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ABSTRACT A molecular dynamics model is applied to study
the formation and the early stages of ejection of material in
ultra-short laser ablation of metals in vacuum. Simulations of
the ablation process for iron at a pulse duration of 0.1 ps and
at different laser fluences are performed. Different features of
the ejection mechanism are observed below, near, and above
the ablation threshold. The last is estimated as approximately
0.1J/cm?. The structure of the ablated material is found to
depend on the applied laser fluence. The expanded plume con-
sists mainly of large clusters at fluences near to the threshold.
With the increase of the laser fluence the presence of the large
clusters decreases. Clear spatial segregation of species with dif-
ferent sizes is observed in the direction normal to the surface
several tens of picoseconds after the laser pulse onset. The angu-
lar distribution of the ejected material is estimated for different
regimes of material removal. Above the ablation threshold the
distribution is forward peaking.

PACS 79.20.Ds; 52.38. Mf; 02.70.Ns; 81.05.Bx

1 Introduction

Laser ablation is a basic process in a number
of applications of lasers, such as micromachining, surface
cleaning, surface-element analysis, generation of supersonic
atomic and molecular beams, and pulsed laser deposition
(PLD) of thin films and coatings. In many of these applica-
tions the properties of the ablated material, such as composi-
tion, velocity, and angular distribution of the ejected species,
are critical. For example, the composition of the ablated ma-
terial and the velocities of the particles in the plume strongly
affect the quality, content of defects, and residual stresses of
as-deposited thin films by PLD [1, 2].

Generally, the evolution of the ejected material can be di-
vided schematically into two stages. The early stage includes
a particle-removal process which is governed by the mech-
anism of ablation. In this stage the initial conditions of the
plume are defined. In the second stage, the evolution of the ab-
lated material comprises expansion, where the interaction be-
tween particles is most important. Many experimental [1, 3, 4]
and theoretical [5—8] investigations have been devoted to the
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study of the properties of the laser-ablated plume in ultra-
short laser ablation. The application of ultra-short laser pulses
in the processing of materials reveals new possibilities and
mechanisms for laser—solid interactions. Due to better spatial
concentration of the energy, compared to nanosecond laser
pulses, femto- and picosecond pulses ensure a lower abla-
tion threshold. Furthermore, the interaction between ablated
material and laser pulse can be neglected. The lower ther-
mal losses compared to the nanosecond pulses cause smaller
amounts of molten material and liquid droplets in the ablated
plume. The ablation process with femtosecond pulses is also
related to ejection of highly energetic particles, as their vel-
ocities can be one order of magnitude higher compared to the
nanosecond regime [1]. Furthermore, it is shown [1] that, in
femtosecond ablation, the lateral expansion of the plume is
significantly smaller. The velocities of the ablated particles
increase with rise of the laser fluence applied [3] and, de-
pending on the composition and density of the plume, the
velocity distribution can be described by a one-temperature
shifted Maxwell-Boltzmann function or an elliptical (two-
temperature) distribution [6]. Furthermore, depending on the
laser fluence applied, the composition of the ablated mate-
rial changes significantly, as it can contain fine clusters when
the laser fluence is high enough above the threshold. On the
contrary, relatively large portions of the material are expelled
near to the threshold, as was shown for Cu [9]. The vel-
ocities of the ablated species and the expansion dynamics
strongly depend on the kind and pressure of the background
gas [1, 10]. Although some of the basic features of ultra-short
laser ablation have been described and explained, the nature of
the mechanisms of ejection is still unclear and needs further
investigations.

In this work the early stage of the dynamics of the ultra-
short laser-ablated plume is investigated on the basis of a
molecular dynamics (MD) simulation. One of the main ad-
vantages of this method is that the interactions between par-
ticles and the dynamics of the different phases can be obtained
without any considerations about the nature and the character
of the processes involved.

2 Simulation details

The simulation model used in this work is based on
the classical MD simulation technique [11]. The numerically
stable and simple velocity Verlet algorithm is applied to in-
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tegrate the equation of motion. The interaction between the
atoms in the system is described by the Morse potential and
its particular parameters for Fe are taken from [12]. In order
to avoid the interaction between atoms at distances longer
than the potential cutoff radius, the calculations are organized
using the cell structure and the link-list method. The initial
velocities are randomly ascribed to the atoms according to the
Maxwell-Boltzmann distribution at room temperature. The
modeled material is formed by certain numbers of unit face-
centered-cubic cells in x, y, and z directions, respectively. The
processes are investigated up to several tens of picoseconds.

The evolution of the ablation process is investigated in two
configurations of the modeled system:

(i) Periodic boundary conditions for the atoms are ap-
plied in the x and y directions of the computational domain
in order to simulate an infinite medium. This means that the
processes occurring in the center of the laser spot are exam-
ined and effects of the edges of the laser spot are neglected.
A velocity-dampening technique is applied at the bottom of
the computational cell in order to prevent the artificial abla-
tion effects that arise out of the shock-wave reflection from the
bottom boundary of the system.

(ii) The laser pulse is focused at the center of the simu-
lation system. It has a Gaussian spatial distribution of the
intensity. This configuration of the system will provide a very
precise description of the ablated plume expansion in the x—y
plane.

The interaction is simulated for Fe at a pulse duration
of 7, =0.1ps (FWHM) and a wavelength of A = 800 nm.
The optical parameters of the material used in the calcula-
tions at this wavelength are the reflectivity R = 65% and the
absorption coefficient @ = 0.54 x 10° cm™!. The laser-beam
intensity has a Gaussian temporal distribution and spatial uni-
formity in the first configuration and a Gaussian spatial dis-
tribution in the second. The ablation process in vacuum is
studied.

2.1 Absorption of the laser light

A number of photons, corresponding to the laser
energy, is deposited in the material exponentially following
Lambert—Beer’s law. The energy of the photons is transferred
to the atoms of the system within a characteristic time g, cor-
responding to the time of electron—lattice energy transfer and
the establishment of the equilibrium temperature. The time Teq
depends on the properties of the material and it is between
hundreds of femtoseconds and several tens of picoseconds in
the case of metals [13, 14]. Based on the two-temperature dif-
fusion model [15, 16], we have estimated this time to be about
5 ps for Fe.

The energy deposited to the atoms in the system con-
tributes to the increase of their kinetic energy. The electron
thermal diffusion is taken into account in the model by an
increasing of the effective depth of the penetration of the
laser energy. This depth is estimated from the electron ther-
mal diffusion length I/§ ~ (Deteq)l/2 (where D, = K./C, is
the electron diffusion coefficient), with the values of the elec-
tron thermal conductivity K. and the electron heat capacity C.
estimated on the basis of [15-18].

Due to the limitations of the MD modeling in terms of
number of particles, in the case of simulations with a Gaus-
sian spatial distribution (ii), the laser pulse is focused in
an area of several nanometers and the depth 1/« and elec-
tron thermal diffusion length values are scaled down with
a factor of 20. The scaling is also applied to the spatial distri-
bution of the laser intensity. The deposited energy is estimated
from the volume density of the photons corresponding to the
real conditions.

3 Results and discussion

The experiments on ultra-short laser ablation of
metals reported in our previous work [19] show that the abla-
tion of metals can be divided into different regimes depending
on the laser fluence applied. These regimes are expressed by
different ablation rates (depth per pulse) at laser fluence rise.
The MD model reveals that the change of the ablation rate is
also related to a change of the mechanisms of ablation and
the properties of the ablated material. At a laser fluence below
approximately F = 0.1J/cm? (we call this value the abla-
tion threshold), the rate of material removal is up to several
nanometers per pulse. The ablated material consists mainly of
single particles produced by desorption.

Figure 1 represents snapshots of the evolution of the ab-
lation process in Fe at F =0.15 and 1.0J/cm?, taken 7 ps
after laser pulse onset for the case (ii). The increase of the
laser fluence above the threshold results in an apparent rise
of the amount of the ejected material. At F = 0.15J/cm?
(Fig. 1a) the deposited energy causes transient isochoric heat-
ing of the material, which is related to fast removal of ma-
terial. The temperature on the surface is slightly above the
evaporation temperature and one can assume that the inten-
sive material removal is connected with the development of
strong pressure in the absorbing volume. Since the deposited
energy in depth is not sufficient to cause a transition into
the gas phase, the ablated material consists of big and low-
energetic clusters of molten material. Due to their low vel-
ocities and the collisions a significant part of the ablated ma-
terial is re-deposited on the surface. The ablated crater has
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FIGURE 1  Snapshots of the evolution of the ablation process in Fe at 7, =

0.1 ps, taken at 7 ps after laser pulse onset. a F = 0.15J/cm?; b F =1 J/cm?
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rough walls, and the presence of molten material remaining is
negligible.

Further increase of the laser fluence changes consider-
ably the features of the ablation and the properties of the
ejected material (Fig. 1b). Here, presence of big clusters in the
plume decreases. The time evolution of the average tempera-
ture of the particles in the absorbing volume for F = 1J/cm?
is shown in Fig. 2. As one can see, the material is rapidly
overheated. This results in fast, explosion-like expansion of
the heated volume. Several picoseconds later, the material
starts to decompose into single particles, clusters, and liquid
droplets. The process is accompanied by fast cooling of the
overheated material, which is related to a transfer of the ther-
mal energy into energy of decomposition.

A snapshot of the ablated plume, 20 ps after laser pulse on-
set, is presented in Fig. 3 at the conditions of Fig. 2 and the
case (i). A detailed view of the structure of the ablated mate-
rial is also presented for three different parts of the plume. As
one can see, there is an apparent difference in the composition
of the ejected material as a function of the distance from the
surface. The top of the plume consists mainly of single par-
ticles, while small- and medium-sized clusters are observed in
the middle part. In the region near the surface (lower part), the
plume consists mainly of big clusters and droplets. This struc-
ture of the plume is related to the different degrees of heating
of the material in depth.

Figure 4 represents the dependence of the average com-
ponents V, (normal to the surface) and V, (parallel to the
surface) of the velocity of the ablated single particles on
the distance from the surface (R,) of the material taken at
25 ps after the laser pulse onset (F = 1J/cm?). As is seen,
V., can be described as a linear function of R,. The clusters
in the expanding plume have V, of the same range as those
of the single particles with the same R,. However, the big li-
quid droplets located near to the surface of the material have
velocities about two times lower, compared to those of the sin-
gle particles and small clusters situated at the same R,. One
can assume that, due to the low velocities and high densities of
these droplets, they may coalescence into bigger ones.

No contribution of the forward ejection in the V;, com-
ponents is observed and their values do not depend on the
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FIGURE 2 Time evolution of the average temperature of the particles in the
absorbing volume. F = 1 J/cm? and 7, =0.1ps
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FIGURE 3 Snapshot of the ablated plume at 20 ps after laser pulse onset.
F =11J/cm? and 7, = 0.1 ps. The insets represent more detailed views of the
structure of the ablated material at three different distances from the surface
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FIGURE 4 Dependence of the average normal (solid curve) and radial
(dashed curve) velocity components of the ablated single particles on the dis-
tance from the surface, taken at 25 ps after laser pulse onset. F = 1J/cm? and
7, =0.1ps
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distance from the surface. Their distribution can be well de-
scribed by a Maxwell-Boltzmann function (Fig. 5) and they
can be referred to as the thermal motion of the species in the
plume [5, 6]. The number of big clusters and droplets in the
simulations is not enough to ensure good statistics for the vel-
ocity distribution, but an estimation shows that their thermal
motion can not be described with the same temperature as the
single particles. Due to the difference in the masses of the big
species and single particles the thermalization is not achieved
up to the end of the simulation.

The increase of the laser fluence results in a rise of the vel-
ocities of the ablated particles. Figure 6 shows the dependence
of V, for the single particles in the top of the plume on the
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FIGURE 5 Distribution of the radial velocity components of the ablated
single particles. The dots represent MD results; the curve is a Maxwell-
Boltzmann distribution at T = 10* K. F = 1 J/cm? and 7, =0.1ps
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FIGURE 6 Dependence of the maximal normal velocity component (for
the single particles at the top of the plume) on the laser fluence

laser fluence. These values are in acceptable agreement with
the results found [1, 20, 21].

The ratio between the components of the particles’ vel-
ocities (Fig. 4) indicates a forward peaking of the angular
distribution of the plume. It is proposed [22] that the angu-
lar distribution of the ablated particles could be described by
cos?(0), where 6 is the polar angle measured from the sur-
face normal, and p = (1 4+ M)?, where M is the Mach number.
Figure 7 represents the angular distributions of the plume
for ablation at F = 0.1J/cm? and F = 2 J/cm?, respectively,
taken at 50 ps after laser pulse onset. In the desorption regime
(F =0.1J/cm?), where the number of ejected particles is low
and the collisions between them are absent, the angular distri-
bution can be described by cos(6). At higher F' the collisions
between the particles cause a sharpening of the plume, and the
main part of the ablated material is confined in a cone with
a full angle of 80°. The line in Fig. 7 represents the function
cos®(6). This value for the parameter p describes a supersonic
expansion. As one can see a significant deviation from the
cos®(0) distribution is observed for the species expanded at
big angles. This can be attributed to the fact that the cos”(0)
function describes the case where the plume is characterized

onset. 0 F=0.1J/cm?; ® F=2J/cm?. The solid curve represents the
function cos®(6)

by a constant axial flow velocity. However, this is not the case
here, as one can see from Fig. 4. About 100 ps later, the sharp-
ening is more pronounced and the angular distribution can
be approximated by cos!®(#). This sharpening is expressed
mainly for particles in the upper part of the plume located near
to the normal. The change of the laser spot size also affects the
angular distribution of the ablated particles. A simulation per-
formed with a four times higher diameter of the irradiated area
at F = 2J/cm? shows a sharpening of the ablated plume and
the angular distribution can be described by cos®(6) at 50 ps
after laser pulse onset. A possible reason for this effect can be
the increase of the number density of the particles in the plume
and the rise of the number of collisions.

It should be mentioned that the formation of ions is not
taken into account in the present model. Due to the repulsive
action between them, one can expect that the plume tends to
broaden in the early stage of its evolution. However, due to
the presence of electrons in the plume, the interaction between
the ions is restricted in space by the Debye screening length.
Thus, the inclusion of the Coulomb interaction between the
charged particles may weakly affect the plasma-expansion
dynamics at a low degree of ionization. This is valid for the
fluences used here. At higher laser fluence some non-thermal
effects are expected to play a role in the ablation process [4].
Due to the Coulomb explosion and the ambipolar field effects,
the ejected ions have higher energies.

4 Conclusions

In this work, a MD model is applied to investi-
gate the process of formation and early stage of evolution
of the plume in the femtosecond laser ablation of Fe. At
laser fluences above the threshold of ablation (approximately
0.1J/cm?) the ejection of the material is governed mainly
by strong overheating of the absorbing volume. The ab-
lated material consists of single particles, small and medium-
sized clusters, and big droplets. Several tens of picoseconds
after the laser pulse onset, spatial segregation of the differ-
ent species in the plume is observed. Due to the decrease
of the amount of the deposited energy in depth of the ma-
terial, mainly single particles are located in the front of the
plume, medium-sized clusters in the middle part, and big li-
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quid droplets near to the surface. The clusters in the plume
have the same velocities as the single particles at the same
distance from the surface of the material. An exception is ob-
served for the big liquid droplets. Due to the high difference in
the masses of the single particles and the big droplets they are
not thermalized up to the end of the simulations.

Due to the collisions between the particles the angular dis-
tribution of the plume is forward peaked. For the conditions of
the present work it can be described as ~ cos'?(6).
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