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1. Introduction

Action of super-power and ultra-short laser pulses on highly absorbing condensed media is
investigated in the past two decades [1] - [5]. The urgency of this problem is primarily
determined by a variety of practical applications of pulsed laser irradiation. In a short
period of time scientists have mastered such operations as ablation of elemental materials by
femtosecond lasers (100 fs) [6], femtosecond nanostructuring [7], generation of metallic
nanoparticles and nanostructures by laser ablation of massive targets by 40 fs and 2ps pulses
[8], etc.

The use of super-power G~10'2+10"> W/cm? and ultra-short 1.=102+10° s laser pulses for
dimensional processing of materials, such as cutting of various materials by pico-
femtosecond laser pulses [9], micro-drilling by a femtosecond laser [10 ], surface etching of
metals (Al, Cu, Mo, Ni) and semiconductors (Si) [11], is accompanied by realization of
unique physical conditions. In particular, the duration of action becomes comparable with
the characteristic times of thermalization and phase transitions in matter. This leads to the
need to address complex fundamental problems, including the heating of the material and
the kinetics of phase transitions in a strong deviation from local thermodynamic
equilibrium.

It should be noted that the majority of laser technologies is associated with the beginning of
phase transformations in the material. In particular, the action of pico - femtosecond laser
pulses of high intensity on solid targets is one of the ways to create individual particles with
unique characteristics, or to form their streams, consisting of a cluster, liquid or solid
fragments of the target. The formation of the particle flux in the pulsed laser ablation is
observed for a wide range of materials: metals, semiconductors and insulators. The
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220 Laser Pulses — Theory, Technology, and Applications

possibility of usage of laser ablation products in practical applications was the impetus for a
number of experimental and theoretical studies [12], aimed at studying the conditions and
mechanisms of formation of particles of nano - and micro- sizes during the laser exposure.

The accumulation of knowledge of the experimental nature in the first place in this dynamic
field leads not only to the variety of practical applications of pulsed laser action, but also to
a number of issues of independent physical interest.

The main features of ultrashort action on metals are associated with high speed and
voluminous nature of the energy release of the laser pulse. The high rate of heating of a
condensed medium is associated with rapid phase transformations of matter, characterized
by the transfer of superheated phase boundaries of high-power fluxes of mass and energy.
Overheated metastable states at the interface are characterized by temperatures, whose
values can be hundreds of degrees higher than the equilibrium values of the melting point
or boiling point. Removal of the energy by the flow of matter in conjunction with volume
mechanism of energy release of laser radiation contribute to the formation of metastable
superheated regions in the volume of solid and liquid phases with near-surface temperature
maximum. Calculations [13] showed that the maximum speed of melting front are
comparable to the speed of sound ~ (0.5 - 6) km / s, and the phase velocity of the
solidification front are (10 - 200) m / s. Accordingly, the maximum superheating /
undercooling can reach several thousand / hundred degrees. The achievement of such
overheating and overcooling leads to large gradients of the Gibbs energy, which actually
determine the driving force for high-speed phase transformations.

Physics of supercooled states in metallic and nonmetallic systems, because of their
widespread use in the production of new materials technology, is relatively well-studied
[14]. Superheated states received little attention until recently, largely because of the
difficulty of experimental investigation and non-obviousness of their application. The
situation changed with the advent of femtosecond laser pulses and their application for the
production of nanoparticles and nanomaterials [15] - [17].

The purpose of this chapter is the theoretical study of nonequilibrium pulsed laser heating
of metals, the kinetics and dynamics of phase transitions in a deep deviation from the local
thermodynamic equilibrium.

The main tool for studying the processes initiated by laser pulses of picosecond and
femtosecond duration are the methods of mathematical modeling and computational
experiment (CE). The possibilities of experimental approaches in this area are very limited
due to the large transience of the processes. Computational experiments are preferred in the
cases where the natural experiment is not possible, is very difficult or very expensive. The
statement of CE is especially convincing in the studies of the kinetics and dynamics of fast
processes. For its statement, the computational experiment, which is an important link
connecting theory and field experiments, requires the development of appropriate models,
determining the properties of all substances studied, the development of computational
algorithms and the creation of program codes.
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Construction of a theory that covers most of the features of pulsed laser action on materials
is very difficult. The methods of mathematical modeling in theoretical constructs have that
advantage that you can use the phenomenological and the experimental data.

The description of the kinetics of fast phase transitions of the first kind is carried out in two
classes of mathematical models: continuum and atomistic. Continuous models are based on
the equations of continuum mechanics, as a rule, are represented as partial differential
equations with appropriate boundary conditions and equations of state. Continuum model
is used to describe the macro-level processes, heterogeneous kinetics and dynamics of phase
transitions of the 1st kind [18]. Atomistic approach is based on a model of molecular
dynamics is used to describe the kinetics of homogeneous phase transitions [19].

2. Brief theory of phase transformations of the 1% type

The basis of first-order phase transformations - melting-solidification and evaporation-
condensation are two qualitatively different mechanisms: heterogeneous and homogeneous
ones. The heterogeneous mechanism is characterized by a sharp interface between the
phases (phase front of zero thickness) and determines the dynamics of phase
transformations of the 1st type. The homogeneous mechanism of phase transitions that arise
usually under the influence of the volume heating or cooling is associated with the
processes of volume melting and boiling or spontaneous crystallization and condensation.

Historically, the theory of phase transformations of the 1st type of melting is based on two
fundamental sections of classical physics, thermodynamics and kinetics.

2.1. Thermodynamical approach

Thermodynamics is a macroscopic theory [20], which from the energy point of view,
considers the properties of macroscopic bodies in equilibrium. This allows to have a great
community for the conclusions of thermodynamics. However, thermodynamics does not
take into account the internal structure of the considered bodies and some of its conclusions
and regulations do not have physical clarity. One way to describe the equilibrium processes
in the equilibrium thermodynamics is a theory of thermodynamic potentials.

2.1.1. Phase equilibrium and phase transformations

The properties of a thermodynamic system are determined by thermodynamic parameters.
The energy state of a thermodynamic system in equilibrium is uniquely determined by the
parameters of the system. There is a unique relationship between the parameters of the
system, which is mathematically represented by the state function. From a mathematical
point of view, this means that the function has a total differential.

The basis of the method of thermodynamic potentials is just the possibility of introducing
the state functions for the equilibrium processes, with total differentials describing the
change in the state of a thermodynamic system.
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The main identity of thermodynamics of equilibrium processes is usually represented as
TdS =de +pdV or de =TdS—pdV (1)

Depending on the choice of the two independent parameters, one can introduce
thermodynamic potentials, which differentiation allows determining the other unknown
parameters of the state. In general, a thermodynamic potential may be a function of various
parameters. In this notation, the internal energy is given as a function of entropy and
volume: &= 8(S,V) . It is the function of the state and it has a total differential with respect
to its variables. The total differential de can be used to determine the temperature T and
pressure p . However, the usage of entropy S and volume V' as two independent variables
is inconvenient because they are difficult to control in experiment. It is more convenient to
use pressure p and temperature T as two independent variables.

After consecutive transformation of internal energy U first into enthalpy H=H (S,p)
H=¢e+pV, (2)

which total differential, taking into account the basic identity of thermodynamics has the
form

dH =de +pdV +Vdp =TdS + Vdp (3)
and then into Gibbs energy G = G(T,p) (Gibbs thermodynamic potential)
G=H-TS=e+pV-TS 4)

one can obtain the total differential of Gibbs energy, which with account of the basic identity
of thermodynamics (1), takes the form

dG =—SdT + Vdp (5)

It is convenient in the fact that the independent variables T and p are easily to modify and
to control in experiment.

After reaching the equilibrium state of the system, Gibbs potential takes its minimum value
and becomes constant: dG=0 . This allows to use the condition of minimum of the Gibbs
potential for the description of equilibrium states in which T =const and p = const .

Thermodynamic systems in equilibrium state do not necessarily have to be a homogeneous
medium. A system in equilibrium may be composed of several phases, different in their
physical and chemical properties, separated by the phase boundaries not changing over
time.

The multiphase thermodynamic systems are most simply described, components of which
are in equilibrium states, and there is no transfer of matter, energy and momentum through
interphase boundaries. In this case, such thermodynamic system is in equilibrium and
methods of equilibrium thermodynamics apply to describe it.
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Given that during phase transformations, each of the phases is a system with variable mass,
the notion of chemical potential ,u(p,T) is introduced into the thermodynamic description.
It is used to take into account not only exchange of energy but also the exchange of mass
(particles). To determine the chemical potential, the term which takes into account the
possibility of changing the number of particles in a homogeneous system (the same can be
done with the other potentials) is formally introduced into the expression for the
thermodynamic Gibbs potential:

dG =-SdT + Vdp + udN

dN determines the change of the number of particles in the system.

If the thermodynamic potential dG is given as a function of temperature and pressure, then

: 1 . oG
the value of the chemical potential is written as: u= (—j
ON ), r
The chemical potential can be written through other thermodynamical functions but in this
case it will be written in terms of other state parameters:

oG ou oH
“=\on) Slan ), Tlew ©)
p, T v.,s p.S
From the relation (6) it follows, that the chemical potential is a physical quantity that is

equal to the value of some thermodynamical potential (with constant certain parameters)
that is required to add to the system to change its number of particles by unity.

2.1.2. The conditions of equilibrium for two-phase single-component system

If macroscopic transport does not occur through the interphase boundaries, and the phases
themselves are in a state of thermodynamic equilibrium, such thermodynamic system, in
spite of its heterogeneity, will be in a state of thermodynamic equilibrium.

For the phase equilibrium in the one-component two-phase system, the following three
conditions must be fulfilled:

1. the condition of thermal equilibrium, that means the equality of temperatures at both

sides of the interphase boundary: T, =T,=T, g7

2. the condition of mechanical equilibrium, consisting of the equality of pressure at the
both sides of the interphase boundary: p, =p, =p eq 7

3. the condition of the equality of the Gibbs energy per particle, consisting of the
requirement of the absence of the macroscopic transfer of molecules (atoms) of this

material from one phase to another: (p,T)z U, (p,T)

In principle, we can use not the Gibbs energy, but any thermodynamic potential, which has
a minimum in equilibrium. It is not difficult to show the validity of these conditions. We
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shall use the total differential for the internal energy, taking into account changes in the
number of particles:

de =TdS—pdV + udN

We write this expression for each phase of the closed-loop system:

de, =T,dS, — p,dV, + 1,dN,
de, =T,dS, — p,dV, + u,dN,

The closedness of the system automatically gives the following equation:

de, =de,, dS,=dS,, dV,=-dV,, dN,=—dN,.

Consider an equilibrium two-phase system under some simplifying assumptions. Assume
that the phases do not change the volume and do not exchange particles, i.e. 4V, =4V, =0,
dN, =dN, =0. Combining the equations (7) for this case, we obtain the expression:
de, +de, =dS, (Tl _Tz) =0, which gives the condition of thermal equilibrium T, =T,=T,.
Assuming the constancy of the entropy and the number of particles in phases, i.e.
dS,=dS,=0,dN,;=dN, =0 we obtain the condition of mechanical equilibrium:

plzpzzpeq .

Given the conditions of thermal and mechanical equilibrium of (7) we obtain the equality of
chemical potentials in the different phases ,ul(p,T): U, ( p,T) . This equation can be solved
for the variables T and p and may represent the equilibrium curves of the two phases in
the form p, = p(Teq) or T, = T(p eq) . If we consider the boundary between liquid and solid,
the equilibrium melting curve is obtained T, = T(pm) .

When describing the interface between liquid and gas, the equilibrium vaporization curve is
obtained p,, = p(Tb) .

It should be noted that the processes at the interface are static in nature as in the case of
equilibrium of different phases and also during phase transitions. There is a constant
process of transition of particles from one phase to another at the interface. In equilibrium,
these opposing processes compensate each other, and during supply or withdrawal of heat
to one of the phases one of these processes begins to dominate leading to a change in the
amount of matter in various states of aggregation.

If the components of the thermodynamic system are not in equilibrium with each other, then
there are thermodynamic flows through their interface. This will be a process of
transformation of matter from one state to another, i.e. phase transformation. Assuming that
the occurring processes are quasi-static and the flows are small, one can use the methods of
equilibrium thermodynamics to describe such non-equilibrium system. In this case we
assume an infinitely small difference between the thermodynamic parameters in different
parts of the system.
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2.1.3. The driving force of phase transformations

In the process of phase transitions of the 1st type, a number of quantities undergo abrupt
changes at the interface, so in the following text in the thermodynamic equations, the sign of
the differential will be replace by the corresponding value of the difference dF = AF for the
temperature of the phase transition T, .

The driving force of phase transitions of the first type is determined by the difference of
Gibbs energy (or the magnitude of overheating/overcooling AT ) for two phases at the
interface, defined in (4) and (5) and can be written in two forms

AG=(g~&)+p,(V,-V,)-T, (S, ~S,)=Ae +p, AV ~T, AS (8)

AG =V Ap—SAT )

where Ap=p =Dy AT:T—Teq, Ae=¢g —-¢,, AV=V,-V,, AS=§ -5,

Equilibrium. In equilibrium, AG =0 and the equality (8) takes the form:
Ae+p, AV T, AS=AH-T, AS5=0

where the difference of enthalpy AH =Ag+p, AV, is known as the equilibrium latent heat
of transformation

L,=AH=T,AS. (10)

From equation (9) we can obtain the dependence of the equilibrium pressure P, on the
temperature T, , that is known as the curve of Clausius-Clapeyron:
Weg _Leg 1.

dT, T, AV

(11)

If one take as AV the difference of the volumes of vapor V,,, and condensed V, phases,

%4

then since Vmp >>V vapor ~ Vsolid =

sol

for ideal gas AV = —— one obtain the expression

dp, L,dT,
TR T2
peq R qu

After integration, we find the temperature dependence of the equilibrium vapor pressure
that is widely used for many materials:

v

RI|T

h
7 N\
S =

|
=
—

peq = pb exp[
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The vapor pressure of the material in equilibrium with solid or liquid phase is called the

saturated vapor pressure and with the notationp,, =p,,,, T,, =T, is usually written as

L(1 1
Psat =Py exp{?(f)—T_J] (12)

sur

where T, = is the temperature of the surface of the condensed phase, p,,T, are the
equilibrium values of pressure and the boiling point under normal conditions, L, is the
latent heat of evaporation, R is the gas constant.

As it follows from equation (9), at constant pressure, the difference of Gibbs energy AG is
linearly proportional to the overheating/ overcooling

L, AT
AG=-S-AT=-4 (13)

eq

In the future, assuming the difference of energy AG to be equal to the rate of the phase
transformation, one can obtain, that in the thermodynamic approach, the rate of conversion
at constant pressure for small deviations from equilibrium is linearly proportional to the
overheating / overcooling AT

v =KAT, (14)

where K is the constant of proportionality between the normal speed limits and its
overcooling. The constant K does not have any clear physical sense and is chosen
experimentally for each material. The dependence (14) by its form coincides with the well
known relation for the determination of the linear crystal growth rate obtained on the basis
of classical molecular-kinetic models in which the constant of proportionality is called the
kinetic coefficient [21]. The main application of the relation (14) and its various modification
[22, 23] is found in the description of different processes of melting - solidification.
Comparison with experiment showed that the equation (14) gives good agreement mainly at
small overcoolings [24, 25]. The kinetic coefficient K is the main parameter, characterizing
the mobility of the boundary crystal -melt. Despite the great importance of this
characteristic, there are only a few experiments to successfully measure the kinetic
coefficient in metals and alloys [26]. The main difficulties of experimental determination are
associated with the great complexity of measuring the overcooling at the solidification front.
Currently, the main approach to the determination of the quantitative evaluation and
qualitative understanding of the physics of the processes behind the coefficient K are the
methods of molecular dynamics [27] - [30].

2.2. Kinetic approach

The structure particles of matter are in continuous motion and appear in the main
provisions of the molecular-kinetic theory in which all processes are considered at the
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atomic or molecular level, the particles obey the Boltzmann statistics, and the speed of
processes is given by

R=Ryexp(-Q/kgT) (15)

where Q is the activation energy, k; is the Boltzmann's constant, k;T is the average
thermal energy for one atom, R, is the pre-exponential factor that affects the process rate.
The exponential term exp(—Q / kBT) is known as Boltzmann's factor, that determines the
part of atoms or molecules in the system that have the energy above Q at the temperature
T.

2.2.1. Melt kinetics

For the first time, the conditions of crystal growth from liquids were formulated by Wilson
[31], who suggested that the atoms have to overcome the diffusion barrier in order to make
the transition from liquid to solid phase. The rate of accession of atoms to the crystal lattice
is expressed by the relation analogous to (15)

R.(T)=avexp(-Q/k,T) (16)

where Q is the activation energy for overcoming the diffusion barrier, v is the frequency of
attempts of transitions, a is the atom diameter.

The rate of accession of atoms to the crystal was estimated in [31] using the diffusion
2
coefficient of liquid D:%VD exp(—Q / kBT), that allowed to estimate the velocity of the

crystallization front as

y 6D Ly AT
' a kT, T,

m

(17)

where AT=T,-T, , T, isthe temperature of the interphase boundary.

kT
3man

between the coefficients of

Later, Frenkel [32], using the Stokes-Einstein relation D =

diffusion D and viscosity 77 expressed the crystal growth rate in terms of viscosity

v, = Zk_l;TL_ME (18)
wa‘n RT, T,

The expressions (17), (18) allowed establishing a linear relationship between the rates of

crystal growth and overcooling. Wilson-Frenkel theory [31-33] contributed to a better

understanding of the microscopic processes associated with the growth of crystals from the

melt. A generalization of the obtained results allowed to obtain that, except for very large

deviations from equilibrium, where the homogeneous nucleation mechanism can dominate,
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the process of melting-solidification proceeds heterogeneously. The heterogeneous
nucleation mechanism involves the inclusion of the motion of the liquid-solid interface into
the consideration. The velocity of this interface v,,, as a function of the deviation from the
equilibrium melting temperature T is called the response function of the interface and is
the main value characterizing the processes of crystallization and melting. As with the
similar equation (14) obtained in the thermodynamic approach, the equations of Wilson-
Frenkel showed a good agreement with experiments for very small overcooling of the
boundary, i.e. for small deviations from equilibrium.

Theoretical studies of the velocity of the interface are based on some modifications and
generalizations of Wilson-Frenkel theory. Their meaning is reduced to taking into account
several factors, such as the latent heat of melting L, interatomic distance a, efficiency
coefficient f, showing the proportion of atoms that remain in the solid phase at the border
crossing. In the modifications [24,34,35], it was considered that the crystal has always lower
enthalpy than the melt. This is the amount of energy needed for atoms of the crystal to make
the transition from crystal to melt. Escape rate of atoms of the crystal followed by the
addition to the active points of the liquid, contains this energy difference in the form of the
Boltzmann factor exp(—Lm / kBTsZ)

Rm(Ts/z) =G exp(—Q/kBTsz) eXP(_Lm /kBTsé) (19)

The rate of the reverse flow of atoms into the crystal from the melt depends only on the
diffusion process in liquid

R, (Ts/) =C, exp(—Q / kBTsf) (20)
where C,, C, are some constants that should be determined.

In the equilibrium point T,, =T, , the rates Rm(Tm) and RC(T ) are equal, which gives

m

Cl eXp(_Q/kBTm) exp<_Lm/kBTm) :C2 exp(_Q/kBTm) 4 and Cl :CZ eXp(Lm /kBTm) :

The velocity of the interphase boundary v,, is equal to the difference of the rates R_ (T) n
R,(T)

Us((Tsé): Rc<Tsz>_Rm(Tsf)=Czexp<_Q/kBTs@)_Clexp( —Q/k TS/>€Xp =L, kg T

:exp(_Q/kBTsﬁ)I:CZ_CleXp<_Lm /kBTsﬁ):|:C2eXp( —Q/k Ts/){l exp[ P }— (21)

=C, exp(—Q/kBTS[)ll—exp[i_m[TT;TjJ] C exp( Q/k TS/){l exp{ }
B st

AT =T, -T , for overheating AT >0, for overcooling AT <0.

The constant C, is associated with other physical constants using the following relation:
C, =afv . The studies have shown that the resulting equation (21) well predicts the velocity
of the melting-solidification front of silicon [36] in a fairly wide temperature range.
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The problems of melting-crystallization of monatomic metals in the modes of rapid heating/
cooling, typical of ultra-short laser irradiation, use a different expression for the velocity v,, .
It is based on the assumption [37, 38], that crystallization of single-atom metals, (that are
characterized by high velocities v,, =50+100 m/c [35, 39]) is not diffusion-limited, but is
limited only by the collision frequency during transition from liquid to crystal surface. The
modification of the equation (21) consists of replacement of the diffusion term with the

thermal velocity v, = (3kBT / m)l/2 . The velocity of interphase boundary v,, is written as:

vsg(m%(%@/m)”{l—exp[i—:[i—fm=C-(ng)”{1—exp(i—:[§—fm 22

where C = %(%B / m)l/2 , A is the mean free path, m is the atomic mass.

Thus, the kinetic approach allows us to obtain an expression for the response function
vs[(ng) without fitting coefficients and suitable for a wide range of
overheating/overcooling. The kinetic dependence (22) is asymmetric for the processes of
melting and solidification. However, large deviations from equilibrium require additional
modification of the kinetic dependences (21) (22), because they do not take into account the
dynamic effects associated with the occurrence of high pressures generated by the high
velocity of propagation of phase fronts.

2.2.2. Kinetics of vapor

One of the key processes in the zone of laser irradiation is the transition of condensed matter
to the gaseous state. Evaporation process is characterized by high power consumption and
large increase in the specific volume of the substance.

Investigation of evaporation process began in the 19% century [40, 41] and continues to this
day [42 -]. This fact is defined by practical importance and not fully clarified features of non-
equilibrium behavior of matter when it evaporates.

2.2.2.1. The simplest model of kinetics of evaporation in vacuum

The thermodynamic relation (9) gives that at a constant temperature the difference between
the Gibbs energy between the two phases, one of which is an ideal gas, is linearly
proportional to the pressure difference:
AG=VAp= kBT% (23)
p

On the basis of the formula (23), it can be assumed that the rate of phase transformation at
constant temperature should be linearly proportional to the pressure difference:

V=1, & (24)
p
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The simplest model for the growth kinetics of vapor phase was developed by Hertz [40] and
Knudsen [41] about 100 years ago. Its formulation is qualitatively the same as the
thermodynamic model (23), (24)

=i =i = | P P
" " " \/Zﬂ'ka \/Tsur ﬁ

(25)

where j,  is non-equilibrium flow of atoms at the surface of evaporation, j, is the flux of

atoms that collide with the surface under the assumption that the adhesion coefficient is 1.
Formally, this flow can be determined using the relation connecting the vapor pressure with

the equilibrium particle flux directed to the condensed surface: p =,/27 mvj,_ , where v is

/2k T . .
the average velocity in one direction, v= B~ , what gives j~ =— P __ Since the
m

nature of the flux ],(n_) remained undetermined and the values of T and correspondingly p

unknown, then during the formulation of the boundary conditions in the problem of
evaporation into vacuum it is supposed [20, p.281] to use a single-term version of the Hertz-
Knudsen formula to determine the evaporation rate:

-+ psut (26)

jmz]mz (271'ka " 4

that takes into account the connection between the pressure of saturated vapor p_, and flux
of evaporated atoms at the surface temperature T, . The equilibrium vapor pressure p_,

sur
depends on the temperature T, as it is shown in the equation (12).

However, the representation of the process of surface evaporation in the form of a simple
model, which does not take into account the reverse influence of evaporated atoms, does not
remove the internal contradictions inherent in the model of Hertz - Knudsen. Let us write
the expressions for the fluxes of momentum and j, and energy j, of the particles, moving

away from the evaporation surface

p<V2>=i" 4= = p RT +pu?

i i

> (+) ) u’ ,
p<VV_>=j"+7], =], :Pu”(7+cpTv]
It is easy to see that these fluxes, which completely describe this one-dimensional flow, are
impossible to be characterized by any temperature. If we equate these fluxes to the
corresponding thermodynamic expressions containing the velocity, temperature and
density and find these values, we will see that the system of equations has two distinct
complex solutions, which have no physical meaning.
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The ambiguity of the solution for real values of the thermodynamic parameters is associated
with the possibility of discontinuous solutions of the type of shock wave. The complexity of
the solution in this case is due to the thermodynamic non-equilibrium of the evaporation
flow of Hertz-Knudsen, which can not be described in terms of thermodynamic concepts.
When taking into account collisions in the non-equilibrium layer, the evaporative flux is
thermalized, but the temperature on the outer side of this layer no longer coincides with the
surface temperature.

2.2.2.2. Approximation of the Knudsen layer

Intense surface evaporation is essentially non-equilibrium process. In addition to the
thermodynamic equilibrium, this process also has a gas-kinetic non-equilibrium in a thin
(Knudsen) layer of vapor, directly adjacent to the interface. Gas-kinetic non-equilibrium is
due to the flow of material through the phase boundary. The mass flow increases with the
growth of the evaporation rate and, consequently, the degree of non-equilibrium of the
process increases. From the physical considerations, the maximum velocity of material flow
on the outside of the Knudsen layer is limited to the local speed of sound
usug,, .= (}/RTD)U2 ,or M=u/ug, ,<1, where u is the gas-dynamic velocity, M is the
Mach number. The maximum deviation from equilibrium is determined by the maximum
value of mass flow, which is known to be achieved at M =1.

Under the conditions of phase equilibrium, when the saturated vapor pressure p_, is equal
to the external pressure, the flow of vaporized material is balanced by the return flow of
particles and the total mass flux through the boundary is zero. The distribution of particle
velocities in vapor is in equilibrium and can be described by the Maxwell function with zero
average velocity. In cases where the vapor pressure above the surface is less than the
saturated vapor pressure, in the system condensed matter-vapor, the directed movement is
formed with u >0 and is characterized by non-zero material flow through the phase
boundary. The decreasing reverse flow leads to a deviation from the equilibrium in the
distribution of the particles. The magnitude of the flux of returning particles decreases with
the increase of the rate of evaporation, and the distribution function at the evaporation
surface becomes increasingly different from Maxwellian one.

In general, the non-equilibrium distribution function is found by solving the Boltzmann
equation in a region with a characteristic size of a few mean free paths. This area is adjacent
to the evaporation surface, where the kinetic boundary conditions are set, taking into
account the interaction of individual particles with the interface. Similar problem was
solved by various methods in many studies, taking into account, in particular, the
differences from unity and variability of the coefficient of condensation, which determines
the probability of attachment of the particle in its collision with the evaporation surface.
(See, for example. [42 - 46]).

Methods of non-equilibrium thermodynamics are used to describe the evaporation process
together with other approximate phenomenological approaches [47 -52]. A more general
and fundamental approach is to use molecular dynamics method, which was used in [53, 54]
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to analyze the evaporation process. A recent review on the issue of non-equilibrium
boundary conditions at the liquid-vapor boundary is given in [55].

For the equations of continuum mechanics, thin Knudsen layer is a gas-dynamic
discontinuity. The knowledge of the relations at this break, connecting the parameters of the
condensed medium and the evaporated material, is needed to deal with the full gas-
hydrodynamic problem that arises, for example, during the description of laser ablation,
taking into account the variability of the Mach number and instability of the evaporation
front [56]. The use of kinetic approaches, which explicitly consider the structure of the
Knudsen layer, in such cases is difficult because of the emerging problem of significant
difference of space-time scales. The solution of these problems is associated with the
additional computational difficulties and is not always possible. Therefore, usually another
approach is used that allows to determine the matching conditions with certain assumptions
about the form of the non-equilibrium distribution function inside the break [57 - 60]
without solving the kinetic problem. Approximation of the distribution function in the
Knudsen layer was carried out in different models. But to obtain physically reasonable
boundary conditions it is necessary to formulate criteria which these conditions must meet.
In addition, attention is paid to the peculiarities of the behavior of the fluxes of mass,
momentum and energy as the Mach number tends to unity that allows to use the
requirement of extremum of total fluxes of mass j,,, momentum j; and energy j, as one of
the criteria for M =1

"B" -model. In "A" — model [61, 62], a compound distribution function is used to describe
one- d1mens1or1al non equilibrium flow of partlcles on the inner side of the planar Knudsen
layer: f= f " f . Here, the dlstrlbutlon f ) for particles, flying out of the surface is
given as a Maxwell-shaped function f =f ( psat,Tsm,O) with density of saturated vapor
P, for the surface temperature T, . The distribution f'’ characterizes the flow of
particles returmng to the surface and is supposed to be proportional to a “shifted” Maxwell
function f 7 =f(p, T, u) with density p,, temperature T, and mean velocity u steady

flow of vapor on the out51de of the Knudsen layer:
f(+):f(psat’Tsur’0) Vz>0

2
3/2 2 2 2
n V2 +V]+(V2-u)
27k,T, P

V. <0
2kgT,

O = f(p, T, u)= /{

The flows of mass, momentum and energy j, = j,(:) + j,(c_), k=m,i,e calculated using
f (+), f ) must be equal to their gas-dynamic values j, that are determined by function f :

p<V.>=i)+ i) =) = pu

m

p<V2>=i" == p RT + p 2 27)

i [

2
. (= . u
p< V2Vz >:]£+) +]£ ) =Je :pvu(7+CPTvJ'
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where C, =Lk8 is the vapor heat capacity per particle at constant pressure, for single-

y+1
atom gas 7/=§. From the solution of equations (27), it is possible to obtain gas-dynamic

conditions on the break, allowing to determine the magnitude of p,, T, u f in terms of

Pyir T, and M. The calculations showed that total fluxes j , j, j, have extrema

depending on M at M =0.88, 1.18, 1.22 correspondingly.

Thus, the requirement of the extrema of all flows in the selected point M =1 in the model
[61,62] does not met, that can serve as evidence of a bad choice of the distribution function

f

"e-0" - model. The drawbacks of the “ #” — model can be eliminated by selection of a
more general form of the distribution function for the reverse flow of particles f ) [63]:

fI=Bfraf a+p=1
All 3 flows .. will have extrema atM =1, if the function f, is set to be equal to
H=f ( p1/T1f”1) , where the values of p,,T;,u, are written in terms p_,, T, ,p,, T, using
additional fitting parameters £ and ¢

P T = ep T2+ (1= €)1,

sur

p T =T 2 +(1-£)T),

sur

W = 5M(7RT1)1/2 =4 Tl/Tv)l/Z“

For example, at £¢=0.70 and 6=0.32 all three flows j,_ will have extrema at M =1 with
values j =0.853,j.=0.557,j,=0.892. It is clear, that this version of selection of fittings
coefficients is not the only one.

"a"- model. It is possible to suggest another phenomenological model [63], where strict
localization of extrema f(M = 1) is achieved without usage of fitting coefficients for such
distribution function f = , that do not depend on gas-dynamic values. An example of such

function is function

f(_) = 0(7f0 (psat’a2'1;ur) 4

It takes into account the decrease of temperature Ta=a2TW of the reverse flow of

particles as compared to the surface temperature T, . Due to this change of T, the ratio
of the normalized fluxes j,/j, ceases to be a constant and takes the form (1 - )(1 - 0(10)
, which ensures that the correct limiting value is equal to 1.25 in the equilibrium case for
o =1. The equation for «, that is obtained from the equity of fluxes (27) has a relatively

simple form:
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(1-0*)(1-2") i 2 PM?|(7-1)M* +2]

(1—0;9)2 8 (;/—1)(1+;/M2)2

(28)

The right-hand side of the equation (28) has a maximum at M =1, that determines
localization of the extrema of & and j, . The values of j, (M = 1) are equal correspondingly
to j, =0.85,7.=0.56,j,=0.90.

Modified Crout model. The property of localization of the flows ]k(M = 1) also present in
the model suggested by D. Crout [57]. It uses non-equilibrium function of distribution of
particles, written in analytical form with temperature that is anisotropic by directions: T;
and T;.

3 1/2

2
IR . . B (u—uy) 2 w?
f(p,TL,TT,u,v,w) =<p hTm3 (ZkBTL) (ZkBTT) exp| —m 2T, + oK, + 26,T,

where T, is the lateral temperature along x axis, T, is the transversal temperature along y,z
axis; u,v, are the components of the velocity vector along corresponding axes x,y,z, uo is
the drift velocity.

The modification of the Crout model [64] consists of explicit introduction of the Mach
number into the main relations that allows to obtain:

Tv = aT(M)Tsur’ Py = ap(M)psat’ (29)
2;/1\/12(;712 +0.5)2 1 (1+}/M2)m2
o (M) = 5 , 0y(M)= 72 ' 2
(1+7M?) exp(—m? )+ 7"2m(1+ erf (m)) yM? (m* +0.5)

The value of m is determined from non-linear equation

F(M)(m2 +o.5)2 : mz(mz +a+1.5) =0, (30)
2
where F(M)=1 +ﬂ_l2 oa=2t> —0.572"%mt -1,.
(rm?-1)
_ 2m 1+erf(m)

2%
t (m))/ erf(m)zﬁge dy.

o exp(—m2)+7z'1/2m(l+erf
For M=1: T, =0,633T, ,6 p,=0,328p_. . p,=0208p,,,

M=0: Tuszur’ pvzpsgtl puzpsut'
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For the numerical solution of the nonlinear equation (30), one can use the Newton's iterative
procedure. All fluxes j, ,j;,j, have extrema at M=1. Calculations using an anisotropic non-
equilibrium particle distribution function give the corresponding extreme values of the
fluxes: j, =0.84,j.=0.55,j, =0.88.

The calculations show that specific choice of the model has relatively little effect on the
magnitude of the momentum flux jz, but significantly affects the flux of mass j,, and ene FY
j,. Fig.1 shows the dependencies of the ratio of the normalized fluxes J;/j, = j, ]1 / T3
on M for all discussed models. From the comparison of the extreme values of the fluxes
Tk (M = 1) and behavior of the curves j,, (M), Je (M ) it follows, that due to bad choice of f,
the less favorable for the description of evaporation kinetics is " 3" — model.

1.24

1.19

Js/hi 1.14-;
3 4
1.09§
3 3
! *——— 2
1. 04- !

0.00 020 0.40 0.60 0.80 1.00
Mach number, M

Figure 1. Dependency of the normalized ratio of energy and mass fluxes j, / J; on Mach number for
different models: 1 — “&-0”-model, 2 — Crout model, 3 - “ar”-model, 4 — “f”-model (Knight).

Table 1 for all models shows numerical values of p, and T, (normalized by p , and T,
correspondingly) depending on the Mach number that changes from zero to unity.
Comparative analysis of tabular data, as well as the behavior of the curves j, ,j,, show a
marked difference of the values of p, and T , obtained using " A" model, from the values,
obtained using other models. The values of p, turned out to be underestimated, and T,
overestimated as compared to their real values at the outer side of the Knuden layer.

“B”-model (Knight) “e-0"-model “a”-model Crout model
M T N T N T n T n
0.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.1 0.960 0.861 0.958 0.864 0.960 0.869 0.953 0.861
0.2 0.922 0.748 0.916 0.753 0.920 0.758 0.910 0.749
0.3 0.866 0.654 0.876 0.662 0.881 0.666 0.870 0.658
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“B”-model (Knight) “e-0”-model “a”-model Crout model

M T N T N T n T n

0.4 0.851 0.576 0.837 0.587 0.844 0.588 0.833 0.582
0.5 0.817 0.511 0.799 0.525 0.808 0.524 0.798 0.519
0.6 0.785 0.457 0.763 0.472 0.773 0.470 0.763 0.466
0.7 0.754 0.410 0.727 0.428 0.740 0.424 0.730 0.421
0.8 0.724 0.371 0.693 0.391 0.705 0.386 0.697 0.384
0.9 0.696 0.337 0.660 0.360 0.672 0.355 0.665 0.352
1.0 0.669 0.308 0.628 0.333 0.640 0.328 0.633 0.326

Table 1. Normalized values p, and T, depending on the Mach number for different models

The modified Crout model, "¢ -¢" — model, "a" — model fulfill the requirement of the
extremum of the flows j, at M =1. The difference of the results that were obtained using
these models does not exceed 1.5%. Any of these models can be used to describe the kinetics
of the process of non-equilibrium surface evaporation.

2.3. Conclusions

The performed brief analysis of the kinetics of phase transitions is an introduction to the
construction of the models that combine mathematical description of kinetics of high-speed
phase transformations with dynamics of the macro-processes (heat and mass transfer) under
conditions of a strong deviation from local thermodynamic equilibrium that are typical for
ultra-short super-power laser action on metals.

3. Thermodynamic and thermo-physical properties of phonon and
electron Fermi gas

Determination of physical characteristics of a medium, including equations of state under
conditions of local thermodynamic equilibrium can be carried out either experimentally
orby means of calculation using distribution functions-a Maxwell-Boltzmann
function for ideal gas and ideal plasma and Fermi one for degenerate electron gas, and for
the phonongas - Bose function.In case of violation ofthe conditions
of local thermodynamic equilibrium distribution functions are determined by solving the
classical kinetic Boltzmann equation or quantum-kinetic equations. The presence
of distribution functionis just the required minimum of information that can be used
to describe nonequilibrium processes with reasonable accuracy.

The influence of ultrashort high-energy laser on a strongly absorbing media (metals,
semiconductors) is in a very short temporal and spatial scales and leads to disturbance of their
general local-thermodynamic equilibrium. Irradiated targets in these conditions are presented
in the form of two subsystems - electron and phonon each of which is in local thermodynamic
equilibrium and are characterized by their temperatures and equations of state. As a
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consequence, all processes are described in the two-temperature approximation [65], [66]. The
target at pico- and femtosecond influence may be heated to very high temperatures and
pressures at which the thermal and mechanical properties of matter are not known in general.
One of the most important problems for the mathematical modeling is the necessity to
determine thermophysical, optical and thermodynamic properties in a wide (tens and
hundreds of electronvolts) temperature and frequency ranges for each of the subsystems.

3.1. Electron subsystem

The most important thermophysical and thermodynamic characteristics of the electron
Fermi gas within the scope of heat-conducting mechanism of energy transfer are: heat
capacity C,, thermal diffusivity y, and thermal conductivity A,. For its determination
using fundamental physical quantities, which include the electron mean free paths [, I,
and the characteristic times (frequency) of interaction for two scattering mechanisms: the

ee’

electron-electron 7,, and electron-phononz,,, .

3.1.1. Fermi-Dirac integral and its approximation

For a quantitative description of electrical, thermodynamic and thermophysical properties
of degenerate electron gas with distribution function

1
fe: £ _,U 4
——1+1
exp( = ]

widely used Fermi-Dirac functions F, +l/2(,u(Te)/T€) expressed in terms of integrals of the

@31

form

k+1/2
=\ kgT, kT, ) T EFMVE
Fnp((T)/T) = [P = | : (32)
0 exp|—¢ i O exp S
kBT;: kBTe

where T,, &, - temperature and energy of electron, 4(T,) - chemical potential, #(0)=¢, -

Fermi energy.

In the future, the Fermi integrals will be represented as a function of dimensionless energy
of the chemical potential:

o Ek+1/2dE

Oexp(E—n)-i-l’ (33)

Fip12(m) =

where E=¢, / kT, , n(T,)= ﬂ(Te)/ kT, - dimensionless energy and chemical potential of
electrons.
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oo 1/2
The integral of form F ,(17)= _ EE is used to determine the electron density
1z 0exp(E—77)+1
T T s(E)dE 7
N,=|g(E)f(E)dE= =|F(E)dE,
= [ale) ey =[BRS = Tr(r)
12, 3/2
where g(E)=22—m;_13(kBTe)g/2 EY/? =8 ~(kBTe)3/2 EY? is a density of states,
P2
1/2
F(E)=¢g(E)f (E)—go<kBTe)3/2 exp(g—n)+ is distribution function of the free electron
o1/2,.3/2
energy, g, =W . Then
527 EYdE 2 3p 3/2
N, =8 (ksT,) W=g0581? =8y (kgT,)" " Fyya() (34)
0

From the known distribution function of particle energy F (E), using the ratio
[x(E)F(E)dE
>0

TP(E)dE

be found. Since the average energy of the electron gas is defined as the ratio of Fermi
integrals

< x(E ) the average value of any physical quantity depends on energy can

r T E¥%4E
[E-F(E)dE [
E - 1
<8€ >= 0 :(kBTe) oooexp( 1/2 77)+ :(kBTe) F3/2(77) . (35)
JP(E)dE J~ E'“dE Fl/z(n)
0 Oexp(E—n)—i—l

Similarly, we can determine the other physical quantities of the electron gas.

The chemical potential u#(T,) depends on the temperature, so the Fermi integrals can be

kpT

conveniently represented as a function of dimensionless temperature &=-2-¢_ In [67] for
€r

the integrals of the form (33) has been proposed convenient approximation, which allows to

express the integrals F_,,,(§) through the transcendental gamma-functions F(k +1/ 2) and

the dimensionless temperature ¢ :

k/2
Fepa(§) =A™ 2[1+ (B/ 5)2} : (36)
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3
where A=%F(k+2)

functions. Equation (36) has correct asymptotics at £ -0 and & — oo

~1/k
, B:[A(k+%)} coefficients expressed in terms of gamma-

Fk+1/2(77)zl/§k+3/2(k+3/2), E50

2T(k+3/2) 1

Fk+1/2(77)z5 1_,(3/2) gs/z 5%00 :

The integral of k=1/2 order can easily be determined from the expression (34):

2 1
F1/2(§)=§ﬁ-

The most frequently used Fermi integrals that are expressed through (36) have the form:

) 5 1/2
2 J—
4 5_1/2 [g ' 5 } 5 3/2 2 7/2
Fl/z(é)zg[ﬁ/ F;,(8) = e , F5/2(§)={E§_/ +;f_/ } (37)
§2+]
9

The maximum error compared with the exact solution [68] for integrals at k=—-1 and k=1
does not exceed 8%, but increases slightly with increasing of k.

Approximation (36) allows to obtain simple analytical expressions for the physical
quantities of the electron gas at arbitrary temperatures.

3.1.2. Equations of state

Using the approximating expressions (36) and (37) equations of state for degenerate electron
gas can be written as simple analytical expressions at arbitrary temperatures. Since the
average electron energy <&, > and its pressure can be represented as

F
<g, >= TEFB’—/Z:E.&‘F(fZ +0.16)"2, (38)
1/2 2
2 2 F) 2 1/2
P nge <€, >=_N6Te—:Ne‘S‘F(§ +016) , (39)

1/2

3.1.3. Electron heat capacity C,(T,)

The expression for the heat capacity of the electron gas C, (T, )= i(N . <£e>> can be obtained

oT
from the relations
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0 877 3 Pl/Z Ne 5 9
%FkH/Z =(k+1/2>Fk—1/2' 8_T=?F_1/2 / Ce(Te):?/z EF3/2_EF—1/2 .

Using the approximating expressions (37), heat capacity of electron gas can be represented
with an error not exceeding 5% as the following function

3 NJKT[K
C(TE 3 ol [ K] T (40)
2
Tf+{3€1°2 ] 2
T

where N, =zN_, z - the number of valence electrons, N. - the concentration of atoms (ions)

of lattice.

The resulting expression gives the classical linear dependence of heat capacity of a
degenerate electron gas vs. temperature [69] in low temperature region T, <<g&p,
72 k3TN

C, = ¢ and constant value at T, >> &, equal to heat capacity of gas with Maxwell

2 &
distribution C, =3/2k;N, . Dependences for copper and aluminum are shown in Fig. 2.

10‘:, 4 saaial 4 aaal PR | L e

-

o
©

2l
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=y

10° 10 10° 10°
Te[K]

Figure 2. Temperature dependence of electron heat capacity C,(T,) .

3.1.4. The thermal diffusivity of a degenerate electron gas y, .

The thermal diffusivity of electron gas is proportional to the product of the mean free path I

and average velocity of the electron <v, >:

e e

;(e=%l <v, >, (41)
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In metals electron mean free path due to several mechanisms: pair of electron-electron
collisions, electron-phonon collisions and scattering by plasmons.

Electron-electron collisions dominate at temperatures comparable to the Fermi energy
T,/ep =1. Electron-phonon interaction is dominant at low temperatures T,/e; <<1. The
interaction associated with the excitation of plasmons occurs at high temperatures,
exceeding the plasma frequency energy T, >#hw, (ho, =10-20eV). Taking into account
high temperature region of occurrence and limitation of experimental data about reducing
of the mean free path of electrons due to plasmon excitation (it is known only for some
metals), electron scattering by plasmons will not be considered.

3.1.4.1. The electron-electron thermal diffusivity y,,(1,)

The mean free path of an electron in pair electron-electron collisions [,, is determined from
the known gas-dynamic formula

1
lee:NG 4
e ee

(42)

where o, - scattering cross section with energy Ae transfer for electrons with energies
£, & . The cross section o, is expressed through the transport cross section of the collision
of two isolated electrons o}, and Fermi integrals F 2s Fyjp - In turn, the transport cross
section of collision of two isolated electrons o}, in a field of screened Coulomb potential
u =e—exp —% is expressed through the differential scattering cross section do
detertrnined in the Born approximation [70, p.560]. The final cross sections will be written in

form

t
In(t+1)-
th=2_ﬁ(i]4/324/3ﬁ{ (1+1) (HlJ
“” 9 |9r o (&+016)
(43)

) g{m(m)_(til)]

4/3
vl Bap | _2x( 4 437
O =04 a4 | o z ) > >
2, 9 97 g (f +%)(é‘ +O.16)

O 43 T 4 12 n?
where t=4(k)2d*=| 2= | Z/3B. (gz +o.16)- E+2|| , r,=——==0529 10%m — Bohr
4 r 9 me?

1/3
radius, r :[ J - the average distance between atoms, e - the electron charge, d — field

47N,

2
acting radius (Debye) U = e—exp(—gj .
r
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At low temperatures T, <<é&,, the effective cross section o, is small and amounts to

2
_ tr é:
ee_o-ee(52+4/9)

when the degeneracy is passed and the electron-electron collisions with large energy

2
T . . . .
:O'Z (—e . Maximum of cross section is achieved at T, >¢., Fig.3,
£
F

transfer become possible. At very high temperatures T, >>¢&. cross section becomes the
Coulomb one, Fig.3, and decreases logarithmically. The mean free path of electrons [, is
determined by the formula (42):

- -1

2lln _ !
1 N.z_;z(4]4’3z4/3ﬁ§{ (t+1) (t+1)}

R OO e »

9

1_/3 2 -1
o) o 0015
7o\97) r*z°N, & 1+t
Calculations indicate that the mean free path for Al and Cu change in a wide range (~102+

107) cm and have a minimum at T, = &;..

The average thermal velocity of electron <wv, > is expressed through its average energy

<E,>:

1/2 1/2 1/2 1/3 _1/3
3 1/2 1/4
<V, >= £<ge >| = i(fz +0.16) _(3 o Z—i(fz +0.16) , (45)
m m 2 4 rom

e

Taking into account (44) and (45) electronic thermal diffusivity y, takes the form:

1 12(4Y°1 1 @ ¢ T (3P o\
Xow==l <v,>=—"|—| = — | In(1+t)-—| |=| |=
3 372\ 9 72 zl/?’Nu ng 1+t 2 4

, (46

3

= X 'q)gg(é:)

rom,

-ﬁi(g‘%om)“— 2?4 n 2 (£+016)"
| Smm, & 1r1(1+t‘)—L
1+t

(£ +0.16)"
& {ln(l + t) b

1+t

2 4 h cm?
= = =———=0402, —|.
#o 337mm, { s }

where @, (£) = } is dimensionless function,
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Fig. 4 shows the temperature dependence of y,(T,) for Al and Cu. Temperature
dependence of electron-electron thermal diffusivity 4y, (T,) of both metals has a deep
minimum at T, =&, . Its value reaches ~ 20+30 [cm?/s], Fig.4. At removal of degeneracy,
when T, >¢g; the thermal diffusivity increases due to decreasing of the effective cross

section o,, . With further increase of temperature T, >> ¢, the thermal diffusivity continues

to increase and its dependence y,, ~ &% Iné? coincides with temperature dependence of

thermal diffusivity of Maxwell electron plasma. At low temperature T, << &, dependence of
thermal diffusivity is inversely proportional to square of temperature y,, ~Te_2. Strong

2
growth of y,,(T,) with decreasing of T, leads to the fact that y, reach (1—5)-10Sﬂ
s
values which is 3-4 orders higher than the actual electron thermal diffusivity of metals at
room temperatures. Thus, the resulting expression (46) is a good approximation only for

high temperatures. Under normal conditions (T, ~300K ) it is necessary to consider the

scattering of electrons of metals by phonons to determine thermal diffusivity, this
interaction is dominant at low temperatures.

10°
10-17'-'
NE ,To-m
S,
>
. 10.19
1074
10% i T T L TR T
10° 10° 10° 10°
To K]

Figure 3. Temperature dependences of electron-electron scattering cross section o,,(T}) .

3.1.4.2. The electron-phonon thermal diffusivity

The mean free path, defined by electron-phonon interaction is described by the
assumption of elastic scattering of conduction electrons of metal on lattice oscillations. To
determine it is convenient to use the phenomenological approach [70], in which the
crystal is considered as an elastic continuum. Lattice oscillations at the same time
considered as a wave of elastic deformations. To simplify the density fluctuations are
presented as deviations of each atom (ion) from the average, which square of amplitude is
directly proportional to temperature T, . According to the macroscopic theory of
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elasticity we can obtain an expression for the mean free path, expressed in terms of
macroscopic quantities [71] by expressing the force tending to return the atom (ion) to the
equilibrium state through the Young's modulus E:

E-r

YA — 47
o NekBTph ( )

2
Lee [em/s]

Te Kl

Figure 4. Temperature dependence of electron-electron thermal diffusivity y,,(T,).
From the expression (47) it follows that / eph 1 inversely proportional to the lattice
temperature Tph in electron-phonon interaction.

During melting of a metal the number of collectivized electrons remains practically
unchanged. The modulus of elasticity is only one value (excluding the jump in specific
volume, which usually does not exceed 10%) that changes. The melting of most metals is
accompanied by decrease in elastic modulus by 2-3 times [72]. This decrease causes a
corresponding increase in density fluctuation and, consequently, an abrupt decrease in the
mean free path /,,, :

E-r
! =—-- , 48
( eph )k ZNakBTph ] ( )

where k=s,] subscripts denoting membership in the solid and liquid phases, respectively,

1/3
r= IS 0.6204N-'"3 is a distance between the atoms. From below [, is limited by
4:” N a Eph

a

Bohr diameter value. The mean free path of electrons taking into account the scattering by
phonons , calculated for aluminum and copper from the relation (48) showed that,
compared with the mean free path of the electron-electron scattering values for both metals
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decreased by several orders of magnitude: for the high-temperature region of 1.5 + 2 orders
of magnitude, while at low temperatures for 4 + 5 orders of magnitude.

The thermal diffusivity g,,(T,,T,), defined by the mechanism in electron-phonon
interaction is calculated by the formula:

(Zeph (TE’TPh))k 1 (% Eopn (Tph) <,(T,) >Jk 4 (49)

Dependences %, (TE,TP) for Al and Cu calculated from (49) at T, =T, are shown in Fig.5.
The calculations show that at room temperature values of the electron thermal diffusivity
Xoph 7 for both materials are 3-4 orders of magnitude less than the thermal diffusivity y,,
and reach values of 10? cm?/s typical for metals under normal conditions. Under equilibrium
conditions with temperature Tph increasing, thermal diffusivity Koph 7 undergoing break at
the phase transition decreases rapidly to a value of ~ 1 cm?/s at a temperature of ~ 5 000K.
Function ,,, (Teer) increase by several orders of magnitude with electron temperature

increase.
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Figure 5. Temperature dependences of thermal diffusivity ,(eph(Te,Tph) for Al and Cu with fixed

T=T=T,.

3.1.4.3. The resulting thermal diffusivity of electron Fermi gas y, (T6,Tph)

Calculations have shown that taking into account only a pair electron-electron collisions
leads to a strong (by several orders of magnitude) overestimation of the thermal diffusivity
of the electron gas at low temperatures T, << ¢, . Accounting for electron-phonon collisions
gives a more realistic values of y,(T,) at low temperatures.

By averaging mean free paths 7, / g WE obtain an expression for resulting thermal
diffusivity, at arbitrary temperature
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Leole ! s
(Ze (TelTph))k =(—Zee +;:;h Jk :(5 fe <Ue >]k =< Ue 3(6%—4_2};)}1) P (50)
k=s,l

Fig.6 shows temperature dependences of total electron thermal diffusivity y,(T,,T,,) for Al
and Cu in equilibrium Te = T).

3.1.5. The thermal conductivity of the electron gas

According to elementary kinetic theory, the thermal conductivity of the gas is

(ﬂg(TE,Tph))k = (%c (T, T,)<v, >]k =(c, ZE(TE,Tph))k, {%} (51)

Thus, the thermal conductivity 4, can be determined through the heat capacity C. and
averaged thermal diffusivity of electron gas %, (Te,Tph) . The temperature dependences of 4,
for Al and Cu calculated for the equilibrium case when T, =T,, are shown in Fig.6. In
accordance with the results, the equilibrium electron thermal conductivity ﬁe(R,Tph) at
temperatures not exceeding the boiling temperature of the equilibrium is practically
independent of temperature. In high temperature region T,6>1eV thermal conductivity
increases rapidly due to the dominance of electron-electron scattering. It is natural that in
this region the thermal conductivity of the electron gas depends on electron density and 4,
increases with increasing of electron concentration. For this reason, electron thermal
conductivity of aluminum is higher than the same one of copper at the high-temperature. In
low temperature region where electron-phonon interaction is dominated, the ratio is
inverse. Because of the greater mean free path /,,,, electron thermal conductivity of copper
is higher than that of aluminum.

10" 1

re(Toh Te)Wiemk]

TK

Figure 6. Temperature dependence of total electron thermal conductivity /’LE(TE,Tph) .
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3.2. Phonon gas
3.2.1. Heat capacity of phonons

The main consequence of the existence of lattice oscillations is the possibility of its thermal
excitation, which is appeared as a contribution to the heat capacity of solid.

Taking into account the process of melting, heat capacity of phonon gas can be written as
[69], [73]:

3k,N,,,  k=sl,  T>T,

— —— ; }

C. = 4 T ) ,{ (52)

phk =) 127 Nk,{ ph] , T<T, m’K
5 BT,

T, is a Debye temperature.

3.2.2. The thermal diffusivity of phonon gas x,,

Phonons are considered as a gas of particles. From elementary kinetic theory, thermal
diffusivity of a gas is given by

L, (53)

Ve ph = ph “sound

3
where £, - phonon mean free path. It is assumed that the phonons move with velocity of

sound v, -

The mean free path of phonons 7, is determined from the description of thermal motion in

a solid by means of notions of the phonon gas. The interaction between the phonons can be
characterized by some effective cross section which is proportional to the mean square of
thermal expansion of the body or the mean square of density fluctuation p [69]:

A? =N, k;T,B, where B is a coefficient of compressibility. Taking into account
ﬂ:(pvszound)_l:

st on kg Nkl kel
~ " YatBrpht” T 2 - 2
oLl Mv

sound sound

Assigning to phonons radius equal to thermal oscillations amplitude, we can taken into
account scattering of sound waves and determine the mean free path ¢,

0, = =—F (54)
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where M - the mass of the atom, y - Griuneyzen constant.

Accounting for the expressions for the mean free path ¢ (54) and the velocity of sound
[73] expressed through the Fermi velocity

1/2 1/2
Voound = ﬂ Up = ﬂ 9_ﬂ-z 21 M= M A,
3M 3M 4 mr’

thermal diffusivity of phonons can be written as:

sound

I MAvsr_(?)jm i oz NP
h =2 ph )
P3P Bk T, P 4z (3m)3/2 (MOA)UZ;/ZkBT
Taking into account the melting process:
N2/3 cm?
=[2.831x107° — =
("vh)k [ 831x10 AAT h[KJ { | k=sd (55)
100: 1 1
107 4
<
£
S
=
107 5
10° T .
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Figure 7. Temperature dependences of phonon thermal diffusivity Z, ( ph)

3.2.3. Thermal conductivity of phonon gas 4,

The thermal conductivity of phonon gas can be expressed through: its heat capacity C,;, and
thermal conductivity. Taking into account expressions for C, and y,, in the high-
temperature region T,, > T}, thermal conductivity takes the form:

2 3 5/3 5/3
3z° h z N, _|117%10% 2 N_.

A =C = =|1. , 56
( ph)K ph X ph (3m)3/2 M(l]/z Al/2)2 T, [K] k Al/2)2 T,[K] (56)
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Graphic dependences of ﬂph for Al and Cu are represented in Fig. 8.

100_. PP | N . P S TR |

xph [J/emK]

Figure 8. Temperature dependence of the phonon thermal conductivity.

3.2.4. Equilibrium heat capacity and thermal conductivity of metal

The temperature dependences of the total heat capacity and thermal conductivity of a metal
can be represented as corresponding sums, which consist of two parts — electron (40), (51)
and phonon (52), (55):

C(T):Ce(T)+Cph (T)’ (57)
Z(T) = ﬂe (T) + ﬂph (T)

Temperature dependences of /I(T) and C (T) are shown in Figs 9, 10. For comparison,
reference data from [72], [74] - [77] are shown by markers.

According to the equilibrium theory of metals [69], [73] in the temperature range To< T < T
heat transport by electrons is dominated. As predicted by the Wiedemann-Franz law,
equilibrium electron thermal conductivity is practically independent of temperature. Its
contribution to the total thermal conductivity of the metal with temperature increasing, is
much greater than the contribution of the phonon component Ae > Aph. The phonon part of
thermal conductivity is inversely proportional to the temperature, and its contribution is
noticeable only at low temperatures. As a result, the resulting thermal conductivity of solid-
state becomes linearly decreasing temperature dependence. At the phase transition solid -
liquid thermal conductivity of both metals decreases abruptly in 2 + 3 times and decreases
slowly with increasing temperature.

At very low temperatures, much smaller than Debye temperature T<Ip, these relations
become invalid, which is associated with the change of interaction mechanisms. Since the
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thermal conductivity of metal bodies at low temperatures is determined by the transfer of
thermal energy by sound waves, rather than electrons. The heat capacity and the number of
phonons in this case are proportional to ~ T3 and the electrical resistance, defined by the
scattering of electrons by phonons is inversely proportional to absolute temperature.

10‘- 1 [l 1 1

A [WiemK]

Figure 9. Temperature dependences of total thermal conductivity /1(T) .

Calculations showed that at temperatures close to the plasma T>1 eV, the thermal
conductivity of metals increases rapidly, and the thermal conductivity of aluminum, due to
three times exceeded electron density becomes higher than the thermal conductivity of
copper. However, this situation can have meaning only in the case of strongly
nonequilibrium with hot electrons and cold lattice. Under equilibrium conditions, the use of
calculated data should be restricted to the region of the critical point, in which
neighborhood, as known, all physical properties of metals vary sharply.

Comparison of the obtained theoretical data with reference data was carried out in a
relatively narrow temperature range, since the physical properties of most metals were
measured in the temperature range from several tens to several thousand degrees, and
usually not exceeding the boiling temperature of the equilibrium. In the range 300 + 1500 K,
the comparison has shown a complete qualitative agreement of results with a good
quantitative correlation, Figs.9, 10.

3.3. Electron-phonon interaction

During laser action on metals, entire pulse energy is transmitted directly to the electrons.
The result is a highly nonequilibrium region in the solid with hot electrons and cold lattice.
Cooling of electron subsystem realized by two mechanisms: energy transfer by electron
thermal conductivity, leveling the gradients of electron temperature and electron-phonon
interaction, which leads to heating of the lattice.
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Figure 10. Temperature dependences of total heat capacity C (T) .

3.3.1. The average frequency of electron-phonon collisions (v,,,).

Per time unit, the electron undergoes an average of ~ 1/2 1 collisions with the emission of
phonons, and roughly the same, but slightly smaller, the number of collisions with the
absorption of phonon. Estimate the time of inelastic collisions by using the following
equation [70]

L
2" N0,

Hence, the average frequency of electron-phonon collisions with energy transfer of electrons
to crystal lattice can be represented as

v

) =2N, <v,>0,, =2z2N, <v,>0, (58)

ph
where ©,,, is scattering cross section of electrons by phonons.

The cross section for electron-phonon scattering, calculated under the assumption that the
product of the wave number of electron and atom displacements from equilibrium [78] has
the form

4/3

t
43 ) f-{ln(tl+1)—1 :l
o :47z[ij mkgTy, (Lj ;4 — (t ;1)1/2 (59)
(§2+o.16) (g%gj

The cross section has a maximum at T, = £, . At T, << &, due to the Pauli principle, the cross
section is proportional to temperature T,. After removing the degeneracy T, >>&,, cross

section of electron-phonon collisions decreases with T, increasing. The linear lattice
temperature T, dependence of the cross section of electron scattering in metals reflects the
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fact that the effective radius of the atoms can be identified with the amplitude of its thermal
fluctuations.

Taking into account expressions for o,, (59) and <v, > (45), the average rate of energy
transfer can be written as:

f'{ln(t1+1)— g
(t,+1)
q)eph(é:): h 1 NG mpu ¢ <1
2 g (Y (§2+0.16) (5%9}
B f~{ln(t1+1)— ! }
® (§)= <t1+1) npu £21
eph , 3/4 ) 4 1/2 -
(f +0.16) (5 +9J

The dependences of the mean frequency of transmission electron energy to phonons from

the temperature T, at T, =300 K and T, = 1000 for aluminum and copper are shown in
p p

Fig.11.
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Figure 11. Temperature dependences of frequency of energy transfer of electrons to phonons at 300 K
and = 1000 K.

3.3.2. Energy transfer

The mechanism of energy transfer to the lattice due to electron-phonon collisions was
discussed in several papers [79-81]. The collision of an electron with the lattice phonon is
absorbed or is born, for which law of conservation of energy and momentum works:
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Ae=mv? [2-mv? [2=+r O

61
p=2vasin£5 Lt (1)
v

sound

where Q - the phonon frequency, ¢ - the angle between the initial and final electron

momentum mv; and mv, ,

oung - Velocity of sound, p - the electron momentum.

From the conservation laws (61) it follows that energy of phonon, excited by an electron

. A _ . [
with a momentum p equal to Ae =7Q=2pv,,, ,sin~.

At a spherically symmetric scattering the energy transferred by one electron per unit time,
averaged by ¢, equals [81]:

<Ae>=

2 1 ( nQ,

3
-—— , where 7Q . -the Debye energy.
3k,.T pvmnj w D y gy

pv soundveph 32
B~ ph

Taking into account velocity of sound o, expressed in terms of the Fermi velocity [73],

ound 7

< Ag > in its final form is written:

3
th 1 i(thvsoundJ Veph

kT, | 32 k5T,

or V23V %4 2 (+ V0 1
%) ) Smalz) =5 femter

3.3.3. The electron-fonon coupling factor

2 5
<Ae >:§ Pr Usouna

PrVsoun
F%sound (62)

The average energy transferred to phonons by electrons per volume unit per time unit is
equal to the product of the average energy transferred by a single electron <Ae¢> and
concentration of electrons, which may participate in the transfer of energy to phonons

k(T,-T
de <A5>MN6 T, <&
dt °F
<Ae>z(T,)N, T, 2¢
or
1€ __A kB(T"_T’”h)N —g(&)(T,-T 63
E_< &> e e_g(é:)( e ph)’ ( )

where g(f) is electron-fonon coupling factor, equal to
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KN, (3)*( 818 nk, 2 1 W

The temperature dependence of the electron-fonon coupling factor g(TE) is shown in Fig.12.

The results calculated for Al in [82] are shown to compare by markers.
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Figure 12. Temperature dependences of electron-fonon coupling factor g(T8) .

3.4. Conclusions

Important thermodynamic and thermophysical properties of a degenerate electron and
phonon gas: equation of state, heat capacity, the energy exchange between subsystems in an
arbitrary temperature range are determined using fundamental physical quantities - the mean
free paths and times (frequency) of the electron - electron and electron-phonon collisions.

Using Fermi integrals technique and its subsequent approximations have provided the
temperature dependence of all characteristics in the form of simple analytical expressions.

4. Formulation and solution of the problem of laser action on metals
using the method of dynamic adaptation

Action of intense laser radiation on metals may be accompanied by heating, evaporation,
plasma formation. The dynamics of the processes in the condensed media and in the flow of
vapor and gas environment surrounding the evaporating surface depend on several
parameters of the laser pulse: the level of the absorbed intensity, wavelength, duration and
spatial and temporal distribution of the energy, as well as optical, thermal and
hydrodynamic characteristics of the condensed and gaseous media. It should be noted that
the process of interaction is qualitatively different depending on where the target is placed:
in the vacuum or the gaseous medium.
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As it was already mentioned, the main features of ultra-short super-power action on metals
are associated with the high speed and voluminous nature of the laser pulse energy release.
The high rate of energy input leads to a strong deviation of the system from the local
thermodynamic equilibrium (LTE). The basis of the mathematical description of the pulsed
laser heating of metals is a phenomenological two-temperature model (TTM) of parabolic
type proposed in the 50s by the authors of [65], [66]. The application of TTM involves the
description of the situations with small deviations from LTE. Ultrafast heating of metal
targets by super-power laser pulses causes a strong deviation from the LTE and requires
appropriate adjustments of the mathematical model. In the first place, the kinetic non-
equilibrium phase transitions and powerful dynamic effects associated with the movement
of the phase fronts must be taken into account. The consideration of these processes requires
the explicit description of the kinetics of the phase transitions and the formulation of the
conservation laws at the phase fronts, which are hydrodynamic breaks.

4.1. Mathematical description of processes in the irradiation zone

Laser radiation propagates from the right to the left and strikes the surface of the metal
target. Then the radiation is partially absorbed and partially reflected. The absorbed energy
is consumed for heating, phase transformations and the generation of shock waves in the
solid phase. Fig.13 shows spatial location of phases, moving interphase boundaries I',, (t),
r,, (t) and shock wave in solid I', | (t) :

laser
radiation
. - - - h
solid |solid |liquid -—
—_— ‘
-
-
-—>
I;: F.s“h,s I;“f I; v

Figure 13. Spatial phase configuration.

Formulation of the problem was carried out under the following assumptions and
limitations:

- The mechanisms of volume of melting and evaporation are not included into the
consideration.
- The melting and evaporation fronts appear at the irradiated surface during its

noticeable overheating AT, =T, -T and AT, =T -T, (psat), the overheated

SLH’_ m S

metastable states act sustainably during the consideration.

The mathematical description and modeling of pico- and femtosecond laser action on metal
target in vacuum was performed within the framework of a two-temperature and spatially
one-dimensional multi-front nonequilibrium hydrodynamic Stefan problem, written for the
two phases - solid and liquid.
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4.1.1. System of equations

Action of high-power laser pulses on metal targets initiate in them a number of interrelated
processes with nonlinear behavior. The description of their behavior is performed using a
system of hydrodynamic equations, two energy balance equations for electron and phonon
subsystems, and the transport equation of the laser radiation. The system of equations can
be written in the domain with three moving boundaries 7 s (t) 1, (t) , Ty (t) .

a_p_l_M:O
ot ox
a 2

opn) Ae’) ap

ot 0x ox
Aps,) Opie,) [ au_ oW, oG
T e P TSI T+
a (pgph ) a (pugph ) Bu awph

TR L~ e
G m
$+a(T€)G—O, L
p:pe(pe’Te)+Pph(p’Tph)’ 8e:Ce(Te)Te’ gph:Cph(Tph)Tph

.y
t>0, T,<x<Ty () UT,,, (1) <x<T, (H)UT,(t)<x<T,,(t) ,
0T

W, =~AT, )5 &

(65)
dT,
Won ==ATpn)— = P(p.T)=P(p.T,)+P(p/T,).

the designations: p,u,e,T,p are the density, gas-dynamic velocity, internal energy,
temperature and pressure correspondingly, O‘(Te) , R(Te) are the coefficient of volume
absorption of the laser radiation and surface reflectivity, G is the density of the laser
radiation, C, (T3) , Cph (Tph) , A, (TE, Tph), ﬂph( Tph) are electron and phonon heat capacity
and heat conductivity, g(T,) electron-phonon coupling factor. Indexes s,/,v, designate

solid, liquid, vapor phases, e, ph designate electron and phonon components.

4.1.2. Edge conditions
We use edge conditions in the form of initial conditions at =0 and boundary conditions at
x=T,, T, (t), T, (t), T,(t).

Initial conditions

t=0: u(0,x)=0, p=0, p=p, T,=T,=T,=293K (66)

Boundary conditions

x =T : the condition of zero mass and heat flow is used as boundary conditions at the left
(fixed) boundary:



Kinetics and Dynamics of Phase Transformations in
Metals Under Action of Ultra-Short High-Power Laser Pulses

x=T,: pu,=0, W, =0; (67)

x=T, (t) : the model of surface melting-crystallization is used as boundary conditions at the
moving interphase boundary T, (t) .

The model of surface melting-crystallization is a non-equilibrium kinetic version of the
Stefan problem [18], [83,84], formulated for the conditions of significant deviation from LTE
and consisting of three conservation laws: mass, momentum and energy, written in the
stationary (laboratory) coordinate system:

x=T,,(t): py(u,—v,) = p, (1, - v,,) (68)
Ps+ps(us_vs/,)2:P£+pf(u€_vsf)2’ (69)
o, o, .
(ﬂph a_;J _(ﬂph a_;;j = psLmvsf' (70)
s l

These conservation laws are accompanied by the kinetic dependence of the interphase front
velocity v,, (ATS[) on the overheating of the solid surface (22).

Usf(Tsﬂ) =%(3kBTsZ /m)uz ll—expli_m(?_T]]] ’ (71)
B

sl

Additional account of hydrodynamic effects was carried out using the expressions for the
curve of equilibrium melting Tm(PS) , temperature dependence of the equilibrium latent
melting heat L/ (Tm (P )) and non-equilibrium latent melting heat L

S

2
L’:)f:LiZ(Tm(ps))+ACPS/A,TS1{+ZStZ£(uS_2uZ) , Tm:Tm(Ps):Tm,0+kPS’
s 4

where AC,, =(C,,-C,,), AT, =(T,, T, (P.)).

The electron component is assumed continuous with respect to the electron density N, and
temperature T, during transition through the phase front:

ﬂ,g aTe _ /16 aTe , Te .= Te , - (72)
ox ) ox , ’ g

x=T,, (t) : the model of surface evaporation is used as boundary conditions at the moving

interphase boundary Fkv(t) . The process of surface evaporation within the approximation
of the Knudsen layer is described by three conservation laws and three additional
parameters at the outer side of the Knudsen layer (temperature T, density p, and velocity
u, ). In the general case, two of these parameters (usually T, and p, ) are determined using
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certain approximation relations, e.g. (30), while the third one (usually the Mach number
M =u/u_)is found from the solution of the gas-dynamic equations.

Three conservation laws are written in the stationary (laboratory) coordinate system and
have the form:

x:Fkv(t):pk (uk _vkv) :pv(uv_vkv)’ (73)
2 2
Pt P (=0, ) =P, + 0, (1, - 0,) (74)
JoT oT
ph |1 2 — _ Lne 75
( oy l{ ( v Jv Pe(t =0, ) Ly, (75)
pz) = (M)psatlT aT(M) sur’ (76)

I (AT, p (T )
Psa ( ur) Py eXp|: - (M]}'pu S ATur _T (p a ( ur))
sat\~s RTb T sat RT s sat\~s

sur sur

2
) Pr TP, (uk _”v)

L =L1(T +C T -T
e

sur sur 4

The boundary conditions for the electron component and the laser radiation are written as:

dT,
¢ ox

=0T}, (77)

G(+)=(1-R,(T,))-Gyexp —[%JZ . 78)

o is the Stefan-Boltzmann constant.

x=I . (t) : three conservation laws are written at the moving front of the shock wave, so-
called Rankine-Hugoniot relations, that have the following form in the laboratory

coordinate system:

jgz,s:pl( shs) pO( shs) (79)
jéhs p1+pl< shs)2 p0+100< shs)z’ (80)
(ul - Ush,s )2 (140 Ush,s )2

e -m _ -m
]sh,s - _WT,l + ]sh,s 81 + - _WT,O + ]sh,s ‘91 + (81)

The index “0” signifies the values at the background side, “1” relates to the shock wave side.
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4.2. Numerical algorithm and finite difference schemes

Mathematical feature of Stefan problems is the lack of explicit expressions for the
interconnected quantities at the interphase boundaries: temperature T,,, T,, and velocities
of the phase fronts v, and v,,. So the problem (65) — (81) will be nonlinear even for
constant values of thermo-physical and optical properties. For low velocities of phase
transformations (v,,, v,, <<v,,,,. ), the processes behave in a quasi-equilibrium way, and
their description can be performed within the framework of equilibrium models. For
example, in the problem of melting-crystallization, a phenomenological condition of the
temperature equity T,,=T,=T,=T is used instead of the kinetic condition (71), and the
differential Stefan condition is completely omitted. The influence of the phase transition is
taken into account using a singular adding of the latent heat L7 to the heat capacity
(equation of state) in the point of the phase transition, so-called enthalpy method [85 - 87].
To solve the problems in this statement, the methods of the type of “pass-through” or
uniform schemes have found wide application [85], where the velocity and location of the
phase transition are not determined explicitly.

Fast phase transitions (v,,, ¥V, << U,,,.4

occur under the conditions of high non-equilibrium caused by the powerful flow of material

), that are typical for powerful pulsed laser action,

[88] over the interphase boundary. Using the smoothing procedure of the enthalpy reduces
the class of solutions of the phase transformations problems in the material; in particular, it
excludes from consideration the effects of overheating and overcooling of the condensed
matter [89, 90]. High-speed phase transitions require explicit tracking of the phase
boundaries [91]. Typically, the velocity of phase boundaries is determined numerically. In
computational respect, the presence of moving boundaries leads to a significant
complication of the numerical solution [92].

4.2.1. Method of dynamic adaptation

Finite-difference method of dynamic adaptation [93], [94],was used to numerically solve the
discussed problem. This method allows performing explicit tracking of any number of
interphase boundaries and shock waves [95].

The method of dynamic adaptation is based on the procedure of transition to an arbitrary
nonstationary coordinate system. Its usage allows to formulate the problem of grid
generation and adaptation on a differential level, i.e. part of differential equations in the
obtained mathematical model describes physical processes, and other part describes the
behavior of the grid nodes [96].

4.3. Arbitrary nonstationary coordinate system

The transition to an arbitrary nonstationary coordinate system is performed using an
automatic coordinate transformation using the sought solution. Formally, it is possible to
use a variable change of the common form x=f(q,7), t=7 to perform a transition from the
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physical space €, with Euler variables (x,t) to some computational space with arbitrary
nonstationary coordinate system £, . and variables (q,r) . It is assumed that this
transformation corresponds to a univalent nondegenerate reverse transformation
g=¢(x,t), 7=t.During the transition between coordinate systems, the partial derivatives
of the dependent variables are connected using the following expressions:

2
Jd o d 9 1 0 9 _lili, 82)

T P L A
ot 97 dg dx JwIq 9x> Wwaqy g

where y=0dx/dq is the Jacobian of the reverse transformation, Q is the transformation

function that should be determined.

In the arbitrary coordinate system, moving with velocity Q , where g_x =-Q, or 3—1/1 = —%—Q ,
T T q

the differential model (65) in the new variables (q,r) takes the form:

Wy IQ  dx

I, (83)
d d
E(1//,0)+a—q(,o(u+Q))=O (84)
i(V/P“)Jri(rﬂ+/0u(u+Q))=0 (85)
or aq
d d u oW, G
g(wpeema—q(peee(u+Q))-—{pa—q+ 3 +g(Te)<Tg—T,,h>+a—qJ (86)
ANvee,) o W,
T’”+a—q(p£ph(u+Q))=— p$+ a; —g(T,(T,~T,,) (87)
ble
a—q+l//a( T,)G=0 (88)
A(T)aT
P=1(PT)+Pu(P.T), & =CuTIT,, &, =C(T,)T,, W= o

Thus, usage of an arbitrary nonstationary coordinate system is accompanied by the
transformation of the initial differential model (65) into the extended model (83) — (88), in
which the equation (83) is the equation of the inverse transform. Equations (84) — (88)
describes the physical processes. The type, characteristics and kind of boundary conditions
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for the inverse transformation equations depend on the type conversion function Q.
Because of this equation, the initial (66) and boundary conditions (67) — (81) are changed
accordingly.

Thus, the unknown functions in the computational space are not only the functions of the
physical fields but also the coordinates of the grid nodes. The equation of the reverse
transformation is used after the determination of the function Q to construct the adaptive
grid in the physical space. Its differential analogue describes the dynamics of the grid nodes,
and the function Q performs controlled movement of the nodes in agreement with the
dynamics of the sought solution. In the computational space, the nodes of the grid and all
discontinuous and interphase boundaries are steady. The value of the function Q at the
boundaries of the domain are determined from the boundary conditions.

Selection of the function Q . The function Q that is in agreement with the sought solution
can be determined from the quasi-steady principle [96], which states that we should search
for such nonstationary coordinate system where all processes occur in a steady way. Since
the energy balance equation includes all hydrodynamic variables, to determine the function

) 0€
Q, we can use only two equations (86), (87), assuming that a—ge = a—ph = (0.Then the function
T T

Q will have the form

Ju BWE ath oG

2p—+| +—=—5+ —

g g dq  dq

Q=-u- (89)
9, —ag’”h +re
A, dT
where W, ——ial W, __ T ph

L4 aq Y oJq

Differential schemes

The differential model (83) — (88) was approximated by a family of conservative differential
schemes obtained using integration-interpolation method [97]. Computational grids (a)/ﬂ)
and (a)’ ) are introduced in the computational space €  in each subdomain with 1nteger
g, and half—mteger q;41» nodes for the spatial variable g and step A7’ for the variable 7

(a)f) _ (qm' )(qm+1/2, j)? Qs =G ¥ 1 Qa1 =,y +0.5h,
k

m
=7 +A7, i=0,.,N-1, j=0,1,..

k=s,l

The flow variables W, , th ,

during approx;matlon, ‘while functions €1 Epys
ones (qm+1/2,77).

G, and functions u,Q,x, correspond to the integer nodes

T, Tph, p, Wy correspond to half-integers
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The family of conservative differential schemes has the form:
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Here f =0 f i+t +(1—0'r) f J and 0, =0,,0,,..0are the weight coefficients, determining
the degree of implicitness of the differential schemes.

To solve the obtained system of nonlinear partial-differential equations we use a
computational algorithm with enclosed iterative cycles consisting of one external and two
internal cycles [98]. Each of the internal cycles uses the Newton iterative procedure.
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5. Modeling results

We consider two modes of pulse with pico - and femtosecond laser fluence with a
wavelength 4, =0.8 um on two metal target of aluminum (Al) and copper (Cu). The
influence on each of the targets was carried out with the same energy density F,

respectively F=0.7]cm™ for Aland F=2.0Jcm™ for Cu.

Temperature dependences of the reflectivity R(Te) and volumetric absorption coefficient
) were calculated according to [99, 100]. Fig. 14 shows the time profiles of the incident

o T,
) ) . -12 -1
and the absorbed laser pulse with a Gaussian profile 7, =107 “s and 7, =10 3.
4x10"" 5 - - 4x10"
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Figure 14. Time profile of pico- and femtosecond pulses on the surface of Al.
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Figure 15. Time dependence of the surface temperature of Al

The incident laser radiation is absorbed in the electron component, causing it to warm up
fast. The main feature of the nonequilibrium heating is that it occurs under conditions of
intense competition between the rapid release of the laser energy and the factors limiting the
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heat - strongly varying electron thermal conductivity coefficient ZE(TE,Tph) and electron-
fonon coupling factor g(Te) .

At picosecond influence 7, =107"?, the maximum of electron temperature of the surface
T, max = 1.8-10*K is achieved at the descending branch of the laser pulse at the moment
t=7;, Fig. 15, and the values of the coefficients vary in the range 4, . /43 =10 and
S / 85 =70 . The maximum value of the lattice temperature is achieved after the pulse

t=57, and amounts T ~7.5-10°K . The maximum gap between the temperatures

ph, max
reaches the value AT =T, —Tph ~10*K . Temperature equalization T, szh occurs within a

time ~ 10 ps.

Femtosecond influence 7, =10"s differs from picosecond that the same energy is released
during the 3 orders of magnitude less than that causes more of a deviation from local
thermodynamic equilibrium. The values of the coefficients /1e(Te,Tph) and g(TE) limiting
the heating of electronic components, and also increase 4, .. /A4 =27 and g . /g%, =200
, but not as much as G(t) - Time profile of the electron temperature of the surface T, .. (t)
significantly shifted relative to laser pulse time profile G(t). The maximum value of the
electron temperature is achieved at the end of the pulse t=27;, andis T, . = 41-10*K,
Fig. 15. A second difference of a femtosecond influence, despite the rapid energy exchange
between the subsystems is a slow heating of the lattice, which differs little from the effects of
heating at picosecond influence. The maximum value of the lattice temperature is achieved

at the time t=5 psandis T ~7.2-10°K . The maximum gap between the temperatures

ph, max
reaches a value AT =T, —Tph ~33-10*K . Temperature equalization T, = Tph occurs within

the time ~ 9 ps.

The high heating rate determines high rate of phase transformations. Fig. 16 shows the time
dependences of the melting front propagation velocity v, (t) for two modes of influence.
Since the rate of heating of the lattice by pico - and femtosecond pulses differ slightly, then
the rate v, is almost the same. The only difference is in the initial stage of the process. At
the picosecond influence, the birth of the melting front starts at the front of the laser pulse
t =—0.1ps, while at the femtosecond with a considerable delay after the pulse, t =30fs. The

maximum values of v (t)=3.75 km/s are achieved in the time interval t=~2+25ps.

sl max
Such a high rate of propagation of the front leads to a pressure jump at the melting surface
of the solid phase p, =0.16 Mbar for 7, =107 s (p, =0.14Mbar for 7, =10 s) and the

formation of a shock wave moving ahead of the front of melting, Fig. 17.

Appearance of high dynamic pressure causes an increase in the equilibrium melting
temperature, the curve T (ps) shown in Fig. 18. Its maximum value reaches
T, (ps) =1900K . Due to the dynamic pressure of about one order of magnitude as compared
to the equilibrium value, increases the value of non-equilibrium heat of melting L (p,) .

Comparison of the T, (t) and T (p, (t) curves indicates a significant overheating of surface
of the phase boundary T, (t) >T (p, (t)
conveniently characterized by the response function AT, (vsl) , which is shown in Fig.19.

. The degree of nonequilibrium of melting process is
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Figure 16. The time profile of the velocity of melting of aluminum.
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Figure 17. The spatial profiles of temperature of aluminum.
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Figure 18. The time profiles of the equilibrium melting temperature and temperature of the melting
front of AL
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Figure 19. Response functions AT, (l)sl) for Al

At low overheating (supercooling), the function AT, increases linearly with growth v . In
the range of v, ~ 1 km/s, at which the shock wave is formed in the solid phase, AT,
function has a smooth maximum indicating the change of the mechanism of phase
transformation. The thermal conductivity mechanism is dominant at low velocities
v, <1km /s will be displaced by hydrodynamic at large values v, <v,

sl = Ysound *

Fig. 20 shows fragment of dependence of vsl(t)>0 which characterizes the hardening
process which takes place in the nanosecond time range. Maximum velocity of the
solidification front does not exceed 45 m/s, respectively, the maximum undercooling is
10+15K . High velocity of propagation of melting fronts are associated with strong cross-
flows of matter and energy across the phase boundary.
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Figure 20. The time profiles of the velocity of solidification of aluminum.

In aggregate with volumetric nature of the energy transfer from the electron gas to the
lattice it leads to the formation of highly superheated metastable state, characterized by the
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appearance of the surface temperature maximum AT, . =T, -T, (ps) ~4.5-10°K in the
solid phase, Fig. 17. In the liquid phase is also formed near-surface temperature maximum,
Fig.20, but since the maximum velocity of evaporation front v,, . =40m/s is two orders

of magnitude lower than the velocity v, magnitude and its role are insignificant.

Action of ultrashort laser pulses on metal target with different thermo-physical properties —
copper — has several differences and many in common with the action of the aluminum
target. The main difference of the non-equilibrium heating and non-equilibrium phase
transformation in the condensed media is in the first place connected with the rate of energy
exchange between the electron and phonon subsystems. The coefficient of energy exchange
g(Te) in copper is by about 1.5 orders lower than that of aluminum, so that during laser
energy release, the action of one of the main factors that limit the heating of the electron
subsystem turns out to be significantly lower. As a result, the maximum values of the
electron temperature of the surface are several times higher than that for aluminum:

T ~4.-10*K for picosecond pulse T, ~1.2-10°K for femtosecond pulse, fig. 21.

e, max ,max

Heating and melting of the lattice take place in the picosecond range t, =+0.1 ps, fig.22. For
copper, the rate of energy transfer to the lattice is significantly lower, so that the velocity of
the melting front turns out to be several times lower than that for aluminum v, (t) =13
km/s, fig.23. The maximum value of the pressure in the solid phase is also lower,
Ps max = 0-14 Mbar . Despite the fact that the velocity v,, for copper is significantly lower
than that for Al, the value of overheating of the interphase surface turns out to be
=~ 350K, fig. 24.
The overheating of the sub-surface region of the solid phase reaches the value of 4-10°K .

significantly higher due to decrease of the hydrodynamic effects: AT,

s¢, max

The solidification of the liquid phase takes place in the nanosecond rage — the same as for
aluminum. The lifetime of the melt reaches the value of 15+20ns, fig.25, the maximum
velocity of the crystallization front - v,, = 35 m/s. The maximum value of the overcooling of
the front ~ 22 K. The overcooling of the volume of the solid reaches the value of 800 K.
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Figure 21. Time dependence of the surface temperature of Cu.
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Figure 22. The spatial profiles of temperature of copper.
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Figure 23. The time profile of the velocity of melting of copper.
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Figure 25. The time profiles of the velocity of solidification of copper.

Modern experimental methods of the investigation of the processes of melting-
crystallization of the metal systems determine the velocities of the solid-melt front to be
within the range of 10+100 m/s with corresponding overcooling of liquid within the range
of 10+400K . Thus, the data from the modeling of the metastable overcooled states in the
liquid phase of metals is in relatively good agreement with the experimental measurements.
It is not possible to perform the same comparison with the overcooled states in the solid
phase because of the lack of reliable experimental data which is caused by the complexity of
statement of such experiments.

6. Conclusion

The detailed analysis of the physical processes of the non-equilibrium heating and the fast
phase transformations in the metal systems under the action of ultra-short laser pulses
was performed in this chapter. A mathematical model was built based on the brief
analysis of the thermodynamical and kinetic approaches for the description of the phase
transformations of the first order. This model is a non-equilibrium hydrodynamic version
of the Stefan problem and describes the kinetics of high-speed heterogeneous phase
transformations: melting, crystallization, evaporation. The model is supplemented by the
explicit description of the moving phase fronts for correct reflection of the dynamics of the
phase transitions.

The methods of mathematical modeling were used to investigate the regimes of pico- and
femtosecond action on metals - Al, Cu. The kinetics and dynamics of phase
transformations are analyzed. The results of the modeling confirmed the skewness of the
high-speed processes of melting — solidification. In particular, the maximum velocity of
melting reaches the value of several kilometers per second, while the maximum velocity
of solidification does not exceed hundred of meters per second. The temperature
dependence v,, (Ts/) does not have a sharp bend in the point of change of the direction of
the phase transition.

269
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Special attention is paid to the overheated and overcooled metastable states that are caused
by the fast phase transitions. The deviation from the local thermodynamical equilibrium is
noticed both in the bulk and at the interphase boundary. The response function T, (US ﬂ) has
a linearly increasing character for low values of velocity v,, in the range of [0 +i50]m /s.
As the velocity v,, rises more thanv,, >100m /s , a maximum is formed in the response
function for both metals. The appearance of the maximum means that the dominating
mechanism of the phase transition changes: the mechanism of heat conductivity is changed
by the hydrodynamic one. The maximum value of overheating of the interphase boundary
reaches the value of 200 + 400 K, the one for overcooling is by one order lower than that
value. The overheating and overcooling of the bulk are significantly higher -
4-10° +5-10°K for overheating and 6-10>+8-10°K for overcooling. The results for
different materials are compared between each other and with experimental data.

These results do not pretend to be an exhaustive description of the variety of fast phase
transitions, because they used the assumption of the thermodynamic stability of overheated
/ overcooled metastable states during all times considered. Refusal of such assumptions will
require further research to include the kinetics of homogeneous phase transformations into
the consideration.
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