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Abstract

Molecular dynamics of a short pulse laser irradiation of a molecular crystal are performed to investigate the de-

pendence of the mechanism of ejection on laser ¯uence. We ®nd that at low laser ¯uences molecules are desorbed from a

thin surface layer of solid sample. An increase in the laser ¯uence leads to the melting of the surface region and de-

sorption occurs from an overheated melted state. An additional increase of the ¯uence leads to the ablation when the

laser-induced pressure and phase explosion of the overheated liquid drives a collective ejection of a signi®cant volume of

irradiated material. Ó 1999 Elsevier Science B.V. All rights reserved.
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Investigations of the fundamental events oc-
curring during laser desorption and ablation have
received considerable attention in recent years as
the applications of the process have become more
popular and economically viable [1±3]. Despite the
popularity of laser ablation, the understanding of
the underlying mechanisms is rather poor. There
have been attempts to establish a fundamental
footing from both experimentalists [4±10] and
theoreticians [11±14]. The complex nature of the
process has, however, hindered the progress to-
wards the complete understanding of the phe-
nomena of laser desorption and ablation. It is also
di�cult to get a microscopic picture by observing

the macroscopic quantities such as yields and ki-
netic energies.

Time-of-¯ight (TOF) measurements [15,16] of
desorption yields and the kinetic energies of the
ablated particles from C6H6/NaCl and C6H6/Au
systems give insight into the process of laser de-
sorption/ablation [17]. An intriguing mechanistic
hypothesis has been made Braun and Hess.
Namely, a solid±liquid phase transition occurring
at laser ¯uences below the threshold for ablation
have been proposed to be responsible for the pla-
teau in the dependence of the mean kinetic energy
of the desorbed particles from the laser ¯uence.
Although their hypothesis of a phase transition is
supported by their data and estimations of the
temperature of irradiated molecular ®lms, it is not
possible to get a clear microscopic picture of the
processes in the system from these experiments.
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The molecular dynamics (MD) technique is
capable of providing a microscopic picture of laser
ablation but simulations have been hampered by
the long length and time scales of the process. We
have developed a breathing sphere model aimed at
overcoming the time and length scale limitations of
MD simulations in studying the laser desorption/
ablation process [18±20]. The novel feature of the
breathing sphere model is an approximate repre-
sentation of the internal motion which permits a
signi®cant expansion of the time and length scales
of the model yet still allows one to reproduce a
realistic rate of the vibrational relaxation of ex-
cited molecules. The initial veri®cation of the
model has been performed by simulating the laser
ablation for molecular solids. The model identi®es
the processes that distinguish desorption from
ablation, [18,19] explains a ¯uence threshold for
ablation [19], and predicts the cluster distribution
in the plume [21]. Below the ¯uence threshold for
ablation there is desorption where the plume
consists of clusters. This model also reveals the
physics leading to the velocity distributions of
ejected molecules [20,22], explains entrainment of
heavy molecules in the plume [18,21] and predicts
ablation processes as a function of laser properties
such as laser ¯uence and pulse width [23,24].

The hypothesis by Braun and Hess of the
melting that occurs below the ablation threshold
and a�ects the kinetic energies of the ejected
molecule can be tested by using the breathing
sphere model. In molecular dynamics simulations
not only various properties of the desorbed mole-
cules but also the characteristics of the material
remaining in the target after the ablation process is
complete can be examined in detail. The main goal
of this work is to provide insights into the pro-
cesses leading to desorption at low ¯uences. In the
following sections the details of the computational
technique and the results from the simulations are
presented.

The breathing sphere model presented else-
where [18] has been used to study the laser de-
sorption process. Brie¯y, the molecules in the
system are treated as breathing spheres with true
translational but approximate internal degrees of
freedom. Even though the internal motion is rep-
resented in an approximate manner, it allows us to

reproduce a realistic rate of conversion of the in-
ternal energy of the excited molecules to the
translational motion. The parameters of the in-
termolecular interactions are chosen to represent
the van der Waals interactions in a molecular
solid. The parameters of the internal potential
were chosen to provide a characteristic time of
vibrational relaxation of an excited molecule to be
on the order of 10 ps, a value typical for organic
solids [25].

The system consists of a solid of 10 ´ 10 ´ 40
nm3 with 27 648 molecules of mass 100 daltons. A
crystalline solid in which the molecules are close-
packed is used. In order to obtain a relaxed
starting con®guration, the crystalline solid was
heated to a temperature of 50 K and quenched
using the generalized langevin equation (GLE)
method [26]. The crystalline system, because of its
perfect packing arrangement, gives a clear visual
picture of the process and the e�ect of energy de-
position on the system. Periodic boundary condi-
tions parallel to the surface are imposed, thus the
e�ects of the edges of the laser beam are neglected
[18]. The bottom 8 �A of the crystal is given a mass
of 1000 daltons and damping conditions are im-
posed on the bottom 40 �A of the crystal to reduce
the e�ects of the re¯ected shockwave during the
ablation process.

The laser irradiation is simulated by vibrational
excitation of molecules that are randomly chosen
during the laser pulse duration of 15 ps. In this
case an implicit assumption is that the laser radi-
ation is absorbed by the molecules and is internally
converted to vibrational energy. The vibrational
excitations are performed by depositing a quan-
tum of energy equal to the photon energy into the
kinetic energy of internal vibration of the mole-
cules to be excited. The energy is deposited ac-
cording to the BeerÕs law. A penetration depth of 7
nm is used to provide an absorption of 99% of the
laser energy within the computational cell. The
wavelength of the laser used is 337 nm (3.68 eV/
photon).

The duration of the simulations was determined
by running a few trajectories for longer times. The
results presented here were calculated for the
ejected particles after 100 ps of simulation. The
desorption process slows down signi®cantly after
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100 ps and the number of desorbed particles did
not change when the simulations were run for
longer time.

We start by examining the total yield and the
monomer yield as a function of ¯uence as shown in
Fig. 1. The nature of the ablation threshold and
the change in the plume composition from mostly
monomers below the ablation threshold to a mix-
ture of large molecular clusters and gas phase
molecules is discussed in previous publications
[18±21]. The same criteria have been used to de®ne
the ablation threshold in this case. For the dis-
cussion here, it su�ers to say that for ¯uences be-
low 0.7125 mJ/cm2 there is desorption 1 and the
ejected plume consists primarily of monomers,
Fig. 1.

The proposal of Braun and Hess is that as the
¯uence increases the desorption from a solid gives
a way to desorption from a liquid. In order to
examine this proposal we have chosen four points
labeled a, b, c and d in Fig. 1 to analyze in more
detail. We have chosen to examine the density of
molecules vs. distance from the surface into the
solid, Fig. 2, after the desorption or ablation has
occurred. The data in these plots have been aver-
aged over 5 ps at the end of the simulation in order
to account for the particle vibrations which are on
the order of few tens of femtoseconds. These plots
give us insight into the disorder in the system and a
qualitative idea of the melting process. It can be
seen from Fig. 2a that at point a, only the surface
is disturbed and the order below the surface re-
mains intact. As the ¯uence is increased to point b,
melting of a thin surface layer �3 monolayers in
depth is observed. The surface melting is re¯ected
in Fig. 2b as the deviation from the crystalline
order in the top 10 �A. At the ¯uence of point c
there is nearly a uniform density distribution in the
top �40 �A, an indication of the intense melting
process. Fig. 2 shows that between ¯uences b and c
part of the deposited energy is going into disor-
dering of the system. Finally, 2d is representative

of the ablation regime. In the ablation regime,
more material is removed as noted by the lower
intensity in Fig. 2d than in Fig. 2c.

The layer of origin of the desorbed molecules is
consistent with the picture of desorption from a
solid at ¯uences below point a in Fig. 1 and de-
sorption from a melted region between points b
and c. For all ¯uences below point a, the desorbed
molecules originate from the top two layers. At the
¯uence corresponding to point c, just below the
ablation threshold, some of the desorbed mole-
cules come from as deep as layer 8 (�32 �A) even
though a total of less than one layer of material is
removed.

Simulations using the breathing sphere model
have clearly delineated the phase transitions as-
sociated with laser desorption and ablation. At
low ¯uences there is desorption of molecules from
a solid. As the ¯uence increases we observe melting
of the surface layer with gradual increase of the
melted region with ¯uence. Above a certain
threshold ¯uence ablation occurs.

Acknowledgements

We gratefully acknowledge the ®nancial sup-
port from the National Science Foundation and
the o�ce of Naval Research through the Medical
Free Electron Laser Program. The computational
support for this work was provided by the IBM-
Selected University Research Program and the
Center for Academic Computing at The Pennsyl-
vania State University. We would also like to

Fig. 1. Total and monomer yields vs. ¯uence. The dashed line

indicates the threshold ¯uence for ablation.

1 The threshold for ablation is slightly higher in this

crystalline system than what we found earlier for an amorphous

system because the cohesive energy of the crystalline system is

larger than the value for the amorphous system.
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