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The physical phenomena which result in the appearance of plasma near the surface of a solid
heated by laser radiation are described. They include: the dynamics of heating and
vaporization of the solid surface as a whole; separate defects of the surface, and aerosol
particles; the hydrodynamics of the expansion of the vaporized material into the gas
surrounding the target; and, the kinetics of ionization in the vapors or in their mixture
with the surrounding gas. Plasma formation is linked, first, to the necessity of having
sufficiently high vapor density in the interaction zone or to heating of the target up to
a definite temperature, which imposes definite requirements on the energy parameters of the
laser pulse. It is also linked to the possibility of development of ionization in the
vapors or their mixtures with the surrounding gas; this dictates a definite laser-pulse intensity.
Starting from these requirements, the boundary of the plasma region is found in the
energy-intensity plane. The moment at which plasma appears is determined as the point of
intersection of this boundary by the laser pulse in the same plane. Different cases of
plasma formation in diffusion and hydrodynamic regimes of vapor efflux, associated with
heating and vaporization of the target as a whole and its microdefects or aerosol particles, are
described on the basis of this approach for different materials, pressures, and composition
of the gas surrounding the target, size of the focusing spot, and durations, shapes,
and wavelengths of the laser pulses.

1. INTRODUCTION

After high-power lasers were developed the range of
phenomena accompanying the interaction of the radiation
from these lasers with diverse solid targets, flat surfaces,
and aerosol particles was investigated intensively. Melting,
vaporization, emission of charged particles from the sur-
face, and so on were studied. In the course of these inves-
tigations an interesting threshold phenomenon was
observed—the appearance of plasma near the surface of
the body (particle) irradiated by the focused laser beam.
In the English literature this plasma is referred to as "laser
induced (assisted) plasma created above a surface." In
Russian literature the term "surface laser plasma (SLP),"
underscoring the fact that the plasma arises near a surface,
is usually employed.

In the experiments of Refs. 1-7, which were performed
with ~ 1 /isec CO2-laser pulses, it was observed that the
laser radiation intensity required in order to produce
plasma at solid surfaces is two-three orders of magnitude
lower than the intensity required for plasma formation in a
gas in the absence of solid surfaces. In atmospheric air
plasma appears at metal surfaces with intensities q~ 107

W/cm2. In the absence of a surface breakdown of air under
the same conditions occurs with q~ 109-1010 W/cm2. For
millisecond and longer laser pulses q was found to be even
lower: ~ 105-106 W/cm2. A similar reduction of threshold
for optical breakdown of gas by laser radiation was ob-
served when suspended dust-like aerosol particles were
present in the gas. Thus when air containing aerosol par-
ticles is irradiated with CO2 or Nd laser pulses with dura-
tion of 200 and 50 nsec, respectively, this reduction reaches

several orders of magnitude8 10 and depends on the particle
size, the radius of the laser spot, the wavelength of the
radiation, and other factors.

The plasma radically alters the character of the inter-
action of radiation with matter. On the one hand the
plasma itself partially or completely absorbs the laser ra-
diation and thereby changes the fraction of the radiation
reaching the surface; on the other hand, the plasma trans-
fers energy to the body and seemingly plays the role of a
nonlinear energy converter.

From the standpoint of laser technology the formation
of plasma at the surface of the processed body can have
both positive and negative effects. The plasma accelerates
some chemical reactions at the surface, such as nitriding
and boronizing.' '~12 At the same time, the appearance of
plasma during precision operations, such as laser drilling,
makes them much more difficult to perform.13 The plasma
of the vapors of the target material propagates with high
velocity away from the surface and creates a reactive
thrust. This idea is the basis for a design of a laser propul-
sion system,14'15 which remains of interest to this day.16

Optical breakdown during the propagation of laser ra-
diation in dispersed aerosol media is of interest in connec-
tion with the development of various systems—optical ra-
dar, remote sensing of the atmosphere, etc.

Thus it is obvious that it is necessary to determine the
conditions under which an SLP arises for a given type of
laser, shape and duration of the laser pulse, size of the
focusing spot, material and state of the irradiated surface
or aerosol particle, and type and pressure of the surround-
ing gas. These questions were partially touched upon in
reviews and monographs. 17~28 In particular, in Ref. 25 the
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history of research on the interaction of laser radiation
with matter accompanied by plasma formation is de-
scribed, and the pioneering works in this direction are in-
dicated. In these works, however, the entire set of phenom-
ena associated with SLP formation is described: dynamics
of development of the plasma flame and propagation of the
flame in space; dynamics of crater formation on the target
surface and ejection of matter; measurements of the recoil
pulse; screening of the laser radiation by the plasma; and,
formation of photodetonation, ionization, and other types
of waves and other phenomena. Very modest space was
devoted to the original cause of the plasma formation. The
authors confined their attention to describing different
cases of SLP formation, focusing on various aspects of this
phenomenon. Thus in one of the latest reviews on SLP
(Ref. 28) attention was devoted mainly to the study of
nonstationary gas-dynamic and optical processes occurring
in a laser plasma after the first plasma focus has appeared.
Inadequate attention is given to the plasma focus, though it
is the plasma focus that determines the further evolution of
the process. However, the threshold conditions under
which SLP arises were investigated very intensively. Both
early and later results which reveal the physical crux of
this phenomenon have been obtained but are not reflected
in the review literature. Information about SLP as a phys-
ical object and the reasons for the appearance of this object
is very incomplete and dispersed over many papers. The
theoretical models employed for interpreting the experi-
mental results are very dissimilar and it is often very dif-
ficult to see any connection between them.

In the present review an attempt is made to generalize
and systematize diverse cases of appearance of SLP and to
put into some order our ideas about this physical object.
The exposition is based on the fact that the initial forma-
tion of SLP is connected, as a rule, with the necessity of
satisfying two quite general conditions (this is pointed out
in Ref. 26). The realization of these conditions depends,
first, on the initial focus of plasma initiation, associated
with the state of the surface and the duration of the laser
pulse, and, second, on the conditions of vapor efflux, which
depends on the pressure of the surrounding gas and the
temperature of the surface.

The review deals mainly with the interaction of laser
radiation with solids with formation of low-temperature
plasma. The intensity of the laser radiation falls in the
range 105-1010 W/cm2. This is the characteristic range for
different regimes of technological processing of materials
with cw, pulsed, and periodic-pulse lasers.13'17'18'29 The
pulse durations range from several nanoseconds to tens of
milliseconds, the sizes of the focusing spots range from
fractions of a millimeter to several centimeters. The typical
parameters of the plasma are: electron density-1015-1021

cm~3 and temperature-0.3-10 eV. The action of CO2 or
Nd lasers on different metals or dielectrics in different at-
mospheres is primarily considered.

Investigations of high-temperature thermonuclear la-
ser plasma form a separate subject, to which a number of
reviews and books are devoted. 30~34

From the first experiments in which SLP were ob-

served it became clear that the significant reduction in the
intensity required for the formation of SLP is due to ap-
pearance of vapors of the target material in the laser-target
interaction zone. First, the ionization potential of the va-
pors can be lower than that of the surrounding gas; second,
when the vapor density is high enough, the vapor starts to
absorb the laser radiation intensively, and this results in
heating of both the vapors and their environment. These
factors encourage development of ionization at the surface
of the irradiated body. In order for a sufficient quantity of
vapor to appear the laser radiation must heat to a suffi-
ciently high temperature Т the surface of the body or sep-
arate microscopic irregularities of the body or simply solid
aerosol particles. This question as well as the dynamics of
vapor efflux into the atmosphere has been investigated in
many works (see, for example, Refs. 13, 15, 17, 18, 35-40).
It is important to note that the rate of vaporization of a
solid depends exponentially on the ratio Л/Г, where Л is
the specific (per unit mass) heat of vaporization of the
target material. As a rule, this ratio is large. For this rea-
son, at the first stage of heating the energy of the laser
radiation absorbed by the body is removed by heat con-
duction or other heat-removal processes. Energy losses to
vaporization are not significant. This happens until the
temperature reaches some value T*, after which the situ-
ation changes radically. Virtually all of the energy of the
laser radiation goes into vaporization, and losses to heat
conduction become insignificant. The temperature T* is
called the temperature of developed vaporization and the
corresponding regime is the regime of developed vaporiza-
tion (RDV).2'3'15'18'19

The second characteristic temperature Tb is the boiling
or sublimation point of the target material under fixed
pressure of the surrounding gas. This temperature sepa-
rates regimes of vapor efflux. At temperatures T<Tb the
vapor pressure is much lower than the external pressure.
The evaporating vapors diffuse into the surrounding gas,
and a vapor-gas mixture (VGM) forms. This vaporization
regime is called the diffusion regime (DR). For Т>ТЪ the
vapor pressure is higher than the external pressure, and the
evaporating vapors displace the gas surrounding the target.
In the case of a flat target an erosion flame (EF) forms.
This efflux regime is called the hydrodynamic regime
(HR).

The temperature up to which the target must be heated
is not known in advance. As we shall see below, it can be
both less and greater (admittedly, insignificantly) than T*.
This is also true of the ratio of T* and Тъ. It should be
noted that definite values of the laser energy density E
(thermally insulated particle) at the target surface or ap-
proximately E/tl/2 (surfaces), where t is the interaction
time, are required in order to heat the target up to T < T*.
This is the thermal condition (TC). The thermal condition
is the first necessary requirement in order to form SLP.
However, it alone is not enough. A second, no less impor-
tant, condition must be satisfied, and it is from this condi-
tion that the required temperature is found. We are talking
about the possibility of developing ionization in the cloud
of vapors or their mixture with the surrounding gas (the
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FIG. I. Abscissa: E for thermally insulated targets and E/tl/2 for sur-
faces; A is the breakdown line, SLP is the region of existence of plasma; 1,
2—laser pulses; the asterisks mark the moments at which plasma appears.

latter depends on the laser-target interaction conditions)
which form during the interaction time—the ionization
condition (1C). The ionization rate is proportional to the
vapor density and, which is especially important, it de-
pends exponentially on the temperature. If the vapor is in
equilibrium, then this temperature is the temperature of
heavy particles. In the nonequilibrium case it is the tem-
perature of the electrons. It is important that the temper-
ature depends on the absorbed laser energy and is a func-
tion of the intensity q of the laser radiation. For a definite
value of q the ionization rate exceeds the rate of loss of
electrons. The process is of a threshold character, since the
ionization rate is an exponential function of the tempera-
ture and the intensity. Thus, for a known value of q we find
from the 1C the surface temperature and then from the TC
the value of £ or E/tu2. We obtain the relation between the
breakdown values of q and E—the breakdown curve A,
which determines the breakdown region in the E-q plane
(Fig. 1). It is noteworthy that the laser pulse can be con-
structed in the same coordinates using the relation

(1)E= q(t)dt.

With the help of Eq. (1) it is easy to construct q(E) from
the known function q(t). Figure 1 displays schematically a
pulse 1 which intersects the breakdown curved. The point
of intersection (marked in Fig. 1 by the asterisk) where the
laser pulse intersects the breakdown curve determines the
breakdown values of E and q. Figure 1 also shows another
pulse 2 which is tangent to the breakdown region. The
point of tangency determines the threshold values of E and
q for which a SLP first appears.

The approach based on this qualitative picture makes
it possible to describe in the same manner many cases of
formation of SLP for laser pulses with different wave-
length, shape, and duration and for different sizes and vol-
ume of the focal region, for targets made of different ma-
terials and surrounded by different gases. The problem

consists of finding the threshold values of E and q which
depend on the specific form of the TC and the 1C.

The form of the TC depends mainly on the state of the
surface and the shape and duration of the laser pulse. The
surface of the body, as a rule, is not perfectly smooth, but
rather it contains different microscopic irregularities, for-
eign inclusions, and so on. The laser radiation heats the
surface nommiformly and the heating depends significantly
on the duration and intensity of the laser pulse. For laser
pulses with duration т> 10~4 sec and intensity 1-10
MW/cm2, as a rule, there is enough time for the temper-
ature of the surface to equalize during the heating process
and it is possible to talk about heating of the surface as a
whole. It is useful to combine all such cases of SLP forma-
tion into a separate group—S. As the leading edge of the
laser pulse becomes shorter, the duration of the pulse be-
comes shorter, and the intensity of the pulse increases
somewhat, different types of microscopic irregularities and
defects, which are always present on the surface, become
more important for plasma formation. Thus for laser
pulses with r< 10~5 sec and intensities 10-500 MW/cm2

plasma formation is associated entirely with heating and
vaporization of such microscopic defects in the surface.
Thermally insulated microscopic defects are heated
first.19>40^3 We also combine into a separate group (MD)
the cases when SLP forms due to heating and vaporization
of microscopic defects.

We place into a third group A surface laser plasma
initiated by heating and vaporization of aerosol particles.
This group is in many ways similar to the microdefect
group, though, of course, plasmas in group A have their
own peculiarities, associated, primarily, with the specific
nature of the absorption of laser radiation.44"^6 The TC for
each of these groups will reflect the specific nature of the
heating.

The ionization condition largely depends on the regime
of efflux of vapor. In the diffusion regime in a VGM ion-
ization develops in the mixture of the vapors and the sur-
rounding gas. As a rule, the laser radiation heats the elec-
tronic component of this mixture. The electrons transfer
energy to the heavy component. If the heavy component is
an atomic gas, energy transfer is impeded and the temper-
ature of the electrons can become decoupled from the tem-
perature of the heavy particles. When the heavy compo-
nent is a molecular gas, however, energy is exchanged
rapidly and the mixture is heated with a single tempera-
ture. Electrons are produced due to ionization of the vapor
atoms in collisions with electrons and are removed as a
result of diffusion into the cold regions.

Development of ionization in an erosion flame in the
hydrodynamic regime occurs in the pure vapors of the
target material. Here convective removal of electrons, ow-
ing to directed motion of the vapor jet, can become the
main form of electron loss.

The different cases of formation of SLP are summa-
rized in Table I. The cells of this table with the " +" sign
correspond to the states studied in the present review.
Thus, S-VGM-m means that the SLP is formed as a result
of heating of the surface as a whole in the diffusion regime

1131 Physics - Uspekhi 36 (12), December 1993 V. S. Vorob'ev 1131



TABLE I.
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VGM
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EF
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+

+

+

MD

+

A

+

+

+

of vapor efflux into a molecular gas surrounding the target;
A-EF means that the SLP forms due to heating and va-
porization of aerosol particles in the hydrodynamic regime
of vapor efflux; and so on.

The proposed classification determines, to a significant
degree, the structure and content of this review. In Sec. 2
we consider the characteristic features of the interaction of
laser radiation with a smooth surface, microscopic defects
on the surface, and aerosol particles and the specific nature
of the development of ionization in vapor-gas mixtures and
in erosion flames. In subsequent sections the specific states
of SLP in accordance with the proposed classification are
described. The TC and 1C, from which the threshold val-
ues of E and q are determined, are given and the values are
compared to the experimental data. The physical features
of one or another state of a SLP are discussed.

2. CHARACTERISTICS OF THE INTERACTION OF LASER
RADIATION WITH SOLIDS

2.1. Characteristics of heating of the surface

The possibility of absorption of laser radiation depends
significantly on the state of the irradiated surface—the de-
gree to which the surface is contaminated by foreign im-
purities, the existence of an oxide film and microscopic
irregularities, and the presence of physically or chemically
adsorbed substances. In contrast to the parameters of the
radiation and the properties of the gas surrounding the
target, it is extremely difficult to describe completely the
state of the surface. It is no less difficult to monitor the
state of the surface during the experiment. Nonetheless, in
the last few years a number of factors which characterize
the the state or the surface and strongly influence the ab-
sorption of laser radiation have been studied. We now
briefly discuss these factors.

The first factor is associated with the nonuniformity of
the surface material itself and the presence of different
chemical compounds, having different absorption coeffi-
cients, on the surface. Thus samples of aluminum alloys
AL-9, AL-24, and AL-23, which had been subjected to
mechanical polishing with an abrasive and diamond grind-
ing, were investigated in Ref. 47. The microstructure of the
AL-9 samples contains inclusions of a second phase Mg2Si
and CuAl2.

48 The AL-23 samples also have particles of a
second phase with the composition Al3Mg2, Al2Ti, and
Al3Zr which are embedded in the matrix. These particles
differ from particles of the AL-9 samples in that they are
larger and their surface density distribution is lower. The
even lower density and larger sizes of particles of the sec-

ond phase (up to 100 /лп), consisting of MnZn2 and
Al2Mn3Zn3> are obtained on the surface of AL-24 samples.
The sizes, composition, and distribution density of the par-
ticles of the second phase over the surface determine the
optical absorption of the incident radiation, which becomes
nonuniform due to the difference in the reflectances at the
wavelength Я =10.6 /яп. Investigations showed that the
higher the surface density distribution of the particles of
the second phase, the greater the absorption of laser radi-
ation is and the lower the intensities at which plasma arises
are.

Photographs of the surface of an aluminum sample,
which were obtained in a scanning electron microscope,
are displayed in Ref. 49. Lighter colored sections (alumi-
num oxides) can be seen in them. The typical sizes of these
sections are 1-10 /xm, and their surface density n~ 106 cm2.
After the samples are irradiated with a series of pulses the
sizes and concentration of nonuniformities of this type de-
creased. Adsorption, by the surface, of impurities from the
surrounding medium or the volume of the material in-
creases the surface absorption.

Together with such foreign inclusions, whose chemical
composition is different from that of the main material,
there also exist microscopic irregularities consisting of the
material itself. These include flakes, irregularities, points,
and microcracks. Due to the fact that most of the surface
is partially or completely thermally insulated from the ma-
terial, microscopic irregularities of this type can heat up
more rapidly than the main surface. This is especially true
for the flakes, whose thermal contact with the surface is
insignificant. Photographs of these defects are presented in
Ref. 49. The thicknesses d of these defects are fractions of
a micron and their concentrations are 103-104 cm~2. The
surface density of irregularities and defects which are in
thermal contact with the substrate is much lower density.
Their size and shape depend on the method of surface
treatment.50

Defects play an important role in the radiation
strength of optical materials.51'52 Finally, we note that even
on an impurity-free surface local regions where the field is
intensified53 and which also lead to more intense vaporiza-
tion of matter arise due to the presence of defects in the
form of small channels, cracks, surface pits, and so on. A
real surface contains many defects. For this reason, for a
specific laser pulse, whose leading edge has a definite du-
ration and rise time, there is always a group of defects that
act as initial centers of vaporization.

The problem of laser heating of a surface containing
different types of microscopic irregularities and defects is
extremely difficult and virtually impossible to solve com-
pletely due to the lack of complete information about the
state of the surface. The problem is usually divided into a
series of simpler problems, which represent different limit-
ing cases.

2.2. Perfectly smooth surface

The fraction of the laser radiation absorbed by a per-
fectly smooth surface, which does not contain foreign in-
clusions and impurities, can be written in the form
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TABLE II.

Target

C.%

Zn

9

Pb

10

In

11

Brass

10

Ti

11

Ni

5

Al

5

Cu

<5

Nb

8

Та

8

W

<8

С

40

AJ2Oj

90

SiOj

80

where f is a dimensionless absorption coefficient, which,
generally speaking, depends on the surface temperature.
Table II gives the absorption coefficients (taken from Ref.
23) averaged over the temperature interval from room
temperature up to the boiling point. Obviously, metals do
not have high absorption coefficients, while strongly ab-
sorbing materials such as С and A12O3 have significantly
higher absorption coefficients.

Let a laser beam with intensity q(t), surface energy
density E(t), and focusing-spot size R be incident nor-
mally on the flat surface of a target. According to Refs. 1 7,
54, and 55, in the one-dimensional formulation of the prob-
lem the temperature, determined by solving the heat-
conduction equation in the half-space with energy released
at the boundary with no vaporization, at the center of the
focusing spot under the condition that 4^7/Л2<1 is deter-
mined by the expression

Г
Jo

q(u)du/(t-u) l/2 (2)

where x=%Pc is the thermal conductivity of the target
material, x ls the thermal diffusivity, and p and с are,
respectively, the density and heat capacity of the target
material.

The equation (2) is valid until intense vaporization of
the target material starts. The rate of vaporization can be
written in the form

v=v0(Tb/T)exp(-AA/RT), (3)

where v0 is of the order of the sound speed in the cold
metal, A is the atomic weight of the target material, and R
is the universal gas constant. As we can see, v depends
extremely sharply on the temperature and, for this reason,
at some moment, according to Eq. (2), the temperature
stops increasing and the regime of developed vaporization,
when the energy of the laser beam goes mainly into vapor-
izing particles of the condensed phase and partly imparting
kinetic energy to them, is realized. In this case

gq=pv[A+(bRT/A)]- (4)

In Eq. (4) b is a numerical factor that depends on the
regime of vapor efHux. For efflux of a perfect gas of vapors
into a gas with counterpressure £=5/2.18 Due to the sharp
dependence of и on Г the transition from Eq. (2) to Eq.
(4) will occur in a narrow range of values of E and q, so
that there exists a temperature T* (Ref. 13) such that Eqs.
(2) and (4) hold simultaneously. It is convenient to write
the relations (2) and (4) in dimensionless units. We intro-
duce E'=E/EV, q'=q/qv, T'=RT/AA, t'= tvl/<)xir,
where

(5)

For Cu, for example, with f=0.05 we obtain £„=4.8
J/cm2 and #v = 4.8- I0n W/cm2. In dimensionless units
the relation (2) assumes the form (primes are dropped)

Г= Г q(u)du/(t-u)
Jo

and the relation (4) is

l/2 (6)

(7)

The equations (6)-(7) give a parametric relation (param-
eter T) between q and the quantity

:= Г q ( u ) d u / ( t - u ) l / 2 .
Jo

(8)

It is important to note that both depend only on the shape
of the laser pulse. It is easy to calculate L for pulses with
a power-law intensity q~t":

L=(E/t)l/2f(a),

where

Г
Jo

uadu/(l-u)l/2

is a numerical factor that depends on the exponent a. Ta-
ble III gives values of /(a) for different values of a. In
particular, for a pulse with constant intensity a=0 and
E=qt we easily find from Eqs. (7)-(8) the time corre-
sponding to onset of RDV18

г=Г2ехр(2/Г)/(1+ЬГ)2.

The quantity L can also be calculated explicitly for a very
short intense pulse, "switched on" at time 1 1 , such that the
pulse can be approximated by a 5-function
q(t)=E8(t-tJ. In this case L=£(f-r1)1/2. We can see
that for a wide class of functional dependences q(t) we
obtain L~E(t)/t1/2. For a pulse whose shape is not de-
scribed by these functions, L must be calculated using Eq.
(8): this does not present any special problems for existing
computers.

A universal family of lines of constant temperature
(isotherms) can be constructed in the L-q plane with the
help of Eqs. (6) and (7). Equation (6) will correspond to
vertical sections of the isotherms and Eq. (7) will corre-
spond to horizontal sections. The points of intersection

TABLE III.

a

i

-0,9

1,91

-2/3

1,41

-1/2

v/SF/2

0

2

1

8/3

2

16/5

3

128/35

4

256/63
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FIG. 2. Plane of the dimensionless variables q—L or E in which iso-
therms are plotted (Г=0.06, 0.07, 0.08, and so on). The dashed curve
separates this plane into regions in which the regime of developed vapor-
ization (RDV) and the heat-conducting regime (HD) are valid. The
isotherm Г=0.07 (distinguished by the thick line) corresponds to the
boiling point being reached for copper. The diffusion regime lies to the left
of this isotherm; the hydrodynamic regime lies to the right. 1, Г—pulses
from Ref. 56, constructed for a surface and for microdefects, respectively;
2—pulse from Ref. 23 for a surface.

form a curve—the curve of RDV—on which Eqs. (6)-(7)
hold simultaneously. This curve separates the L-q plane
into two regions. In the region above the curve heating is
determined exclusively by heat conduction—the heat con-
duction regime (HR). The region below the curve will
correspond to the RDV. This is shown in Fig. 2, where
such a curve (1) is constructed and the isotherms are plot-
ted.

The temperature T* is not related to Тъ and it is pos-
sible to have cases with Т*>ТЪ and Т*<ТЪ, i.e., the
RDV is possible in both the diffusion and hydrodynamic
regimes. For metals the ratio 7\/Л does not vary too
strongly and lies in the range 0.05-0.09.15'25 In addition,
low-melting metals (Zn, Pb) and refractory metals (W,
Та) correspond to extreme values. In Fig. 2 the isotherm
7T=0.07, corresponding to heating of the metal up to the
boiling point, is singled out. The region below or to the left
of this isotherm corresponds to the diffusion regime of va-
por efflux and the region above this isotherm corresponds
to the hydrodynamic regime.

The laser pulse can be reconstructed in the same coor-
dinates. Its position in the plane depends on the surface
material. The point of intersection of the pulse with the
curve gives the instantaneous values of L and q corre-
sponding to the onset of the RDV. The pulse employed in
Ref. 56 for a copper target £=0.05 (curve /) is plotted in
Fig. 2. This is a typical pulse for TEA lasers. Its total
energy is 20 J/cm2 and the pulse duration is 3500 nsec. The
intensity at the peak at t= 80 nsec reaches 2.8 • 107 W/cm2,
after which the intensity drops off linearly from the maxi-
mum value to 0.86 • 107 W/cm2 at (=270 nsec and from

this value to zero by the end of the pulse. As one can see,
RDV is not reached in the case when a flat target is heated
by this pulse. As we shall see below, however, this pulse is
very effective for heating and vaporizing microdefects.

Another pulse, employed in Ref. 23 for copper (curve
2), is plotted in the same figure (Fig. 2). The duration is
~ 1 msec, the intensity is constant and equal to ~ 20
MW/cm2, and the rise time is —0.1 msec. Here the RDV
is realized immediately following the hydrodynamic re-
gime. This pulse is very effective for heating and vaporizing
a flat target.

It is obvious that in a number of cases a definite value
of E(t*)/t*}/2, characterizing the laser pulse, is required in
order to heat a perfectly smooth surface up to T=T* in
the absence of developed vaporization. For a given mate-
rial this ratio depends only on its thermophysical charac-
teristics. In Ref. 57 it is suggested that the onset time of
plasma formation t* be defined as the moment when
£*/7*1/2= 10 J/cm2-/usec1/2, since the experimental data
of Ref. 58 satisfy this empirical dependence. It is clear from
what we have said above that this method for determining
the moment of plasma formation is by no means universal,
and much existing of experimental data do not conform to
this dependence.

2.3. Thermally insulated microdefects

The breakdown concept based on heating of a surface
up to the temperature of developed vaporization and sub-
sequent development of ionization in the vapors formed is
not valid in the case when a target with high radiation
strength is exposed to microsecond pulses.26 Thus break-
down of air at metallic mirrors under the action of a neody-
mium laser with a 0.4 jusec pulse focused into a 0.5 cm in
diameter spot was investigated in Ref. 41. For Al the cal-
culations give an increase in the surface temperature of
only 20-200 °C. The recorded brightness temperature is
significantly higher. A nonuniform "point" glow structure
is characteristic for all mirrors investigated. The density of
such points fluctuates strongly for different materials. Thus
for an aluminum mirror it is 5 • 104 cm~2, while for steel
and copper mirrors it is more than two orders of magni-
tude lower. The brightness structure is determined by the
presence of microdefects.

A similar picture was observed in Ref. 42 under the
action of a 1.5 /zsec CO2 laser pulse with a 0.2 дзес spike
on an aluminum target. Points began to glow even before
breakdown of the air at the target surface; microflames,
merging into a single plasma flame, developed from these
hot points. The density of hot points was 2 • 105 cm~2. The
threshold energy density for breakdown in these experi-
ments was ~ 1.7 J/cm2, and for 10~7-10~8 sec pulses it
did not depend on the pulse duration.

Thin layers of metal (flakes) which are thermally in-
sulated from the substrate are the most easily heated and
vaporized surface defects. The thickness d of such defects
is fractions of a micron, and the linear size 51/2 (where S
is the area) can reach tens of microns. The flake concen-
tration n depends on the method of surface processing and
fluctuates from 103 to 105 cm"2.
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The following characteristic dimensions are important
in the case when a microdefect absorbs electromagnetic
radiation: Л = 2ттс/а>—the wavelength of the incident radi-
ation with frequency со in the external medium;
5=А/|г|1/2—the wavelength of the electromagnetic field
in the defect material with permittivity e; and, the charac-
teristic dimensions of the defect itself. In the case S1/2>A
diffraction effects can be neglected and absorption by a
flake can be described approximately as absorption by a
thin film of thickness d separated from the matrix by a
dielectric substrate of thickness h~d. For c?<5 interference
effects are important and the problem of the incidence of a
monochromatic plane wave on such a system must be
solved. The solution is presented in Ref. 60. The calcula-
tions performed in Ref. 61 showed that at thicknesses
d > 0.08 цтп f for a flake is virtually independent of d and
corresponds approximately to absorption by a continuous
material.

In the case when a flake is heated from room temper-
ature up to a temperature of the order of the temperature
T* of developed vaporization we shall not describe the
melting process, since Лт>Л, where Л is the specific en-
ergy of melting, and the process is secondary. We assume
that d2/x>t, where t is the heating time of the flake up to
a temperature of the order of T. In this case the flake is
heated as a whole. The simplest equation for the change in
temperature of the flake up to the onset of developed va-
porization has the form

dcpdT/dt=£q(t). (9)

Integrating Eq. (9) for the temperature from zero to T we
obtain

E=cpTd/t,. (10)

If the heating times are such that there is not enough time
for the flake to be heated as a whole but rather only a layer
of the flake of thickness of the order of (xt)l/2^,d is
heated, then we obtain instead of Eqs. (9)-(10)

This equation is identical, to within a numerical factor, to
Eq. ( 2 ) for the heating of a perfectly smooth surface. In
this case the thermally insulated flake and surface are
heated almost identically and the microdefect plays no role
in plasma formation.

For a flake we can introduce, just as for a smooth
surface, the temperature T* of developed vaporization
such that for T^T* all laser energy goes mainly into va-
porization. At the temperature T=T* Eq. (5) must hold
together with Eq. (10). Introducing dimensionless vari-
ables for g and T, just as in the case of a surface, and for E,
in accordance with Eq. (10) (E' = E/EV, where
Ev = cpAAd/^R = 3pAd/^), we obtain an equation for de-
veloped vaporization for a flake:

E*=T*, q* = (l+bT*)exp(-l/T*). (И)

The difference of Eq. (11) from Eqs. (7)-(8) is associated
with the fact that the heating equation is different for a
flake. The plot in Fig. 2 can likewise be employed in order

to determine the region of RDV, plotting E instead of L
along the abscissa. We reconstruct in these coordinates the
pulse from Ref. 56, used above, assuming that the pulse
acts on a copper target whose surface contains flakes with
thickness d~0.2 /j.m. Now it assumes the form 1'. Here the
RDV is achieved, and such a pulse can completely vapor-
ize a microdefect and lead to the formation of SLP, as
observed in Ref. 56.

We now write the simplest equation for the dynamics
of vaporization of a flake in the region of RDV:

\pdd/dt=£'q(t), (12)

where f' is the average absorption coefficient for laser ra-
diation in the temperature range T > T*. According to nu-
merous experimental data,15 after the onset of intense va-
porization of the material the absorptivity of the material
increases appreciably. Integrating Eq. (12) from t* up to
the moment of complete vaporization of the flake we find
the time dependence of the thickness of the flake

d(t)=d-(£'/p\)(E(t)-E*). (13)

Hence the energy density required for complete vaporiza-
tion of the defect is

Et=E* + dpA/£=E*[\ + (h.£'/cT*£)}. (14)

For T > T* > Tb vapors displace the surrounding gas.
It is of interest to estimate the size of the vapor cloud. A
detailed hydrodynamic calculation of the expansion of the
vapor with varying conditions at the boundary is possible
only by numerical methods. In our case, however, not all
details of the flow are equally important. It is important to
describe correctly the region where the main mass of vapor
is concentrated. For this we consider the well-studied qual-
itative picture of hemispherical expansion of vapor.17 The
boundary of the Knudsen layer, on which the hydrody-
namic flow velocity is equal to the local velocity of sound,
is located near the surface of the body. This is followed by
a region of supersonic flow, separated from the following
region with subsonic flow by a stationary shock wave, a
so-called "suspended shock." For spherical particles with
radius r the size of the region of supersonic flow is given by
the expression Rs=0.59r(p(/px)

l/2, where p0 is the pres-
sure on the body andp^ is the pressure of the surrounding
gas. For laser radiation intensity <?~1-60 MW/cm2 we
have Rs~(\-3)r. It is much more difficult to determine
the size of the region of supersonic flow for nonspherical
particles than for spherical particles. It is important to
note, however, that the main mass of the vapor is concen-
trated in the region of sonic flow between the stationary
shock wave and the contact boundary between the vapor
and the surrounding gas. For the spherically symmetric
case the distance to the contact boundary is R^>RS. It is
this distance that determines the instantaneous size of the
vapor cloud. The velocity of the contact boundary is low
compared to the velocity of sound, and the vapor temper-
ature near the contact boundary is close to the boiling
point. The vapor density in the subsonic region is virtually
constant and equals17
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(15)

where m is the mass of a vapor atom and у is the ratio of
specific heats. Neglecting the deviation of the vapor density
from Eq. (15) in a small region of the supersonic flow, we
find from the law of conservation of mass of the vapor for
a flake an expression for the size of the vapor cloud as a
function of time during the process of vaporization of the
microdefect:

(16)= [ (3£'/2irpvA) (E-E*)S]1

The radius of the vapor cloud reaches its maximum value
when the flake is completely vaporized:

Rm=(3pdS/2TTpv)
l/3. (17)

2.4. Roughness

In Refs. 57 and 58 heating of surface irregularities by
the laser radiation is studied together with a smooth sur-
face and flakes. The absorption coefficient £ ' of the irreg-
ularities can differ from the absorption coefficient of a
smooth surface. For hemispherical protuberances with ra-
dius a the absorption cross section in the case
has the form60

which is three times greater than the area of the base mul-
tiplied by the absorption coefficient. In the case A<<a and
6<a, however, absorption becomes similar to absorption by
a section of flat surface with area ira2, i.e., а=тга2£,

It is assumed that a protuberance is heated rapidly up
to some temperature, but, in contrast to a flake, it ex-
changes heat with the substrate. The equation describing
the heating of the irregularity has the form

pcVdT/dt+aST=£'q(t), (18)

where V and S are the volume and base area, respectively,
of the protuberance and a is the coefficient of heat transfer
into the mass of the material. We write the solution of Eq.
(8) in the form

T(t) = [S£' exp( -aSt/pcV)/pcV]

X f* dt'q(t')exp(-aSt'/pcV). (19)
Jo

The exponent in the exponential in Eq. (19) characterizes
the heat exchange between the protuberance and the sub-
strate. In order of magnitude aSt/ ' pcV~-)(t/^~t/tu. If
f/fd<l, the solution ( 19) passes into Eq. ( 10) — the case of
total thermal insulation. The inverse case t/td > 1 is more
interesting. Then we write the solution (19) approximately
as

Hence it is easily found that for heating of an irregularity
up to Т requires

(20)

2.5. Aerosols

The presence of suspended dust-like particles in the gas
results in additional absorption of laser radiation, heating
and vaporization of these particles, ionization of the vapors
formed, and formation of plasma. In spite of the fact that
there is much in common between plasma formation on the
boundary of condensed media (macrotargets) and in a gas
with aerosol particles, there are also significant differences.
Here we consider the fundamental points, and we refer the
reader to the literature devoted to the interaction of laser
radiation with aerosols for the details.8"10'42^8'62-69

The first distinction is associated with the nonunifor-
mity of the optical field inside an aerosol particle. As a
rule, there arises a principal maximum (PM) of the optical
field, the position of the maximum being determined by the
center of intense heat release in the particle. In weakly
absorbing particles the PM forms in the shadow
hemisphere.62 The nonuniformity of the field over the par-
ticle can lead to fragmentation of the particle and forma-
tion of smaller particles. This occurs, for example, in the
case when quartz particles with size r=20-80 /дп are ir-
radiated with TEA-CO2-laser radiation with energy den-
sity of several J/cm2.63 The fragment sizes fall in the range
r=0.5-3 jum. In relatively small particles the field becomes
approximately more uniform.64 This is equally true for the
temperature, which, due to heat conduction, can be equal-
ized even with a nonuniform field. We confine our atten-
tion below to such cases and consider the model of absorp-
tion of laser radiation by an aerosol particle following the
results of Refs. 19, 65, and 68.

Absorption of electromagnetic radiation by a spherical
particle depends on the complex index of refraction
n = n' + ix, the wavelength of the radiation, and the parti-
cle material and size. The values of n' and к at different
wavelengths are presented in Ref. 70. The absorption co-
efficient is given by the well-known formula

К=4тгх/Л. (21)

The absorption cross section for ЛГ/> 1 is determined by the
expression

(г=1гг*£. (22)

For strongly absorbing materials, such as carbon, the av-
erage value is £~ 1 at temperatures T<Tb. For the case of
weak absorption (Л><1) and assuming the diffraction
equation 2тгг/Я<1 is satisfied, Rayleigh's formula71 can be
used for the absorption cross section:

a=Trri(2irr/A); (23)

Нл = 24пх/[(п2-х2 + 2)2+4п2х2]. The calculations per-
formed in Ref. 68 using the data of Ref. 70 give, for exam-
ple, for soot Лл=0.96 (Я =10.6 /urn). For comparison we
note that AA = 0.26 for polycrystalline graphite and 0.045
for single-crystalline graphite. It is evident that absorption
strongly depends on the state of the absorbing material.
Usually a critical radius rc is introduced. It is defined so
that for r=rc Eqs. (17) and (18) are identical. This gives

(24)
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For carbon irradiated with CO2-laser radiation the quan-
tity £ and AA are close to 1, so that rc is virtually identical
to the wave number, as in the case of absorption in
metals.71 We write finally

а=тгт*&(г), (25)

where z(r) = 1 if r>rc and z(r) = r/rc if r < rc.
Heating of a spherical particle by laser radiation has

been studied in many works (see, for example, Refs. 44-46
and 72), where laser heating and vaporization processes
were studied taking into account phase transformations,
heat and mass exchange with the surrounding medium,
and the temperature dependences of the optical and ther-
mophysical characteristics of the particle material and the
gas-dynamic parameters of the vapor-gas medium. How-
ever, under conditions such that ^Г*/г2>1, where t* is the
time when T=T*, the particle is heated as a whole and we
can write

(4irr*/3)cpdT/dt=£trriq(t)z(r).

Integrating Eq. (21) we obtain

(26)

(27)

As one can see from Eq. (27), for r>rc we have E*~r, and
for r<rc, correspondingly, E*~rc. The equation (27) is
essentially the same as Eq. (10) for heating of a thermally
insulated defect. For this reason, the limits of the RDV can
be determined with the help of the plot in Fig. 2, scaling E
in accordance with Eq. (27).

For t>(* all laser energy goes to vaporization and we
write, analogously to Eq. (12),

pAd(4irrV3)/d. (28)

Integrating Eq. (28) from t* to t we obtain the change in
the radius of the particle in the process of vaporization

When

E=E,=E*+ (4рЛ/£) =E* [ 1 + (ЗЛ/сГ*) ],

(29)

(30)

the particle is completely vaporized.
The arguments given above for determining the size of

the vapor cloud for a flake are equally applicable to aero-
sol. Using these arguments, we write the following expres-
sion for the size of the vapor cloud of a vaporizing aerosol

R(t)=r[(p/pv){\-[\-£(E-E*)/4TT\r]3}] 1/3

(31)

For E=E* the radius R(t) =0, and for E=Et the radius
reaches its maximum value

Rm = r(p/pv)
l/3 (32)

and corresponds to a completely vaporized aerosol particle.

2.6. Development of ionization

As mentioned above, the formation of SLP is a thresh-
old effect, associated with the growth of ionization in a
narrow range of laser-target interaction conditions. In or-

der to describe this effect it is necessary to study the kinet-
ics of ionization, taking into account its specific features in
problems of this kind — closeness of a surface and presence
of a high-frequency laser field.

Consider an element of volume located at a distance of
the order of the radius of the focusing spot from the sur-
face. Depending on the conditions of laser action, the vol-
ume can consist of vapors of the target material or a mix-
ture of vapors with the surrounding gas. Electrons in this
volume are heated by the high-frequency laser field. In
most cases laser radiation is absorbed due to the inverse
bremmstrahlung on neutral particles. The number of elec-
trons with energies from e to e + de present per unit vol-
ume due to this process is determined in the classical limit
by the expression73

(33)

where n ( e ) is the electron energy distribution function,
such that

ГJo

ne is the electron density, vm is the electron-neutral elastic-
collision frequency, and ы is the frequency of the laser
radiation. The electrons, taking energy from the laser field,
give up energy in elastic collisions. The corresponding term
in the equation for n(e) has the form73'74

\=- (2mvmen/M), (34)

where M and n are the mass and concentration of heavy
particles. Further, the kinetic equation contains the term
Qm(e), associated with inelastic electron losses to excita-
tion and ionization. General expressions for it can be found
in, for example, Ref. 75. Finally, in problems of laser
breakdown electron losses caused by the spatial nonunifor-
mity of the problem are found to be significant. There are
significant difficulties in taking into account, in general
form, the inhomogeneous terms in the kinetic equation. If,
however, the electron density does not change much over
the mean free path length or the size of the region of the
field is much greater than the electron range, then the spa-
tial nonuniformity can be taken into account by an approx-
imate method.73 Thus if electron diffusion is significant, the
term

C?d=~w(£)vd(£)> (35)

where vd = Td = Z>eF/A2,^e=j>2/3vm=2e/3mv(£) is the
diffusion rate-the inverse of the diffusion escape time of an
electron from a volume with characteristic size A, must be
added to the kinetic equation. Other cases when spatial
transport must be taken into account will be discussed be-
low. The kinetic equation for the function n(e,t) has the
form

(36)

1137 Physics - Uspekhi 36 (12), December 1993 V. S. Vorob'ev 1137



Two approaches are mainly used at the present time to
solve this equation. In the case of millisecond or longer
laser pulses with characteristic rise time ~0. 1 msec the
high-frequency laser field grows relatively slowly. The av-
erage electron energies ё < Д, /, where Д and / are, respec-
tively, the excitation and ionization potentials of the atom.
Excitation (ionization) is realized by a small number of
electrons, present in the "tail" of the quasistationary dis-
tribution function. The inequality т^т-,, where T( is the
time over which a stationary distribution function is estab-
lished and TI is the characteristic ionization time, holds.
This means that the electron density remains virtually con-
stant over times rf. The stationary solution of Eq. (36) for
the kernel of the distribution function, neglecting the terms
Qin and Qd, has the form73'74

и(е) = Cexp[ - (6m2c/%ire2Mq) Г
I Jo

(37)

where the constant С is determined from the normalization
condition. In the case vm~v~Ein the well-known Mar-
genau distribution (w^O) and the Druivestein distribution
(o}=0) follow from Eq. (33). Note that in a wide range
the laser field can be considered to be high-frequency
u)>vm. Then for any function vm(e) we immediately ob-
tain from Eq. (37) a Maxwellian distribution with the ef-
fective temperature

For example, for a CO2 laser со = 2тгс/Л^ 1.78 • 1014 sec"1,
and the electron-argon elastic-collision frequency73

vm;=5.3 • 1012p(atm) • sec"1. Thus the inequality <u>vm is
satisfied well. For ruby and neodymium lasers the inequal-
ity holds even better. As the degree of ionization increases
a term associated with the electron-electron collisions,
which in turn maxwellizes the distribution function, must
be included in the kinetic equation. Thus the stationary
solution of the kinetic equation in a high-frequency laser
field in the presence of elastic losses with both heavy and
light particles is Maxwellian with the effective temperature
(38). The deviations from a Maxwellian distribution can
be associated with inelastic processes and with diffusion.
Methods for calculating the distribution function in the
case of a Maxwellian kernel and a non-Maxwellian tail are
quite well developed and described in Ref. 75. We make
use of some of them below.

When a target is exposed to microsecond laser pulses
with a leading edge ~ 50-200 nsec the kinetic equation is
solved by a different approach. The stationary solution in
this case leads to very high average electron energies (г>Д,
Л, for which ionization is instantaneous. In reality, ion-
ization occurs at the nonstationary stage, when an electron
acquires in the high-frequency field sufficient energy for
ionizing an atom. The ionization rate itself is determined
by the growth time of the electron energy up to a certain
value (usually this value is of the order of Д). The equa-
tion for the average electron energy is obtained from Eq.
(36) by multiplying by e and integrating over the
spectrum73

d£/dr=£mvm-6vme-evd. (39)

In Eq. (35) ea=4'!re2q(t)/inca2 is the average energy ac-
quired by an electron, by means of the inverse
bremmstrahlung, from the high-frequency laser field in a
single collision with an atom and 8=2m/M is the elastic-
loss ratio. The ionization time is determined from the con-
dition ё(4)~Д- We shall assume that at the times /; the
characteristics of the laser radiation remain essentially un-
changed. Then the solution (35) has the form

£(0=e(Uvm[l-exp(-f(vd+6vra))]/(vd+5vm).

From Eq. (40) we find

(40)

b(vA+8vmVeavm]. (41)

It follows from Eq. (41) that the development of ioniza-
tion is possible only if

(42)

. (43)

where e'a = ejq and / is the electron mean free path. For a
CO2 laser e'a = 2- 10"4 eV/(MW/cm2). Substituting this
value into Eq. (43) we find

d + fivm)/£(Bvm<l.

The inequality (42) can be rewritten in the form

?(MW/cm2) > 1 • 103Д(еУ)(/2/Л2+5)К (44)

In the case of irradiation of a smooth surface the diffusion
length is Л~Л, and the radius of the focusing spot on a
micrononuniformity is of the order of the size of the vapor
cloud of the evaporating micrononuniformity. If it reaches
the limiting value (12), then Eq. (44) will have the form

9т = 1г
2Д/2/3£^

2
п. (45)

In the preceding discussion diffusion was assumed to
be electronic. This is valid at the initial stages of ionization
development, when /?D>A, where Ло is the Debye radius.
For ЛО<Л diffusion becomes ambipolar and it plays a
much less significant role.

3. FORMATION OF A SURFACE LASER PLASMA IN THE
DIFFUSION REGIME IN VAPOR-GAS MIXTURES

3.1. Heating and vaporization of the surface as a whole

When the surface is irradiated with laser pulses with
duration T> 10~4 sec and characteristic rise time ~0.1
msec, microdefects on the surface are heated and vaporized
with relatively low intensities of the laser radiation (q< 1
MW/cm2). The electron temperature Tt is insufficient for
ionizing the vapor forming due to vaporization of micro-
defects. An SLP does not arise until vaporization of the
main mass of the target material starts. In vapor-gas mix-
tures the surface temperature Tw does not reach the boiling
point of the target material Tb. In Refs. 11, 12, 23, and
59-68 the formation of SLP in vapor-gas mixtures was
observed and investigated at the surface of different mate-
rials. Thus in Refs. 23 and 59-67 the intensity of the laser
radiation was constant throughout the main interaction
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time. The laser sources were a quasistationary CO2 laser
with rectangular pulses with duration (0.1-1.0) msec and
power 1-10 kW (Ref. 60) and an experimental model of a
technological cw CO2 laser.61 The focusing spots were
(0.1-0.5) mm in size. The temperature of the irradiated
sample was monitored continuously during the interaction.

Diagnostics methods with the required spatial and
temporal resolution made it possible to measure the laser
power, the intensity distribution in a focusing spot, the
target temperature (pyrometry), and the plasma tempera-
ture (interferometry) as well as to study the dynamics of
the spatial pattern of the process. The experiments were
performed on metals and dielectrics (Zn, Pb, In, brass,
steel, Ti, Ni, Al, Cu, Nb, Та, W, Mo, C, A12O3, SiO2,
Getinaks, and plexiglass) in air, nitrogen and its mixtures
with oxygen, argon, helium, and xenon at pressures rang-
ing from 0.01 to 1 atm. Similar investigations, but with less
rich diagnostics, were performed in Refs. 11, 12, and 68 at
the surface of different metals at pressures above atmo-
spheric pressure. Atomic vapor-gas mixtures form in the
atmosphere of inert gases at the surface of the metal. The
electron temperature Te in them is appreciably higher than
the gas temperature Tg. The atmosphere of molecular
gases N2, CH4, and air (Te~T&) consists of a molecular
vapor-gas mixture. Breakdown of the vapor and the sur-
rounding gas in some cases is observed for different values
of the laser radiation intensity, and in other cases with one
and the same value. Hysteresis effects are observed: The
laser intensities required in order to maintain the plasma
state can be lower than the values required for producing
it. Surface laser plasma in vapor-gas mixtures was investi-
gated theoretically in Refs. 69-82.

We first consider atomic vapor gas mixtures in which
the electron temperature can decouple from the gas tem-
perature. Two concepts of formation of SLP in atomic
vapor-gas mixtures were formulated. The first concept, em-
ployed in most of the works indicated, is based on the
assumption that the characteristic time over which the sur-
face temperature changes as the surface is heated by laser
radiation r~l = (dln nm/dT)dT/dt is long compared to
the characteristic diffusion time of the vapor rd~R2/Dm or
the ionization time of the vapor т-,~ (nJS)^1 . Here nm is
the vapor concentration, Т is the vapor temperature, and /?
is the ionization factor. We now consider the concept in
more detail.

3. 1. 1. Quasistationary model with a vapor cloud of limited
size

In this case, for each value of the surface temperature
there is a quasistationary distribution of vapor in space.
The SLP forms mainly due to development of ionization in
the vapor. Then the discharge spreads, with somewhat
higher intensity, into the surrounding gas. In order to de-
termine the time of onset of rapid ionization the equation
of balance of charged particles, the energy of the charged
particles, and the energy of the heavy particles must be
formulated; this was done with one or another degree of
detail in the works indicated. However, the moment of
breakdown itself can be determined on the basis of simple

criteria, which were discussed in the introduction. The dis-
cussion of this question given below mainly follows Ref.
82. Details can be found in Refs. 69-81.

First we write the stationary ionization condition for
the vapor-gas mixture in atomic gas. Following Yu. P.
Raizer's criterion,56 we have

«m0=vd. (46)

Since the vapor density is low, the gas density can be found
from the condition that the pressure p is constant. The
metal-vapor density decreases away from the target surface
and is described by the diffusion equation. The calculations
performed in Ref. 72 for a laser-heated sphere showed that
nm decreases slightly with increasing distance away from
the surface and near the surface the temperature of the
vapor TzzTw, where Tw is found from Eq. (3). We as-
sume that the metal-vapor concentration in the region of
the focus is constant and we determine it (in cm~3) from
the expression

nm=ATbexp(— A/71). (47)

In Eq. (47) Т is expressed in electron-volts. The quantities
A and b are constants, given for different metals, for exam-
ple, in Refs. 83-84. The ionization coefficient P in the case
of low electron temperatures Te, when the "narrow loca-
tion" lies in the region of excited states, is determined by
the expression58

)3=(2rA1V3i71/2g1)(Ry/Te)
3exp(-//re)

=0*ехр(-//Ге), (48)

where 2); is the partition function of a metal ion, gt is the
statistical weight of the ground state of the metal atom,
Г = 1.73 • ИГ7 cmVsec, A, =0.2, and Ry= 13.6 eV. In Eq.

(46) vd = Da/R 2, where Da is the ambipolar diffusion co-
efficient.

We now write the temperature condition, which re-
duces to providing values of Т and Te such that the con-
dition (46) is satisfied. We determine Т from Eq. (3). This
means that breakdown occurs prior to the RDV. This sup-
position is supported by the fact that there are no traces of
fracture, noted in Refs. 63-65, of the target after laser
action.

In order to determine Te we employ the model with a
vapor cloud of finite size.78 This model is based on inves-
tigations performed in Refs. 72-80, where it is shown that,
besides elastic losses, losses associated with heat conduc-
tion by electrons play a significant role in the balance of the
electron gas. The role of heat conduction by electrons re-
duces to equalizing the electron temperature over some
region of size R', where R'=aR and R is the radius of the
focusing spot. Due to the heat conduction by electrons the
actual size of the region with hot electrons is somewhat
larger than R and according to calculations78 a = 3.5-4.
Within the region of size R' the electron energy balance is
determined by heating of the electrons in the laser field and
elastic collisions. This leads to the following expression for
the electron temperature:
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FIG. 3. Plane of the dimensionless variables q—E/t*n for vapor-gas
mixtures. The line 1 corresponds to heating of the target up to the boiling
point, 2—laser pulse from Ref. 83, 3—boundary of RDV for Al, Ni, Al,
and so on—boundary for the region of breakdown for Ni, Al, and other
metals.

(49)

where £^ = [8тге2(2 - £)/Зтсю2](Д/Д'2).
The relations (3), (47), and (49) are necessary and

sufficient conditions for breakdown. The intensity at which
plasma of the vapors of the target material forms is found
from these relations. We now transform to dimensionless
quantities. In contrast to Eq. (6), however, we normalize
the temperature, the ionization potential, and the vapor-
ization energy to Tb i.e., T'e = Те/Тъ, Т' = Т/ТЬ and so
on. It is convenient to introduce the following quantities
for the energy, intensity, and time: E'=E/EV, q'=q/qv,
t' = tx/R2, where

Ev=gpcRTi/S, q^SpcxTb/SR. (50)

In dimensionless variables the equation for Г (3) will have
the form (the primes on the dimensionless variables are
dropped)

Т=Е/1Ш. (51)

The electron energy balance (49)

Te=(E/tl/2) (52)

where B=e.(acpx/£8R- Switching to dimensionless quanti-
ties in Eq. (46), using Eqs. (50) and (51), we find the
relation between the threshold values of E/tl/2 and q:

(53)

Besides the explicit dependence on E/tl/2 and q, the ex-
pression (53) depends on these quantities through Т and
Te which appear in the argument of the logarithm: How-
ever, this dependence is weak.

We now display the dependences obtained in the plane
of the dimensionless variables q—E/tl/2 (Fig. 3). First we
plot the vertical straight line (1) according to the equation
E/tl/2=\, corresponding to heating of the surface up to
Т=ТЪ. It is obvious that the lines corresponding to the
boundary of the breakdown region must lie to the left of
this straight line, since in the vapor-gas mixtures under
consideration breakdown of the vapors should occur at
temperatures T<Tb. The lines q(E/tl/2) according to Eq.
(48) are plotted in Fig. 3 for different metals. The values of
q and E/tl/2, lying to the right of these lines, correspond to
the regimes of formation of SLP in vapors of the given
material. Figure 3 also displays the experimental laser
pulse (2) with threshold intensity qtb, constructed accord-
ing to Ref. 65 for Al. It is evident that the boundaries of
the breakdown regions for materials with such thermo-
physical properties (Ni, Al, Cu, Nb, Та, W) with the given
choice of dimensionless coordinates either merge or lie
quite close to one another. The necessary thermophysical
characteristics of the experimental materials and the
computed82 and experimental66 values of the threshold in-
tensities are presented in Table IV. As one can see, the
latter quantities agree with one another; this indicates that
the method is applicable for determining threshold quan-
tities on the basis of the TC and 1C.

In addition to determining the threshold values, the
state of the plasma itself, forming as a result of the laser
action, was investigated. It became clear that this plasma is
a unique and interesting variant of a low-temperature, non-
stationary, nonequilibrium, and spatially nonuniform

TABLE IV. Thermophysical characteristics of metals and thresholds for formation of SLP.

Metal

Ni

Al

Cu

Nb

Та

W

Л, 10*
cm 3

4,1

0,14

3,85

6,07

16,4

51

b

-2

-2

-.1,2

-0,3

-1

-0,5

A,eV

4,5

3,3

3.5

7.5

8,1

8,7

/,eV

7,6

6

7,7

6,9

7,9

8

Ть, kK

3,2

2,8

2,8

5.1

5,6

5,7

С

0,04

0,04

0,04

0,06

0,07

0,06

X.cm:,/s

0,4

0,5

0,4

0,2

0,2

0,2

Intensity at boiling qb,
MW/cm 2

Calculation

5,5

4,9

6,5

5,8

4,4

5,9

Lxpcrimeni

>4

4

>4

—

3,6

>4

Threshold intensity ,̂h

MW/cm 2

('.nictitation

3,7

3,8

4

3,1

2,4

3,2

Experiment

>4

3,8

>4

—

3

>4
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plasma. The uniqueness is dictated by the heating with a
low-frequency laser field, the presence of a surface supply-
ing the vapor, the short duration of the laser action, the
localization of the source of energy release in the focal
region, and so on.

In these works70"72 the problem was studied under the
assumption that the vapor is in an ionization equilibrium
(the vapor concentration is related to the electron concen-
tration by Saha's formula with Te). The authors assume
that breakdown occurred when Te reaches a sufficiently
high value T* (assumed equal to 10-15 kK). Further in-
vestigations showed, however, that a better description of
the experimental data is obtained by considering nonequi-
librium ionization. Ionization equilibrium can break down
due to diffusion losses.73"80 In the presence of diffusion
losses and simultaneously ionization and recombination
processes, associated with electron impact, the equation for
the electron density on the beam axis has the form75

(54)

The first term in Eq. (54) corresponds to a stationary
nonequilibrium concentration of vapor ions. The vapor
quantities are marked with a suffix m. The second term
corresponds to gas ions (no suffix), and n is the concen-
tration of gas atoms. In the derivation of Eq. (4) it was
assumed that ionization and recombination are caused by
collisions with electrons, so that a=f3/K, where a is the
ionization coefficient and К is the ionization equilibrium
constant. The function F takes into account the possible
deviation from a Maxwellian electron distribution at high

t a

energies in the kinetics of ionization of the main gas.
Figure 4 displays the function ле(Ге) calculated from Eq.
(54) for a mixture of argon and titanium vapor for the
experimental conditions of Ref. 63: />=1 atm and
rw=0.25 eV. The curve 1 in Fig. 4 corresponds to ioniza-
tion equilibrium. The curve 2 corresponds to rd=0.4 sec
(R = 2 cm) and the curve 3 corresponds to rd = 0.4 • 10~3

sec (Л=0.02 cm). It is evident that the form of the non-
equilibrium function nt(Te) is qualitatively different from
that of the equilibrium function. The latter function is
monotonic and contains no sections of rapid growth, which
can be interpreted as breakdown. Several states of SLP can
be separated in the nonequilibrium function. For low val-
ues of Ге volume ionization is inefficient and cannot com-
pensate diffusion losses. The electron density will be deter-
mined by diffusion in the zone of heating of electrons
produced due to thermal ionization of the vapor at the
temperature of the surface. In this diffusion regime, in or-
der of magnitude, ие~ (птКт)1/2. This quantity is marked
in Fig. 4 by the dashed line. As Te increases, the ionization
efficiency increases extremely rapidly and when some
threshold value TA is reached a practically abrupt transi-
tion occurs from the diffusion regime to a regime with
volume ionization of the metal vapors (the branch AB).
The threshold value TA is determined from the condition

ле, cm"

ro"\-

w15

0,5 1,0

FIG. 4. Ne(Te), calculated from Eq. (54) for a mixture of argon and
tantalum vapor in application to the experimental conditions of Ref. 80.

As Te increases further (the branch BC), ne increases con-
tinuously owing to increasing degree of ionization of the
vapors. At the point С ionization of the main gas starts.
Here

/i0Td/>l. (55)

The quantity F~ 1, since it is determined by the relatively
low value of ne at the point C. Subsequently, as ne increases
due to ionization of the main gas, the criterion (55) holds
for lower values of Te. As ne increases, Te decreases (the
branch CD). At the point D the quantity F~ 1 and for this
reason /z/?Td>l. Further, ne changes according to the equi-
librium function (the branch DE). It is easy to show that
the descending section DC is unstable. For this reason, in
reality, when the plasma reaches the point С it abruptly
switches into the state E with significant ionization of the
main gas. This transition is marked by an arrow in Fig. 4.
If, however, while in the state E the temperature Te is now
decreased, ne will vary according to the stable branch ED.
At the point D the plasma jumps abruptly into a state with
much lower values of ne. In addition, if for the curve 2 this
is a transition into a state with ionized vapors, then for the
curve 3 it is a transition to the diffusion state. It is evident
that in the latter case TD< TA<TC. The temperature at
which the discharge in the main gas is extinguished can be
lower than the ignition temperature TA of a discharge in
the vapor and the ignition temperature Tc of the discharge
in the main gas. This behavior was observed in Ref. 80.

The qualitative principles following from Eq. (54)
were confirmed by more detailed calculations in Refs. 96-
100, where the equations of balance of the number of elec-
trons and the energy of the electrons were written in a
cylindrical geometry for an atomic gas with an admixture
of vapor of a metal irradiated with a laser beam. It was
shown that the temperature and density of the electrons on
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FIG. 5. T0 and x on the axis of a laser beam at a tantalum surface in an
argon atmosphere as a function of the intensity. 1—T0, 2—x (degree of
ionization of the vapors).

the laser beam axis have, as a function of the intensity, a
break at a certain value of the intensity. In Refs. 96 and 97
this was done by solving these equations numerically and
in Refs. 98 and 99 the equations were solved by an approx-
imate analytical method. The numerical results of Ref. 96
are displayed in Fig. 5. Argon with an admixture of tan-
talum vapor иТа/лАг= 1.5 • 10~5 with 7=0.175 eV and a
pressure of 1 atm was studied. The radius of the laser beam
was R=0.06 cm. For low values of q the degree of ioniza-
tion is low and remains virtually constant right up to the
breakdown values q = 8.2 MW/cm2. After this the temper-
ature and degree of ionization grow in a jump-like manner.
The degree of ionization changes by six orders of magni-
tude, reaching the state of complete ionization of the va-
por. Both the pre- and post-breakdown temperatures Ге

grow linearly, and at the moment of breakdown Te under-
goes a jump.

3.1.2. Nonstationary model

In this model the time rm is assumed to be short com-
pared to the diffusion or ionization times. This means that
there is not enough time for the vapors leaving a surface of
area irR2 to penetrate significantly into the surrounding
gas. In the equations for ие and Te the terms describing
spatial transfer are no longer important. Such a system was
solved numerically in Ref. 97 under this assumption. A
tantalum target in argon with p=\ atm and Л =0.2 mm
was studied. The computational results are displayed in
Fig. 6. We note that Fig. 6a corresponds to the prebreak-
down situation, while Fig. 6b corresponds to breakdown at
the end of the laser pulse. We shall discuss the time depen-
dence of the principal characteristics of SLP. As is evident
from Fig. 6, the temperature of the surface increases slowly
in both cases. The vapor concentration «m (here and below
the concentration of heavy metal particles) changes by
many orders of magnitude. By the end of the pulse we have
in the case a nm~10n cm~3. In the case b we obtain

- э

0,2 0,4 O,ff 0,8 *, msec

0,2 0,4- 0,6 o,e f,msec

FIG. 6. Time dependence of the parameters of SLP for a tantalum target
in argon and q=2 MW/cm2 (a) and 2.6 MW/cm2 (b).

nm~ IO14 cm 3. The time dependence of Ге is interesting.
The temperature Te reaches within a very short time a
quasistationary value, which, initially, while there is little
vapor and no ionization losses, is determined by heating by
the laser radiation and other losses. When q=2 MW/cm2

this situation remains up to the end of the pulse and
ле<лт. Some increase in «e is observed only at the very
end of the pulse. In the case b nm^n+ from the very
beginning of the process, though the ionization potential of
tantalum is appreciably lower than that of argon; the tan-
talum vapor concentration is low enough to ensure that
this equality holds. It is evident that n^ and n + grow more
rapidly than nm and at some time they are equal to nm. At
this moment the ionization losses become important in the
energy balance of the electron gas, Te drops appreciably,
and the concentrations и+ and n+ grow rapidly—
breakdown occurs. After breakdown the ionization losses
are compensated by the opposite process and Te grows
once again. Breakdown of the gas and vapors occurs vir-
tually simultaneously. This is confirmed by the experimen-
tal data,84 obtained for close values of the parameters. The
quasistationary and nonstationary models are in this sense
alternative models. The first one is valid under conditions
when the diffusion time is much shorter than the time over
which the density of the metal vapor changes and the sec-
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ond model is valid in the opposite case. Both situations can
be realized under real conditions. Thus in Ref. 84 with
7=0.25 mm breakdown of the vapors and the surrounding
gas occurs for q=3 MW/cm2, which agrees with the re-
sults of the nonstationary model. When the radius of the
focal spot decreases to 0.1 mm, the diffusion time becomes
significantly shorter, since rd~R2/D, and the ratio of the
characteristic times shifts in favor of the quasistationary
model. In Ref. 84 a difference appears in the breakdown
intensity for Та and Ar, as is typical for the quasistationary
model.

We now consider the characteristic features of the for-
mation of SLP in molecular vapor-gas mixtures. In such
mixtures, besides the small decoupling of Ге from T, noted
above, the composition is more complicated and corre-
spondingly the ionization kinetics is more complicated. As
in the case of atomic gases, breakdown is initiated by de-
velopment of ionization in metal vapors, which consist of
an impurity in a molecular gas. In Ref. 90 it was assumed
that ionization equilibrium exists and the vapor concentra-
tion in the region of the focus is approximately constant. In
this case the problem reduces to solving the heat-
conduction equation with an exponentially time-dependent
heat source. For a spherically symmetric geometry this is
equivalent to the problem of asymmetric inflammation or
ignition of a hot surface.103 The threshold value obtained
for q in this approach is virtually independent of the prop-
erties of the surrounding gas (q is virtually independent of
p and <7~ \/R). In the experiment of Ref. 81 other depen-
dences were recorded (<7~/>~1/2 and q~ l/R2). In a ther-
mal explosion the temperature of the medium increases
rapidly and the vapor and the surrounding gas are ionized
virtually simultaneously, so that on the basis of this model
breakdown in the vapors is indistinguishable from break-
down in the main gas.

Breakdown of vapors in a molecular gas was studied
on the basis of nonequilibrium ionization kinetics in Refs.
94 and 99. In a molecular vapor-gas mixture Te~T. This
requires that over the time тт the energy of the laser radi-
ation must be converted into the translational energy of the
molecular gas. This is possible if the electron-to-molecular
gas energy transfer time r(e-m) and the vibrational-
translational energy exchange time т(т-т) are short com-
pared to rm and rd. For molecular nitrogen under the
conditions of the experiment of Ref. 75 with p=\ atm,
Л =0.2 mm, and D~ 10 cm2/sec the characteristic times of
the problem are: rm~5-10~4 sec, rd~4-10~5 sec,
r(e-m)~10-9-10-10 sec, r(m-m)~10-5 sec. Thus
the condition for the mixture to have a single temperature
is satisfied.

The ionization condition has the form (46) with
Td=/?j/Da, were Rd is the characteristic diffusion radius,
which depends on the temperature profile. In order to ob-
tain the thermal condition it is necessary to study the equa-
tion of balance of the gas temperature. Under the assump-
tions made above, all of the energy of the laser radiation
goes into heating of the gas. Losses are associated with the
heat conduction of the gas, so that

FIG. 7. Temperature on the laser beam axis at the tantalum surface in
molecular nitrogen as a function of the power.

(56)

where x is the thermal conductivity of the molecular va-
por. The solution of Eq. (56) must be found under the
condition (46), when electron losses due to diffusion are
equal to electron production by volume ionization. Due to
the extremely sharp temperature dependence of the ioniza-
tion rate, when the intensity exceeds by a small amount the
value determined from Eq. (46), ionization and recombi-
nation processes predominate over diffusion. The electron
density in this case is determined from the equation
/7e=(nnjS/a)1/2, where a is the recombination coefficient.
The latter relation, if the ionization and recombination ki-
netics are determined by collisions with electrons, leads to
the Saha formula. Indeed, in this case, /3/a=K~l, where
АГ=/г32аехр(-//:Г)/(27гтГ)3/2-25;( is the ionization
equilibrium constant, and 2a and 2; are the partition func-
tion of an atom and ion of the metal vapors. Equations of
the type (56) with an exponentially temperature-
dependent heat source together with an equation for elec-
tron balance, in which ionization-recombination and am-
bipolar diffusion processes were taken into account in a
cylindrical geometry, were solved in Ref. 99. Trial func-
tions were employed for solving the problem. A mixture of
tantalum vapors and molecular nitrogen at a pressure of 1
atm was studied. The mixture was irradiated with
CO2-laser radiation. The results are displayed in Fig. 7 and
8. In Fig. 7 the temperature Т on the beam axis is plotted
as a function of the laser power for different focusing spot
sizes R =0.015 mm (curve 7), 0.03 (2), 0.3 (3), 30 (5),
and larger. It is evident that these S-shaped curves fall
between two lines. The first line (I) corresponds to
/ze = «w, where «w is the equilibrium electron density with
r=7"w (Tw is the temperature of the surrounding me-
dium). The second one (II) corresponds to яе

 = яМ' where
ям is the metal vapor concentration. Increasing the beam
radius is equivalent to decreasing the role of ambipolar
diffusion in nonequilibrium ionization. It results in a de-
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FIG. 8. Breakdown power of vapors in nitrogen as a function of the
surface temperature. Dots—experimental data of Ref. 81 for Та; solid
lines—calculations of Ref. 95 forp=l atm; Я=1.5-10~2 cm; /—Mb,
Mo; 2—Та; 3—W.

crease of laser power, at which the system can exist in two
uniform states. The ionization of the metal vapors reaches
equilibrium when /?>3 cm.

In Fig. 8 the computed breakdown power W (Ref. 86)
is compared to the experimental data of Ref. 81. It is evi-
dent that there is agreement with respect to the dependence
of W on the temperature of the metal surface. The depen-
dence of W on the type of metal also agrees with the ex-
periment. This correlation is determined by the quantity
A/TW+I/T; this confirms the proposed concept of break-
down for molecular gases.

3.2. Heating and vaporization of aerosol particles

According to the logic of our exposition, we should
describe the results on the initiation of SLP by heating and
vaporization of microdefects of the surface in the diffusion
regime. In contrast to aerosol particles, however, we do not
have now any experimental results that confirm such a
possibility, so that we shall describe cases when the plasma
is initiated by heating and vaporization of aerosol particles
in the diffusion regime.

Such a situation is realized with a low-threshold col-
lective optical breakdown in a gas (LCOB) with sus-
pended aerosol particles. Such breakdown arises as a result
of the heating of particles by the laser beam, vaporization
of the particles, and formation of a plasma cloud as a result
of merging of microflames from separate particles.104"108

Vaporization of the particles occurs, as a rule, at a temper-
ature below the boiling point, so that the plasma cloud is a
vapor-gas cloud. Development of ionization is facilitated
by the fact that the plasma cloud is large compared to the
vapor-gas cloud from a separate particle. In the presence of
LCOB breakdown intensities are very low and reach values
of 0.2-5 MW/cm2.

In order for RDV to be realized in the diffusion regime
(region in Fig. 2) it is necessary that Г*<ГЬ. Using Eq.
(27) this inequality can be rewritten in the form

г>£(ЛЛ/ЯГ).Е/4/эЛГ. (57)

On the other hand, RDV is valid if q<q*. The latter ine-
quality can also be rewritten as a limit on the particle size:

In (58)

The strongest of the inequalities (57) and (58) must be
chosen. Thus under the experimental conditions of Ref.
100 qx 1 MW/cm2 and Еж 500 J/cm2. For Al the inequal-
ities (52) and (53) hold for т->30/ип. LCOB was observed
for Al particles with r= 80 yum; this indicates that the RDV
is realized in the diffusion regime.

The development of ionization in a vapor-gas mixture,
formed by the overlapping clouds of separate particles va-
porizing in the surrounding molecular gas (air), is similar
to that studied in Sec. 3.1. The temperature of the mixture
is determined from the balance of the absorbed laser energy
and the losses associated with heat conduction. Thus in
Ref. 110 a condition obtained by studying a slow-
combustion wave was formulated for this.73 Besides ab-
sorption of laser energy, associated with inverse
bremmstrahlung, another mechanism was proposed in Ref.
110. This mechanism is associated with absorption of ra-
diation by extremely small droplets of a condensed phase
(clusters), present in the vapor at temperatures below the
saturation temperature Ts. These assumptions enable ex-
plaining in part the experimental data of Ref. 104, though
there is some discrepancy for small particles with r< 10
/on. This discrepancy could be connected with a transition
to the hydrodynamic regime of vaporization of such parti-
cles. We shall examine this regime in the next section.

4. PLASMA FORMATION IN THE HYDRODYNAMIC REGIME
IN THE PRESENCE OF AN EROSION FLAME

Historically breakdown near the surface of irradiated
materials was first investigated under conditions when
RDV was realized when the surface temperature was
higher than the boiling point of the material. A vapor jet,
in which the pressure is higher than the pressure of the
surrounding gas, is formed.2'3'19 The appearance of the SLP
was explained within the so-called vaporization or thermal
model.3'19'25'26'109-120 According to this model, breakdown
occurs due to the development of an electron avalanche in
the jet of dense vapors. This actually requires that the
ionization condition, studied in Sec. 2.6, be satisfied. As is
clear from what has been said above, it must be supple-
mented with the thermal condition, adequate for the vapor
efflux regime being considered; this will be done below. In
Refs. 35 and 36 breakdown in vapor was regarded as a
"flash of absorption" in dense vapors heated in an equilib-
rium fashion by the laser radiation. As the thickness of the
vapor layer at the surface increases, cooling of the gas due
to expansion decreases and becomes equal to the heating
due to absorption of laser radiation by the vapor and con-
densate particles; the temperature increases locally and
grows rapidly due to the nonlinear temperature depen-
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dence of the absorption coefficient of the vapors. The de-
gree of ionization of the vapor grows at the same time.
There appears a "flash" of absorption and a flash, in the
direct sense of this word, of radiation due to a sharp in-
crease in the luminosity of the vapor, and breakdown of the
vapor occurs. This model is limited to conditions when the
degree of ionization can be regarded as having the equilib-
rium value.

Somewhat singular are models in which the main
mechanism of formation of SLP is avalanche ionization in
the gas layers adjoining the target; the threshold of the
avalanche ionization is reduced by electron emission from
the target121 and preheating of the gas by a shock wave
excited by ejection of target material.122 In Ref. 121 differ-
ent materials were irradiated with a CO2-laser pulse in air.
Metals reduce the breakdown threshold most strongly. In
addition, metals, capable of being heated up to high tem-
perature without transforming into a different phase state,
give more efficient thermionic emission, giving rise to a
greater reduction of the breakdown threshold. An assess-
ment of the effect of an increase in the electron density near
a surface on the reduction of the breakdown threshold was
made in Ref. 19. Thus when the electron density increases
from 1 cm"3 up to 1014 cm'3, the breakdown threshold
intensity is reduced by a factor of 4.5. At the same time, in
Ref. 121 the threshold was one or two orders of magnitude
lower, depending on the type of material, than the thresh-
old of breakdown of pure air. Thus an increase in the initial
electron density due to thermionic emission from the target
surface cannot explain the experimentally observed break-
down thresholds. In Ref. 122 it was assumed that under
the action of laser radiation a layer of matter with a thick-
ness of the order of the absorption depth of the radiation in
the target material is ejected from the target surface. This
layer then acts like an accelerating piston and creates a
shock wave in the surrounding air. The air is preionized,
after which an electron avalanche can develop under the
action of the laser radiation.

In spite of the difference in the models and approaches,
the threshold and appearance of SLP can also be deter-
mined in erosion flames with the help of adequately written
thermal and ionization conditions.

4.1. Heating and vaporization of the surface

In Refs. 80-84, where the action of millisecond laser
pulses on the surface of different materials was investi-
gated, it was found that in many cases hydrodynamic re-
gimes are realized in addition to diffusion regimes. The
characteristic states of plasma found in Ref. 84 are dis-
played in Figs. 9a-c. Figures 9d-g show the recorded os-
cillograms of the intensities of the characteristic emission
lines of the plasma, illustrating the dynamics of the spec-
tral composition of the emission. For many materials op-
tical breakdown is preceded by an erosion flame of the
products of decomposition of the material. The flame is
oriented perpendicular to the target surface, irrespective of
the direction of incidence of the radiation (Fig. 9a). The
emission spectrum of the flame consists of the sensitive
lines of atoms and bands of molecules of the target material

Laser beam

0,8 4, msec

FIG. 9. Schematic diagram of states of SLP near a Ti surface, a—erosion
flame in air (W=2 kW). b—optical discharge in vapors in air (W=f>
kW). с—optical discharge in gas in argon (W—6 kW). d-g—
oscillograms of signals from detectors of radiation intensities;
У—integrated emission; 2—Ti 115129 cm~' line; 3—Ar 114619 cirT1

line; d-f—for Figs, a-c; d—time dependence of the laser power.

and compounds formed with the surrounding gas (Fig.
9e). As the intensity increases, optical breakdown of the
target vapors occurs and is accompanied by formation of a
different state of the SLP—an optical discharge in these
vapors. This state is characterized by the appearance of an
asymmetric "branch" of plasma in the direction of the
incident laser beam (Fig. 9b). The emission spectrum of
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the optical-discharge plasma in the vapors consists of lines
and ions of the target material (Fig. 9f); the region where
ion lines are seen is concentrated in the waist of the laser
beam. As the radiation power is increased further, the
plasma passes into a new state—plasma of an optical dis-
charge in the gas. The optical discharge in the gas extends
along the laser beam (Fig. 9c), moving significantly away
from the target surface. Plasma also exists in the beam
reflected from the target surface, but its emission is weaker.
The lines of the gas ions become the strongest lines in the
emission spectrum of such a plasma (Fig. 9g).

It should be noted that as the radiation power in-
creases, the above-described sequence of different states
(erosion flame—optical discharge in vapors—optical dis-
charge in gas) can break down in the case of a metal with
high reflectivity and thermal conductivity (Си, А1) or re-
fractory metals (W, Та, and others), i.e., when heating of
the irradiated surface is impeded. In this case the optical-
discharge plasma can arise before the appearance of an
erosion flame in the diffusion regime (see preceding sec-
tion).

The parameters of SLP in different states are signifi-
cantly different. Investigations of the spectral characteris-
tics of an erosion flame have established that the flame is a
jet of vapors of the target material with temperature close
to the boiling point of the target material.83 An erosion
flame is a jet of vapors of the target material that is trans-
parent to CO2-laser radiation and does not influence the
effectiveness of the interaction of the radiation with the
material. The parameters of SLP depend on the target ma-
terial and the gas and change comparatively little with
increasing laser power within a single state. The tempera-
ture of the discharge plasma in the vapors was, under the
conditions of the experiment, Т ̂ 8-12 kK on the dis-
charge axis near the target and rapidly drop away from the
axis. The maximum temperature of the discharge plasma
in the gas was Т sr 20-24 kK. The electron density in the
discharge in metal vapors and in gas fell into the range
ие^(1-5)-1017ст-3.

Near the surface of easy-melting metals, which have
relatively low boiling points (Pb, Zn, In), breakdown of an
erosion flame of metal-atom vapors occurs for laser radia-
tion intensities only slightly higher than the value required
for formation of the flame.23 The breakdown intensities in
this case lie in the range 0.5-3 MW/cm2. The concept of
breakdown for these conditions was proposed in Ref. 123.

In contrast to the metals, which we considered, with
relatively high values of Tb, when thermal ionization at
the surface gives quite high values of the initial electron
density, the values of Tb for the group of easy-melting
metals being considered are low and the corresponding
electron density is very low. In this case rd > R, so that at
the first stage of heating diffusion is purely electronic
(rd~R2/De). For surrounding-gas pressure s;l atm,
R~ 10~2 cm, and rd;= 10~8 sec. In order for an avalanche
to develop it is necessary that VJ>T^', where v{ is the
ionization rate. Here we call attention to a specific mech-
anism of ionization under the conditions being considered.
Electrons heated by the laser field lose energy in elastic

collisions. Thus for ^=0.5-3 MW/cm2 an estimate of Ге

from Eq. (44) gives Tezz 1.5-2 eV, which is somewhat
higher than Tw. Due to the high values of Т and the high
gas density n~1018-1019 cm"3 every electron whose en-
ergy reaches e~/ instantaneously ionizes an atom. The
ionization rate is determined by the number of electrons
which, due to diffusion along the energy axis, enter the
region £—1. In addition, in this case diffusion occurs as a
result of collisions between electrons and atoms. The ion-
ization rate can be calculated by the "infinite sink"
approximation75

exp( -I/Tt)/T
n (59)

where v(I) is the electron-atom elastic-collision frequency
for electron energies £~I. According to Eq. (59) Vj~106

sec"1 < vd, so that as long as Т < Тъ ionization does not
occur. As soon as Т > Ть a transition occurs into the re-
gime of jet evaporation. The vapor pressure and density in
the jet grow rapidly with increasing T. The frequency of
elastic collisions of electrons, which is now determined by
collisions with vapor atoms, and the ionization rate Vj also
increase. The diffusion-loss rate ~ 1/лт drops. For a pres-
sure of the order of several atmospheres Vj~vd~ 106 sec"1.
The velocity of the jet in the gas becomes close to the
velocity of the jet in vacuum. The form of the losses
changes—convective removal of electrons in the jet with
characteristic time ~R/v~ 10~7 sec now predominates (uv

is the speed of the jet, equal in order of magnitude to the
sound speed vs). Thus breakdown requires that over the
period of time that the vapor transverses a characteristic
distance ~R the electron density must increase from the
initial low values ni (of the order of 1 cm"3, which can be
determined by the background radioactivity) up to quite
high values n{. The value of n{ can be taken as the electron
concentration at which the rate of energy exchange as a
result of elastic collisions with atoms is equal to the
electron-ion collision frequency. When ne~nf, further de-
velopment of ionization occurs very rapidly and the vapor
instantaneously becomes highly ionized. The nonstationary
ionization condition has the form73

-1 =R/v. (60)

In order for the criterion (60) to be satisfied, the vapor
concentration nm and the expansion velocity v must have
definite values, and these values in turn depend on the
surface temperature Tv—the thermal condition. Assume
that by the time of the transition to the jet evaporation
stage, the RDV holds, i.e., Г*>ГЬ. Then Eq. (13) can be
used for the vaporization of a surface layer of thickness d.
Dividing Eq. (13) by /—/* and using the law of conserva-
tion of mass pv=pvvv, we obtain

/M/vA = f(E-E*)/(?-f*). (61)

The quantity vvx ( 1 — (p) (Tv/2irM) 1 / 2, where <p is the par-
ticle reflectance of the surface, is close to the velocity at
which the vapors expand into the vacuum.18 Due to the
presence of the Knudsen layer the temperature Tv in the
vapor jet is related to the surface temperature Tw by the
relation18 7\, = 0.67!TW. The pressure in the jet can be ex-
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TABLE V.

Zn

Pb

In

Д = 0. 1 mm

ГЬ

0,102

0,175

0,202

/

9,4

7,4

5,8

л

1,2

2,0

2,5

9Ь

2Д

0,7

1,9

Ч

э

3,4

1,3

2,6

Ч

Р

3,3

1,2

2,9

Т,

0,13

0,2

0,27

"т

9,9

3,9

4,5

Л = 0.25 mm

><n>

0,7

0,3

0,8

Я

э

1,0

0,7

1,2

«7

Р

1,

0,7

1,3

т.

0,13

0,2

0,26

Пт

9,0

3,4

2,3

pressed in terms of the saturated-vapor pressure similarly
to Eq. (42). As a result, the maximum intensity at which
breakdown occurs in the vapor jet can be found from Eqs.
(60) and (61). The computed values of q, together with
the initial data and the experimental results, are given in
Table V. In Table V Tb, I, and A are expressed in eV, «v is
expressed in 1019 cm~3, qb and q are expressed in
MW/cm2, e designates the experiment of Ref. 23, r desig-
nates the calculations given in Ref. 123, and qb is the in-
tensity at which an erosion flame forms. It is evident that
the computed values agree with the experimental values.
As the radius R increases, the values of q decrease. This is
connected, on the one hand, to the decrease in the intensity
qb at which the temperature at the center of the focusing
spot at the end of the pulse reaches the boiling point and,
on the other, to the increase in the transit time over the
characteristic distance r~R/vv. High particle densities of

,-3the order of 10-10 cm are reached in jets; this justi-
fies the application of the equation for evaporation into
vacuum.

In the case of the action of laser radiation on nonme-
tallic substances, in contrast to easy-melting metals, with
high absorption coefficient and low thermal conductivity
(C, A12O3, SiO2, plastics, and so on) the flame breakdown
intensities are significantly higher than the intensities re-
quired for formation of a flame.23 Thus for graphite at
atmospheric pressure a vapor jet forms for <7>0.5 MW/cm2

and rw=rb = 4100 K.23 Breakdown of vapor is also ob-
served with q=ll MW/cm2, Tw = 5000 K, and Я = 0.1
mm. In this case the erosion flame consists of a dense
molecular vapor. lonization cannot develop in it. The es-
timates made in Ref. 124 showed that the absorption of
laser radiation, associated with inverse bremmstrahlung on
atoms and ions, cannot give the breakdown intensities re-
quired in the experiment. In a dense molecular vapor the
absorption spectrum consists of many strongly broadened
overlapping vibrational-rotational lines, which form a qua-
sicontinuum. Direct absorption of laser radiation by the
vapor molecules is very likely. The absorption coefficient
can be represented as £=apv, where a is a constant. The
absorption cross section is of the order of cr~ 10~19 cm2.
This value is characteristic for molecular absorption.125 As
a result of this, vapor is heated and ionized. When the
degree of ionization is high enough, other mechanisms of
absorption of laser radiation come into play (for example,
inverse bremmstrahlung). The absorption now depends
strongly on the degree of ionization. In such a situation an

ionization-thermal explosion, associated with breakdown,
is possible under further heating.73

We shall now find the conditions under which heating
of the molecular gas due to absorption of radiation be-
comes significant. We write down in the one-dimensional
approximation the law of conservation of energy per unit
mass of vapor, moving with velocity и along the x-axis
perpendicular to the surface of the body
рий[Н + и2/2]/йх = ап& here h = -Y/(.y-\}kT/Nm is the
specific enthalpy of the vapor and TV is the number of
atoms per molecule. The motion of the jet can be assumed
to be one-dimensional over a distance of the order of R.
Obviously, if over a distance of the order of R from the
surface the change in the enthalpy flux becomes of the
order of the flux itself, then significant heating of the jet
will occur, and for this reason

(62)

Since the vapor pressure near the surface is significantly
higher than the pressure of the surrounding gas, the veloc-
ity и is close to the local velocity of sound
u=(ykT/Nm)l/2. The vapor temperature can be ex-
pressed as TV=0.67TV/—the condition for the flow to pass
through the Knudsen layer.18 For carbon and a CO2 laser,
setting 7'w=0.43 eV and R = 0.1 mm, we obtain from Eq.
(62) q^ 14 MW/cm2. In the experiment of Ref. 23 break-
down occurred under analogous conditions for q= 17
MW/cm2. According to Eq. (57), q decreases with in-
creasing R. This also agrees with the experiment of Ref. 23.
This mechanism of breakdown is described in greater detail
in Ref. 126. For small distances from the surface, a one-
dimensional problem of supersonic vapor flow was solved,
taking into account absorption of laser radiation. At large
distances, where the flow is three-dimensional, absorption
of laser radiation was neglected. The parameters of the
vapor behind the front of the stationary shock wave—
"suspended shock"—were determined from the results of
the solution of the one-dimensional problem and the inten-
sity of laser radiation at which ionization-thermal explo-
sion was possible was found. The obtained intensities are
close to the experimental values.

Breakdown of metal vapors under intense vaporization
of metal surfaces irradiated with neodymium laser pulses
with duration ~ 1 /xsec and intensity ~ 108 W/cm2 was
studied in Ref. 127. Among other factors, characteristic for
RDV, such as, decrease of the reflectance of the metal and

1147 Physics - Uspekhi 36 (12), December 1993 V. S. Vorob'ev 1147



TABLE VI. Characteristics of metals and surface temperature at the
moment of breakdown (0=380 MW/cm2, Д=0.07 mm).

metal

Ni

Al

Cu

A,eV

4,7

4,1

4,8

M, amu

59

27

64

Tb> К

3200

2800

2800

Temperature at
breakdown, К

calc

3480

3390

3000

Exp.

3500

3200

3100

formation of an opening in the sample, it was confirmed
that the temperature of the surface at the moment of break-
down is virtually independent of the intensity of the inci-
dent radiation. It is constant for each material and several
hundreds of degrees higher than the boiling point. In Ref.
127 it was assumed that the heating of the surface up to
temperature Tb is satisfactorily described by the solution of
the one-dimensional heat-conduction equation. The tem-
perature at the moment of breakdown was calculated on
this basis. In so doing, the experimentally determined time
from the start of the pulse to the moment of breakdown
was employed. The temperature of the surface at the mo-
ment of breakdown was also measured in Ref. 80. How-
ever, in Ref. 80 the diffusion regime was realized in the
vapor-gas mixture, and there was no intense vaporization
of the surface. It was noted that in this case the tempera-
ture of the surface at the moment of breakdown dropped
sharply with increasing intensity of the incident radiation.
In Ref. 128 the breakdown temperature for conditions of
this experiment was calculated on the basis of the nonsta-
tionary ionization condition (60). For the intensities con-
sidered, the maximum energy which an electron can ac-
quire in the give field an elastic collision is higher than the
ionization potential / of a metal atom, so that elastic losses
are not significant. Neglecting in Eq. (41) vm and vd, we
obtain the following expression for the ionization rate

Substituting this expression into Eq. (60) we obtain an
equation for the temperature. The temperature computed
in this manner, together with the experimental values127

and thermophysical characteristics of the metals consid-
ered, are presented in Table VI.

Figure 10 displays the surface temperature of copper at
breakdown versus the radiation intensity; the dots indicate
the results of Ref. 127. The dashed line is the boiling point.

4.2. Heating and vaporization of mlcrodefects

The formation of SLP associated with this mechanism
was investigated in Refs. 2, 3, 19, 40-43, 49, 50, 56-59, and
129-135. The duration of the laser pulses was several mi-
croseconds, and the characteristic pulse rise times were
10-100 nsec. According to the ideas developed in Refs. 19,
40, 49, 56, 136 and other works, the first focus of SLP
appears as a result of ionization of the metallic vapor,
formed with the vaporization of one or another microde-
fect. Breakdown of pure metal vapor occurs more easily

Г.ТК

3,3

3,1

2,9

Tb
2,7

2,5.
' Г,0 2,0 3,0 4,0 5,0 6,0

9, #*W/ cm*

FIG. 10. Copper surface temperature at breakdown versus radiation in-
tensity. The dots are the experimental points of Ref. 127; the curve rep-
resents the calculations of Ref. 128; the dashed line: T=Tb.

than breakdown of a mixture with a molecular gas. For
this reason, the vapors should displace the surrounding
molecular gas,19 i.e., for a defect RDV in the hydrody-
namic regime should be realized. This requires that
Г*>ГЬ. The thickness of flake-type defects is determined
by Eq. (13), and the size of the vapor cloud is determined
by Eqs. (16) and (17). The possibility of development of
an avalanche in a vapor cloud is determined by the ine-
quality q~>qm, where qm is found from Eq. (45). The re-
gion in the E-q plane where the inequalities E>Eb and
9>9m—the region of breakdown-are satisfied is con-
structed in Fig. 11. The laser pulses characteristic for TEA
lasers are also constructed in the same coordinates. Three
plasma formation regimes are possible, depending on the
position with respect to the region of breakdown (see Fig.
H):

FIG. 11. Boundaries of the regions of values of E and q where plasma
formation on microdefects (7) occurs; for pulses 1-3 E=const; for the
pulse 4—q=const; 3, 5—threshold situations, 6—(no Russian text, in-
complete)
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E=const. The laser pulse intersects the vertical branch
of the boundary of the region of breakdown, plasma for-
mation occurs when a definite value of E is reached. This
regime is possible on both the leading, growing edge and on
the trailing edge of the pulse (curves 1 and 2).

q=const. The laser pulse intersects the horizontal
branch—the boundary of the region of breakdown. This
regime is possible only on the leading edge of the pulse
(curve 4).

Threshold regime. The laser pulse touches the bound-
ary of the breakdown region. Plasma does not arise when
the pulse energy is decreasing. For the pulse shape consid-
ered, the threshold regime is possible either on the trailing
section of the pulse (3) or if the top of the pulse touches
the boundary of the breakdown region (5).

The thresholds of SLP formation under the action of a
pulsed CO2 laser on the surface of different metals were
investigated in Ref. 56. The pulse parameters were pre-
sented in Sec. 2.2. The plasma-formation time td (so-called
delay time) was measured as a function of the total energy
of the laser pulse per unit area Er for different metals and
areas of the focusing spot of the laser beam. It was found
that these experimental data could be used to calculate the
values of E(t) and q(t) at the moment of breakdown. The
results of such a calculation, performed in Ref. 61, are
presented in Fig. 12. The curves are drawn through the
experimental data. As one can see from the figure, for Bi,
Al, and polished copper (curves 1-3) plasma formation
occurs with q=const, with the exception of a compara-
tively narrow range of low energies Er. Unpolished copper
(curves 4) corresponds to plasma formation with
E=const. The breakdown values of E and q, correspond-
ing to this experiment, were also calculated in Ref. 61. The
thicknesses of the defects for Bi, Al, and polished copper
were also chosen to be 0.1 /zm, while for unpolished copper
the defects were assumed to be 0.4 /лп thick. The areas of
the defects varied from 7 • 10~7 to 4 • 10~6 cm2. In Fig. 11
the corridor between the computed values of Eb and Et is
hatched for each metal. One can see that for Bi, Al, and
polished copper most of the experimental points corre-
spond to E>Et, i.e., breakdown occurs after the defect is
vaporized. The computed values of qm (marked by arrows
in Fig. 12) agree with the experimental values of the break-
down intensity. For unpolished copper the breakdown val-
ues of E are close to Eb, and qm < q.

The conditions for plasma formation on the surface of
duraluminum and glasses under the action of microsecond
CO2-laser pulses were likewise investigated in Ref. 130. It
was found that this happens for E=const.

It was assumed above that the focusing spot contains a
quite large number of microdefects. In this case the effect
of their statistical properties is found to be smoothed out.
However, under real conditions the focusing spot contains
a small number of defects with significantly different sizes.
In this situation it is important to take into account their
statistical properties in order to determine the plasma-
formation thresholds. In the experiment this is manifested
as a so-called size effect, a sharp increase of the surface
energy of a laser pulse required for formation of SLP, with
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FIG. 12. Specific surface energy Eof a laser pulse (a) and intensity q (b)
at the moment of plasma formation versus the total surface energy ET in
the experiment of Ref. 56. Д, 1—Bi; o, 2—Al; o, 3—polished copper; Д,
4—unpolished copper; regions between the computed values of Еъ and E,
are hatched; the arrows mark on the abscissa the threshold values of Er

and on the ordinate the computed values of qm for the corresponding
metals.

a decrease of the radius of the focusing spot and in the
existence of some threshold spot radius for which the
plasma first appears. The size effect has been observed in
many works.56'121'136'137 In Ref. 121 it was observed that as
the diameter of the irradiation spot increases, the threshold
of breakdown of air under the action of ~ 1 jitsec CO2-laser
pulse with a 0.2 /usec spike at the surface of metallic and
dielectric targets decreases significantly. The size depen-
dence of the threshold for manifestation of irreversible
changes in the optical characteristics as a result of break-
down at the surface of a number of transparent dielectrics
and metallic mirrors was investigated under close condi-
tions in Ref. 136.

We now consider, following Ref. 135, the effect of the
size and number spread of defects within the focusing spot
on the plasma-formation threshold for the experimental
conditions of Ref. 56.

Let a surface microdefect in the form of a flake of
thickness d and area S be present on the surface. The
focusing spot can contain N defects with different thick-
nesses d and areas S. Only defects for which

, qm(d,S)<q (63)
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can initiate plasma. We note that, as a rule, the difference
between E* and E, (see Eqs. (11) and (14)) is not great.
In order to simplify somewhat the breakdown criterion we
can choose for 2 in Eq. (63) E*^Eb or (E*+Et)/2. The
inequalities (63) bound the thickness of the defect and its
minimum possible volume. It is convenient to express the
thickness and area of defects in relative units d'=d/(d)
and S'=S/(S), where (d) and (S) are average values.
For the energy density E and intensity q we introduce the
dimensionless units E'=E/I,(d) and q'=q/qm(d,S). In
what follows the primes on the dimensionless variables will
be dropped. Then the inequalities (63) will have the form

d<E, S>l/q3/2d. (64)

We define by the following expression the probability of
finding a defect satisfying these inequalities:

[•E rS1

P(d<E, S>l/q3/2d) = ddf(d)\ dSf(S),
Jo j\/<?n

where f ( d ) and f(S) are the thickness and area probabil-
ity distributions of the defects. The integral over S in Eq.
(65) is bounded by some maximum value 5"~l/(5)nd,
where nd is the average concentration of surface defects. If
the average number of defects in a spot with radius R is
N=irR2nd, then for defects leading to the formation of
plasma for fixed E and q the average concentration is

Np=NP=irR2ndP. (66)

In order for a plasma to appear there must be not less than
one such defect within the focusing spot. Assuming that
the fluctuations of the number of defects within an area of
irR2 are described by a Poisson distribution, we find that
the probability that the size of a defect satisfies the break-
down conditions (15) and the number of such defects
within the focusing spot is not less than unity is

W=(d<E, S>l/q3/2d,
(67)

The quantity W plays the role of the probability of plasma
formation with prescribed parameters of the laser pulse E
and q. It follows from Eq. (67) that if PN> 1, this prob-
ability is close to unity. Thus when there is a distribution of
defects over size and number within the focusing area, we
can talk about plasma formation only with a certain prob-
ability W. We choose some value of W quite close to 1.
Then

= (l/N)\n[l/( 1 - W) ] = l/N*, (68)

where N*=JV/ln[l/( 1 — W)] is the effective number of de-
fects within the area of the focusing spot. This is equivalent
to introducing an effective concentration of defects ri$
= /id/ln[l/(l - W)]. For W=0.63> we have N=N*, and
for JF=0.864 we have N*=N/2. Solving Eq. (68) for E
and q with known distributions of defects over size and
area f ( d ) and /(5), respectively, we find in the E-q plane
the dependence of the boundary of the breakdown region
on the effective number N* of defects. Calculations of this
type were performed in Ref. 135. Here, there naturally

arises the question of the form of the distributions /. We
do not know of any experimental data on this question.
The distribution can be chosen on the basis of the criterion
of unique saturation of the size effect—the boundary of the
breakdown region must be independent of ./V for suffi-
ciently large values of N. For positive-definite random
quantities d and S this requirement is satisfied by the log-
uniform or log-normal probability distribution. These dis-
tributions were used to calculate the position of the bound-
ary of the breakdown region for the experimental
conditions of Ref. 56. Figure 13 displays the boundaries of
the breakdown region and the position of the pulse for
unpolished (a) and polished (b) copper. It is obvious that
there is a qualitative difference between these cases. For
unpolished surfaces the top of the pulse is always located to
the left of the breakdown region and plasma formation in
the threshold and nonthreshold regimes occurs on the
trailing edge of the pulse. For polished surfaces the top of
the pulse lies to the right of the breakdown region, and for
this reason threshold regimes are realized when the top of
the pulse touches the horizontal branch of the breakdown
region or the pulse passes through the breakpoint at the
onset of the descending section of the laser pulse. It is also
important that for unpolished surfaces the regime
E=const is realized when Er exceeds some threshold val-
ues (curves 3 and 4 in Fig. 13a), while for a polished
surface q=const (curves 3 and 4 in Fig. 13b).

In Fig. 14 the total pulse energies ET are plotted as
functions of the area Sp of the focusing spot for unpolished
and polished surfaces (curves 1 and 2, respectively). The
calculations agree with the experimental data.

4.3. Heating and vaporization of aerosols

The first experimental investigations of breakdown of
gases by laser radiation were performed for small focal
volumes ~ 10~3 cm3. The concentration of aerosol parti-
cles in laboratory air does not exceed 102 cm~3. It is ob-
vious that under such conditions the effect of aerosol on
the breakdown threshold of air could not be observed. The
role of aerosol particles in reducing the threshold for opti-
cal breakdown of gases was observed by switching to ex-
periments with large focal volumes and observing the
anomalous dependence of the breakdown threshold of con-
taminated air as a function of the size of the focusing spot.
Thus in Ref. 9 the intensity of breakdown was investigated,
for both pure air and air with aerosol particles, as a func-
tion of the diameter of the focal spot. In the latter case the
breakdown threshold dropped appreciably with increasing
size of the focal spot. This was observed for focal spot sizes
when diffusion losses of electrons should have no effect.
This fact indirectly indicates that the threshold for
particle-initiated optical breakdown depends on the parti-
cle size.

A common feature of all models describing breakdown
in dispersed aerosol media is the assumption that the aero-
sol particles are heated by the laser radiation. Most models
consider aerosol particles as a factor facilitating breakdown
due to the development of an electron avalanche in the
products of breakup of the particles. The model of an elec-
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. J/ cm5

FIG. 13. Boundaries of the breakdown region for unpolished (a) and
polished (b) copper with N* = \ ( 1 ) , 2 (2), 0 0 ( 0 0 ) . The pulses 3-5
correspond to threshold conditions; the pulse 6, a corresponds to
E= const and the pulse 6, b corresponds to q=const.

tron avalanche was consistent with the first experimental
results on breakdown in the presence of aerosol
particles.9'10 In particular, it is consistent with the fact that
the breakdown threshold for 1.06 /лп radiation is approx-
imately 100 times higher than for 10.6 /xm radiation. This
frequency dependence of the threshold intensity of break-
down is characteristic for the electron-avalanche mecha-
nism. Two approaches are used to describe this depen-
dence. The first approach is known as a "thermal
explosion"9'67 and it starts from the assumption that the
particles explode under the action of the laser radiation. In
the second—vaporization—approach it is assumed that a
particle is heated, its vapors expand hydrodynamically,
and a cloud is formed. 7 In both cases breakdown occurs
due to development of an electron avalanche in the prod-
ucts of breakup of the particle. According to the thermal-
explosion model the particle absorbs energy W=aqt from
the laser. If the time t does not exceed the time of inertial
confinement of the particle R/vs (vs is the sound speed in
the solid body) and the absorbed energy is sufficient for
complete vaporization of the particle W>4irR3p\/3, then

20

10

T,tfi< J/crrr'

_l_ J_
0,5 1,0 1,5 2,0 2,5 3,O 2,5

^n • mm2

FIG. 14. Experimental56 (points) and computed (curves) values of Er

versus the area of the focusing spot for unpolished (/, triangles) and
polished (2, circles) copper.

the vaporization process acquires the character of an ex-
plosion. The threshold intensity required for explosion of
the particle is

where £=a/TrR2.
As the vapor expands, the density of atoms in the va-

por drops from the density of the solid body ~5 - 1022

cm~3 to the density of the surrounding medium (air), and
in the process it passes through a value for which the rate
at which electrons acquire energy due to the inverse
bremmstrahlung in the field of the wave is maximum.

The maximum value of de/dt is realized for co = vm.
The optimal concentration of atoms for energy acquisition
is ~ 1020-1022 cm~3. For co = v the threshold intensity for
avalanche development, taking into account diffusion
losses, has the form67

<7o=c/2[ 1 }/2e2R\

The maximum reduction of the threshold intensity for
breakdown in the process of avalanche development in the
vapors of the particle can reach a factor 50 compared to
the case of avalanche development in air.9 The threshold
intensity must equal the larger of the two quantities ^exp

and qQ. The intensity of a thermal explosion of a particle is
limited from above by the intensity of the breakdown of
pure air.

As already mentioned, many authors started from the
assumption that there is no explosion and a particle vapor-
izes slowly. In particular, in Refs. 68 and 69 the estimates
made according to the explosion model gave breakdown
threshold intensities higher than the experimentally ob-
served values. These works investigated breakdown of ar-
gon, containing A12O3 powder, by 30-100 nsec neodymium
laser pulses with intensity 108-10n W/cm2. Spectra of the
plasma forming on breakdown and containing both lines of
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the particle matter (Al, A12O3) at low pressures (p~Q.5
torr) and lines of the filler gas (Ar) at pressures of the
order of 1 atm were measured. The attenuation coefficient
of the heterogeneous medium was measured. Above a
threshold intensity (q~ IO8 W/cm2) the values of the at-
tenuation coefficient increase rapidly. The intensity at
which the aerosol particles are completely vaporized was
estimated to be 1.5 • IO8 W/cm2. The characteristic plasma
development time was 70-80 nsec. Over this time the mat-
ter of the particles vaporizes, breakdown develops in the
vapors, and the argon atoms are excited by free electrons.
On the basis of the experimental results it can be stated
that a laser-produced spark can form in dense heteroge-
neous media even without explosion of the particles, and
this results in lower breakdown thresholds.

Besides the models based on the theory of cascade av-
alanche ionization, there also exist models in which the
formation of a vapor layer around a particle is considered
as an intermediate stage facilitating ionization of the air.
Thus in Ref. 138 it was suggested that expansion of the
vapors of the particle engenders in the surrounding me-
dium a shock wave in which the air is heated and ionized.
The maximum temperature up to which the air can be
heated in the shock wave was estimated as a function of the
optical thickness of the particle (KR, where К is the ab-
sorption coefficient of the particle) for a number of values
of the intensity of the laser radiation. It is suggested that
heating of the air up to a temperature Г~0.1/ creates
conditions for initiation of an optical discharge in it.
Curves of the threshold breakdown intensity versus the
aerosol particle radius were constructed.

In Ref. 139 a thermal mechanism of breakdown of air
containing suspended glass filaments was proposed. A dis-
charge on 1-100 fim in diameter glass filaments was inves-
tigated with the help of 1-30 //sec CO2-laser pulses with
intensity of 106-107 W/cm2. It was found that the break-
down threshold intensity decreases significantly and the
plasma formation time increases with increasing size of the
laser focal spot. The authors explain this effect by the fact
that as the size of the focal spot increases, the vapors
formed as the filament is heated reside for a longer time in
the laser beam and are heated up to the breakdown tem-
perature at a radiation intensity lower than in the case of a
small focal spot. The breakdown development time then
increases. The threshold temperature for appearance of a
discharge is taken to be the temperature at which the ab-
sorption of radiation by electrons due to the inverse
bremmstrahlung produces a highly ionized plasma very
rapidly. The experiments of Ref. 130 showed that the
breakdown intensity is a weak function of the filament di-
ameter D (q~\/D^).

The original mechanism of breakdown of aerosols due
to "hopping" electrons was proposed in Ref. 140. The crux
of this mechanism is as follows. Any electron whose kinetic
energy at the boundary of the particle exceeds the work
function AQ of the particle material escapes from the sur-
face of the particle. The retarding Coulomb field of the
charged particle acts on the electron. The thermionic emis-
sion flux from the particle consists of electrons whose en-
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ergy exceeds the effective work function A, which equals
the work function A0 and the energy required in order to
overcome the retarding Coulomb field. Electrons with en-
ergies in the range A0 < e <A return to the particle eventu-
ally after escaping from it. For this reason they can be
termed "hopping" electrons. Each hopping electron ex-
tracts from the electromagnetic field and gives up to the
particle some energy which is expended on heating the
particle. If the hopping electron collides with a molecule of
the gas surrounding the particle, the energy of the electron
goes into ionizing the surrounding gas. In this manner both
channels for conversion of the energy of the incident radi-
ation lead to development of an optical discharge (the first
channel by the particle thermal explosion mechanism and
the second by the traditional avalanche ionization mecha-
nism, in which the charged particle plays the role of the
main scatterer).

The model of self-focusing of laser radiation occupies a
special place among models of breakdown of aerosols.140

This model was proposed in order to explain the experi-
mental results obtained in Ref. 140. The breakdown
threshold intensity of air at 1.06 /urn was investigated as a
function of the geometry of the focal volume. It was shown
that as the length of the caustic increases, the breakdown
threshold decreases significantly. At the same time, as the
focal volume increases with constant length of the caustic,
the breakdown threshold remains virtually unchanged.
These results contradict the thermal-explosion theory and
the vaporization model of breakdown of aerosols, accord-
ing to which the breakdown threshold must depend
strongly on the focal volume. According to the self-
focusing model, aerosol particles suspended in air are va-
porized by the laser radiation, and initial electrons with
concentration ле~1014 cm~3 are thereby produced by
means of thermionic emission. The free electrons, being
accelerated in the field of the light wave, excite the air
molecules, but the energy of the molecules is too low for
ionization of the molecules. The presence of excited mole-
cules increases the index of refraction of the medium, and
this gives rise to self-focusing of the laser radiation, result-
ing in breakdown of the air. An important feature of this
model is that the threshold does not depend on the size of
the aerosol particles. A similar result was obtained in Ref.
143, where the breakdown threshold was determined ac-
cording to the appearance of appreciable attenuation of
CO2-laser radiation passing through the aerosol. It was
found that the thresholds for blocking the laser radiation
were close for different aerosols, differing by the size and
material of the aerosol particles.

In spite of the existence of a large number of models
and diverse approaches for describing breakdown in dis-
persed aerosol media, even here the "vaporization model"
based on the thermal and ionization conditions has a quite
wide range of application. We now discuss this model in
somewhat greater detail, following Ref. 66.

The criterion for breakdown of a separate aerosol par-
ticle in the hydrodynamic regime has the form

Е>ЕЪ>Е*, q*>q>qR, (69)
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where qR is determined by Eq. (45), if R is calculated
according to Eq. (31). The point of the inequalities (46) is
that a particle is in the RDV and its vapors displace the
surrounding gas. In the aerosol the particles have a size
distribution. This distribution is usually described by
Jung's formula67

(r>rm), (70)

where rm is the minimum particle radius. For carbon par-
ticles, for example, /3=5 and rm=0.1 ^m. It is convenient
to switch to the dimensionless particle radius r' = r/rm. We
also introduce the dimensionless energy E' = E/E"^ and
dimensionless intensity q' = q/q", where E'^
= 4pcT*rm/3t;andq" = T^A/VSe^p/pJ273/^. The latter
intensity corresponds to development of ionization in the
vapor cloud when a particle of minimum size is vaporized.
Using these variables we obtain from Eqs. (69) and (45)
the following expression, for the case r>rc, relating the
test quantities E', q", and r' (the primes will be dropped
below):

where £=Л/сГ*. If by the time T* is reached the particle
still has not been completely heated and the inequality
Xff/ri<\ is satisfied, then the expression (71) can be used
for the heating. It can be shown that this changes some-
what the form of the expression (71).

The expressions obtained above are valid for an aerosol
particle of fixed size. When there is some distribution of
particle sizes the concept of maximum particle size rM is
usually introduced. It is related to the distribution function
by the following relation:

•'
f(r)ur=(NVY

Using the distribution (70) we obtain

where У is the focal volume.
For known laser parameters E and q the breakdown

condition can be written in the form of an inequality for r.
Thus in the case of complete vaporization of a particle
breakdown will occur if ^rrz>l (here dimensionless units
are employed) or

r>\/q2V

In the case of incomplete vaporization, when Eq. (31)
holds, the analogous inequality has the form60

']. (72)

The probability of finding a particle satisfying the condi-
tion (72) is obtained from here using Eq. (70):

Breakdown requires that the focal volume contain at least
one particle satisfying the inequality (72). Using Poisson's
distribution, as done for microdefects, we obtain

(74)

W° r

ft?

FIG. 15. Experimental breakdown threshold intensities for a as a func-
tion of the radius of carbon aerosol particles suspended in air in the
experiments of Ref. 9 (CO2 laser) (light colored points) and Ref. 10 (Nd
laser) (dark points), the theoretical curves for Ref. 9 (1) and Ref. 10 '(2)
and the breakdown levels for pure air for Ref. 9 (3) and Ref. 10 (4), as
well as the calculations according to the explosive model of Ref. 67 ( 5 ) .

where w= — ln(l — W}. Comparing Eq. (74) to Eq. (72),
we can see that taking into account the spread of the par-
ticles over particle radii reduces to replacing the fixed par-
ticle radius r by an effective quantity rM/wl/^~l). For car-
bon /3—1—4, so that wl/(P~'' zz 1. This makes it possible to
find the breakdown intensity and energy as a function of
the maximum particle size. The latter quantity is related to
N and V.

In his experiments, which are now classics, D.
Lencioni9'10 investigated breakdown intensities as a func-
tion of the maximum size of carbon aerosol particles in air
and as a function of the size of the focusing spot for 200
nsec CO2-laser pulses and 50 nsec Nd-laser pulses. The
intensity varied from 108 up to 1010 W/cm2. Small particles
(r< 1 fim) were introduced in the form of a finely dispersed
mixture into the focal volume. In addition, measurements
were performed for a single large 25-fim carbon particle,
introduced into the focal volume. The experimental data
are displayed in Fig. 15. The breakdown intensities for the
smallest particles correspond to the values for breakdown
of pure air (lines 3 and 4 in Fig. 15). As the maximum
particle radius increases, the breakdown intensities drop
significantly. In Fig. 15 the curves 7 and 2 were con-
structed according to the model described above, taking
into account the statistics of small aerosol particles. These
curves reflect qualitatively correctly the experimental rela-
tions. For small particles, especially in the case of the Nd
laser, the computed values are somewhat higher than the
experimental values. This could be connected, on the one
hand, to inadequate information about the aerosol parti-
cles, their aggregate state, the presence of impurities, po-
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rosity, and so on, and on the other to the limitations of the
model itself.

In Fig. 15 the intensity according to the explosive
model 7 is marked by a horizontal line (the intensity does
not depend on the laser wavelength and the particle size).
As one can see, it lies above the experimental points ob-
tained in the experiments with the CO2 laser. For the Nd
laser the breakdown intensities for 0.1 /лп particles are
identical to the values for pure air. For 0.2 /лп particles the
breakdown intensity lies below the computed values, but
above the predictions of the explosive model. It is possible
that some intermediate case is realized here.

It is of interest to determine the condition under which
the vapor clouds from separate particles, vaporizing in the
hydrodynamic regime, merge. This condition is important
for determining the threshold characteristics of collective
optical breakdown, studied in Sec. 3.2, in an aerosol
medium.92 Let r> rc and let the volume of the vapor cloud
from a separate particle be determined by the expression
(45). We introduce the random function

417

The formula (78) is valid if

In the opposite case overlapping does not occur for any
values of E. Assuming that in Eq. (78) 3£/4<l and
Зг)ру/16тгпг*тр41, and switching to dimensionless vari-
ables, we obtain

where k is Boltzman's constant and т is the mass of a
vapor atom. The second term of this formula is equal, to
within a numerical factor, to the term proposed in Ref.
106. The criterion (78) is the most general criterion. Un-
der Lencioni's experimental conditions9'10 и = 6- 105 cm~3

and for rm=0.1 p;m overlapping cannot occur. Overlapping
would have occurred if the particles were distributed ac-
cording to Eq. (70) with rm=l jum. The criterion (78) is
necessary for collective optical breakdown in an aerosol
medium. It must be supplemented by a sufficient condition,
associated with the possibility of ionization development in
vapor formed from overlapping vapor clouds from separate
partially or completely vaporized aerosol particles.

which is the total volume of vapor from all N aerosol
particles in the focal volume V. The random quantities Rf
have the same average values (Я3) and variance
Х>2=((Л3-<Л3»2). For example,

-гJ rm

/(r)dR
3(r).

Using the distribution (70) and calculating the integral, we
obtain

The condition that the vapor clouds overlap can be written
in the form

VN>t\V, (75)

where the coefficient 77 is of order unity, and corresponds,
for example, to close-packing of spheres. The inequality
(75) can be rewritten in the form

1
(76)

where n=N/V is the concentration of aerosol particles in
the focal volume. The left-hand side of the inequality (76)
is the average (over the focal region) volume of the vapor
cloud created by a separate particle. If the number N is
sufficiently large, then on the basis of the law of large
numbers it can be assumed, to a good approximation, that

(77)

Using Eqs. (75)-(77), the overlap condition can be rewrit-
ten as an inequality on E. In dimensionless units this ine-
quality has the form

(78)

5. CONCLUSIONS

The above analysis, which is based on the thermal and
ionization conditions, of the appearance of SLP has in
many ways made it possible to determine correctly the
threshold characteristics of a laser pulse leading to break-
down. Different materials in an atmosphere consisting of
atomic and molecular gases were considered. Plasma was
initiated by heating and vaporization of the surface as a
whole, thermally insulated microscopic irregularities of the
surface, and aerosol particles. The intensities ranged from
105 up to 1011 W/cm2. The laser pulse durations ranged
from milliseconds up to several nanoseconds. Attention
was focused on the primary mechanisms of plasma forma-
tion. Naturally, many important phenomena accompany-
ing the formation of SLP could not be adequately de-
scribed within the framework of the present review, and we
confined our attention only briefly mentioning them (a
more detailed description can be found in the cited litera-
ture). We now briefly discuss the questions meriting fur-
ther investigation.

A surface laser plasma initiated by heating and vapor-
ization of surfaces in the absence of developed vaporization
of the surfaces23 is in some sense the simplest case of an
optical discharge near a surface. The kinetics of breakdown
in vapor-gas mixtures, especially in atomic mixtures, has
been investigated in detail.89"100 The state of affairs is some-
what worse in the case of molecular mixtures.

Vaporization of aerosol particles, when their tempera-
ture does not exceed the boiling point, is characteristic for
LCOB. 104-110 Here the vapors of the vaporized aerosol dif-
fuse into the surrounding gas. The moment that the vapors
from separate particles merge and the description of the
development of ionization in the vapor-gas macrocloud
formed are important. On a theoretical level, this problem
has not been adequately solved, though such attempts have
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been made.108 uo In order to compare theory to experi-
ment it is necessary to fix, for a prescribed shape of the
laser pulse, the moment at which the plasma appears (de-
lay time) with respect to the moment at which the action
of the pulse starts. The procedure for performing such
measurements has been developed in application to
millisecond23 and microsecond56 pulses irradiating a sur-
face; these are the cases discussed above.

The basic features of the mechanism of the discharge
in vapors have been determined in hydrodynamic regimes,
in the presence of an erosion flame, when an SLP forms
due to heating and vaporization of the surface under the
action of relatively long laser pulses.26'123"125 A generally
accepted mechanism for the transition from a discharge in
vapor to a discharge in the surrounding gas does not exist,
though interesting suggestions concerning this question
have been made (see, for example, Refs. 49 and 143-149).

In the case of a target irradiated with microsecond and
shorter laser pulses, attention was focused mainly on ther-
mally insulated microdefects. Other suggestions concern-
ing the primary microfoci have also been made in the
literature.150-155

In the present review we have proposed a systematiza-
tion and description of states of SLP (we note that similar
proposals concerning classification of this object were
made in Ref. 26). We hope that, in spite of the unavoidable
ambiguity in a work of this kind and the possible subjec-
tivism, the reader now has an idea of the modern research
on the main mechanisms and physics of the appearance of
SLP.
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