
Abstract. The large amount of information carried by the
energy, spectral, and space ± time characteristics of a laser
beam makes it feasible to use laser radiation to control the
processes that occuring in solids. The influence of laser radia-
tion with a wide range of deposited energies on a variety of
processes is considered: these processes include crystal growth,
formation of dissipative (spatial and temporal) defect struc-
tures on the surface and in the bulk of a solid, instabilities in
melts, materials fracture considered from the point of view of
both selectivity and self-organisation. An analysis is made of
the relationship between the nature and parameters of such
structures, on the one hand, and the characteristics of laser
radiation, on the other.

1. Introduction

The appearance of lasers has led to drastic changes in many
technological processes. These changes are related to the
unique properties of laser radiation: monochromaticity,

coherence, high energy densities in pulses, small dimensions
of the focusing spot, and precision of control over the
intensity, duration of action, and laser beam position. In the
last three decades there has been considerable progress in
laser technologies. They include cutting, welding, drilling of
holes, surface hardening, atomisation, thermal cleaving,
photochemical processes, and isotope separation [1 ± 7].
Laser systems and technological lines are used widely in
machine building, textile industry, car manufacture, aircraft
manufacture, watch industry, and many other fields. Laser
methods are often competitive in respect of cost when
compared with traditional means for the processing of
materials.

Laser technologies are of growing importance also in
microelectronics. They are used in such operations as coating,
annealing, deposition and etching of films, doping with
impurities, gettering, scribing, and epitaxy [8 ± 12]. Initially
these laser technologies have been based on the thermal
(nonspecific) action of laser radiation, but gradually new
opportunities have been found for using laser radiation
selectively to influence various processes in solids, the
structure of materials, and the crystal growth and damage.
A laser beam does not simply carry energy, but it can exhibit a
complex spatial, temporal, and spectral structure. Much
information can encoded in a laser beam in such a way that
its effects on various processes in a solid are efficient and
selective. In this sense the effects of a laser beam are of
information ± energy nature and provide opportunities for
process control.

The very idea of process control by lasers is not new. The
feasibility of controlling chemical reactions by laser radiation
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has been discussed since 1970 [13, 14]. In a book [14] on
selection of optimal laser action conditions it is pointed out
that the dynamics of physical processes in a laser field is in
most cases extremely sensitive to the conditions during
irradiation and this makes it possible to consider radiation
parameters as control factors (see also Refs [15 ± 17]). How-
ever, the problem of control of various processes in solids
considered in this review, including an analysis of the
feasibility of deliberate action on the structure of crystals
and preparation of materials with desired properties, has a
number of special features. These features are related to the
use of selective laser excitation and activation methods, and
to the possibility of self-organisation under the influence of
laser radiation.

Opportunities for selective action of laser radiation are
determined by the specific characteristics of the process in a
solid. A solid can be regarded as a complex system of
excitations, stresses, and defects. The mechanical, electric,
magnetic, and optical properties of a solid depend on the
structure of its crystal lattice, on elementary excitations
(phonons, electrons, excitons), on the systems of defects
(point: vacancies, interstitial host atoms, interstitial and
substitutional impurity atoms; linear: dislocations, disloca-
tion loops; bulk: voids, microcracks, and aggregate of defects
Ð complexes), and on stresses in the lattice. This whole
complex system is characterised by a considerable variety of
the processes, each of which can have its own special features
and its own characteristic times. In contrast to selective
processes in gas kinetics, which are governed by the resonance
of laser radiation with the frequency of a transition between
two levels, the selectivity in a solid may be of more general
nature. Excitation of specific degrees of freedom and of
particular processes depends both on the resonance frequency
and on the deposited energy, as well as on the duration,
intensity, and profile of a pulse. Laser radiation is thus a fine
instrument, which can be used to interact selectively with
various components of a system and to alter the structure and
properties of a variety of materials.

A solid irradiated with a laser can be regarded as an open
systemwhich is far from equilibrium. In view of the nonlinear
nature of the processes in such a system, there is (in contrast to
a gaseous medium) a multitude of unstable states. The states
are governed by certain critical values of the control para-
meters and depend on the properties of the medium and those
of the incident radiation. Self-organisation processes, result-
ing in the formation of dissipative structures, can occur under
the action of laser radiation on a solid. If we know the
mechanisms of the interaction with various subsystems, we
can Ð in principle Ð control the formation of structures.

An essential element for laser control is information about
the object to be controlled. One specific feature of solids
distinguishing them from gases, in which case we can usually
ignore spatial inhomogeneities, is the decisive role played by
the properties of the spatial structures: the type of the lattice,
the positions and interactions of the defects, and stresses. In
contrast to modern gas kinetics [18], the spatial ± structural
kinetics of solids is known only to an unsatisfactory degree.
However, in addition to scientific information on the
processes occurring in solids, there is also information of
another kind: instantaneous information on specific char-
acteristics recorded with the aid of sensors. This information
can be transmitted to a computer which controls a laser
system and can be used to alter the laser radiation in such a
way that the desired result is achieved.

This review represents an attempt to describe system-
atically the kinetic processes that occur in a solid from the
point of view of potential control of these processes by laser
radiation. The sequence used in presentation of the review is
dictated by the value of the deposited energy, because an
increase in this energy reveals what is in effect a new class of
the main processes: selective laser action, self-organisation of
structures at temperatures below the melting point, and
controlled fracture in the presence of a liquid phase.

Many of the effects reviewed below are used in laser
technology. However, the actual technological applications
will be considered only by way of illustration and the main
attention will be concentrated on the possibility of controlling
specific processes, and on the dependences of the structural
parameters on the laser radiation characteristics. The future
of laser technologies lies in the information aspect of the
effects of laser radiation and in implementation of laser
control of the processes in a solid. The literature which deals
to a greater or lesser extent with the problem of laser control is
enormous and we selected primarily the reviews and mono-
graphs with large numbers of citations.

2. Selective effects

2.1 Thermal mechanism. Control of laser action
In the first stage of the development of laser technologies, the
thermal effects have been used and these are not selective.

The overall scheme of processes proceeded in a solid
under laser irradiation reduced to successive treatment of
radiation absorption and heat transfer inward the bulk [1 ± 4].
The energy flux I�z� in a medium at a distance z from the
surface can be described by the relationship

I�z� � I�0� exp�ÿaz� ;

where a is the absorption coefficient. The bulk of the energy is
absorbed in a layer of thickness d � aÿ1. For the majority of
metals the thickness of this layer in the visible and infrared
ranges of spectrum is d < 0:1 mm, which is on the order of the
skin layer thickness. For a considerable number of organic
compounds this thickness is d < 1 mm, i.e. in such cases the
absorption of laser radiation occurs on the surface. The
process of heat transport into the interior of a medium is
described by

rC
qT
qt
� KDT�Q ;

where r is the density; C is the specific heat; K is the thermal
conductivity; Q is the density of the heat sources in a solid.
Detailed calculations of the thermal conditions under specific
technological conditions can be found in many reference
sources [4, 6].

At radiation intensities I5 105 W cmÿ2, an important
role is played by the processes of melting, evaporation, and
atomisation (in the last case the separate droplets acquire
energy sufficient to overcome the surface tension forces). The
thermal balance makes it possible to determine the shape and
dimensions of the molten region. It has been found that
additional technological operations are needed. For example,
the conditions for efficient delivery of energy into a material
requires removal of the resultant vapour [10].When steels and
titanium are cut, this is done by employing a jet of oxygen, or
a jet of chlorine is used in the cutting of copper. Argon and
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nitrogen jets prevent carbonisation of a material, cool the cut
edges, and remove the resultant particles when cloth, plastics,
plywood, and paper are cut.

The advantages of laser technologies over traditional
methods include the absence of direct contact between an
energy source and a material. In many industrial operations
the use of laser technologies makes it possible to avoid the use
of tools, drills, flames, electrodes, and chemicals. This reduces
the production costs and ensures `cleaner' technological
operations. An example which illustrates this is the cutting
of cloth in the garment industry. Mechanical cutting of cloth
has been one of the most complex and labour-intensive
operations. Distortions of the cut profile, resulting from
vibrations of the working tool in a ribbon cutting machine,
produce a poorer cut. The very first prototype systems for the
cutting of cloth with the aid of a cw CO2 laser have been able
to deliver an increase in the productivity and an improvement
in the cut quality. The simplicity of manipulation of a laser
beam opens up opportunities for control of technological
processes by means of computers, which is very convenient
for short-run and unit production.

Combination of laser technologies with programmed
control has proved particularly effective in microelectronics.
For example, in the manufacture of integrated circuits in
accordance with a given programme, it is necessary to make
drawings of themasks to be used later; in laser lithography the
resolution can be at submicron level [19]. The use of lasers can
increase by an order ofmagnitude the productivity, compared
with the traditional optical and electron beam systems. Laser
technologies can now be used in all the operations employed
in semiconductor electronics when integral circuits are made.
The use of lasermethods for nondestructivemonitoring of the
quality of electronic devices is growing. A system which can
monitor the precision of assembly of electronic equipment is
described in Ref. [20]. Every second the system calculates
2� 105 three-dimensional coordinates of illuminated spots
on the surface of an object.

Even the very first stages of the development of laser
technologies have revealed that the effects of laser radiation
are not purely thermal. Heating is accompanied by deforma-
tion, motion of defects, and generation of acoustic and shock
waves [1, 6, 8]. Moreover, it has been found that the thermal
mechanism is of very limited validity as the basis for analysis
of the laser effects. This mechanism plays the dominant role
within definite limits of the energy, spectral, spatial, and
temporal characteristics of laser radiation. For example,
when the pulse duration is short, we have to consider not
simply the thermal effect, but the interaction of radiationwith
the conduction-electron and phonon subsystems. In local
spatial action the resultant temperature gradients induce
strains, stresses, and motion of defects. In contrast to gases
for which the concept of selectivity of the laser radiation
effects can be reduced to resonant excitation of atoms and
molecules [21], solids have a spatial structure and one can
speak of selective action on the various elements of this
structure even in the case of the thermal mechanism. This is
related to the feasibility of a high concentration of the laser
radiation energy in small regions and the appearance of local
nonequilibrium processes.

For example, thermally induced fracture is accompanied
by a whole range of processes: evaporation of the bound
(crystallisation) water, producing of high internal pressures
resulting in the formation of microcracks, occurrence of
irreversible chemical reactions and phase transformations,

all of which weaken the internal bonds and reduce the
strength. The local effects and the appearance of high
temperature gradients (109 ± 1010 K cmÿ1) create thermal
stresses which make controlled splitting of materials possible.

Laser radiation in fact induces a large number of processes
in a solid and the heating is just one of them. Two mutually
related approaches have gradually crystallised when dealing
with the tasks encountered in the development and applica-
tions of laser technologies. One of them is based on the
development of equipment which can be used to control the
laser action and the other is the search for ways acting
selectively on the processes that occur in a solid and choosing
in each case a laser `key' in the form of radiation with specific
characteristics.

2.2 Nonthermal effects
Various applications of lasers, which cannot be reduced to
simple heating of materials, have been proposed in the
seventies. A considerable role in the understanding of the
mechanisms of the observed phenomena has been played by
results of investigations of various nonthermal effects on
solids and on the growth of crystal structures: these include
the effects of electromagnetic radiation, electric fields, elec-
tron beam, and ultrasound. A shared feature of these effects is
their selective nature. For example, the effects of electro-
magnetic radiation on the growth of crystal films and their
properties have proved very critical in respect to the selection
of the conditions during irradiation, the intensities and
durations of the pulses, and their spectral composition. The
observed selectivity is related to the effects on specific
relaxation processes in a solid or on different stages of crystal
growth.

A series of experimental investigations, initiated by the
work reported in Ref. [22], has proved that irradiation can
have a significant influence on epitaxial growth and on the
quality of the resultant materials. Very detailed investigations
have been made into the growth of PbTe, Pb1ÿxSnxTe, and
HgTe films [23 ± 26] in which the source of light has been an
ultrahigh-pressure xenon lamp with an output power of 10
kW emitting in the wavelength range 0.2 ± 1.5 mmwith 10%of
the power in the ultraviolet (UV). It has been found that if the
UV radiation is selected by a filter, the film growth rate
increases by two orders of magnitude: from 0.1 ± 0.2 mm
minÿ1 in the absence of such radiation to 6 ± 15 mm minÿ1 in
its presence.

Irradiation influences also the quality of epitaxial films.
Single-crystal layers can form in a narrow range of the UV
radiation intensities from 10 to 30 W cmÿ2; polycrystalline
layers are obtained at somewhat lower or higher intensities.
When the intensity exceeds 40 W cmÿ2, polycrystalline
growth changes to the formation of flakes, i.e. the result is
uncontrolled fast growth of crystals near the surface around
randomly appearing crystallisation centres. Moreover, the
epitaxial growth temperature can be reduced from 800 �C to
500 �C in the presence of UV radiation.

The main mechanism responsible for these effects is the
formation of free atoms [23]. UV radiation dissociates Te2
(Ediss � 2:8 eV) and PbTe (Ediss � 2:7 eV) molecules which
reach the growth surface. In the conventional process, i.e. in
the absence of UV radiation, the molecular bonds break
(which is necessary to ensure that an atom reaches its place in
the lattice) on the surface. The probability of such bond
breaking increases with the substrate temperature. Incor-
poration of one atom in the lattice requires 103 ± 104 collisions
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of molecules with the surface of a growing crystal. In contrast
to the reactions between molecules, those involving free
atoms and radicals are of zero-barrier nature and the cross
sections are on the order of the gas-kinetic values. This is the
reason for the increase in the growth rate. Even a fraction of
1% of free atoms can influence significantly the epitaxial
growth rate. The epitaxial growth temperature can be lowered
because, in the presence of free atoms, a reduction in the
substrate temperature and, consequently, in the probability
of bond breaking in themolecules interacting with the surface
does not play a significant role.

UV irradiation can also influence all the stages of crystal
growth which usually occurs in accordance with the layer
mechanism [27]: transfer of molecules from a vapour to an
adsorption layer, surface diffusion of the adsorbed molecules
on the surface to a step, diffusion along the edge of a step to a
kink, and incorporation in the lattice. Such irradiation
generates a surface charge, alters the adhesion properties
[28], and gives rise to adsorption centres thus transferring
surface atoms to excited metastable states with modified
valence properties. This stimulates the formation of films on
substrates on which ordinarily these films would not have
grown [29]. Experimental observations indicate an improve-
ment of the quality and a reduction in the number of defects
(dislocations, micropores) in epitaxial films grown under the
influence of UV radiation [24, 26].

There is thus a whole range of mechanisms by which
electromagnetic radiation can influence epitaxy. Utilisation
of these mechanisms provides opportunities for controlling
the properties of grown epitaxial structures. This applies also
to the control of the deviation of the composition of crystals
from stoichiometry. The boundaries of a region of homo-
geneity in PÿTÿ x diagrams (P is the pressure, T is the
temperature, and x is the relative concentration of a compo-
nent) of binary crystals are set by the maximum permissible
differences dv between the numbers of vacancies of the two
components at the given values of P and T. Fig. 1 shows a
typical Tÿx diagram of PbTe [24, 26]. The maximum
deviation from stoichiometry occurs in a region rich in
tellurium (and, consequently, rich in lead vacancies). We can
see that the number of excess vacancies dv � nPb ÿ nTe can
reach � 1019 cmÿ3, i.e. it represents 10ÿ3 of the total number
of the lattice sites. The relationship [30]

nPbnTe � N0 exp

�
ÿETe � EPb

kT

�
� m0

shows that the number of vacancies is

nPb �
���������������
d2v
4
� m0

s
� m0

2
; nPb �

���������������
dv
4
� m0

r
ÿ m0

2
:

Here,N0 is the number of the lattice sites and EPb � ETe is the
energy of formation of a pair of vacancies in the different
sublattices.

When the boundary of a homogeneity region is crossed
during, for example, cooling of a crystal, the excess compo-
nent forms precipitates separated by distances of several tens
of nanometres [31].

An increase in the degree of deviation from stoichiometry
and, consequently, an increase in the number of vacancies
reduces the strength of a crystal because of an increase in the
number of broken bonds. This reduction in the strength
makes a homogeneous structure unstable even at relatively
low stresses. The boundaries of a homogeneity region are
determined by a reduction in the strength of a binary crystal
because of deviation from stoichiometry and by the presence
of stresses associated with structure defects (pores at rela-
tively high temperatures, cracks and dislocations at low
temperatures).

Electromagnetic radiation which influences the reduction
in the number of defects reduces the internal stresses, so that it
is possible to go beyond the usual boundaries of a homo-
geneity region [25]. However, the maximum deviation from
stoichiometry cannot exceed 0.1% and the presence of even
weak stresses within this range makes the structure unstable.
Therefore, electromagnetic radiation provides means for
effective control of epitaxial growth processes, deviations
from stoichiometry, and the structure of grown crystals.

The discovery of the photoplastic effect [32] played an
important role in the analysis of the influence of irradiation
on a system of defects and stresses in a solid. At themoment of
illumination with visible light the stress flow in the crystal
undergoing plastic deformation increases and this stress
returns to the initial value after the end of illumination. The
mechanism of this effect is a change in the conditions of the
electric interaction of moving dislocations with point centres
whose charge is altered by illumination and which have local
levels in the band gap. Other phenomena associated with this
mechanism have since been discovered: they include infrared
quenching [33], the impurity photoplastic effect [34], the
deformation luminescence and injection-plastic effect [35].
Moreover, it has been shown that a system of defects is related
to the electric andmechanical properties of crystals and to the
ability to control these properties by irradiation.

These selective effects of incoherent radiation on the
processes occurring in a solid are produced also by laser
radiation. However, investigations involving laser radiation
have led to the discovery of a whole range of new phenomena
which can be divided arbitrarily into the effects on the growth
and structure of crystals and the effects on the defect
subsystems.

2.3 Influence of laser radiation on the growth
and structure of crystals
New opportunities for the control of vapour epitaxy are
provided by the use of pulsed UV lasers. The distinguishing
features of the action of UV laser pulses on crystals include a
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Figure 1.Homogeneity region of a PbTe crystal: (I) n-type; (II) p-type. The

dashed curves are the boundaries at which a deviation from stoichiometry

is observed in a defect-free crystal.
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high surface quality, an increase in the lattice constant
(representing a reduction in the number of vacancies),
different concentrations of defects within a laser spot and
outside it (when the whole sample is illuminated
simultaneously with a xenon lamp), and differences in doping
under the action and in the absence of laser radiation. The
growth and formation of nonplanar structures (humps) are
accelerated in the laser spot [36, 37]. The results have been
interpreted by considering the mechanism of the appearance
of acoustic waves as a result of the thermo-optical effect. In
the region where light is absorbed a change in the density
creates a pressure pulse. When use is made of a UV laser with
a pulse duration 10ÿ8 s and of 104 ± 105 W cmÿ2 intensity, a
typical order of pressure in the investigated substances is
107 dyn cmÿ2 [38]. The resultant increase in the density
reduces the total number of vacancies and also of various
other structure defects, and is responsible for the increase in
the lattice parameter. The increase in the film growth rate is
evidently related to a reduction in the growth energy barrier
by an amountOP (P is the amplitude of an acoustic wave and
O is the activation volume) when an acoustic wave is excited.

Under real conditions we are dealing with a whole range
of mechanisms which are triggered by electromagnetic radia-
tion and have a variety of spatial, temporal, and spectral
characteristics. Therefore, in a number of cases it has proved
helpful to select combined regimes for the optimal control of
the properties of the resultant structures. For example, an
experimental investigation was made [39] of the combined
influence on the epitaxial growth of PbTe and Pb1ÿxSnxTe of
UV radiation from a cw He ±Cd laser (l � 0:43 mm, 20 mW
power), a pulsed nitrogen laser (l � 0:337 mm, pulse duration
10ÿ8 s, pulsed power density 104 ± 105 W cmÿ2), and a xenon
lamp.

Illumination with these sources increases the rate of
growth of epitaxial PbTe films: when only the xenon lamp is
used, the growth rate is 2.5 mm minÿ1; under the combined
influence of this lamp and the cw laser, the latter is 3.5 mm
minÿ1, and the combined effect of the lamp and the pulsed
nitrogen laser increases the growth rate to 4.8 mm minÿ1. In
the regions affected by laser radiation there are humps of area
similar to the size of the laser spot. The thickness and
structure of these humps depend on the irradiation condi-
tions. Under the action of the lamp and the laser the height of
a hump above the film surface is 30 mm if the cw laser is used,
60 mm (and the surface of the film is mirror-smooth) when the
pulsed laser is employed, and the thickness of the film which
grows under the influence of the lamp alone is 60 mm.

The transverse dimension of details of the surface relief of
nonplanar films is determined by the capabilities of laser
focusing and the height is governed by the duration of laser
irradiation. The growth of any specific structures is repro-
ducible, suggesting that it should be possible to fabricate
nonplanar objects of complex shape, to produce a given relief,
and also to use nonplanar structures in different forms of data
storage.

The degree of `perfection' of epitaxial films grown in the
presence of laser radiation [39] has been estimated on the basis
of the density of the etch pits. The results are given in Table 1.
It is evident from this table that the films grown under the
influence of the lamp and the pulsed UV laser radiation have
the lowest dislocation density. Investigations of the threshold
temperature for epitaxial growth of PbTe show that the
temperature of growth of single-crystal lead telluride films
on BaF2(111) substrates decreases from 800 �C to 300 �C

under the action of the lamp and the pulsed UV laser
practically without a change in the high growth rate (4.5 ±
4.8 mm minÿ1). The threshold temperature for the onset of
growth of a single crystal is 380 �C. Under the action of the
lamp and the cwUV laser the threshold temperature is 450 �C,
whereas in the presence of the xenon lamp alone it is 550 �C.
Moreover, the action of the pulsed laser increases also the
lattice constant, which is clearly related to a reduction in the
number of vacancies. There are differences also in the
concentration of defects, in the quality of a crystal, in the
degree of doping (resulting, in particular, in the formation of
p ± n junctions), and in the distribution of the charge density
between the regions subjected and not subjected to the action
of laser radiation.

The selective nature of the laser radiation effects is
observed also when oxide films are formed on metal surfaces.
This topic has attracted attention because of attempts to
increase the absorptivity of metals, which is known to fall
with increase in the wavelength [4]. For example, in the case of
a CO2 laser emitting at l � 10:6 mm the absorptivity
represents only a few percent, but in the presence of oxide
films it can increase to 50%±90%.

It has been shown [40 ± 42] that the oxidation of metals in
air ismuch faster under the influence of laser radiation than as
a result of simple heating. The dual nature of this effect has
been established. First, there are the photoprocesses typical of
laser oxidation of semiconductors or metals, whose oxides
have semiconducting properties [43]. The lower limit of these
processes is set either by the band gap of the oxide or by the
binding energy of the impurity levels. Second, there are the
thermochemical processes induced by the high rates of change
of temperature and high temperature gradients in the surface
layer [41]. The transport of reagents in the solid phase and the
kinetics of the oxidising reaction are influenced greatly by
electric fields, and also by diffusion along grain boundaries
and microcracks, and by generation of vacancies [44]. The
upper limit of such selective effects is set by nonlinearities and
by the appearance of instabilities.

There is a definite range of the temporal characteristics of
laser radiation that is suitable for laser annealing. In micro-
electronics the main method for introduction of impurity
atoms is implantation of high-energy (� 200 keV) ions. Such
implantation damages the lattice of silicon, which becomes
partly amorphous [8, 45, 46]. Laser annealing is carried out by
means of short (� 10ÿ7 s) pulses or by scanning with a beam
from a cw laser. At the end of a pulse a sample is cooled
rapidly and solidifies so as to prevent a spatial redistribution
of ions by diffusion. The mechanism of annealing has been
interpreted in various ways: the process of heating followed
by recrystallisation has been considered, as well as nonther-
mal formation of a dense free-carrier plasma, the electron
temperature in this plasma being much higher than the lattice
temperature [47].

Selective laser effects are used widely in microelectronics,
particularly for chemical deposition of semiconductor, metal,
and insulator films from a gas [48 ± 51]. It is possible to form

Table 1.Dislocation density (in cmÿ3) for epitaxial films

Epitaxial élms Xenon
lamp

Xenon lamp
and
cw UV laser

Xenon lamp
and pulsed
UV laser

PbTe ëBaF2 (111)
PbTe ë PbTe (100)

5� 104

3� 104
2� 104

1� 104
8� 103

5� 103
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coatings of complex configurations and micron dimensions.
Laser heating of the substrate and formation of free atoms by
interaction of laser radiation with a gaseous phase is used in
deposition processes. Among specific technologies, it is worth
mentioning the formation of silicon films [48], deposition of
SiO2 films [49], and metallisation. Photodissociation of SiH4

and SiCl4 can be induced by radiation from exciplex ArF
(l � 194 nm) and KrF (l � 248 nm) lasers [50]. Metal-
organic molecules are photodissociated when metal films are
deposited.

Local heating of the substrate during laser chemical
deposition of films causes pyrolysis of the compounds present
in the vapour phase. Circulation of gaseous chemical com-
pounds, which do not react with a substrate at room
temperature, is set up above the substrate. Heating decom-
poses these compounds into components that are deposited
on the substrate. As a result, the films are deposited in a local
region, for example in the form of stripes or filaments with
characteristic dimensions governed by the focusing of a laser
beam.

2.4 Effects of laser radiation on the defect subsystem
The subsystem of defects in a solid is to some extent self-
contained and it has a significant influence on the properties
of a solid. Moreover, defects are very sensitive to various
external stimuli. Lasers can be used to control changes in the
defect subsystem. They can be used to deposit energy at a high
rate in a medium: the rate of heating in the irradiation zone
can reach 106 K sÿ1 [4]. This results in generation of point
defects (vacancies and interstitial atoms). High-power laser
pulses (I � 107ÿ108 W cmÿ2) can produce a shock wave and
then defect generation occurs throughout a solid that has
been crossed by the shock-wave front. Atmoderate intensities
(I � 104ÿ107 W cmÿ2) when the laser spot diameter is 200 ±
300 mm (industrial conditions) and a shock wave does not
form, the main role is played by the thermal defect generation
mechanism [the rate of generation is then G / exp�ÿEf=kT�,
where Ef is the defect formation energy and k is the
Boltzmann constant] with localisation in the subsurface
layer of a crystal [52].

An important role in changing the concentration of
nonequilibrium point defects may be played also by extended
defects (dislocations, pores, cracks), which (like the surface)
can act as both sources and sinks. The concentration of point
defects in a crystal exposed to laser radiation can exceed the
equilibrium value by several orders of magnitude. This
applies particularly to vacancies since the rapidly moving
interstitial atoms quickly emerge on the surface or are
absorbed by sinks inside a crystal. In the simplest case the
kinetics of changes in the vacancy concentration n can be
described by the equation

qn
qt
� div j � nÿ neq

t0
;

where t0 is the diffusion time of vacancies moving between
sinks and sources; neq is the equilibrium concentration of
vacancies; t0 � L 2

0 =D; L0 is the average distance between the
sources and sinks; j is the flux of defects which in the simplest
case can be described by [53]

j � ÿD
�
Hn� kTHT

kT

�
;

where kT is the thermal-diffusion ratio representing the
transport of heat in a solid.

Laser radiation can alter, within wide limits, the concen-
tration of nonequilibrium defects and this provides an
opportunity for deliberate and selective influence on mechan-
ical, electric, optical, and thermophysical properties of a
solid. If a laser pulse is used to heat a metal to a certain
temperature and the metal is then cooled rapidly in a time
shorter than t0, some of the equilibrium defects do not
manage to reach an equilibrium state and the nonequilibrium
vacancies become frozen-in. There is an optimal pulse
duration t0 which maximises the number of such frozen-in
vacancies [54]. This optimal duration is determined by the fact
that when the pulses are short, t < t0, a number of generated
vacancies is not sufficient, but when the pulses are long
�t > t0�, the rate of cooling becomes less and a most portion
of the generated vacancies is not frozen-in. For example, for
aluminium, iron, and several other metals the value of t0 is
� 10ÿ3 s.

Laser pulses can generate high concentrations of none-
quilibrium vacancies (n � 1017ÿ1020 cmÿ3) in surface layers
of metals [55]. This alters the optical properties of metals and,
in particular, it increases the absorptivity, because of the
additional scattering of the conduction electrons in the skin
layer by excess nonequilibrium vacancies [56]. This effect can
be used in the processing of materials characterised by high
reflection coefficients. For example, aluminium reflects
90%± 95% of CO2 laser radiation (lL � 10:6 mm). An
increase in the absorptivity by the use of a pulsed laser then
makes it possible to utilise efficiently the radiation from a cw
CO2 laser in the processing of metals.

The appearance of nonequilibrium vacancies reduces the
service life of the reflecting coatings (mirrors) in pulsed
lasers because of accelerated diffusion of the substrate
atoms into the coating [40]. This effect influences also the
acceleration of the growth of oxide films [55] and the mutual
diffusion of components in semiconductor systems of the
Cd1ÿxHgxTe ±CdTe type [57].

Laser irradiation not only alters the rates of the diffusion
processes, but it can also stop these processes and even reverse
their direction. For example, laser heatingmay cause not only
evaporation, but also considerable growth of pores and
dislocation loops [58].

Laser radiation can influence also the relaxation of elastic
stresses and the motion of extended defects, particularly the
motion of dislocations in crystals. UV laser radiation charges
the surface of a crystal positively and dislocations carry a
negative charge. This creates an electric field which draws
dislocations to the surface [59]. The velocity of a dislocation
motion vd is directly proportional to the vacancy flux:
vd / Dn. An increase in the impurity content, when the
vacancy concentration decreases, slows down the motion of
dislocations and hinders their climb to the surface.

Laser radiation can be used to control the properties of
transition layers which appear at heterojunctions and in
stressed regions in the lattice. A typical example is a transition
layer at the interface between a substrate and a film. Such a
layer forms because of the mismatch between the lattice
constants and because the thermal expansion coefficients are
different on either side of the interface. The layer thickness is
governed by the concentrations of various defects (impurities,
dislocations) in the vicinity of the heterojunction.

A combined photostimulated epitaxial regime was used
[39] to grow PbxSn1ÿxTe films. This regime involved the use
of UV radiation from a pulsed nitrogen laser and of a xenon
lamp. Variation of the growth temperaturemade it possible to
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reduce the transition layer thickness from 1.5 to 0.5 mmand to
lower severalfold the dislocation density. Measurements of
the carrier concentration in indium-doped PbxSn1ÿxTe films
showed that indium present in amounts of 0 ± 0.45% has
donor properties and alters the carrier concentration from
5� 1019 to 5� 1018 cmÿ3 �x � 0:22� and from 5� 1018 to
4� 1016 cmÿ3 �x � 0�. When indium is present at higher
concentrations (up to 0.7%, in terms of atomic fractions), it
has acceptor properties and can reduce the electron concen-
tration to 1:3� 1014 cmÿ3. When the indium content exceeds
0.7%, the carrier concentration increases again to
1:3� 1015 cmÿ3.

A common aspect of the selective laser influence on
specific processes in a solid is the existence of a definite and
relatively narrow range of the radiation parameters suitable
for a given process. Each process (growth of single crystals,
reduction or increase in the number of dislocations, growth or
evaporation of pores, changes in the surface properties, etc.)
has its own range. The results of going beyond these ranges
and also of major changes in the irradiation conditions are
illustrated strikingly in the report given in Ref. [39] describing
how photostimulated epitaxy of PbTe was induced with a
pulsed nitrogen laser and a xenon lamp (0.6 kW power with
filters transmitting only the ultraviolet part of the spectrum).
The intensity of the nitrogen laser radiation was kept
constant, but the intensity of the radiation from the xenon
lamp was varied by altering the current through it from 30 to
200A.A continuous filmwas formed in 30min and usually its
thickness inside the laser spot was 120 mm, but outside it the
desired quantity came out to 60 mm. The current through the
xenon lamp was then increased and after 10 min the film was
separated from the substrate (this process was reproducible in
70% of the cases). At this stage the film thickness was,
respectively, 160 and 80 mm. The current comprising 125 ±
130 A has been established para to the threshold of peeling
off.

Similar results were observed also when only the xenon
lamp or only the nitrogen laser was used. At a fixed radiation
intensity after growth for 30 min (when the film thickness
reached 60 mm) the substrate temperature increased from
650 �C to 800 �C. The rate of film growth decreased and again
peeling off was observed.

It was found that the film thickness at which peeling off
took place was approximately the same even when the
irradiation conditions were varied in a very wide range.

The mechanism of such peeling off of films involves the
motion of defects to the film ± substrate interface. During the
initial stage of the process when the film is still thin, the main
sink for the vacancies is the surface. When a certain critical
film thickness is reached, so that the escape to the surface can
be ignored, the concentration of vacancies in the film begins
to rise, particularly in the transition layer between the film
and the substrate. When the regime is altered (by increasing
the radiation intensity or increasing the temperature) the
concentration of vacancies rises significantly. The resultant
positive feedback between the vacancy subsystem and the
field of bending strains leads to the formation of regions of
high supersaturation in places of vacancy localisation (these
are compressed regions), which is necessary for the appear-
ance and growth of pores [60]. As a result, it is in these regions
that adhesion of the film to the substrate becomes weaker and
the film peels off.

It therefore follows that the range of such selective
influence on the processes in a solid is governed by the

threshold of initiation at the lower limit and by nonlinearities
and the appearance of positive feedback at the upper limit.

3. A solid as an open system. Instabilities

3.1 Nonlinear processes and formation
of dissipative structures
When the deposited energy is increased and the situation goes
beyond the range of selective action of laser radiation, it is
essential to take account of the nonlinear nature of the
processes and to analyse the possibility of appearance of
instabilities and the formation of ordered structures.

A solid subjected to laser radiation can be regarded as an
open system and one can use the methods of synergetics in
describing the instabilities and self-organisation [61, 62]. In
accordance with the synergetic approach, instabilities appear
at certain definite (critical) values of the parameters and the
process of formation of dissipative structures is the result of
competition between a large number of unstable growing
modes which results in selection of the amplitude of one or
several modes. The amplitudes of the dominant modes
determine the type and degree of ordering, i.e. they are the
order parameters.

In principle, if we know and control the parameters that
represent the system and create conditions favourable for the
dominance of specific modes, we can control the formation of
various structures.

In analyses of the conditions for the appearance of
temporal and spatial dissipative structures the studies of the
dynamics of oxidation reactions on the surfaces of a material
have played the role of a stimulus. A whole range of
phenomena associated with instabilities and the formation
of structures in a laser radiation field has been discovered.
One should mention here a thermochemical instability [63 ±
65] which appears because of positive feedback between the
chemical and thermal degrees of freedom resulting from the
absorptivity enhancement with increase in the oxide film
thickness, the temporal dissipative structures (temperature
oscillations) observed in oxidation of molybdenum [66] and
several other metals [67 ± 70], and spatial structures asso-
ciated with an instability of the plane front of metal oxidation
under the influence of infrared (IR) laser radiation [71 ± 73].
The latter appear only above a certain threshold and the
intensities at which they form have not only a lower but also
an upper limit [72]. If a liquid oxide layer is present on the
surface of a metal, an instability of the plane crystallisation
front may appear [74]. In the case of vanadium pentoxide
under conditions of relatively weak supercooling the usual
V2O5 crystals are formed, but strong supercooling gives rise
to dendrite crystals in the form of rectangular tubes. The free
surface of V2O5 then increases by a factor of 103 ± 104 (which
is comparable with the increase in the surface area of
powders) and can be used as a catalyst in a number of
chemical and technological processes [75]. New opportunities
have appeared also in the control of crystal growth and of
heterochemical reactions on their surfaces [65, 68].

In the last decade the centre of attention has shifted to the
studies of instabilities and self-organisation in the defect
subsystem. Generation of defects may occur, in particular,
as a result of pulsed laser irradiation of semiconductors under
premelting conditions [76], during laser-induced oxidation
[68], in the course of laser deposition of films from the gaseous
phase [77], and in laser-induced etching of semiconductors
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[78] and metals [79]. Defects interact with the crystal lattice
and generate elastic forces. For example, a vacancy causes
lattice compression with a specific reduction in the volume by
DO � �0:3ÿ0:6�O and an interstitial atom causes its expan-
sion by DO � �1:7ÿ2:2�O [80]. Dislocations also generate
elastic strains and stresses. They are sources of an elastic field
the distribution of which resembles a magnetic field created
by a direct current. Similar sources of stresses are also bulk
defects (pores, cracks, precipitates). In turn, all the defects
experience the action of stresses in a solid and interact, via the
elastic field, with one another. The defect subsystem is also
coupled to phonons, conduction electrons, excitons, and
other quasiparticles. For example, phonons interact directly
with various defects such as vacancies, dislocations, grain
boundaries, and foreign inclusions [81].

The removal of an ion in the course of formation of
vacancies, introduction of an additional interstitial atom,
displacement of ion cores during formation of dislocations
and surface defects all give rise to uncompensated charges and
create various types of charged defects that experience the
action of electric forces [80].

Elastic stresses and electric forces move defects along a
crystal. Many manifestations of the crystal plasticity are
related directly to various types of motion of dislocations.
The elastic interaction of dislocations with point defects
(vacancies and impurity atoms) results in a higher concentra-
tion of these defects near dislocation axes (Cottrell clouds
[80]). Impurities can block largely the motion of dislocations
and stabilise them.The interactionof dislocations in their pile-
ups near a dislocation wall (grain surface) may create cracks.

These nonlinear interactions may produce, under various
conditions and in various materials, either periodic structures
of the concentration of point defects (and also of different
phases) or generate various extended defects (pores, disloca-
tions, etc.). Surface structures appear in many forms: one-
and two-dimensional lattices, concentric rings, radial and
radial-ray structures, spirals, and mazes. Superlattices of
point defects can appear in the bulk, for example, vacancies
and N, O, or C impurity atoms form superlattices in
transition metal crystals (when the concentration of these
impurities ranges from 0.1 to 10 at.%) [82 ± 85]. Superlattices
of extended defects such as pores [86] or precipitates [83] can
also form.

Self-organisation of structures has been observed for a
great variety of temporal characteristics of radiation. For
example, the observations of the effects of millisecond laser
pulses include the formation of a dislocation superlattice in Si
[87], whereas the effects of microsecond pulses include the
formation of pores [54] and a periodic redistribution of
impurities with increase in the distance from the surface [88].
Continuous laser radiation can induce concentric ring-shaped
pore structures [77], nanosecond pulses can generate super-
lattices of point defects when the surface of Si is irradiated
[89], and picosecond pulses can produce radial-ring structures
when films on metal substrates are irradiated [90].

3.2 Appearance of instabilities as a result of action
of laser radiation
Control of the formation of structures in a solid requires prior
knowledge of the mechanisms of the relevant instabilities,
development of their models, and calculations of critical
conditions for the appearance of instabilities.

The instabilities that appear in a solid under the action
of laser radiation can be classified in accordance with the

nonlinear interactions that give rise to feedback. The early
investigations have been concerned with a number of
specific mechanisms: the nonlinear interaction in the
course of recombination of defects at centres in the form
of defect ± impurity complexes [91]; the loss of stability of
a homogeneous state for the subsystem of point defects
associated with their upward diffusion along a concentra-
tion gradient of a substitutional impurity [92]; a mechan-
ism due to the vacancy `wind' effect and deviations from
local neutrality on appearance of fluctuations of the
impurity concentrations [93]. Although the instability
mechanisms are realised under certain conditions, they
are of very special nature.

Emel'yanov and his colleagues [77, 89, 94 ± 98, 102]
analysed the problem from a more general standpoint. They
considered the growth of surface instabilities that can appear
in a variety of situations in a system of interacting strain,
temperature, and defect-concentration fields. These instabil-
ities are known as concentration ± strain ± thermal (CST)
[94 ± 106]. A general idea on the development of CST
instabilities has been formulated. In CST instabilities a
fluctuation harmonic of the field of elastic strains in a
medium modulates some parameter (band gap, defect migra-
tion energy, defect drift velocity, the rates of defect genera-
tion and recombination) which controls the spatial and
temporal distributions of the defect concentration and
temperature. Modulation of such parameters gives rise to
periodic spatial ± temporal fields of the defect concentration
and temperature and, consequently, creates forces propor-
tional to their gradients. Under certain critical conditions,
these forces cause a build-up of the initial fluctuations of
strains and facilitate the growth of CST instabilities char-
acterised by an exponential increase (with time) of the
amplitudes of the Fourier harmonics of the fields represent-
ing perturbations of the defect concentration and tempera-
ture. A theory of CST instabilities resulting in the formation
of periodic structures has begun to develop from discussions
of an electron ± strain ± thermal instability in the course of
interband transitions in semiconductors, giving rise to a
semiconductor ±metal phase transition and to periodic
structures of different phases [96]. In this case the role of
the defect subsystem is played by electron ± hole pairs. A
theory of a vacancy ± strain instability, associated with the
appearance of strain-induced drift vacancies in free metal
plates or films exposed to laser radiation and leading to
various periodic vacancy ± strain structures, is considered in
Refs [60, 97, 100].

These instabilities appear because of an external energy
flux (endothermal CST instabilities). There can be also CST
instabilities growing because of internal heat evolution
(exothermal CST instabilities). They include a crystallisa-
tion ± strain ± thermal instability in the course of laser crystal-
lisation [102] and the recombination CST instabilities which
develop because of heat evolution in the course of defect
recombination [99 ± 101, 105]. Depending on which para-
meter of the defect subsystem in a crystal is modulated by
strains, we can distinguish three varieties of CST instabilities
that have been investigated so far. In the case of the drift CST
instability the activation energy of diffusion is modulated and
the result is a deformation-induced drift of defects culminat-
ing in their upward diffusion [77, 85, 97, 100]. In the
generation of CST instability the presence of strains alters
the rates of defect generation and heat evolution [95, 98].
Finally, we have the recombination CST instability in which
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strains affect the rates of recombination and disappearance of
defects at sinks [101, 105].

A general model of CST instabilities is proposed in Refs
[60, 100]. This model applies to a fairly large class of
instabilities that appear under the action of laser radiation
and some of its aspects can be applied also to instabilities of
other types.

Let us consider an isotropic solid in which a concentrated
energy flux (which can be a laser beamor a flux of high-energy
particles) generates mobile point defects. Let nj�r; t� be the
concentration of defects of type j ( j � v for vacancies, j � i
for interstitial atoms, and j � p for impurities) at a point r at a
moment t: r � �x; y; z�. The main processes that control the
evolution in time of the defect subsystem are the diffusion,
drift, mutual annihilation, and finally absorption at sinks.
The equations describing the defect kinetics and taking
account of these processes can be written in the form

qnj�r; t�
qt

� div jj�r; t� � Gj�r; t� ÿ Lj�r; t� ; �3:1�

jj�r; t� � ÿDjHnj�r; t� � vjnj�r; t� ; �3:2�

where Gj � Gj�T; e� (T is the temperature of the medium,
e � divu is the elastic strain in the medium, u is the
displacement vector) is the rate of generation of defects (in
the case of impurities, we have Gp � 0). Eqn (3.2) represents
the defect flux jj�r; t� and the first term in this equation
corresponds to diffusion with the coefficient
Dj � Dj0 exp�ÿEmj=kT�, where Emj is the activation energy
of diffusion. The second term describes the drift of defects at
the velocity vj � �Dj=kT�Fj under the influence of the force
Fj � ÿHU resulting from the interaction of defects with an
inhomogeneous strain field (U is the energy of the interaction
between one defect and the strain field:U � ÿKOj divu),K is
the bulk modulus, Oj is a dilatation parameter representing
the change in the volume of a crystal as a result of formation
of one defect: for vacancies and small-radius impurities we
haveOj < 0, for interstitial atoms and large-radius impurities
we have Oj > 0 (Oj � d 30 , where d0 is the lattice period). In
Eqn (3.1), the last term describes defect losses as a result of
mutual recombination and absorption at sinks: Lj � L�e;T�.

The defects present in a crystal deform it. The resultant
strains can be found from the equation of equilibrium of an
elastic isotropic body [82]

r
q2ui
qt 2
� qsik
qxk

; �3:3�

where ui are the components of the displacement vector. The
relationship between the components ui and the strain tensor
is uik � �Hiuk � Hkui�=2 [107].

The mechanical stress tensor sik can be deduced from the
expression for the density of the free energy of an elastic
continuum [81]:

F � K
u2ll
2
� m
�
uik ÿ dik ull

2

�2

�
X
j

KOjullnj ÿ KaTTull ;

�3:4�
where m is the shear modulus and aT is the thermal expansion
coefficient. Expression (3.4) is derived on the assumption that
dilatation centres are isotropic, i.e. Okl � Ojdkl. It then
follows from formula sik � qF=qxk that sik can be described

by

sik � Kulldik � 2m
�
uik ÿ dik ull

2

�
�
X
j

KOjnj ÿ KaTT :

Substitution of the expression for sik into Eqn (3.3) gives
the following equation for the displacement vector u:

q2u
qt 2
� c2tDu� �c2l ÿ c2t� grad�divu�

�
X
j

K

r
Oj grad nj ÿ KaT

r
gradT� GN�u� ; �3:5�

where cl and ct are the longitudinal and transverse compo-
nents of the velocity of sound [107]. The third term on the
right of Eqn (3.5) describes the concentration stresses
generated by defects and the fourth term represents the
thermoelastic stresses associated with an inhomogeneous
temperature field. The function GN�u� takes account of the
anharmonicity of the elastic medium.

The equation for the temperature of such amedium can be
written in the form

rC
qT
qt
ÿ KDT � Q�

X
j�i; v

Yj bj nj �Yiv mRnvni : �3:6�

The first term on the right of Eqn (3.6), Q � Q�T; nj; e�,
describes heating of the medium by an external energy flux
and the other two terms represent heating by heat evolution
resulting from the absorption at sinks (bj is the absorption
rate) and from mutual recombination of point defects (mR is
the recombination probability); Yi, Yv, Yiv are the energies
released per unit volume. The order of magnitude of these
energies is Yj � Efj (Efj is the energy of formation of a defect
of type j) and these energies are related: Yv �Yi < Yiv.

In discussing the CST instability on the surface of a crystal
we have to supplement Eqns (3.1) ± (3.6) with the appropriate
initial and boundary conditions. On a free surface �z � 0�, we
have

Dj
qnj
qz
ÿ KOjnj

Dj

kT

q2uz
qz2
� Sjnj ; K

qT
qz
�
X
j�v; i

Oj njSj ;

qux
qz
� quz
qx
� 0 ;

quz
qy
� quy
qz
� 0 ; �3:7�

ÿ KaT
rc2l

T� K

rc2l

X
j�v; i; p

Oj nj � quzqz

� �1ÿ 2bc�
�
qux
qx
� quy
qy

�
� 0 ;

and for z � 1, we obtain

nj�x; y;1; t� � T�x; y;1; t� � nj�r; 0� � T�r; 0� � 0 ; �3:8�

where Sj is the rate of surface recombination of defects; the z
axis is directed into the medium; bc � c2t=c

2
l .

Eqns (3.1) ± (3.6), in combination with the conditions
represented by expressions (3.7) and (3.8), form a closed
system of equations which describes uniquely the evolution
of CST instabilities both on the surface and in the interior of a
solid which is exposed to external energy fluxes.
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Specific analyses of various instabilities will be made in
the following sections. This will include derivation of the
dispersion equation on the basis of a linear analysis of the
stability of a stationary state of the initial system represented
by Eqns (3.1) ± (3.8) and also determination of the amplitudes
of the appeared structures which depend on the character-
istics of the incident laser radiation and on the parameters of
the medium.

4. Ordered point-defect structures

4.1 Diffusion ± deformation instability
Spatial structures formed from point defects generated by
laser radiation of intensities in the range 103 ± 105W cmÿ2 are
observed both on the surface (or in thin films) and in the bulk
of solids. Control of the formation of various structures can
be based on the information carried by a laser beam. It is
possible to control also the parameters and even the nature of
structures formed not only as a result of various instabilities,
but also within the framework of one instability. We shall
consider these possibilities on the basis of a diffusion±
deformation (DD) instability the physical mechanism of
which can be described as follows [85, 94]. A fluctuation
harmonic of an elastic strain of a medium gives rise to a
deformation-induced drift of point defects. A redistribution
of defects generates forces proportional to the gradient of the
defect concentration �F / Hn�. When a certain critical defect
concentration n� is exceeded, these forces amplify a small
`seed' strain leading to an instability.

We shall consider the processes leading to the DD
instability in a metal film (of thickness h) on an insulator
substrate, heated by focused cw laser radiation. It is assumed
that the substrate is optically opaque and that the tempera-
ture fieldT � T�r� is steady. The z axis is perpendicular to the
film surface which lies between the z � h=2 and z � ÿh=2
planes. Since the film is attached only weakly to the substrate,
it may experience bending leading to a drift flux of defects
(vacancies). The system of equations describing the DD
instability in films includes an equation for the vacancy
density on the surface nv�z � h=2; r; t� � n�r; t� and an
equation for the coordinate of the flexural (bending) strain
in the film x�x; y; t�, which is equal to the displacement along
the z axis of the points in the medium lying on the neutral
�z � 0� plane [60, 100]:

qn
qt
� DDnÿDKOh

4kT
div
�
n grad�Dx�� ; �4:1�

q2x
qt 2
� ÿ c2h2

12
D2x� c2kDx� GN�x� � s? ÿ OKnrh

: �4:2�

Here, D � q2=qx2 � q2=qy2; O � Ov; c
2
k � E=�1ÿ s2�r [107];

E is the Young modulus; s is the Poisson ratio; c2k � sk=r;
sk and s? are the axially symmetric stresses directed,
respectively, along and perpendicular to the film surface
and generated by spatially inhomogeneous axially symmetric
heating �sk � s?�. The last term in Eqn (4.2) takes account
of the local reduction in s? as a result of appearance of
vacancies. Eqn (4.1) is derived bearing in mind that the
tensile and compressive strains are related to the film
bending by div

�
u�z � h=2�� � ÿ�h=4�Dx [107] and also that

n�z � h=2�4 n�z � ÿh=2�.
A linear analysis of the stability of a spatially homo-

geneous solution �n0; x0� of the system of equations (4.1)±

(4.2) in the presence of small inhomogeneous perturbations
n1�r; t� and x1�r; t� (n15 n0, x15 x0) of the type n1,
x1 / exp�gt�J0�kr� (J0 is the Bessel function of the zeroth
order and k is the wave number of perturbations) leads to the
following dispersion equation [60]:

g�k� � Dk2
�
gk�l 2k k2 � 1�ÿ1 ÿ 1

�
;

gk � n0�KO�2
4kTsk

; l 2k �
�hc�2
12c2k

:
�4:3�

It therefore follows that if n > n� � 4kTs?=�KO�2 there is
range of wave numbers 0 < k2 < k20 in which g > 0, i.e. the
amplitudes of the Fourier harmonics of the perturbations
increase with time without limit. This gives rise to an
instability and its growth results in the formation of coupled
periodic structures of vacancies and flexural strains in the
form of concentric rings.

The maximum value of the instability increment gm is
reached for k2 � k2m � � �����gkp ÿ 1�=l 2k :

gm �
D�gk � 1ÿ 2

�����
gk
p �

l 2k
; �4:4�

and the period of the ring structure is

d � 2p
km
� 2plk
� �����gkp ÿ 1�1=2

: �4:5�

These periodic ring structures of vacancies and strains are due
to the appearance of a vacancy drift flux resulting from
bending �gk 6� 0� and from the fact that sk 6� 0 in a film
(km ! 0 for sk ! 0), so that the dependence g�k� has a
maximum. Inhomogeneous fluctuations n1 with the wave
number km and growing at a rate proportional to gm, which
is several orders of magnitude the rate of growth of homo-
geneous fluctuations, appear against the homogeneous fluc-
tuation background �k � 0�.

The anharmonicity of the elastic continuum stabilises the
resultant instability. Under steady-state conditions in the
one-dimensional case (when the x axis is selected) it follows
from the expression for GN�x� [107] that the system of
equations (4.1) ± (4.2) becomes

q2n1
qx2
� KOhn0

4kT

q4x1
qx4

; �4:6�

c2h2

12

q4x1
qx4
ÿ c2

2

q2x1
qx2

�
qx1
qx

�2

ÿ c2k
q2x1
qx2
� s?O
rh

n1 � 0 : �4:7�

Substitution in Eqns (4.6) and (4.7)

n1 � nkm cos�kmx� ; x1 � xkm cos�kmx� �4:8�

gives expressions for steady Fourier amplitudes of the
vacancy-concentration and flexural strain fields characterised
by k � km for a one-dimensional lattice, viz.

nkm �
���
6
p

c2k
Oc2

g
5=4
k �

�����
gk
p ÿ 1� ; xkm �

hg
1=4
k���
6
p : �4:9�

If a medium is isotropic and the temperature distribution
T�r� is axially symmetric, all the directions of the vector km
are equivalent. The resultant fields of n1 and x1 are obtained if
the set of expressions (4.8) is modified by replacing cos�kmx�
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with cos�kmr� � cos�kmr cosj� (r and j are the polar
coordinates in the film plane) and integrating with respect to
j in the interval �0; 2p�:

n1 � nkmJ0�kmr� ; x1 � xkmJ0�kmr� : �4:10�

The set of expressions (4.10) describes periodic distribu-
tions of vacancies and flexural strains in a film which are in
the form of concentric rings whose period is given by
expression (4.5). Evolution of the DD instability in systems
with two types of defects (vacancies and interstices) is
considered in Ref. [100].

In addition to one-dimensional and ring lattices, the
development of the DD instability in a film can also create
structures in the form of radial rays. They formwhen the laser
field has the axial symmetry and the laser radiation intensity
depends strongly on the radial coordinate [96].

For example, let us assume that the intensity in a laser spot
has the Gaussian distribution: I � I0 exp�ÿr2=r20�. Then, on
the film surface �z � h=2�, on condition that h5 r0, the
temperature distribution is T � T0 exp�ÿr2=r20�, where T0 is
the temperature at the centre of the laser spot �r � 0�. If we
assume that the defects are generated by the thermal mechan-
ism, their steady distribution (when kT05Ef) is
n0�r� � n0 exp�ÿr2=r2eff�, where reff � r0

���������������
kT0=Ef

p
5 r0.

The equation for n1 becomes

qn1
qt
� DDn1 ÿDKOhn0

4kT
D2x exp

�
ÿ r2

r2eff

�
; �4:11�

and the equation for x1 remains unchanged.
The solution of Eqns (4.11) and (4.2) will be sought in the

form of radial rays:

n1; x1 /
�

r

reff

�m

cos�mj� exp
�
ÿ r2

r2eff

�
; �4:12�

where m4 1 is an integer. Substitution of the solution,
described by expression (4.12), into Eqns (4.2) and (4.11)
gives the dispersion equation which is of the same form as for
one-dimensional lattices provided k2 is replaced with
~k2 � 4m=r2eff. The number of rays in a structure is
m � p2r2eff=d 2, where d is the lattice period. This number is
found in the same way as in the preceding case, from the
condition k2m � ~k2. For typical parameters reff � 0:01 cm and
d � 3� 10ÿ3 cm, we find that m � 102.

Therefore, within the framework of a specific (DD)
instability we can expect structures of different type depend-
ing on the parameters of the incident radiation and of the
sample itself. Formation of one-dimensional lattices, con-
centric ring structures, and radial structures is determined by
the spatial characteristics of the laser radiation (uniform
irradiation of the whole sample, a laser spot with a uniform
intensity distribution, and a circular spot with a radial
dependence of the intensity). More complex structures can
also form. Changes in the spatial characteristics of a laser
beam provide an effective means for the control of the
formation of specific (given) surface structures.

The DD instability can also be used to act on hetero-
geneous interfaces in a solid, particularly on film ± substrate
interfaces. Concentric-ring peeling off of a film was observed
[77] during laser deposition of polycrystalline molybdenum
films from the gaseous phase. This was associated with the
development of the DD instability when fluctuations create

an inhomogeneous field of flexural stresses inducing drift
fluxes directed opposite to diffusion in the vacancy subsys-
tem. Regions of compression attract vacancies and regions in
tension repel them. Vacancies become localised in com-
pressed regions and they themselves deform the film enhan-
cing the initial fluctuations of the flexural strain. The
resultant positive feedback leads to an instability and, as a
consequence, to the appearance (in the regions of vacancy
localisation) of a strong supersaturation sufficient for the
formation and growth of vacancy clusters, viz. pores. The
adhesion of a film to its substrate becomes weaker at the
positions of such pore clusters and periodic concentric peeling
off of the film is observed.

We shall now obtain some numerical estimates. Typical
values of the constants O � 10ÿ23 cm3, K � 5� 1011 erg
cmÿ3, aT � 10ÿ3 Kÿ1, T � 500 �C give an estimate of the
critical vacancy concentration: n� � 8� 1018 cmÿ3. Under
the experimental conditions reported in Ref. [77] we have
h � 5� 10ÿ6 cm, E � 1011 erg cmÿ3, sk � 109 erg cmÿ3, and
s5 1, which means that lk �

�����
10
p

h � 10ÿ5 cm. We can then
substitute gk � 1� d (where d5 1) in the set of expressions
(4.3). Therefore, d � 2k2ml

2
k � 8p2l 2k =d

2
expt � 10ÿ2 if dexpt �

3� 10ÿ3 cm [77]. It follows from expression (4.4) that
gm � Dd2=2l 2k � 0:5 sÿ1 for D � 10ÿ6 cm2 sÿ1. Formation of
a vacancy structure with a period dexpt occurs in a time
interval gÿ1m � 2 s, which is in full agreement with the
experimental conditions [77] under which the deposition
time was 20 s. Assuming that in thin films the main vacancy
sink is the surface, it follows that under steady-state condi-
tions we have n0 � c1h

2 �c1 � const�. Expressions (4.3) and
(4.5) then yield the period d � 2plk=�c1hÿ 1�1=2.

It follows that the formation of ring vacancy structures
occurs only when the film thickness is h > h�, in agreement
with experiments [77].

If a film contains substitutional impurities of two types
differing is respect to the diffusion activation energies
satisfying the inequality E1 < Ea < E2 (Ea is the energy of
migration of the host lattice atoms), it follows that as a result
of diffusion the more mobile impurity atoms will collect in
compressed regions and the less mobile atoms in the regions
which are in tension. As a result, laser irradiation will remove
impurities from the centre of a film. The characteristic time of
such laser `purification' is a fraction of a second [100].

4.2 Recombination ± deformation instability
Formation of ordered defect structures in crystals containing
different sinks present in high concentrations is associated
with a recombination ± deformation (RD) instability [99, 100]
the physical origin of which is as follows. When a medium is
deformed by the generation of defects, the activation barrier
E of the process of defect self-diffusion near the sinks is
modulated ( ~E � E�Y divu, E � Ef � Em, where Y is the
deformation potential). The associated modulation of the
sink intensities �Is� in turn leads to additional growth of the
strain fluctuations and when the defect concentration exceeds
a critical value, the RD instability appears as a result of
positive feedback.

We shall consider first the RD instability in thin metal
plates (or films) [105]. It is assumed that external pumping at a
time-independent rate creates point defects in a medium
(specifically, vacancies) and their concentration decreases
away from the surface �z � h=2� with depth in the medium,
and the surface diffusion and recombination coefficients
exceed considerably the corresponding coefficients for the
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bulk (Ds4D, bs4 b). A plate is located between the planes
z � ÿh=2 and z � h=2. Then the kinetics of the RD instability
can be described by the following system of equations [105]:

qns
qt
� DsDns � Gs ÿ

X
j

I js �x�rj ; �4:13�

q2x
qt 2
� ÿ c2h2

12
D2x� GN�x� � OKnsrh

; �4:14�

where ns � n�z � h=2� is the vacancy density on the surface of
the plate [n�z � h=2�4 n�z � ÿh=2�]; D � q2=qx2 � q2=qy2;
Gs is a surface source; rj and I js are, respectively, the density
and intensity of sinks of type j. The summation in Eqn (4.13)
is carried out over all the sinks: it applies to those present in
the plate and those generated in the course of irradiation.
When the role of sinks is played by microscopic pores
(vacancy clusters) and dislocations, I js �x� is described by [116]

I js �x� � Zj

�
Dsns ÿD0N0 exp

�
ÿ

~E�x�
kT

��
;

where N0 is the number of lattice points; Zj represents the
efficiency of absorption of point defects by sinks of type j. For
pores we haveZp � 4pR;R is the average radius of the pores;
for dislocations we have Zd � 2p= ln�2Rd=Ld�, Ld �
mb�1� s�O=�3�1ÿ s�pkT�; Rd is the average distance
between dislocations in a crystal, related to the dislocation
density rd byRd � �prd�ÿ1=2. The parameterZj can vary with
time. However, if the instability growth time �gÿ1� is con-
siderably shorter than the characteristic time for a change in
Zj, we can assume that Zj � const.

The assumption that ns � n0 � n1, x � x0 � x1 and line-
arisation in terms of small corrections of the type n1 �
nk exp�gt� ikx� � C:C: and x1 � xk exp�gt� ikx� � C:C:,
where nk and xk are the amplitudes of the Fourier harmo-
nics, yields the dispersion equation for the RD instability
[105]:

g�k� � ÿDk2 ÿ bs0
�
1ÿ 6n0KO

Y
rc2h2kTk2

�
: �4:15�

Here, bs0 � q2sD, q2s �
P

j Zj rj is the sum of the sink
intensities, where qÿ1s is the diffusion path of a defect before
it becomes absorbed by the nearest sink.

If follows from expression (4.15) that if

n05 n��k� � �k2 � q2s �
r�chk�2kT
6KOYq2s

; �4:16�

the increment g5 0 and the RD instability develops in the
plate giving rise to various structures.

Stabilisation of the RD instability can be traced to a
nonlinearity of flexural strain, i.e. it occurs because of GN�x�.
When the pump parameter exceeds the critical value given by
expression (4.16), steady Fourier amplitudes nk and xk appear
and their values follow from Eqns (4.13) and (4.14) if it is
assumed there that qns=qt � 0:

xk � ÿ
h���
6
p
�
k20
k2
ÿ 1

�1=2

; nk � �kh�
2n0Y�����

24
p

kT

�
k20
k2
ÿ 1

�1=2

;

�4:17�
where k20 � 6n0KYO=

�
kTr�ch�2� is themaximum value of the

wave vector k; when this value is exceeded the amplitudes of

the Fourier harmonics decay, because they are then char-
acterised by g < 0 [see expression (4.15)].

The resultant behaviour of x1 and n1 is governed by the
sum of independent Fourier harmonics with the wave vectors
lying in the interval 0 < k < k0:

n1 �
X
k

nk exp�gt� ikx� � C:C: ;

x1 �
X
k

xk exp�gt� ikx� � C:C: �4:18�

Substitution from the set of expressions (4.17) into
another set (4.18) and a changeover from summation to
integration, for an isotropic medium and a homogeneous
distribution of the radiation intensity in a laser spot, give

x1 � h2
J1�k0x����

6
p

x
;

n1 � n0h
3Y

4kT

�
k20
x
Jÿ1�k0x� ÿ k0

x2
J0�k0x�

�
�

4

k20x
2
ÿ 3

2

�
k20
x
J1�k0x� � 2k0

x2
J2�k0x� � k

2
0

2x
J3�k0x�

�
;

where Jn (n � ÿ1; 0; 1; 2; 3) are Bessel functions of the first
kind.

It therefore follows that the development of the RD
instability in a plate creates a lattice of coupled fields of the
flexural strain and the vacancy concentration in the form of
concentric rings. The period of this lattice is

d � 2phc

������������������
rkTbs0
6GsYKO

s
�4:19�

and this period grows with increase in the thickness, but
decreases on increase in the defect generation rate. The
formation of vacancy ± strain structures as a result of the
RD instability has a threshold; the increment g governing the
formation of these structures is proportional to Gs. Since
n0 / exp�ÿEf=kT�, it follows from expression (4.19) that
d / T 1=2 exp�ÿEf=2kT�, i.e. the lattice period decreases
rapidly with increase in temperature.

For typical values of the parameters of medium the RD
instability threshold is n� � 2� 1019 cmÿ3. For n0 � 1:1n� it
follows from expression (4.19) that the period is d � 6� 10ÿ4

cm. The characteristic time of formation of surface structures
as a result of the RD instability is tm � gÿ1m � �n�=n0�bÿ1s0 �
10ÿ3 s for rd � 108 cmÿ2 and Ds � 10ÿ6 cm2 sÿ1. It therefore
follows that structures can appear as a result of the RD
instability if the duration of the laser pulses tp5 10ÿ3 s.

Let us now turn to the RD instability in a semi-infinite
medium. Let us consider a solid which occupies the half-space
z > 0. It is anticipated that a laser pulse is incident normally
on the surface of the solid �z � 0� and that the distribution of
the laser radiation intensity is I � I0 exp�ÿaz�, where I0 �
I0�r�H�t�;H�t� � 1 if 0 < t < tp;H�t� � 0 if t < 0 and t > tp;
r � �x; y�. For I0�r� � const and a steady temperature
distribution, we have T � T0 exp�ÿaz�. If we assume that
vacancy generation is due to the thermal mechanism, then a
steady homogeneous distribution of vacancies characterised
by Ef4 kT0 is n0�z� � n0 exp�ÿa0z�, where a0 � a�Ef=kT0�.
It is assumed that aÿ10 is much less than a typical depth of a
change in divu1.
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The system of equations for fluctuations of the defect
concentration n1 and of the displacement vector of the
medium u1 can then be written in the form

qn1
qt
� DDn1 ÿ b0n1 ÿ

Yb0n0
kT

exp�ÿa0z� divu1�z � 0�;�4:20�

q2u1

qt 2
� c2tDu1 � �c2l ÿ c2t� grad�divu1� ÿ KO

r
grad n1 ; �4:21�

subject to the boundary conditions

qn1
qz
�z � 0� � 0 ; n1�z � 1� � 0 ;

qu1x
qz
� qu1z
qx
� 0 ; �4:22�

n1KO
rc2l

� qu1z
qz
� �1ÿ 2b0�

qu1x
qx
� 0 :

If on the surface �z � 0� the strain divu1 � e1 is distrib-
uted in the form of one-dimensional lattices divu1 �
Ak exp�ikx� gt� � C:C:, the solution to Eqn (4.20) is

n1 � Ak
q2sn0KO
kT0a0d0

exp�ÿd0z� ikx� gt� ; �4:23�

where d20 � k2 � �g� b0�=D, dÿ10 is the depth of penetration
of n1 into themedium. The solution given by expression (4.23)
is obtained on the assumption that a04 d0.

If the displacement vector is represented in the form
u � ul � ut (divut � 0, curlul � 0) [107], Eqn (4.21) yields
the following equations for the vectors ul and ut:

q2ul

qt 2
� c2l Dul ÿ KO

r
grad n ;

q2ut
qt 2
� c2tDut : �4:24�

The solution to the system of equations (4.24) is

uj �
�
B exp�ÿKjz� � dj; l D exp�ÿd0z�

�
exp�ikx� gt�; �4:25�

where j � l; t; dj; l � 0 if j � t; dj; l � 1 for j � l;
Kt; l � k2 � g2=c2t; l.

Substitution of expressions (4.23) and (4.25) into the
boundary conditions given by this set of expressions (4.22)
leads to a system of linear algebraic equations. The condition
of existence of a nontrivial solution to this new system yields
the following dispersion equation for the RD instability on
the surface of a semi-infinite medium:

�K2t � k2�2 ÿ 4k2KlKt

� Dg2W
��K2t � k2�2 ÿ 4k2Ktd0

�
g2D2a0d0 � c2l �WÿDa0d0��g� b0�

; �4:26�

where the external pump parameter W is given by the
expression

W � b0n0KOY
kTrc2l

:

The left-hand side of Eqn (4.26) is a Rayleigh determi-
nant, which governs the law of dispersion of free surface
acoustic waves [107]; the right-hand side is related to laser
generation of defects.

The structure of Eqn (4.26) is identical with the structure
of the dispersion equation for the electron ± deformation
instability considered in Ref. [96]. It has three types of
solution describing three qualitatively different types of an
instability:

(a) if the viscosity is taken into account [by replacing c2l; t,
in Eqn (4.26) with c2l; t�1� Zl; tg=rc2l; t�, where nt � Z,
Zl � 4Z=3� z, Z and z are the first and second viscosity
coefficients], the dispersion equation (4.26) describes laser
generation of surface acoustic waves: g � g1 � ig2, g1 > 0,
g24 g1;

(b) an instability of the acoustic wave frequency is
characterised by g1 < 0, g2 ! 0;

(c) generation of ordered surface structures (g1 > 0,
g2 � 0).

Eqn (4.26) leads to the dispersion equation for static
structures [on condition that g=cl; t5 1, �g� b0�=Dk25 1] in
the form �g1 � g�:

g � 2Wk
a0
ÿ 2Dk2 ÿ b0 :

The maximum increment corresponds to the wave vector
k � km �W=2Da0 and the value of this increment is
gm � 2Dk2m ÿ b0. The critical value of the pump parameter
is found from the condition g � 0: W� � a0�2Dk2 � b0�=2k.
Near the instability thresholdW � 1:1W� and D � 10ÿ6 cm2

sÿ1, km � 6� 104 cmÿ1, a0 � 104 cmÿ1, K � 1011 erg cmÿ2,
T � 103 K, the increment is estimated to be gm � 103 sÿ1. The
critical vacancy concentration is n� � 1019 cmÿ3.

It therefore follows that the development of the RD (as
well as DD) instabilities on the surfaces of solids leads, in the
linear regime, to the formation of a one-dimensional lattice of
the defect concentration and the paired lattice of strains. The
period of the lattice with the maximum increment gm is
d � 4pkTa0=rdn0YO. The reduction in d with increase in
temperature is related to an increase in the equilibrium defect
concentration [n0 � exp�ÿEf=kT0�].

In addition to one-dimensional (or two-dimensional)
lattices, when the RD or DD instabilities appear, structures
in the form of radial rays may appear on the surface of a solid.
The dispersion equation for these structures is still Eqn (4.26),
but subject to the replacement k2 � 4m=r20.

By this means for both the DD and RD instabilities the
relationships between the type of the surface structure and the
spatial characteristics of laser radiation are similar. The
differences are found in the dependences of the parameters
of the resultant structures on the specific factors and in the
time-dependent characteristics of the laser radiation. All this
confirms that it should be possible to control the formation of
structures (including quite complex ones) by varying the laser
radiation parameters.

4.3 Temporal dissipative structures
Laser irradiation may reveal not only spatial structures but
also temporal dissipative structures of the temperatures and
concentrations of the interacting particles (self-oscillations).
These structures have been investigated actively in recent
years for systems of excitons [108], for a plasma [109], and
for semiconductors [110]. The appearance of self-oscillations
of the temperature and of the concentration of point defects
in an irradiated crystal is due to nonlinear feedback between
the recombination rate and the temperature of a solid [111].
Irradiation establishes definite quasiequilibrium distribu-
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tions of the temperature and defect concentration. A
fluctuation-induced increase in temperature enhances the
processes of annihilation and energy transfer to the lattice,
which in turn increases its temperature. Then the defect
concentration falls, the rate of annihilation and temperature
decrease, the number of defects rises again, and the process is
repeated.

Let us consider the appearance of self-oscillations in a thin
crystalline plate cooled in a thermostat where the temperature
is maintained at Ti. Let us assume that this plate is subjected
to irradiation which creates point defects (specifically, vacan-
cies) at a rate Gwhich is independent of time and of the spatial
coordinate. If a thermal equilibrium is established in a crystal
(thermal relaxation time tw � h2=w) much faster than an
equilibrium of a crystal in the thermostat (ti � hK=bw�, i.e. if
tw5 ti or h5 K=b, where b represents the exchange of heat
with the thermostat, we can assume that both the defect
concentration and temperature are distributed homoge-
neously over the plate. Under these assumptions, it follows
from the general model of the CST instability (neglecting the
deformation effects) that

dn

dt
� G ÿ b�T�n ;

Cr
dT

dt
� Q� Efb�T�nÿ 2b�Ti ÿ T�

h
: �4:27�

The system of equations (4.27) has a stationary solution
described by the following relationships

G � b�T0�n0 ; �Q� Ef G�h
2b

� T0 ÿ Ti : �4:28�
A linear analysis of the stability of the stationary state,

described by expression (4.28), against temporal fluctuations
proportional to exp�gt� gives the following dispersion equa-
tion for g [111]:

g2 � Ag� B � 0 ;

where

A � 2b=h� Crbÿ GEfEm=kT
2
0

Cr
; B � 2bb

h
:

We can easily see that if G ! 1, T!1, then all the real
values Re�g� are negative and the stationary solution is stable.
However, if G < G� � �2b=h� Crb�kT 2

0 =EfEm the solution
of the system of equations (4.27) represents a limit cycle with
the period 2p=Im�g�. Self-excited relaxation then appears in
the system and the vacancy concentration and temperature of
the medium oscillate.

Self-oscillations appear in such a system when the
pumping rate is on the order of 1017 ± 1018 cmÿ3 sÿ1 at
room or lower temperatures. The amplitudes of the tem-
perature and defect concentration oscillations are, respec-
tively, � 10 K and 50% of the average value. The frequency
of the oscillations is o � 1ÿ10 sÿ1 [111]. An increase in the
concentration of the sinks reduces the instability range and
increases the oscillation frequency. If a crystal contains both
vacancies and interstitial atoms, a strong dependence of the
size of the instability region on the difference between the
defect migration energies is observed [111]. The instability
region is widest if the ratio of the two energies is unity and it
disappears completely when this ratio is on the order of
several units.

The role of various traps is considered additionally in Ref.
[112]: these traps are present in real crystals and they are
capable of trapping point defects, thus forming complexes
with vacancies or interstitial atoms. These complexes can act
as effective centres of annihilation of vacancies and interstitial
atoms. It has been pointed out that the temperature of the
appearance of self-oscillations, compared with `pure' crystals,
increases from 300 K to 700 K [112].

In crystals containing impurities we can expect positive
feedback to appear as follows: if the temperature increases as
a result of a fluctuation, complexes become dissociated
liberating some of the defects trapped at sinks and this
increases the annihilation rate and temperature. The period
of self-oscillations is then considerably greater (� 102 s) and
the range of their existence is wider. This wider range is due to
the possibility of defect accumulation as a result of complex
formation and an increase in the energy stored by defects.

The temporal dissipative structures may be controlled by
additional modulation of some system parameters.

5. Spatial extended-defect structures

5.1 Clusterisation of point defects
Laser irradiation can also result in threshold formation of
point-defect clusters (pores, dislocation loops of various
types, etc.) and also of ordered structures (superlattices) of
extended defects in the bulk and on the surface of a solid.

A considerable amount of information on three-dimen-
sional defects formed by irradiation with high-energy parti-
cles had been available before laser investigations [113].
Vacancy pores, representing vacancy clusters of size amount-
ing to tens of nanometres, cause radiation swelling of various
pieces of equipment operating in the active zones of nuclear
reactors.

Clusterisation of defects of one type (vacancies, interstitial
atoms, impurity atoms) into vacancy pores and dislocation
loops can be treated as the DD instabilities of a homogeneous
state of a system of point defects [106]. Within the framework
of a general system of CST instabilities , the application of the
divergence operation to both parts of Eqn (3.5), carried out
on the assumption of adiabaticity of the strain field, gives

divu � KOn : �5:1�
Then, subject to Eqn (5.1), it follows from Eqn (3.2) that

the diffusion flux of defects is

j � ÿD
�
1ÿ O

2Kn

kT

�
Hn : �5:2�

Inclusion of the elastic deformation effects gives rise to an
additional term in the above expression and it represents the
flux opposite to the usual diffusion in a system with defects of
the same type (O2 > 0 for O > 0 and O < 0). In the case of
defects of different types �OiOv < 0� the additional flux has
the same direction as the diffusion flux. The defects with
O < 0, for example, vacancies or small-radius impurity
atoms, compress the lattice (reduce the volume) and the
compressed regions attract defects withO < 0 and repel those
with O > 0.

The quantitative conditions for the appearance of clusters
in a system of defects of the same type, for example, vacancies,
can be found by substitution of Eqn (5.2) into Eqn (3.1), and
linearisation of the latter in the vicinity of the homogeneous
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solution (n0 � G=b0). The instability increment is then

g � ÿDk2
�
1ÿ O

2Kn0
kT

�
ÿ b0 :

It therefore follows that the system is unstable if

G > G� � kTb

O2K
; k2D >

b0kT

O2Kn0
: �5:3�

Physically, the above conditions are equivalent to a local
change in the sign of the effective vacancy diffusion coeffi-
cient. This means that the homogeneous distribution of
vacancies becomes unstable beginning from a certain critical
rate of their formation, which is governed by the temperature
of a solid, the dilatation volume of a defect, the bulkmodulus,
and the concentration of sinks. A directional flux appears and
this flux increases the vacancy concentration in the com-
pressed region, causing supersaturation with vacancies and
formation of pores.

We shall now consider the nonlinear instability regime.
Then, it follows from Eqns (3.1) and (3.5) that the steady
Fourier amplitudes of unstable modes are [114]

nk � n0DKOk2

kT�Dk2 � b0�
�����
ba

p �����������������������������������
Dk2n0

�Dk2 � b0�n�
ÿ 1

s
; �5:4�

ek � ÿ 1�����
ba

p �����������������������������������
Dk2n0

�Dk2 � b0�n�
ÿ 1

s
; �5:5�

where ba is the anharmonic constant. Summation of the
quantities (5.4) and (5.5) in terms of k and the assumption
(for the sake of clarity) that b0 � 0, gives the composite fields
of n and e:

n�r� � n0

�
1� KO

8p3kTN0

�����
ba

p ��
n0
n�
ÿ 1

�1=2

d�r� ; �5:6�

e�r� � ÿ 1

8p3N0

�����
ba

p �
n0
n�
ÿ 1

�1=2

d�r� : �5:7�

Here, N0 is the number of lattice sites and d�r� is the delta-
function.

It is evident from expressions (5.6) and (5.7) that the
process of formation of defect clusters can be regarded as a
second-order nonequilibrium phase transition. It occurs
when the rate of generation of defects exceeds the critical
value G�. Typical values of the critical parameters at
T � 700�C are G� � 1020 cmÿ3 sÿ1 and k2� � 5� 107 cmÿ2.

This mechanism of the appearance of clusters is clearly
analogous to the formation of a polaron representing a self-
trapped electron state in ionic crystals [115]. The DD
instability causes self-trapping of point defects in the poten-
tial wells created by the defects themselves.

This approach can also be used in an analysis of the
mechanisms of forming the clusters of other point defects, for
example, interstitial and impurity atoms [106].

5.2 Pore superlattices
Spatial ordering of pores, giving rise to one-dimensional
lattices, concentric rings, and three-dimensional pore super-
lattices, may occur in a solid at certain laser radiation
intensities (or high rates of point defects generation and also

when the concentration of pores of certain size is sufficiently
high). Pore structures may contain various imperfections,
similar to point and linear defects in the crystal lattice (for
example, these structures may contain analogues of vacancies
and edge dislocations [116]). The symmetry and crystal-
lographic axes of the pore structures are identical with those
of the host crystal lattice.

The presence of pore superlattices alters the mechanical
[117], optical [116], and superconducting [118] properties of
metals. A detailed investigation [118] of superconductors with
pore superlattices, subjected to a magnetic field, show that
under certain conditions one may observe the Josephson
effects associated with the tunnelling of the Cooper pairs
between the pores.

The ordering of pores in the form of concentric rings,
resulting in a periodic surface relief, was observed in a
molybdenum film when it was irradiated with cw CO2 laser
radiation [77]. This was interpreted in Ref. [77] as a pore±
deformation instability, analogous in many respects to the
DD instability.

A pore superlattice in the bulk of a solid irradiated with
nitrogen ions was first observed in 1971 by Evans in pure
molybdenum [86]. The temperature of molybdenum was
T � 870�C and the energy of the nitrogen ions was 2 MeV.
Subsequently, the same effect had been observed in other
metals such as aluminium, tungsten, nickel, and niobium
[116]. The size of the pores in a superlattice was 2 ± 4 nm and
the superlattice period comprised 20 ± 60 nm.

Various theories have been put forward to account for the
formation of pore superlattices. The theories have been based
on the following: (a) minimisation of the binding energy
between ordered pores orminimisation of the configurational
energy of the system; (b) anisotropy of the elastic constants of
the host crystal limiting pore growth, so that a pore super-
lattice is matched coherently to the host crystal lattice; (c)
quantum fluctuations of the charge density on the surface of
ordered pores; (d) stabilisation of a superlattice because of the
interaction between the irradiation-generated diffusion fields
or fields of stresses around each of the pores [116, 119].
However, the attempts to link the formation of superlattices
to some of their properties or to the properties of a crystal
have been unsuccessful.

Pore superlattices can be regarded quite rightly as open
nonequilibrium dissipative structures [120 ± 123].

The general picture of self-organisation of the pore lattice
can be described as follows. Vacancies and interstitial atoms
form in the bulk of a solid as a result of irradiation. The latter
move faster and can reach the surface joining there other
defects. As the number of vacancies increases because of
supersaturation of the solution, the process of condensation
begins: pores are formed. Vacancies become attached to pores
and pores grow. This flux of vacancies to the pores balances
out their formation in the bulk. When the radiation intensity
is increased, a rise in the number of vacancies should be
compensated by an increase of their flux to the pores. This
flux is governed by the surface area and also by the spatial
distribution of the pores. It becomes maximal as a result of
pore ordering. Here, we have a direct analogy with the
formation of the BeÂ nard cells [124] in a liquid layer when the
motion of particles becomes ordered and this motion ensures
an increase in the transmissivity of a liquid when heat is
transferred. A necessary condition for positive feedback is
then a nonlinear dynamic interaction of a system of pores
with point defects.
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The state of a system of vacancy pores and vacancies is
described by the following equations [121]:

qR
qt
� DO

nÿ nseq�R�
R

�D0�R�DR ; �5:8�

qn
qt
� G ÿ 4pDNOR

�
nÿ nseq�R�

�ÿDrd�nÿ neq� �DDn ;

�5:9�

where R is the mean radius of a pore; nseq�R� �
neq exp�2GO=RkT� is the density of the vacancy `gas' which
is in equilibriumwith a pore of radiusR; neq is the equilibrium
concentration of vacancies; G is the surface tension of a
crystal; N is the pore concentration; D0�R� is the pore
diffusion coefficient. If it is assumed that pore diffusion is
induced by bulk diffusion of point defects, the coefficient
D0�R� can be described by D0�R� � D0=R

2, D0 �
3ODneqd 2=8p [125].

The system of equations (5.8) and (5.9) has a quasista-
tionary spatially homogeneous solution �n0;R0� described by
the following expressions:

G � 4pDNOR0

�
n0 ÿ nseq�R0�

��Drd�n0 ÿ neq� ;

R0
dR0

dt
� DO

�
nÿ nseq�R0�

�
: �5:10�

Application of a standard procedure gives the dispersion
equation [120] and an analysis of this equation shows that if

rd5rv � 4pNR0 ; G < G� �
2GODrvn

s
eq

R0kT
; �5:11�

the homogeneous state is unstable: there is a range of values of
the wave vector k2c�ÿ� < k

2 < k2c���, where

k2c��� �
�
O�G� ÿ G� �D0r2v

�
�����������������������������������������������������������������������������������
O�G� ÿ G� �D0r2v

�2 ÿ 4r2vD0O�G � G��
q �
� �2D0rv�ÿ1 ÿ rv ;

in which the instability increment g�k� > 0, i.e. a homoge-
neous distribution of pores is unstable when pore lattices are
formed. The maximum increment and the maximum wave
number are [120]

gm �
O�G� ÿ G� ÿ 2rv

�����������������������������
O�G � G��=D0

p
rvR

2
0

�D0rv
R2
0

;

k2m �
���������������������
O�G � G��

D0

s
ÿ rv :

For typical values of the constants N � 1016 cmÿ3,
D � 10ÿ6 cm2 sÿ1, R0 � 10 nm at T � 700�C, the instability
growth time is t � gÿ1m � 10 s, i.e. pore superlattices can form
under the action of cw laser radiation.

If at the initial stage of the process of superlattice
formation the pores are distributed at random and there is
no pore lattice, then when pores reach such dimension and
concentration that the conditions (5.11) are satisfied, a kinetic

phase transition occurs in the system: a homogeneous pore
distribution becomes inhomogeneous and a periodic struc-
ture appears with a characteristic scale

d � 2p� ���������������������������G � G��=D0

p ÿ rv
�1=2 : �5:12�

It follows from formula (5.12) that the superlattice period
rises with increase in temperature and decreases with increase
in the pumping rate. An estimate based on this formula gives
the period d � 40 nm.

The model of self-organisation of pore lattices accom-
panied by simultaneous generation of vacancies and inter-
stitial atoms was considered in Refs [122, 123].

5.3 Dislocation lattices
Formation of periodic dislocation structures has been
observed under various conditions and for various materials.
The appearance of a dislocation lattice on a silicon plate
under the action of continuous but scanning CO2 laser
radiation is reported in Refs [104, 126] and a similar effect of
millisecond laser pulses is described in Ref. [87]. The process
has a threshold and is observed at sufficiently high dislocation
densities (rd > rd� � 108 cmÿ2). The period of these struc-
tures is 1 ± 10 mm [87, 104].

The appearance of a dislocation lattice as a result of action
of laser radiation on the surface of a crystal is a self-
organisation process due to positive feedback between the
stress acting on a dislocation and its velocity [95]:
v � V0�sii=E�n, where n and V0 are the constants of the
material. Formation of a dislocation lattice as a result of
development of an intraplane dislocation ± deformation
instability will be discussed on the basis of the simplest
model. It is assumed that there is a system of randomly
distributed edge dislocations with the Burgers vector b.
These dislocations are parallel to the Oz axis and in the xOy
plane (glide plane) their density is rd. All the dislocations are
assumed to be the same. The problem is essentially one-
dimensional: rd � r�x�, uz � uz�x�. The main processes
controlling the time dependence of the dislocation density
are taken into account: they are themotion along the x axis as
a result of diffusion and drift [95], and also generation of
dislocations and their mutual annihilation. The development
of an instability is then described by a system of equations for
the dislocation density and the strains in the investigated
medium:

qr
qt
� ÿ qjd

qx
� advrÿ bdvr2 ; jd � ÿDd

qr
qx
� vr ; �5:13�

q2uz
qt 2
� c2t

q2uz
qx2
� c2tba

q2u3z
qx2
� bc2tr ; �5:14�

where Dd, ad, and bd are, respectively, the dislocation
diffusion, generation, and annihilation coefficients.

Substitution of r � r0 � r1, uz � uz0 � uz1 into Eqns
(5.13) and (5.14) (here, r0 and uz0 are the average homo-
geneous values and r1 and uz1 are small deviations) and
linearisation of these equations gives a system of equations
the solution of which can be written in the form

uz1 � ak exp�ikx� gt� ; r1 � bk exp�ikx� gt� ; �5:15�

where ak and bk are the amplitudes of the Fourier harmonics.
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The dispersion equation is then obtained in the form (on
the assumption that k2c2t4 g2)

g � ÿDdk2 � bgÿ bdv0r0 ; g � r0v0
e0

;

which generalises the corresponding equation given in Ref.
[95].

The instability conditions are

bg > bdv0r0 ; 0 < k2 < k20 �
bgÿ bdv0r0

Dd
:

The resultant instability becomes stabilised because of the
anharmonicity of the elastic continuum [95]. It follows from
Eqns (5.13) and (5.14) that the steady amplitude of the
Fourier harmonics is

ak �
�
k20=k

2 ÿ 1

ba

�1=2

:

The resultant deformation pattern is obtained by sub-
stituting ak into the set of expressions (5.15), where g � 0, and
summing the Fourier harmonics with the wave vectors
k4k0:

uz �
X
k

ak exp�ikx�

�
�k
0

k
�
k20
k2
ÿ 1

�1=2

cos�kx� dk � J1�k0x� :

The dislocation lattice period is

d � 2p
�

Dd

bgÿ bdv0r0

�1=2

:

The mechanism of dislocation ordering associated with
the development of an interplanar dislocation ± deformation
instability under the influence of cw laser radiation is
considered in Ref. [104]. A spatial Fourier harmonic of the
dislocation density in a medium (substrate), which appears as
a result of fluctuations, generates Ð at the interface with the
film Ð a harmonic of a stress perpendicular to the film. This
causes flexural deformation of the film and leads to a further
redistribution of the dislocation density because of the
deformation-induced vacancy drift. If the dislocation density
exceeds the critical value, r > rd� � Ddkh30=24A (where
A � YvYdh

2
0Dd=4mkT, Dd � DvnvO; Yv and Yd are the

deformation potentials of vacancies and dislocations, respec-
tively, and h0 is the length of a dislocation), the initial
fluctuations of the dislocation density begin to grow in time
and this leads to an instability accompanied by the formation
of a periodic structure of dislocations with a period
d � kT=Kr0d

4
0 . This model is in agreement with the results

of experiments [104].
The formation of dislocations on the surface of sample

occurs because of considerable thermal strains resulting from
the transient and inhomogeneous nature of the temperature
field in the irradiation zone. Therefore, a change in the
spatial ± temporal distribution of the temperature field in
this zone can be used to control the formation of a dislocation
lattice in a solid. Creation of a suitable temperature field can
reduce considerably the dislocation density and, under certain
conditions, laser irradiation can prevent completely the
formation of dislocations.

6. Instabilities in melts exposed to laser
radiation

6.1 Formation of a liquid phase. Deep penetration melting
When solids are subjected to laser radiation with a photon
flux exceeding the melting threshold I5 Imelt (the range of
Imelt for a pulsed laser emitting pulses of t5 1 ms duration is
� 104ÿ105 W cmÿ2 [6]), a phase transformation takes place:
a molten layer forms on the irradiated surface. In some of
the technological processes a region occupied by the melt has
a depth of 200 ± 300 mm and a diameter 1 ± 2 mm. A further
increase in the radiation intensity results in intensive
evaporation of the material. Much experimental work has
been done on the temperature distributions, transport
processes, and velocity fields in melts under different laser
irradiation conditions [6, 127]. The presence of a liquid phase
provides new opportunities for the control of the processes
which then occur. For example, capillary and thermocapil-
lary effects, which have a significant influence on the
efficiency of absorption of the incident energy [5, 6], occur
during laser irradiation and the processes resulting in the
absorption of gases from the surrounding medium and
mixing of convective fluxes make it possible to control the
composition of the surface layer of the melt and to induce an
anomalously rapid redistribution of impurities in the course
of metal doping [5].

In the irradiation zone when a liquid phase is present, we
can expect formation of a deep vapour ± gas crater with a
large (on the order of 10 ± 30 [128]) depth-to-diameter ratio of
the molten region. This effect is known as deep penetration
(or `keyhole') melting and it is affected critically by the laser
radiation flux. If I > Idpm (Idpm is the deep penetration
melting threshold), the molten zone grows strongly and the
melt partly evaporates. Under the influence of the pressure of
the vapour leaving the molten surface the liquid metal is
pushed out from the focal spot region. The melt surface is
strongly deformed and assumes a shape elongated in the
direction of the beam. This deepens the zone of absorption of
the radiation and enhances the heating of deeper layers of
matter. Typical values of Idpm obtained for a focal spot radius
of 10ÿ2 cm amount to � 105 W cmÿ2 for low-melting-point
metals and � 106 W cmÿ2 for refractory metals [146].

Various surface (capillary, thermocapillary, evaporation)
waves may form on the free surface of themelt both as a result
of surface processing accompanied by melting and in the
course of formation of a vapour ± gas crater [129 ± 156]. These
waves appear in awide range of the laser radiation parameters
(l � 0:308ÿ10:6 mm, pulse duration t � 10 ps ±1 ms, and
intensity I � 105ÿ5� 108 W cmÿ2) and for melts formed
from different materials. The first irreversible (solidified after
the end of a pulse) periodic structures of the surface relief were
observed on irradiation of the surface of molten Si and Ge
with ruby laser pulses [132]. This was followed by observa-
tions on melts of different metals [133, 134] and insulators
[135 ± 139]. A strong correlation of the parameters of these
structures with the laser radiation characteristics (polarisa-
tion, frequency, energy) makes it possible to speak of `laser-
induced capillary waves' [129].

Ref. [143] gives data on the formation of cellular (10 mm in
diameter) and filamentary (with a period of 0.1 mm) surface
structures on molten Si and Ge subjected to picosecond
pulses. The parameters of these structures are practically
independent of the polarisation and angle of incidence of
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radiation, but are governed by the intensity and duration of
laser irradiation.

Experimental results reveal both low-frequency (10 ±
102 Hz) and large-scale (10ÿ2ÿ10ÿ1 cm), as well as high-
frequency (103 ± 105 Hz) and small-scale (10ÿ3ÿ10ÿ5 cm),
waves. High-frequency oscillations in a vapour ± gas crater
cause periodic ejection of a vapour associated with an erosion
or plasma jet [156].

Build-up of surface perturbations may alter significantly
the conditions governing the reflection and absorption of
light on the surface of a melt and can influence the processes
of heat and mass transfer in a liquid. For example, experi-
mental observations are reported [140, 141] of an increase in
the absorptivity as a result of appearance of surface lattices
with a period d � l. An increase in the efficiency of energy
deposition in a vapour ± gas crater as a result of formation of
spatially periodic structures on its walls is mentioned in Ref.
[5]. When large-scale oscillations of the melt surface (with an
amplitude on the order of the crater diameter) appear, the
melt material at the crests of the capillary waves is no longer
held back by the surface tension forces and becomes detached
from the melt surface in the form of microdroplets. These
droplets begin to evaporate in a laser radiation field. The
result is an additional pressure on the melt surface, causing
enhancement of mass transfer in the crater [153]. The
appearance of thermocapillary vortex motion in the subsur-
face layer of a melt creates conditions under which some of
the free energy of the systemmay be converted into the kinetic
energy of convective motion in the liquid, which in its turn
increases heat transfer to the liquid phase and accelerates the
phase transformation on the surface [144].

It therefore follows that, from the point of view of
feasibility of controlling various thermophysical processes
(such asmelting, evaporation, hydrodynamic phenomena in a
melt, etc.) in the irradiation zone, it is very important to
identify and to know the quantitative conditions for the
activation of these regimes as a function of the radiation
parameters and of the properties of the medium.

A special role in the excitation of surface waves is played
by instabilities that appear in the course of the interaction of
laser radiation with the surface of a melt.

6.2 Thermocapillary instability
At moderate values of the laser radiation intensity, I � 104±
105W cmÿ2, when evaporation from the melt surface is slight,
a thermocapillary (TC) instability may appear because of the
action of TC forces along the free surface (these forces are due
to spatial and temporal modulation of the surface tension s
through the modulation of the temperature on the irradiated
surface) and also because of the presence of a high steady
temperature gradient in the surface layer [131, 144, 145].
When fluctuations are induced along the free surface of amelt
and the melt is incompressible, the liquid is set in motion in
transverse direction and this creates crests and valleys on the
melt surface. If there is a constant negative transverse
temperature gradient in the surface layer, the surface tem-
perature rises at the crests and decreases in the valleys. An
inhomogeneous temperature field created in this way gen-
erates forces Fz � ÿgrad s which are directed from the hotter
to the colder regions. These forces act on the surface layer and
set it in motion: they create a depression, i.e. the liquid surface
becomes bent in the regions where the temperature is higher.
Then, under suitable external conditions, small hydrody-
namic and thermal fluctuations, as well as fluctuations of

the shape of the free surface, begin to grow without limit thus
leading to an instability.

Amodel of the TC instability on a flat surface proposed in
Refs [131, 144] deals with a viscous liquid. It is assumed that in
the state of rest this liquid occupies a layer 0 > z > ÿh and
that the heat flux Q is absorbed uniformly on its free surface
z � x�x�. Under steady-state conditions, we have

x�x� � 0 ;
dT0

dz
� Q

K
:

Linearisation, relative to this steady state, of the Navier ±
Stokes equations as well as of the continuity and heat
conduction equations, yields the following system of equa-
tions [144]:

DF � 0 ;
qA
qt
� nDA ; divA � 0 ;

qT
qt
ÿ wDT � ÿVz

dT0

dz
; V � HF� curlA �6:1�

subject to the boundary conditions on the free surface �z � 0�

r
q2F
qt 2
� sDVz ÿ rgVz ÿ 2Z

q2Vz

qt qz
;

sT
qT
qx
� Z
�
qVx

qz
� qVz

qx

�
:

At z � ÿh, we have T � const and V � 0.
Here, F and A are the scalar and vector velocity

potentials; sT � ÿds=dT0 > 0 is the temperature coefficient
of the surface tension; g is the acceleration due to gravity; n is
the viscosity coefficient; D � q2=qx2 � q2=qy2.

The system of equations (6.1) leads to the dispersion
equation for the TC instability. In the limiting case of short-
wave perturbations (when kh4 1 and wk25o0), the disper-
sion equation looks like [144]

g � sTk2

2
���
2
p

ro0

�������
wk2

o0

s
dT0

dz
ÿ 2nk2 ; �6:2�

where o2
0 � sk3=r� kg is the frequency of gravitation±

capillary waves.
It follows from Eqn (6.2) that there is a threshold value of

the heat flux above which a capillary wave becomes unstable.
The minimum threshold corresponds to oscillations charac-
terised by the wave number k � kc � �rg=5s�1=2 and fre-
quency oc � o0�kc�, and is equal to

Qc � 4
���
2
p

KZ
sT

�������
o3
c

wk2

s
:

This TC instability model is generalised to nonplanar
phase boundaries in Ref. [145]. In analysis of instabilities in a
cylindrical vapour±gas crater a layer of the melt occupying a
region b < r < a�j; z; t� is taken into account; here, b and a
are the radii of the molten zone and of the crater, respectively.
The depth of the molten channel is assumed to be much
greater than the inner and outer radii of the melt. A steady
state of the melt is described by the formulas

Vr � Vj � Vz � 0 ; x�j; z� � 0 ; P � const ;

T0�r� � Te � �Te ÿ Tm� ln�r=b�
ln�a=b� ; �6:3�
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where Vr, Vj and Vz are the components of the vector
representing the melt velocity; P is the pressure; Tm and Te

are the melting and evaporation temperatures, respectively.
Although because of heat conduction, T0�r� can vary with

time, this variation can be ignored for instabilities charac-
terised by growth times �gÿ1� shorter than the characteristic
time of a change in T0�r�.

We shall represent a perturbation of the shape of the free
surface by

x�j; z; t� � x0 exp
�
gt� i�mj� kz�� ;

where x0 is the complex amplitude of the perturbation, and k
and m are the axial and azimuthal wave numbers of the
perturbation.

The equations for small perturbations of thermocapillary
motion in a crater are of the form [145]

gu1 � ÿbDp1 � �bLu1 ÿ 2imv1

z2

�
;

gv1 � ÿ imp1z �
�bLv1 � 2imu1

z2

�
;

gw1 � ÿikp1 �
�bL� 1

z2

�
w1 ;�bD� 1

z

�
u1 � imv1

z
� ikw1 � 0 ;

gPrY1 � G�z�u1 � 1

Pe

�bL� 1

z2

�
Y1 ; �6:4�

p1 ÿ 2bDu1 �Ma
�
Y1 � G�1�x1

�ÿWe�1ÿ k2 ÿm2�x ; �6:5�bDv1 � imu1 ÿ v1 � ÿimMa
�
Y1 � G�1�x� ; �6:6�

iku1 � bDw1 � ikWe
�
Y1 � G�1�x� ; �6:7�

gx � u1 ; bDY1 � x dG

dz�1� �z � 1� ; �6:8�

u1 � w1 � v1 � 0 ; Y1 � 0 ; bDY1 � 0 �z � s� : �6:9�

Here, bL � �bD� 1=z�bDÿ �k2 �m2=z2�; bD � d=dz; u1, v1, w1,
Y1, p1 are the complex amplitudes of perturbations of the
velocity, temperature, and pressure; g is the dimensionless
instability increment; �z;j; z� � �r=a;j; z=a�; s � a=b;
t � tu0=a; p � P=ru20; u0 � n=a; Y � KT=Qa, G�z� is the
dimensionless temperature gradient; Ma � sTaQ=rnwK and
We � as=rn2 are the Marangoni and Weber numbers repre-
senting the relative role of the thermocapillary and surface
tension forces, respectively; Pe � u0a=w is the Peclet number.

The conditions (6.5) ± (6.7) describe the balance between
normal, tangential, and angular tensions on the melt surface.
The condition (6.8) takes account for the influence of
perturbations of the melt free surface on the heat flow across
it. The influence of viscous dissipation is ignored. The first
and second boundary conditions in expression (6.9) follow
from the adhesion hypothesis and from the equation of
continuity.

The condition of existence of a nontrivial solution to the
problem described by Eqns (6.4) ± (6.9) leads to critical values
of the Marangoni number Ma�k;m;We�, which define a
neutral stability surface:

Ma�k;m� � k�1ÿ k2 ÿm2�S1
�1ÿ k2 ÿm2�Em � Rm=We

; �6:10�

where

S1 � I 0m�k�K 0m�ks� ÿ K 0m�k�I 0m�ks� ;

Em �
�s
1

f�y��I 0m�ks�Km�ky� ÿ Im�ky�K 0m�ks�
�
dy ;

Rm �
�ÿf�1� � 2f 0�1� � 1

��kS1 ÿ S2� ;
S2 � I 0m�ks�Km�k� ÿ K 0m�ks�Im�k� : �6:11�
The functions f�x� and f�x� satisfy the system

bL1jÿ 2im

z2
f � bD f ; bLf� 2im

z2
j � im

z
f ; bL f � 0 :

�6:12�

Here, bL1 � bLÿ 1=z2; Im and Km are Bessel functions of the
mth order; a prime denotes differentiation with respect to the
radial variable.

We can use expressions (6.10) ± (6.12) to calculate the
neutral stability curve, the minimal critical Marangoni
numbers Ma (or radiation intensities), and the critical wave
numbers.

Figure 2 shows typical behaviour of the neutral curves
Ma�k�, plotted on the basis of expressions (6.10) and (6.12)
for axisymmetric perturbations �m � 0� when s � 3. Curve 1
represents an undeformable free surface of a melt �We � 1�.
The minimal critical number Ma� � 200 corresponds to
k� � 0. If the surface is deformable �We 6� 1�, the neutral
stability curve has a singularity and its position depends on
We. For example, if We � 300, a graph of Ma�k� has a
vertical asymptote at k0 � 1:3 (curve 2). For wave numbers in
the interval 1 < k < k0, we have Ma�k� < 0 and
Ma�k� ! ÿ1 if k! k0 ÿ 0. In the interval 0 < k < k0 the
dependence Ma�k� reaches its positive maximum
Mamax � 180 at k < 0:5; for k > k0, it reaches a positive
minimum Mamin � 280 at k � 1:6. When We is reduced, the
point of discontinuity �k0� shifts to the right, the Marangoni
number decreases and, consequently, the stability of the
molten layer becomes less. The point of discontinuity
approaches unity for We!1. When the wave number k
(or We) is increased, all the Ma�k;We� curves rapidly
approach one another and we have Ma � 10k2 for We � 1.
Similar asymptotic behaviour is predicted also for azimuthal
perturbations. It follows from expressions (6.10) and (6.11)
that an increase in the layer thickness s enhances the stability
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Figure 2. Dependence of the Marangoni number on the wave number for

We � 1 (1) and We 6� 1, s � 3 (2) [145].
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margin. For example, if s � 3, we have Ma � 800 for k � 3,
but if s � 2, then Ma � 200 for k � 4. If the curvature of the
walls of a vapour ± gas crater is small (planar molten layer),
the critical Marangoni numbers behave asymptotically in the
same manner as in the range of short wavelengths. Therefore,
for short-wavelength perturbations the critical conditions for
the appearance of the TC instability cease to depend on the
dimensions and geometry of the region occupied by a liquid.

6.3 Evaporation-capillary instability
Evaporation±capillary (EC) instabilities predominate when
the laser radiation intensity is increased (I > 105 W cmÿ2).
Investigations have been made of the various conditions for
evaporation of a planar phase boundary (subsonic [154],
evaporation in vacuum or in a medium with a low counter-
pressure [5, 131, 146]) and also of specific reasons for the
development of these instabilities. For example, a nonlinear
coupling between the rate of evaporation and the surface
temperature is responsible for an instability of surface
evaporation from a thin layer of thickness Dl5 aÿ1 [131,
146]. Since the laser beam energy is released in a certain finite
volume near the phase boundary, the temperature distribu-
tion maximum shifts from the surface deeper into the
material. An accidental displacement of some part of the
interface in the direction of the hotter condensed phase
increases the heat flux to this region and this enhances the
mass flux because of the additional evaporation of matter
and, consequently, a depression of the surface becomes even
deeper. The resultant spatially periodic structures have a
period on the order of the skin-layer depth [5].

An instability of the melt surface in the presence of large-
scale perturbations, associatedwith the nonlinear dependence
of the absorption coefficient on the angle of slide, is
considered in Ref. [142]. Growth of perturbations is governed
by the spatially inhomogeneous evaporation pressure.

A unified approach in used in Refs [129, 130] to consider
laser-induced instabilities accompanied by the excitation of
surface waves at a plane interface between the phases. The
incident laser radiation is diffracted by the Fourier compo-
nent of the surface relief (initial irregularities). Interference
between the pump wave penetrating the medium and the
diffracted waves creates a spatially periodic distribution of
the laser energy in the subsurface layer. Since absorption
takes place, a surface wave of a change in temperature is
formed. Consequently, spatially periodic forces (thermoca-
pillary or recoil-pressure forces) appear and they enhance the
amplitudes of the `seed' perturbations. If I > Imelt, an
instability of capillary waves is observed, but at higher values
of I, interference surface ± evaporation instabilities are felt.

Interference instabilities are observed under the action of
powerful (I � 107ÿ1010 W cmÿ2) short laser pulses. The
growth of these instabilities up to the end of a pulse creates
irreversible ordered structures on the melt surface: they are
one-dimensional or two-dimensional lattices of the surface
relief with a period d4l.

The geometry of these structures depends on the direction
of the projection Et of the vector representing the intensity of
the electric field E of a wave incident on the planar surface
and also on the permittivity of the medium ed�o� �

�������������
n� io
p

.
If jedj4 1, longitudinal lattices prevail (the wave vector of
such lattices is q k Et). If ed � 1, transverse structures are
formed �q ? E�. For the s polarisation of the incident wave, if
jedj4 1, the longitudinal lattice period is d � l= cos#,
whereas for the p polarisation, there are two longitudinal

lattices with the periods d � l=�1� sin#� [129]; # is the angle
of incidence of laser radiation. A linear theory of the
interference instability is used in Ref. [130] to derive expres-
sions for the increments of the dominant structures as a
function of I, # and j .

One of the manifestations of this instability during the
nonlinear stage is the self-induced increase in the absorptivity
of the surface, associated with resonant transfer of energy to
the diffracted surface waves. For example, in the case of
metals the absorptivity may increase fromA � 10ÿ1ÿ10ÿ2 to
A � 1.

In the general theory of the EC instabilities and of the
cylindrical vapour ± gas crater, both the axisymmetric and
azimuthal perturbations of the melt surface are taken into
account [147]. If evaporation has little influence on the overall
energy balance and on the unperturbed temperature profile
T0�r� of a melt, the steady state of this melt is described by the
set of expressions (6.3).

In the absence of dissipation (inviscid liquid), the field of
velocities V in a liquid becomes vortex-free and can be
represented by a gradient of the potential function F. In the
presence of a radial gradient of the unperturbed temperature
in a surface layer, the appearance of weak hydrodynamic
motion described by the velocity potentialF leads, because of
convection (proportional to the radial component Vr of
motion of the melt), to modulation of the temperature for
the free surface. Perturbation of the temperature field
T1�r; z; t� � Y�r� exp

�
gt� i�kz�mj�� results in a change in

the evaporation pressure dP � eTT0 exp
�
gt� i�mj� kz��

(eT � dP=dT is the derivative of the evaporation pressure P
with respect to the surface temperature). The force which is
then generated �F � HP� amplifies small perturbations of the
surface and leads to an instability.

A system of equations describing the development of the
EC instability in a crater reads as follows:

u � HF ; F�r; z; t� � F0

�
Im�kr� ÿ AKm�kr�

�
� exp

�
gt� i�kz�mj�� ; �6:13��

g
w
�m2

r2
� k2

�
Yÿ

�
d2Y
dr2
� 1

r

dY
dr

�
� ÿVrG�r�

w
; �6:14�

dY
dr
�r � a� � G 0�r � a�x ; Y�r � b� � 0 ; �6:15�

ÿ rgF�r � a� � s�aÿ2 ÿ k2 ÿm2aÿ2�x� TseT ; �6:16�

gx � qF
qr
�r � a� : �6:17�

Eqn (6.13) describes the velocity field; Eqns (6.14) and
(6.15) represent the boundary-value problem for the ampli-
tude Y of the temperature perturbations; expression (6.16) is
the hydrodynamic boundary condition reflecting the con-
tinuity of the momentum flux at the evaporation front;
expression (6.17) is the kinematic condition. Here, A �
I 0m�kb�=K 0m�kb�, G�r� � ÿG0=r, G0 � �Teq ÿ Tm�= ln�a=b�.

A perturbation of the surface temperature Ts �
T�a� � G�a�x is described by the following expression,
deduced from Eqn (6.14) and expressions (6.15) and (6.17)
[147]:

Ts � G�a�x0
�
ag
wl0
�e1l1 ÿ l2� � e1

qa
� 1

�
� exp

�
gt� i�kz�mj�� : �6:18�
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Here,

e1 � Im�qa� ÿ SKm�qa�
I 0m�qa� � SK 0m�qa�

; S � Im�qb�
Km�qb� ;

l0 � AK 0m�ka� � I 0m�ka� ; l1 �
�b
a

B 0�qa; qy�c1�y� dy ;

l2 �
�b
a

B�qa; qy�c1�y� dy ; c1�y� � I 0m�ky� � AK 0m�ky�;

B�qr; qy� � Im�qy�Km�qr� ÿ Im�qr�Km�qy�; q2 � g
w
� k2 :

The dispersion equation determines the dependence of the
complex EC instability increment g on the axial and azi-
muthal wave numbers of perturbations, on the surface
temperature (or on the intensity of the laser radiation), on
the curvature of the crater walls, and also on the physical
properties of the medium [147]. This equation can be deduced
from Eqns (6.16) ± (6.18):

g2 ÿ s
ra2

k�1ÿm2 ÿ k2a2�e2

� ÿ
�
ag
wl0
�e1l1 ÿ l2� � e1

qa
� 1

�
eTGke2
r

; �6:19�

where e2 � ÿl0
�
Im�ka� � Km�ka�A

�ÿ1
, A � I 0m�kb�=K 0m�kb�.

In Eqn (6.19) the right-hand side representsmodulation of
the surface temperature resulting from perturbation, by a
surface wave, of an inhomogeneous (in respect to the radial
coordinate) steady temperature distribution in a melt.

For axisymmetric short-wavelength perturbations
(ka4 1, m � 0), it follows from Eqn (6.19) that [148]:

�g2 � o2
0�
�
k2 � g

w

�1=2

� ÿ eTG0k2

ar
; �6:20�

whereo0 � �s=r�1=2k3=2 is the frequency of capillary waves in
a homogeneous liquid.

The solution of Eqn (6.20), obtained for �g=wk2�4 1 and
eTGk2w1=2=r4o5=2

0 , is [148]

g � g
2
0 ÿ 2o2

0=5

g0
: �6:21�

It follows from expression (6.21) that, for waves with thewave
numbers in the interval

aÿ1 < k < k1 �
�
5

2s

�5=7�eTG0w1=2r1=4

a

�4=7

;

the increment is g�k� > 0, i.e. perturbations with such wave
numbers initiate an instability on the melt surface. The
maximum value of the increment follows from expression
(6.21): g2m � �s=r�k3m, km � �2=5�5=7k1.

The excitation threshold of the EC instability, found from
the condition g � 0, is

I��k� � 0:2Ks5=4rÿ1=4k7=4

eTw1=2
:

Formolten steel with e � 2� 103 dyn cmÿ2, r � 8 g cmÿ3,
and k � 200 cmÿ1, numerical estimates give I� � 5� 105 W
cmÿ2. The threshold of deep penetration melting for steel is

I� � 3� 105 W cmÿ2 [5]. The maximum increment gm is on
the order of gm � 5� 104 sÿ1 and themaximumwave number
is km � 300 cmÿ1. Hence, the period of the resultant spatial
structure is d � 2p=km � 2� 10ÿ2 cm.

If eTGk2w1=2=r5o5=2
0 , Eqn (6.20) gives an estimate of the

increment g � Re
�
eTGk2=2ro0�k2 � io0=w�1=2

�
, which is

identical with the result given in Ref. [131].
For long wavelengths �ka4 1�, when the spatial scale of

perturbations is considerably greater than the melt thickness
on the walls of a vapour ± gas crater and is comparable with
themelting depth h, and also if eT � 0, theRayleigh instability
[122] follows from Eqn (6.19). In this case the growth of
surface perturbations occurs under the influence of the
normal component of the surface tension force, resulting
from curvature of the walls of the vapour ± gas crater.
However, the tangential component of the surface tension,
associated with the wave corrugation of the free surface, has
a stabilising influence. If we assume that the molten layer on
the crater walls is sufficiently thin, i.e. kdk5 1 (dk � bÿ a is
the thickness of the molten layer), the Rayleigh instability
increment is described by g2R � �s=ra2�k2�1ÿ k2a2�dk. Since
the minimal wave number kmin � 2p=h, the instability is
possible if h > 2pa. The maximum of the increment is
reached at k � km � 0:7aÿ1 and it is equal to
gRm ' �sdkk4m=r�1=2.

However, if eT 6� 0, it follows from Eqn (6.19) with
�wk2=g�1=25 1 that [148]

g2 � eTG0kdk
ra

� s
ra2

k2�1ÿ k2a2�dk : �6:22�

The results of a numerical analysis of Eqn (6.19) are
presented in Fig. 3 which gives the dispersion dependences
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Figure 3. Dispersion dependences for the evaporation ± capillary instabil-

ity, plotted for different values of the parameter s: (1) 1.2; (2) 1.3; (3) 2.0

[147].
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of the real part g1 of the complex increment g � g1 � ig2 in
that range of the wave numbers where g1 > 0 and the
behaviour of hydrodynamic perturbations on the evapora-
tion front is unstable. The linear instability region is bounded
from above by k � 1:4� 103 cmÿ1 at b=a � 1:2 (curve 1).
Curves 2 and 3 correspond to b=a � 1:3 and 2.0, respectively.
When the parameter b=a is reduced (or the curvature of the
crater walls grows) from 2 to 1.2, the maximal increment g
increases from 658 to 5� 103 sÿ1. An increase in the curvature
of the crater walls broadens the EC instability region towards
long-wavelength perturbations.

We shall now consider azimuthal perturbations [149]. If in
Eqn (6.19) we assume that k! 0,m4 1, ga2=w4 1, the result
is

g5=2 � o2
0g

1=2 � eTG0m
2w1=2

ra3
; �6:23�

where o0 � �sm3=ra3�1=2.
The solution of Eqn (6.23) for eTG0m

2w1=2=ra34o5=2
0

reads as [149]:

g � g
2
0 ÿ 2o2

0=5

g0
; g0 �

�
eTG0m

2w1=2

ra2

�2=5

:

Hence, the melt surface is unstable if

m < m1 � a3=7
�
5

2s

�5=7

r1=7�eTG0w1=2�4=7 :

The maximal increment is reached for

mm � a3=7sÿ5=7r1=7�eTG0w1=2�4=7

and it is equal to

gm �
�
eTG0w1=2

a

�6=7

�s2r�ÿ2=7 :

The excitation threshold of the EC instability is

I��m� � 0:2Ks5=4rÿ1=4�m=a�7=4
eTw1=2

:

In the other limiting case when eTG0w1=2m2=ra25o5=2
0 ,

Eqn (6.23) yields

g � eTG0m
2w1=2

2ra3o3=2
0

:

In spite of the fact that the increments of the axisymmetric
perturbations are smaller than those of the azimuthal
perturbations and that this difference increases with reduc-
tion in the thickness of the molten layer on the walls of a
crater, both types of perturbation should be observed in the
crater. Therefore, under certain conditions this may result in
build-up on the melt surface of helical oscillations or waves,
whereat the lines of perturbed motion represent helixes
moving along their own axes. Solidification of the melt
perturbed by such oscillations can account for the observed
formation of spiral-like structures on a crystallised melt
surface [153].

The limits of validity of the dispersion equation (6.19),
when the direct influence of evaporation onmodulation of the

temperature profile and the velocity of the phase transition
front can be ignored, are set by the inequalities e1VevT < qK,
G0VevT�e1l1 ÿ l2� < wl0 [147], which are satisfied well for
VevTG0 < 25 cm sÿ1 (VevT � dVev=dT, where Vev is the
evaporation rate).

An increase in the evaporation rate enlarges also its
influence on the temperature profile in the melt because of
the heat of the phase transition [131]. Moreover, an increase
in the vapour recoil pressure magnifies the amplitude of the
capillary waves, so that these waves become nonlinear. At
amplitudes exceeding kÿ1m (km is the maximal wave number)
drops may become detached from the crests of capillary
waves. As a result, additional flow of molten metal appears
across the axis of a crater, in the direction from the front to the
rear wall.

In addition to the EC instability, the Rayleigh ±Taylor
instability (build-up of which occurs during removal of the
molten metal by acceleration of the liquid under the action of
the vapour recoil pressure) and the capillary±wind instability
(due to the influence of near-sonic flow of the vapour along
the free surface of a molten metal parallel to the crater axis)
may develop.

In general, the structures in a liquid and the structures of a
solidified metal can have a variety of forms. These forms
depend not only on the energy and spatial ± temporal char-
acteristics of laser radiation, but also on the polarisation of
this radiation, the angle of tilt relative to the surface, and
interference effects. The relationships given above illustrate
specific dependences of the parameters of such structures in
the melt on the laser radiation characteristics, and a wide
range of opportunities for controlling these parameters.
However, much is still unclear regarding the influence of
these processes on the properties of a solid and of solidified
melts. For example, the growth of hydrodynamic instabilities
may be accompanied by deterioration of the quality of welds.
This is due to nonuniform melting, ejection of the liquid,
pores, etc. Hydrodynamic instabilities in a vapour±gas crater
may be the reason for the appearance of a one-dimensional
lattice of pores along the weld, frequently seen experimen-
tally. However, in spite of the technological importance of
this topic, there is no theory as yet and the available
experimental data are fragmentary.

6.4 Self-oscillations in the presence
of a near-surface plasma
When concentrated energy fluxes 105 ± 107 W cmÿ2, constant
in time, act on the surface of condensedmedia, fluctuations of
the physical parameters at frequencies 102 ± 104 Hz are
observed in the heated zone [150 ± 156]. These fluctuations
are the result of the appearance of an oscillatory instability
and self-oscillations of the surface temperature of a material
and of the density of a weakly ionised low-temperature near-
surface plasma. This plasma may be formed from the
evaporated material or from the gaseous medium surround-
ing a metal.

Laser radiation heats the molten surface to the boiling
temperature, evaporates some of the material, and heats the
vapour until a plasma is formed. The resultant near-surface
plasma absorbs strongly the incident laser radiation and
defocuses it. As a result, the intensity of the radiation reaching
the metal surface falls and so does the melt temperature in the
irradiation zone, the vapour of the material is no longer
supplied to the plasma, the plasma cloud breaks apart, and
the process is repeated, i.e. self-oscillations are observed. The
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process has a threshold. The critical energy flux, as well as the
amplitude and the frequency of self-oscillations, all depend on
the laser beam parameters, on the thermophysical properties
of the material, and on the gasdynamic characteristics of the
vapour [152].

An analytic description of self-oscillations is provided by
a system of equations for the dynamics of the temperature
field and the plasma density in a laser jet [154], which lead to
time-periodic solutions [155]. This has provided the basis for
the analysis of such phenomena as pulsating evaporation,
instabilities of evaporation and melting [154], pulsations of
the vapour±gas crater [156], and appearance of a periodic
relief on the walls of this crater [5].

On the other hand, the very existence of self-oscillations
suggests the possibility of a number of new methods for the
control of various processes in the irradiation zone. They are
associated with, for example, the fact that the temperature
field determines the thermophysical processes in a given
material (melting, evaporation, hydrodynamic phenomena
in the melt, etc.). Moreover, we can use control methods well-
tested in nonlinear wave and oscillatory processes, employed
already explicitly or implicitly in various technological
operations such as, for example, cutting and welding. It is
suggested in Ref. [156] that self-oscillations may be sup-
pressed by external modulation which is in antiphase with
self-modulation. However, the self-modulation phase is
governed by internal nonlinear processes in the irradiation
zone, so that it may match the external modulation phase,
with the result that the self-oscillations are not suppressed but
amplified. Therefore, suppression of self-oscillations requires
an additional device which can follow the phase of these
oscillations and can ensure that the external modulation is in
antiphase.

Self-oscillations may play a significant role in an increase
or reduction of the efficiency of the thermal effects of laser
radiation on matter. In specific technological operations this
is achieved by selecting the optimal pulse repetition fre-
quency. The optimal range of such frequencies is 20 ± 60 kHz
[156]. In the absence of self-oscillations, the time-dependent
component of the intensity has no influence on the average
surface temperature. In the presence of self-oscillations, in
view of the nonlinear nature of the interaction of laser
radiation with these oscillations, the time-dependent term of
the energy flux makes a nonzero contribution to the average
surface temperature [154]. The magnitude and sign of this
contribution depend on the frequency and amplitude of both
self-oscillations and the external modulation of the laser
radiation intensity. If the relationships between these para-
meters are selected in such a way that the correction to the
average temperature is positive and maximal, it should be
possible to increase the efficiency of the thermal effects of
laser radiation.

On the whole, it follows from the data on the appearance
of various instabilities, accompanied by the excitation of self-
waves or self-oscillations in a melt, and from the identifica-
tion of specific mechanisms that is should be possible to use
them for monitoring and control of various thermophysical
phenomena in the zone of action of laser radiation on
materials.

7. Controlled laser fracture

7.1 Mechanisms of fracture of solids
Anew range of phenomena associated with damage processes
appears when solids are exposed to laser radiation of I5 107

W cmÿ2 intensity. We shall now consider some aspects of the
physics of damage, mainly in the case of opaque solids, with
the relation to possibility of controlling these processes by
means of lasers. Intense irradiation creates a plasma above
the surface of a solid and this plasma absorbs laser radiation.
Fast heating expands the plasma. The absorbed energy is
converted efficiently into a pressure pulse and shock waves
propagating in a solid are generated. These shock waves pass
through a solid and are reflected from its opposite surface or
from inhomogeneities. This may result in splitting of a sample
into several parts. All this needs is breaking of bonds along
the cleavage surface and not of all the bonds in the bulk, in
contrast to melting or evaporation. The difference between
the breaking energies needed for fracture and those needed
for melting or evaporation differ by a factor of 105 ± 106.
Under real conditions this difference is somewhat less because
of the unavoidable losses, such as those associated withÐ for
example Ð the formation of a plasma or the generation of
shock waves and their dissipation.

The process of fracture of a solid by shock waves induced
by a laser is determined largely by the microstructure of the
solid: the type of lattice, the distribution and interaction of
defects, and the presence of stresses. In the case of engineering
structures, the fracture and strong deformation may be
associated primarily with local energy evolution and shear
resulting from the stresses that appear at the points where the
elements of such a structure are joined.

The control of fracture processes is closely related to the
operational parameters of a laser and the spatial±temporal
structure of its radiation. An analysis of opportunities for
such control, including the use of a relatively small input
energy to cause fracture, should take account of structural
relaxation and should be based on the understanding of the
mechanisms of the phenomena that occur under the action of
laser radiation.

The problem of the strength of solids has a very extensive
literature [157 ± 159]. According to modern ideas, fracture is
regarded as a complex multistage process that depends on a
whole range of factors (the nature of a material, the type of
stresses, the conditions during service life, the temperature
regime, and changes with time). In an ideal case when a body
fractures along a certain surface, it is necessary to ensure that
the applied force producing a stress s exceeds the force F
binding each pair of atoms separated by the fracture surface.
Such a theoretical strength amounts to sE � 0:1E, where E is
the Young modulus. However, in reality, fracture begins at
loads which hundreds and thousands times less than sE. This
is due to the presence of specific stress concentrators in a solid.
The local stresses are particularly high at the edge of a
growing crack. For example, in a plate with elliptic hole
(crack) of length 2l (large axis of ellipse) and the radius Rel of
curvature close to elongated vertexes, the stress at sharp ends
of the hole is se � �1� 2

����������
l=Rel

p �sex, where sex is the stress
created by an external force far from the hole. Since the radius
of curvature at the tip of a crack is very small and since, in
principle, this radius may be regarded as equal to the
interatomic distance, it follows from the relationship just
given that even a crack 1 mm long can reduce the strength of a
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solid by two orders of magnitude. The critical size of a crack,
below which it cannot grow spontaneously, was established
back in 1920 byGriffith [160]. The critical stress for a crack of
this length is

s� �
�����������������������
E�Gs � Gp�

p
l

;

where Gs is the surface energy and Gp is the effective surface
energy, which takes account of plastic deformation.When the
critical length l� is reached, an external load is no longer
needed to complete the process of fracture: the elastic energy
already stored in a solid up to that moment is sufficient. The
velocity of propagation of a crack in brittle materials after it
reaches the length l� can rise to values on the order of 103 m
sÿ1 and the acceleration at this stage of crack growth can be
up to 108 m sÿ2. Fracture is always preceded by a greater or
smaller degree of plastic deformation. If this deformation is
strong not only near the fracture surface, but also in the bulk
of a solid, then the fracture is called viscous. It corresponds to
the merging of pores and slip.

It is therefore possible to divide a whole process of
fracture of solids into three main stages: nucleation of cracks,
growth of crack systems to the critical length, and practically
instantaneous fracture of a sample. The third stage is
uncontrollable, but the first two can be controlled. Two
mechanisms of crack nucleation can be distinguished.
According to the dislocation mechanism, the application of
a stress to a solid creates first elastic and then plastic
deformation. Near structural inhomogeneities, which hinder
the motion of dislocations, high local stresses and consider-
able dislocation pile-ups are created and they include those
already existing in a sample and those formed by plastic
deformation. The interaction of dislocations nucleates micro-
cracks [161]. According to the dilatation mechanism asso-
ciated with the thermal motion of the lattice atoms under a
load, an anharmonic crystal has regions with higher tensile
lattice strains, which are called dilatons and which act as
nuclei of thermal-fluctuation-induced microcracks. Forma-
tion of dilatons and their subsequent opening up to form a
microcrack occur near defects [162 ± 164].

During the second stage of fracture the newly formed
system of microcracks evolves from sizes typically 0.1 ± 1 mm
to critical values. The concentration of cracks in some parts of
a sample may reach 1015 cmÿ3. Above system is then
`conditionally stable', i.e. it is stable against small perturba-
tions but unstable against large ones. Moreover, a crack does
not remain unchanged in the presence of stresses: it grows
slowly and sometimes this growth is undetectable. A major
role in this process is played by the residual stresses resulting
largely from heat treatment of some particular engineering
structures (for example, near welds). Under abrupt cooling
conditions, when plastic deformation ceases to be `active',
embrittlement takes place and critical values of the para-
meters decrease strongly. As a result, the process may go over
to the third uncontrolled stage.

7.2 Dependence of laser induced fracture on the radiation
characteristics
We shall now consider specific opportunities for controlling
the processes of laser-induced fracture by making use of
different lasing regimes. The pressure P generated as a result
of a hot plasma cloud expansion under the laser irradiation
can be estimated from

P � �apltp�ÿ1=3I 3=4 ; �7:1�

where the coefficient apl represents the plasma properties and
depends on the charge and atomic weight of an ion; tp is the
pulse duration. For an aluminium target, exposed to laser
pulses of tp � 10ÿ8 s duration and of I � 1010 W cmÿ2

intensity, it follows from expression (7.1) that P � 5� 1011

dyn cmÿ2. Such laser pulses determine the initial conditions
for the propagation of a shock wave. As this wave penetrates
a solid, it decays and this process is faster at higher pressures
and for shorter pulse durations. During propagation of a
shock wave of energy Esh � �1=2�P�v0 ÿ v� some of this
energy is converted irreversibly into heat:

Q � 1

2
PH�v0 ÿ v� ÿ

�v0
v

Ps dv :

Here, v and v0 are the specific volumes behind and ahead of
the shock-wave front. The Hygoniot pressure PH and the
adiabatic pressure Ps are given by phenomenological expres-
sions such as PH; s � A� BZ2v � CZ3v. The values of the
constants A; B; C (representing the material) for the pres-
suresPH andPs, and the equation for Zv � v0=vÿ 1, as well as
its numerical solution can be found in Ref. [165]. Fig. 4 shows
the decay of a pressure pulse generated by a laser pulse of
tp � 10ÿ7 s duration, plotted for different values of Zv. The
results of calculations carried out for different values of tp
show that the shorter the pulse, the lesser the depth to which it
penetrates a given material. Hence, we can conclude that
there is an opportunity for effective utilisation of a sequence
of pulses of increasing duration when the pulses penetrate
deeper and deeper into a material.

Shock waves generate stresses in a solid and the existing
microcracks begin to expand. In a model [166] of the effect of
pulses of duration tp and of amplitude s0 on cracks of length
2l, the elastic tensile, kinetic, and surface energies are
included, as well as the external work done on a given body.
The model is used to drive a differential equation for l and the
solution to this equation shows that each pulse, characterised
by specific values of the duration and amplitude, selects (from
all possible cracks existing in a given sample) a certain range

P=P0
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Figure 4. Attenuation of a pressure pulse (t � 10ÿ7 s) [166].
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limited from below and above by the minimal and maximal
crack dimensions. Such a pulse acts on cracks which are
within this range and these cracks expand. The lower limit of
the range is given by [165]

l � GsE
s20

: �7:2�

It defines the threshold force necessary for a crack to
diverge initially. Pulses of such amplitude may not expand
smaller cracks. The upper limit of the range is [165]

l � cactp ; �7:3�

where cac is the velocity of acoustic waves. The physical
meaning of formula (7.2) is that, in view of the slowness of
the response of a material, a short pulse cannot act on cracks
which are too large: it simply does not manage to expand
these cracks. Therefore, in contrast to the static case, we have
not one but two stability criteria.

Let us consider a specific crack.We assume that it doubles
in size under the action of a pulse. This means that the
amplitude of the next pulse can be

���
2
p

times less, but the
duration should increase by a factor of 2. If we assume that
the pulse energy is tps20, then this energy remains constant. A
series of pulses then gradually expands the same group of
cracks. The minimum energy of a pulse for a given material is
defined by the expression

s20tp
E
� G
3cac

which follows directly from formulas (7.2) and (7.3). There-
fore, effective fracture of a material may result from the
application of a sequence of pulses of decreasing amplitude
and increasing duration. The first pulse should be made as
short as possible in order to be able to act on the smallest
cracks. It should be pointed out that at very high loading
rates, associated with high-intensity stress pulses, a material
usually regarded as viscous may show brittle behaviour.
Additional energy losses due to plastic deformation no longer
occur. Therefore, fracture processes can be controlled effec-
tively by selecting a specific time history of laser radiation.

Additional opportunities appear when the spatial struc-
ture of laser radiation is utilised. Fracture produced by stress
pulses differs from that induced by static forces. In the case of
short pulses, only a small part of a sample is in a stressed state
and a fracture may occur in one part of a sample, irrespective
of what happens elsewhere. If a compression pulse reaches a
free boundary, it generates a tension pulse. This may result in,
for example, spallation of a part of a material from the
opposite side of a plate when the front face is subjected to
laser radiation. In the case of oblique reflection, both
compression and tension pulses are generated. Interference
between such pulses gives rise to complex stress distributions.
The result may be the appearance of stresses which are
sufficiently high to cause fracture even when the amplitude
of the incident pulses is too low for this. Control of fracture by
creation of an appropriate spatial structure of laser radiation
should take account of the shape of a sample, interference of
the reflected waves, as well as attenuation and dissipation of
shock waves.

7.3 Role of the solid microstructure in laser fracture
The effects of laser radiation on a solid depend on the specific
features of its structure such as dislocations, microcracks,
pores, impurities, grain boundaries, stresses, spatial distribu-
tions of defects as well as of tension and compression regions.
Interaction with a microstructure of a solid may result in an
inhomogeneous release of energy and also in change in the
characteristics of the propagatingwave.Much depends on the
characteristics of the radiation itself. It is illuminating to
consider the effects of laser radiation on transparentmaterials
such as polymers, glasses, etc. The problem of laser damage to
transparent solids is on the whole more complex than the
corresponding problem in the case of opaque solids, and the
fracture mechanisms (particularly at the initiation stage) are
very different [166, 167]. The dependence of the fracture on
the laser operation regime is particularly strong in the case of
transparent materials. It is found that the ability of ordinary
polymeric materials to withstand high-power laser radiation
under the action of repeated pulses is considerably less than
for a single pulse [168]. Manenkov et al. [169 ± 172], who
investigated the relationships governing the process of
fractural transparent polymers, have established the existence
of a cumulative effect in the case of repeated laser irradiation.
The process begins with energy evolution at absorbing defects
and can be divided into two stages: slow and fast. The first
(slow) stage results in evolution of an absorbing defect
between the pulses: this happens at a velocity < 103 cm sÿ1

and producesmicrodamage up to 1 mm in size. During the fast
stage, a crack appears in a threshold manner and its
dimensions are in excess of 1 mm, which increases at a
considerable velocity (5 104 cm sÿ1) up to 10±30 mm as a
result of interaction with subsequent pulses, until a crack of
about 100 mm size is formed. In contrast to the first stage, this
stage is accompanied by the emission of considerable radia-
tion in the visible and near-ultraviolet regions. The tempera-
ture is estimated to be 104 K and the duration of such
radiation pulses is 10ÿ7 s. During the second stage the fracture
process involves the appearance of an ionisation±absorption
wave at each pulse [173].

When a single pulse is applied to a solid, its intensity I1 is
governed by the possibility of appearance of an ionisation
wave. The process of multiple fracture may occur at relatively
low laser radiation intensities �I5 I1�. A mechanism for the
first stage of the process of laser fracture was proposed inRefs
[170, 172].When laser pulses act on a polymer, the absorption
of the laser radiation energy by various defects and inclusions
generates elastic stresses in the surrounding host material and
these stresses are comparable with the breaking strength of
polymers. Such pulsed stresses result, in combination with
residual static stresses, in mechanical damage to the polymer
host material and consequent formation of vibrationally
excited radicals which absorb laser radiation. Experiments
show [172] that the concentration of radicals can be very high,
reaching 1021 cmÿ3.

Residual stresses accumulate around inclusions during
the action of the subsequent laser pulses. As a result, the rate
of formation of excited radicals increases and this enhances
the absorption of the incident radiation. When a certain
critical value is exceeded, the stability is lost, an absorption
wave propagates, and microfracture occurs. Just this critical
value is the threshold for multipulse fracture. During sub-
sequent irradiation the microcrack dimensions gradually
increase up to macroscopic sizes.
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A similar, although less pronounced, is the cumulative
effect in glasses [174 ± 176]. It depends strongly on the
conditions during irradiation (pulse repetition frequency)
and on themicrostructure of samples. Once again, the process
begins from structural changes which appear at absorbing
microinhomogeneities [174].

In the processes of laser damage the cumulative effect is
accompanied also by a dimensional dependence, i.e. a
dependence on the size of the irradiated region [177 ± 179].
The presence of a high concentration of defects which have a
significant influence on the strength has the effect that high
damage thresholds (1010 ± 1011W cmÿ2) are observed only for
very tiny regions (10ÿ8ÿ10ÿ10 cm3). When the irradiated
region is increased, the damage threshold falls because of an
enhancement in the probability that the defects influencing
this threshold will be found in the region. Moreover, mutual
influence of two spatially separated focused laser beams has
been found. In this case the damage threshold depends on the
distance between the beams [179]. A spatially inhomogeneous
structure of laser pulses is more favourable for damage.
Therefore, damage to transparent solids can be controlled
effectively by selecting some specific spatial±temporal struc-
ture of laser radiation.

In the case of opaque solids a considerable influence on
the damage process is exerted by the interaction between
shock waves, initiated by laser radiation, and defects. The
possibility of spatial focusing of a shock wave and a change in
its temporal structure by a system of pores has been
considered.Heating and the resultant increase in the plasticity
of a metal may give rise to cavitation phenomena. The pores
are then compressed and collapsed releasing large amounts of
energy. Cumulative thin streamsmay form and they can cause
additional damage to a solid. Formation of such thin streams
is particularly effective in the case of cylindrical, conical, and
some other shapes of cavities [180].

Vulnerable parts of engineering structures subjected to
laser radiation are the points where elements of a structure are
joined, where stretched regions, residual stresses, and high
defect concentrations can be found. Enhanced local energy
dissipation occurs in these regions under the action of laser±
excited shock waves and additional stresses are created.
Equally, in the case of transparent solids, the cumulative
effect is active in such regions and relatively weak multipulse
irradiation can bring an engineering structure close to its
stability limit.

8. On cybernetic aspects of laser control

We have to consider, even if briefly, the cybernetic aspects of
the problem. As pointed out already, a laser beam with its
energy, spectral, spatial, and temporal characteristics can be
used for effective control of a very great variety of the
processes that occur in a solid, ranging from crystal growth
to fracture. For a large number of processes, it is possible to
select a specific laser `key' which makes it possible to act
selectively on these processes and to create numerous complex
structures. Different parameters of irradiation of a solid and
self-organisation effects may give rise to succession of various
forms of a solid. The succession is characterised by a complex
system of mutual dependences, nonlinear interactions, feed-
back, and instabilities, which carry together an enormous
amount of information.

Any form of control is closely related to the effects of
information. A special feature of a laser beam is that it can

carry a large amount of information necessary for the
activation of some specific processes. Each element of a
structure and each defect subsystem has its own features, its
own channels for action, and its own risk factors. Under-
standing of these features opens up definite possibilities of the
formation of structures with given properties. We can there-
fore speak of the beginning of a new generation of laser
technologies based on the selection of specific `keys' for the
various processes that occur in a solid and can be used to
control these processes.

From the cybernetic point of view, effective control
requires information on the states of the system and on how
these states change. In addition to identifying the relation-
ships of the processes that occur, control procedures may
utilise information on the current state of an object obtained
by a variety of detectors and sensors. An important step in
this direction has been made in the eighties: laser systems
utilising feedback have become available. An example is the
equipment made by Vanzetti Systems [181] for soldering and
monitoring of joints, which is used in the manufacture of
integrated circuits and in which a suitably programmed
detector is employed. An infrared signal emitted in the course
of laser welding reaches this detector and the detector output
signal is converted to a digital form. A computer then
compared the characteristics of the resultant signal with
those from a standard sample. A laser beam is interrupted
by a signal from a computer at the moment when the solder
begins to flow, or when a defective joint is formed, and also
when a beam becomes misaligned. Equipment of this type is
sometimes called `intelligent'.

Widening the range of applications for such equipment
requires the development and improvement of detectors. For
example, in addition to infrared detectors, it would be
desirable to use a detector of acoustic signals excited by a
laser and carrying information about the processes occurring
in the irradiation zone [182]. A detector would follow the
processes in a solid and the equipment would control the
duration (and other properties) of laser radiation, so as to
alter the effects of such radiation in the desired direction for
obtaining a specified result.

One can speak here of some biological analogies. Char-
acteristic terms have parallels with those describing a living
organism: fatigue and survival of a material, shape memory,
sickness of a metal, corrosion stability, etc. This is not a
purely formal similarity: it reflects the reality of the phenom-
ena.

The kinetics of the processes that occur in a solid occupies
a kind of intermediate position between the kinetics of the
processes that occur in biology [183] and in gases [18].
Stability is typical in the theory of gases and of classical
physics as a whole. In biology, stability is an exception rather
than the rule. Evolution is an infinite chain of replacement of
one stable state by another, passing through instabilities. Any
living system (organism, population, biocenosis) survives
only a finite time. It is stable only during that time.

The situation is very similar also in the case of structures in
a solid which is exposed to laser radiation. In a living
organism there is a complex interplay of chemical reaction
cascades in which the product of one reaction becomes the
starting material for another. Similarly, in a solid, there are
chains of dissipative structures and each of them is the
starting point for those that follow it. However, on the
whole, the processes of self-organisation in a solid in the
presence of feedback, maintained by sensors and a computer
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with a control device, offer a hope that it should be possible to
construct systems which include lasers, solids, and computers
and which are in many ways similar to biological systems and
are capable of continuous evolution.
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