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ABSTRACT The dynamics of the early stages of the ablation
plume formation and the mechanisms of cluster ejection are in-
vestigated in large-scale molecular dynamics simulations. The
cluster composition of the ablation plume has a strong de-
pendence on the irradiation conditions and is defined by the
interplay of a number of processes during the ablation plume
evolution. At sufficiently high laser fluences, the phase ex-
plosion of the overheated material leads to the formation of
a foamy transient structure of interconnected liquid regions that
subsequently decomposes into a mixture of liquid droplets, gas-
phase molecules, and small clusters. The ejection of the largest
droplets is attributed to the hydrodynamic motion in the vicin-
ity of the melted surface, especially active in the regime of
stress confinement. Spatially resolved analysis of the dynam-
ics of the plume formation reveals the effect of segregation of
the clusters of different sizes in the expanding plume. A rela-
tively low density of small/medium clusters is observed in the
region adjacent to the surface, where large clusters are be-
ing formed. Medium-size clusters dominate in the middle of
the plume and only small clusters and monomers are observed
near the front of the expanding plume. Despite being ejected
from deeper under the surface, the larger clusters in the plume
have substantially higher internal temperatures as compared
to the smaller clusters. The cluster-size distributions can be
relatively well described by a power law Y(N) ∼ N−τ with ex-
ponents different for small, up to ∼ 15 molecules, and large
clusters. The decay is much slower in the high-mass region of
the distribution.

PACS 79.20.Ds; 61.80.Az; 02.70.Ns

1 Introduction

Laser ablation is a phenomenon used in a number
of important practical applications, such as surface microfab-
rication and processing [1], pulsed laser deposition (PLD) of
films and coatings [2], laser surgery [3], and matrix-assisted
laser desorption/ionization (MALDI) of biomolecules for
mass-spectrometric investigations [4, 5]. In many of these ap-
plications the ability to predict and control the cluster compo-
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sition of the ablation plume is critical. In particular, the pres-
ence of clusters or particulates in the ablation plume can have
an adverse effect on the quality of homogeneous thin films
grown in PLD [2], whereas formation of debris and redeposi-
tion of ejected particulates can cause problems in manufactur-
ing of surface microstructures. On the other hand, generation
of clusters in laser ablation can be turned to useful account in
production of nano- and micrometer-sized particles, ultra-fine
powders, nanocomposites, and thick coatings [6–8]. A pos-
sible important role of the ejection of molecular clusters in
ionization in MALDI has been recently discussed and sup-
ported by experimental observations [9–12].

The implications of cluster ejection for practical applica-
tions have motivated a number of experimental and theoretical
investigations aimed specifically at understanding the con-
ditions and mechanisms of cluster production in laser abla-
tion [6, 13–19]. For organic targets, cluster-size distributions
have been studied in trapping plate experiments performed
by Handschuh et al. [13] for ultra-violet (UV)-MALDI con-
ditions, laser-induced thermal desorption, and infra-red (IR)
polymer ablation. The results show that both the fraction of
the ejected clusters in the plume and the characteristic sizes
of the clusters have a strong dependence on the type of the
laser desorption/ablation technique used and the laser flu-
ence. The ejection of charged clusters of different sizes, from
submicron to 10 µm, has been observed by Heitz and Dick-
inson [6] in laser ablation of hot-pressed polymeric powders.
The observed particles have been separated into several dis-
tinct classes based on the particle morphologies, composi-
tion, and electrostatic charge. Indirect evidence of the ejection
of molecular clusters in MALDI has been obtained in post-
ionization time-of-flight mass spectrometry experiments by
Hankin and John [20]. Recent observations by Fournier et
al. of a non-linear dependence of the time of flight on the
delay time in the delayed extraction experiments has been
explained by a delayed ion formation from higher-mass pre-
cursors [12]. In laser ablation of inorganic materials, the ejec-
tion of liquid and/or solid particulates has been observed for
metals [21–23] semiconductors [24–26], and dielectrics [15].
In general, cluster production in laser ablation has been ob-
served for a wide range of target materials and appears to be
a rather general phenomenon.

A number of scenarios of cluster formation in laser abla-
tion have been discussed in the literature.
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1.1 Condensation in the expanding plume

In many cases observation of small clusters is at-
tributed to the collision-induced condensation in the dense
regions of the ejected plume [14, 17–19]. An efficient cluster
formation can be expected when the ambient gas pressure is
sufficiently high so that many collisions of vapor species can
occur between target and collector, although condensation can
take place under vacuum conditions as well [14]. Normally,
condensation is used to explain observation of small clusters
composed of tens to thousands of atoms/molecules. Forma-
tion of larger sub-micron and micron-sized particles would
require an unrealistically high number of collisions to occur
in the expanding plume. Therefore, direct ejection of clusters
from the target is likely to be responsible for the formation of
larger clusters.

1.2 Phase explosion

Explosive boiling or phase explosion has been dis-
cussed as a primary mechanism of short-pulse laser ablation in
a number of works [21, 24, 27–32]. Theoretically, this mech-
anism and its relevance to the conditions realized in pulsed
laser ablation have been analyzed based on classical thermo-
dynamics [27, 29, 30]. The surface region, overheated up to
the limit of its thermodynamic stability by short-pulse laser
irradiation, is predicted to undergo a rapid transition from an
overheated liquid to a mixture of vapor and liquid droplets.
Experimental observations of the existence of a well-defined
threshold fluence for the onset of the droplet ejection, as well
as a steep increase of the ablation rate at the threshold, have
been interpreted as evidence of the transition from normal va-
porization to phase explosion [21, 24, 25, 30].

1.3 Hydrodynamic sputtering

The term hydrodynamic sputtering is typically
used to refer to a range of processes in which large droplets are
ejected as a result of a transient melting and motion of a liquid
caused by steep thermal gradients and relaxation of the laser-
induced pressure [15, 16, 22, 33]. Formation of hydrodynamic
instabilities in a single-shot ablation [16, 23] as well as the ap-
pearance, gradual growth, and eventual separation of molten
asperities due to the combined action of inertial and surface
tension forces in a multi-pulse irradiation regime [16, 22, 33]
have been discussed. Analysis of surface morphology of irra-
diated targets provides strong support for the hydrodynamic
mechanism of large-droplet ejection in metals [16, 22, 23].

1.4 Photomechanical effects: exfoliation and spallation

The ejection of large liquid droplets and/or solid
particulates can also be caused by photomechanical effects
driven by the relaxation of the laser-induced stresses [6, 14,
15, 25, 26, 32, 34, 37, 38]. The magnitude of the laser-induced
stresses and the role of the associated photomechanical ef-
fects in the material ejection become significant under con-
ditions of stress confinement, when the laser pulse duration
is shorter then the time needed for mechanical equilibration
of the absorbing volume [32, 34, 35, 37–41]. In the regime
of stress confinement the laser-induced stresses can exceed

the dynamic tensile strength of the target material, causing
cavitation and disruption of a liquid surface region or me-
chanical fracture/spallation of a solid target. The ejection
of large droplets or fractured solid fragments has been ob-
served in the regime of stress confinement both experimen-
tally [15, 34, 35, 40] and in simulations [32, 37, 38]. One can
expect that microstructure, surface roughness, and mechani-
cal properties of the target material play an important role in
disintegration of the target in this regime.

While the observation of small clusters, droplets, and large
particulates in laser ablation is consistent and a number of
mechanisms of cluster formation have been discussed, a clear
picture of the interplay of different processes occurring during
the ablation plume evolution and their relation to the param-
eters of the observed clusters is still lacking. In this paper
the mechanisms of cluster formation are investigated in a se-
ries of large-scale molecular dynamics (MD) simulations of
laser ablation performed for a model molecular solid. A com-
prehensive molecular-level picture of the early stages of the
ablation plume development emerges from the simulations.
The abundance of clusters, their velocities, and their internal
temperatures are studied for a range of the irradiation pa-
rameters and related to the physical processes leading to the
material ejection.

2 Computational model

The main challenge in application of the MD
method to the analysis of laser ablation is that the mate-
rial ejection involves a collective motion of a large number
of atoms or molecules in the surface region of the irradi-
ated target. The systems that have to be simulated in order
to reproduce the collective processes in laser ablation of
a molecular solid are too large to be modeled by a conven-
tional atomic level MD method. A breathing sphere model
developed recently for MD simulations of laser ablation of or-
ganic solids has significantly expanded the time and length
scales accessible for the simulations [42]. The model has been
extensively used in simulations of laser ablation of organic
materials and has yielded a wealth of information on the ab-
lation mechanisms [31, 32, 36, 42], parameters of the ejected
plume (velocity distributions of matrix and analyte molecules
in MALDI [43, 44] and cluster ejection [31, 32, 36, 38]) and
their dependence on the irradiation conditions (laser flu-
ence [31, 32, 36, 37, 42], pulse duration [32, 37], and initial
temperature of the sample [37]).

The breathing sphere model is described in detail in [42].
Briefly, the model assumes that each molecule (or an appro-
priate group of atoms) can be represented by a single particle
that has the true translational degrees of freedom but an ap-
proximate representation of internal degrees of freedom. The
parameters of the interparticle interaction are chosen to re-
produce the van der Waals interaction in a molecular solid
with the cohesive energy of 0.6 eV, an elastic bulk modulus
of ∼ 5 GPa, and a density of 1.2 g/cm3. A mass of 100 Da is
attributed to each molecule. In order to simulate molecular ex-
citation by photon absorption and vibrational relaxation of the
excited molecules, an additional internal degree of freedom is
attributed to each molecule. This internal degree of freedom,
or breathing mode, is realized by allowing the particles to
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change their sizes. The parameters of a potential function as-
cribed to the internal motion control the rate of the conversion
of internal energy of the molecules excited by the laser to the
translational and internal motion of the other molecules. Since
the molecules rather than the atoms are the particles of inter-
est in the model, the system size can be large enough to model
the collective dynamics leading to laser ablation and damage.
Moreover, since explicit atomic vibrations are not followed,
the time step in the numerical integration of the equations of
motion can be much longer and the dynamics in the irradiated
sample can be followed for as long as nanoseconds.

In the present study the breathing sphere model is ap-
plied to study the dynamics of the cluster formation during
the initial stage of the ablation plume development. In order
to minimize the effect of the finite size of the simulated sys-
tem on cluster ejection and to obtain sufficient data for the
analysis of cluster-size distributions, a significantly larger,
as compared to the simulations reported before [31, 32, 36–
38, 42–44], computational cell with dimensions of 40 ×40×
90 nm3 (1 015 072 molecules) is used in the simulations. Peri-
odic boundary conditions imposed in the directions parallel to
the surface simulate the situation in which the laser spot dia-
meter is much large compared to the laser penetration depth
so that the effects of the edges of the laser beam can be neg-
lected. At the bottom of the MD computational cell we apply
the dynamic boundary condition developed to avoid artifacts
due to reflection of the laser-induced pressure wave from the
boundary of the computational cell. The boundary condition
accounts for the laser-induced pressure-wave propagation as
well as the direct laser energy deposition in the boundary re-
gion, as described in [45].

The laser irradiation is simulated by vibrational excitation
of molecules that are randomly chosen during the laser pulse
duration. The probability of a molecule to be excited is mod-
ulated by Lambert–Beer’s law to reproduce the exponential
attenuation of the laser light with depth, with an absorption
depth of 50 nm. The vibrational excitation is modeled by de-
positing a quantum of energy equal to the photon energy into
the kinetic energy of internal motion of a given molecule. Ir-
radiation at a wavelength of 337 nm (3.68 eV) is simulated in
this study. The total number of photons entering the model
during the laser pulse is determined by the laser fluence. The
values of the laser pulse duration, τp = 15 ps and τp = 150 ps,
are chosen in order to investigate cluster ejection in two dis-
tinct irradiation regimes: stress confinement and thermal con-
finement [32]. The pulse duration of 150 ps is short relative
to the characteristic thermal diffusion time across the absorp-
tion depth, τth ∼ 10 ns, but longer than the time of mechanical
equilibration of the absorbing volume, τs ∼ 20 ps. Thus, the
simulations with 150-ps pulses are performed in the regime
of thermal confinement but not thermoelastic stress confine-
ment. For the 15-ps laser pulse the condition for stress con-
finement, τp ≤ τs, is satisfied. In this case a high thermoelastic
pressure can be expected to result from the fast energy depo-
sition in the absorption region leading to an increasing role of
photomechanical effects in material ejection.

Although the results presented in this paper are ob-
tained for a model molecular system, the revealed physical
mechanisms leading to the material ejection and cluster for-
mation can be relevant to other materials as well. Primary

mechanisms of laser excitation of optically active states
in a solid, as well as characteristic times and channels of
the relaxation/thermalization of the absorbed laser energy,
can be drastically different for different types of material.
Thus, system-specific computational approaches should be
developed for incorporation of the description of the interac-
tion of laser light with the target material into the classical
MD technique. Examples of the computational approaches
are the breathing sphere model described above for molecu-
lar systems, the two-temperature model for the description
of the laser light absorption by the conduction-band elec-
trons and energy exchange between the electrons and the
phonons in metals [46–49], as well as a description of the re-
laxation of a dense gas of hot electrons and holes generated
by the laser pulse in semiconductors [50]. After thermaliza-
tion of the deposited laser energy, though, the response of
different materials to the fast laser heating may include simi-
lar processes such as melting and hydrodynamic motion of
the liquid layer, explosive boiling, or photomechanical spal-
lation [27–41, 46–50]. Therefore, the computational results
presented in this paper for laser ablation of a molecular tar-
get may provide some insights into the mechanisms of laser
ablation of other materials as well.

3 Results and discussion

The results of large-scale molecular dynamics sim-
ulations are used in this work to perform a detailed analy-
sis of the dynamics of the ablation plume formation and the
mechanisms of cluster ejection. The abundance of the ejected
clusters, their velocities, internal temperatures, and spatial
distribution in the ablation plume are studied and related to
the physical mechanisms of cluster formation. The effect of
the laser fluence and pulse duration on the parameters of the
ejected plume are discussed and related to the transition be-
tween the thermal and stress confinement irradiation condi-
tions.

3.1 The dynamics of the ablation plume formation

In this section the dynamics of disintegration and
ejection of a surface region of the irradiated target is analyzed
for a simulation performed for a laser pulse duration of 150 ps,
a fluence of 61 J/m2, and a laser penetration depth of 50 nm.
The laser fluence used in this simulation is 1.75 times the
threshold fluence for the onset of the massive material ejec-
tion or ablation [32]. The pulse duration of 150 ps corresponds
to the irradiation regime of thermal confinement, as discussed
in Sect. 2. This regime is also characteristic for nanosecond
laser ablation of strongly absorbing organic materials, e.g. in
UV-MALDI [4, 5]. It has been demonstrated that in the regime
of thermal confinement the amount of energy deposited by
the laser pulse, rather than the pulse duration, determines the
desorption/ablation process [51]. The results discussed below
could be, therefore, related to a wide range of applications of
short-pulse laser ablation in which the condition for the ther-
mal confinement is satisfied. An analysis of the dynamics of
the ablation plume formation in the regime of stress confine-
ment is given in [52].

Snapshots from the simulation, Fig. 1, give a visual picture
of the active processes occurring in the vicinity of the irradi-



342 Applied Physics A – Materials Science & Processing

FIGURE 1 Snapshots from
the simulation of laser abla-
tion in the regime of thermal
confinement. The lase pulse
duration is 150 ps and flu-
ence is 61 J/m2 (1.75 times
the ablation threshold flu-
ence)

ated surface during the first nanosecond following the laser
irradiation. In the first snapshot, shown for 250 ps, 100 ps after
the end of the laser pulse, we see a homogeneous expansion
of a significant part of the surface region. The homogeneous
expansion is followed by the appearance of density fluctu-
ations and gradual decomposition of the expanding plume
into gas-phase molecules and liquid-phase regions. A closer
view at a snapshot of a part of the ablation plume taken at
a time of 200 ps, when the density fluctuations are apparent,
is shown in Fig. 2. Growth of the density fluctuations and
the decomposition of the expanding plume lead to the forma-
tion of a foamy transient structure of interconnected liquid
regions, as shown in the snapshot at 500 ps. The foamy tran-
sient structure subsequently decomposes into separate clus-
ters, snapshots at 750 ps and 1000 ps, which gradually develop
into well-defined spherical liquid droplets. Figure 1 shows the
processes induced by laser irradiation only in a rather nar-
row area in the vicinity of the original surface of the target.
A view for a much broader range of distances from the ori-
ginal surface, up to 0.5 µm, is shown for a time of 650 ps in
Fig. 3. From this figure we see that clusters of a wide range
of sizes are being formed during the first nanosecond of the
ablation plume formation. There is an apparent segregation
of clusters of different sizes in the ablation plume: there are
virtually no small and medium-size clusters in the region adja-
cent to the surface, where only large clusters are being formed,
medium-size clusters dominate in the middle of the plume,
from 120 nm to 220 nm, and small clusters are observed in
the top part of the region shown in the figure. The snapshots
shown in Figs. 1 and 3 suggest that cluster formation proceeds
differently in different parts of the ablation plume and a de-

FIGURE 2 A closer look at the foamy transient structure of interconnected
liquid clusters and individual molecules formed in the process of explosive
homogeneous boiling of overheated material. A slab of dimensions 40×50×
10 nm is cut from the ablation plume obtained in the simulation illustrated in
Fig. 1 at a time of 200 ps
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FIGURE 3 Snapshot from the simulation illustrated by Fig. 1 at a time of 650 ps. A broader range of distances from the orininal surface is shown as
compared to Fig. 1

tailed spatially resolved analysis of the dynamics of the plume
formation is needed in order to obtain complete information
on cluster generation.

Figure 4 illustrates schematically a method used in this
work to perform a spatially resolved analysis of the dynam-
ics of the ablation plume formation. The computational cell is
divided into layers that are parallel to the initial surface and
contain the same number of molecules (3 nm of the original
solid ≈ 34 000 molecules in the 40 ×40×90 nm3 computa-
tional cell). Density distributions for each layer are calcu-
lated at different times during the simulation. The analysis
allows one to study the character of the explosive disinte-
gration of the overheated material [27, 29–32] that originates
from different depths under the surface and reaches differ-
ent maximum temperatures by the end of the laser pulse. The
material ejected from the top layers of the irradiated sample
is highly overheated and quickly, within first 100 ps, decom-
poses into very small clusters and gas-phase molecules. There
are only small density fluctuations in the topmost layer (top
34 000 molecules in the plume, not shown) and the density
distribution remains essentially homogeneous. The homoge-
neous density distribution indicates that the front of the ab-
lation plume is predominantly composed of the gas-phase
molecules. In the second layer, a separation into lower-density
and higher-density regions can be observed, Fig. 5. This sep-
aration corresponds to the formation of small molecular clus-
ters that can be seen in Fig. 3c. The regions of higher density
in Fig. 5 are formed within the first ∼ 300 ps and become
somewhat more pronounced at later times. The process of
the decomposition of the expanding material into the liquid-
phase and gas-phase regions observed in the middle of the
ejected plume, Fig. 6, is slower and proceeds through the

FIGURE 4 Schemtic illustration of the method used to analyze the dy-
namics of cluster formation in the ablation plume (see Figs. 5 to 7). The
computational cell is divided into layers. Each layer contains the same num-
ber of molecules (∼ 34 000 molecules – corresponds to 3 nm of the orininal
solid.) Density distributions for the same layer are calculated at different
times during the simulation
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FIGURE 5 Density plots showing the dynamics of cluster formation near
the front of the ablation plume (second layer) for the simulation with the laser
pulse duration of 150 ps and fluence of 61 J/m2. Time, t, and layer position
relatively to the initial surface of the irradiated target, z, are shown in the
figure. Layer position z is the average of the positions of all molecules that
belong to the layer. Initial position at t = 0 is z = −4.5 nm. See Fig. 4 for
explanation and scale of the contour plots

formation of a transient structure of interconnected liquid re-
gions. The liquid regions become more defined with time and,
by ∼ 500 ps the transient structure disintegrates into sepa-
rate liquid droplets. Material disintegration in the rear part
of the plume proceeds through the similar steps – formation
and decomposition of the transient foamy structure of inter-
connected liquid regions, Fig. 7 The fraction of the liquid
phase in this part of the plume is larger and the formation
of a few large droplets proceeds through a coarsening of the
initial transient foamy structure formed at earlier times of
the plume expansion. Coarsening of the liquid regions and
formation of large droplets is nearly complete by 1 ns, al-
though relaxation of the shape of the largest droplets takes
a somewhat longer time, Fig. 1. The density of the slowly
moving droplets in the tail of the plume is sufficiently high
and one can expect that collisions between the droplets can
lead to their coalescence [53, 54] and formation of even larger
droplets.

FIGURE 6 Density plots showing the dynamics of cluster formation in
the middle of the ablation plume (fourth layer). Initial position at t = 0 is
z = −10.5 nm. See Figs. 4 and 5 for explanation and scale of the contour
plots

A further development of cluster composition of the plume
due to the cluster–cluster collisions, evaporation, and conden-
sation is slow and cannot be addressed in MD simulations. In
order to overcome this limitation, we propose to use a com-
bined multi-scale computational model, in which the direct-
simulation Monte Carlo (DSMC) method is used to study the
processes occurring during the ablation plume expansion on
the time and length scales of a real experimental configura-
tion [52, 55, 56]. In this model, the results obtained by the end
of a MD simulation are used as an input for a DSMC simula-
tion of the further plume evolution.

The picture of the explosive ejection and decomposition
of the ejected material into individual molecules and liquid
droplets is consistent with the explosive vaporization mechan-
ism predicted from classical thermodynamics [27–29]. It has
be discussed that short pulse laser irradiation can overheat the
absorbing region up to the limit of thermodynamic stability,
leading to a rapid phase transition of the overheated material
into a mixture of gas-phase molecules and liquid droplets. The
relative amount of the gas-phase molecules is related to the de-
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FIGURE 7 Density plots showing the dynamics of cluster formation in
the tail of the ablation plume (seventh layer). Initial position at t = 0 is
z = −19.5 nm. See Figs. 4 and 5 for explanation and scale of the contour
plots

gree of overheating [27] and provides a driving force for the
expansion of the ablation plume. In the simulation discussed
above, the degree of the overheating and the fraction of the
vaporized material are decreasing with depth under the irradi-
ated surface, resulting in a strong dependence of the character
of the material decomposition on the depth of origin of the
ejected material.

3.2 Cluster velocities, internal temperature, and spatial
distribution in the plume

The results of the spatially resolved analysis of the
dynamics of the plume formation, Figs. 5–7, suggest that clus-
ters of different sizes tend to be localized in different parts
of the ejected plume. Large clusters are formed in the re-
gion adjacent to the surface, Fig. 7, medium-size clusters are
formed in the middle of the plume, Fig. 6, and small clus-
ters are formed in the top part of the plume, Fig. 5. This
observation can be further illustrated by analysis of the spa-
tial distribution of clusters in the plume. In order to obtain

a statistically adequate representation of the spatial distribu-
tion of large clusters in the ablation plume, the distributions
are plotted for groups of clusters. Four distributions, for indi-
vidual molecules, for medium-size molecular clusters (16 to
100 molecules), as well as for large (101 to 1000 molecules)
and very large (more than 1000 molecules) molecular clusters
are shown in Fig. 8. The medium-size clusters are localized in
the middle of the expanding plume, whereas the larger clusters
formed later during the plume development, Fig. 7, tend to be
slower and are closer to the original surface.

The velocities of the ejected molecules and clusters can be
described by the distribution of their radial (parallel to the sur-
face) velocity components, as well as the flow velocities in the
direction normal to the surface for different parts of the plume
and for different plume components. The plot of the flow vel-
ocity as a function of the distance from the initial surface,
Fig. 9, shows that identical linear dependences on the distance
from the surface, characteristic of the free-expansion model,
apply to all components of the plume. The clusters of different
sizes are entrained into the expanding plume and are moving
along with the individual molecules with nearly the same vel-
ocities. This effect of entrainment of molecular clusters can
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FIGURE 9 Flow velocity in the direction normal to the surface for the dif-
ferent components of the ablation plume as a function of the distance from
the initial surface. The data is shown for 1 ns after irradiation with 150 ps
laser pulse at a fluence of 61 J/m2

be related to the entrainment of large biomolecules into the
plume of smaller matrix molecules in MALDI that has been
observed experimentally [57] and in MD simulations [42, 44].

The spread in the radial velocities at a given distance from
the surface can be described by a local translational tem-
perature. The radial velocity components of molecules and
clusters in the plume do not contain a contribution from the
forwarded flow of the plume in the direction normal to the
surface and thus can be associated with the thermal motion
in the plume. As found in earlier simulations [32, 43, 44], the
radial velocity distributions of ejected molecules fit well to
a Maxwell–Boltzmann distribution, verifying that the spread
of the radial velocities is associated with the thermal motion.
The plot of the translational temperature of monomers and
clusters of different sizes, Fig. 10, suggests that the same local
translational temperature can be used to describe the spread
of the radial velocities of the ejected molecules, small and
medium-size clusters in the dense part of the plume. The effect
of the local thermal equilibration of different plume compo-
nents can be related to the earlier results of MD simulations
of MALDI, when the radial velocity distributions for both
matrix molecules and analyte molecules of different masses
were found to fit well to a Maxwell–Boltzmann distribution
with the same temperature [44]. The radial velocities of larger
clusters are found to be significantly higher as compared to
the thermal velocities. In particular, an average translational
temperature calculated from the radial velocity component of
clusters larger than 1000 molecules (there are 18 such clusters
in this simulation) is found to be as high as 3080 K. Appar-
ently, the collisions with the surrounding smaller species in
the plume are not sufficient for thermal equilibration of the ra-
dial velocities of the largest clusters. Rather, these velocities
reflect the dynamics of the active hydrodynamic motion of the
liquid material during the ablation plume formation.

A significant variation of the translational temperature
with distance from the irradiated surface, observed in Fig. 10,
indicates that the fast cooling of the ejected material proceeds
non-uniformly within the plume. Explosive cooling, when the

FIGURE 10 Translational temperature for monomers and clusters of differ-
ent sizes in the ablation plume as a function of the distance from the initial
surface. The translational temperature is calculated from the radial (parallel
to the surface) velocity components of the ejected molecules or clusters. The
data is shown for 1 ns after irradiation with 150 ps laser pulse at a fluence of
61 J/m2

thermal energy is transformed to the potential energy of disin-
tegration of the overheated material and to the kinetic energy
of the plume expansion, proceeds more efficiently in the top
part of the plume and leads to the decrease of the temperature
in the flow direction. At a certain distance from the surface,
the translational temperature of monomers and small clusters
reaches its minimum and starts to increase. This temperature
increase can be attributed to the lack of equilibration in the
front part of the expanding plume, where densities of ejected
species are too small.

The internal energy/temperature of the ejected clusters
is an important characteristic that defines the kinetics of
evaporation/condensation processes and the result of cluster–
cluster collision events during the long-term plume develop-
ment. Figure 11 shows the internal temperature of clusters of
different sizes, where the internal temperature of a cluster is
defined from the kinetic energy of the translational molecular
motion in the cluster center of mass frame of reference. The
translational and vibrational degrees of freedom of molecules
that belong to the same cluster are in equilibrium and the ki-
netic energy associated with these degrees of freedom can be
described by the same internal temperature. Despite the large
scattering of the data points for individual clusters, the over-
all tendency is clear – larger clusters in the plume have on
the average substantially higher internal temperatures as com-
pared to the smaller clusters. The internal temperature of the
large clusters is also substantially higher than the translational
(radial) temperature of the surrounding gas-phase molecules,
670 K in this simulation. The observed dependence of the
internal temperature from the cluster size may seem to be
counter-intuitive at first sight – larger clusters tend to originate
from the regions deeper under the irradiated surface, where
the energy density deposited by the laser pulse and the degree
of the overheating are smaller. The lower temperature of the
smaller clusters can be attributed, however, to a more vigorous
phase explosion (a larger fraction of the gas-phase molecules
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FIGURE 11 Internal temperature of clusters of different sizes (small circles).
The internal temperature of a cluster is defined from the kinetic energy of the
translational molecular motion calculated in the cluster center of mass frame
of reference. Five large diamonds show the average temperatures of clusters
that belong to the following ranges of sizes: from 10 to 50, from 50 to 200,
from 200 to 1000, from 1000 to 3000, and from 3000 to 30000 molecules.
The data is shown for 1 ns after irradiation with 150 ps laser pulse at a fluence
of 61 J/m2

is released due to a higher degree of overheating) and a fast
expansion of the upper part of the plume. The vigorous phase
explosion and the fast expansion of the plume provide a more
efficient cooling as compared to a slower cooling of the larger

FIGURE 12 Snapshots from the simu-
lation of laser ablation in the regime
of stress confinement. The laser
pulse duration is 15 ps and fluence
is 61 J/m2 (2.1 times the ablation
threshold fluence)

clusters due to the evaporation. The same effect is responsible
for the decrease of the translational temperature of the plume
with distance from the irradiated surface, discussed above.

3.3 The effect of the stress confinement

The results of MD simulations suggest that in add-
ition to the amount of energy supplied by the laser pulse and
to the distribution of the energy within the sample, the rate of
the energy deposition can be an important factor affecting the
parameters of the ejected plume [32, 37]. In particular, it has
been demonstrated that in the regime of stress confinement,
when the laser pulse duration becomes shorter than the time of
mechanical equilibration of the absorbing volume, a high ther-
moelastic pressure can result from the fast energy deposition
and photomechanical effects start to play an important role in
material ejection.

The difference between the character of material ejection
in the regimes of thermal and stress confinement can be il-
lustrated by comparison between the simulation discussed
above (thermal confinement) and the one performed using
the same laser fluence of 61 J/m2, the same laser penetration
depth of 50 nm, but ten times shorter laser pulse duration of
15 ps (stress confinement). A visual inspection of the snap-
shots from the simulations, Figs. 1 and 12, and a quantitative
analysis of the ablation yields reveal both similarities and dif-
ferences between the character of laser ablation in the thermal
and stress confinement regimes. Although the decomposition
of the overheated material proceeds in both cases through
the formation of a transient structure of interconnected li-
quid regions, the decomposition is much faster in the stress
confinement regime. Larger and more numerous clusters are
ejected in the simulation with a 15-ps pulse as compared to
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a 150-ps pulse. The total amount of ejected material is ∼ 18%
larger in the simulation with a 15-ps pulse, but the number of
gas-phase molecules is ∼ 25% larger in the simulation with
a 150-ps pulse. A more active, strongly forwarded hydrody-
namic motion observed in the regime of stress confinement
at 750–1000 ps, leads to the ejection of larger droplets. The
hydrodynamic motion also results in the formation of large
transient liquid bumps or asperities, such as the one at the
snapshot taken at 1000 ps in Fig. 12. Evaporation and thermal
conduction to the bulk of the target can lead to solidification
of the asperities. These processes could be responsible for the
formation of hydrodynamic patterns/asperities observed ex-
perimentally for metal targets, where thermal conduction is
sufficient to provide fast cooling and freezing of the transient
liquid surface features [16, 22, 23]. Note that the ejection of
large droplets due to the hydrodynamic effects occurring on
the scale of the whole laser spot cannot be investigated by
the MD simulation technique and is beyond the scope of the
present paper. Continuum computational approaches based
on the solution of Navier–Stokes equations can be used to ad-
dress this mode of cluster ejection [58, 59].

At lower laser fluences the fraction of the clusters in the
ejected plume is increasing and the maximum size of the
ejected droplets becomes larger in both thermal and stress
confinement regimes. For the same laser fluence, however, the
sizes of the droplets are always larger and the droplets con-
stitute a larger portion of the plume in the stress confinement
regime as compared to the thermal confinement regime. At
fluences close to the ablation threshold, most of the ejected

FIGURE 13 Snapshots from the simulation of laser ablation in the regime of stress confinement. The laser pulse duration is 15 ps and fluence is 40 J/m2

material can be ejected as a few large clusters or even a single
cluster. In particular, in the simulation performed at 40 J/m2,
Fig. 13, the largest droplet accounts for ∼ 65% of the total
amount of ejected material. At even lower laser fluence, close
to the ablation threshold, a layer of relatively intact material
can be separated from the bulk and ejected under the stress
confinement irradiation conditions [32, 37, 38]. The mechan-
isms leading to the ejection of large and relatively cold chunks
of material have been investigated and attributed to the me-
chanical fracture or spallation caused by the relaxation of high
thermoelastic pressure [32]. In this case material disintegra-
tion is localized within the spallation region, at a certain depth
under the surface, and proceeds through nucleation, growth,
and coalescence of voids/microcracks.

3.4 Cluster-size distributions

The abundance distributions of the ejected clusters
are shown in Fig. 14 for two simulations discussed above and
illustrated by Figs. 1 and 12. In the cluster distributions, plot-
ted on a double-logarithmic scale, one can readily distinguish
two distinct regions that correspond to the small, up to ∼ 15
molecules, and large clusters. The cluster-size distributions
can be relatively well described by a power law Y(N) ∼ N−τ

with exponents different for low- and high-mass clusters. The
decay is much slower in the high-mass region of the distri-
butions – the exponent τ is 2–3 times larger. A power law
for the cluster-yield distribution has been predicted for the
gas–liquid phase transition occurring at the critical point [60]
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FIGURE 14 Cluster abundance distribution in the ablation plume at 1 ns
after irradiation with a 15 ps and b 150 laser pulses at laser fluence of
61 J/m2

and for self-similar fragmentation processes [61]. It has also
been commonly observed in sputtering experiments [62, 63]
and molecular dynamics simulations [63–66]. The complex
character of the laser ablation process, however, makes it dif-
ficult to establish a direct link between any of the existing
theoretical models and the results of the present simulations.
Therefore, the fits to the power law are only used in this work
to provide a quantitative description of the cluster-size dis-
tributions. Qualitatively, the existence of the two, low- and
high-mass, regions in the cluster-abundance distributions can
be related to the processes leading to the ablation plume for-
mation, discussed above. The monomers and small clusters

are released in the explosive decomposition of the overheated
material into the liquid and vapor, whereas the larger clusters
appear as a result of decomposition and coarsening of the tran-
sient liquid structure of interconnected liquid regions.

The existence of the two regions in the cluster-abundance
distributions has been consistently observed in all simulations
performed to date for both thermal and stress confinement
at laser fluences sufficiently high to produce a statistically
significant number of large clusters. The dependence of the
exponent in the power-law fit of the abundance distribution
on irradiation parameters is the subject of current investiga-
tion. Preliminary results indicate that in the low-mass region
the exponent increases with fluence (absolute value of −τ

decreases) and, for a given fluence, is always higher in the
thermal confinement regime. In the high-mass regime the ex-
ponent decreases with fluence and, for a given fluence, is
higher in the stress confinement regime. The observed range
of the exponent is from −5 to −3.2 for the low-mass region
and from −1.3 to −0.9 for the high-mass region.

4 Summary

The results of large-scale MD simulations of laser
ablation provide insights into complex processes occurring at
the early stages of the ablation plume development and their
relation to the parameters of the ejected clusters. The cluster
composition of the ablation plume is found to have a strong
dependence on the irradiation conditions and is defined by the
interplay of a number of processes during the ablation plume
evolution.

At sufficiently high laser fluences, the dominant mechan-
ism responsible for material ejection is the phase explosion of
the material overheated up to the limit of its thermodynamic
stability. The phase explosion leads to the rapid decompos-
ition of the surface region of the target into a mixture of li-
quid droplets, gas-phase molecules, and small molecular clus-
ters. This decomposition proceeds through the formation of
a foamy transient structure of interconnected liquid regions.
There is a strong dependence of the character of material
decomposition on the depth of origin of the ejected material.
Overheating becomes weaker with increasing depth, the frac-
tion of the liquid phase increases and large droplets are formed
in the tail of the plume.

The effect of segregation of the clusters of different sizes
in the expanding plume is observed in the simulations. There
is a relatively small number of small and medium clusters in
the region adjacent to the surface, where large clusters are be-
ing formed. Medium-size clusters dominate in the middle of
the plume and only small clusters and monomers are observed
near the front of the expanding plume.

Despite being ejected from deeper under the surface,
where the absorbed energy density is smaller, the larger clus-
ters in the plume have substantially higher internal tempera-
tures as compared to the smaller clusters. The lower tempera-
ture of the smaller clusters can be attributed to a more efficient
cooling due to phase explosion and a fast expansion of the up-
per part of the plume as compared to a slower cooling of the
larger clusters, dominated by evaporation.

In simulations performed with shorter laser pulses, in
the regime of stress confinement, a contribution of the laser-
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induced thermoelastic stresses leads to a more active, strongly
forwarded hydrodynamic motion in the vicinity of the melted
surface. This in turn leads to the ejection of larger and
more numerous droplets as compared to the regime of ther-
mal confinement. At low laser fluences, close to the abla-
tion threshold, relaxation of high thermoelastic pressure in
the regime of stress confinement can cause the mechanical
fracture/spallation and ejection of large and cold chunks of
relatively intact material.

In the cluster-abundance distribution one can distinguish
two distinct regions that correspond to small, up to ∼ 15
molecules, and large clusters. The cluster-size distributions
can be relatively well described by a power law Y(N) ∼ N−τ

with exponents different for the small and large clusters.
The decay is much slower in the high-mass region of the
distribution.
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