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a b s t r a c t
Detailed investigation of pulsed laser ablation dynamics is performed for aluminum target under action
of 100 fs pulses with peak intensity 3.95 × 1012 W/cm2 and wavelength 0.8 m.Non-equilibrium twotemperature model with hydrodynamic Stephan problem was used for modeling. Explicit tracking of
moving interphase boundaries permits exact determination of their velocity and amount of removed
and evaporated material. Detailed ablation process is analyzed using the study of temperature, pressure
and density evolution in the target. High phase front velocities (melting up to 5 km/s and evaporation up
to 350 m/s) are caused by strong overheating of solid and liquid phases.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

The statement of the problem includes the following assumptions.

The investigation of the fundamental problem of femtosecond
laser ablation is far from its completion. Despite of the impressive
achievements of the theoretical works on the material removal
mechanisms including evaporation, phase explosion, spallation,
etc. during previous 10 years [1–3], several problems remain
unclear. High non-equilibrium state of the processes of the laser
heating with the ultrashort pulses and associated with them fast
phase change dynamics complicate the determination of the dominating ablation mechanisms and their interchange as the pulse
duration and intensity changes. In particular, all the transport properties in the used models are highly non-equilibrium and are not
known in the wide frequency and temperature range. These problems continue to stimulate further investigation of the femtosecond
ablation.
The objective of this work is the detailed investigation of the
dynamics of the femtosecond laser ablation using the numerical
solution of the theoretical model describing ultrashort high-power
laser action on metals in the approximation of the hydrodynamic
type of two-temperature model with explicit tracking of interphase
fronts.

a) The mechanisms of homogenous (volume) melting and evaporation are excluded from consideration.
b) It is supposed that the melting front appears at the irradiated
surface when the temperature reaches the equilibrium melting
temperature Tm0 and the overheated metastable states behave
in a stable way during the time of observation.

2. Theoretical model
The laser radiation propagates from the right to the left and
hits the metal target where it is partially absorbed and partially
reﬂected. Fig. 1 shows the spatial phase distribution, the moving
boundaries  sl (t),  l (t),  g (t) and the shock wave in solid  sh,s (t).
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Mathematical description and modeling of femtosecond laser
ablation of hard aluminum target is performed within the
framework of two-temperature and spatially one-dimensional
multi-front Stephan problem for two phases: solid and liquid.
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,

k=s,l

t > 0, 0 < x < sl ∪ sl < x < lv

where We = − (Te , Tph ) ∂ Te /∂ x, Wph = − (Tph ) ∂ Tph /∂ x, P(,
T) = P(e , Te ) + P(ph , Tph ), here , u, ε, T and P are the density,
gas-dynamic velocity, internal energy, temperature and pressure,
˛(Te ), R(Te ) and G are the coefﬁcient of volume absorption, surface
reﬂectivity and laser radiation energy density, C and  are heat
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Fig. 1. Spatial phase conﬁguration.

capacity and heat conductivity, g(Te ) is the electron–phonon
coupling factor. The indexes k = s, l,  represent the solid, liquid
and vapor phases, e, ph represent the electron and phonon gas.
The following boundary conditions were used on the interphase
boundaries:
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Fig. 2. Time dependencies of surface phonon and electron temperature.
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Note that the usage of the condition of the temperature equality
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where ku and s are the evaporation and melting velocity, Lne and
ne are the non-equilibrium speciﬁc heat of evaporation and meltLm
ing, ˛T (M) and ˛ (M) are the Crout coefﬁcients [4], pb, Tb and Tm
are the equilibrium evaporation pressure, the boiling and melting
temperature, T and  are the vapor temperature and density, sat
and psat are the density and pressure of saturated vapor, is the
Stephan–Boltzmann constant.
In order to determine the transport and optical characteristics
e (Te , Tph ), ph (Tph ), g(Te ), ˛ (Te ), R (Te ) we used the approach [5]
that allow us to obtain the following dependencies for arbitrary
temperature range:
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where e (Te , Tph ) is the averaged temperature conductivity of
electron Fermi-gas,
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is the interatomic distance,
r = ((3/4)(1/Na ))
rB = h̄2 /me e2 is the Bohr radius, h̄ is the Planck constant, kB is the
Boltzmann constant, me , e are the mass and charge of electron, z is
the valence, Na and Ne are the density of atoms and electrons, M0
and A are the atomic mass unit and atomic weight.
Temperature dependency of electron–phonon coupling factor
g(Te ) is determined by the following expression [5]:
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ε is the average energy that is transferred during one
collision of electron with phonon:
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The temperature dependencies of the optical characteristics ˛(Te )
and R(Te ) were taken from Ref. [7]. The equation of state P = P(, T)
was taken from Refs. [8,9].
3. Results and discussion
Here we analyze the processes taking place in the aluminum
target under the action of the laser pulse with duration L = 100 fs
and intencity G0 = 3.95 × 1012 W/cm2 corresponding to the ﬂuence
of 0.7 J/cm2 and wavelength L = 0.8 m.
All peculiarities of the femtosecond laser ablation are determined by a single factor: very high heat deposition rate. Figs. 2–4
show time dependencies of the surface temperature Te (t), Tph (t),
electron–phonon coupling factor g(t) and heat conductivity e (t).
The time dependence Te (t) resembles the shape of the pulse with
the maximum of Temax (t) ≈ 5 × 104 K right after the peak intensity. The rapid rise of the electron temperature causes the rise of
g(t) and e (t). The electron–phonon coupling factor g(t) increases
by two orders of magnitude, from 1010 W/(cm3 K) at Te = 300 K, to
2 × 1012 W/(cm3 K) at Temax (t). The maximum value of the lattice

,
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Fig. 3. Time dependence of energy exchange coefﬁcient, heat zone and liquid size.

Fig. 5. Time dependence of melting and evaporation velocity.

temperature is reached at the end of the pulse Tph,max ≈ 1.6 × 104 K.
This value is several times larger than the critical temperature
Tcr . Theoretical possibility of such mode of femtosecond heating was shown in Ref. [2] using molecular dynamics. It is not
possible to model further decomposition of the overheated state
within the framework of the used continuum model. So we
can only suggest that the mechanism of decomposition of the
overheated state would be phase separation [2]. Complete temperature equilibration Te ≈ Tph for the described mode occurs at
t ≈ 100 ps.
The high heating rate determines the high rate of the phase
transformations. Fig. 5 shows the time dependence of the velocity of melting sl (t) and evaporation   (t) fronts. The melting
process starts at the front slope of the laser pulse and reaches
the maximum of slmax (t) ≈ 5 km/s. The surface evaporation starts
with a certain delay. The maximum evaporation velocity is by
one order lower than the one of the melting velocity due to
ne ):
the large value of speciﬁc energy of evaporation Lne (Lne  Lm
 max (t) ≈ 350 m/s. The high velocities of the propagation of the
phase fronts are associated with the high material ﬂow over the
interphase boundaries. Together with the volume type of energy
transfer from the electron gas to the lattice, this results in formation
of highly overheated metastable states and appearance of subsurface maximums of temperature in solid and liquid, Fig. 6. Since
the maximum velocity of the melting front appears to be comparable to the sound velocity slmax (t) ≈ sound , a shock wave is

formed in the solid phase moving in front of the melting boundary, Fig. 6. Dotted lines mark the location of the phase fronts
and the shock wave. Arrows show the location and the value of
the temperature maximums. Since the overheating of the solid
phase surface is restricted by the temperature equality condition Tsl = Tph,s = Tph,l = Tm (ps ) the subsurface temperature maximum
reaches the value of Tsl = (Tph,s − Tph,max ) ≈ 15000K. Boundary conditions at the irradiated liquid surface do not contain the condition
of the temperature equality (Tph, = Tb ) so it can be overheated.
Therefore the subsurface temperature maximum turns out to be
signiﬁcantly less: Tl = (Tph, − Tph,max ) ≈ 5000 K. Note that these
temperature values are obtained under the assumption of the stability of the overheated states and the absence of the homogenous
phase transitions (which description cannot be fulﬁlled within the
framework of the continuum model).
The formation of the highly non-equilibrium region Te  Tph is
accompanied by the signiﬁcant rise of the heat conductivity e (Te ,
Tph ) by 30 times, Fig. 4, which results in the propagation of the
electron gas energy within very high volume, ıT ≈ 0.9 m, Fig. 3. The
thickness of liquid phase at the time of t = 50 ps reaches ∼180 nm,
Fig. 7.
The usage of double pulses results in signiﬁcant change and
complication of the involved processes. Fig. 7 shows time dependence of the temperature for two pulses shifted by 10 ps.

Fig. 4. Time dependence of phonon and electron heat conductivity.

Fig. 6. Spatial proﬁles of phonon and electron temperature at t = +2 ps.
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nied by the occurrence of the strongly overheated (5,000–15,000 K)
metastable states and shock waves in solid. At the same time,
the deﬁnition of the mechanism of the decay of the overheated
metastable states requires the addition of the discrete models of
the type of molecular dynamics to the used continuum model.
Acknowledgments
This work was supported by the Russian Foundation for Basic
Research, project nos. 10-07-00246a and 09-07-0225a.
References

Fig. 7. Time dependence of phonon and electron temperature for 2 pulses.

4. Conclusion
The regime of laser femtosecond ablation of an aluminum target that is typical for laser treatment of materials is considered.
Simulation results show qualitative inﬂuence of metastable overheated states on the basic processes. The delayed exchange of
energy between electron and phonon subsystems with increased
deposition of the energy of electronic gas leads to the volume type
of heating of the lattice. Rapid phase transformations are accompa-
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