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Abstract

The mechanisms involved into the formation of clusters by pulsed laser ablation are studied both numerically and experimentally. To facilitate
the model validation by comparison with experimental results, the time and length scales of the simulation are considerably increased. This
increase is achieved by using a combination of molecular dynamics (MD) and the direct simulation Monte Carlo (DSMC) methods. The combined
MD-DSMC model is then used to compare the relative contribution of the two channels of the cluster production by laser ablation: (i) direct cluster
ejection upon the laser-material interaction, and (ii) collisional sticking and aggregation in the ablated gas flow. Calculation results demonstrate
that both of these mechanisms play a role. The initial cluster ejection provides cluster precursors thus eliminating the three-body collision
bottleneck in the cluster growth process. The presence of clusters thus facilitates the following collisional condensation and evaporation processes.
The rates of these processes become considerable, leading to the modification of not only the plume cluster composition, but also the dynamics of

the plume expansion. Calculation results explain several recent experimental findings.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decade, numerous experiments have been
performed, clearly demonstrating that an interaction of a short
(several nanoseconds or shorter) laser pulse with a solid target
leads to the formation of nanoparticles. This technique, known
as pulsed laser ablation (PLA), has become a promising method
of the synthesis of nanoclusters for photonics, electronics and
medicine [1-12]. The PLA method has several advantages
compared to more traditional techniques. In particular, it was
shown that this method provides a possibility for chemically
clean synthesis, which is difficult to achieve under more
conventional nanoparticle production conditions. In addition,
several experimental studies indicated that the cluster size
distribution could be controlled in PLA by carefully choosing
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the laser irradiation parameters and properties of the back-
ground gas. Furthermore, laser ablation allows for an easy
production of colloidal metal nanoparticles for biological and
medical applications.

Despite the large number of the experimental results, the
theoretical understanding of the physical and chemical
mechanisms leading to the formation of nanoparticles during
the PLA is still lacking. The number of theoretical studies of
these mechanisms remains limited because both the continuum
hydrodynamic models and the classical nucleation theory
become inapplicable under the typical PLA conditions. Under
these conditions, laser plume expansion and all collisional
processes inside the plume occur so rapidly that equilibrium
conditions are not attained. In addition, fast laser energy
deposition may induce an explosive volume ejection rather than
an equilibrium surface evaporation. Nevertheless, the laser
ablation process is often described by a thermal desorption
model, which considers the ablation as a rather slow layer-by-
layer evaporation of monomers from the target surface [13].
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The presence of nanoparticles in the laser plume is then
explained by using a Zeldovich—Raizer condensation model
[14-17]. This approach is appropriate for interpretation of the
experimental findings obtained in laser ablation with hundred
of nanoseconds and longer laser pulses, and in the presence of a
background gas [18,19]. In the PLA with shorter laser pulses,
however, clusters can be ejected directly from the target as a
result of the target disintegration by laser-induced explosion-
like process [20-22]. In this case, the common thermal
desorption and condensation model is insufficient and only a
detailed molecular-level simulation can provide a complete
description of the nanoparticle formation process. One of the
possible approaches for such simulations is to combine the
molecular dynamics technique (MD) with the direct simulation
Monte Carlo method (DSMC) [23-28]. This combination
allows one to properly account for both the processes of cluster
ejection and their following evolution during the laser plume
expansion as a result of the gas-phase collisions.

Herein, we present the numerical results obtained with a
hybrid MD-DSMC model of PLA for different laser pulses and
fluences. The objective of this study is to bridge a gap between
the previous molecular dynamics simulations and typical
ablation experiments. In fact, the proposed combination of
methods allows us to attain both time and length scales typical
for ablation experiments. By using the combined model, we
investigate the time evolution of clusters in the plume. We
examine different types of collisions leading to cluster growth
and decay. As a result, we determine the major collisional
processes responsible for the observed changes in cluster
distributions. These results are related to the recent experi-
mental results on the ablation plume dynamics.

2. Combined MD-DSMC numerical model

2.1. General description of the combined MD—-DSMC
model

A combined MD-DSMC model is developed for the
calculation of the laser plume formation and long-term
evolution. In the model, two different numerical methods are
used (i) molecular dynamics for target material disintegration
and ejection of a mixture of clusters and monomers [22,29] and
(i) direct simulation Monte Carlo for the calculation of large-
scale three-dimensional plume evolution [30]. Here, as in the
previous MD calculations [22,23,29], the breathing sphere
model is adopted to model laser pulse absorption and relaxation
processes in the MD part. The calculation parameters in the MD
part are the same as in these calculations for a molecular solid
target. The pulse duration was set to be 15 ps.

The transition between the DSMC and MD calculations is
performed by using the MD results obtained at 1 ns after the
laser pulse for the design of the initial conditions for the
subsequent DSMC calculation. The collision probabilities in
DSMC calculations are parameterized to describe the material
properties in a gas phase, such as viscosity coefficient and
velocity dependence of the equivalent collision cross sections
[31].

2.2. Design of the interface between the MD and DSMC
simulations

To couple the two models, all plume species are divided into
five groups depending on their size. The groups are chosen as
follows: (1) monomers, (2) clusters of 2—-15 molecules, (3)
clusters of 16-100 molecules, (4) clusters of 101-1000
molecules, and (5) clusters of more than 1000 molecules.
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Fig. 1. Number density of clusters of different sizes in the ablation plume as a
function of the distance from the initial surface. The data is obtained in a MD
simulation of laser ablation of a molecular target performed with a laser pulse
width of 15 ps and a fluence of 61 J/m?. The results are shown for 1 ns after laser
irradiation. The distributions in (b), (c), (d) and (f) are plotted for groups of
clusters in order to obtain statistically adequate representations of the spatial
distribution of large and medium clusters in the ablation plume.
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The results of the molecular dynamics calculations correspond-
ing to these groups are shown in Fig. 1. The calculations are
performed with laser pulse duration of 15 ps and an absorbed
laser fluence of 61.38 J/m?. Cluster size is sampled in each
group according to the size distributions obtained in the MD
simulation (Fig. 2).

In the present study, we assume that the spatial laser beam
profile is top hat and the radial expansion of the ablation plume
is small during the first MD stage. Therefore, the radial
distributions of the simulation parameters are assumed to be
uniform within the laser spot. The axial distributions of the
initial DSMC parameters are determined by fitting the axial
distributions of density, velocity, radial and axial temperatures
for different groups obtained from the MD calculations. To fit
the axial density distributions, we use normal distribution
functions:

2
d; (z— ;) } )

. = c —

) = e | -2k
where z is the distance from the initial target surface. The
parameters d;, u;, and o; are calculated from numerical fits to
the MD results performed for each group, and i =1-5. The
linear dependencies:

gi(z) =Aiz—B; )

are used to fit axial velocity distributions, where A; and B; are
fitting parameters for each component [22]. The distributions of
the axial and radial temperatures as well as the internal
temperatures of the clusters are fitted by six-order polynomial
dependencies. More details of the procedure used for the
statistical description of the output of MD simulations will
be presented elsewhere.
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Fig. 2. MD simulation results on cluster abundance distribution in the ablation

plume at 1 ns after irradiation with a 15 ps laser pulse at a laser fluence of 61 J/

2
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2.3. Modified DSMC method for modeling of ablated flows
with clusters and reactions

In the DSMC simulations, the laser plume is modeled by an
ensemble of simulated particles (here, about 8 x 106). The
simulated particles are introduced based on the gas-dynamic
parameters obtained from the MD simulations of the initial
stage of the plume formation. The physical space is divided into
a network of cells with dimensions smaller than the local mean
free path. The time is incremented by a small time step Az. The
calculations consist in the repetition of three main steps: (i)
indexing of the simulated particles; (ii) calculation of a
representative set of collisions and chemical reactions in each
cell; (ii) movement of the simulated particles and calculation of
the interactions with the boundaries [24]. In the present work,
collisions are calculated for all particles together based on their
probabilities by using a NTC technique [24].

The initial and boundary conditions are set as follows. At the
beginning, simulated particles are introduced according to the
distributions calculated by MD as described in Section 2.2
above. The axis = 0 is set to be the axis of radial symmetry. At
the target surface (Z=0), a partial diffuse reflection and re-
deposition of particles is sampled by using an accommodation
coefficient. The accommodation coefficient of the target
surface is set to be 0.5 in this work. The simulated volume
is increased several times during the calculation to cover the
plume expansion region.

The calculation of collisions and reactions in the present
DSMC includes the treatment of the following processes:

(i) elastic collisions;

(i1) inelastic non-reactive collisions;
(iii) sticking reactions in cluster—molecule collisions;
(iv) aggregation reactions in cluster—cluster collisions;
(v) cluster evaporation reactions.

The non-reactive collisions are calculated based on the
conservation laws of energy and momentum. For clusters, the
reference cross-sections are computed based on their effective
radii [31] r, = an'® + b, where a =3.97 A, b= 1.59 A, n is the
number of monomers in the cluster. A soft-spheres collision
model is used in the present modeling calculation. As we
described above, the initial values of the internal energy, E,,, are
assigned to each cluster based on the internal temperature
distribution obtained from the MD simulation and the number
of degree freedom in the cluster. To describe the internal energy
modification in clusters and small molecules, Larsen—Borg-
nakke statistical model [24] is used. Sticking process is
included for collisions in which the relative translational energy
before the collision is smaller than the binding energy of the
final cluster. In this case, the sticking of two clusters containing
n; and n, molecules occurs with the probability [32]:

p1=pox (mm)™, 3)

where x is a parameter (x = 1/12 in the present simulation [32]),
and p, is a constant. The parameters in (3) are selected based on
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Fig. 3. Two-dimensional distributions of (a) cluster number density and (b) monomer density at a time delay of 50 ns. The results are obtained in a MD-DSMC
simulation performed for a pulse duration of 15 ps, laser fluence of 61 J/m? and a laser spot radius of 10 wm.

a separate MD study of cluster evolution in a gas (to be
published in a forthcoming paper). The binding energy in each
cluster is given by a combination of volume and surface terms:

Ey = ayn — agn®/?, (4)

where ay and a, are material constants and » is the number of
molecules in the cluster. To ensure the energy conservation in
the sticking reaction, the relative translational energy of the
monomer and cluster was transferred into the internal energy of
the resulting cluster, whereas the center-of-mass velocity was
conserved.

The rate of evaporation from a cluster of n atoms with
internal energy En is calculated according to the RRK theory
[33,34] with the following rate coefficient

vp—1

E,—D,|™
key=C| 01 5
. { En } 5)

where E,, is the cluster internal energy, C=avg,, o is a
constant, v=10"s" the atomic vibration frequency in the
cluster, v, the number of vibrational degrees of freedom;
gn= (36m)3(n'® — 1)* is the number of surface molecules.
For clusters containing five molecules or less, the evaporation
energy was set to be constant, D,, = 0.6 eV. For larger clusters,
the evaporation energy is [35]:

D, = Ey, — Eb(nfl) =day — as[n2/3 - (I’l - 1)2/3] (6)

where ay = 0.6 and ag = 0.73 eV in our simulation performed
for a molecular target. After the evaporation, the internal energy
of the remaining cluster is decreased. The energy difference
goes into the relative translational energy of the evaporated
monomer and the parent cluster and in the internal energy of the
monomer.

3. Results and discussion

A series of calculations are performed with the combined
MD-DSMC model. First, we consider the laser plume
dynamics. Distributions of the cluster and monomer densities
shown in Fig. 3 illustrate the laser plume expansion away from

the irradiated target. Monomers constitute the fastest plume
component, whereas clusters are moving slower. In addition,
we find that the larger are clusters the lower is their average
axial velocity. Quantitatively, the center-of-mass velocity of the
monomer component of the plume is about 1560 m/s, whereas
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Fig. 4. (a) Time evolution of the number of monomers and clusters in the
plume. (b) Cluster abundance distribution. The results are obtained in a MD—
DSMC simulation performed for a pulse duration of 15 ps, laser fluence of 61 J/
m? and a laser spot radius of 10 wm.
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the one of clusters is as small as 555 m/s. Here, clusters bigger
than 10 molecules were considered.

Furthermore, the changes in the plume composition and the
influence of evaporation/condensation processes are examined.
In order to provide a reliable description of the evaporation/
condensation processes in DSMC, the cluster evolution is first
investigated in a separate 5 ns long MD simulation performed
for a gas box containing one cluster of a given initial size and
temperature. These calculations demonstrate that, for tempera-
tures observed by the end of MD simulations of laser ablation,
small cluster evaporation prevailed over growth within the
considered time of 5 ns. The parameters used in the DSMC part
are adjusted to these results.

The evolution of the plume composition in the MD-DSMC
simulation of plume expansion is shown in Fig. 4(a). One can
see that at the beginning and until about 10 ns, the number of
clusters decreases, whereas the number of monomers rises.
After that, the situation changes and the number of clusters in
the plume steadily increases. At a delay of 200 ns, the number
of clusters reaches the one that was in the plume at 1 ns after the
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Fig. 5. Plume images recorded at different times in ultra-short laser ablation
experiments with Cu. Here, pulse duration is 100 fs and laser fluence is 4 J/cm>.

beginning of laser pulse. If one looks at the cluster abundance
distribution (Fig. 4(b)), which also varies with time, one can see
that the number of small clusters decreases, while bigger
clusters become more abundant.

As we have already seen from the MD calculations, the
cluster size distribution obtained soon after the ejection is a
decaying function. During the following plume expansion,
numerous collisions take place in the plume and affect the
distribution. The indication of these changes obtained in the
MD-DSMC is displayed in Fig. 4(b). One can see the decrease
in the number of small clusters and the growth in the number of
average ones. The distribution shape agrees with the experi-
mental findings. These results will be discussed in more details
elsewhere.

The calculations may help explaining the results of the
experiments on plume imaging and spectroscopy obtained for
short and ultra-short laser pulses. Fig. 5 shows typical plume
images recorded in our laboratory at different times in ultra-
short laser ablation experiments with pulse width of 100 fs at
400 nm wavelength. One can clearly observe two different
plumes: the faster one and the slower one. Based on our
simulation results and on additional spectroscopic study, we
can conclude that the first component is composed of atoms and
small clusters and the slower one is composed of bigger
clusters. More details about the experimental results will be
presented elsewhere [36].

4. Summary

To summarize, both the calculations performed with the
combined MD-DSMC model and the experiments clearly
demonstrate the role of two following channels of the cluster
production by short-pulsed laser ablation:

(i) direct cluster ejection upon the laser-material interaction;
(ii) collision-affected condensation and evaporation in the
ablated plume flow.

The first process results from the fast energy absorption by
the target, which leads to the explosive decomposition of a
substantial volume of the rapidly heated target material. For
short laser pulses, material decomposition might occur through
either ‘“‘phase-explosion” [9,22,23,26,37], photomechanical
spallation [23,29,38], or fragmentation [21,39,40] mechanisms.
These processes take place in volume rather than on the surface
and lead to the ejection of a mixture of clusters and monomers.

The second mechanism is due to gas-phase collisions and
evaporations. These processes are similar to the phenomena
taking places in aggregation sources [28,41]. The major
advantage of short and ultra-short laser pulses for cluster
synthesis is the presence of the laser-ejected small molecules
and clusters in the ablated flow. As a result, the formation of
diatomic molecules in three-body collisions, which represents a
“bottleneck™ for cluster formation in common aggregation
sources, is not crucial for cluster synthesis by short laser
ablation.
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In addition, the MD calculations demonstrate that clusters
are segregated in the plume, with larger clusters moving slower
and located closer to the target. As a result, during the further
expansion of a multiple-component plume, modelled in the
DSMC simulations, the segregation of clusters in the plume
becomes more pronounced, leading to the formation a complex
multi-component plume structure. These results agree with
recent experimental studies of ultra-short laser pulse ablation,
where continuous emission was observed from the delayed
plume component.
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