
Abstract. The formation of fractals during laser evaporation
of various media (metals and dielectrics) by 10-ms Nd laser
pulses is studied experimentally as a function of the laser
radiation power density and external pressure. It is
established that fractals are formed during the action of a
laser pulse in the bulk of a plasma plume. It is found that
énely dispersed phase forms under a certain critical pressure
a bound shell (macrofractal) in peripheral layers of the plume.
The presence of the shell conéning the plasma expansion
leads to a threshold variation of the characteristics of the
optical discharge.

Keywords: optical discharge, fractal structures, plasma, percola-
tion.

1. Introduction

Laser-induced evaporation of substances (including refrac-
tory materials) provides the highly efécient production of
compact clusters and their aggregates. First, molecular
associates (dimers, trimers, etc.), whose concentration may
reach 10% of the monomer concentration, are formed in
saturated vapour [1]. Approximately 10ÿ4 s later, compact
clusters containing 103 ÿ 104 atoms appear due to vapour
condensation and coagulation of nuclei in cooled liquid
layers of the vapour ë gas êow [2].

The eféciency of clusterisation increases in the atmos-
phere of a buffer gas absorbing the excess energy released
during condensation. Compact clusters with the character-
istic size � 10 nm aggregate to form fractal clusters
(aggregates) of size � 1 mm. Such clusters are observed
� 10ÿ2 s after the action of a millisecond laser pulse with a
power density of 106 ÿ 107 W cmÿ2 [3]. In an external
electric éeld, fractal aggregates are assembled into élamen-
tary macrostructures.

In experiments described in Ref. [3], fractal élaments
appear 102 ÿ 103 s after the action of a laser pulse. A
mechanism of macrostructure formation other than aggre-

gation is obviously realised in the case of a longer action of a
laser pulse and, accordingly, at a higher concentration of
énely dispersed fraction in the bulk of the plume. For
example, an order-of-magnitude increase in the laser pulse
duration results in the formation of macrostructures after
� 10ÿ2 s even in the absence of an external éeld [4, 5]. It is
assumed that the mechanism of macrostructure formation is
triggered in this case by a percolation transition in an
aggregate of microfractals. When the concentration of
isolated fractal aggregates increases during evaporation
and achieves its critical value, the aggregates are combined
to form a bound macroscopic fractal structure.

Note that the dependences of the optical and electrical
properties of a laser plasma on its composition, which are
typical of percolation, were also observed during laser-
induced evaporation of binary targets [6]. Fractal structures
are formed from solid particles; in the case of laser-induced
evaporation, they are formed in peripheral layers of the
plume, which are cooled to a temperature below the melting
point. Cold layers containing fractals may not only distort
the optical and electrical characteristics of the discharge
region, but also considerably affect the state and dynamics
of the plasma, conéning its expansion.

An increase in the density of the disperse phase in a gas-
discharge plasma leads to a transition to condensed phases
(`liquid plasma' and `plasma crystal') in which ordered
bound structures coexist with individual plasma components
(electrons, ions and microclusters). It is known [7] that
bound dust agglomerates are formed when the microcluster
concentration exceeds a certain threshold value, which is
also typical of percolation. A transition to the condensed
state occurs irrespective of the shape of the charged dust
particles (compact or fractal microclusters [8]), and is
accompanied by a sharp change in the plasma emission.

Experiments with an optical-discharge plasma initiated
and sustained by laser radiation at the surface of a
condensed matter makes it possible to vary the media
and external parameters under study in broad ranges,
leading to a change in the size of clusters and their
dimensionality. In order to determine the role of percolation
and aggregation in the plasma plume, it would be interesting
to analyse the eféciency of the process of fractal formation
as a function of external conditions (buffer gas pressure,
experimental geometry, laser radiation power density, etc.).
The experimental dependences presented below allow us to
analyse the correlation in the percolation and the processes
of fractal formation and condensation in a plasma with
énely dispersed phase.
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2. Experimental

The scheme of the experimental setup is shown in Fig. 1. In
order to obtain the pressure dependences, the target under
study was placed in a sealed chamber (the diameter and
length of the inner cavity were 25 and 150 mm, respec-
tively). The pressure of the inert buffer gas (Ar, He) could
be varied from 0.001 to 100 atm. The target was evaporated
under the action of a quasi-continuous bell-shaped laser
pulse with the FWHM of about 10 ms. The energy of the
incident beam was varied by means of neutral light élters in
the range from 10 to 200 J.

The Nd : glass laser system consisted of a master oscil-
lator and an ampliéer. A quasi-continuous regime was
obtained by using in the master oscillator an almost
concentric cavity, which provided a small modulation depth
(� 15%) of the radiation pulse. Laser radiation was focused
on the target with a spherical lens having a focal length of
300 mm to a spot of diameter � 1 mm.

We used dielectrics and metal targets and targets made
of mixtures of dielectric and metal powders compressed
under a pressure up to 150 atm. The énely dispersed phase
formed in the laser plume was deposited on a glass substrate
for 15 minutes. The optical density of the layer was chosen
as a measure of the eféciency of fractal formation. By
varying the laser pulse energy and the target position
relative to the laser-beam caustic, we could study the
eféciency of fractal formation as a function of the size
of the irradiated spot and the laser radiation power density.

We also studied the intensity of the laser-plume emission
(photoelectronic recording) and its spectrum using a spectral
attachment with a diffraction grating from a VFU-1
spectrometer. The spectra were recorded with a CCD array
with a time interval of 3 ms. The brightness temperature of
the plasma was determined from the ratio of emission
intensities of the plume and a standard brightness source
at a wavelength of 0.47 mm. The emission of the plume was
detected with the help of a FEU-30 photomultiplier and a
preset emission wavelength was selected with an interference
élter with a transmission bandwidth of 10 nm. As a stan-
dard source, a SI8-200U tungsten ribbon élament lamp was

used, which was placed during calibration at the target
position to eliminate the effect of the geometrical factors.

The size of the plume was determined by photography
using various methods, including high-speed photodetec-
tion. Laser radiation was directed, as a rule, along the
normal to the target surface. When the angle of incidence of
the heating radiation êux was larger than its focusing angle,
two plumes were observed: a vapour ë gas êow propagating
along the normal to the surface, and a combustion wave [9]
counterpropagating relative to the laser beam. In laser
experiments with a similar geometry, the term `breakdown
wave' is normally used [10]. In our case, the laser radiation
power densities were insufécient for a breakdown of the
buffer gas as well as for sustaining an optical combustion
wave in it. The results of test experiments proved that
emission of the discharge region at the surface of a
molybdenum foil disappeared immediately after the burning
of a through hole in the metal. The decisive role in the
propagation of a combustion wave obviously belongs to the
vapour and the énely dispersed component of the plume.

3. Experimental Results

3.1 Effect of external pressure

The oscillograms of the plume emission presented in Fig. 2
reêect the characteristic changes in the discharge region
with increasing the buffer gas pressure p: above a certain
threshold value, the emission intensity increases abruptly by
almost two orders of magnitude, and an instability is
observed during evaporation. Note that in our experiments,
the time of formation of the vapour ë gas êow is almost
independent of the external pressure. Fig. 3 shows the
behaviour of the eféciency of fractal formation, emission,
and the longitudinal size of the plasma plume upon a
change in the buffer gas pressure for a laser plume at the
surface of an iron target.

The eféciency of fractal formation has a distinct maxi-
mum at a pressure p that is mainly determined by the
material of the target. The emission of the plume increases
abruptly at this or a slightly higher pressure p2. The
eféciency decreases with increasing pressure synchronously
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Figure 1. Scheme of the experimental setup: ( 1 ) chamber; ( 2 ) target;
( 3 ) focusing lens; ( 4 ) deêectors; ( 5 ) He ëNe laser; ( 6 ) photomultiplier;
( 7 ) buffer gas inlet; ( 8 ) laser beam.
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Figure 2. Typical oscillograms of the emission intensity I of the plume
under the buffer gas (Ar) pressure p � 1 ( p4 p1) (curve 1 ), 5 ( p � p2)
(curve 2 ), and 10 atm ( p > p3) (curve 3 ), as well as the shape of the laser
pulse (curve 4 ) for a Ni target.
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with a decrease in the length of the emitting region. The
emission achieves a maximum when the longitudinal size of
the discharge region attains its minimum value equal to its
transverse size and, hence, to the diameter of the laser beam
waist. The expansion of the plasma is obviously limited not
only by the counter-pressure exerted by the buffer gas, but
also due to the existence of a certain connectivity either in
the cooled layers of the plume or in the plasma itself, which
follows from the decisive role of the target material.

Table 1 contains the experimental results obtained
during evaporation of various media by laser radiation
with a power density of 106 W cmÿ2 in argon atmosphere.
Note that the buffer gas composition also plays a noticeable
role. For example, it was found that during the evaporation
of corundum, iron and vanadium, the replacement of argon
by helium increases the values of pressure p1 and p2 by a
factor of about 2. Table 1 gives characteristic pressure
values corresponding to the maximum eféciency of fractal

formation ( p1), the combustion wave threshold ( p2), and the
minimum longitudinal size of the laser plume ( p3), as well as
the brightness temperatures describing the emission of the
laser-plume plasma for two éxed pressures p � 1 and
30 atm.

In the pressure range below p1, a developed evaporation
regime with a characteristic expansion of the erosion laser
plasma formed in the vicinity of the target surface is
realised. At a certain pressure (p3 in Table 1), the emission
region has the smallest size and is pressed against the target
surface (see Fig. 4). Upon a further increase in pressure, the
length of the plasma region starts increasing. The emission
region acquires a cylindrical shape with well-deéned boun-
daries. Such a behaviour is the result of a change in the
plume propagation regime: the expansion of the erosion
plasma is replaced by a much brighter luminous combustion
in the bulk of the vapour ë gas êow containing the énely
dispersed phase. The pressure dependence of the emission
intensity has a threshold. The critical (threshold) pressure
corresponds to pressure p2 above which the screening of the
surface by the discharge plasma increases noticeably, and

the emissive power of the plume in the direction opposite to
the thermal laser radiation becomes considerably higher.

In the pressure range below p1 in which the laser radi-
ation absorption by the plasma and the plasma emission are
relatively weak, the emission spectrum exhibits vibrational
bands characteristic of molecules of the evaporated mate-
rial, e.g., dimers, oxides, etc. We failed to identify the
spectral lines of the atoms and ions of the target material
and the buffer gas against the background of the vibrational
bands. These lines are observed, as a rule, during irradiation
of the target in vacuum. For pressures below p1, the bright-
ness temperature obtained by taking into account the
correction to the plasma emissivity (� 0:1) varies with
pressure in accordance with the saturation curve. In the
region p > p2, the vibrational bands are broadened notice-
ably and overlap with increasing pressure. In the light
combustion regime, the emission spectrum represents a
continuum characterised by a brightness temperature, which
depends weakly on the target composition (see Table 1).

An analysis of the microscopic structure of the fractal
layers using the images obtained with a scanning electron
microscope and presented in Fig. 5 leads to the conclusion
that the decrease in the eféciency at high pressures is
accompanied by a convolution of fractals, resulting in a
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Figure 3. Eféciency f of fractal formation, luminous intensity I, and the
longitudinal size L of the plume as functions of the buffer Ar gas
pressure p for an iron target.

Table 1. Pressures of the buffer Ar gas corresponding to the maximum
eféciency of fractal formation ( p1), the onset of the emission jump ( p2),
and the minimum longitudinal size of the plume ( p3), as well as the
brightness temperatures T corresponding to the experimental conditions.
The errors in determining the temperature and pressure are 15% and
20% respectively.

Substance p1
�
atm p2

�
atm p3

�
atm

T
�
K

� p � 1 atm)
T
�
K

( p � 30 atm)

Al 3 3 8 2500 6400

V 0.5 0.5 ë 3400 7650

Fe 4 5 30 2900 7700

Co 4 4 ë 2900 7800

Ni 4 4 ë 2900 6750

Zn 20 35 ë 2700 8100

Nb 1.5 6 36 3800 7100

Mo 0.5 1 ë 3500 5900

Sn 1 1.5 ë 2500 6700

W 1 1 ë 3500 6200

Al2O3 9 8 >85 3300 6700

MgO 4 20 20 ë 30 2700 6600

Ce2O3 0.1 0.3 20 3100 6400
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Figure 4. Typical shapes of the plume: ( 1 ) erosion plume ( p < p1); ( 2 )
plume at the luminous combustion threshold ( p � p3); ( 3 ) light combu-
stion regime ( p > p3); and ( 4 ) laser radiation caustic.
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decrease in the fractal dimensionality of structures and an
increase in the size of their elementary sites. For pressures
below p1, the fractal structures contain linear fragments of
length � 2 mm assembled from microscopic particles of size
� 50 nm, while for pressures above p1 the microparticle size
increases up to � 100 nm. In addition, individual solidiéed
drops, and even chains consisting of 10 ë 20 monodispersed
spheres, appear in deposited layers (see Fig. 5b).

The fractal dimensionability was determined from the
angular dependence of the intensity of He ëNe laser radia-
tion scattered by fractal layers, and by using the block
method [11] for an individual cluster. The fractal dimension-
ability of the structures shown in Figs 5a and 5b is 1.8 and
1.5, respectively. The thickness of the fractal layer and the
size of individual clusters decrease with increasing pressure.
Under suféciently high pressures p > p3, many drops of
diameter � 1 mm are observed on the cover glass instead of
a layer of branching fractals. We can assume that at large
pressures and a high temperature of the discharge plasma
with conéned expansion, the droplets are formed due to
compaction of structures and a decrease in the inner surface
of a fractal, and is accompanied by the release of the energy
stored in it [12].

3.2 Dependences on radiation power density

Fig. 6 shows the dependences of the eféciency of fractal
formation and the light sum (integral of the emission
intensity of the plume over the pulse duration) on the laser
radiation power density q. An iron target was evaporated in
the argon atmosphere. Obviously, the threshold power
density for fractal formation is that for which the developed
evaporation regime appears. In the case of iron, the
threshold density is qth � 0:2� 106 W cmÿ2. For low
pressures (< 3 atm), only a layer of fractals is observed
on the cover glass for all radiation powers used in the
experiments, whereas in the pressure range 4 ë 15 atm,
macroscopic fractal structures are observed on the cover
glass in addition to the layer of fractals when the power
density only slightly (� 30%) exceeds the threshold value
(see Fig. 5c). The macroscopic structure in the form of a
wrinkled network shell formed by bound fractal clusters has
the following characteristic sizes: l � 1 cm, and d � 0:1 cm.
The shells that are often split into coarse fragments, are
observed immediately after the termination of laser
radiation. For higher radiation power densities, such
structures are not formed regularly, and are encountered
less frequently in Ar than in He. We can assume that the
bound shell formed around the plume in the pressure range
p1 < p < p3 drops off as a single entity at low densities of
laser radiation power, and is destroyed at high densities.

a

b

c

2 mm

5 mm

500 mm

Figure 5. Electron microscope images of fractal layers (a, b) and fractal
shell (c) obtained during evaporation of an iron target in Ar atmosphere
under a pressure of 0.1 (a) and 12.5 atm (b, c).
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Figure 6. Eféciency f of fractal formation and the logarithm of the light
sum S as functions of the laser radiation power density q for an iron
target.
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The dependence of the light sum on the radiation power
density q also indicates the presence of a critical (threshold)
power density. According to Fig. 7, the threshold power
density for the appearance of a nonlinear growth of the light
sum almost coincides with qth for the process of fractal
formation. Above the threshold, the dependence of the light
sum on the laser power is described by a power function.
The exponent of this function is approximately equal to 2 in
the erosion plume regime observed under buffer gas
pressures p < p2. After a replacement of the combustion
regime, the exponent increases up to � 10. The light sum
depends, in particular, on the delay time of the intense signal
relative to the beginning of evaporation. The reason for the
delay is the accumulation of the énely dispersed phase in the
peripheral regions of the plume.

We have found that the delay time depends on the
radiation power density and the external pressure ë the two
parameters determining the density of the evaporated
substance in the plasma plume.

4. Discussion

4.1 Fractal shell model

Consider the experimental results on the basis of the model
of cavity formation in the bulk of a dust plasma [13]. It is
known [7, 13] that an inner cavity containing no micro-
particles and having well-deéned boundaries is formed in a
plasma containing charged particles at a rather high
concentration along with ions and electrons. The cavity
is formed as a result of disbalance between two opposite
forces: the electrostatic force Fel � QE acting on a particle
with charge Q in an electric éeld E on the one hand, and the
forces expelling a microparticle to the periphery of the
discharge region on the other hand. For a plasma with a
high degree of ionisation, we take into account the force of
entrainment of a dust particle during its bombardment by
ions [13] and the thermophoretic force [14], which exhibit a
quadratic dependence on the particle size in the molecular
regime. Because the charge of a particle is proportional to
its size, segregation of particles takes place. The particles
with a subcritical size are pulled into the cavity by the

electrostatic force, while larger particles are expelled from
the discharge region.

For a laser-induced plasma, we should also take into
account the photoreactive [15] and photophoretic [16] forces
directed in most cases along the laser beam. Under the
action of these forces, the microparticles return to the target
where most of them are evaporated. The low-temperature
plasma of a laser plume is a weakly ionised thermal plasma
which is characterised by the equality of the temperatures of
the electron, ion, and neutral components. In this case, a
relatively high temperature gradient is observed. Under
these conditions, the microparticles will be expelled to
the side boundaries of the torch by the thermophoretic
force Ft and by the force Fa of entrainment in the neutral
component êow. For particles whose size is smaller than the
molecular mean free path in the vapour, these forces are
described by expressions [17, 18]:

Ft � ÿ2:26
r 20 k

s
dT

dx
, (1)

Fa �
Fs

B
� ÿ6pZr0

ug ÿ up
B

, (2)

where s is the gas-kinetic cross section for interatomic
collisions (sAr � 42� 10ÿ20 m2 and sHe � 15� 10ÿ20 m2);
Fs is the Stokes force, ug and up are the gas and particle
velocities; B � 1� (l=r0)�a� b exp (ÿ gr0=l)� is the correc-
tion factor introduced for particles of size r0 smaller than
the mean free path l; a, and b, g � 1 are constants of the
order of unity. The dynamic viscosity Z of the buffer gas
depends weakly on pressure but exhibits a noticeable
dependence on temperature T [19]:

Z � ZT0

�
T

T0

�
1� C=T0

1� C=T
, (3)

where ZT0
is the buffer gas viscosity at room temperature T0

and C is the Sutherland constant (C � 142 for Ar). The
viscosity of Ar at the melting points of the substances under
study lies in the range (10ÿ 20)� 10ÿ5 kg mÿ1 sÿ1.
Because the particles are formed in the gas êow in the
case under study, the velocities ug and up are almost
identical and we can estimate the neutral drag force by
assuming that their values differ by less than 10%. Under
these assumptions, we énd that, in accordance with
expressions (1) and (2), the thermophoretic force is more
than double the force of neutral drag, and is equal to
� 2� 102r 20 N, where r0 < 10ÿ6 m.

As soon as the particle velocity produced by the
thermophoretic force becomes higher than the velocity of
the vapour ë gas êow, a brake force described by the Stokes
formula comes into play. Beyond the temperature proéle
where the thermophoretic force ceases to act, the particles
continuing their motion by inertia are decelerated by the
stationary buffer gas. Estimates show that the brake force
acting on a submicrometer particle is close in order of
magnitude to the neutral drag force. As a result, a layer in
which coarse particles are accumulated is formed near the
boundaries of the discharge region. As their concentration
approaches a critical value, the brake force increases non-
linearly because the particles combine to form énite-size
clusters (the so-called subcritical clusters). The particle êow
stops at a certain distance from the discharge region. The
apperance of an inénite-size cluster at the percolation
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Figure 7. Dependences of the light sum S on the laser radiation power
density q for different pressures of the buffer gas obtained for an iron
target.
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threshold is accompanied by the formation of a bound
structure ë a shell embracing the entire plume.

The higher the buffer gas pressure and the density of the
vapour ë gas phase, the higher the rate of formation of
compact clusters and fractal aggregates, and the smaller the
distance from the region where the fractal layer stops to the
plasma and caustic of laser radiation. After the formation of
the shell, a subsequent inêow of the fractal aggregates
increases the shell thickness towards the plume axis. The
thickness of the shell increases more rapidly at higher
radiation power densities. As a result, the layer with the
fractal concentration close to the percolation threshold may
turn out to be inside the laser radiation caustic. When the
shell overlaps the laser beam caustic quite substantially, the
inner surface of the shell melts and even evaporates, and the
eféciency of fractal formation decreases. Drops are formed
on the inner surface of the macrofractal shell.

4.2 Combustion wave within a fractal shell

A fractal shell in the éeld of laser radiation may
signiécantly alter the breakdown threshold in the inner
cavity, as well as the optical characteristics of the discharge.
In experiments with dust plasma [7], the formation of a
cavity free of dust particles is accompanied by an increase
in the electron density and the ionisation rate in the cavity
volume. The emission intensity also increases accordingly.
At the threshold of cavity formation, an instability appears,
which is manifested in emission pulsations similar to those
observed in our experiments (see Fig. 2).

The fractal structure of the shell surrounding the laser
plume must affect the heat removal from the discharge
region [12] on the one hand, and the laser energy supply on
the other hand. Because a percolation (fractal) cluster
contains `dead' ébres [20] whose length is more than an
order of magnitude larger than their diameter (see Fig. 5),
the electric éeld of the light wave is considerably ampliéed
at the ends of these ébres [21]. Moreover, the permittivity of
the medium at the percolation threshold exhibits a diver-
gence [22], and self-action effects for laser radiation should
be expected at the boundary of the fractal layer. These
effects may include self-focusing of laser radiation, local-
isation of photons in the fractal structure [23], and
ampliécation of the nonlinear optical response caused by
the excitation of dipole moments in fractals near the
percolation threshold [24].

5. Conclusions

A plasma produced upon irradiation of condensed media
by moderate-power laser pulses at elevated pressures is an
effective source of microscopic and macroscopic fractals.
Fractals appear during the action of a laser pulse due to the
following sequence of processes: (1) vapour condensation
accompanied by the formation of compact clusters; (2)
expulsion of these clusters by the thermophoretic force to
the periphery of the laser plume; (3) their deceleration by
the Stokes force and accumulation of clusters in a layer
surrounding the discharge plasma; and (4) aggregation into
a weakly bound fractal microclusters at low densities of the
evaporated material, or into a strongly bound macroscopic
fractal structure (shell) above a certain critical density of
particles. The behaviour of the laser-plume plasma with a
énely dispersed phase is similar in many respects to the
behaviour of a dust plasma and is characterised by a

threshold-type formation of the inner cavity with distinct
boundaries and intense emission.
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