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Abstract. The evolut ion of a ho t gas or weakly ionised 
p lasma — formed as a result of vapor isa t ion of the surfaces 
of a solid under the action of high energy fluxes or flow out 
of a nozzle — is considered. The expansion of a vapour or a 
p lasma into the su r round ing space leads to its cooling and 
is accompanied by a chain of processes involving b o t h 
charged (electrons, ions, a toms , charged clusters) and 
neut ra l part icles. The evolut ionary regimes leading to the 
condensa t ion of a toms , accompanied by the format ion of 
large charged and neut ra l clusters, are discussed. The 
exper imental aspects of the generat ion of intense cluster 
b e a m s in such regimes and the appl icat ions of such b e a m s 
are considered. 

1. Introduction 
This review provides an analysis of the processes tha t 
a ccompany the flow of a ho t gas in vacuum or of a buffer 
gas under condi t ions such tha t clusters form in an 
expanding gas. The process of format t ing clusters in an 

V M S m i r n o v I n s t i t u t e o f H i g h T e m p e r a t u r e s , R u s s i a n A c a d e m y o f 
S c i e n c e s , I z h o r s k a y a 13 /19 , 1 2 7 4 1 2 M o s c o w 
T e l / F a x (095 ) 1 9 0 - 4 2 - 4 4 ; E - m a i l : p o s t @ u m . m s k . s u 

R e c e i v e d 21 J u n e 1 9 9 3 ; r e v i s i o n r e c e i v e d 21 F e b r u a r y 1994 
Uspekhi Fizicheskikh Nauk 1 6 4 (7) 6 6 5 - 7 0 3 (1994) 
T r a n s l a t e d b y A T y b u l e w i c z 

expanding a tomic beam is most effective in the presence of 
ions which act as condensa t ion nuclei. The simplest me thod 
for the generat ion of a cluster b e a m involves i r radia t ing a 
surface with laser rad ia t ion of m o d e r a t e intensity so tha t 
the surface t empera tu re reaches several t h o u s a n d s of 
degrees Celsius. This results in intense vapor isa t ion of 
the surface, so tha t the vapour pressure near the surface 
a m o u n t s to tens and hundreds of bars . The evapora ted 
mater ia l forms a beam of a t o m s which, because of the high 
surface t empera tu re , conta ins a small admix tu re of ions. 
These ions then act as condensa t ion nuclei. Ano the r way of 
generat ing a cluster beam involves the use of a source of a 
gas or vapour inside a closed vessel out of which a gas 
(vapour) flows th rough a nozzle. Clusters form in this 
beam in the course of expansion of the gas jet. 

Cluster b e a m s were first generated in G e r m a n y [ 1 - 3 ] 
dur ing the escape of a vapour , formed in a source, t h rough 
a small nozzle into vacuum. The m e t h o d s of beam analysis 
by de terminat ion of the mass spectra of the ions formed as a 
result of collisions of clusters with electrons were developed 
in the course of these investigations. The subsequent 
evolut ion of this technique [ 5 - 9 ] has included b o t h m o d ­
ification of the vapour source and beam format ion 
me thods , and also m e t h o d s for the detection of a cluster 
beam. Addi t iona l ionisat ion of an expanding vapour beam 
by an electron beam has led to the development of the 
'cluster ion (ionised cluster) b e a m ' me thod [ 1 0 - 1 1 ] and its 
var ious appl icat ions . A beam of charged clusters is 
convenient because ions can be accelerated by an external 
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electric field so as to reach the required energies of clusters 
in the beam. This makes it possible to employ a cluster 
beam colliding with the surface of a solid for a variety of 
purposes . Figs 1 and 2 demons t ra t e the na tu re of the 
interact ion of an accelerated cluster with the surface, as 
a function of its energy [12]. At low energies (Fig. 1) the 
clusters are deposi ted on the surface and form a film, 
whereas at high energies (Fig. 2) they create clusters on the 
surface and cause its erosion. Therefore, cluster b e a m s are 
used no t only for the evapora t ion of films, bu t also for the 
cleaning of surfaces [10]. Cluster b e a m s can be used to g row 
films at high rates up to 74 n m s - 1 , as repor ted for silver 
clusters [13, 14], and the m a x i m u m ra te of erosion by a 
focused beam of copper ion clusters is 7 0 n m - 1 [15, 16]. 

The advantages of a cluster beam in the deposi t ion of 
films, compared with an a tomic beam, is the relatively small 
beam divergence because of the large cluster mass , and also 

Clus ter 

D i f f u s i o n 

C lus ter d r o p 

Transverse spread ing 

H e a t i n g z o n e 

Figure 1. M o d e l o f a co l l i s i on o f a c lu s t e r w i t h a s u r f a c e , w h e r e it b e c o m e s 
a t t a c h e d a n d f lows a l o n g it [12, 195]: (a) c l u s t e r d i s i n t e g r a t e s i n t o s ing le 
a t o m s w h i c h di f fuse a l o n g t h e s u r f a c e ; (b ) c lu s t e r b e h a v e s l ike a l i q u i d 
d r o p , w h i c h b e c o m e s a t t a c h e d t o t h e s u r f a c e a n d s p r e a d s o v e r it. 

Clus ter 

Figure 2 . C o l l i s i o n o f a fast c l u s t e r w i t h t h e s u r f a c e c r e a t e s a s h o c k w a v e 
w h i c h f o r m s a c r a t e r o n t h e s u r f a c e ( 1 ) a n d a m o l t e n z o n e ( 2 ) a t t h e c r a t e r 
b o u n d a r y [12, 195]. 

the ability to cont ro l the beam in the case of charged 
clusters. Moreover , the energy released when a film is 
formed from clusters is several t imes less than in the 
case of format ion of a film from single a toms . There ­
fore, the process of film growth from a cluster beam is m o r e 
efficient and 'softer ' t han in the case of an a tomic beam. 
This is the reason for the extensive use of cluster beams in 
microelectronics [5, 10, 11, 1 7 - 2 8 ] . 

There are also other appl icat ions of cluster b e a m s such 
as those in the rmonuc lear fusion [7, 2 9 - 3 1 ] , assembly of 
new mater ia ls from clusters [32, 33], format ion of magnet ic 
mater ia ls from clusters [34, 35], etc. 

The pu rpose of this review is to consider the other 
aspect of the p rob lem, which is the na tu re of the processes 
tha t a ccompany the expansion of a vapour in space. 
Var ious processes take place dur ing the expansion of a 
vapour and format ion of clusters, and combina t ions of 
these processes create specific nonequi l ib r ium condi t ions . 
This will be demons t ra ted by considering the example of 
expansion and cooling of a weakly ionised vapour gen­
erated by laser i r radia t ion of a surface. The processes will be 
divided into several g roups in accordance with the stages of 
evolut ion of a weakly ionised vapour . The first g roup of 
processes, which cor responds to the first stage of the 
evolut ion of a weakly ionised p lasma, includes those 
involving electron par t ic ipa t ion such as the ionisat ion of 
a t o m s by electron impact , the th ree-body recombina t ion of 
electrons and a tomic ions, the dissociative recombina t ion of 
electrons and molecular ions, and the a t t achment of 
electrons to a t o m s p roduc ing negative ions. On complet ion 
of these processes a p lasma conta in ing electrons and a tomic 
ions is converted into a p lasma which consists of negative 
and posit ive ions. 

The evolut ion of charged part icles in such a p lasma is 
impor t an t because ions serve as condensa t ion nuclei in a 
cooling p lasma. The second group of the processes includes 
charge exchange between posit ive and negative ions, which 
involves the loss of charged part icles in a p lasma and results 
in m u t u a l neutra l isa t ion of ions. The processes of ion 
charge exchange occur s imultaneously with the processes 
belonging to the thi rd g roup , which represents the growth 
and evapora t ion of clusters. In this case the condensa t ion 
represents the growth of charged clusters. In accordance 
with the classical theory of condensa t ion [ 3 6 - 4 0 ] , the 
probabi l i ty of evapora t ion of a small neu t ra l cluster is 
much higher t han the probabi l i ty of its growth . Therefore, 
large neu t ra l clusters form in a weakly ionised gas no t from 
small neu t ra l clusters by growth , bu t from large charged 
clusters by coagula t ion . N e u t r a l clusters form in a n o n -
ionised gas when it is s trongly supersa tura ted , because this 
process requires a relatively high vapour pressure in the 
source. 

A n essential feature of the system under discussion is its 
nonequi l ibr ium in respect of the var ious degrees of freedom 
at different stages of the evolut ion. By way of i l lustrat ion, 
the ionisat ion nonequi l ibr ium will be considered first [41 -
43]. D u r i n g the first stage of p lasma expansion, when the 
p lasma t empera tu re is sufficiently high, an ionisat ion 
equil ibrium is established so tha t the densities of electrons 
and ions are described by the Saha dis t r ibut ion. The t ime 
needed to establish this equil ibrium is inversely p r o p o r ­
t ional to the electron density, i.e. it rises strongly when the 
p lasma t empera tu re decreases. At some t empera tu re this 
t ime becomes comparab le with the p lasma expansion t ime, 



P r o c e s s e s in e x p a n d i n g a n d c o n d e n s i n g g a s e s 623 

so tha t at lower tem-pera tures the ionisat ion equil ibrium in 
the p lasma is lost, i.e. the densities of electrons and ions are 
governed no t by the p lasma t empera tu re bu t by the n a t u r e 
of the p lasma evolut ion. It is impor t an t to stress tha t the 
subsequent processes involving electrons occur in a n o n -
equil ibrium p lasma and tha t the charged part icles still act as 
the condensa t ion nuclei. 

A n analysis of the format ion of clusters in the course 
of the p lasma evolut ion and al lowance for the specific 
sequence of the processes tha t occur in the p lasma makes it 
possible to provide a m o r e or less unified physical p ic ture of 
the evolut ion in spite of the fact tha t it is control led by 
m a n y processes. This is interest ing from the poin t of view of 
unde r s t and ing the na tu re of the evolut ion of the system and 
also in respect of the appl icat ions, which involve the 
op t imal organisa t ion of the process. This can be d e m o n ­
strated by considering one of the aspects of the p rob lem of 
the evolut ion of a laser p lasma. The irreversible decay of the 
p lasma electrons m a y occur in two channels: their conver­
sion into negative ions or dissociative recombina t ion with 
molecular ions. If the first channel is weak, then at the 
subsequent stage of the evolut ion there are a few ions tha t 
can act as the condensa t ion nuclei in the p lasma. Therefore, 
efficient conversion of the p lasma into clusters requires tha t 
the format ion of negative ions should occur in an effective 
manner . One example is the p lasma-chemical conversion of 
meta l c o m p o u n d s , which in the first stage are heated to high 
t empera tu res in a p l a sma t ron , where these c o m p o u n d s 
dissociate into a toms . Then , the resul tant p lasma is 
allowed to escape. The condensa t ion of meta l a t o m s and 
ions transfers the meta l to clusters and in this way the 
separat ion of elements is achieved. In view of the above 
comment s it follows tha t this process is effective provided 
the a t o m s in the original c o m p o u n d s can form very stable 
negative ions. F o r example, if meta l clusters are to be 
formed by this me thod , it is convenient to use meta l halides. 

The processes occurr ing in an expanding p lasma jet lead 
to the format ion of charged and neut ra l clusters. If the 
clusters remain for a long t ime in b o u n d e d space, the 
process can cont inue further result ing in the format ion of 
s t ructures consist ing of solid particles in the form of fractal 
aggregates 
[ 4 4 - 5 2 ] and fractal fibres [53, 54]. The process of forming 
fractal aggregates has been investigated qui te tho rough ly 
(there are reviews and m o n o g r a p h s on this subject: see, for 
example, Refs [52-72] ) . In par t icular , the format ion of 
fractal aggregates in the afterglow of a gas discharge 
increases strongly the yield of the rad ia t ion from a 
decaying p lasma and the main cont r ibut ion to the 
rad ia t ion power m a y come, in accordance with the 
dimensions of fractal aggregates, from the opt ical pa r t 
of the spectrum (see, for example, the review in [73]). 
However , in the discussion be low we shall consider only 
those stages of the process which are associated with cluster 
format ion. This applies to systems in which an expanding 
gas or a p lasma p ropaga te s in the form of a beam and in 
which condensa t ion takes place, i.e. clusters are formed. 
This review provides an analysis of the processes which 
then occur. 

2. Charged particles in an expanding plasma 
2.1 Generation of a weakly ionised vapour near a heated 
surface 
The initial stage of the processes under discussion is 
represented by a relatively dense gas (vapour) or an 
equil ibrium plasma, which then expands in vacuum or in a 
space occupied by a buffer gas. In view of the appl icat ions, 
it is wor th considering two m e t h o d s for the creat ion of an 
expanding p lasma. In the first me thod , the initial stage is 
the format ion of a ho t vapour (Figs 3 and 4) which 
expands t h rough a nozzle in vacuum or in a buffer gas. A 
skimmer is used to form a gasdynamic beam of a toms from 
the vapour flux and ions m a y be created in this beam by an 
external electron source (Fig. 4). In the second me thod an 
ionised gas is formed by the interact ion of high energy 
fluxes with a surface. The hea t ing of the surface leads to 
the evapora t ion of its mater ia l in the form of a weakly 
ionised vapour . The energy can be delivered to the surface 
in the form of a laser beam, an electric current , an electron 
beam, etc. 

Figure 3 . S o u r c e o f a n e x p a n d i n g b e a m o f n e u t r a l c l u s t e r s [9]: ( 7 ) v a p o u r 
f low; ( 2 ) d e c e l e r a t i o n c h a m b e r ; ( 3 ) n o z z l e ; (4) b e a m b o u n d a r y . 

^U4 i l l 

inn 

Figure 4 . S o u r c e o f c l u s t e r i o n s [209]: (7) c h a m b e r ; ( 2 ) h e a t e r ; 
(3) n o z z l e ; (4) s k i m m e r ; ( 5 ) e l e c t r o n b e a m ; (6) a c c e l e r a t o r o f c l u s t e r 
i o n s . C a e s i u m v a p o u r f o r m s b y t h e e v a p o r a t i o n o f a l i q u i d m e t a l w h i c h is 
in t h e c h a m b e r . 

Let us consider the second me thod of generat ing an 
expanding p lasma in greater detail. The laser me thod is 
m o r e convenient for the delivery of energy to a surface. 
A l though the electric field me thod can also be used, it is 
m o r e complex. In the electric field me thod the format ion of 
an evapora ted flux of a weakly ionised vapour takes place 
in the ca thode spot of an arc discharge. The laser r ad ia ­
t ion creat ing a flux of the evapora ted mater ia l does no t 
interact with this mater ia l . This means tha t the power 
delivered is relatively low, so tha t laser rad ia t ion is no t 
absorbed by the evapora t ing p lasma. At higher laser 
rad ia t ion intensities, opt ical b r e a k d o w n is possible because 
of the absorp t ion of laser rad ia t ion by an evapora t ing 
weakly ionised p lasma [ 7 4 - 7 6 ] . To avoid dealing with 
b r eakdown , we shall consider laser rad ia t ion intensities 
(power densities) no t exceeding 1 0 7 W c m - 2 on the sur­
face [ 7 4 - 7 6 ] . 
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One other aspect of the p rob lem should be ment ioned . 
In terac t ion of laser rad ia t ion with the surface heated by it is 
nonl inear . This m a y give rise to a number of interesting 
effects in the spatial t empera tu re dis t r ibut ion on the surface 
of the investigated object and to f luctuat ions of the 
t empera tu re with t ime (see, for example, Refs [77-79] ) . 
These effects will no t be discussed and the t empera tu re 
dis t r ibut ion on the surface of an object will be regarded as 
stable. 

Let us consider the processes occurr ing near the surface. 
Let us assume tha t the range of the evapora t ing a t o m s is 
much less t han the dimensions of the surface. This allows us 
to consider the evolut ion of the evapora t ing mater ia l as a 
one-dimensional p rob lem. The energy flux reaching the 
surface hea ts it to a t e m p e r a t u r e ! r s u r f . This t empera tu re 
cor responds to a flux of evapora t ing a t o m s j(Tsurf). 
Practically the whole of the energy deposi ted on the surface 
is used in the evapora t ion of a toms : est imates show tha t 
other channels for the removal of energy from the surface 
are u n i m p o r t a n t . If the dis t r ibut ion of the velocities of the 
evapora t ing a t o m s is semi-Maxwell ian near the surface, the 
following relat ionship is obta ined for the energy ba lance 
near the surface: 

p = (A/ / + 2rs u r f )Xrs u r f ) , (2.1) 
where P is the energy flux absorbed by the surface; AH is 
the b inding energy of an a tom in a solid at r s u r f , i.e. 
the b inding energy per a tom in a macroscopic system; 
AH + 2 r s u r f is the average energy lost in the evapora t ion of 
one a tom. 

W e shall find the value of j(Tsmf) from the condi t ion 
tha t in equil ibr ium near the surface the fluxes of the a t o m s 
evapora t ing from the surface and of the a t o m s condensing 
on it are equal . Let us in t roduce a pa ramete r k n o w n as 
the a c c o m m o d a t i o n coefficient, and represent ing the p r o b ­
ability tha t an a tom colliding with the surface sticks to it. 
Then , the condi t ion for a vapour equil ibr ium near the 
surface gives 

XT„*) = j iNat (U ( ^ ) 1 2 , (2.2) 
4 \ Km ) 

where A / " s a t ( r s u r f ) is the number density of a t o m s at the 
sa tura ted vapour pressure and m is the mass of an a tom. 
E q n s (2.1) and (2.2) represent the energy ba lance at the 
surface and they govern the surface t empera tu re at a given 
absorbed energy flux. The density of the evapora t ing a toms 
near the surface is £ / V s a t ( r s u r f ) . 

N e a r the surface, as long as the distance from the 
surface does no t exceed the mean free p a t h of a toms , the 
dis t r ibut ion of the velocity of the evapora t ing a toms is semi-
Maxwel l ian since these a t o m s move away from the surface. 
At larger distances the flux of a toms forms a gasdynamic 
beam. The process of format ion of such a beam has been 
studied [ 8 0 - 8 2 ] and the results of these studies will be used 
here. The beam pa rame te r s depend on the gas pressure in 
the phase which the evapora t ing a t o m s enter. Let us 
consider the limiting case when the pressure of the 
evapora t ing a t o m s in a beam is high compared with the 
buffer gas pressure. Then the evapora t ing a t o m s move at 
the velocity of sound and the beam pa rame te r s cor respond 

f T h r o u g h o u t t h i s p a p e r t h e t e m p e r a t u r e wi l l b e g iven in e n e r g y u n i t s , 

w h i c h m a k e s it p o s s i b l e t o o m i t t h e f r e q u e n t l y u s e d f a c t o r for c o n v e r s i o n 

o f t h e e n e r g y a n d t e m p e r a t u r e u n i t s . 

to the ba lance of the flux of a t o m s and energy near the 
surface and in the gasdynamic beam: 

j = uNh , 2 7 s u r f = i Mu2 + 5- Th , (2.3) 

where Nh is the density of a toms in the beam; Th is the 
beam tempera tu re ; u = (yTh/M)1^2 is the velocity of sound; 
y is the rat io of the specific heat at a cons tant pressure and 
volume, which is 5/3 for an a tomic gas. These expressions 
m a k e it possible to establish a simple real t ionship between 
the pa rame te r s of the evapora t ing a tomic gas before and 
after the format ion of an a tomic beam: 

Th = 0 . 6 9 r s u r f , Nh = 0.25Afs u r f . (2.4) 

E q n (2.3) gives the pa rame te r s of the resul tant beam. By 
way of demons t ra t ion , let us consider an example which will 
be useful later in dealing with the var ious processes 
occurr ing in the system and thus provide an i l lustrat ion 
of a complete physical p ic ture of the effect in quest ion. Our 
example will be, here and later, a p lasma formed by laser 
i r radia t ion of a copper surface. Other examples of the 
format ion of a tomic b e a m s will also be considered. The 
following pa rame te r s of the interact ion of laser rad ia t ion 
with a surface will be assumed: the efficiency of uti l isat ion 
of the laser rad ia t ion energy in the evapora t ion of a toms 
(i.e. the fraction of the laser rad ia t ion energy expended in 
the evapora t ion process) is 0.3 and the probabi l i ty of 
a t t achment of copper a toms to the surface after coming 
into contact with it is ^ = 0.2. Table 1 gives the pa rame te r s 
of such a copper p lasma near the surface for certain 
characterist ic values of the energy fluxes (power densi­
ties) relevant to the investigated regime. The sa tura ted 
copper vapour pressure is the result of ext rapola t ion 
[83, 84] to higher t empera tures . In the no ta t ion used the 
subscript ' s u r f identifies the pa rame te r s of the evapora t ing 
p lasma near the surface, the index V is used for the p lasma 
pa rame te r s in the beam, and is the equil ibrium electron 
density in the resul tant beam. 

Table 1. P a r a m e t e r s o f a c o p p e r p l a s m a f o r m e d b y l a se r i r r a d i a t i o n o f a 
c o p p e r s u r f a c e , c a l c u l a t e d a s s u m i n g t h a t 3 0 % o f t h e l a se r r a d i a t i o n 
e n e r g y is a b s o r b e d b y t h e s u r f a c e a n d t h a t t h e p r o b a b i l i t y o f a t t a c h m e n t 
o f c o p p e r a t o m s t o t h e s u r f a c e is £ = 0.2 . 

R a d i a t i o n e n e r g y f l u x / W c m - 1 

1 0 7 3 x 1 0 6 1 0 6 

^ s u r f / K 7340 5440 4410 

A f s u r f / 1 0 1 9 c m - 3 11 4.1 1.6 

^ s u r f / b a r 110 30 9.4 

4910 3640 2950 

A f b / 1 0 1 9 c n T 3 2 .8 1.0 0.4 

P b / b a r 19 5.0 1.6 

A f 6 ) b / 1 0 1 4 c m " 3 160 2.1 0.1 

W e shall use this example to demons t r a t e the results of 
an analysis of var ious aspects of the investigated p h e n o m ­
ena. W e shall therefore refine the condi t ions for the process 
being analysed. W e shall assume tha t the laser rad ia t ion 
power is 10 k W and tha t focusing of this rad ia t ion can 
create any energy flux (power density) in the investigated 
range 1 0 6 - 1 0 7 W cm . The characteris t ic p lasma p r o p a g a ­
t ion t ime is of the order of 1 0 _ 5 s and the p ropaga t ion 
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process is quasis teady. This means tha t the dura t ion of a 
laser rad ia t ion pulse exceeds the p lasma evolut ion t ime of 
M O - 5 s. Therefore, the laser used m a y be pulsed or pulse-
periodic, and the laser pa rame te r s given here are readily 
a t ta inable . F o r example, if a laser generates pulses of 10~ 3 s 
dura t ion , the energy per pulse has to be 10 J. The 
wavelength of the laser rad ia t ion is not of fundamenta l 
impor tance and it is allowed for by in t roduc t ion of the 
coefficient of absorp t ion of the rad ia t ion on the target 
surface. 

2.2 Loss of ionisation equilibrium in an expanding plasma 
A weakly ionised p lasma beam formed in this way moves 
away from the surface and expands, so that it cools. 
Depending on the condit ions dur ing the formation of this 
beam, and also on the nozzle and skimmer parameters used 
in the beam sources, the angle between the b o u n d a r y of the 
beam and the symmetry axis of the beam cone is assumed to 
be a = 5° - 1 5 ° [85]. In future estimates we shall assume that 
a = 10°. The law of variat ion of the density j of the flux of 
a toms at a distance x from the surface subjected to laser 
radiat ion is 

X x ) = X 0 ) ( l + * t a n a V ) 2 , 

where Rq is the rad ius of the heated spot on the surface. 
Bear ing in mind tha t the gas expansion is adiabat ic , we can 
find the na tu re of changes in its t empera tu re and density as 
the beam moves away from the evapora t ing surface. If we 
assume tha t the evapora t ing mater ia l consists mainly of 
a toms , we find tha t the relat ionship between the density of 
a t o m s and t empera tu re in an adiabat ic process is [38, 8 6 -

N ocT 3/2 

Since the flux density of a t o m s is j oc N v oc T2 (v is the 
direct ional velocity of the beam) , it follows from the above 
expression for the flux in an a tomic beam tha t the beam 
tempera tu re varies with distance away from the evapora t ­
ing surface: 

T = r0(l + x t a n a / ? 0 " 1 ) " 1 . (2.5) 

The evolut ion of the electron density dur ing expansion 
of a weakly ionised p lasma in space is of fundamenta l 
impor tance . The later stages of p lasma expansion involve 
conversion of electrons into negative ions, which together 
with posit ive ions become the condensa t ion nuclei for the 
evapora ted mater ia l . If electrons recombine with ions, the 
subsequent condensa t ion is impossible. Therefore, we shall 
analyse later the na tu re of the evolut ion of the electron 
componen t in the course of expansion of a weakly ionised 
p lasma. 

At high t empera tu res of a weakly ionised gas the ra te of 
establishing of an ionisat ion equil ibr ium is relatively rapid , 
so tha t the electron density is given by the Saha formula and 
depends exponential ly on the p lasma tempera tu re . Since the 
frequency represent ing the establ ishment of an ionisat ion 
equil ibrium is p ropo r t i ona l to the electron density, this 
density falls steeply when t empera tu re is lowered. At some 
t empera tu re the ra te at which ionisat ion equil ibr ium is 
established becomes comparab le with the p lasma expansion 
ra te and at lower t empera tu res the ionisat ion equil ibr ium is 
lost. M y asymptot ic theory [ 4 1 - 4 3 , 89] of the evolut ion of 
the electron componen t will be presented on the assumpt ion 

tha t the ionisat ion equil ibrium is main ta ined by the 
processes 

e + A ^ 2 e + A + , (2.6) 

where e, A, and A + are an electron, an a tom, and an ion, 
respectively. The th ree-body recombina t ion ra te cons tant at 
low tempera tu res is [90] 

K(T) = CT " 9 / 2 , 

where C = 2.0 x 1 0 " 8 c m 6 K 9 / 2 s " 1 [91]. 
The characterist ic t ime of a t ta in ing ionisat ion equi l ib­

r ium is T E oc (KNl)~l. It follows from Eqn (2.5) tha t the 
expansion-cool ing t ime of the p lasma is 

d l n T N 

dl 
= R(u tan a) (2.7) 

where R is the rad ius of the p lasma beam at a given 
distance from the surface. Obviously, the ionisat ion 
equil ibrium is lost when the t ime T E for the establ ishment 
of this equil ibrium becomes comparab le with the t ime of a 
change in the equil ibrium plasma. Here , Ns oc exp(—J /2T) 
is the equil ibr ium electron density given by the Saha 
formula, where J is the ionisat ion poten t ia l of the a toms . 
W e can see tha t d I n N j d t = -{J/T)/xT, so tha t the 
ionisat ion equil ibrium is lost at t empera tu res such tha t 

(2.: 

At lower t empera tu res the ionisat ion of a t o m s by 
electron impact can be ignored and, in accordance with 
E q n (2.6), the equat ion for the ba lance of the electron 
density is (if a l lowance is m a d e for the quasineutra l i ty of the 
p lasma) 

dNP 

= -KNi 
dt 

I ts solut ion is 

(Is dt 
-1/2 

(2.9) 

where £0 is the m o m e n t at which the condi t ion of E q n (2.8) 
is satisfied. 

The lower limit in E q n (2.9) can be found m o r e 
accurately from the ba lance equat ion for the electron 
density 

dNP 

dt 
= KNE(NJ — Nq) , (2.10) 

where Ns is the equilibrium electron density given by the 
Saha formula. When temperature is varied slowly, this 
equation yields Ne = NS9 i.e. it corresponds to the ionisation 
equilibrium in this system. When temperature is varied more 
rapidly, we have Ns <^ NG, so that the ionisation of a toms can 
be ignored and the solution of the above equation is given by 
Eqn (2.9). 

Let us n o w find the asymptot ic solut ion of E q n (2.10). 
Let us assume tha t the t ransi t ion region is fairly n a r r o w and 
tha t in this region we have K = const and either 
NS oc exp(—at/2), where OL = 2J/(TTT), or NS oc 
exp(—J /2T) . Then , E q n (2.10) becomes 

^ = KNe[N2

l(p)exp(-«t)-Nl] • 
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I ts solut ion at high values of t is given by the expression 

N~2 = 2Koc~l{oct — ln [2 /QV 2 (0)a _ 1 ] — C } , (2.11) 

where C = 0.577 is the Euler cons tant . W e can see tha t this 
solut ion is independent of the selected initial mo men t . 
A compar i son with E q n (2.9) allows us to find t0: 

at0 = C + l n [ 2 ^ / V 2 ( 0 ) o T 1 ] . 

At this m o m e n t the following relat ionship is obeyed: 

^ ( f 0 ) = I a e x p ( - C ) = ^ 
Z 1 TT 

(2.12) 

This relat ionship is identical with E q n (2.8), bu t the initial 
m o m e n t is found m o r e accurately. 

W e shall n o w in t roduce in E q n (2.9) the t empera tu re 
dependence of the ra te cons tant of the process for wide 
ranges of var ia t ion of t empera tu re and t ime. It follows from 
E q n (2.5) tha t T oc \/R, where R is the beam radius at a 
given point . Moreover , dR/dt oc u oc Tl^2 and hence 
Tt = (dlnT/dt)~l oc T~3/2. This dependence allows us to 
derive the following expression from E q n (2.9) if E q n (2.12) 
is t aken into account : 

i - ± -

= 0.0937 ( y - 1 ) [̂ s(W]~\ (2-13) 

where the t empera tu re T0 cor responds to the t ime t0. 
The results obta ined al low us to describe the evolut ion 

of the electron componen t of a p lasma when it expands in 
space. W e shall demons t r a t e the results by considering the 
example of a laser copper p lasma ment ioned earlier 
(Table 1). I ts pa rame te r s relat ing to the evolut ion of 
electrons and a t o m s dur ing the initial stage of the p lasma 
beam expansion, when condensa t ion of the evapora t ing 
mater ia l is u n i m p o r t a n t , are presented in Table 2. The 
tempera tu re T0 given by E q n (2.12) is the limit of the 
ionisat ion equil ibrium. F o r a given t empera tu re dependence 
of the density of a t o m s N(T) the t empera tu re Tc is defined 
by 

N(Te)=Nat(Te) (2.14) 

where Nsat(T) is the number density of the satura ted 
vapour at a given t empera tu re . At lower t empera tu res the 

Table 2 . P a r a m e t e r s o f t h e e v o l u t i o n o f a l a se r c o p p e r p l a s m a . 

R a d i a t i o n flux/W c m - 2 

1 0 7 3 x 1 0 6 1 0 6 

I r r a d i a t i o n s p o t r a d i u s / m m 0.18 0.33 0 .56 

3 7 4 0 3 9 1 0 4 1 0 0 

T r ( r c ) / i ( r 6 s 0 .96 1.4 2 .6 

3 2 7 0 2 7 2 0 2 3 6 0 

A f c / 1 0 1 8 c m - 3 15 6.4 2 .9 

A f c ( r c ) / 1 0 1 4 c m " 3 12 5.8 3.0 

6.8 67 600 

2 9 9 0 2 6 7 0 2 4 0 0 

r r / K 2 7 4 0 2 4 5 0 2 2 5 0 

Y(Ta) 2.0 1.9 1.6 

A f i ( 0 ) / 1 0 1 4 c m " 3 2 .0 1.0 0 .9 

# i ( o o ) / 1 0 1 3 c m " 3 2 .7 3.3 3.5 

condensa t ion of a t o m s m a y occur on the copper surface, 
which is at the same tempera tu re . 

The following no ta t ion is used in Table 2: Ne is the 
electron n u m b e r density, Ns is the equil ibrium density of 
electrons. W e can see tha t at Tc the ionisat ion equil ibrium is 
strongly violated, which accelerates the process of con­
densat ion dur ing the subsequent cooling of the p lasma if 
ions act as the condensa t ion nuclei of the supersa tura ted 
vapour . 

2.3 Electron decay and formation of negative ions 
Elect rons and ions are converted in the investigated 
expanding p lasma into cluster ions and become the 
condensa t ion nuclei which collect the evapora t ing m a t e ­
rial. Therefore, the stage of conversion of electrons into 
negative ions and of posit ive a tomic ions into molecular 
ions is impor t an t in the evolut ion of the p lasma. The 
following processes occurr ing dur ing this stage are of 
interest: 

e + 2 A ^ A ~ + A , 

2A + A + ^ A j + A 

'A + A* . e + A j . 

(2.15) 

(2.16) 

(2.17) 

Elect rons decay in two channels , described by 
E q n s (2.15) and (2.17), and the subsequent evolut ion of 
the p lasma depends on the compet i t ion between these 
channels . In par t icular , in the limiting case when electrons 
decay by dissociative recombina t ion [Eqn (2.15)], the 
density of ions dur ing the next stage of the evolut ion of 
the system becomes low and the evapora ted mater ia l does 
no t condense. 

W e shall n o w consider the case when the t imes for the 
establ ishment of an equil ibrium given by E q n s (2.15) and 
(2.17) are much shorter t han the p lasma cooling t ime. This 
is t rue in par t icular of the evolut ion of a copper p lasma, 
considered here by way of example. Then at any given 
p lasma t empera tu re there is a t h e r m o d y n a m i c equil ibrium 
for the processes described by E q n s (2.15) and (2.17), so 
tha t the densities of electrons Ne and of negative ions [ A - ] , 
and the densities of a tomic [A + ] and molecular [Aj] ions are 
related by the Saha formula: 

- = n e x n I — 
T x 

(2.1* 
[A"] 

[A + ] 

aexpl ) =X(T) 

[A2

4 

= £ e x p ( - ^ ) =Y(T) 

Here , EA is the energy represent ing the binding of an 
electron to a negative ion; D is the dissociation energy of a 
posit ive molecular ion; a and b are numer ica l coefficients 
which depend weakly (in accordance with a power law) on 
the p lasma t empera tu re T; we shall ignore this dependence 
in future because the range of t empera tu res cor responding 
to the stage under considerat ion is relatively na r row. 

In view of the p lasma quasineutral i ty , we shall in t roduce 
the density of positively and negatively charged particles: 

J V , = i V e + [ A - ] = [ A + ] + [ A 2

+ ] . 

W e can see tha t the fraction of electrons, relative to the 
to ta l density of charged part icles at a given t empera tu re , is 
X / ( l + and the fraction of posit ive a tomic a toms is 
7 / ( 1 + 7 ) . Dissociat ive recombina t ion results in an 
irreversible loss of the charge, since the t r app ing of 
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electrons by a t o m s conserves the to ta l density of charged 
part icles and changes only their type. The ba lance equat ion 
for the electron number density is 

where a is the coefficient of dissociative recombina t ion of 
electrons and molecular ions. The second te rm allows for 
the transfer of electrons to negative ions. This ba lance 
equat ion can be rewri t ten for the to ta l density of charged 
part icles: 

& ( l + x x i + r)-1 

The ra te of change of the var iable X, defined by 

dX _ X EA 

dt ~ xT T ' 

changes the above equat ion to 

d/Vi _ VN2 

~dx ~~(i+x)(i + y) ' 
where V = ccxexT/EA. The solution of this equat ion is 

1 
y V r 1 = (7V1(cx)))-1 + y | d X -

(i+x)(i + y) ' 
Hence it follows tha t as the system passes t h rough the 
recombina t ion region, the n u m b e r density of charged 
part icles becomes 

N{(t = 0) 
Ni(t = oo) 

where 

- r 

Jo 

dX 

l+VJN{(t = 0) 

1 

(i+x)(i + y) • 

(2.19) 

The required integral is J = 1, if X = Y. The parameters X 
and y vary from zero to infinity. Tempera tures Ta and TT 

will be introduced on the basis of the following relationships: 

x(ra) = i, y(rr) = i (2.20) 

which represent the temperature range where the investigated 
processes occur. We have Y = Y(Ta)Xk, where k = D/EA. 
The required integral is readily calculated by numerical 
methods. In the case of a copper plasma, it amounts to 
7 = 0 . 5 - 0 . 6 . 

Table 2 lists some of the laser copper p lasma pa rame te r s 
related to the processes under considerat ion. Since no 
informat ion is available on the recombina t ion of molecular 
copper ions, the coefficients of dissociative recombina t ion 
of electrons with A r J a rgon ions [92, 93] are used. There ­
fore, the da ta on the evolut ion of the density of charged 
part icles obta ined for this range of pa rame te r s are a p p r o x ­
imate . 

It is wor th no t ing the following in an analysis of the 
da ta in Table 2. The range of t empera tu res where the 
electron componen t decays is located below TC9 at which 
condensa t ion of a vapour on a flat surface becomes 
possible. Therefore, the condensa t ion of a vapour in the 
bulk , accompanied by the format ion of clusters, occurs at 
even lower t empera tures . Moreover , the dissociative r ecom­
bina t ion of electrons and molecular ions m a y result in the 
loss of a significant p r o p o r t i o n of the charged particles. 

2.4 Mutual neutralisation of positive and negative ions 
Since the condensa t ion ra te is p ropo r t i ona l to the density 
of ions which act as the condensa t ion nuclei, it follows tha t 
the processes result ing in the loss of ions are impor t an t in 
the condensa t ion stage. W e shall n o w consider the 
processes involving charge exchange from posit ive to 
negative ions, result ing in m u t u a l neutra l isa t ion of the ions. 

W e shall consider the process 

An + >An + Am . (2.21) 

As a result of it an electron is t ransferred from a negative 
cluster to the field of a positively charged cluster. W e shall 
consider this process on the basis of an asymptot ic mode l 
[94] cor responding to a low energy of b ind ing of an 
electron to a negative ion. The electron transfer probabi l i ty 
is then a sharp function of the distance of closest app roach 
between the clusters. At low collision energies the cross 
section of the process (2.21) is 

2 2 
6 6 

(J = 71— R0, R0 < — 
s s 

(2.22) 

where e is the electron charge; s is the collision energy; R0 is 
the distance of closest app roach at which the probabi l i ty of 
charge exchange is of the order of uni ty. 

A n analysis in Ref. [94] shows tha t at low values of 
y = (2meEA /h2)1^2 (EA is the energy of affinity of a cluster 
to an electron, m e is the electron mass , and Ti is the Planck 
cons tant ) the p roduc t R0y depends weakly on the other 
pa rame te r s of the p rob lem. This is because the t rans i t ion in 
quest ion occurs in the tail of the function of an electron 
belonging to a negative ion, which falls exponential ly as 
Q~ry with the distance r from a cluster. F o r this reason the 
p roduc t R0y can be regarded as an independent pa rame te r 
of the p rob lem and under the condi t ions considered here it 
can be assumed tha t R0y w 6 [94]. This value and Eqn (2.22) 
give the following expression for the m u t u a l neutra l isa t ion 
ra te cons tant if averaging is carried out over the Maxwel l ian 
cluster velocity dis t r ibut ion: 

30 ez 

W 2 Y 

where T is the t empera tu re and fi is the reduced mass of a 
cluster. 

The reduced mass of a cluster consisting of qx and q2 

a t o m s is 

(2.23) 

\i = m-
, <?2 + <?i (2.24) 

where m is the mass of one a tom. This gives us the ba lance 
equat ion for the density of charged clusters: 

dN+ 
~df 

30ez 

Q\ + < ? 2 
1/2 

(2.25) 
y(mT)l/2 

Here , N+ is the number density of charged clusters, which 
allows for the quasineutra l i ty of the system and the 
averaging cor responds to a given dis t r ibut ion of the 
cluster sizes. The simplest form of the dis t r ibut ion of 
clusters in te rms of the number of a t o m s q in a cluster is 

. exp 
(2.26) 

where q is the average number of a t o m s in a cluster. This 
dis t r ibut ion function can be used to t ransform the ba lance 
equat ion (2.25) to 
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d/V+ 

~dt~ 
-kTN2+q -1/2 (2.27) 

where kY = Me2/[y(mT)1/2]. 
The expression for the neutra l isa t ion ra te cons tant is 

valid provided the t empera tu re is low and the clusters are 
no t too large. The distance between clusters, which has to 
be t raversed by an electron from the field of a neu t ra l 
cluster to one of a posit ive cluster, mus t exceed the cluster 
size. 

W e shall n o w give relevant est imates for copper clusters. 
The energy of affinity of a copper a tom to an electron is 
EA = 1.23 eV [95, 96], i.e. y = 03/a0, where a0 is the Bohr 
radius . The work function of copper , i.e. the energy of 
affinity of an electron to an infinitely large cluster is 4.4 eV 
[97], i.e. y = 0 . 5 7 / a 0 . F o r clusters with q < 30 the electron 
affinity energy is less t han 3 eV [98]. W e shall therefore 
assume tha t y = 0A/a0, so tha t the distance between 
clusters governing the cross section for m u t u a l neut ra l i sa­
t ion of clusters is R0 w \5a0. The number of a t o m s 
conta ined in a cluster of rad ius R0 is q = AnR\p/3m, 
where m is the mass of an a tom and p is the density of 
the condensed mater ia l . F o r copper this quant i ty a m o u n t s 
to q ~ 100 which is the limit above which E q n (2.23) is 
invalid. In the case of copper the pa ramete r k0 is 
^ r « 4 x 10~ 8 c m 3 s _ 1 at t empera tu res from which conden­
sation begins. 

F o r large clusters the distance of closest approach , 
cor responding to the m u t u a l neutra l isa t ion of clusters, is 
equal to the sum of the radii . Then E q n (2.22) yields the 
cross section for m u t u a l neutra l isa t ion of clusters: 

2 2 
e r \ e 

G = n—lri + r2), r u r2 < — 
s s 

(2.28) 

where rx and r2 are the cluster radii . Averaging over the 
Maxwel l ian dis t r ibut ion of clusters yields the ra te cons tant 
of the process 

8 « V / 2 2F (2.29) 

Averaging this expression with the dis t r ibut ion function 
(2.26) of clusters in te rms of the n u m b e r s of a t o m s in them, 
we obta in 

f8n\/2f3m\ 1/3 
? 1 + < ? 2 

<7l<?2 

1/2 
( 1/3 , 1/3 \ 
(q{ +q2

f ) 

C o u l o m b interact ion of ions significantly alters the distance 
of closest app roach in their collisions [Eqn (2.22)]. In 
general , the expressions for the cross section of the process 
in quest ion becomes, instead of E q n (2.22), 

s 
(2.33) 

Accord ing to the liquid drop mode l of clusters the effective 
distance of closest app roach is equal to the sum of the radi i 
of the colliding ions R0 = rx + r 2 , where rx and r2 are the 
radi i of the colliding clusters. The coagula t ion ra te cons tant 
is then 

- 1 l ^ N ( R I + R 2 ) 2 ) = i 3 . 5 r 1 / 2 m 1 V 2 / 3 -
(2.34) 

Replacement of Eqn (2.22) with Eqn (2.33) for the cross 
section of the process modifies the ba lance equat ion (2.31) 
to 

dN+ 

~dT (kYec q / + kcoa„ q ^ )N l /6x (2.35) 

The values of the required rate constants at a temperature Tc, 
at which the pressure of a weakly ionised plasma is equal to 
the saturated vapour pressure at a given temperature, are 
listed in Table 3 for the investigated case of a laser copper 
plasma. They m a k e it possible to analyse the influence of 
the process of charge exchange from a negative to a positive 
cluster ion dur ing cluster growth on the na tu re of 
neutral isat ion in the system. This should be analysed 
together with the growth of charge clusters. 

Table 3 . P a r a m e t e r s a n d r a t e c o n s t a n t s o f p r o c e s s e s in a n e x p a n d i n g 
c o p p e r p l a s m a . 

R a d i a t i o n f l u x / W c m - 2 

1 0 6 3 x 1 0 6 1 0 7 

3270 2720 2360 

£ r / 1 0 ~ 8 c m 3 s " 1 3.7 4.1 4.4 

£ r e c / 1 0 - 8 c m 3 s - 1 1.0 1.1 1.2 

^ c o a g / 1 0 " 1 0 c m 3 s - 1 4 .6 4.2 3.9 

£ 0 / 1 0 - 1 1 c m 3 s " 1 6.6 6.0 5.6 

s = Nm(N +Nm)~l 0.23 0.33 0.44 

340 590 900 

- 13 JT-Wm-Wp-Wq-11* , (2.30) 

where m is the mass of an a tom and p is the density of the 
condensed mater ia l . W e can represent E q n (2.30) in the 
form 

k — kr. 
-1 /6 

where 

k 
1X1 r p,r. i 3 * 2 r - 1 / 2 / » - 1 V 1 / 3 (2.31) 

The ba lance equat ion for the density of cluster ions is then 

(2.32) ^ = - K Q C N 2

+ q - 1 ' 6 

dt 

Here , N+ and N_ are the number densities of posit ive and 
negative cluster ions; N+ =N_. 

In the derivat ion of the ba lance equat ion (2.32) it is 
assumed tha t the bend ing of the pa th s because of the 

It therefore follows tha t the evolut ion of an expanding 
weakly ionised gas, which is evapora ted from the surface or 
is formed in some other way, consists of a series of 
consecutive processes involving charged part icles. The 
relat ionship between the t imes of these processes and the 
mot ion of a gas create specific condi t ions for the evolut ion 
of the system, so tha t its state differs considerably from the 
state of t h e r m o d y n a m i c equil ibr ium. The survival of 
charged part icles in such a system is of fundamenta l 
impor tance for the condensa t ion of the gas at the next 
stage of expansion because ions subsequent ly become the 
condensa t ion nuclei. 

3. Large clusters in a hot gas 
3.1 Equilibrium distribution of clusters 
In the course of its expansion a weakly ionised gas reaches 
a state with pa rame te r s such tha t its pressure becomes 
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comparab le with the sa tura ted vapour pressure at a given 
t empera tu re . Then, the condensa t ion associated with the 
format ion and growth of clusters m a y begin in the 
expanding gas and charged part icles p lay the role of the 
condensa- t ion nuclei. The t empera tu re at which this begins 
is denoted by Tc. In reality, the condensa t ion process 
occurs at lower t empera tu res . In par t icular , Table 3 gives 
the fraction s of the molecules in our copper p lasma at the 
t empera tu re Tc when a t o m s and molecules are in a 
t h e r m o d y n a m i c equil ibr ium. It follows from this table 
tha t the average n u m b e r of a t o m s in molecules and clusters 
does no t differ greatly from uni ty . Moreover , we recall tha t 
at the t empera tu re TY listed in Table 2 the densities of 
a tomic and molecular ions in the system are the same. 
Thus , even under equil ibrium condi t ions the t ransi t ion 
from an a tomic vapour to one conta in ing clusters occurs at 
t empera tu res well be low Tc. 

Anothe r feature of the condensa t ion process is asso­
ciated with the instabili ty of neu t ra l clusters unt i l the 
number of a t o m s in them becomes large. It follows from 
the classical theory of condensa t ion [ 3 6 - 4 0 ] and the drop 
mode l of clusters tha t there is a critical cluster rad ius or a 
critical number of a t o m s in a cluster cor responding to the 
min imum value of the cluster size dis t r ibut ion function 
under t h e r m o d y n a m i c equil ibr ium condi t ions . The equil ib­
r ium dis t r ibut ion function of the clusters will be determined 
in te rms of the n u m b e r s of a toms in them on the basis of the 
following assumpt ions . First , we shall adop t the liquid drop 
mode l for clusters and assume tha t the proper t ies of the 
surface layer of a cluster are the same as those of a 
macroscopic system. Second, we shall pos tu la te tha t an 
equil ibrium results from the a t t achment or evapora t ion of 
single a toms . 

The similarity of the surface of such a cluster to a 
macroscopic surface can be used to consider first the 
a t t achment and evapora t ion fluxes for a macroscopic 
surface. The a t t achment flux of a t o m s from the gaseous 
phase to the macroscopic surface is 

j m = [T(2nm)-l]l/2N^ , (3.1) 

where the first factor represents the average componen t of 
the velocity of a t o m s n o r m a l to the surface; m is the mass 
of an a tom; N is the n u m b e r density of a toms ; { is the 
probabi l i ty of a t t achment to the surface of an a tom 
colliding with it. The flux of evapora ted a t o m s is 

cluster. E q n (3.2) for a cluster then becomes 

Jc = A e x p ( - ^ (3.2) 

where the pa ramete r A depends weakly on t empera tu re and 
is governed by the surface proper t ies ; e s u b is the b ind ing 
energy of a surface a tom, which is identical with the 
subl imat ion energy of a macroscopic system of b o u n d 
a toms . W h e n the a tom n u m b e r density Nsat is equal to the 
sa tura ted vapour density at a given t empera tu re , the 
a t t achment and evapora t ion fluxes become identical [see 
E q n (2.2)], i.e. 

At. = [T(2nm)-lY 
In the case of clusters which can be model led by a liquid 

drop we have the same expression (3.1) for the flux of a toms 
which become a t tached to the surface, whereas in the 
expression for the flux of evapora t ing a t o m s (3.2) we 
have to use the energy sq of b inding of a surface a tom 
to a cluster, which depends on the number of a t o m s q in a 

j e v = A e x p ( 

[ r ( 2 7 r m ) - 1 ] 1 / 2 A ^ s a t ( r ) ^ e x p 
£q e s u b 

(3.3) 

U n d e r the condi t ions of t h e r m o d y n a m i c equil ibrium 
between clusters conta in ing q — 1 and q a toms , the 
frequencies of cluster dissociation and format ion are 
equal , i.e. 

NqjeY=Nq_ljatt , (3.4) 

where Nq is the density of clusters conta in ing q a toms . 
Hence , we obta in 

q-l 
N 

: Nsat exp " e s u b (3.5) 

T h e s t ructure of this relat ionship is identical with the 
Saha dis t r ibut ion. It in fact cor responds to the equil ibr ium 

(3.6) 

where A is an a tom, and in this respect it is a full ana logue 
of the Saha dis t r ibut ion for high values of q. Therefore, the 
left-hand side of Eqn (3.5) cor responds to any values of q 
in the case when the t he rmodynamic equil ibrium is 
main ta ined by the a t t achment of individual a toms . The 
r ight -hand side of this relat ionship cor responds to high 
values of q. It is interesting to consider h o w this 
relat ionship works at low values of q beyond the limit 
of its validity. This is i l lustrated in Table 4, which gives the 
quant i ty 

Nz 

NmNsat(T) 
(D 

exp I — 
' e s u b (3.7) 

where Nm is the n u m b e r density of d ia tomic molecules and 
D is the dissociation energy of a d ia tomic molecule. The 
quant i ty / is the rat io of the left-hand pa r t of the Saha 
dis t r ibut ion in the case of an equil ibrium between a toms 
and d ia tomic molecules to the expression on the right of 
E q n (3.5), which applies to large clusters. This rat io would 
be equal to uni ty if E q n (3.5) were identical with the Saha 
dis t r ibut ion for q = 2. Table 4 gives the sa tura ted vapour 
pressure in tor r at a given t empera tu re . The pa rame te r s of 
the copper and silver molecules are t aken from [100] and 
[101], respectively. 

Table 4 . 

^ s a t / T o r r 1 10 100 1000 

A g ^ s a t / K 1634 1896 2258 2792 

/ 1.0 0.96 0.88 0.79 

C u 1596 1820 2114 2525 

/ 4.4 4.1 3.9 3.5 

W e shall in t roduce the degree of supersa tura t ion of the 
vapour : 

N 
S = 

Then, E q n (3.5) becomes [102] 

q-l 
• S exp 

£q e s u b 

(3.8) 

(3.9) 
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Hence we can obta in the critical size of a cluster qCY, which 
cor responds to the m i n i m u m number density of the 
clusters: 

S exp 
fcsub = 1, s > 1 (3.10) 

W e shall find the critical size of a d rop in the classical 
theory of h o m o g e n e o u s condensa t ion in [ 3 6 - 4 0 ] in which a 
cluster is model led by a liquid d rop . Then the number q of 
a t o m s in a cluster is related to the cluster rad ius r by 

4npr 
3m 

(3.11) 

where p is the density of the liquid, m is the mass of an 
a tom, and the to ta l b inding energy of a toms in a cluster is 

Eq = £ s u b < 7 - 47ir 2a , (3.12) 

where a is the surface tension of the liquid. Hence , the 
b inding energy of a surface a tom in a cluster is 

dEn 

dq 
fcsub • oc[32nm(3pq) - i i i / 3 

Subst i tut ion of this expression into E q n (3.10) gives the 
critical number of a t o m s in a cluster, 

qcr = 32nm2{3p2[a(T In S ) " 1 ] 3 } " 1 , 

or the critical rad ius of a cluster (drop) , 

2am 

(3.13) 

pT In S ' 
(3.14) 

These expressions are obta ined from the classical theory of 
h o m o g e n e o u s condensa t ion . The critical rad ius cor re­
sponds to the min imum equil ibr ium density of clusters. 
This means tha t in the course of the evolut ion of a test 
cluster it cont inues to g row when it reaches the critical size. 
However , if the size of a cluster is less t han critical, its 
subsequent evolut ion involves evapora t ion . The critical size 
of a cluster is fairly large. Table 3 gives the values of qcx for 
a copper p lasma near the t empera tu re Tc and for the degree 
of supersa tura t ion of the vapour S =2. 

Since e s u b > T, the critical number of a toms in a cluster 
is fairly large. In par t icular , for the copper p lasma in 
quest ion expanding in space we have qcr ~ 10 3 (Table 3). 
Large values of qcx imply tha t the condensa t ion in a real 
expanding p lasma can occur only at ions act ing as the 
condensa t ion nuclei. Consequent ly , only charged clusters 
g row in an expanding p lasma. N e u t r a l clusters can form in 
the system only by coagula t ion of large charged clusters. 

E q n s (3.5) and (3.9) m a k e it possible to relate the 
equil ibrium density of clusters at a given t empera tu re to 
the number density of a toms . This relat ionship can be 
established with exponent ia l precision and is given by 

N = At t^exp (3.15) 

where 

k=l 

is the surface energy of a cluster. 
If ESUTf is expanded in powers of l/q1^3 and only the first 

te rm of the expansion is retained, the result is accura te to 
within exp(const x q1^3). If two te rms of the expansion are 
included, the precision is governed by a factor independent 

of q and is much poore r than in the case i l lustrated in 
Table 4. The preexponent ia l factor can be found m o r e 
accurately if full informat ion on the systems of b o u n d 
states is available for all values of q. 

It is wor th no t ing the following ci rcumstance: in 
accordance with E q n (3.5), at high values q > qCY the 
number density of clusters increases with the number of 
a t o m s in a cluster; i.e. under t h e r m o d y n a m i c equil ibr ium 
condi t ions in the system, the clusters conta in ing a small 
number of a toms (including free a toms) do not cont r ibu te 
to the to ta l mass of b o u n d a toms . 

However , the reality is different. If we use the number 
density of a t o m s to determine the number density of 
clusters, we implicitly assume tha t a complete t h e r m o d y ­
namic equil ibrium for clusters, described by Eqn (3.15), 
cannot be achieved at high values of q. This means tha t the 
evolut ion t imes of a system conta in ing a t o m s and clusters, 
when the process begins from a system of free a toms , are 
short compared with the typical t imes of growth of large 
neu t ra l clusters. The relat ionship between the n u m b e r 
densities of clusters of similar dimensions, cor responding 
to E q n s (3.5) and (3.9), is valid because the t ime for the 
establ ishment of equil ibrium given by E q n (3.6) is relatively 
short and does no t exceed the t ime for the establ ishment of 
an equil ibrium between a t o m s and d ia tomic molecules. 
These are the condi t ions under which the dis t r ibut ions 
(3.5), (3.9), and (3.15) are valid for large bu t finite clusters. 

3.2 Heat regimes during expansion of a condensiig vapour 
The main special feature of the condensa t ion process is the 
na tu re of removal of the energy released in condensa t ion . 
This energy is relatively high. It is comparab le to the 
energy lost in the evapora t ion of a t o m s and is much higher 
t han the kinetic energy of a toms . Therefore, the release of 
energy as a result of condensa t ion alters the na tu re of 
changes in t empera tu re when a gas expands . 

This can be demons t ra ted by considering the first stage 
of the condensa t ion process when molecules form in an 
a tomic beam. Let us assume tha t the beam expands in 
vacuum, i.e. tha t the gas pressure in the b e a m is con­
siderably higher t han the pressure of the buffer gas which 
the beam enters, and let us find the na tu re of the change in 
t empera tu re in the course of adiabat ic expansion of the 
beam. W h e n the format ion of molecules is ignored, the 
change in the b e a m tem-pera tu re in the course of its 
expansion is given by E q n (2.5). 

The change in the in ternal energy of the system dur ing 
expansion is 

dE= dQ+pdV (3.16) 

where p is the gas pressure, V is the vo lume of the gas 
element under considerat ion, and Q is the energy of a toms 
and molecules conta ined in this element. Let us assume tha t 
there are na a t oms and nm molecules in this vo lume 
element. Let us assume specifically tha t hco <^ T <̂  Z), where 
Hco is the v ibra t ional energy and D is the dissociation 
energy of the molecule. W e then have 

Q=\Tna+ (^-T-D^nm . 

Moreover , assuming tha t the equil ibrium between a t o m s 
and molecules can be described by the scheme 

2 A Z ^ A ? , 
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we find tha t the n u m b e r s of a t o m s and molecules are 
related by the Saha formula: 

n2

an~l oc T~l/2Qxp(-D/T) , 

dn„ dnm dT (D 1 
T \T 2 

Since the to ta l number of the condensa t ion nuclei is 
conserved in this process, it follows tha t 2dna + dnm = 0, 
i.e. 

dT 
1 1 

i 1 2T 
(3.17) 

The to ta l n u m b e r of a t o m s and molecules in the gas 
element under considerat ion is n = na +nm. W e have 

dQ 3^a 7ftn 

2 2 

3T dna _l * + 
2 dT 

IT 
D 

dT 
dT 

3na 7nn 

2 2 

x [ D - | | [ D 

+ - -l 

n r \ l' dT 

Since n = NV, where A" is the number density of a t o m s and 
molecules, the second term in Eqn (3.16) is 

dN 
pdV • -nT-

N 

Hence , it follows from the condi t ion of adiabat ic i ty of the 
process, dE = 0, tha t the relat ionship between the gas 
t empera tu re and the n u m b e r density is 

NocTK (3.18) 

and since the fraction of molecules in the gas is s = nm/n, 
the power exponent becomes 

K = ^ + 2S + S ( \ - S ) ( d - ^ D (3.19) 

If s = 0, we have the law of expansion of an a tomic gas 
characterised by K = \. However , since D > T, the devia­
t ion from the above law m a y be considerable even when the 
number density of molecules is low. By way of i l lustration 
let us consider h o w the t empera tu re of a t o m s changes in a 
beam moving from the evapora t ing surface when the 
p ropo r t i on of molecules in the gas s is low. If s = 0, the 
relevant dependence is given by E q n (2.5), which can be 
stated in the form T/T0=R/R0, where R is the beam 
radius , and R0 and T0 are its rad ius and t empera tu re in the 
region where the beam is formed. 

It follows from the condi t ion jR2 ~ TNR2 = const tha t 

dR f\ K \ dT sDz\ dT 
1 + 2 ^ 2 ) " f r ­

i t is assumed above tha t D T. Since s oc exp(D/r) , it 
follows tha t dT = T2 ds/Ds and the solut ion of the above 
equat ion is 

In In + 
s D 
2T 

(3.20) 

This solution is valid for any value of s <̂  1 and represents 
an expansion in te rms of the small pa rame te r T/D. 

Let us consider the the rmal regime of expansion of a 
gas in which clusters grow. T h e r m o d y n a m i c equil ibrium 
between a t o m s and large clusters is lost and a further 
pa ramete r associated with the cluster g rowth ra te is needed 
in the law which describes the change in t empera tu re with 
gas expansion. In view of our interest in the growth of 
charged clusters, the p rob lem can be formulated as follows. 
It is assumed tha t the cluster evolut ion is governed by the 
processes of the a t t achment of a toms to clusters and the 
evapora t ion of a toms from clusters, i.e. by the processes 
described by E q n (3.6). Then the number of clusters in the 
selected element does no t vary with t ime and only its 
vo lume increases. Let us assume also tha t the cluster 
size is restricted to a n a r r o w interval Aq <^ q, where q(t) 
is the average number of a toms in a cluster and Aq is the 
width of the dis t r ibut ion function of clusters in te rms of the 
number of a t o m s tha t each of them contains . In addi t ion, 
let us assume tha t the number of clusters n c l in the selected 
element of vo lume is small compared with the number of 
a t o m s na in this element. In the case under considerat ion 
when the condensa t ion occurs at charged clusters, this 
condi t ion cor responds to a weak ionisat ion of the gas or 
vapour . Let us n o w see h o w the gas expands under these 
the rmal condi t ions . 

The internal energy of the gas element under considera­
t ion is n o w given by Eqn (3.16). Since the gas pressure is 
created by a toms , the second term in E q n (3.16) is, as 
before, 

pdV = ~na — h T dna 

where Na is the number density of a t o m s and na = NaV is 
the n u m b e r of a toms in the gas element in quest ion. The 
first te rm of E q n (3.16) is n o w 

dQ= d ^ + d(3Tqncl)- d ^ E q n q . (3.21) 

The first te rm in the above expression represents the 
kinetic energy of a t o m s and the second cor responds to the 
v ibra t ional excitation of a cluster; nci = J2q

nq * s t n e to ta l 
number of clusters and q is the average n u m b e r of a t o m s in 
a cluster. The cluster is regarded as a macroscopic part icle 
and the energy of the v ibra t ional q u a n t a is thus small 
compared with the the rmal energy. Therefore, the 
D u l o n g - P e t i t law applies to the specific heat of the 
cluster. In the third term of E q n (3.21) the quan t i ty Eq is 
the to ta l b inding energy of a t o m s in a cluster consist ing of 
q a toms . This te rm includes the in ternal energy of clusters 
regarded as a system of b o u n d a toms . 

The third term in Eqn (3.21) can be represented in the 
form 

d £ . 
d / _ ^ E q n q = ~T~ Hc\ d ( l = Sqnc\ d < 7 , 

q aQ 

where sq is the b ind ing energy of a surface a tom in a 
cluster. W h e n the value of q is large, so tha t a cluster 
becomes a macroscopic part icle, this b inding energy is 
sq = 8 s u b , where e s u b is the subl imat ion energy of a 
macroscopic system per a tom. The conservat ion of the 
to ta l number of a toms in the selected vo lume element, 

dna + nc\ dq = 0 , 

allows us to reduce the thi rd te rm of E q n (3.21) to 
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Eqtlq = - 8 S U B d « a 

dq (8nT\1/2

 2 f [ (e g - e s u J 

^ 7 = U r J ' ( " - " - . ( r ) « p [ — 
(3.25) 

The probabi l i ty of a t t achment of an a tom to a cluster on 
collision with the latter is assumed to be uni ty = 1). 
With in the f ramework of the liquid drop mode l the cluster 
rad ius can be in t roduced on the basis of Eqn (3.11): 
r = (3q/4np)1/3, where p is the density of the liquid. If the 
ba lance equat ion (3.25) is averaged over the n u m b e r of 
a t o m s in a cluster on the basis of the dis t r ibut ion function 
(2.25), Eqn (3.25) becomes 

Since e s u b > T and te rms of the order of T/ssuh are small 
compared with uni ty, the conservat ion of the to ta l energy 
dE = 0 yields 

1 + 
2qnd dT dN, dna 

Tn» 
• 0 . (3.22) 

This equat ion gives the relat ionship between the density 
and t empera tu re of the expanding gas at a given ra te of 
condensa t ion of a toms in clusters. Since this ra te depends 
on the gas tempera tu re , the p rob lem of determining the 
na tu re of the change in t empera tu re with t ime becomes 
self-consistent. 

The formal solution of E q n (3.22) is given by E q n (3.18) 
where the pa ramete r K is 

(3.23) 

and c = nc\/na is the concent ra t ion of the condensa t ion 
nuclei tha t does no t change dur ing the condensa t ion 
process . In the absence of clusters (c = 0) E q n (3.23) 
cor responds to adiabat ic expansion of an a tomic gas 

The presence of clusters in an adiabat ical ly expanding 
gas alters the na tu re of the heat ba lance . This occurs in the 
expression for the adiabat ic expansion pa ramete r (3.2) in 
two ways: first, some energy is concentra ted in the internal 
degrees of freedom of a cluster; second, the a t t achment of 
a t o m s to a cluster releases an energy equal to the energy of 
b o n d format ion . 

3.3 Processes of evaporation and coagulation of clusters 
Charged clusters g row by the a t t achment of a toms and 
simultaneously some a t o m s evapora te from the cluster 
surface. W e shall al low for these processes in the 
descript ion of the evolut ion of a charged cluster in a 
supersa tura ted vapour based on the liquid drop model . 

W e shall derive the ba lance equat ion for the growth of a 
large cluster al lowing solely for the processes of a t t achment 
of a t o m s to a cluster. W e shall assume tha t a cluster can be 
regarded as a liquid d rop , so tha t an a tom collides 
effectively with a macroscopic part icle of rad ius r. M o r e ­
over, we shall pos tu la te tha t the cluster size is small 
compared with the mean free p a t h of a toms . Then the 
cross section for the a t t achment of an a tom to a cluster is 
equal to 7ir2^, where { is the probabi l i ty tha t an a tom 
colliding with a cluster surface becomes a t tached to it. The 
ba lance equat ion for the n u m b e r of a t o m s in a cluster q > 1 
has the following form if only the a t t achment of a toms is 
taken into account : 

dq 
~dt 

vNnr2^ , 

= (&T/nm)l/2 

(3.24) 

is the average the rmal velocity of the 
and N is the number 

where v = 
a toms , m is the mass of an a tom, 
density of a toms . 

Let us n o w include in E q n (3.24) the evapora t ion of 
a t o m s with the aid of E q n s (3.1) and (3.3) for the fluxes 
represent ing the a t t achment of a t o m s to a cluster and the 
evapora t ion of a t o m s from its surface. The result is 

W - / V s a t ( r ) e x p 
(£q e s u b ) 

]} 
where 

k, = \.9HTll2ml'6p-2'3 

(3.26) 

(3.27) 

The ra te cons tan ts for the case of expansion of a laser 
copper p lasma at a t empera tu re Tc are listed in Table 3 and 
typical evolut ion t imes of this p lasma under condensa t ion 
condi t ions are given in Table 5. 

Table 5 . P a r a m e t e r s o f c o n d e n s a t i o n o f a c o p p e r p l a s m a . 

R a d i a t i o n f l u x / W c m - 2 

1 0 7 3 x 1 0 6 1 0 6 

T r / 10" 5 S 1.5 1.1 0.8 

r c / 1 0 " 7 s 1.0 2.5 4 .6 

Wio-6s 4.2 4.4 4.5 

x c / m m 0.08 0.13 0.20 

K / 1 0 " 1 7 c m 3 1.0 4.2 9.4 

N+/\0U c m " 3 2 .0 1.0 0.6 

A f n / 1 0 1 3 c m - 3 1.4 1.4 1.8 

\0~4q 3.8 3.2 1.6 

r 0 / n m 4 .7 4.5 3.6 

roTce 0.9 0.7 0.5 

In addi t ion to the growth of clusters by condensa t ion 
and evapora t ion of a toms , some role in the cluster g rowth is 
also played by the coagula t ion of clusters, i.e. by the 
merging of two clusters when they collide. The kinetic 
equat ion for the dis t r ibut ion function of clusters in te rms of 
the number of a t o m s in a cluster f(q, t) has the following 
form if the processes of spon taneous dissociation of clusters 
into smaller pa r t s ( including evapora t ion of a toms) are 
ignored: 

8 ; 
: f k(qu 

Jo 

-f(q,t) 

q - q\)f(qu t)f{q -q\,t) dqx 

k(q, q\)f{q\,t) dqx 
(3.28) 

where k(qi,q2) is the ra te cons tant of coagula t ion in which 
the n u m b e r s of a toms are qx and q2 to form a cluster with 
q\ + qi a t o m s and the cluster size dis t r ibut ion function is 
normal ised to Nch which is the to ta l density of clusters: 

f(q, t) dq = Ncl (3.29) 

In tegra t ion of E q n (3.28) with respect to q yields 
dN/ dt = 0. Therefore, the adop ted form of the kinetic 
equat ion cor responds to the conservat ion of the to ta l 
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density of clusters in the course of their coagula t ion. This is 
t rue of the evolut ion of charged clusters which act as the 
condensa t ion nuclei. Therefore, the kinetic equat ion (3.28) 
describes the evolut ion of charged clusters. 

Condi t ion (2.21) allows us to represent the ra te cons tant 
of coagula t ion of two clusters in accordance with 
E q n (2.28): 

/8 t iV / 2 

k = f — J e 2 ( n + r2) = kcF(quq2) , 

k c = {m) q 2 { ^ p ) 

= 3.11 e 2 r - 1 / 2 m " 1 / 6 p " 1 / 3 = 0 .24£ r e c , 

v l / 2 

(3.30) 

(3.31) 

F { q , q 2 ) = ( q - ^ ) ( d ? + q r ) , (3.32) 

and the ra te cons tant krec is given by Eqn (2.31). 
Mul t ip l ica t ion of E q n (3.13) by q and integrat ion with 

respect to dq (which is the number of a t o m s in a cluster) 
gives 

2 - H qdq F(ql9 q - qi)f(qu t)f(q - qx,t) dqx 

- r 
Jo 

qdq F(<lu q)f(q, t)f(ql9 t)dqx 
(3.33) 

W e shall use the approx ima te solut ion of Eqn (3.28) for 
the case when the coagula t ion ra te cons tant of E q n (3.31) is 
independent of the number of a toms in a cluster, i.e. 
^ ( # 1 ? q i ) — const . Then f(q,t) = N C I G X P ( — q / q ) / q is the 
solution of E q n (3.28). Subst i tut ion of this solut ion into 
E q n (3.33) yields 

zNc\q 
5/6 (3.34) 

where the ra te cons tant kYec is defined by Eqn (2.31). 
The divergence between the ra te cons tan ts in E q n s (2.32) 
and (3.34) is a measure of the error result ing from the use 
of the approx ima te solution. 

The application of the same procedures to neutra l 
clusters, in which case the coagulat ion cross section is 
n(ri + r2)2—where rx and r2 are the radii of the colliding 
clusters — gives the following balance equat ion which 
replaces Eqn (3.34): 

dq 
~dt = l . l f c c o a g N c l t f 

7/6 (3.35) 

where kcoag is defined by E q n (2.35). Again , the difference 
between the coagula t ion ra te cons tan ts in the ba lance 
equa t ions (2.33) and (3.35) is a measure of the error 
result ing from the approx ima t ion adop ted to obta in this 
result. 

E q n s (3.34) and (3.35) are of no pract ical impor t ance 
because the m u t u a l neutra l isa t ion of clusters can occur only 
once. Nevertheless , the above compar i son of the ra te 
cons tan ts in E q n s (2.32) and (3.34), and also in 
E q n s (2.33) and (3.35) is useful because it gives an est imate 
of 10% for the error of the adop ted me thod . 

If condi t ion (2.22) is no t obeyed, i.e. if the coagula t ion 
cross section is given by E q n (2.33), the ba lance equat ion 
for the average n u m b e r of a toms in a cluster becomes 

dq 
~dt' 

• Ncq / (kYec + kcoa^q ^ ) . (3.36) 

Table 5 gives the evolut ion pa rame te r s of the investigated 
copper p lasma obta ined by the analysis described above. 

The ra te cons tan ts defined by E q n s (2.35) and (3.27) 
differ by a numer ica l factor, so tha t 

h 

k0 

This means that these ra te constants can be described by 
the same expression k oc v a r 2 , where v a oc (T/m)1^2 is the 
thermal velocity of an a tom and ra oc ( m / p ) ^ is the radius 
corresponding to one a tom in a condensed system. The 
same dependence of the ra te constants kcoag and &0 on the 
parameters of the problem is a consequence of the fact that 
only one combinat ion with the dimensions of the ra te 
constant can be formed from the parameters T, m, and p . 
However , the ra te constants are of different na ture and are 
derived from the balance equat ions that describe different 
processes. In fact, the condensat ion ra te constant &0 

represents the ra te of growth of a cluster because of the 
a t tachment of a toms to the cluster, which in the absence of 
evaporat ion processes is 

where v a oc (T/m)1^2 is the the rma l velocity of an a tom, 
rq oc q^ra is the size of a cluster, and N is the number 
density of a toms . This equat ion allows for the increase in 
the number of a t o m s by uni ty in a cluster when one a tom 
becomes a t tached. The ba lance equat ion for cluster growth 
by coagula t ion is 

ocvarqN , (3.37) 

d ^ \ 
, cx vqrqNnq . 

, Q r / c o a g 

Here , vq oc va/q1^2 is a typical velocity of a cluster and Nn is 
the number density of clusters. Al lowance is m a d e for the 
fact tha t the coagula t ion of two clusters increases the 
number of a t o m s in a cluster by ~q. Therefore, 

S K C " " ^ " " ) " ' -
Hence it follows tha t as long as the major i ty of a t o m s are 
in a free state, the growth of clusters is governed by the 
a t t achment of a toms . 

3.4 Lifetime of an excited cluster 
The na ture of cluster growth depends on the process of 
coagulation of two clusters. This process is accompanied by 
modification of many bonds and it is therefore effective if the 
colliding clusters are liquid. An excited cluster formed by 
coagulation of two clusters may split into par ts . Let us now 
consider the channels of decay of a cluster and its lifetime. 

The process under considerat ion is 

••I+j , (3.38) A, + Ay ^Ag >A^ + Aq_k, 

where A is an a tom. The process can be analysed mos t 
simply on the basis of its energy pa rame te r s [103, 104]. This 
analysis will be demons t ra ted on the basis of the liquid 
drop mode l of a cluster. In this case the b inding energy of 
a t o m s in a cluster conta in ing q a t oms is 

2/3 E = E O Q q - Aq (3.39) 
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Figure 5. E n e r g y r e l e a s e d a s a r e s u l t o f c o a g u l a t i o n o f t w o c l u s t e r s (A* + Aq_k —> Aq) w i t h t h e s h o r t - r a n g e p o t e n t i a l o f t h e i n t e r a c t i o n b e t w e e n a t o m s . 
T h e t o t a l n u m b e r o f a t o m s q in a c l u s t e r is a s s u m e d t o b e 40 ( 7 ) , 50 ( 2 ) , 60 (3), 70 ( 4 ) , 80 ( 5 ) . T h e d a t a a r e t a k e n f r o m R e f s [105, 106] . 
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Figure 6. E n e r g y r e l e a s e d a s a r e s u l t o f c o a g u l a t i o n o f t w o c l u s t e r s (Ak + Aq_k —> A 9 ) w i t h t h e L e n n a r d - J o n e s p o t e n t i a l for t h e i n t e r a c t i o n b e t w e e n 
a t o m s . T h e t o t a l n u m b e r o f a t o m s q in a c l u s t e r is a s s u m e d t o b e 4 0 ( 7 ) , 60 ( 2 ) , o r 80 (3). T h e d a t a a r e t a k e n f r o m R e f s [107, 108]. 

where is the b inding energy per a tom in a macroscopic 
system of b o u n d a toms , and the second term on the r ight-
h a n d side of Eqn (3.39) cor responds to the surface energy 
and is p ropo r t i ona l to the surface area of a cluster. If the 
cluster is spherical, the energy needed for its dissociation by 
process (3.38) is 

AE = A [(0 - k)2/3 + k2/3 - </ 2 / 3 ] . (3.40) 

The probabi l i ty of this decay process decreases as the 
above energy increases. It follows from E q n (3.40) tha t 
AE(k) becomes larger when k increases, i.e. the mos t 
p robab le channels of decay of an excited cluster cor respond 
to the release of one a tom or a small number of a toms . 

E q n (3.40) is valid in the case of large values of q and k, 
because small values of k are then of the greatest interest. 
W e shall therefore use the results of a realistic mode l for a 
cluster consist ing of a toms with a shor t - range interact ion, 
which describes clusters of ra re gases. If the a t o m s in a solid 
cluster are regarded as hard spheres, the cluster structure is 
face-centred cubic or hexagonal. Fig. 5 gives the k dependence 
of the energy 

AE(q, k) = E(q) - E(k) - E(q - k) , (3.41) 

which is needed for the decay process of Eqn (3.38) at 
absolute zero when the a toms are close packed in a cluster. 
The energy pa rame te r s of these clusters are t aken from 
Refs [105, 106]. In the case of small clusters the icosahedral 
s t ructure is preferable and the clusters can then be regarded 
as soft spheres. Fig. 6 gives the dependence (3.41) for 
clusters with an icosahedral s t ructure when the interact ion 
between the cluster a t o m s is described by the L e n n a r d -
Jones potent ia l . The energy pa rame te r s of these clusters are 
based on the calculat ions repor ted in Refs [107, 108]. In 
Figs 5 and 6, and below, the b inding energies are given in 
te rms of the dissociation energy D of a d ia tomic molecule. 
Examina t ion of Figs 5 and 6 leads to the conclusion which 
also follows from Eqn (3.40) tha t the l iberat ion of one 
a tom from an excited cluster is the preferred decay channel . 

The lifetime of a long-lived cluster formed by the 
coagula t ion of two clusters will n o w be calculated. The 
statistical mode l of the dis t r ibut ion of the internal degrees 
of freedom of the cluster will be used. A cluster with q 
a t o m s has s = 3q — 6 v ibra t ional degrees of freedom and 
the t rans i t ions between these degrees establish a statistical 
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equil i-brium. F o r simplicity, the frequencies of all these 
v ibra t ions are assumed to be the same and equal to co. 
The to ta l number of states in a cluster with the excitation 
energy AE is then 

p\(s-\)\ 
(3.42) 

where p = AE/Hco is the to ta l number of v ibra t ional 
excitat ions in the system and s is the number of v ibra t ional 
degrees of freedom. 

The distribution of Eqn (3.42) can be derived as follows. 
Consider s vibrations (oscillators) and p excitations. The first 
oscillator is located at the first position and the other 
oscillators and excitations follow in a r andom manner . 
This gives a certain sequence of oscillators and excitations. 
We assume that the number of excitations for a given 
oscillator is equal to the number of the corresponding 
components in such a sequence which follow the oscillator 
in question and precede the next oscillator. Then the total 
number of variants of the distribution of excitations between 
the oscillators is equal to the number of combinations s — 1 of 
oscillators which can be formed from the total number of 
randomly distributed members of the sequence p + s — 1, and 
is described by Eqn (3.42). 

The same m e t h o d can be used to determine the number 
of var iants such tha t the excitation energy of the system 
does no t exceed a given value AE — phco9. The dis t r ibut ion is 
n o w 

pi si 
(3.43) 

and can be found by adding to the system in quest ion just 
one oscillator which takes up the excess energy. Hence , we 
find the probabi l i ty tha t the energy of this oscillator exceeds 
As = kHco. The number of such var iants is 

t j p - k + s - i ) i 
W p s ( p - * ) ] ( * - 1 ) ] ' 

and the probabi l i ty of this s i tuat ion is 

v v p (p + s - k - l ) \ 
(p + s-l)\ (p-k)\ 

In par t icular , if k <̂  p, this gives 

1 + -
1 

\ + {s-\)(p-\k 2 

(3.44) 

(3.45) 

These expressions can be used to find the lifetime of an 
excited p lasma when the decay involves the release of one 
a tom. This release is assumed to occur when the excitation 
energy of the relevant oscillator, cor responding to the 
vibra t ion of an a tom in a direction perpendicular to the 
cluster surface, exceeds the b ind ing energy of a surface a tom 
in a c lus ter . ! The average t ime of a change in this 
dis t r ibut ion of excitat ions between oscillators is t0. The 
statistical mode l then gives the average t ime after which the 
number of q u a n t a for a given oscillator exceeds k: 

1 N 

Tk — h 1 + ( * - ! ) 
k 

P + 2~2 
(3.46) 

f T h i s c o r r e s p o n d s t o t h e E i n s t e i n m o d e l (see , for e x a m p l e , Ref . [109]) in 

w h i c h e a c h a t o m is r e g a r d e d a s a t h r e e - d i m e n s i o n a l o s c i l l a t o r w i t h 

v i b r a t i o n s i n d e p e n d e n t o f t h e v i b r a t i o n s o f o t h e r a t o m s . 

If a cluster includes nsmf surface a t o m s with the same 
b inding energy, the lifetime of an excited cluster before the 
release of one a tom is 

-In k 

^sur f 
(3.47) 

The na tu re of the process of coagula t ion of two clusters 
will n o w be considered. The average kinetic energy of the 
relative mot ion of the two clusters is 

^ k i n — ~^r~ — 
3T 
~2 

where p is the reduced mass of the clusters, v is the velocity 
of relative mot ion , and T is the t empera tu re expressed in 
energy uni ts . The b inding energy of the clusters which 
coagula te considerably exceeds their the rmal energy. 
Therefore, each contact between clusters results in their 
coagula t ion and the format ion of a long-lived complex. 
The average energy of each oscillator of this complex is T if 
T ^> hco. Therefore, the excitation energy of such a long-
lived complex is given by the following expression valid for 
q > 1 and accura te to within values of the order of T: 

s = 3qT + AE (3.48) 

where q is the number of a t o m s in a cluster and AE is the 
energy released as a result of cluster coagula t ion. The 
values of this quan t i ty for the shor t - range and L e n n a r d -
Jones potent ia ls of the interact ion of a toms in a cluster are 
given in Figs 5 and 6. 

It therefore follows from E q n s (3.47) and (3.48) tha t the 
lifetime of an excited cluster before the release of one a tom 
is (p = s/Hco, s = 3q9 q^> 1): 

^sur f 
1 + 

Hco - As/Hco 

T + (As/hco) _ 
(3.49) 

where As is the b ind ing energy of the released a toms . If it is 
assumed — as in E q n (3.48) — tha t T 5> hco, the result 
(Ae > T) is 

^sur f 
-exp Ae ^

 A E \ (3.50) 

F o r large clusters such tha t q ^> AE/(3As) oc q^9 the above 
expression gives 

t0 Ae 
T = exp — 

"su r f T 

(3.51) 

W e can see tha t these expressions do no t include the 
dependence on the pa rame te r hco, which represents the 
energy of a q u a n t u m of v ibra t ional excitat ions. The life­
t ime of a long-lived complex m a y be expected to depend 
weakly on the frequency dis t r ibut ion of the v ibra t ions in a 
cluster. Moreover , the t empera tu re dependence of £0 is a 
power law and it is weak compared with the exponent ia l 
dependence of E q n (3.51) for the lifetime of a complex, 
which is governed by the exponent ia l factor e x p ( A e / r ) . 

This dependence can be obta ined m o r e simply on the 
assumpt ion tha t the release of an a tom occurs when the 
energy of the relevant v ibra t ion exceeds the b ind ing energy 
Ae of an a tom. It follows from the Bo l t zmann law tha t 
the probabi l i ty of this happen ing is p r o p o r t i o n a l to 
e x p ( — A e / r e f f ) , where r e f f is the effective t empera tu re of 
a cluster and is equal to the rat io of the excitation energy 
of the cluster to the n u m b e r of v ibra t ions , i.e. 
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r e f f = (3qT + AE)/3q. This gives the t empera tu re depend­
ence in E q n s (3.50) and (3.45). 

In the q 1 case under considerat ion it follows from 
E q n (3.40) tha t AE oc q2/3 (k oc q) and this gives 
AE/3q oc q~1^3, i.e. ( r e f f — T) oc q~1'3. The t empera tu re of 
a long-lived complex formed by the coagula t ion of two 
clusters is therefore close to the t empera tu re of the colliding 
clusters if q > 1. 

The lifetime of a long-lived complex is determined by its 
decay accompanied by the release of one a tom, because the 
release of molecules requires a higher energy and the 
dependence of the lifetime on the energy lost is s t rong. 
Consequent ly , the relat ionship between the lifetimes for 
different decay channels is 

T! < T 2 < T 3 < (3.52) 

where TT is the lifetime of a complex unt i l the release of a 
molecule with / a toms . This equali ty b reaks down at high 
values of / ~ q, bu t these values of / do no t cont r ibute to 
the lifetime of a long-lived complex. 

The lifetime of such a complex before the release of a 
d ia tomic molecule follows from E q n (3.52): 

T2 = — exp 
n2 

Ae 9 (3.53) 

where n2 is the number of ways in which a d ia tomic 
molecule with the surface b inding energy As2 can be 
released from a cluster. The m i n i m u m binding energy of a 
molecule for the shor t - range interact ion of a toms in a 
cluster is 

As 7 =2As-D (3.54) 

where Ae is the b inding energy of an a tom in a cluster and 
D is the dissociation energy of a d ia tomic molecule. If each 
surface a tom has p nearest ne ighbours with the same 
energy, the number of ways tha t a d ia tomic molecule can 
be released is 

n2 = C{ ^surf* (3.55) 

where nsmf is the number of surface a t o m s with the 
min imum bind ing energy. F o r close-packed clusters the 
number of nearest ne ighbours which be long to the same 
shell is p = 0.1, or 2. If p = 0, the min imum binding energy 
of a d ia tomic molecule exceeds the value given by 
E q n (3.54) and the lifetime of a long-lived complex to 
the m o m e n t of release of a d ia tomic molecule becomes even 
greater . 

Table 6 lists the ra t ios of the lifetimes of a long-lived 
complex before the release of an a tom and of a d ia tomic 
molecule when the interact ion of a t o m s in a cluster is of the 
shor t - range type. It is assumed tha t the configurat ion of 
a t o m s in a close-packed cluster at a given t empera tu re is the 
same as at absolute zero. This is t rue of solid clusters. The 
melt ing of close-packed clusters occurs at T = 0.3Z), where 
D is the dissociation energy of a d ia tomic molecule 
[110, 111]. Mel t ing transfers some of the surface a toms 
to vacant excited shells. This considerably reduces the 
lifetime of a cluster before the release of an a tom bu t 
the lifetime before the release of a d ia tomic molecule is no t 
affected as much because of the r a n d o m posi t ions of the 
excited a toms . It follows tha t the decay by the release of a 
single a tom is even m o r e impor t an t in the case of liquid 
clusters t han for the solid ones. 

Table 6. R a t i o T 1 / T 2 o f t h e l i f e t imes o f a n exc i t ed c l u s t e r w i t h t h e s h o r t -
r a n g e i n t e r a c t i o n o f a t o m s in t h e c a s e o f t h e r e l e a s e o f a n a t o m ( t j ) a n d o f 
a d i a t o m i c m o l e c u l e ( t 2 ) [116]. 

C l u s t e r T = 0.W T - 0.2D T - 0.3D 

A55 8 x 1 0 ~ 2 2 6 x 1 0 " 7 2 x 1 0 " 7 

A 5 6 
1 x 1 ( T 1 4 4 x 1 0 " 8 7 x 1 0 " 6 

A57 1 x 1 0 " 1 8 7 x 1 0 - 1 0 8 x 1 0 " 7 

A 5 8 
1 x 1 0 - 2 1 9 x 1 0 " 1 1 4 x 1 0 " 7 

A59 1 x 1 0 " 2 1 8 x 1 0 " 1 1 4 x 1 0 " 7 

A 6 0 
3 x 1 ( T 1 4 1 x 1 0 " 7 2 x 1 0 " 5 

A long-lived complex formed by the coagula t ion of two 
colliding clusters thus decays pr imar i ly by the release of one 
a tom. Therefore, the collision of two clusters p roduc ing a 
long-lived complex occurs in accordance with the scheme 
[116] 

At + Aj >A*q ^ q - \ T ^ >^q-2 

and the lifetime of this complex increases after each 
consecutive decay. Table 7 [116] gives the lifetimes of 
in termedia te complexes which begin with the format ion of 
a cluster A 6 0 at the indicated tempera tures . The reduct ion 
in the t empera tu re of a cluster as a result of each 
consecutive decay is t aken into account . 

+ A- + 2A . . . (3.56) 

Table 7. L i f e t i m e s o f l o n g - l i v e d c o m p l e x e s f o r m e d b y t h e succes s ive d e c a y 
o f c l u s t e r s b e g i n n i n g f r o m A 6 0 a t t h e g iven t e m p e r a t u r e . T h e l i f e t imes a r e 
in u n i t s o f t 0 , w h i c h is a t y p i c a l t i m e in w h i c h a g iven d i s t r i b u t i o n o f 
e x c i t a t i o n s a t t h e a p p r o p r i a t e o s c i l l a t o r s is los t [116]. 

T = 0.2D T = 0.3D T = 0AD 

T60 2 x 1 0 1 0 6 x 1 0 6 9 x 1 0 5 a 

T 5 9 6 x 1 0 1 1 1 x 1 0 7 9 x 1 0 4 a 

T58 2 x 1 0 1 4 1 x 1 0 8 3 x 1 0 5 a 

T 5 7 2 x 1 0 1 8 2 x 1 0 9 1 x 1 0 6 

*56 — 9 x 1 0 1 0 6 x 1 0 6 

T 5 5 — 1 x 1 0 1 3 3 x 1 0 7 

a T h i s l i f e t ime c o r r e s p o n d s t o a so l id c l u s t e r , b u t it is a c t u a l l y l i q u i d a t 

t h i s t e m p e r a t u r e a n d h a s a s h o r t e r l i f e t ime . 

The results given above and general considera t ions 
m a k e it possible to describe the na tu re of the decay of a 
long-lived complex formed as a result of coagula t ion of two 
clusters. The decay involves the consecutive release of 
several a t o m s and after the release of each a tom the 
t empera tu re of a cluster falls and its lifetime increases. 
After the l iberat ion of a small number of a t o m s the lifetime 
increases by several orders of magn i tude and the cluster 
becomes effectively stable. F o r example, the excitation 
energy of a cluster A 6 0 at a t empera tu re T = 0.2D is 
sufficient for the release of seven a toms , bu t after the 
l iberat ion of three or four a toms the lifetime becomes 
practical ly infinite. 

The expressions obta ined for the lifetime of an excited 
cluster include a s t rong t empera tu re dependence, because a 
complex is formed at T <̂  D. Therefore, in the lifetime 
est imates we have to use the real b inding energies of the 
a t o m s tha t are released and approx ima te models , such as 
the mode l of a liquid drop for a cluster, are unacceptable . 
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Figure 7. L i f e t i m e o f a l i q u i d c l u s t e r A 1 3 w i t h t h e L e n n a r d - J o n e s p o t e n t i a l for t h e i n t e r a c t i o n o f a t o m s : ( 1 ) E q n (3 .55 ) ; r e s u l t s o f c o m p u t e r s i m u l a t i o n o f 
t h e c l u s t e r b e h a v i o u r t a k e n f r o m Ref . [114] ( 2 ) , Ref . [115] ( 3 ) , a n d Ref . [116] ( 4 ) . 

The expressions obta ined apply to a solid cluster 
because the h a r m o n i c na tu re of v ibra t ions is implied. 
The lifetimes of liquid Lennard - Jones clusters have been 
calculated by compute r s imulat ion of the mo t ion of a toms 
in clusters [112-114] . A l though the error result ing from the 
appl icat ion of Eqn (3.50) to a liquid cluster is large, we shall 
nevertheless use this equat ion in a compar i son with 
compute r calculat ions for liquid Lenna rd - Jones clusters 
A 1 3 . It is necessary to bear in mind tha t the liquid state 
of a Lenna rd - Jones cluster A 1 3 , which has an icosahedral 
s t ructure, cor responds to the transfer of one a tom to a 
vacant layer and the energy of such a transfer is e 0 = 2.86Z) 
[108, 115]. The decay of a cluster is governed by the release 
of this a tom with the b ind ing energy As = 3.56D [108]. 
E q n (3.50) then becomes 

T = t0 exp 
\3q - 7) As 

(3.57) 

where Eex is the excitation energy of a cluster; a 
redis t r ibut ion of the energy between 3q — 6 v ibra t ions 
(q = 13) is t aken into account . U s e is m a d e of the 

— 1/2 

expression t0=Re(2D/m) 1 for a typical t ime of a 
change in the dis t r ibut ion, where m is the mass of an 
a tom, and Re and D are the pa rame te r s of a d ia tomic 
molecule. 

Fig. 7 gives the lifetime of the Lenna rd - Jones cluster A 1 3 

ob ta ined by computer s imulat ion of the cluster and by the 
appl icat ion of E q n (3.57). The error result ing from the use 
of this expression increases with increasing cluster excita­
t ion energy. The discrepancy between this expression and 
the results of compute r s imulat ion increases severalfold if 
the nonl inear effects are taken into account . Nevertheless , 
this equat ion is suitable for es t imat ing the order of 
magn i tude of the lifetime of a liquid cluster. I ts simplicity 
makes it convenient for this purpose . 

W e shall use the results obta ined to analyse the growth 
of clusters dur ing expansion and cooling of a vapour . 
Var ious mechanisms of cluster g rowth are possible, depend­
ing on the n a t u r e of the interact ion of a t o m s and clusters. 
W e shall consider the limiting cases. If the surface of a 
cluster is regarded as solid, then the growth is governed 

solely by the a t t achment of a toms to the cluster and by the 
evapora t ion of a t o m s in accordance with the scheme given 
by E q n (3.6): 

A , + A ; 

If it is assumed tha t the surface of a cluster is soft or liquid, 
the growth resembles coalescence of liquid d rops which 
occurs in accordance with the scheme 

Ai + Aj<^Aq, i+j = q . 

This analysis implies an in termedia te scheme 

A i + Aj >Ag , +pA 

(3.58) 

(3.59) 

W e shall est imate the n u m b e r of a t o m s p released by this 
process in the case when ij > 1. If the decay of a cluster 
te rminates when its t empera tu re reaches the initial 
t empera tu re of the colliding clusters, then 

AE = pAs , (3.60) 

where AE is the energy released as a result of the 
coagula t ion of clusters and As is the b ind ing energy of 
an a tom in the resul tant cluster. The m a x i m u m energy AE 
for a given value of q cor responds to i=j = q/2. Es t imates 
can n o w be obta ined for clusters with the shor t - range 
interact ion of a toms . In this case the surface energy of a 
cluster is l.SDq2^3 [105, 106], where D is the dissociation 
energy of a d ia tomic molecule and q is the number of 
a toms in a cluster. F o r a large cluster, as in the case of a 
macroscopic system, we have As = 6D since each a tom has 
12 nearest neighbours. This gives 

p^AE^As)-1 =0.34q 2/3 (3.61) 

In par t icular , p ^ 4 if q = 41 and p ^ 5 if q = 57. W e can 
therefore assume tha t p <̂  q and this makes it possible to 
neglect p compared with q, which cor responds to the 
growth of clusters by coagula t ion described by the scheme 
in E q n (3.58). This scheme also describes the growth of 
clusters with a liquid surface. 
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4. Radiation from a hot gas containing clusters 
4.1 Radiation from small macroscopic drops 
The heat ba lance m a y be affected not only by the processes 
of gas expansion and condensa t ion , bu t also by the 
rad ia t ion emitted from clusters. The format ion of clusters 
does indeed alter the radiat ive proper t ies of the system 
because large clusters, behaving as macroscopic particles, 
absorb in a wide spectral range . Therefore, the emission of 
rad ia t ion by an expanding gas or a p lasma is greatly 
enhanced by the format ion of clusters. It is therefore 
desirable to est imate the cont r ibu t ion m a d e by the emission 
of rad ia t ion of an expanding gas to its heat ba lance . 

The radiat ion from an expanding gas, including a weakly 
ionised gas, is emitted mainly by the clusters which the gas 
contains. In fact, the tempera ture of such a gas, considered 
on the electron energy scale, is low and therefore the density 
of excited a toms in the gas is low. Consequently, the power 
emitted as a result of radiative transi t ions involving excited 
a toms is very low and it is at least several orders of 
magni tude less than the power of the radiat ion emitted 
by a gas discharge. Therefore, in contrast to a gas discharge, 
the excitation of a toms in a p lasma of this kind makes no 
contr ibut ion to the emission of radiat ion. The radiat ion 
generated in such a p lasma originates from large clusters 
present in it, in the same way as the radiat ion from 
hydrocarbon flames is determined by the soot particles 
present in them [117]. 

Let us consider h o w the na tu re of the rad ia t ion emitted 
by a cluster changes with its g rowth . The absorp t ion and 
emission spectra of a t o m s consist of separate lines. In the 
case of molecules these lines are t ransformed into b a n d s and 
each of them consists of a large n u m b e r of lines. As the 
number of a t o m s in a cluster molecule increases, the b a n d s 
and lines expand and intersect. If the n u m b e r of a toms in a 
cluster is large, the absorp t ion spectrum extends over a 
certain range of wavelengths where the absorp t ion p r o b ­
ability (or the power of the rad ia t ion emitted by a cluster) 
depends smooth ly on the wavelength. This means tha t the 
macroscopic limit is reached and we shall therefore assume 
tha t the absorp t ion spectrum does not change as a result of 
further growth of a cluster. This simplified analysis of the 
na tu re of the emission from a cluster does no t provide a 
r igorous analysis of the emission spectrum of a gas 
conta in ing clusters, bu t it is convenient for est imating 
the cont r ibut ion of rad ia t ion to the heat ba lance of the 
system. 

In this analysis of the radiat ive pa rame te r s of the 
investigated p lasma, the p lasma will be regard as a heated 
gas conta in ing clusters. F o r simplicity, these part icles will 
be considered to be spherical. Moreover , in the investigated 
pa r t of the spectrum (optical and infrared) and for the size 
of part icles in quest ion, the following condi t ion is obeyed 
by the emission wavelength h 

(4.1) 

where r 0 is the characterist ic part icle size. 
The photon-absorp t ion cross section of a small spherical 

particle of radius r, considered in the macroscopic limit, is 
[118] 

\2ncor3s" 

C [ ( 8 ' + 2 ) 2 + 8 " 2 ] ' 
(4.2) 

where co is the electromagnet ic wave frequency, c is the 
velocity of light, and sf and e" are the real and imaginary 
pa r t s of the permit t ivi ty of the part icle mater ia l . W e can 
n o w go over to the spectral power of the rad ia t ion which, 
in accordance with the Kirchhoff law, relates the ra tes of 
the rad ia t ion emission and absorp t ion processes [118] 

1(G)) = 4%c(Tahs(co)i(co) (4.3) 

where i(co) is the spectral density of b l ackbody rad ia t ion 
per uni t vo lume and for uni t solid angle: 

i(co) = hco3^4n3c3 e x p ^ ^ - 1 j (4.4) 

If the frequency dependence of the permittivity is weak, 
we can find the to ta l radiat ion power emitted by a small 
particle: 

P(co) = | / ( c o ) dco = 4izr3f(co)k(TT5(Hc)-[ . (4.5) 

Here , o is the S t e f a n - B o l t z m a n n constant , f(co) = 
12e / / [ (e / + 2 ) 2 - h e " 2 ] - 1 , and the pa ramete r k is given by 

- r 
Jo 

dx j^(exp; l ) _ i d x = 3.83 
j o expx - 1 L J o 

The method selected for the representation of the 
radiat ion power emitted by a particle makes it possible to 
compare Eqn (3.38) with the expression for the radiat ion 
power emitted by an absolutely black particle P0 = 4nr2GTA. 
We can see that 

kfrT(Hc)-1 = 4 . 9 / - (4.6) 

i.e. this ra t io is p ropo r t i ona l to the small pa rame te r r/Xm of 
E q n (4.1) and the wavelength A m = 0.29 cm ( K / r ) cor re ­
sponds (in accordance with Wien ' s law) to the max imal 
spectral rad ia t ion power for an ideal b lackbody . The 
p h o t o n energy cor responding to the m a x i m u m of the 
spectral power of the rad ia t ion emitted by a small part icle 
is somewhat greater (by a factor of 1.2) t han the m a x i m u m 
p h o t o n energy in b l ackbody rad ia t ion at a given 
t empera tu re . 

Let us n o w consider this result in relat ion to the 
rad ia t ion emitted by a ho t gas conta in ing small particles. 
It is impor t an t to stress tha t the power of the emitted 
rad ia t ion is p ropo r t i ona l to the vo lume of a part icle. This 
means tha t the rad ia t ion power obta ined from a uni t 
vo lume is p r o p o r t i o n a l to the mass of the part icles per 
uni t vo lume and is independent of the part icle size 
dis t r ibut ion. Therefore, the rad ia t ion power from a uni t 
vo lume can be found simply by considering the mass of the 
mat te r which is present in this vo lume in the form of large 
clusters. 

In est imating the rad ia t ion power emitted by a p lasma 
we shall employ the spectral pa rame te r s of soot [119]. In 
this c a s e | we have / = 0.9 ± 0.1 [120, 121] and the error of 
0.1 represents the change in this pa ramete r in the opt ical 
frequency range. The rad ia t ion power per uni t vo lume of 
the emit t ing part icles is therefore 

^ 1 = yT5 

V * 
(4.7) 

f I f it is a s s u m e d f o r m a l l y t h a t s',s" > 0, t h e m a x i m u m v a l u e o f t h e 
p a r a m e t e r f(co) i s / = 3 a n d c o r r e s p o n d s t o e' = 0, s" — 2. 
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where V is the vo lume of the emit t ing mater ia l which is 
in the cluster state, and the pa rame te r of y for soot is 
[122, 123] 

y = 2.5 ± 0 . 2 W c m _ 3 K " (4.1 

W e shall use the above rat io in est imates. W e shall 
consider the cont r ibut ion m a d e to the cluster energy 
ba lance by the emisison of rad ia t ion . W e shall do this 
by wri t ing down the energy ba lance equat ion per uni t 
vo lume of a p lasma, associated with the loss of rad ia t ion: 

dT 
~dt • — —P rad — -CPTT; (4.9) 

The values of TR found in this way for our copper p lasma 
example are given in Table 5. They are calculated from 
E q n (3.42), which gives TR = Cp/4yT4, on the assumpt ion 
tha t all the copper vapour is t ransformed into large clusters 
and tha t the process of emission of rad ia t ion occurs at 
t empera tu res close to Tc. Moreover , the radiat ive p a r a ­
meter [Eqn (4.8)] of soot is used for copper . The values of 
TR considerably exceed characteris t ic p lasma expansion 
t imes. 
This means tha t the emission of rad ia t ion makes only a 
small cont r ibu t ion to the heat ba lance of an expanding 
p lasma. 

Our analysis of the radiat ive pa rame te r s of a cluster is 
based on the simplest mode l of the interact ion of rad ia t ion 
with the cluster, which is regarded as a macroscopic part icle 
with the simplest absorp t ion spectrum. In reality, this 
interact ion is m o r e complex and fuller informat ion is 
needed on the emission spectrum of a part icle, which 
depends on its d imensions (see, for example, Refs [ 1 2 4 -
126]). W h e n rad ia t ion is emitted by metall ic clusters (and 
this review is concerned mainly with such clusters), the 
absorp t ion spectrum exhibits a s t rong resonance at the 
electron p lasma frequency of the metal . The width of this 
resonance is of the order of v F / r 0 , where v F is the F e r m i 
velocity of the meta l electrons and r 0 is the rad ius of a 
cluster regarded as a macroscopic part icle (see, for example, 
Ref. [127]). All this means tha t the expressions obta ined for 
the radiat ive pa rame te r s of clusters can be used only in 

est imates. In par t icular , in the specific case of an expanding 
laser copper p lasma this simple approach convincingly 
demonstrates that the radiat ion makes no contribution to 
the heat balance of an expanding beam. 

4.2 Photoabsorption cross section of metallic clusters 
This rough mode l of the emission of rad ia t ion by a gas 
con- ta ining small part icles is helpful and has become the 
first step in an analysis of the process . In the case of 
condensa t ion of an expanding gas or of a gas escaping 
from a nozzle this mode l leads to the conclusion tha t the 
rad ia t ion emitted by such a system makes no cont r ibut ion 
to the energy ba lance of the system. Ano the r impor t an t 
conclusion of this analysis for a t r ansparen t system is tha t 
the power of the rad ia t ion generated by clusters is 
p r o p o r t i o n a l to the to ta l mass of the l ight-emitt ing 
part icles, i.e. it is p ropo r t i ona l to the number of a toms 
conta ined in the clusters. Consequent ly , the absorp t ion 
cross section of a cluster is p ropo r t i ona l to the number of 
a t o m s in it and, within the f ramework of the mode l 
adop ted earlier on the assumpt ion tha t / = const, the 
absorp t ion cross section of a soot part icle is 

co0 

(4.10) 

where a is the n u m b e r of ca rbon a t o m s in a part icle. If we 
select hco0 = 3 eV, we find tha t the absorp t ion cross section 
per a tom in E q n (4.10) is 

m0fco0 

4cp 
= 7.7 x 10 -19 2 

cm 

where m 0 is the mass of a carbon a tom and p is the density 
of soot part icles, assumed to be the same as for graphi te . 

One further conclusion applied to the rad ia t ion emitted 
by small part icles: the emission spectrum of such part icles 
m a y differ from the emission spectrum of large systems 
composed of the same mater ia l . This is demons t ra ted in 
Fig. 8 [124], which gives the absorp t ion cross section of 
n iob ium clusters divided by the number of a t o m s in a 
cluster, alongside the absorp t ion spectrum of the m a c r o ­
scopic system. 
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Figure 8. P h o t o a b s o r p t i o n c r o s s s e c t i o n p e r a t o m , c a l c u l a t e d for n i o b i u m c l u s t e r s f r o m E q n (4.2) ( c o n t i n u o u s c u r v e ) a n d t h e a b s o r p t i o n s p e c t r u m o f 
m a c r o s c o p i c n i o b i u m ( d o t t e d l ine) [125]. 
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Figure 9 . A p p a r a t u s u s e d in d e t e r m i n i n g t h e p h o t o a b s o r p t i o n c r o s s 
s e c t i o n o f s i lver c l u s t e r s [128]. T h e c l u s t e r s a r e g e n e r a t e d b y 
b o m b a r d m e n t o f a s i lver t a r g e t ( 1 ) w i t h 25 k e V x e n o n i o n s g e n e r a t e d in 
a s o u r c e ( 2 ) . T h e r e s u l t a n t b e a m o f c lu s t e r i o n s is f o c u s e d a n d a c c e l e r a t e d 
b y i o n o p t i c s ( 3 ) a n d se l ec t ed in a c c o r d a n c e w i t h t h e i r m a s s e s b y p a s s a g e 
t h r o u g h a W i e n fil ter ( 4 ) . I n t h e i n t e r a c t i o n r e g i o n ( 5 ) t h e c h a r g e d c l u s t e r 
b e a m m o v e s o p p o s i t e t o a l a se r b e a m ( 6 ) . C h a r g e d c l u s t e r s a r e exc i t ed in 

t h i s r e g i o n a n d t h e b e a m t h e n p a s s e s t h r o u g h a s t a t i c q u a d r u p o l e d e f l e c t o r 
( 7 ) w h i c h w o r k s o n t h e p r i n c i p l e o f e n e r g y s e l ec t i on in a n e lec t r i c field. 
T h e r e f o r e , p h o t o - d i s s o c i a t e d c l u s t e r s c a n n o t r e a c h a d e t e c t o r (8). A 
p u l s e d l a se r is u s e d a n d t h e d e f l e c t i o n o f t h e c l u s t e r b e a m u n d e r t h e 
i n f l u e n c e o f l a se r r a d i a t i o n is a m e a s u r e o f t h e p h o t o a b s o r p t i o n c r o s s 
s e c t i o n o f t h e c l u s t e r i o n s . 

M e t h o d s for the de terminat ion of the absorp t ion cross 
sections of clusters have been developed recently. These 
m e t h o d s are being applied to metall ic clusters, so tha t we 
shall begin with an analysis of the na tu re of the cross 
section of a metall ic cluster. W e shall begin with E q n (4.2) 
and macroscopic values of the permit t ivi ty of a metal . 
Bear ing in mind tha t the absorp t ion is due to electrons and 
tha t the meta l electrons can be regarded as quasipart icles, 
we find tha t the permit t ivi ty of the meta l p lasma is 

,2 

1 
( o r + ico/z) 

(4.11) 

Here , co2 = 4%NeQ2/m^ is the p lasma frequency of the meta l 
electrons, Ne is the n u m b e r density of electrons, m* is the 
effective mass of electrons in a metal , and T is the damping 
t ime of p lasma oscillations, such tha t COT 1. 

Correc t ions al lowing for the difference between a cluster 
and a macroscopic system are needed in E q n (4.11). The 
first of these correct ions should al low for the dependence of 
the decay t ime of a p l a smon on the cluster size. This t ime is 
usual ly represented in the form 

1 1 v F 

where is the t ime constant of a part icle of infinite size, 
v F is the Fe rmi velocity, and L is the effective scattering 
length, which in this case is governed by the cluster size. 
Moreover , the finite cluster size should also be reflected in 
other pa ramete r s of the interact ion of electrons with an 
electromagnetic wave. The general na tu re of the frequency 
dependence is conserved and leads to a resonant type of 
radia t ion, with the resonance corresponding to sf + 2 = 0 in 
Eqn (4.2), i.e. it occurs at the frequency co0 = copy/3. 
Therefore, the cross section represent ing the absorp t ion 
of an electromagnetic wave by a metallic cluster can be 
represented as follows: 

<j0r2 

(Hco - HcQ0)2 + r 2 

(4.12) 

The width r of the resonance and the resonance frequency 
co0 depend slightly on the number of a t o m s in a cluster, and 
the m a x i m u m absorp t ion cross section cr0 of a cluster is 
qui te accurately p ropo r t i ona l to the n u m b e r of a t o m s in a 
cluster. 

Figure 10 . A p p a r a t u s u s e d in d e t e r m i n a t i o n o f t h e p h o t o e x c i t a t i o n c r o s s 
s e c t i o n s o f l a r g e c l u s t e r i o n s [129]: ( 7 ) s o u r c e o f c l u s t e r s w h e r e m e t a l l i c 
v a p o u r is m i x e d w i t h a h e l i u m s t r e a m k e p t a t l i q u i d n i t r o g e n t e m p e r a t u r e ; 
( 2 ) l a se r b e a m for c l u s t e r p h o t o i o n i s a t i o n ; (3) s y s t e m for a c c e l e r a t i o n 
a n d f o c u s i n g a b e a m o f c h a r g e d c l u s t e r s ; (4) f i l ter for s e l e c t i o n o f i o n s in 
a c c o r d a n c e w i t h t h e i r m a s s e s ; ( 5 ) l a se r b e a m for e x c i t a t i o n o f c l u s t e r 
i o n s ; (6) r e g i o n o f i n t e r a c t i o n o f c h a r g e d c l u s t e r a n d l a se r b e a m ; ( 7 ) i o n 
a c c e l e r a t i o n a n d d e c e l e r a t i o n s y s t e m ; (8) t ime -o f - f l i gh t m a s s s p e c t r o ­
m e t e r . 

In par t icular , if we use Eqn (4.1) for the p h o t o a b s o r p ­
t ion cross section and E q n (4.11) for the permit t ivi ty of a 
metal , we obta in the following expression for the p a r a ­
meters tha t occur in E q n (4.12): 

r = 
col 

COT(CO + co0) 
(TQ 

4%co4r3T 
(4.13) 

These expressions demons t ra t e tha t the rad ia t ion emitted 
by metall ic and dielectric (insulating) clusters is of the same 
origin and tha t the p h o t o a b s o r p t i o n cross section is related 
to the permit t ivi ty pa rame te r s of the cluster mater ia l . 

The exper imental m e t h o d s for determining the p h o t o ­
absorp t ion cross section of clusters utilise the c i rcumstance 
tha t an excited cluster subsequent ly decays, i.e. tha t the 
excitation is lost in the b reak ing of b o n d s in a cluster. 
Therefore, the p h o t o a b s o r p t i o n cross section m a y be found 
from a compar i son of the mass spectrum of a cluster beam 
before and after i l luminat ion. Figs 9 and 10 show schemat­
ically the a p p a r a t u s used in these experiments . W e can see 
tha t the pr incipal difference between the a p p a r a t u s shown 
in these two figures is tha t in the case of the p h o t o a b s o r p ­
t ion by small clusters the interact ion t ime of the rad ia t ion 
with a cluster is increased by directing the incident laser 
beam paral lel to the cluster beam, whereas in the case of 
larger clusters with a relatively large p h o t o a b s o r p t i o n cross 
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Figure 1 1 . C h a n g e s in t h e m a s s s p e c t r a o f c h a r g e d p o t a s s i u m c l u s t e r s 
o b t a i n e d for d i f fe ren t l a se r r a d i a t i o n p o w e r s [130]; q is t h e n u m b e r o f 
a t o m s in t h e d e t e c t e d i o n s . I n i t i a l l y t h e d i s t r i b u t i o n o f t h e c l u s t e r i o n 
m a s s e s h a s t h e P o i s s o n p r o f i l e w i t h i ts c e n t r e c o r r e s p o n d i n g t o i o n s . 
T h e a r r o w s i den t i f y t h e n u m b e r s o f a t o m s in c l u s t e r i o n s c o r r e s p o n d i n g t o 
t h e m a x i m u m o f t h e d i s t r i b u t i o n f u n c t i o n . 

section the laser beam used to excite clusters is directed 
perpendicular to the cluster beam. Moreover , in the case of 
large clusters it is convenient to employ mult is tage excita­
t ion. A n analysis of the mass spectra of clusters recorded 
after excitation is based on the assumpt ion tha t the 
photoexc i ta t ion cross section of a cluster is a m o n o t o n i c 
function of the number of a t o m s in the cluster. The change 
in the mass spectrum of the cluster ions can then give 
informat ion on the photoexc i ta t ion cross section. By way of 
demons t ra t ion , Fig. 11 [130] shows h o w the mass spectrum 
of po tass ium cluster ions changes with the power of laser 
rad ia t ion if dur ing the ini-tial stage the dis t r ibut ion of the 
mass of clusters is concent ra ted near ions with 900 a toms . 
W e can see tha t an increase in the laser rad ia t ion power 
shifts the dis t r ibut ion function of the resul tant cluster ions 
in the direction of smaller masses. 

Let us n o w consider the results of de te rminat ion of the 
absorp t ion cross sections of clusters, which are given in 
Figs 1 2 - 1 4 for small metall ic clusters and in Figs 1 5 - 1 7 
for large clusters. W e shall no t go into the details of the 
theory (which is given, for example, in Refs [124 -126 , 
135]), bu t we shall discuss the na tu re of the excitation of 
metall ic clusters from pract ical posi t ions . W e can see tha t in 
the major i ty of cases the excitation of clusters can be 
described in te rms of the excitation of a p lasmon , so 
tha t the excitation cross section is given by Eqn (4.12). 
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Figure 12 . P h o t o a b s o r p t i o n c r o s s s e c t i o n s o f s i lver c lu s t e r i o n s [128]: 
(a) A g + ; ( b ) A g + . 

The pa rame te r s in this equat ion are listed for some clusters 
in Table 8. The m a x i m u m p h o t o a b s o r p t i o n cross section of 
clusters of this type is p ropor t iona l , within the limits of the 
exper imental error, to the n u m b e r of a t o m s in a cluster. 
Moreover , this cross section decreases when the energy of a 
resonance or its width are increased. It follows from Table 8 
tha t the pa ramete r <T0rHcQo depends weakly on the na tu re of 
the cluster. A statistical analysis of Table 8 yields the 
average value of this param-e te r : 

a0rHcQ0 = (1.9 ± 0 . 5 ) x 10 1 6 c m 2 e V 2 (4.14) 

It also follows from Table 8 tha t the p h o t o a b s o r p t i o n cross 
section is p r o p o r t i o n a l (within 2 5 % ) to the number of 

Table 8. P a r a m e t e r s o f a p l a s m a r e s o n a n c e for m e t a l l i c c l u s t e r i o n s . 

I o n Ref . HCO0/qV T / e V cr0sr/q 
IO-

A g ^ [128] 4 .02 0.62 8.84 1.0 2.4 

Ag 2

+ ! [128] 3.82 0.56 16.8 0.8 1.7 

[132] 1.93 0.22 26 2 .9 1.2 

K 2 1 [132] 1.98 0.16 88 4 .2 1.3 

K 5 0 0 [130] 2 .03 0.28 1750 3.5 2.0 

K 9 0 0 [130] 2 .05 0.4 2500 2 .8 2.3 

Lii39 [133] 2 .92 0.9 62 0.45 1.2 

Ll270 [133] 3.06 1.15 120 0.44 1.6 

[133] 3.17 1.32 280 0.64 2.7 

^ 8 2 0 [133] 3.21 1.10 440 0.54 1.9 

T i+ L 1 1 5 0 0 [133] 3.25 1.15 830 0.55 2.1 
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Hco/eV 

Figure 13 . P h o t o a b s o r p t i o n c r o s s s e c t i o n s o f s o d i u m c l u s t e r i o n s [131]; 
( a ) N a ^ ; ( b ) N a ^ ; ( c ) N a J . 

a t o m s in a cluster. This is of the same order as the error in 
determining the absolute values of the cross section. 

In some cases (Figs 13 and 16) the p h o t o a b s o r p t i o n 
cross section of clusters, considered as a function of the 
p h o t o n energy, has a doublet s t ructure [131, 134, 135]. 
The simplest mode l tha t can account for this process 
[131, 135] in t roduces no t only a p lasma resonance at a 
frequency co0, bu t also a one-electron resonance at a 
frequency coe. Then , the permit t ivi ty of a cluster can be 
described by 

1 
col Fcoi 

co2 + icor icoy 
(4.15) 

where the widths of the p lasma T and of the one-electron F 
resonances are in frequency uni ts . In par t icular , for a N a ^ 
cluster the pa rame te r s in the expression describing the 
measured cross section are 

hco0 = 2.62 eV, hcoc = 2.65 eV, r = 0.17 eV, 

y = 0.01eV, F = 6x 1 0 " 4 . 
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Figure 14 . P h o t o a b s o r p t i o n c r o s s s e c t i o n s o f p o t a s s i u m c lu s t e r i o n s [132]: 
(a) K + ; ( b ) K + . 

W e can see tha t the correct ion due to intrinsic oscillations 
of the valence electrons occurs in the above expression, bu t 
its relative weight is small. 

4.3 Cluster ions in light sources 
The above informat ion on the radiat ive proper t ies of 
metall ic clusters makes it possible to analyse the feasibility 
of us ing clusters or cluster ions as the radiat ive componen t s 
in light sources. As long as the cluster size is considerably 
less t han the rad ia t ion wave leng th , ! the rad ia t ion emitted 
by a cluster is generated by all its a toms . In this respect, a 
cluster is a m o r e effective light source t han an incandescent 
element where the rad ia t ion is generated on the surface. 
Ano the r advan tage of a cluster as a radiat ive componen t is 
its ability to opera te at higher t empera tures , par t icular ly if 
clusters can evapora te , i.e. if they are under nonequi l ib r ium 
condi t ions . These advantages of clusters m a k e them 
promis ing light sources. Therefore, p ro to types of cluster 
l amps are current ly being developed: for example, light 
sources with clusters in the form of c o m p o u n d s of tungsten 
and tho r ium have been described in the l i terature [136]. 

W e shall n o w consider the general p rob lems of n o n -
equil ibrium light sources when the l ight-emitt ing part icles 
are clusters. It should be stressed tha t the condi t ion for the 
opera t ion of such sources is tha t the lifetime of a cluster 
should be considerably longer t h a n the t ime dur ing which 

f I t is m o r e c o r r e c t t o c o m p a r e t h e r a d i a t i o n w a v e l e n g t h w i t h t h e d e p t h o f 
p e n e t r a t i o n o f t h e e l e c t r o m a g n e t i c r a d i a t i o n i n t o a m e t a l . 
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Hco/oV 

Figure 15 . P h o t o a b s o r p t i o n c r o s s s e c t i o n s o f l i t h i u m c l u s t e r i o n s [133]: 
(a) L i ^ 3 9 ; (b ) L i ^ 7 0 ; (c) L i £ 0 ; (d ) L i ^ 5 0 0 . 

the cluster emits energy comparab le to the b inding energy 
of its a toms . This condi t ion governs the efficiency of a 
p roposed light source. Hence , in par t icular , it follows tha t 
cluster b e a m s formed dur ing the expansion of a vapour 
escaping from a nozzle can be used as light sources because 
in this case the cluster lifetime is governed by the cluster 
t ransi t t ime in the source and is short compared with the 
characterist ic radiat ive t imes. F o r this reason the con t r ibu­
t ion of the emission of rad ia t ion to the heat ba lance of a 
vapour expanding beyond a nozzle is relatively small. 

Figure 16 . P h o t o a b s o r p t i o n c r o s s s e c t i o n s o f s o d i u m c l u s t e r i o n s [134]: 
( a ) N a 2

+

6 ; ( b ) N a 4

+

i ; ( c ) N a 4

+

4 . 

Therefore, a cluster light source should be const ructed 
on the basis of the following principles. The zone of cluster 
generat ion should be separate from the zone of light 
emission. A cell must be constructed in which the t em­
pera tu re dis t r ibut ion is inhomogeneous : clusters are formed 
in a cold zone and are directed to a hot zone where they 
emit and evapora te . The vapour ised a tomic vapour re turns 
to the cold zone. Obviously, it is convenient to use cluster 
ions for two reasons . Firs t , clusters act as the condensa t ion 
nuclei; second, it is easier to cont ro l ions and direct them to 
the ho t zone by an electric field. If such a light source is 
m a d e (for the sake of simplicity) in the form of a cylindrical 
tube , then such a device should have the following 
schematic form. A high t empera tu re is main ta ined at the 
centre of the tube , bu t at the peripheries a vapour is 
converted into ions, which are then directed to the centre 
of the tube in a buffer gas under the influence of an external 
field. D u r i n g their mo t ion these ions are converted into 
cluster ions, which reach the ho t zone, where they emit 
rad ia t ion and evapora te . The a tomic vapour is re turned to 
the cold zone. This creates an inhomogeneous distribution of 
the vapour across the tube cross section and this distribution 
is governed by the balance between the flux of cluster ions to 
the centre under the influence of the electric field and the 
diffusion of a toms in the buffer gas to the cold region, where 
the density of a toms is lower. Such circulation ensures that 
each a tom in the vapour is displaced repeatedly within cluster 
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Figure 17 . P h o t o a b s o r p t i o n c r o s s s e c t i o n s o f l a r g e p o t a s s i u m c l u s t e r i o n s 

^500> \UJ ^ 9 0 0 -

ions towards the centre of the tube and in the free state 
towards the tube walls. 

W e can also employ a simpler configurat ion in which a 
beam of cluster ions is generated in the cold zone and 
directed to the ho t zone, where it emits in such a way tha t 
the cluster a t o m s are used only once. This me thod is less 
effective t han tha t discussed above and it requires tha t the 
t ime spent by clusters in the ho t zone should be sufficiently 
long. 

W e shall n o w consider the capabilit ies, in principle, of 
such a system and m a k e the relevant est imates for tungsten, 
for which the necessary pa rame te r s have been deter-mined 
up to ~ 3 6 0 0 K [84]. Table 9 gives the cor responding 
pa rame te r s of a cluster conta in ing 10 4 a t o m s (its rad ius 
is 3.3 nm) , a l though the rat io of the t ime cons tan ts of the 
processes is independent of the cluster size on the basis of 

Table 9. R a d i a t i v e p a r a m e t e r s o f a t u n g s t e n c l u s t e r c o n t a i n i n g 1 0 4 a t o m s 
a n d l o c a t e d in a h o t bu f f e r g a s . 

T e m p e r a t u r e / K 

3400 3600 4000 4400 

E v a p o r a t i o n t i m e / l 0 _ 3 s 

R a d i a t i v e t i m e / l 0 _ 4 s 

C o l o u r t e m p e r a t u r e / K 

L u m i n o u s e f f i c i e n c y a / l m W ~ 

0.2 0 .003 

3 2 

4 4 0 0 4 7 0 0 

61 68 

0 .0003 3 x 1 0 " 

1 0.8 

5 3 0 0 

79 

5 7 0 0 

88 

d e t e r m i n e d o n t h e b a s i s o f t h e c o l o u r t e m p e r a t u r e 

the models discussed earlier. The evapora t ion t ime of 
a cluster at a given t empera tu re is calculated from the 
solution of Eqn (3.25) in which the condensa t ion is 
ignored. 
The pa rame te r s of the evapora t ion flux near a macroscopic 
surface are taken from Ref. [84]. The rad ia t ion emission 
t ime is the t ime dur ing which the emitted energy becomes 
equal to the b inding energy of a t o m s in a cluster. If this 
t ime is short , then the format ion of clusters is preferable 
from the poin t of view of the energy in a light source, even 
if the clusters are used once. In est imates we shall use the 
mode l of a grey cluster (4.10) with the pa ramete r 
cr0 = 3 x 1 0 ~ 1 8 c m 2 , which agrees with the da ta given in 
Table 9. It cor responds to the paramete r / = 1.7 for 
tungsten. 

In an analysis of the results presented in Table 9 we m a y 
reach the conclusion tha t a light source based on cluster 
ions is unpromis ing . Such a light source can be constructed 
by directing a beam of cluster ions into the ho t zone, i.e. the 
light emission zone, in the case of single and mult iple 
uti l isat ion of the vapour a t o m s as the cluster ions. If the 
mo t ion of ions in a buffer gas is control led by an electric 
field and is related to it t h rough the ion mobil i ty, the 
process of t r anspor t ing cluster ions m a y last for a fairly 
long t ime, so tha t the lifetimes of clusters are governed by 
the evapora t ion t ime in the ho t zone and no t by displace­
ment t ime. A source of this kind is characterised by the high 
qual i ty of the emitted rad ia t ion in view of its high 
t empera tu re and because the rad ia t ion is emitted by all 
the a t o m s in clusters. Moreover , in accordance with this 
pa ramete r , such a source is bet ter t han a lamp with an 
incandescent wire. Therefore, a light source based on 
clusters is promis ing . A l though it is much m o r e complex 
than m a n y other existing light sources and its const ruct ion 
will require addi t iona l informat ion on clusters, a source of 
this kind m a y have bet ter ou tpu t pa ramete r s . 

5. Growth of clusters in an expanding gas 
5.1 Formation of molecules in an expanding atomic gas 
Condensa t ion in an expanding gas or vapour is a 
nonequi l ibr ium process. The na tu re of this process 
depends on the relat ionship between the expansion and 
cluster-formation t imes. In par t icular , if the density of a 
vapour or a gas is low, it expands before the compensa t ion 
takes place in the interior, so tha t a beam of an a tomic gas 
is obta ined at the exit. The influence of these t imes on the 
na tu re of the process is easiest to consider when molecules 
are formed in an expanding a tomic beam. If such a system 
consists of a single compo-nen t ( including the pa r t inside 
the buffer gas), the process represents the first stage of 
cluster format ion and we can unde r s t and the relat ionship 
governing the process. In the p lasma-chemical me thod 
when some c o m p o u n d is converted into a one -componen t 

-system (for example, Ti from T i C l 4 ) , the decomposi t ion of 
this c o m p o u n d in a p l a smot ron , and the later release of the 
dissociated componen t into the buffer gas or into vacuum, 
makes the process of format ion of molecules competi t ive 
with the main process of the condensa t ion of one of the 
componen t s (metal) on ions. 

W e shall assume tha t the format ion of molecules dur ing 
the expansion of a gas is the result of the three-body 
collision of a toms: 
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A + B + C ^ A B + C . (5.1) 
W e shall analyse this process in order to obta in in forma­
t ion on its ra te constant . W e shall begin with general 
comment s abou t the process in quest ion. Since the a tomic 
part icles A, B, and C are in this case a toms , long-lived 
spontaneous ly decaying states of molecules are no t formed 
and the mechanism of the process is in agreement with the 
T h o m s o n theory (see, for example, Refs [137, 138]). A n A B 
molecule then forms as a result of the s imul taneous 
collision of three a toms . The third a tom, C, carries away 
the excess energy, so tha t the a t o m s A and B form a b o u n d 
state and the b inding energy is of the order of the the rmal 
energy T of the colliding a toms . Therefore, the process can 
occur in a certain range of distances, of the order of b, 
between the a t o m s A and B and the critical size is given by 
the relat ionship U(b) = T, where U(R) is the poten t ia l of 
the interact ion of the a toms A and B. The ra te cons tant of 
the th ree-body process has the dimensions of c m 6 s _ 1 and 
can be est imated from 

2C1 + A ^ C 1 2 + A process is 3.2 x 1 0 ± 0 3 (in uni t s of 

K oc vab (5.2) 

where v is a typical velocity of the colliding a toms , and o is 
the cross section for an elastic collision of the a tom C with 
the a tom A or B, which is accompanied by an exchange of 
energy of the order of T. 

In par t icular , if the long-range interact ion between 
a t o m s is described by the van der Waa l s potent ia l , 
U o c / ? - 6 , the t empera tu re dependence of the ra te cons tant 
of the th ree-body process is 

KocT~l/3 . (5.3) 

This dependence is fairly weak against the b a c k g r o u n d of 
the errors involved in est imating this quant i ty . Therefore, 
in simple est imates of the ra te cons tant of the three-body 
process its t empera tu re dependence can be ignored. 

W e do no t have sufficient informat ion on the ra te 
cons tan ts of the three-body process involving the a toms 
of interest to us in the relevant t empera tu re range . 
However , unde r s t and ing of the na tu re of this process 
helps one to app roach correctly the task of est imating 
its ra te con- stant . Since in view of the simple s t ructure of 
the colliding part icles, the associat ion of a t o m s is governed 
by the s imul taneous elastic collisions of three a toms , the 
ra te cons tant of the process depends weakly on t empera tu re 
and on the na tu re of the colliding par tners . This is 
demons t ra ted in Table 10, which lists the ra te cons tan ts 
of the format ion of chlorine and ni t rogen molecules by 
th ree-body collisions at r o o m tempera tu re [139]. It follows 
from this table tha t the average ra te cons tant of the 

Table 10 . R a t e c o n s t a n t s o f t h e p r o c e s s 2 A + C • 
t e m p e r a t u r e [139]. 

A C K / I 0 " 3 2 c m 6 s _ 1 

• A 2 + C a t r o o m 

C I C l 2 5.6 

C I H e 3.9 

C I A r 1.2 

C I N 2 4.1 

N N 2.2 

N N 2 1.5 

N H e 2.2 

N A r 0.93 

1 0 - 3 2 c m b s - i ) , the ra te cons tant of the process 
2N + A —> N 2 + A is 1.6 x 1 0 ± 0 2 , and the average value 
tha t al lows for b o t h processes is 2 x 1 0 ± 0 " 3 . Since later we 
shall consider higher t empera tu res at which this process 
takes place, we shall use the average value of the ra te 
cons tant of the process: 

K=lx 1 0 " 3 2 c m 6 s " 1 x 1 0 ± 0 3 . (5.4) 

Next , we shall determine the fraction of the molecules 
which are formed from an a tomic vapour dur ing its cooling 
when the ra tes of cooling and expansion of the vapour are 
high under nonequi l ibr ium condi t ions . F o r simplicity, we 
shall consider only the mode l process 

3 A ^ Z A 2 + A (5.5) 

and determine the fraction of a toms tha t are converted 
into molecules by rapid expansion of the mixture if initially 
there are no molecules in a hot gas. Since the analysis is 
quali tat ive and we are interested in h o w the evolution of the 
whole process depends on the relat ionship between the t ime 
cons tants of the individual processes, we shall assume for 
simplicity tha t the fraction of molecules in the final stage is 
small. The equat ion for the ba lance of the number density 
of molecules Nm in accordance with the scheme (5.1) is 

^=-kdl88NmNa+KN3

a , (5.6) 

where NA is the number density of a toms , kdiss(T) is the ra te 
cons tant of the dissociation of the molecules owing to 
collisions with a toms , and K is the ra te cons tant of the 
format ion of molecules by th ree-body collisions of a toms . 

U n d e r equil ibrium condi t ions it follows from the Saha 
formula tha t N2/NM oc exp (—D/T ) , where D is the dis­
sociation energy of a molecule. Hence , kdiss/K oc 
e x p ( - £ > / r ) o c exp(-) t f) , where y = \ dT/ dt\D/T2. The 
dissociation ra te cons tant therefore decreases exponential ly 
with t ime. Against this b a c k g r o u n d we shall ignore the 
dependence K(t). Next , since the n u m b e r density of 
molecules is low, the process of format ion of molecules 
does no t affect the n u m b e r density of a toms . W e shall 
assume tha t the n u m b e r density of a toms in 
NA = NQ exp(—vt), where the pa rame te r v is governed by 
the gas expansion ra te and its value is v <̂  y. The pa rame te r 
v is related to the gas expansion t ime T e x used earlier: 
V = 1 /T e x . 

On the basis of the above, E q n (5.6) becomes 

dt 
= ~ k°DKSNMN0 e x p [ - ( y + v)t] 

+ KNQ exp ( -3vf ) - vNm (5.7) 

Here , & d i s s is the initial value of the dissociation ra te 
cons tant and N0 is the initial number density of a toms . The 
last te rm on the right allows for the gas expansion. 

Let us n o w analyse the na tu re of the evolut ion of the 
system described by Eqn (5.7). Initially, the ra te at which 
equil ibrium is established is described by E q n (5.5). At the 
beginning this ra te , described by E q n (5.5), greatly exceeds 
the gas expansion ra te k^N^ ^ v - Therefore, dur ing the 
first stage of the evolut ion of the system the density of 
molecules is the equil ibrium value at a given t empera tu re , 
which cor responds to the solution of E q n (5.7) by neglect of 
its left-hand par t . D u r i n g the subsequent evolut ion of the 
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system the ra te of establ ishment of the dissociation 
equil ibrium falls exponential ly with t ime and the equil ib­
r ium is lost when the t ime needed to establish it becomes 
comparab le to the gas expansion t ime. W h e n this happens 
the process of format ion of molecules is weakened, so tha t 
the density of molecules does no t vary with t ime dur ing the 
subsequent expansion. It is therefore convenient to rewrite 
Eqn (5.7) in terms of the relative propor t ion of molecules 
cm = Nm/Na = Nm exp(vt)/N0: 

dt 
= -k0

dlSsCmN0 e x p [ - ( y + v)t] + KN2

0 exp ( -2vf ) 

The asymptot ic solut ion of this equat ion subject to the 
inequalit ies ^ d i s s ^ o > y > v is 

2v \ y + v 
(5.8) 

The second factor on the r ight-hand side of Eqn (5.8) is 
always smaller than unity, and its dependence on the 
parameters of the problem is weak. It allows for the fact 
that the molecules form mainly at the momen t when the 
characteristic times of the processes become comparable and 
the relative fraction of the molecules which are formed is 
propor t iona l to the square of the number density of a toms 
N2

a at that moment . The small parameter of the problem is 
therefore KN\/v. This is obtained by bearing in mind that 
v = d\nN/dt oc d\nT/dt and y w (D/T) dIn T/dt, i.e. 
y > v. 

The results obtained allow us to draw conclusions about 
the na ture of the process of formation of molecules in an 
expanding gas. If the number density of a toms is low, 
molecules cannot form and this is even more t rue of the 
condensation, because the expansion of the gas is faster than 
the processes of the association of a toms. It follows that the 
investigated condensat ion processes in an expanding gas and 
in a plasma occur at relatively high gas pressures or relatively 
low expansion rates. 

5.2 Cluster evolution in an expanding ionised gas 
The ba lance equa t ions obta ined above can be used to 
analyse the na tu re of the evolut ion of an expanding p lasma 
in the course of the format ion and growth of clusters. W e 
shall later m a k e this analysis for an expanding ionised gas, 
bear ing in mind that only charged clusters can grow during 
the condensation process, i.e. that ions are the condensation 
nuclei. Under the optimal condensation conditions the cluster 
ions then contain a large number of a toms q > 1. We shall 
assume that this condition applies to the process itself. 
Moreover, we shall specifically consider the parameters of a 
laser copper plasma. 

A compar i son of the ba lance equat ions (3.26) and (3.31) 
shows tha t the cont r ibut ion of coagula t ion to the cluster 
g rowth is slight. In fact, this is t rue if 

(N-Nsat)N;l>kYeckolq-l/6 (5.9) 

It follows from the da ta in Table 3 tha t , in accordance 
with the above condi t ion, the number density of a t o m s in a 
p lasma should exceed by four orders of magn i tude the 
number density of ions, which is indeed t rue in view of the 
weak ionisat ion of the p lasma. Hence , dividing E q n (2.32) 
by (3.26), we find the na tu re of the changes in the number 
density of cluster ions dur ing their growth: 

dN+ 

dq 
KN+ 

koNc. 

The solution of this equat ion gives 

N0 N+ 
1 + 6 f c t f 0 ? 1 / 6 9 

(5.10) 

(5.11) 

where N0 is the number density of charged part icles before 
the onset of condensa t ion . W e can see tha t the na tu re of 
the evolut ion of ions depends on the magn i tude of the 
pa ramete r ft = 6KN0q1^6. If ft > 1, the number density of 
cluster ions when the condensa t ion is complete is 
independent of the initial density. Table 5 gives the values 
of this pa rame te r for the investigated regimes of the 
evolut ion of a laser copper p lasma, and also other 
evolut ion pa rame te r s of a laser p lasma obta ined on the 
assumpt ion tha t the dissociative recombina t ion coefficient 
of electrons and copper molecular ions is zero. 

Let us consider the evolut ion of large clusters. It follows 
from E q n s (2.31) and (2.35) tha t the ba lance equat ion for 
the number density of neu t ra l clusters Nn is 

^ = kmN2

+q-X'6 - kmngN2

nq^ . (5.12) 

Es t imates show tha t in this regime the coagula t ion of 
neut ra l clusters is u n i m p o r t a n t , so tha t E q n s (3.22) and 
(3.11) yield 

dNn_ kICCN*+ 

dq k0Ncq5/6 ' 

The app rox ima te solution of this equat ion is 

k0N c 

(5.13) 

(5.14) 

Let us consider the specific case of the evolut ion of the 
system under investigation, which leads finally to the 
conversion of all the evapora ted mater ia l into clusters. 
This case is of special interest in appl icat ions. The 
condensa t ion t ime is then no t very long so tha t the whole 
of the evapora ted mater ia l , forming dur ing the first stage a 
beam of a t o m s with a small admixture of charged particles, 
becomes converted into clusters in the final stage and the 
clusters are mainly charged. The average number of a toms in 
a cluster q is then related to the final number density of 
clusters N+ and the initial number density of a toms Nc by 

(Nn+2N+)q = Nc (5.15) 

and the characterist ic condensa t ion t ime deduced from 
E q n (3.26) is 

3q 1/3 
(5.16) 

Table 5 gives the values of the pa rame te r s for the 
investigated laser copper p lasma deduced within the 
framework of the adop ted model . A n analysis of these 
values shows tha t the assumpt ions m a d e are obeyed 
qualitatively. Moreover , Table 5 gives the values of the 
pa ramete r e2r0/T ( r 0 is the rad ius of the resul tant cluster), 
which is assumed to be small within the framework of the 
simplified version (2.22). W e can see tha t it is m o r e correct 
to assume the smallness of this pa ramete r by replacing 
E q n (2.22) for the cross section describing collisions of 
posit ive and negative ions with E q n (2.33). 
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This analysis makes it possible to construct a physical 
p ic ture of the investigated process, which is as follows. The 
p lasma expansion and cooling results in the condensa t ion of 
vapour a t o m s on ions. The evapora ted mater ia l , which 
consists mainly of a t o m s dur ing the first stage of the 
process, is in the form of cluster ions at the last stage. 

5.3 Kinetics of condensation processes in a cooling gas 
W e have analysed the na tu re of condensa t ion in an 
expanding ionised gas when the condensa t ion occurs 
only on ions acting as the condensa t ion nuclei and 
involves the a t t achment and evapora t ion of jus t one 
a tom. Then, under favourable condi t ions , all the a toms 
become a t tached to ions, so tha t the whole of the a tomic 
vapour is converted into charged clusters. Since the 
processes of coagula t ion involving the resul tant clusters 
are not very effective under the investigated condi t ions , the 
concent ra t ion of neut ra l clusters at the final stage of the 
process is relatively low. 

This regime describes the evolution of a laser plasma 
formed as a result of irradiating a surface. The concentration 
of ions in such a system is governed by the processes of 
evaporation of the irradiated surface and the subsequent 
evolution of an expanding ionised gas. This concentration 
is relatively low and determines the nature of the subsequent 
condensation processes. Generation of an expanding beam of 
a toms alters the conditions of condensation in the sources of 
beams. The temperature in the source is lower than the 
temperature of the laser-irradiated surface, so that there are 
practically no ions in the expand-ing atomic beam. Ions may be 
generated later and they may accelerate the process of beam 
clusterisation. An analysis of the processes occuring in the 
beam makes it possible to select the optimal distance from a 
nozzle for clusterisation. However, even in the absence of 
ionisation, beam clusterisation occurs at neutral particles, 
because the vapour in the beam is strongly supersaturated. 

Let us consider the condensation involving neutral 
particles when a dense atomic beam expands and cools. In 
addition to the at tachment and evaporation of single atoms, 
let us consider the merging and decay of clusters in various 
channels: 

k(i,i 

v(l,m) 
vl+m (5.17) 

where v(/, m) is the decay frequency of a cluster conta in ing 
m + 1 a t o m s into two clusters with m and / a t o m s and 
k(l,m) is the ra te cons tant of coagula t ion of two clusters, 
which is related to the decay frequency v(/, m) of a cluster 
conta in ing m + / a t o m s into two clusters m and / ( including 
the evapora t ion of one a tom) by the principle of detailed 
equil ibr ium: 

V(Z, m)=N?tC 
k(l, m) N%m 

exp 
-TP1 — T?M -X- J7L+M 

n surf n surf ~T~ N surf (5.18) 

where the index eq means that the number densities of 
clusters correspond to thermodynamic equilibrium and are 
therefore given by Eqn (3.15). The quant i ty Nsat(T) in 
Eqn (5.18) is the saturated vapour density at a given 
temperature and Eq

smf is the surface energy of a cluster 
containing q a toms. 

The ba lance equat ion for the density of clusters in 
accordance with the scheme (5.17) is 

t)x£-7f(q9 t) 

q-l 

+ ^ k { q - p 9 p)f(q-p, t)f(p9 t) 
P=i 

q-l 

-f(q, t)Y,<<i -p> p) -f(q> t)Y,H<i> p)Ap, 0 
P=i P=i 

+ J2f(p + q, t)v(p, q) . 
p=l 

(5.19) 

The first te rm on the r ight -hand side of the above equat ion 
allows for the expansion of a gas in the course of its 
evolut ion and T e x is the gas expansion t ime. The second 
term on the right takes account of the me thod of 
normal i sa t ion of the cluster dis t r ibut ion function. If this 
function is normal ised to the number density of clusters 

(5.20) 

the second term is absent (a = 0). 
W e shall use the system of equa t ions (5.19) to consider 

the evolut ion of an ionised gas discussed in the preceding 
subsection, when the condensa t ion occurs on ions and 
results in the format ion of large charged clusters and the 
processes of coagula t ion dur ing collisions of charged 
clusters are u n i m p o r t a n t . The system then has two c o m p o ­
nents : a toms and large charged clusters. W e shall assume tha t 
the gas expansion does no t affect the na tu re of the evolut ion 
of the system and we shall ignore the coagula t ion processes, 
i.e. we shall limit our discussion to the scheme given by 
E q n (3.6). Then, mult ipl icat ion of the ba lance equat ion 
(5.19) by q and summat ion over q9 gives 

d 0 0
 00 r / Ae \ 

-j{ £ qf(q, 0 = E ^ t ) K q N - Nsat(T) exp ( - ) 
q=2 q=l L \ ' 

where Kq =k(\,q—\) and Aeq = Esurf(q + 1) • 

(5.21) 

- ^ s u r f O ? ) 
— S

q ~ £ s u b - It is assumed here tha t large values of the 
number of a toms in a cluster q domina te the dis t r ibut ion of 
clusters in te rms of q and tha t the number density of free 
a t o m s N m a y be related in any way to the number density 
of a toms in clusters qNd = ^2qf(q,t). 

If the width of the dis t r ibut ion function of clusters in 
te rms of the number of a t o m s they contain is considerably 
less t han q9 which is the average number of a t o m s in a 
cluster, E q n (5.21) can be wri t ten as follows: 

dN 

~dF ••N{ 

dq 
~dt : ^ [ ^ V - ^ V s a t ( r ) e x p ( - ^ ) ] .(5.22) 

Here , N[ is the n u m b e r density of ions tha t are 
condensa t ion nuclei. The changes in the number densities 
of a t o m s and clusters as a result of the gas expansion are 
ignored and the density of ions N[ is assumed to remain 
constant in t ime. This gives ^2qNq + N = qN{ + N = const . 
E q n (5.22) is identical with Eqn (3.25) when a suitable 
selection is m a d e of the ra te cons tant of the process and the 
averaging is carried out over the dis t r ibut ion of clusters in 
te rms of the number of a toms in a cluster. This compar i son 
allows us to unde r s t and better the condi t ions which 
cor respond to the investigated na tu re of the evolut ion of 
cluster ions. 
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Let us n o w consider the na tu re of growth of neu t ra l 
clusters in the course of the expansion and cooling of a 
neu t ra l gas. Then under t h e r m o d y n a m i c equil ibr ium con­
dit ions the dis t r ibut ion function of clusters in te rms of the 
number of a t o m s each conta ins has a m i n i m u m at the 
critical number of a t o m s in a cluster qCY9 which is given by 
E q n (3.13). A typical condensa t ion t ime at a given t em­
pera tu re is inversely p ropo r t i ona l to the dis t r ibut ion 
function of clusters (3.15) at its m in imum and is fairly large. 

This is also t rue when a gas or a vapour expands in 
space, bu t the manifes ta t ion of this relat ionship is some­
wha t different. As a vapour expands and cools, the degree 
of its supersa tura t ion increases and the value of the 
supersa tura t ion factor of Eqn (3.8) reaches hundreds . 
The critical size of a cluster decreases correspondingly. 
The processes of a t t achment of a t o m s to clusters whose size 
exceeds the critical value are m o r e effective t han the 
evapora t ion processes. Therefore, such clusters g row quite 
effectively and their number rises s trongly with increase in 
the degree of supersa tura t ion of the vapour . In the final 
stage of this process the possibili ty of format ion of large 
clusters depends on the cluster growth and gas expansion 
rates . 

Since the cluster growth rate is p ropor t iona l to the initial 
number density of a toms in a gas, the results of expansion of 
a neutral a tomic gas in space depend on its initial density and 
on the expansion time. If the initial number density of a toms 
in a gas is low, then the scheme considered in Section 5.1 
applies. The final product contains an atomic gas with a small 
admixture of molecules and the propor t ion of molecules 
increases with the initial density of the gas a toms. At high 
number densities of a toms in a gas the final product is in the 
form of clusters whose dimensions increase with the initial 
number density of gas a toms and with the expansion time. 

Let us consider an asymptot ic regime of cluster 
format ion when the clusters are sufficiently large and the 
na tu re of the growth is described by the scheme given in 
E q n (5.17). W e can then ignore the evapora t ion compared 
with the coagulat ion. If the liquid drop mode l is applied to 
clusters, the growth of clusters by coagula t ion is described 
by Eqn (5.19) and the ba lance equat ion for the cluster 
density is given by the following Bo l t zmann equat ion: 

t) 
dt • = ~f(q, 0 T e x - <tf(q, t) 

+ J f c f a i , q-qi)f(q-qu 0 / ( ? i > t)dqx 

-f(q9t)^k(q9qx)f(qX9t)dqx . (5.23) 

Here , k(qx,q2) is the ra te cons tant of coagula t ion of two 
colliding clusters conta in ing qx and q2 a toms , respectively. 
Moreover , the dis t r ibut ion function f(q, t) is normal ised by 
the condi t ion 

N = ^qf(q, t)dq (5.24) 

where N is the to ta l n u m b e r density of a t o m s in clusters. 
The pa rame te r a in E q n (5.23) can be deduced from the 
normal i sa t ion condi t ion (5.24). W e shall find this p a r a ­
meter on the assumpt ion tha t T e x = 0, i.e. we shall assume 
tha t the to ta l number density of free and b o u n d a t o m s 
remains cons tant in t ime. Then , mult ipl icat ion of 

E q n (5.23) by q and integrat ion with respect to q gives, 
on the basis of the above condi t ion, the p roduc t 

(5.25) 

F o r an a rb i t ra ry value of T e x the resul tant equat ion assumes 
the form 

dN 
~dt 

N 

and has the following solution: 

N = N0exp(- —) . 
\ T e x / 

(5.26) 

(5.27) 

Mul t ip l ica t ion of Eqn (5.23) by q and integrat ion with 
respect to q yields 

^ [14*Aq, t) dq Q qf(q9 t) dq) 

•I 
\q\ + qi) + qiqi-7:0c(ql-\-q2) f(qi>t)f(q2>t) dqi dq2. 

(5.28) 

W e shall use this equat ion later to describe cluster 
evolut ion. 

Let us calculate the ra te cons tant of coagula t ion of two 
colliding clusters with soft surfaces: 

A < 7 i + A <?2 " (5.29) 

If the clusters are spherical and their density p is equal to 
the density of a macroscopic system of b o u n d a t o m s p, the 
ra te cons tant for the coagula t ion of two clusters deduced 
from Eqn (2.35) is 

87" 
k(qu qi) = ™(ri + r 2 ) Z ( — 

np 

1/2 

, / 1/3 . 1 /3x2 / . x l / 2 - 1 / 2 - 1 / 2 / c o m 

= k0(ql

/ +q2' ) {qx + q2) 1 qx

 1 q2 , (5.30) 

where the ra te cons tant k0 is given by E q n (3.27): 

k o = J p . ) V 3 ( K \ / 2

 = , . 9 3 7 - i / V / 6 - 2 f t ( 5 3 1 ) 

\4np) \nm ) 

Here , rx and r2 are the radi i of the colliding clusters 
conta in ing ql and q2 a toms , respectively; m is the mass of 
an a tom; p is the density of the macroscopic system; the 
rad ius (3m /47 ip)^ 3 cor responds to a single a tom; and p is 
the reduced mass of the colliding clusters. This expression 
is based on the liquid drop mode l of a cluster and will be 
used later to analyse the na tu re of cluster g rowth in an 
expanding gas. 

W e shall use the simplest cluster size dis t r ibut ion 
function [compare with Eqn (2.26)]: 

f(q,t)=N0exV(-^j(^J , (5.32) 

where q{t) is the average number of a toms in clusters at a 
given m o m e n t . The use of E q n s (5.32) and (5.30) reduces 
E q n (5.28) to 

dq 
~dt 

= 8 £ 0 4 1 A W (5.33) 

The solution of E q n (5.33) tha t al lows for the na tu re of a 
change in the density of a toms in clusters of Eqn (5.27) 



P r o c e s s e s in e x p a n d i n g a n d c o n d e n s i n g g a s e s 649 

leads to the following expression for the average number of 
a t o m s in clusters at the end of the process: 

q=\0(k0N0Texf\ q>l • (5.34) 

E q n (5.34) is an asymptot ic expression for the average 
number of a t o m s in clusters, which is valid if there is a 
small pa rame te r 

W o M e x > 1 • (5.35) 

Subject to this condi t ion the cluster g rowth t ime exceeds 
greatly the gas evapora t ion t ime, which justifies the use of 
asymptot ic re la t ionships between the pa ramete r s . Appl ica­
t ion of the liquid drop mode l to a cluster is m a d e with 
refer-ence to the fact (see Section 3.4) tha t the decay of a 
large excited cluster, formed by coagula t ion of two clusters, 
does no t alter the na tu re of cluster g rowth in an expanding 
gas. 

W e shall al low for the influence of slowness of the 
process described by E q n (5.5) on the n a t u r e of cluster 
g rowth . W e shall in t roduce the fraction of gas a t o m s which 
form molecules: 

= 2 c m ( o o ) = KN2

0Tex 

l + 2 c m ( o o ) l+KNfa ' 

If only these a toms par t ic ipa te in the format ion of clusters, 
we can replace N0 in E q n (5.34) with £N0: 

q=\0(k0N0^exf\ q>\ . (5.37) 

E q n (5.37) also cor responds to a large value of the 
pa ramete r &0A/oTe x, bu t if this pa ramete r is no t sufficiently 
large, the cluster g rowth process is limited to the first stage 
of E q n (5.5). In fact, the process of E q n (5.5) is of the th ree-
b o d y na tu re , whereas the process of E q n (5.30) involves 
pairs . Therefore, the ra te of the process of E q n (5.5) is 
considerably less t han tha t of E q n (5.30) and, therefore, the 
former m a y delay the growth of clusters in an expanding 
gas. In the limit of very high values of the pa ramete r 
k0N0Tex, E q n s (5.34) and (5.37) become identical. 

Appl ica t ion of the liquid drop mode l to a cluster is m a d e 
on the assumpt ion tha t any contact between two clusters is 
accompanied by a modif icat ion of the b o n d s within them 
and results in the format ion of a stable spherical cluster. 
This is a simplified description of the collision of two 
clusters. In reality, the process is m o r e complex for two 
reasons (see, for example, Refs [103, 104, 140]). Firs t , the 
modif icat ion of the internal b o n d s in a cluster m a y be 
hindered and in any case requires a relatively long t ime. 
Second, the resul tant complex m a y be uns tab le and m a y 
split into fragments before it becomes fully modified. The 
liquid drop mode l therefore does no t work when collisions 
of two clusters of similar size are considered. The above 
circumstances reduce the value of the ra te cons tant of the 
process compared with the cor responding liquid drop 
models and delays the process. 

The influence of these factors can be est imated by 
considering the other l imiting case when the processes of 
coagula t ion involving clusters are forbidden, so tha t 
t rans i t ions occur as a result of a t t achment and evapora t ion 
of individual a t o m s in accordance with the scheme 
described by E q n (3.6). Then the n u m b e r density of a toms 
falls dur ing growth and free a t o m s involved in clusterisation 
m a y form as a result of decay of molecules and small 
clusters. Therefore, the average size of clusters at the 

complet ion of the process is small even if the density is 
high at the onset of the process . 

This is i l lustrated in Figs 1 8 - 2 0 , which give the results 
of calculat ions describing the evolut ion of our system under 
the assumed condi t ions [141]. F ig . 18 shows h o w the 
average size of a cluster depends on the initial number 
density of a toms , Fig. 19 gives the dependence of the 
average size of a cluster on the ac tual t empera tu re dur ing 
the evolut ion of the system, and Fig. 20 is a plot of the 
dis t r ibut ion function of clusters in te rms of the n u m b e r of 
a t o m s they contain at var ious m o m e n t s dur ing cluster 
growth . F o r large values of the initial gas density this 
regime, cor responding to the scheme described by 
E q n (3.6), differs fundamental ly from the regime corre­
sponding to Eqn (5.37) when the coagula t ion of clusters is 

6 r 
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Figure 18 . A v e r a g e n u m b e r o f a t o m s in a c l u s t e r p l o t t e d a s a f u n c t i o n o f 
t h e t e m p e r a t u r e d u r i n g e x p a n s i o n o f a s i lver v a p o u r b e y o n d a n o z z l e . T h e 
in i t i a l n u m b e r d e n s i t y o f a t o m s is g i v e n . T h e in i t i a l v a p o u r t e m p e r a t u r e is 
2 3 0 0 K [141]. 
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Figure 19 . A v e r a g e n u m b e r o f a t o m s in a c l u s t e r a f t e r t h e e n d o f t h e 
p r o c e s s , p l o t t e d a s a f u n c t i o n o f t h e p a r a m e t e r x — N0k0TCX [141]. 
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0 5 10 15 2 0 25 q 
Figure 2 0 . D i s t r i b u t i o n f u n c t i o n o f c l u s t e r s in t e r m s o f t h e n u m b e r o f 
a t o m s in t h e m , p l o t t e d for p o i n t s a, b , a n d c in F i g . 18. T h e t o t a l n u m b e r 
d e n s i t i e s o f c l u s t e r s a n d a t o m s a t a g iven m o m e n t a r e g iven . 

described by the liquid drop model . In fact, in this regime, 
at the complet ion of the process the average number of 
a t o m s in a cluster depends weakly on the initial density of 
a toms , in contras t to the result given by E q n (5.37) which 
cor responds to the merging of two clusters as a result of 
collision, in the same way as is t rue of liquid d rops . 

6. Experimental aspects of cluster formation in 
free jet expansion 
6.1 Cluster beams in cluster physics 
Supersonic expansion of a gas is the basic process in the 
generat ion of cluster beams . The beam formed in this way 
can have a higher intensity and a lower t empera tu re t h a n 
those generated by the effusion sources. Therefore, cluster 
b e a m s formed by gas expansion are used not only for 
technological tasks , bu t also in studies of the proper t ies of 
the clusters themselves when a cluster beam has to satisfy 
different requi rements . In an analysis of these p rob lems we 
shall concent ra te our a t tent ion on the sources of metall ic 
clusters and begin with a descript ion of the sources of 
clusters and cluster ions which are used in the de te rmina­
t ion of the cluster pa ramete r s . 

Two types of vapour sources are used in the format ion 
of metall ic clusters. In the case of alkali metals and a 
number of t ransi t ion metals the vapour is generated in an 
oven or in a heated crucible, which is followed by the 
injection of a buffer gas s tream, usual ly hel ium. The 
subsequent passage t h rough a nozzle and expansion of 
this beam in vacuum leads to the format ion of metall ic 
clusters [142 -146] . M e t a l evapora t ion is used for the 
major i ty of t rans i t ion metals . A typical exper imental setup 
used for this pu rpose is shown in Fig. 21 
[147 -151] . Laser rad ia t ion is usual ly focused on a meta l 
wire or a disk, and the evapora ted a toms enter the s t ream 
of a buffer gas, where they form clusters. The cluster size 
m a y be control led by the pa rame te r s of the source, 
including the buffer gas pressure. Cluster ions of a given 
size are extracted from a beam by s tandard m e t h o d s 
involving the use of suitable filters and mass spectrometers . 

\ 
\ 

\ 

F igure 2 1 . A p p a r a t u s u s e d in l a se r g e n e r a t i o n o f a b e a m w i t h m e t a l l i c 
c l u s t e r i o n s : ( 7 ) l a se r r a d i a t i o n u s e d in t a r g e t e v a p o r a t i o n ; ( 2 ) w i r e 
t a r g e t ; (3) b u f f e r g a s f low; (4) n o z z l e . 

A meta l target m a y be evapora ted no t only by laser 
rad ia t ion , bu t also by ion b o m b a r d m e n t . Fig. 22 shows a 
typical a r rangement used in this case [152]. Ions of a ra re 
gas used to sputter a meta l target are accelerated to 22 keV 
and pass t h rough a Wien filter for purif icat ion. This filter is 
an ion-velocity selector. It m a y include a magne t and a 
deflecting field perpendicular to it. This technique has been 
used in studies of spon taneous and collisional decay of 
cluster ions. 

Clusters and cluster ions formed by these m e t h o d s can 
be used to analyse their var ious pa ramete r s , and the 
processes involving them. Earlier (Section 4) we considered 
the p h o t o a b s o r p t i o n by cluster ions formed by such 
me thods . Beams of clusters and cluster ions m a k e it 
possible to measure the cluster ionisat ion potent ia ls , the 
electron affinity of clusters, the b inding energy of a toms , the 
excitation energies, the opt ical pa rame te r s of clusters, etc., 
p rovid ing informat ion on clusters and cluster ions with 
different n u m b e r s of a toms . Fig. 23 shows schematically the 
a p p a r a t u s used in photoe lec t ron spectroscopy of clusters 
[153 - 1 5 5 ] . In this case a beam of negatively charged cluster 
ions forms as a result of laser i r radia t ion of a surface and 
the evapora ted mater ia l is carried away by a buffer gas 
s tream, which passes t h rough a nozzle. These negative 
clusters are then accelerated to energies of several h u n d r e d s 
of electron volts and selected by a time-of-flight mass 
spectrometer . The negative cluster ions with a given 
number of a t o m s are dissociated in a drift chamber under 
the act ion of laser rad ia t ion . The drift t ime of electrons in a 
s t rong magnet ic field is determined by their energy, so tha t 
a time-of-flight spectrum of electrons gives the electron 
energy dis t r ibut ion. This me thod can therefore be used to 
determine b o t h the b inding energy of an electron in a cluster 
for the op t imal configurat ion of a toms in it and the 
dis t r ibut ion of clusters in te rms of the b inding energy of 
electrons for different configurat ions of a t o m s in a cluster. 

The magnet ic time-of-flight photoe lec t ron spectrometer 
is wor th special ment ion , because it can be used to measure 
the electron energies with a satisfactory precision. The 
cyclotron na tu re of the mo t ion of electrons in a s t rong 
magnet ic field is the basis of the spectrometer [156, 157]. A n 
electron moves freely only in the direction of the magnet ic 
field and if its initial direction of mo t ion is a lmost 
perpendicular to the field, the mot ion of an electron a long 
the magnet ic field is slow. A time-of-flight electron 
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Figure 2 2 . A p p a r a t u s u s e d in a s t u d y o f f r a g m e n t a t i o n ( s p o n t a n e o u s o r 
c o l l i s i o n a l ) o f c l u s t e r i o n s f o r m e d b y s p u t t e r i n g a t a r g e t w i t h a b e a m o f 
r a r e - g a s i o n s w i t h k i l o e l e c t r o n - v o l t e n e r g i e s : ( 7 ) i o n s o u r c e ; ( 2 ) W i e n 
filter for i o n b e a m p u r i f i c a t i o n ; (3) c h o p p e r ; (4) t a r g e t ; ( 5 ) i o n o p t i c s ; 

(<5) W i e n filter for s e p a r a t i o n o f c lu s t e r i o n s ; ( 7 ) r e g i o n o f c o l l i s i o n s o f 
c l u s t e r i o n s w i t h a t o m s o r m o l e c u l e s o f a n in j ec t ed g a s ; (8) t ime -o f - f l i gh t 
r e f l e c t r o n for d e t e c t i o n o f c lu s t e r i o n s . 

7 / e V 

Figure 2 3 . A p p a r a t u s u s e d in g e n e r a t i o n o f se lec t ive c lu s t e r b e a m s , 
i n t e n d e d for t h e a n a l y s i s b y p h o t o e l e c t r o n s p e c t r o s c o p y o f c l u s t e r s [153 -
155]: ( 7 ) bu f f e r g a s f lux; ( 2 ) l a se r for m e t a l t a r g e t v a p o r i s a t i o n ; 
(3) s k i m m e r ; (4) a c c e l e r a t i n g g r i d s ; ( 5 ) i o n o p t i c s ; (6) m a g n e t ; 
( 7 ) l a se r ; (8) i o n d e t e c t o r ; ( 9 ) e l e c t r o n d e t e c t o r . 

spectrum can be used to determine the electron velocity 
a long the magnet ic field and hence the energy dis t r ibut ion 
of electrons. 

Extensive informat ion is available on the ionisat ion 
potent ia ls of clusters. The dependence of the ionisat ion 
poten t ia l on the cluster size makes it possible to identify the 
most stable cluster s t ructures and the cor responding magic 
number s . A photoe lec t ron spectrum of a cluster beam 
conta in ing neut ra l clusters of different sizes can also be 
used to determine the magic n u m b e r s of clusters. Exper i ­
men t s on var ious modif icat ions have been carried out for 
m a n y clusters, including clusters of alkali metals and their 
c o m p o u n d s [ 1 4 3 - 1 4 5 , 1 5 5 - 1 6 6 ] , silver [167], copper [168], 
alkaline ear th metals [169, 170], a luminium [170-171] , 
indium [172, 173, 177], nickel [180], i ron [181], vanad ium 
and n iob ium [182], etc. These exper iments have provided 
informat ion b o t h on the vertical ionisat ion potent ia ls of 
clusters and on the mass spectra of the resul tant cluster 
ions. Fig. 24 gives the vertical ionisat ion potent ia ls of 
copper clusters [168]. 

0 20 4 0 60 80 100 120 q 
Figure 2 4 . V e r t i c a l i o n i s a t i o n p o t e n t i a l s o f c o p p e r c l u s t e r s [168]. 

Ano the r way of analysing the stability of clusters is 
based on studies of their chemical activity, which depends 
b o t h on their s t ructure and size. The chemical activity of 
clusters is correlated with their ionisat ion potent ia ls . The 
relat ionship between the chemical activity of clusters and 
other cluster pa rame te r s has been studied for clusters of 
t rans i t ion metals . F ig . 25 shows the dependence of the 
chemical activity of vanad ium and n iob ium clusters, 
compared with tha t of the deuter ium molecule, on the 
cluster size [182]; Fig. 26 shows h o w the growth ra te 
cons tant of cluster ions, compared with tha t of the 
deuter ium molecule, depends on the cluster size [183]. 

It should be po in ted out tha t the p rob lem of heat release 
from a beam is no t so severe in the generat ion of a beam of 
ions with a given size as in the format ion of a cluster beam 
from a beam of a toms . In fact, if a beam of cluster ions of a 
given size is to be used later, it is necessary to ensure tha t its 
intensity exceeds the threshold in a given experiment . 
Therefore, it is u n i m p o r t a n t if the main cont r ibut ion to 
the intensity of a beam generated in this way comes from 
a t o m s and the clusters with a given size represent the tail of 
the dis t r ibut ion function. F o r this reason, the condi t ions for 
generat ing selective cluster beams are no t the same as the 
opt imal conditions for generating intense beams, because the 
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Figure 2 5 . C h e m i c a l r e a c t i v i t y o f v a n a d i u m (a) a n d n i o b i u m (b) c l u s t e r s 
w i t h a d e u t e r i u m m o l e c u l e , p l o t t e d a s a f u n c t i o n o f t h e c l u s t e r size [182]. 

£ / 1 0 - 1 4 c m 3 s - 1 
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Figure 2 6 . R a t e c o n s t a n t s o f t h e c h e m i c a l r e a c t i o n o f i r o n c l u s t e r s w i t h 
d e u t e r i u m m o l e c u l e s [183], p l o t t e d for d i f fe ren t c l u s t e r s izes : ( 7 ) c o l d 
c l u s t e r s ; ( 2 ) h e a t e d c l u s t e r s . 

pr ime aim is to carry out 'clean' experiments and not to ensure 
a high intensity of a beam of cluster ions with a given size. 

By way of example, let us consider the de terminat ion of 
the mobil i ty of cluster ions of a given size in hel ium, which 
has been carried out for ca rbon [191], silicon [192, 193], and 
a luminium [194]. This example is interest ing for two 
reasons . Firs t , it establishes a relat ionship between the 
m e t h o d s for the generat ion of cluster ion b e a m s reviewed 
here and the measurements of the pa rame te r s of b o t h the 
cluster ions themselves and the processes in which they 
par t ic ipate . Second, it makes it possible to determine 
whether the liquid drop model , used above in an analysis 

of var ious processes involving clusters, is applicable to 
given clusters. 

The me thod for determining the mobil i ty of cluster ions 
with a given number of a toms consists of the following 
opera t ions . The cluster ions are formed as a result of pulsed 
laser i r radia t ion of a wire which is in cont inuously flowing 
hel ium. The hel ium is kept at a low t empera tu re ( M 8 0 K ) , 
which reduces con tamina t ion and increases the ou tpu t 
signal. The cluster ions formed in this way are focused 
on the ent rance of a quad rupo le mass spectrometer , which 
selects cluster ions with a given size from the beam. These 
ions are then focused on the ent rance to a drift chamber 
into which they are injected with different initial energies. 
The ion mobil i ty is deduced from the t ime of the mo t ion of 
these ions in the drift chamber . 

Fig. 27 gives the values of the relative mobil i ty of 
a luminium cluster ions A1+ with q = 5-73 at r o o m 
tempera tu re [194]. These values will be analysed later. 
W e can see tha t the cluster ion mobil i ty, considered as a 
function of the number of a toms in a cluster, has an 
oscil latory s t ructure , which does no t agree with the liquid 
drop mode l used in Ref. [194]. The degree and na tu re of this 
discrepancy of the mobil i ty of cluster ions from the 
theoret ical predic t ions is analysed in Ref. [194]. Accord ing 
to the liquid drop mode l of a cluster the process of collision 
of a hel ium a tom with a cluster ion is regarded as a collision 
between a ha rd cluster whose rad ius is given by E q n (3.11) 
and a hel ium a tom which is a ha rd sphere of 0.11 n m 
radius . Let us denote the mobil i ty of a cluster ion found in 
this way by K0. Fig . 28 gives the rat io of the measured 
mobil i ty of a cluster ion K to this quant i ty at r o o m and 
liquid ni t rogen tempera tures . 

0.90 -

A1+ in H e 

0.85 -

0.75 -

0 10 2 0 30 40 50 60 70 80 q 

Figure 27 . R e l a t i v e m o b i l i t y o f a l u m i n i u m c l u s t e r i o n s in h e l i u m a t r o o m 
t e m p e r a t u r e [194]. 

It follows from Fig. 28 tha t at some values of the 
number of a t o m s in a cluster ion the measured mobil i ty 
differs greatly from the cor responding value obta ined for 
ha rd spheres. This discrepancy disappears at higher t em­
pera tures . It follows tha t there are nonspher ica l cluster ion 
s t ructures at low tempera tures . Fig. 29 is the t empera tu re 
dependence of the rat io of the mobili t ies measured and 
calculated on the basis of the spherical model , p lot ted for 
the n u m b e r of a toms in a cluster when this rat io is largest. 
The t empera tu re at which the rat io of these mobili t ies 
becomes uni ty cor responds to the energy of t r ans format ion 
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Figure 2 8 . R a t i o o f t h e m e a s u r e d m o b i l i t y o f a l u m i n i u m c l u s t e r i o n s in 
h e l i u m t o t h e m o b i l i t y c a l c u l a t e d o n t h e b a s i s o f t h e h a r d s p h e r e m o d e l , 
p l o t t e d a s a f u n c t i o n o f t h e n u m b e r o f a t o m s in a c l u s t e r a t t w o 
t e m p e r a t u r e s [194]. 
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Figure 2 9 . T e m p e r a t u r e d e p e n d e n c e o f t h e r a t i o o f t h e m e a s u r e d m o b i l i t y 
o f A l | 5 a n d A l | 6 c l u s t e r i o n s in h e l i u m t o t h a t c a l c u l a t e d o n t h e b a s i s o f t h e 
m o d e l o f h a r d s p h e r e s [194]. T h e a r r o w s i den t i f y t h e t e m p e r a t u r e s 
c o r r e s p o n d i n g t o m o d i f i c a t i o n in t h e c l u s t e r s t r u c t u r e . 

Table 1 1 . E x c i t a t i o n p a r a m e t e r s o f s p h e r i c a l a l u m i n i u m c l u s t e r s [194] 
w h e n t h e g r o u n d s t a t e o f a c l u s t e r h a s a d i f fe ren t s t r u c t u r e . 

N u m b e r o f a t o m s E x c i t a t i o n t e m p e r a t u r e o f A c t i v a t i o n 
in a c l u s t e r q s p h e r i c a l s t r u c t u r e / K e n e r g y / e V 

2 7 245 0.49 

45 345 0.71 

4 6 275 0.55 

from the op t imal nonspher ica l s t ructure to the spherical 
s t ructure. The relevant da ta are given in Table 11 [ 1 9 4 ] . 

Our example thus shows h o w the m e t h o d s for gen­
erat ing cluster b e a m s from an expanding vapour or a gas 
can be used in specific measurements on b e a m s of clusters 
of the same size. In measurements of this kind there is no 
need for very intense cluster beams , bu t 'c leaner ' experi­
men ta l condi t ions are required. Moreover , this example 
shows tha t a l though the liquid drop mode l used for clusters 
in this review is app rox ima te and no t always valid, on 
average it works quite well. The mode l comes closer to 
reality as the cluster size increases and as the t empera tu re 
increases. 

6.2 Experimental studies of intense cluster beams 
Cluster b e a m s are used widely in microelectronics in the 
fabrication of coat ings and the format ion of surfaces and 
contacts with specific proper t ies (see, for example, 
Refs [ 1 0 , 1 1 , 1 7 - 2 8 ] ) . These b e a m s are used in the 
deposi t ion of metallic, semiconduct ing, and insulat ing 
films consisting of meta l oxides, carbides, and halides. 
The cluster beam technique can be used to form organic 
coat ings on insulat ing substra tes [ 2 2 ] . The acceleration of 
charged clusters to high energies provides oppor tun i t ies for 
other appl icat ions when the collisions of clusters with the 
surface erode it. These appl icat ions include cleaning of 
surfaces by the removal of a surface layer of a toms 
[ 1 0 , 1 2 , 1 9 5 ] , the sput ter ing of a mater ia l or a change in its 
s t ructure [ 9 , 1 2 , 1 9 5 ] , and procedures used in t h e r m o n u ­
clear fusion studies [ 2 9 - 3 1 , 1 9 6 , 1 9 7 ] . 

In all these cases the cluster b e a m s are formed from a 
flux of ho t a toms when the vapour escapes t h rough a nozzle 
into space. The simplest source of this type is shown in 
Fig. 4 . The processes which can occur are simpler t han in 
the evapora t ion of an a tomic vapour from the surface. 
However , in the region of format ion of a beam near a 
nozzle the relevant pa rame te r s depend on the distances b o t h 
from the nozzle and from the beam axis. These pa rame te r s 
have been model led for an a tomic gas [ 4 , 1 9 8 ] . The velocity 
of a beam immediate ly after it is formed has the following 
value for an a tomic gas: 

where T0 is the t empera tu re in the chamber employed, m is 
the mass of a gas a tom, and the asymptot ic expressions for 
the number density of a toms N and the t empera tu re T far 
from the nozzle (at a distance x from it) are [ 4 , 1 9 8 ] 

/ r \ 2 / / A 4 / 3 

N = 0 A 5 N 0 ( - j , T = 0 . 2 8 2 r 0 f - j . ( 6 . 2 ) 

Here , N0 is the initial number density of a t o m s in the 
chamber , d is the nozzle diameter , and the above 
expressions are valid if x > Ad. 

These expressions apply to an a tomic gas. They should 
be modified when the clusterisation takes place in an a tomic 
beam. In par t icular , the release of energy in the course of 
clusterisation alters the beam energy ba lance because the 
beam tempera tu re is higher than tha t given by E q n ( 6 . 2 ) 
even when the beam expands in the buffer gas. Moreover , 
the expressions in E q n ( 6 . 2 ) describe the asymptot ic 
behav iour of the beam pa ramete r s at relatively large 
distances (x > Ad) from the nozzle. Closer to the nozzle 
the dis t r ibut ion of the mean pa rame te r s over the cross 
section is i nhomogeneous and it is here tha t the beam 
clusterisation takes place. One should add tha t the beam 
pa rame te r s near the nozzle depend on the nozzle profile 
[ 1 9 9 ] . 

They are slightly different for hyperbol ic and straight 
conical nozzles [ 1 9 9 ] . All these factors complicate the 
theoret ical analysis of the b e a m pa rame te r s when the 
clusterisation takes place. 

A convenient me thod for analysing clusterisation in an 
expanding beam was developed by H a g e n a [ 1 3 , 1 4 , 1 9 8 — 
2 0 2 ] who suggested a scaling law for a beam on the basis of 
the exper imental da ta . H a g e n a in t roduced a reduced scaling 
condensa t ion pa ramete r , which will be called the H a g e n a 
pa ramete r : 
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r*= —, r = N0d«T"0 
1 ch 

n 3 - o ^ 0 . 2 5 o - 1 . 5 

o T 0 . 2 5 o - 1 . 5 

Pj 

1/3 (6.3) 

Here , N0 and T0 are the gas pa rame te r s at the exit from the 
nozzle; m is the mass of an a tom; d is the nozzle diameter ; 
p is the density of the condensed mater ia l ; and Tch is the 
characteris t ic (species-specific) subl imat ion energy of a 
mater ia l per a tom, expressed in kelvin. On average the 
values of q are within the range 0.5 - 1 and are selected so 
tha t the scaling law is the op t imal approx ima t ion to the 
exper imental da ta . The best results are obta ined for 
q = 0.85. Table 12 lists the values of r c h for a range of 
gases [201] obta ined assuming this value of q. A n analysis 
of var ious gases shows tha t the clusterisation occurs when 
T* > 200. 

Table 12 . V a l u e s o f t h e H a g e n a r e d u c e d p a r a m e t e r o f s o m e v a p o u r s a n d 
g a s e s [200]. 

G a s , v a p o u r r c h / 1 0 1 4 m - 2 " 1 5 K - L 2 9 G a s , v a p o u r r c h / 1 0 1 4 m - 2 ' 1 5 K - 1 ' 2 9 

A r 347 G a 5.8 

K r 210 I n 5.6 

N a 11.5 G e 3.4 

K 9.1 R b 6.4 

C s 7.8 F e 5.0 

C u 6.3 N i 6.6 

A g 6.0 Z n 17.8 

A u 4.3 C d 16.9 

A l 5.5 H g 32.4 

The H a g e n a reduced condensa t ion pa ramete r is the 
rat io of the ra te of condensa t ion to the ra te of expansion 
of a beam, b o t h obta ined by a semiempirical me thod . Let 
the reduced clusterisation pa ramete r be x = v c o n T e x , where 
v c o n is the frequency of condensa t ion (clusterisation) in a 
beam and T e x is the beam expansion t ime. The condensa t ion 
(clusterisation) frequency can be found from v c o n = N0k09 

where NQ is the initial n u m b e r density of a toms in the beam 
and the ra te cons tant &0 is given by E q n (2.35). It then 
follows from E q n (2.7) tha t 

R 

wtan a 

where R is the beam radius , u is the b e a m velocity, and a is 
the beam aper tu re angle. Therefore, the dimensionless 
pa ramete r represent ing the clusterisation in an a tomic 
beam is 

CN0d 
t an a 

(6.4) 

where the constant in the case of silver is C = 
2.9 x 1 0 ~ 1 6 c m 2 . The dimensionless pa ramete r x should 
obviously cor respond to the H a g e n a pa ramete r . In fact, the 
H a g e n a pa ramete r is in t roduced as a semiempirical 
quant i ty in order to summar ise the exper imental results, 
whereas the dimensionless pa ramete r x follows from a 
theoret ical descript ion of the process on the basis of the 
liquid drop mode l of clusters. The two pa rame te r s 
therefore represent the same process, bu t are based on 
different informat ion on the process. It follows tha t if the 

liquid d rop mode l of clusters used in the theoret ical 
analysis correctly describes reality, the dimensionless 
pa ramete r x should cor respond to the H a g e n a p a r a ­
meter . The two pa rame te r s have similar numer ica l 
values. F o r example, under the condi t ions of H a g e n a ' s 
experiments [202] on the clusterisation of a beam of silver 
a t o m s ( r 0 = 2 2 0 0 - 2 4 0 0 K, p0 = 1 8 - 1 4 0 kPa , d = 035-
1 m m , a = 5° - 8 . 5 ° ) the rat io of these pa rame te r s is 

x 
T 1.0 ± 0 . 2 (6.5) 

This cor respondence between the dimensionless p a r a ­
meter x and the H a g e n a pa rame te r demons t ra tes tha t the 
liquid drop mode l of clusters can correctly describe the 
na tu re of the clusterisation of an a tomic beam as it expands 
and cools after passing th rough a nozzle. 

Let us n o w compare the exper imental da ta for the 
clusterisation of a rgon with the theoret ical models con­
sidered in Section 5. W e shall use E q n (5.36) for the 
condensed fraction and Eqn (5.39) for the average cluster 
size. The asymptot ic expressions of H a g e n a [4, 198] for the 
pa rame te r s of a gas beyond a nozzle [see E q n (6.2)] and the 
b o u n d a r y condi t ions near the nozzle, al low us to a p p r o x ­
imate the gas pa rame te r s in the in termedia te region by the 
following expressions: 

T = T. 1 + 3 . 5 5 N = N{ 1 + 6 . 7 

(6.6) 

where x is the distance from the nozzle and d is the nozzle 
diameter . The flow of velocity is assumed to be 
v T = ( 5 r / m ) ^ 2 , where m is the mass of an a tom. The 
influence of heat release as a result of clusterisation is 
allowed for by replacing the initial gas t empera tu re T0 with 
the quant i ty T0 + (2e/3) , where s is the b ind ing energy of a 
cluster per a tom. This is equivalent to the replacement of 
the initial kinetic energy of an a tom 3T0/2 with (3T0/2) + e 
(all the t empera tu res are in energy units) . In par t icular , the 
initial a rgon t empera tu re T0 = 300 K is replaced with 
T0 = 780 K in the case of large-cluster format ion . 

On the basis of the available da ta [139] for the ra te 
cons tant of the three-body process of Eqn (5.5) (see also 
Table 10), we can select in accordance with E q n (5.4) the 
value of K = 1 x 1 0 3 2 c m 6 s _ 1 , which is accura te to within a 
factor of 2. Fig. 30 gives the dependence of the fraction of 
the condensed phase on the H a g e n a pa ramete r and makes it 
possible to est imate the validity of the assumed quant i ty . 
Fig. 31 gives the dependence of the average size of a rgon 
clusters on the H a g e n a pa ramete r if the clusters are formed 
as a result of free gas expansion beyond the nozzle. If the 
cluster t empera tu re is t aken from Ref. [203], it follows tha t 
the clusterisation t empera tu re is within the range 3 0 - 4 0 K. 
Then the pa ramete r T e x should be determined at such a 
distance from the nozzle where the gas t empera tu re reaches 
this value. 

Let us n o w consider the results of a compar i son of the 
exper imental and theoret ical da ta . Bo th theory and experi­
ment demons t r a t e a s t rong dependence of the average size 
of a rgon clusters on the H a g e n a pa ramete r , i.e. the simple 
mode l is capable of describing the main features of the 
process . The threshold na tu re of the clusterisation process is 
accounted for, on the basis of this model , by the small ra te 
cons tant of the three-body process of format ion of 



P r o c e s s e s in e x p a n d i n g a n d c o n d e n s i n g g a s e s 655 

0.5 

0.3 

0.2 

I O - 1 -

0.05 -

0.03 

0.02 h 

1 0 " 

n A 
• D y 

X A > < 

• X 

X 

• • 

J _ l I I 11 1 1 

• - 1 

• -2 
x - 3 

A - 4 

A - 5 

I L_ 1 0 z 500 1 0 J 5000 r 

Figure 3 0 . F r a c t i o n o f t h e c o n d e n s e d p h a s e ( m o l e c u l e s , c l u s t e r s ) f o r m e d 
o n e x p a n s i o n o f a r g o n a n d x e n o n a f te r p a s s a g e t h r o u g h a n o z z l e , p l o t t e d 
a s a f u n c t i o n o f t h e H a g e n a p a r a m e t e r . E x p e r i m e n t a l r e s u l t s : ( 7 ) [203]; 
( 2 ) [204]; (3) [205]. C a l c u l a t i o n s b a s e d o n E q n (5 .36 ) : (4) t h r e e - b o d y 
r a t e c o n s t a n t K — 1 x 1 0 - 3 2 c m 6 s _ 1 ; ( 5 ) t h r e e - b o d y r a t e c o n s t a n t 
K = 2 x 1 0 " 3 2 c m 6 s _ 1 . 
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Figure 3 1 . A v e r a g e n u m b e r o f a t o m s in a r g o n c l u s t e r s f o r m e d b y free-jet 
e x p a n s i o n o f a r g o n f r o m a n o z z l e , p l o t t e d a s a f u n c t i o n o f t h e H a g e n a 
p a r a m e t e r . E x p e r i m e n t a l r e s u l t s : ( 7 ) [203]; ( 2 ) [206]; (3) [207]. 
C a l c u l a t i o n s b a s e d o n E q n (5 .37 ) : (4) t h r e e - b o d y r a t e c o n s t a n t o f 
f o r m a t i o n o f m o l e c u l e s K — 1 x 1 0 - 3 2 c m 6 s - 1 ; ( 5 ) t h r e e - b o d y r a t e 
c o n s t a n t K = 2 x 1 0 ~ 3 2 c m 6 s - 1 . 

descript ion of the clusterisation in an expanding gas [141]. 
On the other hand , this compar i son shows some discrep­
ancy between different sets of exper imental results 
considered on the basis of the H a g e n a model . This requires 
a m o r e careful analysis of the exper imental da ta and their 
dependences on the condi t ions dur ing experiments . 

In analysing the format ion of a cluster beam from a 
vapour source we shall assume tha t this vapour consists of 
a t o m s when it flows th rough the nozzle. The clusterisation 
of a t o m s then releases their b ind ing energy, so tha t 
complete clusterisation of a vapour requires the presence 
of a buffer gas whose a toms or molecules t ake up the excess 
energy released dur ing crystallisation. A buffer gas is used 
in practically all sources of cluster beams . The exception is 
the case of the format ion of caesium cluster b e a m s 
[208, 209] by electrical hea t ing of liquid caesium with the 
resul tant vapour flowing by a nozzle (Fig. 4). Evident ly the 
condi t ions dur ing evapora t ion are in this case such tha t the 
resul tant vapour conta ins droplets . Then the clusterisation 
of the vapour beyond the nozzle does no t result in a release 
of a large specific energy bu t leads to a redis t r ibut ion of the 
cluster sizes. 

Large clusters can be p roduced in the absence of a 
buffer gas if the surface is i r radiated by a beam of ions of 
kilo electron-volt energies (see, e.g. Refs [12, 152, 2 1 0 -
216]). Then , fragments which represent large clusters are 
detached from the surface. A l though this me thod has been 
used to form clusters of meta ls and salts, the resul tant 
cluster b e a m s are of low intensity. W h e n this m e t h o d is used 
to form cluster beams , the cluster kinetics discussed above is 
u n i m p o r t a n t . 

7. Conclusions 
The flow of a gas or a vapour into the su r round ing space is 
a convenient me thod for the format ion of intense cluster 
beams . This me thod involves the par t ic ipa t ion of a number 
of nonequi l ibr ium processes and the n a t u r e of these 
processes affects the final results. Exper imenta l investiga­
t ions together with a theoret ical analysis of the processes 
tha t occur have demons t ra ted the considerable capabilit ies 
of this me thod for the generat ion of intense cluster beams 
needed in var ious appl icat ions , and also poten t ia l improve­
ments in the current m e t h o d s used in the de terminat ion of 
the pa rame te r s of cluster ions and processes in which they 
par t ic ipate . Since the t ransi t ion from an expanding gas to a 
cluster beam is control led by universal laws, it is na tu ra l to 
expect tha t the same processes also occur in na tu re , giving 
rise to specific na tu ra l p h e n o m e n a . Moreover , unde r ­
s tanding the processes of clusterisation in expanding 
b e a m s will help in a m o r e successful use of these b e a m s 
in scientific research and in pract ical appl icat ions . 
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molecules [Eqn (5.5)], compared with the ra te cons tant of 
coalescence of two liquid clusters [Eqn (5.30)]. The char­
acteristics of this mode l m a y be included in the general 
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