of this type.

The standardmethod is employed for the conversion of an
atomic vapor into a cluster beam if this vapor passes through
a nozzle or orifice and expands into a vacuum or into a gas of
low pressure. For example, in the laser method of cluster
generation [119 ± 124], when clusters are formed after irradia-
tion of a metallic rod by a laser beam, the metallic atoms
formed and clusters resulting from their joining are captured
by a flow of cool buffer gas, and then this buffer gas with
metallic clusters passes through a nozzle. After the nozzle,
metallic clusters are charged by a crossing electron beam, and
a buffer gas is pumped out, as shown in Fig. 8. Then only
charged clusters remain in the flux, and this beam of charged
clusters is governed by electric optics in accordance with the
scheme of the experiment in Fig. 8.

Table 13. The portion of free xenon atoms (in %) at a given temperature
and pressure which is established at the total cluster vaporization. An
equilibrium is maintained between free and bound atoms in the cluster
beam, and the average size of clusters formed is n � 104 and n � 106 (data
are given in parentheses).

p, atm T, K

120 150 180 210

1
3

10
30

1.5 (1.2)
0.5 (0.4)
0.15 (0.12)
0.05 (0.04)

30 (25)
10 (8.3)
3.0 (2.5)
1.0 (0.83)

100 (100)
90 (77)
27 (23)
9.0 (7.7)

100 (100)
100 (100)
90 (79)
30 (26)
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Along with the efficiency of formation of an atomic
metallic vapor from a condensed phase, the intensity is an
important parameter of a cluster beam. The upper limit of the
metal flux from a metal surface can be found as follows.
Evidently, the temperature of a stable surface cannot exceed
the melting point Tm of the metal, and correspondingly the
number density of metallic atoms in the space near the surface
cannot exceed the number density Nsat�Tm� of atoms at the
saturated vapor pressure for this temperature. Indeed, if the
number density of atoms is higher than this value, an excess of
atoms attaches to the metal surface. If this vapor passes
through a nozzle, the velocity of expansion of the vapor into a
vacuum is equal to

v �
�����������
cpTb

m

r
�

���������
5Tb

2m

r
; �5:8�

where m is the atomic mass, and cp � 5=2 is the heat capacity
per atom at constant pressure. This leads to the flux of free
atoms at the adiabatic passage of a gas through the nozzle or
orifice:

j � Nsat�Tm�
����������
5Tm

2m

r
: �5:9�

Under optimal conditions, all the atoms join in clusters in the
course of cluster growth, and therefore formula (5.9) also
defines the maximum flux of bound atoms in clusters. The
number density of atoms Nf and temperature Tf after the
nozzle areNf � 0:56N andTf � 0:68T, whereN andT specify
appropriate quantities for a motionless vapor before the
nozzle. Correspondingly, the maximum mass flux after the
nozzle equals

Jmax � m jmax � Nf

���������������
2;5mTf

p
� Nsat�Tm�

����������
mTm

p
: �5:10�

Table 14 contains the values of this flux together with the
number densities of metallic atoms at the saturated vapor
pressure at the melting point [90].

Table 14 also gives the values of Nsat�Tm� and Jmax for
some metals, and the data for the saturated vapor pressure
were taken from Table 1. As a matter of fact, Jmax is the
maximum metal flux that is transported by clusters under the
condition that a saturated metal vapor is located before the
nozzle, being in equilibrium with the surface. For example,
the maximum flux of silver clusters is 0.8 g mÿ2 sÿ1 [150],
whereas formula (5.10) gives the value of 0.6 g mÿ2 sÿ1. But if
the equilibrium between the metallic vapor and surface is
violated, one can heighten this limiting flux. In particular, in
the plasma method of cluster generation, the above equili-
brium between the metallic vapor and the walls is violated,
and the metal flux exceeds significantly the limit imposed by
formula (5.10). Therefore, for metals with a low density of
saturated vapor, the nonequilibrium method of metal trans-
port is preferable and allows one to increase the metal mass
transported per unit time. It is convenient to use cluster beams
for metal transport, because when atoms become bound in
clusters, their equilibrium with the walls is broken.

5.3 Explosive emission as a method of atom generation
Since the generation of atoms in gas discharges may be
effective due to erosion of electrodes, and this process is of
importance for the ignition and sustaining of some dis-
charges, we consider below the cathode phenomena from
the standpoint of the generation of atoms which can be

transformed later into clusters. We will be guided by the
explosive emission mechanism of cathode erosion that takes
place in vacuumdischarges, sparks, and cathode spots of arcs.
As a result of this phenomenon, a medium is created due to
the erosion of small elements of the cathode under the action
of the ion current that provides the passage of the electric
current through a gaseous discharge. Therefore, the erosion
process is a basis for this phenomenon of explosive emission
of charged particles in gas discharges.

The regime of explosive emission [162 ± 164] was discov-
ered byMesyats in sixties and sometimes is called theMesyats
mechanism of electron emission (see, for example, the book
[90]). An electric current near the cathode is concentrated in a
narrow region which determines the discharge current
towards the cathode. A high electric current density leads to
heating of this cathode region, causing erosion of the cathode
and sputtering of the cathode material in the surrounding
space. The evaporating substance is then transformed into
electrons and ions which maintain the electric discharge
current. This phenomenon occurs at a given cathode point
during a restricted time t, through which a current is
suppressed at a given point and then arises at another point.
Thus, this emission process consists of individual events when
a current flows through a given cathode point, and an
individual event or an individual emission center is called an
ecton [163 ± 166]. An ecton includes a certain number of
evaporable atoms (in the form of individual atoms and
sputtered drops), and its parameters follow from experimen-
tal data [162 ± 166]. Theoretical models of the explosive
emission phenomenon are not self-consistent and are able to
explain some aspects of this phenomenon on the basis of
experimental data. In addition, according to experimental
data [167, 168], splashing the liquid metal out from the
cathode surface under the action of electric current plays a
principal role in this phenomenon. Below we consider some
aspects of this phenomenon and discuss them from the
standpoint of atom generation, which can be used for
obtaining clusters.

Table 14. Parameters of large liquid clusters.

Ele-
ment

Tm, K r,
g cmÿ3

e0,
eV

Nsat�Tm�,
1013 cmÿ3

Jmax,
mg cmÿ2 sÿ1

dl=dt,
mm sÿ1

Ti
V
Fe
Co
Ni
Zr
Nb
Mo
Rh
Pd
Ta
W
Re
Os
Ir
Pt
Au
U

1941
2183
1812
1768
1728
2128
2750
2886
2237
1828
3290
3695
3459
3100
2819
2041
1337
1408

4.5
6.0
7.87
8.86
8.90
6.52
8.57

10.2
20.8
12.0
16.4
19.3
20.8
22.5
22.5
21.5
19.3
19.1

4.89
4.9
3.83
4.10
4.13
6.12
7.35
6.3
5.42
3.67
8.1
8.59
7.36
7.94
6.44
5.6
3.65
4.95

0.64
8.4
22
3.7
2.0
0.005
0.17
7.4
1.5
16
1.2
10
8.1
1.0
6.4
0.04
0.007
1.2� 10ÿ6

0.03
0.4
1.0
0.18
0.1
3� 10ÿ4

0.013
0.58
0.11
1.1
0.14
1.3
1.0
0.12
0.71
0.004
5.6� 10ÿ4

1.1� 10ÿ7

0.06
0.7
1.3
0.2
0.1
5� 10ÿ4

0.015
0.57
0.05
0.9
0.08
0.66
0.5
0.05
0.32
0.0018
2.9� 10ÿ4

5.7� 10ÿ8

Note. Tm is the melting point of a metal, r is its density at room

temperature, the parameters e0 and Nsat�Tm� were taken from Table 1,

Jmax is the maximum metal flux in clusters according to formula (5.10)

under the assumption of equilibrium between the atomic metal vapor

and solid, and dl=dt is the rate of film growth.
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The peculiarity of the explosive emission is the large
current density observed during the existence of an ecton
that is i � 107ÿ108 A cmÿ2 according to experimental data
[169 ± 172]. From this one can estimate a size Dz near the
cathode where the plasma becomes unipolar due to the ion
current. In this unipolar layer, the cathode voltage U � 10 V
is induced, and from the Poisson equation we have the next
connection between the cathode voltage and the thickness of
the cathode layer Dz:

U � 2peNiDz 2 ; �5:11�

where the number density of ions near the cathode is
Ni � i=�evi�, and the ion velocity vi � 106 cm sÿ1 is deter-
mined by the cathode voltage. Taking the current density
i � 108 A ÿ2, we obtain Ni � 1019 cmÿ3, and the thickness of
the cathode layer is estimated as

Dz � 10ÿ4 cm : �5:12�

This value is less or comparable to the mean free path of ions
colliding with evaporable atoms, because if this condition is
not valid, fast ions do not reach the cathode, and the ion
current is quenched. The mean free path l of ions is
determined by the resonant charge exchange process invol-
ving the ion and its atom: l � �Nasres�ÿ1 � 10ÿ7 cm, where
Na is the number density of atoms, and the cross section of
this process is sres � 10ÿ14 cm2 [173]. From this it follows that
the number density of atoms in the region of the ion current
does not exceed the value of Na � 1018 cmÿ3 during the
existence of a given ecton.

A current toward the cathode creates a high pressure on
the cathode where ions transfer their momenta. This pressure
is equal to

p � i

e
v i : �5:13a�

Assuming ions to be singly charged, and supposing the ion
velocity to be determined by the cathode voltage, we obtain
for the ion velocity vi:

v i �
�������
2V

m i

r
; �5:13b�

wheremi is the ion or atomic mass, V is the electric voltage in
which the ion is accelerated up to the subsequent charge
exchange event, and this voltage is less than the cathode
voltageU. Table 15 contains the pressure of the ion current on
the cathode surface, calculated according to formulas (5.13)
and using the above parameters, if we take V � 1 eV.

There are two mechanisms for the transformation of a
cathode material into ions and electrons which are respon-
sible for the electric current. The first relates to splashing out

the liquid cathode [167, 168] in the form of liquid drops to a
plasma that is located about the cathode. The drops are
converted into atoms which in turn give electrons and ions to
sustain the discharge current. In the framework of the second
mechanism, a flux of atoms is evaporated from the cathode
surface, similar to that in the case of laser evaporation of a
metallic surface (see Section 4.2).We first consider the second
mechanism of metal transport, when it moves to a plasma in
the form of an atomic beam [90]. When the atomic beam
reaches the plasma, atoms are ionized, and ions and electrons
are produced. Assuming ions to be singly charged, we arrive
at the following connection between the atom flux j from the
cathode surface and the ion current density i toward the
cathode:

ki � e j ; �5:14�
where the parameter k is a part of the cathode material
injected into the plasma in the form of an atomic flux, and
the latter is determined by the cathode temperature according
to formula (4.8). Table 15 contains the values of the cathode
temperature T if k � 0:3 and k � 0:1 (in parentheses). Note
that the number density of atoms drops 4 times [formula (4.4)]
near the surface, when theMaxwell distribution of atoms near
the surface is transformed into the distribution for an atomic
beam formed. For completeness sake we give in Table 15 the
number density of atoms in the beam.

Table 15 also contains the values of the mean free path l
for incident ions with respect to the atomic flux, where the
mean free path l of ions is given by the formula
l � �Nbsres�ÿ1, with Nb being the number density of atoms
in the beam (Table 15), and the cross sections of the resonant
charge exchange process are taken from Ref. [173]. One can
see that the criterion of a small cathode layer thickness as
compared to the mean free path of ions is violated at a hot
cathode because of a strong evaporation of atoms from the
cathode surface.

Thus, the temperature of the cathode region is limited,
since a high temperature causes a high atomic flux that locks
the ion current. In addition, a restricted cathode temperature
leads to a not high current density ith of electron thermoemis-
sion that, according to the explosive emission mechanism, is
small compared to the ion current density. Table 15 lists the
values of the thermoemission current density which is
determined by the Richardson formula (see, for example,
Ref. [90]) and we use the parameters of this formula at room
temperature. From the data in Table 15 it follows that the
cathode temperature is not high, and evaporation of atoms
from a hot cathode surface makes a small contribution to
metal transport toward the plasma region.

From above reasoning one can see that heating of the
cathode causes a high flux of evaporating atoms that blocks
the ion current to a heated cathode region. This leads to an
instability resulting in the quenching of the ion current which

Table 15. Parameters of the cathode region.

Metal i, A cmÿ2 p, 103 atm T, 103 K Nb, 1019 cmÿ3 l, 10ÿ6 cm ith, A cmÿ2

Cu
Cu
Mo
Mo
Ag
Ag
W
W

107

108

107

108

107

108

107

108

1.1
11
1.4
14
1.5
15
1.9
19

4.8 (4.2)
6.8 (5.6)
7.9 (7.0)
11 (9.2)
4.1 (3.6)
5.9 (4.9)
10 (9.2)
14 (12)

2.0 (0.7)
17 (5.8)
1.8 (0.65)
16 (5.7)
2.8 (1.0)
23 (8.5)
3.6 (1.3)
30 (11)

3.9 (11)
0.46 (1.3)
3.6 (10)
0.42 (1.2)
2.6 (7.2)
0.31 (0.84)
2.0 (5.6)
0.23 (0.64)

3� 104 �5� 103�
2� 106 �2� 105�
7� 106 �2� 106�
6� 107 �2� 107�
5� 103 �7� 102�
5� 105 �5� 104�
5� 107 �2� 107�
3� 108 �1� 108�
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does not reach the cathode surface and leaves off an emission
at a given point. The time of development of this instability
determines the ecton lifetime, i.e., a time of emission from a
given cathode point. Since the atomic flux is restricted, the
basic mechanism of metal transport from the cathode to the
plasma is the splashing out of the liquid metal of the cathode
under the action of pressure produced by the ion current.
Because of the pressure gradient, the peripheral part of the
liquid metal is pushed outside the cathode toward the plasma
(see Fig. 15). A typical velocity u of the splashing out of the
liquid metal can be estimated from the Euler equation, which
gives

u �
����
p

r

r
; �5:15�

where p is a typical pressure from the ion current to the
cathode, and r is the typical density of the liquid metal. In
particular, using the parameters of Table 15, we have
u � 104 cm sÿ1, i.e., a typical time of transport of a liquid
metal to a plasma equals

t � Dz
u
� 10ÿ8 s ; �5:16�

where Dz is the thickness of the cathode layer. This estimate,
t � 10ÿ8 s, is in accord with the available experimental data
[162, 165, 174 ± 176].

Along with the above hydrodynamic mechanisms for
splashing out a liquid metal from a cathode surface in a
plasma, other processes are possible because of the non-
regular character of cathode heating under the action of the
ion current. Indeed, fast cathode heating leads to its boiling,
which is accompanied by formation of bubbles inside the
metal. This leads to the ejecting of vapor from the cathode
together with liquid drops. To such a cavitation character of
cathode erosion that is typical for the boiling of fast heated
liquids [177], or microexplosions inside solid surfaces [178 ±
180] as a result of input of a high power density, is added the
hydrodynamic model of splashing out the liquid metal from
the cathode surface to a plasma in accordance with estimate
(5.16). The explosive character of electron emission is
observed upon investigation of the initial stage of amplifica-
tion of the electric field in the course of explosive emission
near a needle [181], which can result from the cavitation
character of emission at the initial stage of this process. Note
that the estimate (5.16) is conserved if we take into account
the cavitation mechanism of metal transport from the
cathode to a plasma, because this estimate assumes a cathode
spray in the form of small liquid drops. This mechanism
additionally restricts the cathode temperature in the emission
region (see Table 15).

Because the process under consideration is not regular, its
analysis on the basis of hydrodynamic theory is suitable for
estimations only. We give one more confirmation that the
atomic flux makes a small contribution to metal emission in
the plasma. This flux has a largemean free path in the plasma,
and its return to the cathode is problematic. In contrast,
liquid drops are transformed into atoms and then into
electrons and ions in the vicinity of the cathode, and these
ions return to the cathode.Note that clusters and drops can be
formed and grow in a cold region, and therefore the
measurements of the size distribution of drops [182] cannot
give information about the process of splashing out of the
melted metal in a plasma.

Thus, metal emission from the cathode in a plasma
proceeds mostly in the form of liquid drops as a result of the
splashing out of the liquid cathode, but evaporation of atoms
from the cathode heated under the action of the ion current
also makes a contribution to the transport of the metal in the
plasma. We now consider the rate of cathode erosion as a
result of explosive emission and introduce the erosion rate as
follows

dM

dQ
� M�

I dt
� gm

2e
; �5:17�

where M is the mass of the erosive material, Q � � I dt is the
total charge, I is the discharge current, m is the atomic mass,
and the coefficient g is the probability that an evaporating
atomwhich is converted into an electron and a singly charged
ion, does not return to the cathode. Table 16 contains the
experimental values of this parameter at not high currents
[183, 166]. From this we find the average number of atoms
which are removed from the cathode per one elementary
charge 1=g � 9� 2.

Thus, the process of metal transport to a plasma results
from a liquid metal splashing out of the cathode under the
action of the ion current. One can recognize that the emission
process starts near a surface nonuniformity, to which the ion
current is directed and which is enforced due to heating. Then
a typical size of such a nonuniformity, i.e., the size r of the
emission center, is estimated as

r � �wt�1=2 ; �5:18�

if the ion current toward the cathode occupies a narrow
region at the beginning. Here, t is a typical time of
development of this process, and w is the thermal diffusivity
of a surface material at a given temperature �w � 1 cm2 sÿ1).
Evidently, we take a transversal size r of the emission region
of the order of thickness Dz of the cathode layer, and this
condition r � Dzmax gives the following estimate for the
typical time of the process under consideration:

t � Dz 2max

w
� 10ÿ8 s : �5:19�

Table 16. The parameters characterizing the cathode processes.

Metal dM=dQ, mg Cÿ1 g 1=g Tm, K

Cu
Mo
Ag
W

39
55
90
90

0.12
0.11
0.16
0.095

8.5
9.0
6.2

10.6

1358
2886
1235
3695

Cathode Cathode

Solid

Liquid

Ion current

Plasma

Figure 15. Character of sputtering of liquid drops from a cathode under

the action of a discharge ion current from a plasma to the cathode.
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This value coincides with estimate (5.16) of transport of a
liquidmetal from the cathode to a plasma. From this we find a
size r � 1 mm of an individual emission center that coincides
with the thickness of the cathode layer.

We now determine heat release in an intermediate region
between the plasma and cathode layer, where the ion current
is created. The plasma over the cathode layer is characterized
by the electron temperature of 1 ± 3 eV, which leads to
significant or full plasma ionization. Therefore, the plasma
conductivity can be estimated by the Spitzer formula [184]
that relates to a fully ionized plasma, when the resistance is
determined by electron ± ion scattering. Assuming the plasma
to be ideal, we have for the conductivity of this plasma [90]:

S � Nee
2

menei
; �5:20�

where Ne is the electron number density, and the rate of
electron ± ion collisions has the form [185]

nei � 2
������
2p
p

3

Nie
4

T
3=2
e m

1=2
e

�
ln

T 3
e

2pNie 6
ÿ 2C

�
; �5:21�

where e is the electron charge,me is the electronmass,Ni is the
ion number density, Te is the electron temperature, and
C � 0:577 is the Euler constant. This expression relates to
the Maxwell distribution function of electrons over energies
with the electron temperature Te, and because the ionized gas
is ideal �Nee

6 5T 3
e � and quasi-neutral �Ne � Ni�, the

quantity in parentheses is large in comparison to unity.
Formulas (5.20) and (5.21) give a typical conductivity of a
hot plasma: S � 100 Oÿ1 cmÿ1 at typical electron tempera-
tures Te � 1ÿ3 eV (such temperatures lead to a fully ionized
plasma under equilibrium conditions). Note that the plasma
conductivity does not depend on the density of charged
particles in this region, but the size of the intermediate region
is large in comparison with the mean free path of electrons in
the plasma. In addition, the energy density that is released in
the intermediate region between the plasma and cathode layer
is estimated as

i 2

S
t � 104ÿ106 J cmÿ3 : �5:22�

One can expect the same order of magnitude of the heat
release on the cathode surface if we model a hot liquid metal
of the cathode by a plasma.

From this one can formulate the character of the
phenomena under consideration. The process proceeds
between the cathode region and a rarefied plasma, which are
separated by the cathode layer. When the depth of a metal
that ismelted and splashed out is compared to the thickness of
the cathode layer, emission at this point is finished, because it
significantly increases the thickness of the cathode layer, i.e.,
the distance between the cathode and plasma. From this we
find the number n of atoms per one emission center Ð ecton:

n � r 3
r
m
� 1011 ; �5:23�

where r � 1 mm is an ecton size, r is the density of the cathode
metal, and m is the atomic mass.

We now consider the ion current from a plasma to the
cathode surface from another standpoint. Taking a plasma to
be separated from the cathode surface by a gap of length l and

introducing the potential U0 between them (the cathode
voltage), one can find the charge distribution throughout
the gap depending on the ion current density i toward the
cathode. Taking the cathode surface and plasma surface to be
flat and assuming the ion current density i to be constant in
the gap, we have for the ion parameters in the gap:

i � eNi�x� v i�x� � const ; �5:24�
where x is the distance from the cathode, Ni is the electron
number density, vi �

����������������������
2eU�x�=mi

p
is the ion velocity,mi is the

ionmass, and the electric potentialU�x� is zero at the cathode
surface Ð that is, U�0� � 0: An ion charge creates an electric
field which decelerates the ions. The Poisson equation for the
electric field strength F � ÿdU=dx has the form

dF

dx
� 4peNi�x� � 4pi

���������
mi

2eU

r
:

Multiplication of this equation by F � ÿdU=dx allows us to
integrate it, which gives

F 2 � F 2
0 � 16pi

����������
miU

2e

r
; �5:25�

where F0 � F�0�:
Evidently, the maximum ion current corresponds to the

boundary condition F0 � 0 and leads to the following
expression for the ion current density toward the cathode:

i � 2

9p

���������
e

2mi

r
U

3=2
0

l 2
; �5:26�

where U0 is the cathode voltage, i.e., the difference in the
voltages between the cathode and plasma. This coincides with
the three-halves power law [90] for thermoemission of
electrons from a heated cathode towards a plane electrode,
if this current density is less than the thermoemission current
density. One can see the analogy between these problems, and
formula (5.26) gives the maximum current density. If the
initial ion current density exceeds this value, a part of the ions
reflects from the potential of this unipolar plasma and
returns. This is the Bursian instability [186] which can be
overcome by injecting electrons into the gap, where the
electrons compensate for the ion charge. But if a current
flows through a neutral plasma, a new instability occurs at a
higher threshold current density in comparison with the
threshold of the Bursian instability. This is so-called Pierce
instability [187] which is created by the electric potential of the
ion current in the gap, and the Debye shielding is of
importance for this instability. The limiting current density
in this case, i.e., the threshold of the Pierce instability,
according to Refs [188, 186] (with an accuracy up to a factor
of the order of one), equals

iP � eU0

Te

������
2e

mi

r
U

3=2
0

l 2
; �5:27�

where Te is the electron temperature. As is seen, the threshold
of the Pierce instability differs from the threshold of the
Bursian instability by the factor eU0=Te. Evidently, this
mechanism of blocking the ion current in the cathode layer
in the course of the passage of the ion current through it [189]
also determines the generation of ion currents which move
from the cathode [189 ± 191]. For example, takingU0 � 20 V,
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iP � 108 A cmÿ2, and Te � 1 eV, we obtain from this formula
the cathode layer thickness l � 1:5� 10ÿ6 cm for the metals
considered in Table 15. Of course, this is a rough estimate.Note
that measurements of the voltage distribution in such a layer
are problematic. In addition, we are guided by singly charged
ions, whereas in reality they have a higher charge [166].
Nevertheless, the above estimates show the character of the
processes in the cathode layer. We add to this that, along with
the explosive emission, the thermoemission of electrons from
the cathode, which makes a small contribution to the discharge
current at the basic stage of evolution of the emission center,
may be of importance at the stage of the origin of a new
emission center.

This analysis reveals that the explosive emission or the
Mesyats mechanism of emission leads to the effective erosion
of the cathode material because of the nature of this
phenomenon, where erosion of the cathode creates a medium
which maintains the electric discharge current. From the
standpoint of use of explosive emission for the generation of
metallic atoms with the subsequent transformation of atoms
into clusters, we arrive at the following conclusions. The
explosive emission phenomenon is characterized by a high
efficiency of transformation of the electric energy of gas
discharge into the energy of atom formation at the cathode
because of the nature of this process. Then atoms resulting
from the cathode erosion are ionized, and the products of
ionization (electrons and ions) sustain the gas discharge
current, so that the ions go towards the cathode and the
electrons move in the reverse direction. There are two types of
ion currents in these processes. The first is directed from the
gas discharge plasma and cathode layer to the cathode, so
that the ions attach to the cathode and provide in this way
the charge transport to the cathode. It is impossible to take
these ions from the gas discharge without violating the
current passage in it. The other type of ion current is
directed from the cathode and results from reflection of part
of the ion current from the electric potential of the cathode
layer. This ion current amounts approximately to 10% of the
total ion current (see Table 16) and is taken from the plasma
in the simple way. These ions have an energy of several dozes
or hundred eV and can be applied to ion technology such as
ion implantation [192]. But these ions are not suitable for
generation of clusters because of their high energy. Thus,
though the explosive emission phenomenon is effective for
generation of atomic ions, it is not of interest for generation
of the beams of metallic clusters.

6. Applications of cluster beams

6.1 Cluster beams for fabrication of films and materials
Clusters have a high reactivity, and if the contact between two
clusters leads to their joining, then the properties of incident
clusters are lost in the cluster formed. Therefore in various
applications clusters are used in the form of cluster beams. The
main application of cluster beams is the production of so-called
cluster-assembled materials [193 ± 197] which have specific
properties and constitute nanostructures [34]. There are two
methods for using cluster beams for this purpose. The first one,
the `Ion Cluster Beam Method' [28], employs a beam of
charged liquid clusters for the fabrication of thin films. In
fact, by nature this method is similar to the method of film
deposition by atomic beams. The advantage of the ion cluster
beammethod consists of the possibility of governing the energy

of charged clusters and also rests in a softer heat regime of film
growth. A drawback of the ion cluster beam method is the
relatively low intensity of beams and low rate of deposition,
therefore its application is of interest for microelectronics. For
example, the rate of cesium deposition by the ion cluster beam
method with cesium clusters of 103ÿ104 atoms in size is
4 nm sÿ1 [198], the maximum rate of silver deposition by silver
clusters formed by free jet expansion of a silver vapor is
74 nm sÿ1 [149, 144], and the rate of zinc deposition with the
use of zinc clusters measures about 100 nm sÿ1 [199]. Thin films
result from the deposition of cluster beams, when the clusters
are found in the liquid state [154]. Note that the specific heat
release in the course of this deposition by cluster beams is as
low as 0.1 ± 1 W cmÿ2. Because of the low intensity, the ion
cluster beam method is only applied for fabrication of small
elements of microelectronics.

The other method for using cluster beams employs the low-
energy cluster beam deposition technique and involves a beam
of neutral solid clusters of low energy [29]. In this case,
deposition of a cluster beam is accompanied by a grow of the
target itself. As a result, a new film consists of a deposited
uniform matrix with embedded clusters. In contrast to the
above method of deposition of uniform thin films, in this case
clusters are found in the solid aggregate state. Because magic
numbers of cluster atoms are preferable for the formation of
solid clusters, a cluster beam consists here of solid clusters of
almost identical sizes. Thus, this method allows one to create
nanometer films deposited from a vapor with embedded
clusters of identical sizes, deposited from cluster beams. It is
impossible to produce such structures by other methods, and
clusters of various materials and sizes can be useful for this
purpose (see, for example, Refs [29, 31 ± 33]).

Along with fabrication of materials by deposition of
cluster beams on a target, cluster beams are used for
cleaning and erosion of surfaces. In particular, the erosion
rate 70 nm sÿ1 of a copper surface was achieved [200, 201] by
a cluster beam. An example of such a treatment of materials
is the RACE (reactive accelerated cluster erosion) method
[202 ± 204] that leads to microstucturing of a hard surface by
cluster impact. For instance, the bombardment of a surface
with accelerated clusters consisting of thousands of CO2

molecules with an energy of 100 eV per molecule leads to
formation of smoothly eroded surfaces of hard materials with
hillocks less than 1 nm in height [202 ± 204]. Though at the
first stage of impacting with fast clusters craters are formed
on the surface [205, 206], their subsequent evolution leads to
the formation of such small hillocks. The surface with
hillocks of a low height can be used later for deposition of
various layers.

The advantage of a cluster beam lies in the possibility of
charging clusters and governing cluster beams by electric fields,
also changing the cluster energy. Fast cluster ions can even be
utilized for thermonuclear fusion reactions [207 ± 212]. Bom-
bardment of foils by fast clusters allows one to make holes in
the foils and to fabricate sieves in this manner [159]. Each fast
cluster is like a bullet and the hole size depends on the cluster
size and energy. Therefore, the density and size of the holes of
the sieve formed can be adjusted.

From the standpoint of the interaction of impacting
clusters with a surface, one can separate two limiting cases
[213]. In the first, the cluster velocity is small compared to the
speed of sound. A liquid cluster is then spread over the target
surface, and there is an optimal cluster energy for the
formation of a stable film on the target surface. For example,

June, 2003 Generation of cluster beams 621



in the case of molybdenum clusters, the optimal energy is
about 10 eV per atom [214]. The local temperature reaches
8000K, and a strongly adhering thin film forms on the surface
of somemetals. The other limiting case is realized if the cluster
velocity exceeds the speed of sound. Then a shock wave
accompanies the interaction of the impacting cluster with
the surface, and craters are formed on the surface, whose
depth weakly depends on the cluster energy [206]. A
subsequent evolution of such craters leads to cleaning of the
surface.

In spite on a small cluster size, cluster impacts with a
surface do not lead to the creation of small nonuniformities
on the surface, whose size is comparable to the cluster size. On
the contrary, it is possible by using a focused beam of atomic
ions. For example, the focused beam of gallium atomic ions
allows one to form a spot 8 nm in size [215], while the size of
holes in micron foils under the action of a beam of fast
metallic clusters is of order 1 mm [159, 214], though the size of
an individual cluster is less than 10 nm. Nevertheless, cluster
beams permit one to fabricate uniform thin films of various
materials, i.e., metallic, dielectric, semiconductor, and
organic films (see, for example, Refs [19 ± 28, 114 ± 118]). In
addition, new materials can be prepared by depositing some
materials from the vapor by bombarding the films formed
with a beam of solid clusters [29]. These materials are uniform
films with embedded clusters of close sizes. Films with
embedded clusters can be utilized as filters because clusters
constitute absorbers in a certain spectral region. The spectral
characteristics of these filters can be controlled by the sort,
size, and density of embedded clusters. Alongside with filters,
films consisting of a transparent matrix with embedded
clusters can be used as elements of optoelectronics. Some
transitions of clusters as atomic systems can be saturated, so
that these films can be employed as optical locks due to their
nonlinear transparency.

Films with embedded clusters of magnetic materials (Fe,
Co, Ni) constitute magnetic nanostructures and are like
multi-domain magnetic systems. In this context, the advan-
tage of these films is as follows. First, the size of individual
grains of these films, which coincides with the cluster size, is
several times less than for normal magnetic films. This fact
reduces the saturation magnetic field for such a magnetic
material. Second, the nearby sizes of embedded clusters Ð
magnetic grainsÐprovide improved precision and selectivity
for the devices developed on the basis on such magnetic
materials. Third, the possibility to vary the type and size of
embedded clusters enables one to operate the parameters of
magnetic films. Therefore, films with embedded clusters as
cluster-assembled materials are a new prospective material
for precise devices.

6.2 Laser irradiation of cluster beams
A contemporary application of cluster beams is their
excitation by a superpower and ultrashort laser pulse.
Typical intensities of laser beams in these experiments are
1017ÿ1019 W cmÿ2 [216], and the electric field strengths of
appropriate electromagnetic waves exceed those of typical
atomic fields. Hence, the electric field of a laser beam is able to
ionize cluster atoms by the over-barrier ionization process.
Moreover, this relates also to the ions formed, so that, as a
result of interaction with a laser pulse, clusters are trans-
formed into a system of multicharged ions and free electrons.
Part of the electrons leaves the cluster and it is charged
positively, whereas the other part of the electrons is kept by

a cluster self-consistent field. Of course, this system consisting
of multicharged ions and electrons is unstable, and such a
plasma decays as a result of ion motion. Nevertheless, since
decay of an excited cluster is determined by ion velocities and
a typical time of expansion of this system is less than the
duration of the laser pulse, this stage of cluster evolution
affects properties of a hot plasma produced. This character of
interaction of a cluster beam with a powerful ultrashort laser
pulse allows one to input into an electron subsystem a high
specific energy that attains � 1 keV per released electron.
Hence, the process of absorption of laser radiation by a
cluster beam leads to the formation of a specific hot plasma.

The processes of evolution of this system are reviewed in
Refs [216, 217] and briefly are as follows [218, 219]. In the first
stage, electrons of clusters become free with respect to their
atomic cores and partially leave the parent clusters. As a
result, a nonuniform hot plasma is formed where a part of the
electrons is captured by a cluster self-consistent field. In the
next stage of cluster evolution, individual clusters expand and
fill the region between clusters, so that a uniform hot plasma
is formed. Later on this almost uniform plasma also expands,
and this process determines the lifetime of the total plasma.
Figure 16 represents typical times of separate stages of
evolution of cluster beams excited by a superintense ultra-
short laser pulse.

The process of interaction of a cluster beam with an
intense laser pulse is used as an effective and compact source
of X-rays [220 ± 234]. As a result of absorption of laser
radiation, a plasma is formed, consisting of electrons and
multicharged ions [216 ± 218]. In the course of evolution of
irradiated clusters, multicharged ions of this plasma are
excited, and other excitations are created in the plasma.
These excitations lead subsequently to emission of hard
photons. Note that the possibility to emit short-wave
radiation is a property of any hot plasma that contains
excited multicharged ions, and the peculiarity of this plasma
relates to fast processes in it, so that the duration of the first
stage of plasma development is shorter than the time of
emission of radiation. This leads to specifics of radiative
processes, and excitations are created in the first stages of
plasma evolution before expansion of the clusters, whereas
radiation is emitted in the subsequent stages of plasma
evolution after expansion of the clusters. Nevertheless, this
plasma provides a high efficiency of transformation of the
laser pulse energy into the energy of X-ray photons Ð that is,
� 1%.

Similar processes are developed in a cluster beam if it is
used as a compact source of neutrons [235 ± 239]. Then a
beam of deuterium clusters is irradiated by an ultrashort laser
pulse that leads to ionization of the clusters. This induces a
high electric potential for the cluster consisting of deuterium
ions, and fast ions are formed as a result of the decay of this
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1 2 3 4

Figure 16. The time scale for processes accompanying excitation of a

cluster beam by a superintense ultrashort laser beam: 1 Ð typical time of

laser pulse; 2Ð typical lifetime of clusters with respect to their expansion;

3Ð time of formation of a uniform plasma after expansion of the plasma

of clusters; 4Ð time of decay of uniform plasma.
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cluster under the action of the self-consistent cluster field. The
kinetic energy of deuterium ions reaches several keV, and
collisions of fast deuterium ions in the next stage of plasma
evolution, when the plasma becomes uniform, can lead to a
fusion nuclear reaction. This scheme does not allow one to
construct a thermonuclear reactor since the Lawson para-
meter for this system is less than the threshold one by four ±
five orders of magnitude. Nevertheless, in this way, on the
basis of beams of deuterium or deuterium-contained clusters,
one can construct a compact source of neutrons. Thus,
combination of cluster beams with intense ultrashort laser
beams gives new compact sources of X-rays and neutrons.

6.3 Collision of cluster beams
We now call attention to one more example of cluster
applications, which relates to cluster excitation and is similar
to the previous case of cluster irradiation by an intense
femtosecond laser pulse. This example is connected with the
collision of two beams of fast clusters, when the kinetic energy
of the colliding clusters is transformed into the excitation
energy of the clusters. Though under contemporary possibi-
lities of cluster acceleration this method does not lead to high
cluster excitations compared to the laser method, it is a
prospective method for exciting the cluster matter. The
processes of excitation in cluster collisions resemble the
processes of cluster excitation by a laser pulse. As a result of
the collision between two clusters, a united cluster is formed in
the course of the collision process, and the kinetic energy of
cluster atoms is converted into the excitation of electrons.
Then a part of electrons leaves the united cluster, and after a
lapse of a typical time of motion of nuclei, the plasma formed
expands into the surrounding space as a result of ion
interaction with a self-consistent cluster field. This leads to
formation of a uniform hot plasma which occupies all the
volume of cluster beams. This plasma decays later by
expansion into the surrounding space.

A general scheme of the collision of two cluster beams is
depicted in Fig. 17. Parameters of each cluster beam are taken
according to evaluations of Section 4.5, so that the density of
clusters in a beam,Ncl, the number density of bound atoms in
the space,Nb, and the cluster size, n, are taken from Table 11,
while the beam shape depends on the nozzle. Taking a nozzle
in the form of a narrow slit, we obtain a cluster beam of a
rectangular cross section. Clusters of this beam are charged
by a crossing electron beam, atoms of a buffer gas are pumped
out, and a beam of charged clusters is operated by electric
optics. Cluster beams with a rectangular cross section are
convenient for collisions. Considering frontal collisions of
cluster beams with a small angle between them, we obtain the
following criterion for the beam length L:

NclsL5 1 ; �6:1�

which provides for the collision of most of the clusters in the
beam. Here, s � 4pr 2Wn 2=3 is the cross section of collisions of
two identical clusters, and rW is the Wigner ± Seitz radius of
clusters. SinceNcl � Nm=n, whereNm is the number density of
bound metallic atoms in clusters of the beam, we have
criterion (6.1) in the form

4pr 2WNmL5 n 1=3 : �6:2�

Criterion (6.2) is optimal for cluster collisions. In the case of
the clusters under consideration (Mo, W and Ir clusters for
which rW � 1:6 A

�
according to Table 1), and taking accord-

ing to Table 11 the number density of boundmetallic atoms as
Nm � 3� 1019 cmÿ3, we reduce this criterion to the following
one:

L

n 1=3
5 10ÿ5 cm : �6:3�

In particular, taking a typical cluster size n � 106, we obtain
from formula (6.3) thatL > 10 mm,which shows the reality of
realizing the collision of two cluster beams, if each cluster of
one beam can collide with clusters of the other beam.

The character of cluster collisions is determined by the
interaction of the clusters with matter where they are moving
[240, 241]. Then it depends on the collision velocity of clusters
and a degree of cluster excitation as a result of this collision.
We consider such a degree of cluster excitation when chemical
bonds between atoms are broken, and atomic particles of one
cluster penetrate freely into another one. Then the subsequent
cluster excitation results from the energy transfer from heavy
atomic particles, which carry the kinetic energy of the
colliding clusters, to excitation of the electron subsystem. In
collisions of large clusters, as well as in collisions of a cluster
with a solid, collective degrees of freedom, like shock waves
and plasma oscillations, are excited along with excitation of
the electron subsystem. There are various models for the
analysis of these processes in the plasma which is produced in
such collisions (see, for example, Refs [242 ± 247]). We restrict
ourselves below to the simple schemes which describe the
transformation of the nuclear kinetic energy into the energy
of electron excitation.

We assume that each cluster in the course of collision is
divided into individual ions, so that each ion interacts with the
surrounding matter and is moving in it independently. We
consider two limiting cases of ion deceleration under this
assumption, considering the electron subsystem to be weakly
and strongly excited. In the first case, a test ion is decelerated
as a result of motion in the system of degenerate electrons,
and this gives the lower limit for the deceleration rate, if we
model the cluster matter by a degenerate electron gas at zero
temperature. Because in this case the degenerate electron gas
is located inside the Fermi sphere in a momentum space, we
have for the deceleration rate [248, 249]:

ÿ dE

dx
� 2Z�hv

3pa20

�
ln

4

a
ÿ 3� 3a ln

4

a
ÿ 11

2
a
�
� C�a� Z�hv

a20
;

a � e 2

�hpvF
: �6:4�

Here, a small parameter of this expansion is a � e 2=��hpvF�,
e is the electron charge, a0 is the Bohr radius,Z is the effective
charge of a nucleus which is moving with a velocity v inside
the cluster, vF is the Fermi velocity for a dense degenerate
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Figure 17. Character of collision of two pulse cluster beams: 1, 2 Ð

generators of pulse cluster beams, 3 Ð cluster beams, 4 Ð reflector, 5 Ð

region of intersection of cluster beams, 6ÐX-ray beams.
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electron gas, and the criterion

v5 vF �6:5�

holds true. In this case, the velocity distribution of electrons
corresponds to their location inside a sphere of radius vF in
the velocity space. From this it follows that an incident
nucleus interacts only with electrons located near the Fermi
surface, because the scattered electron changes its velocity by
a value of order v5 vF, and the scattered electron cannot be
found inside the Fermi sphere. Hence, the expression (6.4)
corresponds to the lower limit of the deceleration rate,
because when cluster electrons are excited, the prohibition
for transitions of internal electrons due to the Pauli exclusion
principle is lost, and the deceleration rate increases.

We nowdetermine the parameters of formula (6.4) for real
clusters. Considering cluster electrons as a degenerate
electron gas, we obtain the Fermi velocity for these electrons:

vF � �h

me
�3p2Ne�1=3 ;

where Ne is the electron number density. Assuming that each
atom in a metallic cluster gives Z electrons, we get for a small
parameter of formula (6.4) the following relationship

a � 0:11rW
a0Z 1=3

;

where a0 is the Bohr radius, and rW is the Wigner ± Seitz
radius, and if we take its values from Table 1 for Mo, Ir, and
W clusters, we obtain

a � 0:34

Z 1=3
: �6:6�

In this problem, Z, the effective charge of an atomic ion
moving in the cluster matter, depends on the ion velocity. For
the velocities under consideration Z � 5ÿ10, and the func-
tion C�a� varies from 0.15 up to 0.19 in this range of Z.
Correspondingly, the mean free path of atomic ions of one
cluster, which transfers its kinetic energy to electrons of
another cluster, is equal in this case to

l � �5ÿ6� miva
2
0

Z�h
; �6:7�

where mi is the atomic ion mass.
We now consider another limiting case of the behavior of

the electron subsystem in the course of its excitation as a result
of ion motion inside the electron subsystem, assuming any
final states of scattered electrons to be free. Then the
deceleration rate for an ion with respect to the excitation of
electrons is given by [250]

ÿdE

dt
� Nev

4pZe 4

mev 2
ln L : �6:8�

Here, v is the ion velocity inside the electron subsystem, and it
is assumed that the scattering of individual electrons proceeds
independently; L � pmax=pmin, where pmax � mev is the
maximum momentum transferred to a scattered electron,
and pmin is its minimum value that is determined by the
structure of the electron subsystem.We use for estimation the

Coulomb logarithm lnL � 5ÿ10. According to the defini-
tion of theWigner ± Seitz radius rW, we obtain for the electron
number density

Ne � 3Z

4pr 3W
:

Formula (6.8) gives the mean free path of ions in the electron
medium:

l � Emev
2r 3W

3Z 2e 4 lnL
: �6:9�

In these two limiting cases of ion deceleration in an electron
matter, themean free paths evaluated on the basis of formulas
(6.7) and (6.9) differ by several orders of magnitude. There-
fore, these models are able to give the limiting estimates for
parameters of cluster collisions.

Figure 17 gives a scheme of collision of two cluster beams.
In the final stage of cluster generation, clusters are charged by
an electron beam and are then accelerated in an electric field.
We take the maximum cluster charge to be, according to
formula (3.51) and data from Table 7, approximately n 1=2e,
and the voltage of cluster acceleration to be V � 1 MV. For
clusters of size n � 106, in this case each cluster is accelerated
up to an energy � 1 MeV per unit charge or � 1 keV per
nucleus. This corresponds to a relative velocity v � 107 cm sÿ1

of motion with respect to other clusters. Under these
conditions we get for the mean free path of ions on the basis
of formula (6.7): l � 103a0, and on the basis of formula (6.9):
l5 a0. Hence, the optimal cluster size depends on the initial
stage of the deceleration process that leads to transformation
of the kinetic energy into the energy of excitation of the
electron subsystem. When all the kinetic energy of nuclei is
transformed into the excitation energy of the electron
subsystem, the latter will be heated up to the temperature
� 100 eV.

Thus, as a result of the collision of two clusters, a plasma is
produced with a high electron temperature. The properties of
this plasma are similar to the case of a plasma obtained by the
excitation of a cluster beam with an ultrashort and super-
power laser pulse. The lifetime of the nonuniform plasma
resulting from the collision of two clusters is
� rWn 1=3=v � 10ÿ13 s. During this time excited multicharged
ions are formed and they emit X-ray radiation in the next
stage of plasma evolution, when this plasma expands into the
surrounding space. As a result, the collision of cluster beams
leads to the emission of X-rays, and the efficiency of
transformation of the kinetic energy of colliding atoms into
the energy of X-rays is expected to be similar to that in the
laser case, i.e., � 1%.

Evolution of a cluster plasma formed in the collision of
cluster beams has common features with a plasma generated
by the excitation of a cluster beam by an ultrashort and
superpower laser pulse. Assuming that the collision of two
clusters leads to the transformation of their kinetic energy
into the energy of excitation of the electron subsystem of
clusters, we obtain the following typical times for the example
under consideration. The lifetime of a system of two colliding
clusters,� 10ÿ13 s, is also a time of cluster expansionwhen the
cluster is excited by a laser pulse. A typical time of
transformation of this nonuniform plasma into a uniform
one as a result of the expansion of cluster ions in a
surrounding space is � 10ÿ12ÿ10ÿ11 s in both cases, and a
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typical time of collision of two cluster beams, which
characterizes the lifetime of the total system, is � 10ÿ10 s. In
addition, the electric potential of beams of charged clusters is
equal to 10 ± 100 kV in the case of the collision of cluster
beams, and is � 10 kV in the case of irradiation of a cluster
beam by a laser pulse. Thus, both considered cases of cluster
excitation are characterized by the identical nature of the
processes and correspond to the same applications. The
possibility of using above concepts for applications depend
on the experimental technique used and can lead to new
possibilities in the future.

Thus, the basic application of cluster beams relates to the
transport of a material to a target in the form of cluster
beams. Thin films and newmaterials, which are uniform films
with embedded solid clusters of almost identical sizes, are
manufactured on the basis of the method of cluster beams.
The other cluster application relates to the excitation of
cluster beams and the generation of a nonuniform hot
plasma in this way. This excitation is realized on the basis of
a superpower ultrashort laser pulse, as well as a result of the
collision of cluster beams. The plasma formed may be used as
a source of X-ray emission or as a source of neutrons if the
clusters of a beam contain deuterium.

7. Conclusions

Cluster beams present one form of contemporary micro-
technology and nanotechnology, where they are used for the
fabrication of thin films and the manufacturing of new
materials. This path for such a fine and science-consuming
technology requires understanding cluster properties and
processes involving clusters, which is the basis for creating
new concepts of cluster technology and optimization of
appropriate technological processes. Because clusters con-
serve their individuality in cluster beams, these beams are of
interest for the study of cluster properties and cluster
processes. In turn, generation of cluster beams includes
many processes, the study of which allows one to optimize
cluster generation. Therefore, the fundamental and applied
aspects of clusters are entangled, so that the development of
the physics of clusters and cluster technology involves an
interrelationship. Appearance of new application aspects
promotes a deeper understanding of related processes and is
conducive to this. This review demonstrates this fact, so that
the applied problem of the generation of cluster beams is
supported by the study of processes involving clusters. This
leads both to a deeper understanding of this problem and to
its connection with fundamentals.

This paper is supported in part by RFBR grant # 03-02-
16059.
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