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a b s t r a c t
The mechanism of the high-speed ablation of aluminum with pico- and subpicosecond (10−11 –10−13 s)
laser pulses is considered. Mathematical modeling based on the continuum non-equilibrium twotemperature (TTM) model revealed that in a relatively narrow range of ﬂuence 0.25–0.7 J/cm2 , the regime
of mechanical fragmentation of the irradiated surface is realized. The maximum values of the lattice temperature for the speciﬁed range of ﬂuence are 2100–3500 K. The removal of the material is mechanical due
to the negative stresses in the rarefaction wave following the shock wave. Explicit tracking of temporal
and spatial position of the melting front has allowed establishing its role in the generation of superheated
metastable states in the solid phase and the propagation of the shock wave. The removed material with
total thickness of 60–100 nm is a collection of separate plates with thickness from 1 nm to 55 nm.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Ultrashort laser action on metals with pulse duration of
 L ≈ 10−12 –5 × 10−14 s has the features peculiar only to this range
of duration, in particular, the features that appear in the form of
a new mechanism of ablation. Thus, while in the region of laser
pulses of long duration,  L ≈ 10−6 –10−9 s, the main mechanism of
material removal is surface evaporation, the dominant mechanism
in the pico- and femtosecond range is spall ablation. Removal of
material is increased by several orders of magnitude compared to
the surface evaporation. It was found [1,2] that usage of large values of ﬂuence F ≈ 1–10 J/cm2 results in spallation in solid matter
at the rear side of the target. The process is accompanied by great
destruction and the substance near the irradiated surface is in the
region of supercritical parameters.
Experimental [3] and theoretical [4,5] research allowed to determine a relatively narrow range of ﬂuence F ≈ 0.25–0.7 J/cm2 , in
which the spall ablation due to the unloading phenomena was
observed in the melt near the irradiated surface. At that, the
irradiated surface is in the subcritical region of parameters. This
mechanism of material removal can be the basis for the high-speed
ablation. However, complex processes that take place in the irradiated zone and that are associated with the metastable superheated
states in the solid phase and homogeneous mechanism of melting
were not adequately investigated. Spallation in solid matter has
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been extensively studied for many years [1,2,4,5], while detailed
information on the dynamic fragmentation of liquid emerging after
partial or complete melting by the laser, is yet to be determined.
Thus, the study of the dynamic fragmentation of laser shock-loaded
metals and evaluation of geometrical sizes of the obtained fragments is an important issue for both fundamental and applied
science.
Dynamic fragmentation leads to formation of clouds of liquid
droplets of melt ejected into the environment at a high speed.
The main method of the theoretical study of these processes is
the molecular-dynamics simulation [5–7] using atomistic models.
Continuous models are used much less frequently [4]. Their application is limited mainly by the lack of possibility of description of
homogeneous mechanisms of melting-crystallization. Additional
limitations are associated with the computational complexity of
determination of spatial location and propagation of the phase
fronts that are typical for the processes of heterogeneous meltingsolidiﬁcation because continuous models [4] usually consider
phase transitions, shock waves and spallation without usage of
adaptive grids and explicit front tracking. In recent years, a number
of theoretical studies [8–14] were published which described and
studied various aspects of spallation of irradiated surfaces of the
metal targets on the basis of continuum models. However, these
models did not explicitly formulate and analyze the melting process.
This paper is dedicated to theoretical modeling of fragmentation of aluminum, melted by a picosecond laser pulse, estimation
of the number of molten droplets and determination of their
sizes.
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2. Model

transitions of the ﬁrst kind contain kinetic nonequilibrium associated with the molecular-kinetic processes at the interface. For
melting-solidiﬁcation, the kinetic nonequilibrium is characterized
by the velocity of interphase boundary sl , taking into account
the deviation of the phase transition temperature Tsl from the
equilibrium temperature Tm,0 , i.e. the value of superheating or
undercooling. The signiﬁcant deviation from the equilibrium
temperature makes it inacceptable to use the phenomenological
condition of constant temperature at the interface Tsl = Tm,0 that
is used in the classical type of the Stefan problem. Strictly speaking, the equality Tsl = Tm,0 corresponds to the equilibrium of the
two phases of solid–liquid and can be used for very slow phase
transitions [16] close to the equilibrium curve. For the fast phase

Modeling of melting and fragmentation is based on the use of the
non-equilibrium continuum hydrodynamic model [15,16], supplemented with the equation of laser radiation transfer. The absorbed
portion Asur (Te ) = 1 − Rsur (Te ) of laser pulse intensity G(t) initiates a
number of interrelated processes in it with non-linear nature of
development. The description of their behavior is accomplished
using a system of hydrodynamic equations, two energy balance
equations for the electron and phonon subsystems, and the transport equation for the laser radiation. The system of equations is
written for the domain with two moving interphase boundaries
sl (t),  k (t).
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p i , Tph ,  = e + i . The adopted designations: i is the density
of heavy particles, , u, p, ε, T are the density, gas-dynamic velocity,
pressure, internal energy, and temperature correspondingly, ˛ (Te ),
R (Te ) are the coefﬁcient of volume absorption and surface reﬂectivity, G is the energy density of laser radiation, W is the heat ﬂow, m,
M, z are the electron and ion mass and ion charge, Ce (Te ), Cph Tph ,
e (Te , Tph ), ph Tph are the electron and phonon speciﬁc heat and
thermal conductivity, g(Te ) is the electron–phonon coupling factor.
The indexes s,l, denote that the value belongs to either solid, liquid
or vapor phases, e, ph denotes the electron or phonon gas.
3. Models of heterogeneous melting and evaporation
The model of heterogeneous melting describes processes at the
interface solid–liquid under the conditions of signiﬁcant violation
of local thermodynamic equilibrium that are typical for ultrashort
laser action. The electron component is assumed to be continuous at
the phase boundary relative to the electron density Ne and electron
temperature Te : We,s = We,l , Te,s = Te,l .
The model of heterogeneous melting consists of the system of
equations expressing the three conservation laws for the phonon
component: mass, momentum, and energy, supplemented with the
kinetic condition for the velocity of the melting sl :
x = sl (t) : s (us −
ps + s (us −
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The introduction of additional condition (5) is caused by the
fact that in addition to the thermodynamic nonequilibrium, phase

transitions, it is more consistent to replace the phenomenological conditions with the expression for the velocity sl obtained
from the molecular-kinetic theory [17], [18]. This expression is
the main characteristic of the process of melting-crystallization.
The designations that are used in (2)–(5): Lm (Tm (ps )) = 8897 +
6.374 × (Tm (ps ) − 925) [J/Mole] is the temperature dependence
of the equilibrium melting heat, Tm (ps ) = Tm,0 + k ps is the equine = L (T (p )) +
librium melting curve, Lm
C Tsl + (us − ul )2 (s +
m m s
C=
l )/[2(s − l )] is the nonequilibrium heat of melting,
(Cs − Cl ), Tsl = Tsl − Tm (ps ), k is a constant,  is the mean free
path, m is the atom mass, a is the interatomic distance, f is
the efﬁciency coefﬁcient–the amount of atoms that remain in
solid when passing through the boundary, kB is the Boltzmann
constant.
The approximation of the Knudsen layer is generally used in
the current models of heterogeneous evaporation (see [19], and
references therein). The main limitation to their use is that acceptable quantitative description of the processes is achieved far from
the critical state of matter. Given that the processes of heterogeneous evaporation are well described and investigated over the past
decade, its mathematical formulation is not given in the present
paper. The modiﬁed model of D. Crout was used in the calculations
[19].
Complete description of the models of heterogeneous melting
and evaporation can be found in Ref. [15].
In metals, the laser radiation is absorbed by free (collectivized)
electrons via the inverse bremsstrahlung. Temporal proﬁle of USLP
of a Ti:Sapphire laser with wavelength L = 0.8 m is approximated by the Gaussian dependence G = G0 exp(− (t/ L )2 ), where
 L is the pulse half-width, G0 is the maximum value of intensity. The value of intensity at the irradiated surface is Gsur (t) =
2
Asur (Te ) G0 (t) exp(−(t/L ) ), where Asur (Te ) = 1 − Rsur (Te ) is the
surface absorptance. Propagation of laser radiation deep into the
strongly absorbing condensed medium is described by the equation of laser radiation transfer from the system (1), the integration
of which leads to Lambert–Beer law.
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A modiﬁed equation of state P (, T ) from Ref. [20] was used in
the calculations. The modiﬁcation was to exclude from consideration the mixed zone solid + liquid.
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Tph
Te

1.4 Tm (P)
Tm (P)

An ultra-short laser pulse with wavelength L = 0.8 m
and Gaussian temporal proﬁle G = G0 exp(− (t/)2 ) with duration
 L = 0.1 ps and maximum intensity G0 = 2.26 × 1012 W/cm2 hits the
surface of an aluminum target. This value of intensity corresponds
to the ﬂuence value of F = 0.4J/cm2 F. The absorbed threshold ﬂuence of spallation in our computations is about 0.06 J/cm2 . The
temperature dependence of optical properties R (Te ) and ˛ (Te ) were
determined via Fresnel formulas using real and imaginary parts of
longitudinal dielectric permittivity. The permittivity of degenerate
electron plasma of metal was determined from the numerical solution of the kinetic equation. The methods of determining the optical
characteristics of metals and the method of solving the kinetic
equation are given in Ref. [23]. The temperature dependencies of
R (Te ) and ˛ (Te ) were taken from there and have the form [15]. The
absorbed ﬂuence in our computation was about 0.088 J/cm2 .
Temporal evolution of the processes in the target is conveniently
represented in the form of two consecutive stages: non-equilibrium
thermodynamic one with Te » Tph and hydrodynamic one with
Te ∼ Tph . The ﬁrst stage includes the release of the laser pulse
energy in the electron component and its rapid heating to high temperatures in the subsurface region with Te,max ≈ 1.4 × 104 K. Slow
exchange between the electronic component and the lattice leads
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Fig. 1. Start of volume melting at t = +0.4 ps. The vertical arrow shows the point of
introduction of a new liquid phase.

to a large separation of the electron temperature from the temperature of the phonons, Te » Tph , Fig. 1. Melting of the target starts
from the irradiated surface with large delay relative to the duration of the laser pulse t ∼ +0.5 ps. Signiﬁcant superheating of the
melting surface and large spatial temperature gradients provide
high propagation velocities for the melting front with the values of
about 2.5 km/s. The powerful ﬂow of the material through the phase
boundary sl together with continuing volume heating of the lattice due to the energy transfer from the electron component result
in formation of a superheated subsurface region in the solid with
the subsurface maximum of temperature where Tph (p) > Tm (P),
Figs. 1 and 2. According to the works [24], [25], the maximum
superheating of aluminum is limited by the value of approximately
1.4Tm (P). The collapse of the overheated metastable state takes
place in the form of volume melting of the superheated region. We
chose the following algorithm of consideration of homogeneous
melting based on the above criterion of maximum superheating.
When the temperature in some point of solid reaches the value of
1.4Tm (P) (this point is shown with an arrow at Fig. 1), a new liquid phase is introduced (a quasi-nuclei). It is represented by two

3,5
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3

5. Results and discussion
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The differential model (1)–(2) was approximated by a family of
implicit conservative ﬁnite difference schemes written on dynamically adapted grids [21]. The method is based on the idea of using
an arbitrary non-stationary coordinate system, which allows, in
contrast to Euler and Lagrange variables, to perform calculations
with an arbitrary number of discontinuous solutions such as shock
waves, propagating phase and temperature fronts, contact boundaries and spalled fragments. The algorithm for calculating of a single
spall fragment is as follows. The compression wave caused by heating and thermal expansion of the target material is followed by a
rarefaction wave with negative pressure that moves from the irradiated surface into the bulk target. If the rarefaction wave meets
the spallation criteria for the values of negative pressure, duration
and strain rate [22], there may be a mechanical breakaway in this
area, i.e., formation of voids in the target material. As a result of
spallation, the fragments of matter are separated from the target
and move in the direction opposite to the laser pulse. At this, two
new moving boundaries are introduced into the point of spallation.
If the temperature is high enough, T > Tb , saturated vapor is placed
between them with appropriate boundary conditions written at
the two boundaries for surface evaporation and condensation. In
the regimes of laser action where the temperature at the points
of the mechanical spallation is not too high, T < Tb , it is possible
to replace saturated vapor with vacuum for simplicity and without decreasing of the accuracy of the calculations. In this case, we
write at the new borders the boundary conditions for the contact
discontinuity of condensed medium and vacuum. In addition to the
criterion of spallation, we also introduced an additional constraint:
the minimum size of the spalled material should not be less than
1 nm, i.e., several atomic layers. A detailed computational grid with
increasing concentration of the grid nodes from the center to the
both boundaries of the spalled piece is automatically generated in
the new domain. Density and temperature remain the same inside
the new domain as they were immediately prior to the spallation.

T,10 K

4. Computational algorithm
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Fig. 2. Temperature proﬁles at the moment before ﬁrst spallation at t = +20 ps. Red
solid and blue dash-dot lines are the temperature of phonons and electrons correspondingly.
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Fig. 3. Time dependence of instant (red solid line) and average (blue dash-dot line)
velocity of volume melting. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article).

new melting boundaries, which are introduced with liquid phase
between them. They start to move in the opposite directions and
that effectively increases the total melting speed i.e., the amount
of melted material per second. In this paper, this effective speed
is called the speed of homogeneous melting. We write the same
boundary conditions at the new boundaries as at the boundary
of heterogeneous surface melting. Fig. 3 shows the time dependence of the instantaneous and average speed of a homogeneous
melting. Their maximum values are approximately ≈ 32 km/s and
≈ 15 km/s correspondingly. The speeds of homogeneous melting
exceed the speed of sound and are much higher than the velocity of the front of heterogeneous melting. The obtained values of
the speed of homogeneous melting correlate well with the values
for the homogeneous melting of a gold ﬁlm ≈ 13.2km/s, calculated
using the molecular-dynamic approach [26].
The second stage of the development of the processes, t ≥ 0.5ps,
is associated with the evolution of the hydrodynamic processes.
High speed of the melting front together with the rapid thermal
expansion leads to the formation of a strong compression of matter near the melting front. Propagation of the compression wave
has a loading effect on the substance and corresponds to the positive half-wave of pressure Fig. 4. The compression stage is followed
by a stage of unloading which corresponds to the negative pressure
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4

200,2

half-wave, Fig. 4. Fig. 4 shows pressure proﬁles before the ﬁrst spallation and right after it. Figs. 5 and 6 show the density proﬁles and
electron and phonon temperatures at the moment t = +0.4 ns. Four
spalled pieces of liquid phase with sizes from 2 to 19 nm are seen
at Fig. 5. The total number of spallations in this computation is 20
and some of the spalled parts are later combined with each other
and form larger fragments. The total amount of spalled material
(calculated based on the mass of solid) is 95 nm. The temperature
of the spalled fragments is from 1500 to 2800 K. Multiple passages
of pressure waves reﬂected from the left and right free boundaries
are observed in each of the spalled pieces. These waves are most
notably seen in the spalled parts with the maximum size, in this
calculation they are the very left and very right fragments with
the size of 55 and 45 nm, respectively, where the pressure oscillation amplitude reaches the value of 1–2 GPa. The average speed of
movement of the very left fragment is about 400 m/s, the speed of
the very right one is about 1000 m/s. It should be also noted that the
most of the liquid phase in this calculation is spalled after the passage of the rarefaction wave; the size of the remaining non-spalled
liquid is 25 nm out of 120 nm of the maximum liquid size, Fig. 7.
In some other regimes that we simulated, even larger portion of
the liquid phase is removed through spallation. These results are in
fairly good agreement with the experiment [3] where the spallation threshold ﬂuence was 0.085 J/cm2 and the spalled fragments
sizes were in the range of 10–50 nm.

P (before spall)
P (after spall)

10

-6

x,10 m

Fig. 5. Density proﬁles at t = +0.4 ns with 4 spalled parts. Vertical dotted lines show
the location of the moving boundaries solid–liquid and vacuum–liquid.
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Fig. 4. Pressure proﬁles at the time instants 1.7 ps before and 0.6 ps after the ﬁrst
spallation (at t = +20.4ps and t = +22.7 ps) correspondingly.
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Fig. 6. Phonon (red solid line) and electron (blue dash-dot line) temperature proﬁles at t = + 0.4 ns. Vertical dotted lines show the location of the moving boundaries
solid–liquid and vacuum–liquid. (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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Fig. 7. Not-spalled (red dashed line) and spalled (blue solid line) liquid phase size.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article)

6. Conclusion
The basis of the high-speed laser ablation, which is manifested
in the form of a spallation of melt from the side of the irradiated
surface, is the interaction of mechanisms of homogeneous and heterogeneous melting. The key point of our suggested approach is
explicit tracking of the phase boundaries. The resulting melt is
removed in the unloading wave, which corresponds to the negative branch of the pressure, propagating from the surface into the
bilk material. The threshold ﬂuence value in our computation is
about F = 0.26 J/cm2 (absorbed 0.06 J/cm2 ). The amount of spalled
material for F = 0.4J/cm2 is about ∼95 nm. As the ﬂuence rises, the
number of fragments also rises to 10–15 with large dispersion of the
fragment widths ∼(1–25) nm. The described mechanism exists in a
rather narrow range of ﬂuence values. For F > 0.7J/cm2 , the dominant mechanism is spinodal decomposition of the superheated
phase.
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