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A B S T R A C T

Based on the developed continuum model combining the description of nonequilibrium thermal, hydrodynamic,
and electronic processes, a detailed study of the mechanisms of fs laser ablation of an Al film has been per-
formed. The main feature of the mathematical formulation is the direct connection of the electron pressure
gradient with the electric field strength, which allows us to study various ablation mechanisms within the
framework of a unified mathematical model - fast non-thermal, determined by Coulomb forces and slow, realized
in a hydrodynamic unloading wave. Modeling showed that excessive nonequilibrium pressure of collectivized
electrons plays a leading role in the formation of a strong electric field at the metal-vacuum interface. This effect
can be the basis of the Coulomb explosion in metals.

1. Introduction

The physics of the interaction of pulsed laser radiation with the
near-surface region of condensed matter is the basis of pulsed laser
ablation (PLA). Laser pulses of ultrashort (femto - picosecond) duration
have the unique ability to release a certain amount of energy in solid
targets. [1–3]. Since the duration of these pulses is shorter than the
relaxation times of all the main processes, the released energy interacts
only with the electrons, leaving the lattice cool for the time necessary to
transfer the absorbed laser energy from the heated electrons to the
lattice. For this reason, all processes induced by laser radiation in solid
targets, including phase transformations that underlie laser ablation,
proceed under nonequilibrium conditions. This leads to a fundamental
difference in the behavior of physical processes in the irradiation zone
from their equilibrium counterparts and is reflected in the properties of
the irradiated materials.

Ultrashort laser ablation is one of the most promising areas for new
laser applications, and opens up a wide range of new applications in the
field of materials science [4,5], nanotechnology [6,7], biomedicine
[8,9], etc.

A detailed study of the mechanisms of ultrashort laser ablation of
metals and semiconductors remains a difficult task due to the wide
variety of processes involved, which are characterized by strong spatio-
temporal different scales. Therefore, a deep understanding of the pro-
cesses initiated by ultrashort laser exposure is of not only practical, but
also fundamental interest.

The determining factor for the processes under consideration is the
time scale at which the energy of the laser pulse in the substance is
released. This is evidenced by the experimentally measured [10 –12]
using time-of-flight (TOF) mass spectrometry bimodal velocity and

energy distribution of nanoparticles during femto- and picosecond laser
ablation of metals (Al, Cu, Au, Fe) and semiconductors (Si) . The ob-
served spectra with a two-peak particle distribution consist of two
components - a high and low energy component. Obtaining clear bi-
modal structures with two different maxima in the distribution of na-
noparticles in terms of velocities and energies ejected from the irra-
diated metal surfaces indicates that at least two different mechanisms
contribute to ultrashort laser ablation. A distinctive feature of ultra-
short laser action on metals, along with traditional thermal and hy-
drodynamic processes, is the presence of ultrafast electronic processes.
The predominance of thermal and hydrodynamic processes is the basis
of the mechanism of thermal ablation during which the main removal
of matter occurs. This mechanism is slow, since in it the release and
conversion of laser pulse energy occurs on a picosecond time scale.

Fast electronic processes are associated with electric fields and un-
derlie the mechanism of fast non-thermal ablation, the implementation
of which is carried out in a femtosecond time scale. Nonthermal abla-
tion occurs near the threshold of main ablation and tends to remove hot
electrons and accelerated ions from a thin surface layer. Fast electronic
processes can lead to a Coulomb explosion (CE), a concept about the
physical mechanisms of which for metals [13,14] and semiconductors
[15,16,17] is not completely formulated and is a subject of considerable
scientific interest [18 –20].

The possibilities of experimental studies are very limited, especially
in the field of determining the dynamic characteristics of laser-induced
nonequilibrium processes. The missing information can be supple-
mented by the results of theoretical studies and mathematical mod-
eling. The success of mathematical modeling methods largely depends
on the mathematical apparatus used: mathematical models and com-
putational methods, the development of which is given constant
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attention [21 –25].
Currently, two classes of models are most widely used: continuum

(macroscopic level) [26 –30] and atomistic (microscopic level) [31
–34]. Continual models and methods for solving them are more com-
pact, have higher accuracy and a relatively small amount of computa-
tion. In atomistic models, classical or quantum systems of equations of
motion are solved numerically, the number of which is equal to the
number of particles (atoms, ions) that make up the sample. The price
for this is a large amount of computation.

Note that at present, the behavior of the entire set of processes in-
itiated by ultrashort pulsed laser radiation does not explain any of the
traditional models.

In metals, the release of the absorbed fraction of the laser fluence in
the electronic subsystem leads to the emergence of highly none-
quilibrium states in which for a short time interval the temperature of
the electronic subsystem can be by several orders of magnitude higher
than the temperature of ions (atoms), Te ≫ Ti. For this reason, most
theoretical studies have focused on the fundamental side of the transfer
of thermal energy in the electronic subsystem and heat and energy
exchange with the ionic subsystem. The determination of pressure
under such nonequilibrium conditions encounters great difficulties [36]
and certain contradictions. In particular, great difficulties arise in de-
termining the electronic pressure and evaluating its effect on the
properties of the ionic subsystem. Attempts were made to study its ef-
fect using blast force [37,38], which was obtained in [39], and the
forces of interionic interaction for which special potentials of inter-
particle interaction were developed [36,40]. However, in general, the
problem of electron pressure under conditions of strong unequality has
remained insufficiently studied.

The purpose of this work is to present a new continual model of a
hydrodynamic level that includes both physical mechanisms of ultra-
short fs laser ablation in the description - fast non-thermal ablation and
slow thermal one. Its use in the mathematical modeling in the study of
nonequilibrium processes will allow us to build and explain the bimodal
velocity distribution of nanoparticles in the framework of a single
model, and also to determine the role of the pressure of electron Fermi
gas of the metal in the Coulomb stage of the removal of fast particles
from the target surface.

2. Physical and mathematical formulation

A laser beam with a Gaussian shape in the time coordinate t is in-
cident on the surface of a metal target (Al) placed in vacuum. The laser
wavelength is λ, maximum intensity Go, and duration τ. Part of the
radiation is reflected by the surface (0 < R < 1, R is the reflection
coefficient). The remaining radiation fraction A = (1-R) is absorbed by
the electronic component of the metal. The features of the problem
under consideration are determined both by the regime of laser ex-
posure and by the properties of the irradiated material (metal).

2.1. Hydrodynamic processes.

Ultrashort high-power laser action on materials is accompanied by
powerful heat and mass transfer processes. Within the framework of the
continuum approach, the most complete mathematical description of
pulsed laser ablation in the long time scale, t≫ τ, is carried out, as a
rule, in the approximation of hydrodynamic models. They take into
account the reaction of the irradiated material to changing density,
pressure, and energy, as well as nonequilibrium effects associated with
the violation of local thermodynamic equilibrium (LTE) [3,28,35,41].
The use of models of the hydrodynamic level suggests the presence of
the processes with a characteristic propagation velocity of disturbances
equal to the speed of sound in both subsystems - ionic and electronic υsi
and υse. In this they differ from drift-diffusion models. Moreover, the
difficulties observed in experimental studies of nonequilibrium pro-
cesses also appear in the mathematical description. This primarily

relates to the electronic subsystem and its interaction with the ionic
subsystem.

As already noted, the duration of the action of ultrashort pulses is
shorter than the relaxation times of all the main processes, and the
absorbed energy of the laser pulse is released in the electronic com-
ponent, leaving the lattice cold for the time necessary to transfer energy
from heated electrons to the lattice. For this reason, all processes in-
duced by laser radiation: electronic, thermal, hydrodynamic, including
phase transformations, which underlie laser ablation, proceed under
conditions of strong nonequilibrium, which must be adequately taken
into account in the mathematical model. One of these effects is the
action of the pressure of collectivized electrons in a metal under con-
ditions when the temperatures of the electron and ion subsystems differ
by tens of thousands of degrees. Taking into account the effect of the
pressure of the electronic component leads to the necessity of con-
structing a hydrodynamic model, the solution of which will make it
possible to fully reproduce the mode of not only slow thermal ablation
in metal (Al), but also fast non-thermal one.

2.2. Electronic processes.

According to Sommerfeld’s quantum–mechanical theory [42,43],
metal consists of free collectivized electrons and heavy positively
charged ions, which are considered immobile. Under normal condi-
tions, free electrons are a degenerate electron gas obeying the Fermi -
Dirac energy distribution. In the initial state, in the absence of external
fields, it is assumed that the metal is in a state of thermodynamic
equilibrium and quasineutrality. Collectivized electrons in the bulk of
the metal, within the accuracy of an approximation of quasineutrality,
have a constant density ρe and move freely through the lattice formed
by bound ions. Ions also have a constant density ρi up to the boundary
with vacuum × = L, where the density of ions decreases stepwise to
zero. Atoms and ions at the vacuum-metal interface (surface) exhibit
other properties than atoms and ions in the bulk of a phase or material,
since they are in a different environment. This is determined primarily
by the fact that the surface of a solid metal is always charged, since it is
formed by ions that make up the solid matter.

Under the influence of the pressure of the electronic component pe,
collectivized electrons are squeezed out of the metal surface in the di-
rection of vacuum, which leads to a violation of quasineutrality and the
appearance of an electric field. As a result, the presence of a surface
charge leads to the formation of a thin double electric layer formed by
two spatially separated layers of electric charges of different signs. The
resulting electric field prevents electrons from going to infinity and
helps establish electrostatic equilibrium, in which the positive charge of
the metal surface is compensated by the negative charge of the electron
cloud from the vacuum side.

An external action in the form of ultrashort superpowerful laser
pulses on collectivized electrons can lead to a nonlinear response of the
electronic component. This effect can underlie the mechanism of ul-
trafast (several hundred femtoseconds [13]) laser ablation with low
density, which was experimentally observed in studies [10 –12]. Under
suitable conditions, this same effect can lead to a Coulomb explosion.

3. Mathematical statement

The absorbed fraction of the laser pulse energy is spent on heating,
phase transformations, and dynamic fragmentation of the irradiated
target. A feature of the effect of ultrashort ultra-high-power laser ra-
diation on metals is the high speed and volumetric nature of the energy
release in the electronic component, which leads to a strong deviation
from the state of local thermodynamic equilibrium. Together with
thermodynamic nonequilibrium, in consideration it is necessary to take
into account the kinetic nonequilibrium of high-speed heterogeneous
phase transitions - melting/crystallization [29] and evaporation. The
transfer of matter through phase boundaries under conditions of
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volumetric energy release leads to the formation of metastable strongly
superheated states resulting in appearance of homogeneous melting in
the near-surface regions. The inclusion of these processes requires a
description of the kinetics of phase transitions and the formulation of
conservation laws at phase boundaries, which are hydrodynamic dis-
continuities.

3.1. Nonequilibrium hydrodynamic model

The most complete and consistent mathematical description of the
processes under consideration requires the use of a 2-speed (ui. ≠ ue),
2-temperature (Ti ≠ Te) hydrodynamic model. In the present work, we
use a simpler approximation of the single-speed (u = ui. = ue) two-
temperature (Ti ≠ Te) multi-front non-equilibrium hydrodynamic ver-
sion of the Stefan problem [29], written in the domain of definition
(t × x) = (0 < t < tend)×(0 < x < L) or solid and liquid phases.
When using the equilibrium equations of state pa = p(ρa,Ta) and
εa = ε(ρa,Ta) for which the relations ρa = ρe + ρi, Ta = Te = Ti are
satisfied, the model consists of hydrodynamic and energy equations
describing the laws of conservation of mass, momentum and energy for
the atomic subsystem (quantities with index a), and the law of con-
servation of the nonequilibrium part of energy for collectivized elec-
trons. The model also contains the equation of laser radiation transfer.

The equation of motion is constructed in such a way that the gra-
dient of the nonequilibrium electron pressure pe

neand the volumetric
force of the electric field from the side of the double layer Fne appearing
in the near-surface metal - vacuum phase interface are explicitly shown
as the source (the right side of the equation).

The nonequilibrium Coulomb force Fne is determined from the so-
lution of the problem of a double electric layer.
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where x = Γsℓ(t), x = Γℓυ(t) are moving phase fronts of melting-
crystallization and evaporation, x = L is the thickness of the target.

Accepted notation: the indices s, ℓ, υ denote that the quantities be-
long respectively to the solid, liquid and vapor phases, e, i, a - to the
electronic, ionic and atomic components. ρ, u, ε, T, p are the density,
gas-dynamic velocity, internal energy, temperature and pressure of a
substance, respectively, α(Te) is the volume absorption coefficient, G is
the laser radiation density, Ce,a, λe,a are the specific heat and thermal
conductivity coefficient, g(Te) is the electron–phonon coupling coeffi-
cient.

3.2. Equation of state

The equations of state of internal energy and pressure of the elec-
tronic subsystem are represented as the sum of the equilibrium and
nonequilibrium components.
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The equilibrium atomic equations of state are represented as
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In the electronic subsystem, the equations of state =ε ε ρ T( , )e e e e ,
=p p ρ T( , )e e e e and electron density ne can be expressed in terms of Fermi

integrals of half-integer order Fk+1/2 (η) [44]
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To calculate the Fermi – Dirac integrals, it is convenient to use
approximation formulae [44,45]
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2 3 , me is the electron mass, εF is the Fermi
energy, h is the Plank constant, η is the reduced chemical potential.

With account of (4), the equations of state =ε ε ρ T( , )e e e e ,
=p p ρ T( , )e e e e take the form
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The equations given in [46] were used as equilibrium atomic
equations of state.

In this model, all the thermophysical and optical characteristics of
the degenerate Fermi gas and the condensed target phase are assumed
to be temperature-dependent. For aluminum, these dependencies are
taken from [29,47 –51].

3.3. Boundary conditions

The initial conditions are:
= = = = =
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The boundary conditions.
On the left boundary, the condition of zero mass and heat flux is

written:
x = 0: ρsus = 0, Wa = We = 0
Heterogeneous melting/crystallization. At the moving interface

=x tΓ ( )sℓ , the boundary conditions are formulated in the form of a
nonequilibrium kinetic model of heterogeneous melting/crystallization
[29,47] taking into account the strong thermodynamic nonequilibrium
processes. Relations at the boundary are a system of nonlinear equa-
tions describing the laws of conservation of mass, momentum, and
energy, supplemented by the dependence of the kinetic velocity υsℓ of
the melting / crystallization front depending on overheating / super-
cooling of the surface = −T T T PΔ ( )s s m sℓ ℓ and the baric dependence of
the melting temperature T P( )m s :
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Tm = Tm(pa) = Tm0 + γpa is the equilibrium melting curve,
Lm(Tm(pa)) = Lm0 + δ(Tm(pa) - Tm0) is the temperature dependence
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is the none-

quilibrium heat of melting taking into account hydrodynamic effects,
Cps, Cpℓ , υsℓ are the specific heat of solid and liquid phases and kinetic
velocity of the melting / crystallization front; Tm0, Lm are the equili-
brium temperature and heat of melting. The parameters α, β, γ, δ are
determined from the molecular modeling [29,47,48]. For Al they are
equal to: α = 0.344, β = 5.01, γ = 6.44 10-3 K/bar, δ = 6.374 J/K/
mole;

Upon transition through the phase boundary, the electronic com-
ponent is assumed to be continuous with respect to the electron density
ne and temperature Te:
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Heterogeneous evaporation. At the moving boundary, the surface
evaporation model in the Knudsen layer approximation [52 –54] is used
as boundary conditions, including three conservation laws and two
additional kinetic relations, from which two of the three values on the
outside of the Knudsen layer (T ρ u, ,υ υ ) are determined. The third
quantity, usually the Mach number (M = u / uℓ), is found from the
solution of the equations of gas dynamics.
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where ΔTk = Tk - Tb (psat(Tk)), psat, ρsat are the pressure and density
of saturated vapor, αυ αT are the kinetic coefficients, Lυ, Lυne are equi-
librium and non-equilibrium evaporation heat, pb, Tb – steam pressure
under normal conditions and equilibrium boiling point.

The boundary conditions for the electronic component and laser
radiation are written as
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where σ is the Stefan-Boltzmann constant.

3.4. Model of double electric layer

The main difference between the mathematical statement of the
double electric layer problem [55] and the drift–diffusion statements
[18,19] is the direct connection of the electron pressure gradient with
the electric field. This dependence follows from a macroscopic de-
scription of processes in a double electric layer. With the beginning of
the action of laser radiation, the heated electrons come into motion
with a certain thermal speed, which leads to a change in the

concentration of electrons. The consequence of this is the emergence of
a concentration gradient and, consequently, a gradient of electron
pressure. In equilibrium, the forces of the electric field E acting on any
arbitrary volume V are balanced by the pressure p acting on its surface
S, which can be expressed by the following equality:
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After integration we obtain the following expressions
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In the one-dimensional case, (9) is written as
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From the macroscopic expressions (8) - (10), using simple trans-
formations, one can obtain the well-known Einstein relation underlying
the drift–diffusion models [56]:
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Where e is the electron charge, μe, μi are the mobilities of electrons
and ions, respectively, De, Di are the diffusion coefficients of electrons
and ions, respectively.

Following [55], we give a brief description of the mathematical
model of a double electric layer. The mathematical formulation of the
problem is reduced to two systems of equations, interconnected by a
common boundary and conditionally called internal and external pro-
blems. The internal problem corresponds to processes in a metal with a
positive charge ezni of ions uniformly distributed in a volume of
0 < x < L and a negative charge of collectivized electrons - ene,
which compensate for the positive charge in this region. The external
problem corresponds to a region of an electron cloud with a negative
charge, adjacent to the metal surface from the vacuum side,
L < x<∞. At the point x= L, there is a metal - degenerate gas of free
electrons interface, on which the conjugation conditions of the internal
and external problems are formulated.
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Here ne, E are the electron concentration and electric field strength;
ε0 is the dielectric constant; ni, z are the concentration of ions in the
condensed phase and the valence of the metal.

The input data for this problem are ni, z, Te. As a result of its solu-
tion, the spatial distributions of the electric field E (x) and electron
concentration ne (x) are obtained as the output.

To determine the force Fne, the problem (11), at every time step of
the solution of the problem (1), is solved for two values of the tem-
perature: T = Te and T = Ta. For T = Te (it is assumed that Te ≠ Ta) the
field strength is determined under the conditions of absence of LTE
Ene = E(Te) for the time for the electron gas temperature near the
surface. The second calculation is performed at the equilibrium
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temperature T = Ta in order to determine the filed strength Eeq = E(Ta)
under the conditions of LTE.

Then specific force Fne(Te,Ta), included in the problem (1) is cal-
culated in the following way:

= −F T T ze m E E( , ) / [ ]ne
e a a

ne eq (12)

Here e is the electron charge, ma is the mass of an ion (atom).
Moreover, in problem (1), one should use the boundary condition

for the electronic component

∂
∂

=
=

p
x

0e
ne

x Γkυ (13)

since the transfer of momentum from electrons to heavy particles in
the border region has already been taken into account by means of
volumetric force Fne.

Note that the undoubted advantage of the hydrodynamic re-
presentation of electronic processes is the ability to determine the
electron beam as a whole, without detailing its components such as
thermo-photo streams and the associated electron work function and
space charge potential, since all these phenomena are taken into ac-
count in the total electron beam crossing the metal-vacuum boundary.

4. Computational algorithm

The numerical solution of the hydrodynamic model (1) - (7) is
carried out by the finite-difference method [57], combined with the
method of dynamic adaptation of the construction of computational
grids [58–60]. The main feature of dynamic adaptation is the use of an
arbitrary non-stationary coordinate system [61 –63]. This distinguishes
this method from other approaches that use Euler and Lagrangian
variables to construct computational grids. The use of an arbitrary non-
stationary coordinate system allows one to carry out calculations with
an arbitrary number of discontinuous solutions, such as shock waves
and contact boundaries [64], propagating phase [60,65] and tem-
perature fronts [66]. The method of dynamic adaptation is ideally
suited to modeling the processes of fragmentation of condensed matter
[28,50,51].

The algorithms of the formation of spallation of a single fragment
are developed taking into account the fact that, within the framework
of the continuum approach, it is not possible to represent the initial
stage of nucleation, which in this paper is replaced by the introduction
of a quasi-nuclus with a characteristic thickness of 0.5 nm. The criteria
for the introduction of quasi- nuclei depend on the mode of laser action
on the target. When thermal ablation is realized in the phase explosion
mode, the introduction criterion is determined by the achievement of
the maximum overheating of the metastable liquid phase in the region
of the near-surface temperature maximum. In this case, saturated vapor
is located between the two moving boundaries of the quasi- nuclus at
the initial moment, and relations describing the kinetics of surface
evaporation and condensation are used as boundary conditions at the
boundaries. The process of introducing a quasi- nuclus is considered
complete after the Mach number becomes positive on its evaporating
walls, M > 0, [50,51].

Nonthermal laser ablation is realized, as a rule, under the influence
of ultrashort femto-picosecond laser pulses using a Coulomb explosion
[17 –19]. Another mechanism of ablation during ultrashort action is an
unloading wave [28,67] with negative pressure, moving from the ir-
radiated surface deep into the target.

If, in this case, a region appears in the substance that satisfies the
spallation criteria in terms of negative pressure, time, and strain rate
[68], then a quasi-nucleus characterizing the formation of a void in the
target material can be introduced in this region. The spall pressure can
be determined in two ways: at a strain rate of less than 1010 s – 1, the
approach [68] is used, and at a higher speed, the spall pressure is de-
termined from [67] using the constant spall time of 0.1 ps. Since during

ablation in the unloading wave, the temperature in the fragmentation
region is not too high (as a rule, it does not exceed the equilibrium
boiling point, T < Tb), it is possible to simplify and without a sig-
nificant deterioration in the accuracy of calculations, replace saturated
vapor with vacuum and write down the boundary conditions for the
two new boundaries as a contact condition condensed medium-vacuum.

The spalled fragment represents a new region in which a more de-
tailed computational grid is automatically generated with condensation
of the nodes to the both boundaries of the spalled part. Inside the new
region, the velocity, density, and temperature were set to be the same as
they were immediately before the split.

5. Analysis of results

Let us consider the option of exposing an aluminum target to an
ultrashort laser pulse with a Gaussian time profile G= G0∙exp(−(t/τ)2),
where -∞ < t < ∞, τ = 0.1 ps, G0 = 2.82 × 1016 W/m2, Fig. 1,
fluence F = 0.5 J∙cm−2 and wavelength λ = 0.8 μm, the surface re-
flectivity R = 0.78, L = 2 μm. The absorbed fraction of the pulse en-
ergy (1-R)G(t) is completely released in the electronic component in the
region, which dimensions are determined by the absorption coefficient
ℓ~α-1. The low heat capacity of the electron gas as compared to that of
the lattice and the delayed energy exchange between the electron and
ion subsystems contribute to the rapid heating of free electrons to a
maximum temperature Te,max ≈ 26 500 K, Fig. 2, which is reached at
the moment t ≈ 0.093 ps, Fig. 1, while the maximum value of the
lattice temperature Timax is reached at ~ 2.6 ps, Fig. 2, that is, after the
end of the laser pulse.

Maximum electron gas heating is limited by high electronic thermal
conductivity λe ≫ λi. In the ionic component, the delayed energy

Fig. 1. The moments of the beginning of melting (t1), maximum of the electron
pressure and maximum of electron temperature (t2) at the laser pulse shape.

Fig. 2. Time dependence of the surface electron (Te) and phonon (Ti) tem-
perature.
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exchange between the subsystems leads to the fact that the melting of
the superheated target surface begins on the falling side of the laser
pulse t ~ 0.02 ps, Fig. 1 at the temperature ~ 1000 K, which is
by ~ 70 K above the equilibrium melting temperature of aluminum Tm.
Subsequently, the surface melting mechanism is rapidly replaced by a
homogeneous one [28], the essence of which is as follows. Significant
overheating of the melting surface and large spatial temperature gra-
dients provide high propagation speeds υsℓ of the melting front υsℓ ~
(1–3) km/s. The powerful flow of matter through the interface Γsℓ, to-
gether with the continuing volumetric heating of the lattice due to the
transfer of energy from the electronic component, leads to the forma-
tion of an overheated subsurface layer in the solid body with a tem-
perature maximum, Ta,max > 1.4Tm(ps). At the temperature maximum
point, a quasi-nucleus of a new (liquid) phase is generated from which
two fronts of the surface melting propagate in the opposite directions.
The process is repeated while the volume heating of the lattice persists.

The features of the homogeneous melting process are illustrated at
Fig. 3(a, b, c), which shows the spatial profiles of main hydrodynamic
properties: temperature Ti ≈ Te, pressure pa, pe and density ρa under the
conditions of multiple propagation of the melting fronts through the
overheated solid phase at the moment t ~ 0.3 ps. These figures show

the liquid phase as green, solid is white, vacuum as blue.
The rapid heating of free collectivized electrons by an ultrashort

laser pulse in combination with a slowed-down energy exchange, de-
termined by elastic electron–phonon collisions, which characteristic
time τei exceeds the characteristic relaxation times τe of the electron
and ion τi subsystems τei ≫ τi > τe, contribute to the formation of a
state of strong thermodynamic nonequilibrium in the near-surface re-
gion metal-vacuum. In this area, characterized by the inequality Te ≫
Ti, the temperature gap between Te and Ti at the surface is above
2 × 104 K, Fig. 2. An increase in the electron temperature Te leads to an
increase in the electron pressure pe, which extrudes electrons toward
the vacuum, which causes a charge separation near the metal-vacuum
interface.

The emerging electric field seeks to maintain the quasi-neutral state
of the system. Note that, in this case, the electron pressure acts only
inside the electron gas, while the Coulomb force Fne directly affects the
ions from the side of the electron cloud. For the laser action regime
under consideration, the maximum values of the electron pressure pe
and the electric field strength Ex on the target surface are reached on
the descending branch of the laser pulse and are respectively pe ≈ 15
GPa, Ex ≈ 9 × 109 Vm−1 (Fig. 4), over the time, practically coinciding
with the maximum of the electron temperature (Fig. 1).

The tensile effect of the Coulomb force manifests itself in the ap-
pearance of negative pressure pa (of the order of 5 GPa) in the near-
surface layer of the liquid, Fig. 3 (b). When the spallation criteria are
reached [67,68], the surface layers of the substance are disrupted. In
Fig. 4, vertical dashed lines mark the moments of the separation of the
first five surface fragments by the Coulomb field. The thickness of the
layer to be torn off is limited by the depth of the concentration in-
homogeneity of free electrons. From the calculation of the structure of
the double electric layer [55], the scale of the spatial concentration
inhomogeneity of free electrons in the surface region of metals is of the
order of 0.3–0,6 nm and weakly depends on Te. The modeling showed
that the thickness of the spalled layers are within the range
0.1–0.25 nm.

Fig 0.3(b) shows the formation of the negative (tensile) pressure pa
under the influence of the Coulomb force in the near-surface liquid
region at the moment t = 0.3 ps, when the spallation of the first layer
already occurred. A similar situation of negative pressure formation in
the near-surface region is repeated before the spallation of the next thin
layer. All spalled layers have a high speed U≈(8–14)km s−1, Fig. 5(d).

After the end of the laser pulse, over time, under the influence of
spatial heat transfer of electron energy and electron–phonon energy

Fig. 3. Spatial profiles of main hydrodynamic properties at the moment
t ~ 0.3 ps: (a) electron Te (1) and ion Ti (2) temperature; (b) pressure (1) pa, (2)
pe; (c) density ρa.

Fig. 4. Time dependence of electron pressure (1) (green), electric field strength
(2) (blue), profile of the laser pulse (3). (t1-t5) are the moments of spallation of
the first 5 liquid layers. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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transfer, the degree of thermodynamic nonequilibrium rapidly de-
creases. This is manifested in the equalization of the temperatures Te ≈
Ti and the pressures pe ≈ peeq, pa ≈ pi + peeq and the disappearance of
the excess Coulomb force Fne(Te,Ta) = 0 generated by the none-
quilibrium electron pressure pene. A decrease in thermodynamic none-
quilibrium entails a change in the main mechanisms of ablation. The
mechanism of fast non-thermal ablation associated with electric fields is

replaced by a mechanism of relatively slow thermal ablation, where the
main role is played by thermal and hydrodynamic processes.

By the time t≈12 ps, the melting mechanism changes. The process
of homogeneous melting of an overheated solid region with many local
melting fronts ends. The entire superheated region turns into a liquid
with a size of ~ 110 nm and one common solid–liquid interface. The
melting process goes into a heterogeneous stage in which the common
melting front runs along an overheated solid phase (T≈1100 K) at a
speed of υsl ≈ 1 km/s. But for the introduction of quasi-nuclei of a new
phase, such an overheating of the solid phase is insufficient.

By this time, the compression wave of the substance, caused by the
rapid release of laser pulse energy, is followed by a hydrodynamic
discharge wave with negative pressure, which leads to the appearance
of the first spallation of a liquid fragment 33 nm thick. A series of spalls
follows, the largest of them with sizes of 19 nm, 20 nm, 42 nm appear,
respectively, at times ti ≈ 16 ps, 20 ps, 29 ps.

Between them is a series of small spalls with a number of ~ 10 with
characteristic sizes of 1–2 nm. Fig. 5(a - d) show spatial profiles of the
main properties of the spalled fragments: temperature T(x), pressure p
(x), density ρ(x) and velocity U(x). For comparison, the fragments that
had separated earlier at the stage of high-speed ablation are also placed
in the same figures.

Modeling showed that the total amount of spalled material at the
stage of rapid non-thermal ablation is equivalent to 0.23 nm of solid
phase. At the stage of slow thermal ablation, the removal of matter is
equivalent to 78 nm of the solid phase. The expansion speeds of the
spalled fragments under the influence of Coulomb are in the range of
8–12 km/s, while in the unloading wave the typical velocities do not
exceed 2 km/s.

The results obtained are in good agreement with experimental ob-
servations of the bimodal distributions of nanoparticles by the energies
given in [10 –12].

6. Conclusion

Ultrashort fs laser action on metals indicated the need to improve
the mathematical models taking into account new processes in the
target and the effects that did not play a significant role in other modes
of laser action. One of these unaccounted effects is the influence of the
pressure of collectivized electrons in a metal under conditions of strong
thermodynamic nonequilibrium.

A mathematical continuous model is proposed combining a de-
scription of nonequilibrium thermal, hydrodynamic, and electronic
processes. Its implementation is carried out in the framework of a one-
dimensional in space, one-speed and two temperature approximations
supplemented by models of a double electric layer, homogeneous
melting and two temperature equations of state.

The main feature of the proposed model, in contrast to the pre-
viously used drift–diffusion mathematical formulations, is the use of the
hydrodynamic approximation to describe electronic processes in a
double electric layer. The direct connection of the electron pressure
gradient with the electric field strength allows one to take into account
and determine the nonequilibrium force acting on the atomic subsystem
in the explicit form in the hydrodynamic model (1). Direct connection
of the gradient of electron pressure with the electric field allows one to
directly connect the hydrodynamic effects of the electronic component
with the electric ones.

Modeling of the fs-laser action on the Al film made it possible to
establish the presence of two pulsed laser ablation mechanisms:

• fast non-thermal, in which the generation of nanoparticles with a
high expansion speed is carried out by the nonequilibrium Coulomb
force of the double electric layer;

• slow thermal, in which the removal of matter occurs in a hydro-
dynamic unloading wave with negative pressure.

Fig. 5. Spatial distributions of the main properties of the spalled fragments: (a)
temperature T(x); (b) pressure p(x); (c) density ρ(x); (d) velocity of expansion
of the spalled layers.
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The results obtained are in good agreement with experimental ob-
servations of bimodal energy distributions of nanoparticles.

Excessive nonequilibrium pressure of collectivized electrons plays a
leading role in the formation of a strong electric field at the metal -
vacuum interface. This effect can be the basis of the Coulomb explosion
in metals.

Representation of electronic processes in the hydrodynamic ap-
proximation allows us to represent the whole electron flow crossing the
metal-vacuum interface. And by this, to exclude from consideration
individual components of the total flux, such as thermionic electron flux
(Richardson-Dushman formula), multiphoton emission, and related
electron work function and charge potential.

If necessary, most of these quantities can be determined from the
hydrodynamic formulation of the double electric layer, which the au-
thors intend to fulfill in their next publications.
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