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Abstract. A growth of fractal aggregates in laser plasma of a drop (compact cluster) is considered as a limiting case

with a dispersion phase is discussed. The molecular
compositions of saturated vapours produced by the effusion
Knudsen method and by laser ablation are compared. A
considerable attention is given to gas-like clusters. The
formation of macroscopic structures during relaxation of the
laser plasma and the role of dipole interaction in the
aggregation of compact clusters are considered.

Keywords: optical discharge, fractal structures, dusty plasma,
percolation.

1. Introduction

The accepted model of formation of branched fractal
microscopic structures from a vapour—gas phase is the
model of diffusion-restricted aggregation. The aggregation
in a discharge plasma is preceded by two processes: the
formation of molecular associates and condensation of
vapours. The condensation centres, around which liquid
drops are formed, are predominantly ions. The associates
grow during mutual collisions and become denser, which
also results in the formation of liquid-phase nuclei. A model
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of an object having a maximum number of bonds in the
cluster. Another limiting case is a model of an associate
with a minimum number of bonds, when an atom interacts
only with a pair of its nearest neighbours [1, 2]. Such an
object is called gas-like because it cannot be characterised
by a certain volume and density. The question of which of
the models is more adequate for the description of the
properties of clusters at high temperatures in a dense
vapour—gas phase is of interest both for fundamental
science (nonideal plasma and nucleation theory) and the
modern technology for manufacturing new unusual struc-
tures. The role of associates in the formation of fullerenes
and carbon nanotubes is obvious. An important role of
associates in a discharge plasma is confirmed by exper-
imental studies [3], which revealed stable branched
macroscopic structures (dendritic long-lived filaments)
whose elements are coupled by molecular bonds.

The details of processes proceeding in plasmas are not
adequately studied so far. An optical discharge initiated and
maintained by laser radiation near a target surface allows
the study of a variety of media by varying external
parameters in a broad range, making it possible to inves-
tigate the influence of the target material on the efficiency of
formation of clusters and their aggregates in a high-density
vapour —gas phase.

2. Vapour and plasma near the target surface

The process of evaporation of a target surface by laser
radiation considered in many papers, reviews, and mono-
graphs (see, for example, [4—12] and references therein) is
described by the following scheme. The regime of developed
evaporation is realised at laser power densities
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where o« and y are the absorption coefficient and the
thermal diffusivity, respectively; ¢, is the laser pulse
duration; and Ty, is the boiling temperature. As the
power density increases, the target-surface temperature
increases logarithmically, and almost entire absorbed
energy is spent for evaporation. The rate u, of an
evaporation wave depends exponentially on the surface
temperature Ty:

w=mesp (7). &

where u, is the sound speed in the target material; T is the
evaporation heat per atom in kelvins. The pressure of
saturated vapours near the target surface also depends
exponentially on the temperature T5:

A 1 1
Pszpoexp{k—B(ﬁ—fﬂ’ 3)

where A is the latent heat of evaporation at the normal
pressure P,. As for the vapour flow velocity, their
hydrodynamic flow is established in a Knudsen layer,
which is adjacent to a surface being evaporated and has a
thickness of a few mean free paths [13]. The vapour is
cooled at the external boundary of the Knudsen layer. In
the limiting case of the sonic flow (the Mach number
M = 1) of a monatomic vapour, the temperature is lowered
down to T(M = 1) = 0.75T,. As a result, vapour becomes
supersaturated, which leads to its condensation. Although
the front of formation of ‘viable’ nuclei can be separated
from the surface being evaporated by tens and hundreds of
mean free paths, condensation also takes place at the initial
stage of the expansion. The energy released in this case
affects the parameters of vapour at the external boundary
of the Knudsen layer. In particular, the temperature is
increased and, hence, the vapour becomes less super-
saturated. Polyatomic vapour can remain unsaturated at
the boundary of the Knudsen layer even when the Mach
number is close to unity. Nuclei will be formed mainly at
the subsequent stages of the plasma expansion due to the
adiabatic expansion of the flow of evaporated matter.
The near-surface plasma induced and maintained by
laser radiation is usually classified in accordance with
processes proceeding in it [14—16]. The erosion and thermal
decomposition of the target material lead to the formation
of a vapour —gas flow whose weak electron—ion component
is determined by the ionisation equilibrium. The extinction
of laser radiation in an erosion plume is caused by
bremsstrahlung absorption at temperatures of the order
of 10* K (see, for example, [17]) and by the appearance of a
drop fraction at the plasma temperature no less than a few
thousands of kelvins. In the latter case, according to
[18, 19], the concentration of particles of size of the order
of 0.1 ym changes from 10" to 10'? cm™. The plume is
semitransparent for incident laser radiation, and the vapour
temperature in it is close to the boiling temperature of the
target material (~ 10> K). In the emission spectrum, emis-
sion lines of atoms and emission bands of molecules
dominate [14, 20]. The laser energy is predominantly
absorbed at the target surface, where a cavern is produced.

Along with evaporation, the melt is removed from the
cavern due to a thermocapillary motion [21], whose intensity
depends on the spatial variations in the surface tension.

Plasma can appear and develop without the formation of
a crater on the target surface. Various mechanisms facilitat-
ing the low-threshold breakdown were considered in papers
[22—28]. These mechanisms are the evaporation of the
target material [23], the evaporation of surface defects
[26, 27], and the thermal explosion of microcusps [28].
The low ionisation potential of metal vapours and the
absence of the electronic energy losses for excitation of
the vibrational molecular levels facilitate the development of
an avalanche breakdown. Depending on the experimental
conditions and radiation parameters, either a near-surface
optical discharge can be produced near the target or a light
combustion wave propagating towards laser radiation. The
velocity of the wave front is determined by the mechanism
of energy transfer to surrounding cold layers. For light
fluxes of a moderate intensity, energy transfer occurs due to
thermal conductivity [29, 30]. The plasma of the optical
discharge in gases has a high temperature (15000—20000 K),
high degree of ionisation (approaching a complete single
ionisation), and has the absorption coefficient for laser
radiation which screens the surface.

An optical discharge can be also produced in the target
vapours. A comparatively low ionisation potential of
vapours reduces the plasma temperature compared to the
temperature in gas discharges. Due to the surface screening,
the discharge in vapours can be nonstationary [16] because
vapour is absent in front of the wave and, unlike the gas
discharge, the propagation medium is absent. As a result,
when the laser power density is low enough, the velocity of
the discharge propagation towards the incident radiation is
limited by the velocity of the flow of target-material
vapours. The emission spectrum exhibits mainly the emis-
sion lines of ions [31]. As the power density of the light flux
increases, the passage from the discharge in vapours to the
gas discharge, like the passage from an erosion plume to the
vapour (gas) discharge occurs sharply.

Because the gas-breakdown threshold depends on the
gas density [30], a change in the discharge regime can also
occur when the external pressure is increased. We are not
aware of a systematic study of a low-threshold breakdown
depending on the surrounding gas pressure. The experi-
mental data on gas (nitrogen) breakdown at elevated
pressures near target surfaces (molybdenum, stainless steel)
are presented in papers [32—34]. It is assumed that, in the
range from 30 to 100 atm and at power densities
10° — 107 W ecm™2, a light combustion wave propagates
in the gas after its breakdown. A plasma region is formed
behind the wave front, which virtually completely screens
the target from the incident laser radiation.

3. Plasma containing a dispersion phase

Plasma with a condensed dispersion phase is a weakly
jonised gas containing solid or liquid particles of size 10~°—
107 m. Such particles are present almost in any low-
temperature plasma due to the condensation of a vapour—
gas phase or sputtering of electrodes, target, etc. The
presence of particles affects all the main parameters of the
plasma and its transport and optical properties. For
example, particles of micron and submicron sizes efficiently
capture electrons, acquiring a charge as high as 10° — 10° ¢
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per particle (where e is the elementary charge). If the
concentration of particles is sufficiently high, the electron
density decreases noticeably. Particles can capture virtually
all the negative charge of the plasma [35, 36], thereby
changing substantially its conductivity. To maintain a
discharge at an invariable ionisation rate, the electron
temperature should increase, which results in a more intense
optical emission.

Depending on whether particles in the plasma are stable
or, on the contrary, grow and evaporate, the plasma is called
the dusty or cluster plasma [37]. In the cluster plasma, which
exists at relatively high pressures and high temperatures,
processes involving atoms (condensation and evaporation)
play the dominant role. Tons with a comparatively low
degree of ionisation prove to be the condensation centres.
The three-particle character of the formation of diatomic
molecules inhibits the nucleation of clusters at low pres-
sures. The important parameters of the cluster plasma are
the pressure of saturated vapour and, hence, the tempera-
ture of the cluster surface. The atoms of a buffer gas and the
plasma electrons play a dominant role in the thermal
balance. For this reason, the cluster surface is heated up
to the temperature that is higher than the gas temperature
but is lower than the electron temperature. An individual
sufficiently large cluster is described with the help of the
liquid drop model [37, 38]. In particular, when the number n
of atoms forming a cluster is large (n = 100), the volume
and surface parameters of the appropriate liquid medium
can be used. On the contrary, models based on the proper-
ties of a continuous medium cannot be applied to describe
small clusters (n ~ 30). If the cluster temperature proves to
be lower than its melting temperature, which depends on the
cluster size, then the cluster is solidified. The binding energy
of atoms in the surface layer of a solid cluster is not a
monotonic function of its size and reaches a maximum for
closed configurations [39].

In the theory of nucleation [40], a concept of a nucleus,
representing a critical cluster for which the probabilities of
the attachment and evaporation of atoms coincide, is
introduced. For clusters of lower sizes, the rate of attach-
ment is lower than the evaporation rate. The radius of a
critical cluster is determined by the expression [41]
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where S = N/Ny(T) is the degree of vapour supersatura-
tion; N is the density of vapour atoms; Ny = P,/kgT is the
vapour density in a saturated vapour; v is the volume
occupied by an atom in a condensed phase; an y is the
surface tension coefficient. For a laser plasma produced
upon evaporation of metals, we have S ~ 2 and r,, ~ 1 nm
(n ~ 1000) [41].

Due to the attachment of electrons and ions, clusters
acquire a charge of a few e [37, 42]. In the case of a
conducting cluster, its total surface charge changes by unity.
In the case of a dielectric particle, charged centres are
formed at its surface, which are not necessarily of the same
sign. Coagulation upon collisions of neutral or oppositely
charged clusters determines the later stage of nucleation,
when a fraction of substance in the vapour state becomes
comparatively small.

The dusty plasma is studied, as a rule, at low pressure
when the electron temperature greatly exceeds the ion

temperature. The latter circumstance provides the negative
sign of dust particles, which is proportional to their size. The
energy of the Coulomb interaction between charged dust
particles can noticeably exceed the energy of their thermal
motion [43]. As a result, a strongly bound Coulomb liquid
[44, 45] and a Coulomb crystal [44, 46] can be produced.
The ordered dusty structures were observed in electrostatic
traps [44], the near-cathode region of a high-frequency
discharge [43], and in standing stratas of the positive column
of a glow discharge [47].

Several evolution studies of the dispersion phase in the
plasma of a radio-frequency discharge in the SiH4:Ar =
5:95 mixture (P = 120 mTorr) were distinguished using the
methods of mass spectrometry [48] and photodetachment
[49] produced by laser radiation. At the initial stage,
negative ions are formed. Then, macromolecular nano-
structures are formed, which have a comparatively small
negative charge. The next stage, which proceeds for a time
period from a few hundreds milliseconds to a few seconds, is
of a coagulation nature. At the beginning of this stage,
compact nanoclusters are formed. The electron microscopy
shows [50] that these clusters are not spherical but rather
resemble a structure of close-packed smaller spheres. The
formation of larger particles with a larger negative charge is
accompanied by a decrease in the electron density in the
plasma and an increase in the electron temperature. Having
reached a critical size, the particles leave the discharge
region because the ion drag force and the thermophoretic
force, ejecting particles from plasma, quadratically depend
on the particle size, whereas the electrostatic force, which
pulls particles into the discharge, depends linearly on the
particle size. As a result, a cavity is formed in the plasma,
which does not contain large particles [45, 46].

4. Macromolecules in a saturated vapour

Therefore, macromolecules can appear initially in the
plasma. In this connection, it is of interest to determine
the molecular composition of the saturated vapour ob-
tained, for example, by the effusion Knudsen method [51],
in which a narrow gas-dynamic jet (4 < d, where 4 is the
mean free path of atoms and d is the jet diameter) is used to
form gas-like clusters. An increase in the velocity of
translational motion and a decrease in the gas temperature
cease when the gas-dynamic expansion regime passes to the
molecular regime (4 > d). This usually occurs after the gas
flow has passed the distance equal to a few nozzle
diameters, and the gas density has decreased down to
10" — 102 cm ™. During the molecular regime, the clus-
ters, which have appeared and were grown at the previous
expansion stage, lose the possibility of a further growing
because of the absence of collisions (the so-called quenching
effect). The typical time of this process is 107 — 107 s [52].
The component composition of a vapour—gas flow in the
molecular regime is analysed by mass spectrometry.

A combination of the effusion method and mass
spectroscopy made it possible to determine the molecular
composition of the saturated vapour for most elements of
the periodic system and basic inorganic compounds [51]. It
was found that all metals evaporate in the form of atoms,
while the fraction of dimer molecules changes from 107! to
10”7, The composition of the saturated vapour for non-
metals proved to be more complicated. Thus, a set C, of
molecules was found for carbon, where n takes values from
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2 to 10, with a maximum for n = 3. A similar picture was
observed for elements of the six group (S, Se). In the
saturated vapour of alkali-metal halides, the main compo-
nent is a monomer, while the content of dimers can achieve
50 %. Oxides of metals of the first and second groups
dissociate upon evaporation with the formation of a metal
and oxygen. For the fourth-group oxides, the MeO mon-
oxide and its polymers are the main components of the
vapour, the degree of polymerisation being increased in
passing from silicon to lead [53].

It was shown already in the first experiments on laser
heating of carbon [54] that the degree of polymerisation of
molecules in the vapour flow is greater (n = 14) than that in
the effusion method. Later, a set C, of molecules with
n < 24 was detected upon laser evaporation of graphite in
vacuum. Even greater degree of polymerisation (n > 100,
where n in an even number) was obtained using the gas-
dynamic jet method and laser evaporation [55]. Maxima in
the spectrum were observed for n = 60 and 70; they were
made narrower by increasing the residence time of molecules
in the collision region [56]. The carbon molecules with n < 7
had a linear structure, and those with » =11 — 28 had a
cyclic structure. Spherically closed structures (fullerenes)
dominated beginning from n > 50. Experiments [55, 56] also
demonstrated the important role of a buffer gas, whose
presence increases the polymerisation efficiency. Note that
laser ablation causes a large degree of polymerisation in the
case of oxides as well. For example, after irradiation of
yttrium oxide by a single laser pulse, the (Y203),(YO)" ions
with n varying from zero to 18 were detected by mass
spectroscopy [57]. A further increase in the degree of
polymerisation was obtained in single-layer carbon nano-
tubes, which represent folded graphite layers [58]. The
length of such tubes of diameter of the order of one
nanometer was a few hundreds of micrometres. One of
the methods for manufacturing nanotubes is laser ablation
in the buffer-gas atmosphere [59]. Except single-wall tubes,
multiwall carbon nanotubes with the number of concentric
layers achieving a few tens were also obtained.

5. Formation of nanoclusters

The typical duration of the process of formation of clusters
by the methods of effusion [51] and laser ablation [60] is
determined by the quenching time and is 1077 — 107 s. It is
interesting to compare the results obtained by these two
methods. Note that in the Knudsen method, vapour is
expanded to vacuum, whereas most of the experiments with
cluster plasma (including laser ablation) are performed in
the buffer-gas atmosphere. The buffer gas noticeably
increases the clustering efficiency, absorbing the excess
energy released upon condensation. Various gas-dynamic
processes in the surrounding gas complicate the problem
compared to the case of the expansion of matter to vacuum.
Most of the theoretical papers devoted to laser ablation
considered the condensation and formation of a cloud upon
the expansion of vapour to vacuum.

These phenomena were first analysed in paper [61].
Condensation processes in a cloud formed upon laser
ablation of substance in vacuum were simulated in papers
[60, 62, 63]. It was shown that the theoretical model
proposed in [61] well describes the experiment [64] on
ablation of silicon in the helium atmosphere (P =4
Torr). It was predicted for Ge, Si, and C that clusters of

a critical size appearing for 50 ns in vacuum contain 16, 18,
and 20 atoms, respectively [62]. The mass spectroscopy
study [65] showed that the smallest compact silicon clusters
consisting of 30 atoms appear in the buffer-gas atmosphere
only after ~ 200 ns.

We can assume, following the discussion in Section 4,
that macromolecular objects are formed at the initial stage
of clustering, which are similar to ‘gas clusters’ obtained by
the Knudsen method [51] and in a high-frequency discharge
[48]. Later, these structures acquire a compact shape of a
liquid drop or a solid particle. This is confirmed by
experimental studies of the delay of the photoluminescence
signal [66], which is observed in silicon only in a solid state
[67], and also by the study of the fragmentation of initial
structures caused by laser irradiation [68]. The time of
formation of compact clusters, which depends on the
pressure and type of a buffer gas, proved to be of the
order of 1 ms [66].

When ablation is performed in a buffer gas (P ~ 1 atm),
condensation continues as long as the density of free atoms
in vapour is nonzero. The characteristic time t of the
condensation process and the number n of atoms are
described by the expressions [37]

T X ! Ko v n o (koNt)* Ko ®)
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where K ~ 10733 cm® s™! is the rate constant of the three-
body process of formation of diatomic molecules, which are
the condensation centres; ko = mrg(87/mm)’> ~ 107!
em3 s™! is a constant determining the rate of attachment
of atoms to a cluster of radius ry; m is the mass of vapour
atoms; and N, ~ 10" cm™ is the density of buffer-gas
atoms. As a result, we obtain the average number of atoms
in a cluster 77 ~ 10% for Nt ~ 10'? em ™ s.

If the laser irradiation time #, greatly exceeds 7, then the
characteristic size of a cluster can be estimated from the
expression [37]

ko /%t
no<<K]0V> b (©)

The heating of a material produced by laser radiation is, as
a rule, nonuniform. The gradients of temperature and
vapour density produced in this case are directed towards
each other. According to the expression P = NkgT, we have
[37]
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Because the density of atoms and the degree of super-
saturation in cold regions are higher, while the evaporation
rate is higher in hot regions, clusters are accumulated in
more cold peripheral plasma regions. When the total
density of vapour atoms contained in clusters Ny, = nN
(where N is the number density of clusters) greatly exceeds
the vapour density, a further growth of clusters occurs
according to the coagulation mechanism. In this case, the
average number of atoms in a cluster is described by the
expression

(Npkot > 1). 8
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By equating N, to the concentration of the evaporated
material (~ 10" cm™), we obtain that the characteristic
size of the clusters by the end of a 10-ms laser pulse will be
~ 10 nm (n ~ 10%). This corresponds to the characteristic
size of compact particles from which fractal structures are
formed upon laser evaporation [69, 70].

6. Charge of clusters

The surface of any body in a contact with a plasma
becomes charged. The high temperature and intense
emission of the plasma cause thermal and photoelectronic
emission from the surface, resulting in the accumulation of
a positive charge on the surface. When the plasma
temperature does not exceed 1000 K, the charge is
determined by a balance between the flows of positively
and negatively charged plasma particles coming to the
surface. Because electrons are more mobile, having acquired
a negative charge, the surface begins to attract positive ions
and repel electrons until a stationary negative charge is
established. The surface layer of the plasma, being
polarised, restricts the action of the Coulomb force of
the accumulated charge. The screening is characterised by
the Debye length.

A sufficiently large isolated particle (¢ > 10 nm) behaves
in the plasma as a spherical capacitor with the capacitance
C =~ 4meya and the charge Z, = C/V(a), where V(a) is the
floating potential depending on the temperature and mass of
plasma particles (7., T;, m., my;). The particle charge is
proportional to its radius. Each particle is surrounded by
the Debye sphere with a charge of the opposite sign, which is
characterised by the screening length. The estimate [49] of
the accumulated charge for typical parameters of the low-
pressure plasma (P ~ 10 Torr) with a low gas temperature
(T ~ 300 K) gives one elementary charge per one nanometer
of the particle radius. Therefore, a particle of micron size in
such a plasma acquires a charge of the order of 1000 e.

Nanoparticles can be considered as large molecules, and
the process of charge accumulation for them can be
described in terms of recombination and electron detach-
ment rather than in terms of a balance of flows. A charge
accumulated on such particles does not exceed usually
several e, and they are never in the stationary state; their
charge fluctuates and is described by statistical methods [71].

When the concentration of large charged particles is
sufficiently high, the negative charge per particle decreases
due to the overlap of Debye spheres. In the limit of a very
high number density N, of particles, the particles accumu-
late almost all electrons, and a charge per particle is

Q= ©)
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where n™" is the ion density. Note that the stationary charge
is established for ~ 107" s [49, 72].

7. Formation of fractal structures during
plasma relaxation

The formation of fractal structures after plasma relaxation
was observed upon the electric explosion of conductors [73],
evaporation of metals heated to high temperatures [74], arc
discharge and combustion [75], laser evaporation [69, 70,
76], and plasma sputtering [77]. Fractal aggregates pro-

duced in a plasma plume were deposited on a substrate and
were studied by electron microscopy. A separate fractal
cluster has a micron size and consists of nanometer particles
(3 — 10 nm). The distribution of the matter density in the
cluster is characterised by the fractal dimensionality d,
which depends in the general case on the experimental
conditions and the mechanism governing the cluster growth
[78]. Two models of the fractal growth in a gas phase are
more widely used: the diffusion-limited aggregation in the
particle —cluster system (d; = 1.6 +0.07 [73]) and cluster—
cluster aggregation (dy = 1.77 £ 0.03 [79]). The aggregation
in solutions is more often restricted by the rate of a
chemical reaction rather than by diffusion; as a result, the
average density of matter in the cluster proves to be higher
and its fractal dimensionality is higher (d; = 2.02 £+ 0.06
[80]). Gels also can be formed in solutions [81], when a
bound macroscopic structure consisting of fractal structures
is produced due to sol—gel transitions stimulated by a
chemical reaction. The dimensionality of these clusters
coincides with that of critical percolation clusters, which
depends only on the dimensionality of the Euclidean space:
dy = 1.80 £0.05 on a surface and 2.35+ 0.05 in a volume
[82]. These values of d; were obtained experimentally and
are in good agreement with model calculations based on the
approximation of solid spheres, i.e., in the absence of
interaction between particles.

Experiments showed that the fractal dimensionality of
structures obtained from a vapour—gas phase proved to be
lower (dy = 1.4 +0.2 [42, 70]) and depended on an external
electric field [42]. The model of diffusion-limited aggregation
was substantially modified [83-86] by introducing the
dipole—dipole interaction between particles whose dipole
moment can be induced by an external electric field [85, 86].
According to calculations [84, 85], as the interaction energy
increases, the fractal dimensionality decreases from ~ 1.7
down to ~ 1.1 and from ~ 2.46 down to ~ 1.37 in the two-
dimensional and three-dimensional cases, respectively. In
this modified model, the parameter p* is introduced, which
characterises the relation between the dipole interaction and
thermal energy

(10)

where p is the dipole moment of a particle and d, is the
distance between dipoles. If p* < 1 (high temperatures and
weak interaction), then usual branched fractal clusters are
formed. If p* > 1 (low temperatures and strong interac-
tion), then particles are aligned to form linear chains. Note
that such a behaviour of ferromagnetic particles was
discovered and interpreted earlier in paper [87].

As fractal clusters are accumulated, macroscopic struc-
tures such as aerogel [82], fractal structures [72, 88], and
fractal filaments [70, 89] are formed. The silicon dioxide
aerogel is the most thoroughly studied macroscopic fractal
object [90, 91]. The main element of this macrostructure is a
fractal cluster, and structures reveal fractal properties at
scales that are lower than its size (no more than 1 um). At
greater scales, macrofractals possess the properties of a
homogeneous system. Note that the dimensionality of an
isolated fractal cluster deposited from a gas phase averages
~ 1.8, whereas dr = 2.4+ 0.2 in the aerogel structure [91].

Cluster deposited on a substrate produce fractal layers.
The distribution of material in them depends on the cluster
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parameters (thermal energy, size, charge, dipole moment,
dimensionality, etc.), their number density, and the proper-
ties of the surface itself. The model experiment describing
the deposition of clusters on a substrate, their diffusion over
the substrate surface and aggregation to the structures
existing before was performed in paper [92]. It is shown
that the morphology of a fractal layer depends on the
relation between the system size L and the characteristic
scales (diffusion length L; and average distance L, between
the growing structures) and can correspond to different
models of the structure growth. Thus, the morphology of a
cluster produced during the diffusion-limited aggregation is
realised in the case of weak particle flows and a small size of
the system compared to the diffusion length (L < L;). The
model of cluster—cluster aggregation is realised for weak
flows and small diffusion length (L; < L < L,). The perco-
lation cluster model corresponds to structures formed in the
case of strong flows and large systems (L > L,). The
presence of the dipole moment of the particles being
deposited and the long-range interaction between them
result in the appearance of ordered structures (chains) at
low temperatures [88, 93].

Fractal filaments appear due to the aggregation of
fractal clusters in the presence of an electric field
(~ 100 V cm™") [70]. The field causes the reorientation of
microstructures, their directional aggregation and thicken-
ing inside a filament due to restructuring — the dissociation
of weak bonds and formation of new stronger bonds. It was
shown [89] that a fractal filament can be formed due to a
percolation transition in an ensemble of fractal aggregates
(clusters) if their concentration exceeds some critical quan-
tity. The transition occurs during a comparatively short time
interval (no longer than 1 s) compared to the accumulation
period (~ 1 min). In the case of evaporation of textolite by
laser radiation, a filament of length ~ 1 m and thickness
~ 1 mm was formed from carbon black particles [89].

In experiments with a radio-frequency discharge in a
dusty plasma [77], fractal aggregates of size no more than
10 pm produced due to electrode sputtering were detected.
Fractals behave as compact dusty particles, which accumu-
late an electric charge and, having reached a certain
concentration and size, move to the discharge periphery.
As a result, a cavity with sharp boundaries and enhanced
emission is formed inside a cloud of dusty particles. Dusty
particles observed in these experiments have a size of
~0.5um and a charge of ~ 10%. The size of fractal
aggregates is an order of magnitude larger and, obviously,
they can accumulate a charge an order of magnitude larger
as well.

The role of the ionisation state of a medium in the
formation of fractal clusters inside an ensemble of oppo-
sitely charged particles was considered in papers [94, 95]. Tt
was found that, at the earlier stage of coagulation, the next
step after the formation of one-, two-, and three-particle
charged aggregates was the accumulation of linear struc-
tures and their joining to form branched objects. The
folding of a chain to a compact structure prevents the
repulsion between particles with charge of the same sign. At
the later stages of the process, a directional coagulation
appears, in which the contacting clusters are coupled
through their oppositely charged sites. The fractal aggre-
gates produced in this process have a lower packing density
and a lower fractal dimensionality (d; = 1.38 £ 0.04 [95]).

8. Percolation in a laser plume

Both macroscopic and microscopic percolation models can
be realised in a dense vapour. In the first case, the structural
elements are compact clusters, and in the second —vapour
atoms or molecules, which form chemical bonds due to the
overlap of valence shells [96]. At the percolation threshold
(at some density of structural elements), an infinite (critical)
cluster appears. The microscopic percolation model well
interprets the metal-dielectric transition, which is observed
when the metal vapour density is close to the critical value
[97]. To obtain the corresponding state using laser ablation,
laser power densities of the order of 10° W ¢cm ™2 and higher
are required [98]. However, if structural elements (for
example, macromolecules or gas-like clusters) have the
shape of oblong ellipsoids, then their threshold concen-
tration can be substantially lower [89, 99].

Usually, the threshold dependence of the conductivity on
the medium composition corresponds to percolation. The
conductivity is low below the threshold; an increase in the
conductivity in the vicinity of the threshold for formation of
an infinite percolation cluster is characterised by a critical
exponent of the order of unity; and the conductivity tends to
a constant value well above the threshold. To study
percolation based on this dependence, it is necessary to
change the concentration of a conducting component in a
broad range. Upon laser irradiation of one-component
compounds, problems appear in the measurements of the
absolute density of a plume and its control, for example, by
varying the power density and external pressure. Another,
simpler and more convenient method is the use of a two-
component target, where, along with a percolating material,
which is, as a rule, a metal or its oxide, also a diluent is
contained.

Targets used in papers [100—105] were pressed tablets
prepared from the mixtures of powdered materials. The
characteristic percolation dependences were observed for the
emission and microwave conductivity of a plume induced by
moderate-intensity laser radiation. The percolation thresh-
old p, was expressed in terms of the relative concentration of
atoms of the percolating component. For most mixtures
studied in papers [100—104], the percolation threshold p, =
0.55 £ 0.05 was the same within the experimental error,
which corresponds to the two-dimensional percolation
model. Such a large threshold seems unexpected because
it should not exceed 0.33 for a three-dimensional object such
as a homogeneous plasma [106].

Experimental dependences were explained in [104] using
the model of macroscopic percolation, in which condensate
microparticles are the elements of a percolation cluster. To
estimate the size of particles at specified temperature,
pressure, and the diameter of a vapour—gas jet, the
empirical scaling parameter (Hagena parameter)

d q T 0.25¢g—1.5
(4 ()
( Ch) Fch Tch

m\'"/?
F'eh = | — s
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was introduced in [107—109]. Here, d is the diameter of a
plasma beam with temperature 7; p is the density of
clusters; T, is the sublimation energy in kelvins; and
g = 0.85 is a fitting parameter. According to [108], cluste-

(11)
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ring in free jets begins when the Hagena parameter is
~ 200, while the developed clustering with the number of
atoms of about 100 takes place when I'* ~ 1000.

The efficiency of clustering increases in the atmosphere
of a buffer gas, which takes the excess energy released upon
condensation. As pointed out in [41], the Hagena parameter
is in fact the ratio of the condensation rate to the gas-flow
expansion rate. Therefore, when vapour is cooled by
expanding in the buffer-gas atmosphere (P =1 atm), the
parameter, defined by expression (11), describes condensa-
tion only qualitatively. The dependence of the Hagena
parameter on the target composition was calculated in
[104]. Tt was found that the Hagena parameter at the
percolation threshold for three different mixtures (Mo,
Al,_,, Nb,Mg,_. and (Al,03),.Al,_,), studied in the paper
is I'per ~ 400. In the case of a free expansion, the content of
matter in a condensed fraction amounts to 30 % —50 % [41].
The efficiency of condensation in the buffer-gas atmosphere
rises and the amount of a condensate increases.

When the size of compact microclusters is lower than
1 nm (less than 1000 atoms), the average distance between
them will be small compared to the Debye radius rp. It was
assumed in [104] that an additional conductivity in an
ensemble of microclusters appears when the average dis-
tance between them becomes comparable with the
characteristic scale rp of the spatial inhomogeneity of
plasma around an individual cluster. Due to the overlap
of Debye spheres, a fractal percolation cluster is formed,
which causes noticeable changes in the transport and optical
properties of the plasma compared to the case when
microclusters are not coupled with each other.

The percolation model adequately describes the experi-
mental results obtained in paper [105], where the electric-
dipole and magnetic-dipole absorption of microwave radi-
ation in a plasma plume was studied. Analysis performed in
[105] shows that the ratio s = K /Ky, where K and Ky are
the efficiencies of excitation of the conduction and eddy
currents in the laser plasma, does not correspond to the
assumption about the plasma homogeneity in the plume.
Branched fractal structures, in particular, percolation struc-
tures, which are formed when the concentration of
microparticles in a laser plume is sufficiently high, can
substantially affect electric-dipole and magnetic-dipole
absorption because these structures contain both linear
and ring fragments. The type of distribution of matter in
a fractal cluster causes the efficient decrease in the con-
ductivity with increasing cluster radius, resulting in the
increase in electric-dipole absorption, whereas magnetic-
dipole absorption increases due to the dominating contri-
bution from a factor depending on the cluster size.

According to [110], the electric-dipole and magnetic-
dipole absorption in a three-dimensional fractal cluster is
enhanced compared to the case of isolated particles by
factors of (rcl/a)5(3_d‘)/ 2 and (rcl/a)(“’d")/ 2, respectively.
Therefore, the ratio s will increase if the fractal dimensiona-
lity exceeds 7/3, which is satisfied in the three-dimensional
case for a percolation cluster (d; = 2.5).

Fig. 1 shows the evolution of the ratio of magnetic-
dipole and electric-dipole absorptions in a laser plume
plasma studied in paper [105]. After the beginning of
evaporation (¢ = 0), the ration s for targets made of various
materials monotonically increases, as a rule, and then
stabilises at some level after the establishment of the
evaporation regime. It is obvious that the initial stage of

the kinetics reflects the increase in the vapour density. Note
that in the size r; of the plume in the developed evaporation
regime remains unchanged and is determined by the effect of
self-focusing of laser radiation in the plasma plume. The
buffer-gas pressure P was selected to provide the absence of
skin effect in the plasma plume. The initial ratio was
s ~ 0.01, which corresponds to the model of absorption
in a homogeneous plasma flow having the plume size [104].
Note that the close ratio is also observed for microwave
absorption signals corresponding to a thermal emission flux
from the surface of some metals (for example, copper and
aluminium) heated by light beams before its evaporation.

1 1 1 1
t/ms

Figure 1. Dependences of the parameter s = K/ Ky on time upon laser
irradiation of targets made of different materials: Dy (rp = 1.2 mm,
P = 0.7 kPa), Al,O3 (1.65 mm, 2 kPa), Al (3.9 mm, 7 kPa). Buffer gas is
air. The instant of time ¢ = 0 corresponds to the beginning of evapora-
tion; r¢ is the size of the laser plume.

9. Efficiency of fractal formation

The efficiency of fractal formation as a function of the
buffer-gas pressure was studied in paper [111]. It was found
that this dependence observed during laser evaporation has
a distinct maximum at some pressure P, which is mainly
determined by the target material. The efficiency decreases
with increasing pressure simultaneously with a decrease in
the laser plume length. The plasma expansion is limited not
only due to the counterpressure exerted by the buffer gas
but also due to the presence of a certain connectivity in
cooled plume layers or in the plasma itself, as follows from
the decisive role of the target material. In the pressure range
below P;, the developed evaporation regime takes place,
which is characterised by the expansion of the erosion
plasma appearing near the target surface, where its
temperature is close to the boiling temperature. At
pressures P, exceeding P;, the emission of the plume
drastically increases. Such a behaviour is observed due to a
change in the regime of flame propagation: the expansion of
the erosion plasma passes to a considerably more bright
light combustion in a vapour—gas flow containing a finely
divided phase. The dependence of the emission intensity of
pressure has a threshold. The emission reaches a maximum
when the discharge region is pressed down to the target
surface and virtually completely screens the target from
laser radiation. If the target is burnt through, the discharge
disappe?rs and emission decays with the characteristic time
<1077 s.



64

N.E. Kask, S.V. Michurin, G.M. Fedorov

It was found in [111] that the decrease in the efficiency of
fractal formation is accompanied by the combination of
fractal aggregates within the shell at the periphery of the
erosion plume, which also restricts the energy and diffusion
losses in the plasma volume. The fractal shell was observed
in experiments in the form a compact folded network
structure. The mechanisms of its formation and destruction,
as well as its influence on the plume parameters were
considered in detail in paper [111]. The shell appears after
the following sequence of processes: (1) the condensation of
vapour with the formation of compact clusters; (2) the
ejection of clusters by a thermophoretic force to the
periphery of the laser plume; (3) the retardation of clusters
by the Stokes force and their accumulation in some layer
surrounding the discharge plasma; and (4) the aggregation
to weakly coupled microclusters at low densities of the
evaporated material or (when some critical density of
particles is exceeded) to a strongly bound macroscopic
fractal structure (shell). The behaviour of the laser-plume
plasma with a finely divided phase is similar in many
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Figure 2. Dependences of the normalised emission intensity / of a laser
plume at a wavelength of 0.47 um (dark symbols) and the efficiency of
fractal formation (light symbols) on the pressure P of a buffer argon gas
for metals of the eighth (a), twelfth (b), and thirteenth (c) groups.

respects to that of the dusty plasma and is manifested in
the threshold nature of the appearance of an internal cavity
with distinct boundaries and enhanced emission [45, 46].

Fig. 2 shows the dependences of the efficiency of fractal
formation and the emission intensity of the plasma cloud
near the target surface on the buffer-gas pressure for some
metals from three different groups of the Periodic table of
elements. Note first of all the fact that the positions of the
characteristic points (the maximum on the curve of fractal
formation and the drop in the brightness temperature),
which weakly change within each separate group, noticeably
shift in passing from one group to another. The exclusion
are the elements of the rare-earth group, for which the
position of the maximum of fractal formation considerably
shifts in passing from one element to another. Note in this
connection that the external shells of rare-earth elements
have different structures [112].

The dependences of pressures P; and P, averaged within
a group of the Periodic system on the group number are
presented in Fig. 3. The so-called long form of the Periodic
system is used in which subgroups are absent and all the
elements having the same structure of external electron
shells are assigned to one group [113]. The curve drawn for
clarity shows that the periodicity of the Mendeleev Periodic
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Figure 3. Pressures corresponding to the maximum of fractal formation
(P;) and to the intensity jump (P,) for different groups of the Periodic
system (N, is the group number).
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Figure 4. Dependences of the ratio s = Kj; /K on the number N, of the
group of the Periodic system. Buffer gases are air and argon at a pressure
of ~ 100 Torr.
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table is manifested in these experimental dependences. Fig. 4
presents the results of measurements of the ratio between
the electric-dipole and magnetic-dipole absorptions in the
erosion plasma at the initial stage of the laser-plume
development. Here, chemical elements of the same group,
belonging to different periods, are also characterised by
close values of s (except, rare-earth elements, as above).

Note that the relation between the characteristics of the
optical breakdown plasma and the electronic structure of
target atoms was first found in paper [114], where a change
in the regime of plasma ejection above a threshold density of
the radiation flux was studied, and variations in this
threshold for metals arranged in sequence in the Periodic
table were observed.

It is clear that the characteristics of both microscopic
structures and macroscopic objects should depend on the
electronic sructure. For example, the ionisation potential,
the melting temperature, the latent evaporation heat, the
electric conduction, the work function, and other parame-
ters of metals possess a periodicity, similar to that observed
in Figs 3 and 4. Such a periodicity of these dependences is
difficult to explain using the model of diffusion-restricted
aggregation of compact particles, according to which the
electronic structure of chemical elements should not play an
important role. On the contrary, the strength of coupling in
a structure formed from gas-like molecular clusters is
determined by the valence shell of a particular element.

10. Formation of linear structures

Fractal structures deposited on a cover glass upon laser
evaporation of an iron target were studied with a scanning
electron microscope [111]. Figs 5 and 6 show the fragments
of microphotographs taken from [111]. The analysis of the
microstructure of fractal layers suggests that the objects
under study consist of ‘nanowire’ fragments and chains of
spheres rather than of separate compact particles. At
pressures P < P, fractal structures deposited on a substrate
contain linear fragments of length ~ 1 pm and diameter
~ 50 nm (Fig. 5). Along a fragment, a weak thinner
structure can be often observed with a characteristic size
~ 50 nm. As the pressure of the buffer gas is increased
(P > P,), the characteristic diameter and length of frag-
ments are doubled approximately. In addition, separate

Figure 5. Electron microscope photography of a fractal layer deposited
upon evaporation of an iron target in the erosion plume regime.

Figure 6. Electron microscope photography of a fractal layer deposited
upon evaporation of an iron target in the vapour discharge regime.

frozen drops of size 200—500 nm appear in deposited
layers, and then chains consisting of 10—20 drops of the
same size (Fig. 6). Fig. 7 shows the two-point correlation
function [115]

() o el (12)

r

for the fractal structure shown in Fig. 5. Here, N,(r) is the
average number of points at the distance r from any chosen
point of an image being analysed. The break in the curve,
beginning at r =3 pum, is caused by a finite size of the
image. The correlation function for fractal two-dimensional
structures, as shown in paper [116], has the form

gr) ocr®?, r<e, (13)
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Figure 7. Two-point correlation function (circles) for the object shown in
Fig. 5 and its approximation for dy = 1.48 (solid straight line).
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where & is the correlation length, which is equal approxi-
mately to the pore size in the structure. The zero slope for
r < 100 nm gives the dimensionality dy =2, which corre-
sponds to compact particles. At the interval from 100 nm to
3 um, a linear dependence is observed at a double
logarithmic scale, corresponding to dr = 1.48. The Haus-
dorff dimensionality calculated by the cell method for this
structure is 1.62. A lower correlation dimensionality can be
caused by the multifractality [117].

As pressure increases, the fractal dimensionality and
thickness of a fractal layer decrease, while the size of
separate clusters and of separate fragments of the structure
increases. Such behaviour and the appearance of drops are
explained by the melting of the fractal structure in contact
with the optical discharge plasma. At pressures far exceed-
ing P, instead of a layer of branched fractals, many
droplets of diameter ~ 1 pm are observed on a cover glass.

We mentioned in Section 7 that chains are formed in the
presence of dipole interaction between subunits. The para-
meter characterising the probability of the appearance of
chains is determined by expression (10). The dependence of
the average (L, ) number of links in the dipole chain on the
parameter p* and the volume fraction ¥ < 1 per dipole
particles has the form [118]

(Ly) = vV'Wexp [p*coth(2p™)]. (14)

When the parameter p* ~4 and the volume fraction
¥ =~ 0.2, which corresponds approximately to the percola-
tion threshold, then, according to (14), the parameter
(L) =~ 20. Therefore, if the model is valid for the chains of
iron drops, the energy of dipole—dipole interaction between
separate particles (droplets) exceeds the thermal energy by a
factor of four.

Similar chains were observed upon the deposition of
vapours of the iron-cobalt alloy on a substrate at tempera-
ture below the Curie temperature [119]. Compact clusters of
diameter ~ 35 nm deposited from a vapour phase acquired
a considerable magnetisation after cooling on a substrate.
By moving over the substrate surface, they form chains of
magnetic dipoles. It is obvious that induced electric dipoles
play a dominant role in experiments [111] because chains
were observed not only for ferromagnetic metals but also for
vanadium, manganese, lead, and other low-melting ele-
ments. Moreover, chains appear in the hot plasma.
When fractal aggregates are irradiated by a laser, the chains,
which existed before, melt and new chains of droplets
appear.

It is reasonable to assume that, first, the chains are
formed at temperatures that are lower than the melting
temperature of the metal and, second, the dipoles are
induced by slowly varying electric fields in plasma. Despite
extensive studies, the picture of electromagnetic phenomena
in laser plasmas remains unclear. The density and temper-
ature gradients produce the charge separation and electric
fields in plasma [45, 77, 120, 121]. Near the surface of
various media and at the plasma boundaries, a double
electrical layer appears. A slowly varying electric field,
whose potential can achieve 10—100 V, appears near the
surface of bodies surrounding a laser plume due to photo-
effect caused by the short-wavelength plasma radiation
[122]. The latter can affect the charge of particles in the
dispersion phase and also induce an electric dipole moment

=12

in the compact particle-electron cloud system, if the irra-
diation of the system is not symmetric.

Assuming that the energy of dipole—dipole interaction
exceeds the energy of thermal motion (7 = 2000 K) by a
factor four, we obtain the electric dipole moment for inter-
acting particles of radius ~ 50 nm equal to 2 x 10° D. Such
a dipole moment can be obtained for comparatively small
charges and large particles. Note that the charge of a dusty
particle of this size in a thermal plasma can achieve ~ 10%¢
[123].

11. Conclusions

Upon evaporation of various particles by laser radiation, a
finely divided phase is formed in a plasma plume due to
vapour condensation. The plasma produced upon irradi-
ation of condensed media by moderate-intensity light fluxes
is an efficient source of fractals, both microscopic and
macroscopic. The experimental study of the formation of
fractals presented in this paper has shown that these
processes occur in the plasma volume and depend on the
electronic structure of the target atoms. At high pressures, a
macrofractal shell appears, which surrounds the laser plume
and is formed at several stages. First gas-like clusters
(molecular associates) appear in the laser radiation field,
which form compact clusters during collisions. The latter
move to the plume periphery because of the temperature
gradient, where, acquiring the electric dipole moment due
to photoeffect, they first combine to form chains and then
to form a network shell (macrofractal).

The electron microscope images of fractal objects
suggest that nanowire fragments are main elements of
cooled microscopic and macroscopic structures. At high
pressures, a fragment heated up to the melting temperature
is folded to form a drop. The drops are combined to form
linear chains due to the dipole—dipole interaction.
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