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Abstract

An approximate mathematical description of the processes of homogeneous nucleation and homogeneous evaporation (explo-
sive boiling) of a metal target (Al) under the influence of ns laser radiation is proposed in the framework of the hydrodynamic
model. Within the continuum approach, a multi-phase, multi-front hydrodynamic model and a computational algorithm are
designed to simulate nanosecond laser ablation of the metal targets immersed in gaseous media. The proposed approach is
intended for modeling and detailed analysis of the mechanisms of heterogeneous and homogeneous evaporation and their
interaction with each other. It is shown that the proposed model and computational algorithm allow modeling of interrelated
mechanisms of heterogeneous and homogeneous evaporation of metals, manifested in the form of pulsating explosive boiling.
Modeling has shown that explosive evaporation in metals is due to the presence of a near-surface temperature maximum. It
has been established that in nanosecond pulsed laser ablation, such exposure regimes can be implemented in which phase

explosion is the main mechanism of material removal.

1 Introduction

The increased interest in pulsed laser ablation (PLA) [1-3]
is primarily due to the increasing possibilities of its use in
many applications: microprocessing [4], pulse laser depo-
sition (PLD) [5], laser-induced breakdown spectroscopy
(LIBS) [6] production of nanomaterials [7], laser synthesis
of colloids [8], biomedicine [9, 10].

Numerous applications make PLA an attractive field for
basic research. Despite extensive studies of the fundamen-
tal properties of laser ablation performed earlier, a number
of important physical phenomena still remain insufficiently
well investigated and understood.

The greatest differences in the physical mechanisms of
laser ablation of metals are observed between the short (ns)
and ultrashort (ps, fs) pulse action [11, 12].

In the ultrashort range (fs, ps) of laser action, laser radia-
tion freely reaches the surface of the target. The absorption
of laser radiation by a degenerate electron gas, followed
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by a slowed-down energy exchange between the electron
and phonon components, leads to a strong deviation from
the locally thermodynamic equilibrium of the system as a
whole. As a result, laser ablation and its accompanying pro-
cesses develop after the end of the pulse.

Laser ablation of condensed media with short nanosec-
ond pulses initiates a complex sequence of processes that
occur both during and after the end of the laser pulse. In
the nanosecond range, under a certain choice of the expo-
sure regimes, in contrast to the ultrashort fs, ps-action, two
phenomena are clearly observed experimentally and inves-
tigated—volumetric evaporation (phase explosion) of the
liquid phase of the target [13—19] and formation of a long-
lived laser plasma in the evaporated substance and the sur-
rounding gas [20-23].

In spite of the fact that previously the action of nanosec-
ond laser pulses on metals has been studied in a number of
experimental and theoretical studies [15, 16, 24], a number
of important physical processes underlying ablation are still
poorly understood due to their complexity. The presence of
a large number of interrelated physical processes makes it
difficult to experimentally determine and study the basic
mechanisms of ablation. The most complex and least studied
of them are the mechanisms of homogeneous phase transi-
tions in the vicinity of the critical point [13—19]. For this
reason, nanosecond laser ablation continues to be an active
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area of research in which mathematical modeling plays an
increasingly important role [25-27].

Various theoretical approaches are used for the math-
ematical description and analysis of the PLA process of the
condensed media: continuum, Kinetic, atomistic (molecular-
dynamic), etc. Each of them has its own field of applicabil-
ity, its advantages and disadvantages.

Atomistic models allow us to conduct research at the
atomic level and obtain fundamental knowledge about the
structure, thermodynamic and mechanical properties of
crystalline materials [28, 29], the physical mechanisms of
various processes [30, 31], including the kinetics of hetero-
geneous and homogeneous phase transitions [32, 33]. The
basic methods of atomistic modeling—molecular dynamics
(MD) and Monte Carlo (MC), which use, as a rule, sem-
iempirical interaction potentials, operate with tens and hun-
dreds of millions of atoms and allow calculations in the time
range of nanosecond duration. However, even with the use of
high-performance computing platforms, the computational
costs are enormous and often a number of PLA processes,
because of their inherent strong spatial-temporal scaling, are
beyond the reach of atomistic modeling methods. Therefore,
in spite of constant progress in the field of designing intera-
tomic potentials and increasing the power of computing sys-
tems, the final overcoming of computational constraints is
hardly achievable, and continual models will always remain
important.

Continuum models based on the equations of continuum
mechanics form a class of widely used hydrodynamic mod-
els [25-27, 34-36], use minimum information and operate
with average values of physical characteristics calculated
from an infinitesimal volume. The methods for solving them
are more compact, they have higher accuracy and a relatively
small amount of computation. The main shortcomings of the
continuum approach are manifested in the absence of the
possibility of direct investigation of elementary processes in
materials, and there are great difficulties in the mathemati-
cal description of homogeneous melting/crystallization and
evaporation mechanisms, as well as limited possibilities
for calculating thermophysical, thermodynamic, optical
and other characteristics of the substance in a wide range
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of parameters. These problems are much easier and more
fully solved within the framework of atomistic modeling,
the results of which can then be used in the form of input
parameters in meso- and macrolevel models.

The proposed work considers the application of the con-
tinuum approach to modeling of dynamics and the main
mechanisms of the ns-PLA of the metal (Al) target in air in
the preplasma regime.

The main goal of the work is to develop an approximate
mathematical description of homogeneous nucleation and
homogeneous evaporation of a metal (Al) target under the
influence of ns laser radiation within the framework of the
hydrodynamic model. The proposed approach is used for mod-
eling and detailed analysis of the mechanisms of heterogene-
ous and homogeneous evaporation and their interaction with
each other.

2 Mathematical formulation and algorithm
of solution

Mathematical description of ns-PLA involving processes in
the condensed (target) and vapor—gas (vaporized matter, gas)
medium is realized by a system of nonstationary equations of
gas-hydrodynamics, equations of energy with thermal conduc-
tivity, and equations of transfer of laser radiation. Equations
are supplemented by the corresponding equations of state.

Assumptions and limitations It is assumed that the radius
of the focal spot of the laser r is significantly larger than the
thermal influence depth #; in the target: r; > £1; in the gase-
ous medium, the characteristic time for the consideration of
the processes ¢, < #, does not exceed the propagation time of
the perturbation from the center of the ray 7, = r;/u, that
allows us to ignore edge effects and use 1-D approximation in
the spatial variable x; The duration of the laser pulse 7>5 ns
in the considered regimes of laser action is sufficient to fulfill
the conditions of locally thermodynamic equilibrium (LTE),
which allows using the one-temperature approximation.

The right boundary I",(7), propagating over unperturbed air,
is made moving with the purpose of increasing the efficiency
of the computational algorithm. The scheme of the boundaries
and their movement direction are plotted at Fig. 1.
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The phase states and the vapor—gas medium are separated
by moving interphase boundaries: in the target solid—liquid
I (1), liquid—vapor I',,(?); in the fragment I, (#); and contact
boundary I',,(r) and shock wave I'y, (7).

2.1 Hydrodynamic model

A complete system of equations is written in the following
form:
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condensation is given in [39], and therefore is absent in this
paper.

2.2 Computational algorithm

The presence of moving interphase and contact boundaries,
as well as fronts of discontinuous solutions (shock waves,
fragments of condensed matter), zones of large gradients and
their rapid propagation through space, imposes strict require-

®Hur

I, <x<T,(OUT,(0) <x <T,y()U T (f) < x <Tpp iy () -
— 1y <1< o0, ’ "

Ul i1 () <x < T (UL, (1) <x <T

w0 <x <Ty(t) }

SW,g

Here p, u, &, T, p are the density, gas-dynamic velocity,
internal energy, temperature and pressure correspondingly,
x and G are the absorption coefficient and laser flow density,
Wi is the heat flow density, 4 is the heat conductivity coef-
ficient. The indexes s, £, v, g signify solid, liquid, vapor and
gaseous (air) medium. In the condensed phase, ¢, has the
meaning of enthalpy of solid and liquid phases H,.

A distinctive feature of heterogeneous phase transitions
is the presence of the sharp interphase interfaces I" () and
I’ (1), where the main thermophysical and optical properties
have a break: enthalpy H, the coefficients of specific heat
C, and heat conductivity 4, density p, pressure p u surface
reflectivity R.

For fast phase transitions that are typical for the ns—PLA,
the models describing the mechanisms of heterogeneous
melting and evaporation are the systems of equations at
the corresponding interphase boundary (I".(?), I',,(¢)) and
expressing three conservation laws: mass, momentum and
energy. These equations are supplemented by the corre-
sponding kinetic relations characterizing the degree of non-
equilibrium of the phase transition. For the melting/crystal-
lization process, this condition is the kinetic expression for
the velocity of motion of the melting front v, [37, 38]. The
model of heterogeneous evaporation/condensation is char-
acterized by the presence of a thin (several path lengths)
nonequilibrium Knudsen layer (KL) adjacent to the interface
surface of the phases I',,(¢). The degree of nonequilibrium
of the phase transition in this model is determined by Mach
number (M =u,/u,,,q) at the outer side of KL.

A complete and detailed description of the models of
heterogeneous melting/crystallization and evaporation/

ments on the effectiveness of the computational algorithms
used and in the first place, not to the quality of difference
schemes, but rather to the principles of constructing optimal
computational grids. The differential model (1) that included
the equations of gas-dynamics, equations of energy with
non-linear thermal conductivity and radiation transport was
approximated by a family of conservative finite-difference
schemes [40, 41] written on the computational grids with
dynamic adaptation [42, 43]. The method of dynamic adap-
tation is based on the idea of transition to an arbitrary non-
stationary coordinate system which velocity is not known
beforehand and is determined by a coordinate transformation
using the sought solution. The use of an arbitrary nonstation-
ary coordinate system allows the problem of constructing
and adapting computational grids to be formulated at the dif-
ferential level, i.e. in the resulting mathematical model, part
of the differential equations describes the physical processes,
and the other—the behavior of the grid nodes. In addition,
the transition to an arbitrary nonstationary coordinate system
makes it possible to perform calculations with an arbitrary
number of discontinuous solutions, such as shock waves,
propagating phase and temperature fronts, contact bounda-
ries and ejected fragments. The efficiency of the method is
determined by the complete matching of the speed of move-
ment of grid nodes with the dynamics of the solution, which
makes it possible to reduce their number by 2—3 orders of
magnitude in comparison with grids with fixed nodes.

In the problem under consideration, a typical calcula-
tion contained the total number of nodes of the order of
(8-10) x 10?, (depending on the number of the fragments
taken into account, 10-70). Of these nodes, (1-2) x 10°
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accounted for the condensed and vapor—gas medium, 25-30
nodes were allocated to each of the fragments and the cavi-
ties of the vapor between them.

3 Modeling and analysis of results

One of the purposes of this work is a detailed study of the
mechanism of explosive boiling in metals, since explosive
boiling is considered to be the most efficient thermal mecha-
nism for laser ablation of materials. At the same time, dif-
ficulties associated with understanding the mechanism of
homogeneous phase transitions in metals occurring under
the action of ns-laser pulses are known. At present, there
is no doubt about the connection between the mechanism
of volume removal of matter and the occurrence of a sub-
surface temperature maximum in weakly absorbing liquids
and non-metallic solid materials exposed to laser radiation.
The validity of this statement was confirmed by the results
of mathematical modeling based on the thermal model
by a number of authors, [16, 44]. For strongly absorbing
media, mainly metallic, calculations based on the thermal
model [16, 19] have shown that the magnitude of the near-
surface temperature maximum is several degrees. On this
basis, overheating was excluded from consideration, up to
the statement that in metals the maximum temperature is
always on the surface of the target, and subsurface overheat-
ing is impossible. Explosive boiling was interpreted as a
surface spray of the liquid phase when the critical tempera-
ture is reached at the surface [13, 14]. This interpretation
is not convincing, since it does not allow us to formulate
non-contradictory ideas about the mechanism of homogene-
ous evaporation of metals, including the explosive boiling
process with the formation of nanocavities under the ns-laser
action.

Let us consider the ns-PLA process of Al target with
thickness of 100 um, placed in the gaseous medium at
the normal conditions p=1 bar u 7=300 K. Laser radia-
tion propagates from the right to the left and the pulse has
Gauss shape: G= Pln)" 2Go-exp(— B(t/7)?), where oo <1< o0,
7=5x107? s is the full width at half maximum, and the
wavelength A, =1.06 um and fluence of F=52J cm™2.
Here G;=1.04x 10° W cm™2 is the peak intensity at r=0,
p=4xIn 2. For these parameters, the start moment of time
was t=—t,=—4t. The air for the selected exposure mode is
completely transparent to the laser radiation, which is partially
reflected from the metal surface, and partially absorbed in
the target.

Modeling of the processes of laser heating, melting,
surface evaporation, and evolution of the plume in the
gas—vapor medium is performed within the framework of the
hydrodynamic model, taking into account the temperature
dependence of the material properties of the target and the
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explicit tracking of fronts of all moving boundaries (inter-
phase, contact and shock waves).

Figure 2a—c shows temperature dependencies of thermo-
physical C(T), A(T), L,(T), and optical x(T) properties of Al.
The curves of L,(T) and C,(T) are obtained from molecular-
dynamic calculations, A(T), x(T), R(T) are constructed based
on theoretical concepts [45-47] and reference data [48].

3.1 The stage of heterogeneous evaporation

At the initial stage of the laser action at relatively low tem-
peratures T < T, the optical properties of Aluminum for
the near infrared radiation are in the range k> 10’ m~! and
R(T,,) ~0.95-0.6. When the duration of the acting pulse is
7. > 1077 s, the conditions for the surface release of energy
are fulfilled meaning that the heat action length £ is sig-
nificantly larger that free path of the energy quantum 7, i.e.,
@) » e~k

Surface energy release determines the heterogeneous
character of the heating and phase transformations in the
target. Appearance of the phase fronts of melting and evapo-
ration in the target, the fronts of the contact boundary and
the shock wave in the gaseous medium, and also the forma-
tion of new regions of the liquid and vapor phases associated
with them, occur at the leading edge of the laser pulse. Het-
erogeneous melting starts at the time of r=—2.3x 107" s and
during short time up to t=—2.1x 107 s the velocity of the
melting front reaches the maximum value of v, =250 m s~".
The formed front of surface melting I',,(¢) propagates deep
into the target, forming a new region of the liquid phase.
Further heating results in the appearance (at the moment of
t=—1.8x1077s), of the heterogeneous evaporation front
I',,(1), propagating inside the melt. The maximum velocity
of the evaporation front v, =23 m s™' reached at the time of
t=—0.9%1077 s, is approximately 10 times lower than that
of the melting front v ,. Surface evaporation begins when
the following relation for pressures p,(#) and pg(t) starts to
be valid: pg,(#) > p,(). The process is controlled by the sur-
face temperature T (#) and Mach number M(?) at the outer
side of the KL, (0 < M(7) <1). Near the surface of the melt,
a stream of evaporated matter is formed, which, by pushing
the air, forms a new area occupied by the vapor and bounded
from the two sides by the moving boundaries: interphase
I',,(t) and contact [, l,g(t)—vapor/air (Fig. 3).

The flow of the evaporated substance, acting like a piston,
pushes out the cold air and, after doing a certain job, warms
up to a temperature 7.,,=4.4X 10% K. Under the push-
ing action of hot vapor, compression of the cold dense air
occurs, which at the moment of t=—1.6x 10~ s turns into a
shock wave with the front I’ Sh,g(t). As aresult, an expanding
region of air heated by the forces of gas-dynamic compres-
sion is formed between the moving boundaries I,,(7) and
Iy, (D). The spatial structure of the erosion plume after the
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Fig. 3 a-d The spatial structure of the plume after the formation of the shock wave T(x), p(x), u(x), p(x), t=—1.3 ns

formation of the shock wave is represented by the main char-
acteristics 7(x), p(x), u(x), p(x) at Fig. 3a—d.

Subsequently, the shock wave with increasing velocity
Vgyg=2.9 km s~ and temperature Ty g=34X 10° K propa-
gates toward the laser beam, outrunning the contact bound-
ary moving with a lower velocity (vy, ,=2.5 km s7!) and
higher temperature. The temperature of the vapor and air
is, in this case, is insufficient for the initiation of ionization,
and the vapor—gas medium remains transparent for laser
radiation.

Note that the distinctive feature of the mechanisms
of heterogeneous heating and phase transformations of
the substance (surface heating and evaporation) is the
presence of two features: (a) the maximum of the spatial
temperature profile T .. (x) always coincides with the
temperature of the melting T, or evaporating surface
T, (b) the pressure at the evaporating surface pg,(T,.)
is always lower than that of the saturated vapor p,(T,,)-
At the maximum evaporation velocity with M(r) =1
the pressure at the surface reaches its minimum value
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Psur(Tsur) ® 0.55p,(T,,,). The surface of the target is in
this case in the most superheated metastable state.

3.2 The stage of homogeneous evaporation

The second stage of the development of PLA begins with a
qualitative change in the behavior of the processes, which
is associated with a change in the surface mechanism of the
release of laser energy into a volumetric one and the forma-
tion of a subsurface temperature maximum in the target.
Rapid heating of the metal target transfers the substance to
the region of critical parameters, where the optical and ther-
mophysical properties undergo sharp changes. In the critical
region, under the influence of the transparency wave [45,
46], the volume absorption coefficient of Al k decreases
by 2-3 orders of magnitude with a simultaneous increase
in the absorptivity of surface A to 80—-100%. Specific heat
C, increases by 5-7 times and heat conductivity coefficient
drops to A,=2 W m~! K~!. When the heterogeneous evapo-
ration front velocity reaches the value of v, ~ 10-20 m s
the condition of volume energy release is satisfied in the
substance in the form ak/v,,< 1. The presence of the surface
evaporation provides inhomogeneity of the volume heating
and contributes to the formation of a subsurface temperature
maximum T ..., Fig. 4. Figure 4 shows typical values of
the maximum overheating AT=T, ., — T}, and its depth
A7 in liquid phase of Al for the considered regime of the
laser action at the time of 7~—0.9x 107 s when the tem-
perature maximum 7T .. reaches its limiting value Ty, ax-
The value of maximum overheating AT~ 160 K is reached at
the depth AZ ~40 nm. These values are close to correspond-
ing values obtained from the molecular-dynamic simulation
[39]. For the overheated metastable liquid layer AZ adjacent
to the surface with temperature profile T, .. > T> T, the
following relations are met: po, (T nax) > Psat Tsur) > Psurl Tsur
), testifying that at the point with T .. =T} .y all condi-
tions for the emergence of a new phase are satisfied.

04 05 06 07

Fig.4 The fragment of the profile 7(x) in the near-surface layer of the
target before the first splitting, f=—0.9 ns

@ Springer

3.2.1 Algorithm for modeling of explosive boiling

Explosive boiling of the irradiated target occurs when the
temperature maximum 7, ... reaches the value of overheat-
ing limit Ty, .c» Which determines the boundary of the
absolute instability of the liquid phase of Al at the given
external pressure p,. The driving force of explosive boil-
ing (homogeneous evaporation) is the pressure drop in the
region between the temperature maximum and the evaporat-
ing surface. In the continuum models, for the mathematical
modeling of homogeneous evaporation mechanisms it is
proposed to use the procedure for generating artificial quasi-
nuclei [49, 50]. The evolution of quasi-nuclei promotes the
formation of nanocavities, the growing pressure in which
results in the release of thin cooler near-surface layers of
liquid into the gas medium. In the 1-D approximation in
space, the simulation algorithm for the explosive boiling
consists of introduction, under certain criteria, of artificial
quasi-nuclei into the superheated liquid phase. Quasi-nuclei
have the thickness /,(¢) and are limited by moving interphase
boundaries liquid—vapor x,(1) =1y, (1), x;, () =14, ;1 1(D),
where i=1, 2,... is the number of the quasi-nucleus. As a
criterion for the beginning of nucleation in the calculations
we used the time ¢; and spatial coordinate x;, where the rela-
tion Ty pax(t, X;) = Tiiy max holds and where then a quasi-
nucleus is placed. The values of the maximum temperature
for the overheating Ty;, .« for liquid Al, depending on the
heating rate and external counterpressure, were determined
from the molecular dynamic modeling [17, 18] and are in the
range Ty, nax ~ (0.89-0.95)T, . The effect of counterpressure
was taken into account through the temperature difference
AT=T, yax — Tyu» Which is determined from the solution of

sur?

the hydrodynamic model (1).
3.3 Modeling of pulsating explosive boiling

The conditions for the first ejection are satisfied at the
moment of #, ~—0.9x 10~ s when at the point Ax, =43 nm
the equality T . ® Tiimmax = 0.9 X T, = 6840 K is satis-
fied. The velocity of the evaporation front v,, and Mach
number M at the outer side of KL reach their maximum
values: v,,=23 m s™', M=1. The temperature at the
evaporating surface is T, ~ 6680 K. The temperature
difference is AT=T, ., Ty,,= 160 K. Accordingly, the
saturated vapor pressure for the temperature maximum
Pear(0.9X T, ) =720 bar is much greater than the pressure
on the target surface p, (6680 K) = 0.55p,(6680 K) =344
bar. The pressure difference in the overheated near-surface
layer is Ap =P, — Pour = 376 bar. The first quasi-nucleus of
the vapor phase with the start thickness 4 (6) =1y, ,() = [,
(t)~5 nm, is placed at the point of the near-surface tem-
perature maximum x =x,. The description of the processes
in the expanding cavity and near-surface layer of the liquid
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separated from the main target is realized by means of the
gas-hydrodynamic system of equations (1). The model of
heterogeneous evaporation [39] is used as the boundary
conditions at the interphase planes I'y, (1), I, ,(f) with
account of reflection and absorption of laser radiation in the
formed layer. The initial conditions for a new region of vapor
bounded by 2 flat surfaces were given in the form

Poi = Po2 = Psa(T7 max)-

Under the influence of the excess pressure Ap and the
effects of heterogeneous evaporation, the formation of a rap-
idly expanding cavity filled with vapor takes place followed
by the ejection of a layer of liquid with the thickness d,(¢)
=TIy, 1(t) = I, (1) ®43 nm towards the gaseous medium and
followed by the formation of a new liquid/vapor interface.

In the case of repeated explosive boiling with the forma-
tion of the next liquid fragment for each of them, as well
as the main target, the gaseous medium and the formed
vapor cavities, the solution algorithm remains unchanged.
An additional circumstance is only the need to take into
account the inhibitory effect from the previously split frag-
ment. If the first explosive boiling occurs at low external
pressure (p =1 bar), which does not have a noticeable effect

Tu,l = Tv,2 = Tf,max’

@y
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on the process of heterogeneous evaporation, then during
repeated explosive boiling the liquid phase to be ejected
must overcome the high pressure (several hundred bar) of
the previously evaporated substance. The greatest influ-
ence is exerted by the counter pressure on the conditions
for the formation of the maximum temperature in the near-
surface layer and the thickness of the detached fragment of
the liquid phase. Because of the noticeable reduction of the
heterogeneous evaporation rate (M ~0.32) at the target and
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Fig.5 The partial profiles with two ejected fragments of liquid in the vapor phase at time t=—0.1 ns: a T(x); b p(x); ¢ U(x), d P(x)
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ejected fragment surfaces, new explosive boiling occurs at
the moment 7,~—0.6x 10~ s when the equality Ty max ®
Tim.max = 0.905 X T, = 6880 K is satisfied, at the temperature
difference AT="Ty ,.x — T, ~ 50 K (Fig. 5). The thickness
of the ejected fragment of the liquid phase is d,(¢) # 30 nm.
Temperature difference AT = 50 K remains for the further
cases of explosive boiling as well.

Later, after the next separation of the metastable near-sur-
face layer under the influence of laser heating, heterogeneous
evaporation of the target and fragmentation, the picture of
the processes is repeated. The regime of explosive boiling
acquires a pulsating character (Fig. 6). Taking into account
the dependence of the laser pulse on time G(¢) the processes
of heating, evaporation and gas-dynamic expansion are of a
nonstationary and non-linear nature, which affects the pro-
cess of explosive boiling.

During the period of the laser pulse, the main characteris-
tics of explosive boiling: the pressure in Fig. 7, the thickness
of the ejected fragments, Fig. 8a, and the period of pulsa-
tions, Fig. 8b are widely scattered.

After the end of the laser pulse, the explosive boiling
process continues at the expense of the stored thermal

7,05 T 172
7,00 168
e @
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o6 4
— 6,90 v
16,0 &
6,85- ﬂ“b[\;
156
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Fig.7 The values of T, in the near-surface layer of the target and
pressure p.,, at the outer side of KL at the moments of explosive boil-
ing

Fig.8 The distribution of: a n

(@)14,

liquid fragments of explosive
boiling over linear sizes d; b 12+
pulsation periods between two 10
neighbouring ejections i
8
c 6
4
2
0-

15 20 25 30 35 40
d, nm

it
I

@ Springer

energy, which is promoted by a sharp increase (by 5-7
times) of the specific heat Cp(t) in the critical region. The
energy consumption regime slows down and acquires a
quasistationary character (Fig. 6). Approximately after
the 20-th boiling, the values of the temperature maxima
smoothly fall off, Fig. 6, the periods of pulsations and
the thickness of the ejected fragments differ little among
themselves. As a result, the total amount of ejections
reaches 49, and the duration of the explosive boiling pro-
cess reaches Aty=~ 20 ns, which is several times higher than
the duration of the laser pulse, Af>> 7. All ejected frag-
ments of liquid Al d; are completely evaporated. Average
time of existence of one fragment is A¢;~ 1 ns.

The general trend of the temporal evolution of frag-
ments can be presented in the following form. Over time:
the size of the cavity h;(¢) filled with vapor is increased
from 5 nm to 1.7 pm, the velocity u,(¢) is increased from
0 to 2.5 km s™!, the density p(t) (due to cooling) is in the
interval (0.65-1.38) g cm™>; the pressure p,(f) and temper-
ature T(¢) are decreased in the cavity: p(?) from pg, (T .0
to ~200 bar, T(t) from T, ., to ~5400 K. The amount
of melted and evaporated substance of plotted at Fig. 9
as dependencies 5liq(t) and 5vap(t) =ds(t)+d (1), where
ds(t) ~200 nm is the part corresponding to homogeneous
mechanism and d,(f) & 10 nm is the part corresponding

20/
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Fig.9 Time profiles of melting depth J;,, evaporated substance 6
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to heterogeneous mechanism. The process of melting
turned out to be the most inertial. Due to the heat energy
deposited in the liquid phase, melting continues up to
the moment of r~ 102 ns, when the velocity v, =0. The
thickness of the liquid layer reaches the maximum value
01iq(t) 2 pm. Then the front I',(7) turns in the opposite
direction, opening the beginning of the crystallization
process.

4 Conclusion

The performed mathematical modeling of the ns-laser
action on the Al target made it possible to establish the
principal possibility of the formation under the influence
of heterogeneous evaporation and volume absorption of
radiation of the temperature maximum in the near-surface
layer of a superheated metastable liquid phase of a metal.
The fact of reaching the ultimate superheating T};,, . BY
the liquid phase of the metal in the near-critical region of
parameters promotes the appearance of explosive boiling
in the near-surface metastable layer. Thus, the mechanism
of homogeneous evaporation of metals has its own char-
acteristics, but it does not fundamentally differ from the
homogeneous mechanisms for nonmetals (weakly absorb-
ing liquids, semiconductors, dielectrics).

An approach to the formulation in the framework of
the hydrodynamic model of the algorithm for simulating
homogeneous nucleation in an overheated liquid phase of
a metal is proposed. The classical theory of nucleation,
using the assumptions of stationarity and uniformity of
the temperature field, is of little use to describe homogene-
ous nucleation under the conditions of pulsed laser action.
The approximate algorithm is based on the application in
the hydrodynamic model of the quasi-nuclei of 3—5 nm
thickness, the generation of which is performed by the
criterion of the maximum allowable superheating of the
initial region, taking into account the rapidly changing
medium pressure. The criterion of the ultimate overheating
is determined from the molecular dynamics simulation.

The application of the continual gas-hydrodynamic
model has the advantage over atomistic models and molec-
ular dynamics algorithms in that it makes it possible to
simulate the processes of explosive boiling in spatio-tem-
poral macroscales at relatively low computational costs.

Accounting of the temperature dependences of the ther-
mophysical and optical properties of the metal target in
the mathematical modeling made it possible to determine
the regime of pulsating explosive boiling, which duration
is At;~20 ns several times higher that of the laser pulse
r=5%10""s.

The simulation results showed good qualitative and
quantitative agreement with the experimental data of the

papers [15, 51]. In the considered regime of laser action,
the total depth of the removed material due to explosive
boiling (ds~ 200 nm) is more than an order of magnitude
higher than the amount of material removed through the
surface evaporation (dx~ 10 nm).
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