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On the basis of the thermal approach, a mathematical model of the optical breakdown on condensed inclu-
sions exposed to pulsed laser radiation is developed. As individual stages of the process, we consider the par-
ticle heating and evaporation, the formation of a vapor aureole and its ionization, as well as the propagation
of shock waves in the space surrounding the particle. The threshold characteristics of the laser-beam parame-
ters sufficient for initiating an optical breakdown on metal and dielectric particles, as well as on dielectric
liquid drops are determined.

The presence of particles having fairly low values of the vaporization temperature and ionization potential
leads to a decrease in the threshold values of the optical breakdown compared to the breakdown threshold in a pure
gas [1, 2]. The search for conditions under which a decrease in the threshold value of the laser-pulse intensity is pos-
sible is of interest for both laser initiation of processes and radiation transportation through explosive mixtures.

To construct a model of the laser-radiation interaction with a particle, the explosive and thermal approaches
are used. In the first approach, the particle, being inertially attached, during a pulse manages to absorb energy suffi-
cient for its complete evaporation. At high energy concentrations, the particle is heated so fast that the condensed-
phase substance acquires the parameters of the overheated metastable state and passes to vapor by way of explosion.
The thermal approach is based on a more detailed consideration of such elements of the processes as heating, evapo-
ration, and ionization of the vapor cloud.

The role of explosive evaporation in the decrease in the optical breakdown threshold is discussed in [3]. For
solid particles the breakdown mechanisms are realized in the material vapors at T D 104 K. For water droplets with
rp = 50–200 µm the process of explosive evaporation proceeds at lower temperatures Tv D 103 K. As a mechanism in-
itiating optical discharge, the shock waves resulting from the droplet expansion and the high pressure inside it
(p >103 atm) are considered.

In [4], the explosive mechanism of the laser-radiation interaction with a water droplet is described. Rather
long pulses (ti ≤ 300 µsec) and comparatively large drops (rp = 100–200 µm) at Q D 1 J are considered. The explosive
evaporation of the droplet is explained by the appearance and growth inside it of vapor bubbles when the liquid tem-
perature reaches the value of the explosive boiling temperature (for water at normal pressure it is equal to 578 K). In
[5], the following reasons for the decrease in the breakdown threshold to the values of I∗ = 107–108 W/cm2 in the
presence of water droplets are considered:

1. The thermal explosion of the particle, the condition for which is the absorption by the particle of energy
exceeding the heat of its evaporation in a time shorter than the time of travel of sound through its cross section.

2. The thermal ionization of the gas on the shock wave arising from the particle explosion.
3. The laser radiation self-focusing inside the particle leading to the formation in its volume of a region of

higher energy release. High pressures lead to the formation of shock waves inside the droplet, causing an outflow at
the water–air interface, which is a reason for the droplet fragmentation.
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4. The existence inside the droplet of "hot points" on which the processes of intensive interaction between the
radiation and the substance are localized.

In [6], it is noted that on small droplets of water (rp = 30 µm) the breakdown occurs in two stages. First it
arises inside the droplet in the region of its shadow hemisphere. After the plasma site expands and the perturbation
comes out from the droplet an air breakdown in the environment is initiated. The internal breakdown is explained by
the presence inside the droplet of microscopic polluting particles serving as sites of plasma formation. The expansion
velocity of the droplet is estimated to be of the order of 0.6–2 km/sec.

The appearance of primary breakdown sites inside the droplet is a necessary condition for the subsequent de-
velopment of optical discharge in the gas [7]. At I < 4⋅109 W/cm2, a primary breakdown site arises near the back sur-
face of the droplet in the region of the shadow peak of intensity. At I > 4⋅109 W/cm2, primary sites are observed in
the region of the front-intensity maximum near the front (illuminated) surface of the droplet. As a result of the fast
development of the breakdown, the radiation flux sharply attenuates, reaching the shadow peak of intensity, and no
breakdown site is formed near the back surface of the droplet.

Systematic presentation of the questions connected with the optical breakdown on condensed inclusions is
given in monographs [1, 2]. Primary consideration is given to hard inclusions of the type of corundum, aluminum
oxide, and other refractory materials. In many cases, very short pulses are used, which affects the character and spe-
cific gravity of all physical processes that proceed.

In the present paper, we propose a mathematical model of the optical breakdown on condensed inclusions
(metal and dielectric particles, as well as dielectric liquid droplets) exposed to pulsed laser radiation. The model is
based on the concept of the thermal approach [8]. As individual stages of the process, we consider the particle heating
and evaporation, the formation of a vapor aureole and its ionization due to the thermal ionization at the shock wave
front, and the propagation of shock waves in the space surrounding the particle. The models of the laser-breakdown
formation on metal and dielectric particles, as well as on dielectric liquid droplets, differ by the mechanism of the ap-
pearance of seed-free electrons and subsequent formation of an electron avalanche. Simulation of the shock-wave proc-
esses in the vapor aureole of the particle is carried out on the basis of the nonstationary flow equations of a perfect
gas. The threshold characteristics of the laser-beam parameters sufficient for initiating an optical breakdown on con-
densed inclusions are determined.

The results of the numerical simulation are of interest for determining the threshold power of the laser beam
providing inflammation and detonation of the gas-dispersive mixture [9, 10].

Mechanism of Breakdown on Condensed Inclusions. Consider the qualitative picture of the optical break-
down on metal and dielectric particles, as well as on the dielectric liquid droplet.

Mechanism of breakdown on the metal particle. Under the action of the laser radiation the metal particle is
heated to high temperatures at which intensive processes of evaporation occur. As a result of the thermionic emission
from the particle surface (at T < Tv) or the isothermal ionization in the vapor aureole (at T > Tv), free electrons are
formed. Ionization of the vapor aureole due to the inverse dragging efficiency leads to the formation of an electron
avalanche and a microplasma site near the particle. The characteristics of this process depend on both the optical prop-
erties of the disperse inclusions and the shape of the particles and their size compared to the radiation wavelength.

Further energy input leads to an expansion of the microplasma sites due to the thermal diffusion of electrons
into the regions adjoining the vapor aureole and the inclusion in the ionization process of molecules and atoms of the
gas surrounding the particle. The plasma becomes opaque to the radiation, which is completely assimilated by the
plasma formation. The pressure increases and the high-temperature region expands, which leads to the formation of a
system of shock and acoustic waves propagating in the space surrounding the particle.

The key point of the scheme is the fairly low boiling temperature and the low potential of metal-particle ioni-
zation, providing the development of an electron avalanche.

Mechanism of breakdown on the dielectric particle. The factors inhibiting the development of a laser break-
down on dielectric particles as compared to metal particles are the higher values of the ionization potential and the
significant local overheating of the gaseous medium.

As mechanisms providing the presence in the system of free electrons, the regions of high parameters in in-
ternal vapor bubbles and the regions of the gas heated by the shock waves serve. The gas heating in the immediate
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vicinity of the particle surface promotes the appearance of thermal electrons, which leads to the initiation of an elec-
tron avalanche and the laser plasma formation.

Mechanism of breakdown on the dielectric liquid droplet. Heating and evaporation of the droplet are delayed
because of the weak radiation absorption, and the vapors themselves contain no free electrons in concentrations suffi-
cient for the development of an electron avalanche because of the low evaporation temperature. The dominant role in
the development of a laser breakdown is played by the mechanism of explosive evaporation of the particle.

When a transparent particle is exposed to a directed radiation flux, it is focused in the region of the shadow
hemisphere of the droplet. In the region of intensive heat release, overheating conditions arise, taking the liquid to the
metastable state, in which its temperature exceeds the temperature of saturated vapors at a given temperature. Further
energy input leads to the formation of an internal vapor cavity, into which the liquid boils off.

Pressure increase in the bubble creates the conditions for internal breakdown and the appearance of a micro-
plasma site, which, being opaque, intensively absorbs the radiation. An increase in the pressure in the vapor bubble
leads to the formation of a shock inside the droplet wave, and the moving of this wave to the interface leads to the
appearance of an unloading wave moving inside the droplet and to a marked increase in the liquid particle velocity at
the droplet boundary. This causes a release of the substance in the direction of radiation from the back hemisphere of
the particle in the form of fine droplets.

The droplet expansion and the moving of the internal shock wave into the environment lead to the develop-
ment of thermal ionization of the gas at the shock-wave front. The free electrons that have appeared initiate the chain
mechanism of breakdown, receiving the electromagnetic field energy due to the inverse dragging effect.

Laser-Pulse Model. The laser-pulse intensity is given in the form

I (t, x, y, z) = Imaxf1 (t) f2 (x, y) f3 (z) .

The change in the pulse intensity with time is modeled by the continuous piecewise-linear function formed on
the basis of the real system characteristics [11]. The function modeling the piecewise-linear time dependence of the
laser-pulse intensity is written on the system of points t1, ..., tN with values F1, ..., FN as

f1 (t) =  ∑ 

n=1

N−1

 



Fn + (Fn+1 − Fn) 

t − tn
tn+1 − tn




 φ (tn, tn+1) ,

where the function φ(t1, t2) gives a unit step:

φ (t1, t2) = 
t − t1 + t − t1
2 t − t1 + δ

 − 
t − t2 + t − t2
2 t − t2 + δ

 .

The small quantity δ is introduced into the denominator to avoid the possible division by zero. The piecewise-linear
representation of the laser-pulse shape permits calculating its time characteristic:

Θ = ∫ 
0

∞

f1 (t) dt = 
1

2
  ∑ 

n=1

N−1

 
Fn+1 + Fn

tn+1 − tn
 .

In the plane normal to the direction of the laser-pulse propagation, the spatial intensity distribution obeys the
Gauss law:

f2 (x, y) = exp [− 2 (x2
 + y

2) ⁄ R
2
] .

The attenuation of the pulse as it passes through the medium is simulated by means of the Bouguer–Lambert–Beer law [1]:

f3 (z) = exp (− µz) .
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The absorption coefficient depends on the nature, state, and concentration of particles, as well as on the transmitted-
light wavelength.

The total energy of the laser pulse is related to its intensity and shape by the relation

Q = ∫ 
0

∞

∫ 
0

2π

∫ 
0

∞

Imaxf1 (t) exp (− 2r
2 ⁄ R

2) rdrdϕdt ,

whose integration yields the formula

Q = 
π
2

 ImaxΘR
2
 ,

from which we determine the initial pulse intensity.
Laser Heating Models. Depending on the ratio between the characteristic times of temperature-field transfor-

mation inside the particle and the laser beam, models of thermally thin and thick particles are used. In so doing, one
should take into account that not all details of the heating dynamics play an equivalent part in determining the thresh-
old conditions of breakdown. Of particular importance seems to be the estimation of the pulse energy providing the
onset of developed evaporation of the particle and creating the conditions for ionization of the vapor aureole [1, 2].

Thermally thin particle. The thermally thin particle model is used to describe the heating, melting, and evapo-
ration of metal particles.

It is assumed that at a temperature below the melting point only heating of the particle occurs (Tp < Tm). As
the melting temperature is reached, the particle completely melts (Tp = Tm) and then continues to be heated (Tp > Tm).
The latent heat of the phase transition solid substance–liquid is ignored. Evaporation is included as an element of the
physical process only from the moment the boiling temperature is reached (Tp ≥ Tv). The evaporation rate is deter-
mined by the quantity of energy absorbed by the particle.

The model under consideration includes the equations of:
particle heating to the melting temperature

cpmp0 
dTp

dt
 = KpIWp0 ;

particle melting

Hmmp0 
dζp

dt
 = KpIWp0 ;

particle heating to the boiling temperature

cpmp0 
dTp

dt
 = KpIWp0 + εσ (T4

 − Tp
4) Sp0 ;

evaporation of the particle

Hv 
dmp

dt
 = KpIWp + εσ (T4

 − Tp
4) Sp .

The absorption efficiency factor is estimated in terms of the value of the complex refractive index of the medium [1].
Thermally thick particle. Simulation of the heating of the thermally thick particle requires the use of the non-

stationary heat-conduction equation. Such a model is used to describe the temperature field in carbon particles and
their adjoining space, as well as to heat dielectric liquid droplets, when by virtue of effects described by the Mie the-
ory regions of internal focusing with a higher energy release take place.

In conservative form the heat-conduction equation for the gas (k = 1) and the particle (k = 2) with regard for
the internal heat sources in the spherical coordinate system is written in the following form:
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ρkck 
∂Tk

∂t
 = 

1

r
2
 
∂

∂r
 



r
2χk 

∂Tk

∂r




 + Gk (r, t) . (1)

The terms G1 and G2 are associated with the chemical reactions in the mixture and the volume heat release
caused by the laser radiation absorption by the particle. The source term G1 is calculated proceeding from the com-
bustion kinetics of a particular mixture [12]. The energy input intensity per unit volume of the particle is found from
the relation

G2 = 
IKpWp

Vp
 .

The condition of thermal conjugation at the boundary of the particle with the gaseous environment (in the ab-
sence of the processes of phase transition on its surface or their immateriality) is written as the equation of continuity
of thermal fluxes

χ 
∂T

∂r



r=rw

 − χp 
∂Tp

∂r



r=rw

 = µI (t) ,

which is complemented by the temperature-continuity condition Tp = T at r = rw. In the case of the particle melting
at the solid substance–liquid interface, the Stefan condition

χ 
∂T

∂r



r=rw

 − χp 
∂Tp

∂r



r=rw

 = ρpHmum

is fulfilled. In the presence of evaporation, the boundary condition on the particle surface has the following form:

χ 
∂T

∂r



r=rw

 = ρHvuv − µI .

To describe the particle evaporation that occurs in the region of time-variable size the coordinate system con-
nected with the particle surface is used. In using the new coordinate

η = 
r

rw (t)

Eq. (1) at a constant heat-conductivity coefficient acquires the form

ρkck 




∂Tk

∂t
  − 

η

rw
2

 
drw

dt
 
∂Tk

∂η




 = 
χk

rw
2  







∂2
Tk

∂η2  + 
2

η
 
∂Tk

∂η







 + Gk (η, t) . (2)

Eq. (2) is solved by the finite-difference method.
Internal vapor cavity droplet. At a volume heat input to the drop, its central regions are superheated and the

liquid in them is in the metastable state [13]. In this case, a vapor cavity can be formed inside the droplet, and the
boiling off of the liquid into it causes a pressure increase, cavity expansion, and vapor explosion of the droplet.

If the liquid flow inside the droplet is considered to be spherically symmetric and potential, then the dynamics
equation of a droplet with an internal gas cavity represents the generalization of the Rayleigh equation for the gas-cav-
ity motion in an unlimited fluid [14]:




1 + 

rb

rw




 (rbr

..
b + 2r

.
b
2) − 

1

2
 






1 + 

rb
4

rw
4







 r
.
b
2
 = 

pb − pw

ρ ⁄ rw

 ,
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where pw and pb are the pressures at the outer boundary of the droplet (at r = rw) and on the gas-cavity surface (at
r = rb).

Closing relations. To calculate the pressure of saturated vapors over the liquid-phase surface, the Clausius–
Clapeyron equation is used [13].

Under equilibrium evaporation conditions, the whole of the heat absorbed by the particle is assimilated in the
process of phase transitions, whose intensity is determined by the latent heat of evaporation. The balance energy rela-
tion has the form

− 4πrw
2χp 

∂Tp

∂r



r=rw

 = 4πrw
2ρpHv 

drw

dt
 .

Passing to the dimensionless coordinate connected with the variable particle radius, we obtain the relation

drw
2

dt
 = − 

2χp

ρpHv
 
∂Tp

∂η



η=1

(3)

for determining the current size of the droplet being evaporated.
Under nonequilibrium conditions, the relations obtained for the equilibrium regime are usually used, but with

proper corrections. In particular, it is assumed that the transition of the superheated liquid to the vapor phase begins
(at such superheating temperatures) when in this liquid a quantity of heat equal to the doubled heat of the phase tran-
sition has been accumulated [13].

Vapor Aureole Ionization Model. For the given range of parameters, the mechanism of laser plasma forma-
tion is associated with the radiation pumping into the electronic component due to the inverse dragging effect. The
other mechanisms of plasma formation, in particular, multiphoton ionization, are not determining [15, 16]. The mathe-
matical model incorporates the following equations:

dTa

dt
 = 

6me

5ma
 (Te − Ta) αν ,

dTe

dt
 = − 




Te + 

2E

5k



 
1

α
 
dα
dt

 − 
6me

5ma
 (Te − Ta) ν + 

2

5k
 
µI

αn
 ,

dα

dt
 = 

A

Te
9 ⁄ 2

 n 



α (1 − α) β

2
n

1 − β
 − α3

n



 ,

dmp

dt
 = − 

KpIWp

Hv
 .

Here A = 1.05⋅10−8 cm6⋅K9 ⁄ 2. The equilibrium degree of ionization of metal vapors is determined from the Saha equa-
tion at evaporation temperature. To close the above equations, the relations given in [8, 15] are used.

Because the induction period of the chemical reaction is comparable in time to the laser-pulse duration, no
substantial energy contribution is expected from the chemical reaction during the laser action. This makes it possible,
as the first approximation, not to solve the energy equation for the gaseous component during the laser irradiation, but
to find the mixture parameters from the simplified model on the assumption of adiabatic compression of the mixture
of aureole vapors.

The specific feature of the problem of the radiation interaction with dielectric particles is the absence of
mechanisms providing the presence in the system of a sufficient number of free electrons. As processes supplying the
electronic component, the regions of high parameters in internal vapor cavities and the regions of shock-wave-heated
gas act.
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Gas-Dynamic Processes in the Vapor Aureole. Simulation of the gas-dynamic processes in the vapor aureole
of the particle is reduced to the integration of the nonstationary perfect gas flow equations. In vector form the conser-
vation laws have the form

dmp

dt
 = − 

KpIWp

Hv
 .

∂U
∂t

 + 
∂F (U)
∂x

 = G . (4)

The vector of gas-dynamic variables, the flux vector, and the source term are found as

U = 












ρ
ρu
ρe
ρYj












 ,     F = 












ρu

ρu
2
 + p

(ρe + p) u
ρYju












 ,     G = 












0

0
0
ωj












 .

Equation (4) is closed by means of the caloric and thermal equations of state. The rate of change in the mass concen-
tration of the jth component of the mixture is calculated depending on the combustion kinetics of a particular chemical
composition [12].

For discretization of Eq. (4) the control volume approach and the idea of splitting into physical processes are
used. The fluxes are calculated using the Godunov–Kolgan scheme [17].

Results of the Calculations. As a radiator, we use a pulsed chemical HF laser having the following charac-
teristics [11]: ti = 2.6 µsec; λ = 4.2 µm; R = 1.5 cm; θ = 1.5 µsec. The thermophysical and optical properties of par-
ticles were taken from reference books with allowance for their temperature dependence.

Metal particle. Aluminum particles irradiated by a laser pulse have a lamellar form and are represented in the
model as plates of size 5 × 50 × 50 µm.

The particle temperature depends on the laser-pulse power. The computational model fairly well describes the
phase transition associated with the particle melting (Fig. 1). Heating of the particle to the boiling temperature and the
evaporation processes that follow strongly depend on its position. Particles that are peripheral with respect to the beam
axis do not go to the regime of developed vapor formation and do not create conditions for the start of the plasma-
formation process.

Fig. 1. Temperature in heating of the aluminum particle by the laser radiation
to the boiling temperature depending on the laser-pulse power: 1) Q = 1; 2) 2;
3) 3; 4) 4; 5) 5 J. T, K; t, µsec.

Fig. 2. Time dependence of the degree of ionization of aluminum vapors at Q
= 1.5 J. t, µsec.
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The dynamics of the electron avalanche development is given in Fig. 2 as the time dependence of single ioni-
zation of aluminum vapors at Q = 1.5 J. The particle is situated on the beam axis. The evaporation nonequilibrium is
modeled by introducing a degree of superheating of the order of 10%. The electron avalanche (see the fragment of
Fig. 2) develops 0.68 µsec after the pulse onset. Ionization processes proceed in a short time (of the order of 0.04
µsec). The energy threshold of plasma formation is determined by the portion of the energy transmitted prior to the
breakdown onset, which is Q∗ = 16.7 J/cm2. The energy characteristic of the breakdown assigned to the energy that
falls within the focusing spot accounts for about one-half of the total laser-pulse energy.

The change in the degree of ionization of vapors and in the electronic-component temperature in the case of
energy of prebreakdown power of the pulse is shown in Fig. 3. The total energy needed for laser plasma to arise is
equal to 1.03 J, and the prebreakdown conditions are fairly sensitive to a small change in the pulse power.

The influence of the particle displacement from the beam axis on the breakdown characteristics is shown in
Fig. 4 at Q = 1.5 J. Since the radiation intensity changes depending on the distance from the beam axis by the Gauss
law, different times of breakdown onset take place, and for the particle farthest from the axis the breakdown condi-
tions are not realized.

The scaly aluminum particles introduced into the medium can take different orientations in the space. From
the point of view of the geometrical optics model, we investigated the influence of the angle between the normal to
the main surface of a scale and the direction of the incident radiation on the breakdown energy (Fig. 5). The results

Fig. 3. Change in the degree of ionization of aluminum vapors (a) and in the
electronic component temperature (b) with time in the case of the action of a
pulse of prebreakdown power: 1) Q = 1.026; 2) 1.027; 3) 1.028; 4) 1.0285; 5)
1.0288 J. T, K; t, µsec.

Fig. 4. Dependence of the degree of ionization of aluminum vapors (a) and the
electronic-component temperature (b) on the particle position relative to the
beam axis: 1) r/R = 0; 2) 0.2; 3) 0.4; 4) 0.5. T, K; t, µsec.
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of the calculations are normalized to the value of the breakdown energy at ϕ = 0o. The rotation angle influences the
effective area absorbing the radiation. The case where the scale is pointed with its lateral face toward the radiation
source is the most unfavorable and requires about twice as much energy for the breakdown to arise. At the same time,
deviations of the particles by angles up to 60o do not lead to marked changes in the breakdown threshold.

Dielectric particle. The heating of the dielectric particle is considered from the viewpoint of the distributed
model in the plane symmetry approximation. The temperature distribution inside a graphite plate of thickness 10 µm
and in the methane–air medium surrounding the particle is given in Fig. 6. The particle is in the range of 20 ≤ x ≤
30 µm. To calculate the combustion kinetics of methane, the model of [12] was used. At the particle boundary there
is a local temperature increase associated with the incident energy flux. As the process is developed, there is a sharp
increase in the particle-surface temperature on its side facing the radiation source (the radiation flux is incident on the
particle from right to left). During the pulse action the particle-surface temperature increases (curves 1, 2), reaches its
maximum value by the end of the pulse (curve 3), and upon termination of the pulse action decreases due to the heat
transfer from the particle to the environment (curves 4–6).

The energy threshold of the breakdown for graphite particles is an order of magnitude higher than the value
obtained for the breakdown realization on metal particles. The increase in the breakdown threshold for graphite parti-
cles is due to the increased (almost doubled) ionization potential and the higher temperature at which vapors respond
to the ambient pressure. Taking account of these factors in the laser-breakdown model leads to threshold values ex-
ceeding the breakdown threshold on the metal particle by a factor of about 2.5.

Dielectric liquid droplet. To determine the threshold breakdown conditions, we sequentially solved the prob-
lems of droplet heating to the explosive transformation temperature, shock-wave formation from explosion products,
determining the initial concentration of electrons in the gas due to the thermal ionization after the shock-wave front,
and development of an electron avalanche in the vapor aureole. The model was corrected by introducing a different
value of the ionization potential and using the real gas model for calculating the initial degree of ionization [18].

The temperature field inside the dielectric liquid droplet and in the gaseous medium surrounding it is shown
in Fig. 7 (it is assumed that R = 5 mm). Near the droplet a thin boundary heated layer is formed. In the boundary
layer of the droplet, the gaseous-medium temperature is rather high, and in this region ionization processes are prob-
able. The heat-release maximum falls within the central regions of the particle.

As, in the region of maximal heat release, the volume boiling condition is reached, a gas cavity is formed in-
side the droplet. At high energy values in the gas cavity, the conditions for thermal ionization of the gas and initiation
of an electron avalanche are created. Owing to the volume heat release, the droplet is superheated and is in the me-

Fig. 5. Ratio of the breakdown energy to the breakdown energy at a zero angle
between the normal to the particle surface and the laser beam versus the parti-
cle rotation angle. ϕ, deg.

Fig. 6. Temperature field near the graphite particle at Q = 2.5 J. The curves
correspond to different instants of time: 1) t = 0.05; 2) 1.09; 3) 2.13; 4) 3.17;
5) 4.21; 6) 5.25 µsec. T, K; x, µm.
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tastable state. Curve 7 corresponds to the condition of the onset of the explosive process (the explosive transformation
temperature is about 698 K, and its time is about 1.54 µsec).

The plasma formation becomes practically nontransparent for the radiation, which leads to an increase in the
temperature and pressure of evaporation products, as well as to the formation of a nonstationary gas-dynamic flow in
the vicinity of the microplasma formation. The problem was solved in terms of spherical symmetry. Expansion of the
laser-plasma formation generates a strong shock wave, whose intensity decreases with increasing distance from the par-
ticle center (Fig. 8).

The plasma-formation process is limited by the time of droplet heating to the temperature of explosive trans-
formation (at low pulse energies large droplets have no time to get heated, and small ones intensively exchange heat
with the environment), the shock-wave intensity promoting thermal ionization of the gas (for massive drops it is low),
and by the electron avalanche development. The appearance of a breakdown is a consequence of the competition be-
tween the above factors.

On a droplet of rp = 5 µm a breakdown is realized at energy Q∗ D 10 J. As the size of the droplet increases,
the time of its heating increases and the degree of ionization after the shock wave decreases. However, the value of
Q∗ = 15 J is sufficient, according to the calculated estimates, for laser-breakdown initiation. At rp = 20 µm, there is a
decrease in the value of the initial degree of ionization after the shock wave. This leads to the fact that for small laser-
pulse energies the electron avalanche does not develop, and the plasma formation threshold increases to Q∗ = 30 J.

CONCLUSIONS

1. We have constructed mathematical models of the elementary stages of the process of optical breakdown on
condensed inclusions, among which are particle heating and evaporation, vapor aureole formation, the appearance of
free electrons due to the thermal ionization at the shock-wave front, and development of an electron avalanche and
gas-dynamic processes in both the region of the seed particle and the space surrounding the particle. The threshold
characteristics of the laser-pulse parameters sufficient for optical-breakdown initiation have been determined.

2. The data presented show that the proposed mathematical model is informative enough for estimating the
threshold characteristics of the optical breakdown. The adopted scheme of the appearance of an electron avalanche on
seed electrons formed as a result of thermal ionization on the shock wave explains the qualitative picture of the proc-
ess and serves as the basis for quantitative assessments. The use of experimental data will make it possible to correct
the model and increase the reliability of forecasts obtained on its basis.

Fig. 7. Temperature field near the dielectric liquid droplet at Q = 20 J. The
curves correspond to different instants of time: 1) t = 0.05; 2) 0.30; 3) 0.55; 4)
0.80; 5) 1.05; 6) 1.30; 7) 1.55 µsec. T, K; r, µm.

Fig. 8. Pressure distribution in the vapor aureole of the particle at different in-
stants of time upon termination of the laser-pulse action. The curves correspond
to different instants of time: 1) t = 2.60; 2) 2.75; 3) 2.90; 4) 3.05; 5) 3.20; 6)
3.35 µsec.
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NOTATION

A, proportionality coefficient, m6⋅K9 ⁄ 2; c, heat capacity, J/(kg⋅K); e, total energy of mass unit, J/kg; E, ioni-
zation potential, J; f1, function describing the change in the pulse intensity with time; f2, function describing the spatial
distribution of the pulse intensity; f3, function describing the pulse attenuation as it passes through the medium; F,
value of the function f1 at some instant of time; F, flux vector; G, source term in the heat-conduction equation; G,
source term; H, specific heat of the phase transition, J/kg; I, laser-pulse intensity, W/m2; k, Boltzmann constant, J/K;
K, radiation absorption efficiency factor; m, mass, kg; n, concentration of heavy particles, 1/m3; N, number of linear
sections on the curve of change in the pulse intensity with time; p, pressure, Pa; Q, total energy of the laser pulse, J;
r, radius, m; R, characteristic radius of the laser spot, m; S, area, m2; t, time, sec; T, temperature, K; x, y, z, spatial
coordinates, m; Y, mass concentration of a mixture component; u, velocity, m/sec; U, vector of unknowns; V, volume,
m3; W, effective section area, m2; α, degree of ionization; β, equilibrium degree of ionization; δ, small quantity; ε,
emissivity factor of the particle surface; ζ, relative fraction of melt; η, dimensionless spatial coordinate; Θ, integral
time characteristic of the laser pulse, sec; λ, wavelength, m; µ, radiation absorption coefficient, 1/m; ν, frequency of
collisions of electrons with atoms and ions, 1/sec; ρ, density, kg/m3; σ, Stefan–Boltzmann constant, W/(m2⋅K4); φ,
function giving a unit step; ϕ, polar angle; χ, heat conductivity, W/(m⋅K); ω, chemical reaction rate, 1/sec. Subscripts:
a, atom; b, vapor cavity; e, electron; i, laser pulse; j, mixture component; k, phase of the system; m, melting; max,
maximum; p, particle; v, evaporation; w, interface; 0, initial instant of time; *, threshold value of a parameter; point,
time derivative.
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