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ABSTRACT The mechanisms of photomechanical spallation are
investigated in a large-scale MD simulation of laser interaction
with a molecular target performed in an irradiation regime of
inertial stress confinement. The relaxation of laser-induced ther-
moelastic stresses is found to be responsible for the nucleation,
growth, and coalescence of voids in a broad sub-surface region
of the irradiated target. The depth of the region subjected to
void evolution is defined by the competition between the evolv-
ing tensile stresses and thermal softening of the material due to
the laser heating. The initial void volume distribution obtained
in the simulation of laser spallation can be well described by
a power law. A similar volume distribution is obtained in a se-
ries of simulations of uniaxial expansion of the same molecular
system performed at a strain rate and temperature realized in the
irradiated target. Spatial and time evolution of the laser-induced
pressure predicted in the MD simulation of laser spallation is
related to the results of an integration of a thermoelastic wave
equation. The scope of applicability of the continuum calcula-
tions is discussed.

PACS 79.20.Ds; 61.80.Az; 02.70.Ns; 83.60.Uv

1 Introduction

The effect of laser irradiation on a target material
is commonly discussed in terms of laser melting, evapora-
tion from the irradiated surface, and, at higher laser fluences,
overheating and explosive boiling of a surface region of the
target. There is growing experimental evidence, however, that
photomechanical processes related to the relaxation of laser-
induced stresses can play a significant role in defining the
outcome of short-pulse laser irradiation [1-5]. Examples of
phenomena typically attributed to photomechanical processes
include energetically efficient laser ablation by mechanical
disintegration/spallation and ejection of chunks of solid ma-
terial, sub-surface cavitation and expulsion of large droplets
from a liquid/melted target [1,3,4], and low-energy laser
damage of biological tissues [5] and systems with spatially-
localized absorbing structures [6, 7].

The majority of theoretical and computational investi-
gations of photomechanical effects are based on solving
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a thermoelastic wave equation and predicting the evolution
of stresses in the irradiated target [1, 3,4, 7-9]. Surface dis-
placements predicted in the simulations have been related to
experimental measurements [8], whereas the evolution of ten-
sile stresses in the target have been used to explain, at a qual-
itative level, the effects of cavitation and spallation of the
target [1, 3,4, 7]. The onset of void nucleation breaks the as-
sumption of thermoelastic material response to laser heating.
More complex hydrodynamic computational models have
been used to describe the evolution of photomechanical dam-
age under the action of laser-induced tensile stresses [10, 11].
Hydrodynamic codes capable of simulation of laser damage
and spallation have to include a number of assumptions on
the kinetics of void nucleation and evolution under the action
of laser-induced stresses and the initial density/distribution
of void nucleation sites, as well as the effect of temperature
and deformation rate on the processes of void nucleation and
growth.

An alternative method of microscopic analysis of laser-
induced processes is the molecular dynamics (MD) computer
simulation technique. The advantage of MD is that the only
input in the model is the description of interatomic/inter-
molecular interaction, and no assumptions are made about the
processes to be investigated. In this work we use the results
of alarge-scale MD simulation of laser interaction with a mo-
lecular solid to perform a detailed microscopic analysis of
void nucleation, growth, and coalescence in photomechanical
spallation. The results of the MD simulation are related to the
prediction of a continuum model for the evolution of thermoe-
lastic stresses. The physical mechanisms of laser spallation
are also discussed.

2 Computational method

Laser interaction with an amorphous molecular tar-
get is simulated with the ‘breathing sphere’ model [12] that
adapts a coarse-grained representation of molecules by par-
ticles with real translational degrees of freedom, but approx-
imate representation of the internal degrees of freedom. The
model provides an adequate description of molecular exci-
tation by laser irradiation, intermolecular energy transfer, as
well as the collective molecular dynamics induced by laser
irradiation [12, 13]. A large computational cell with dimen-
sions of 40 x 40 x 90nm (1015072 molecules) is used in
the simulation to ensure that the periodic boundary condi-
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tions imposed in the directions parallel to the surface do not
affect the early evolution of the photomechanical damage in-
vestigated in this paper. The values of the laser pulse dura-
tion of 15 ps and an absorption depth of 50 nm are chosen
so that the condition of stress confinement is satisfied [14].
Laser fluence of 31 J/cm? is chosen to be close to the thresh-
old for laser spallation as determined in earlier smaller-scale
simulations [14, 15].

To compare the predictions of MD simulations with a sim-
ple thermoelastic material response to the fast laser heating we
perform a numerical integration of a one-dimensional wave
equation,
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where u is the longitudinal displacement, « is the volume co-
efficient of thermal expansion, 6 =T — Tp = AE/C, is the
temperature rise due to the laser energy deposition, 7p is the
initial temperature of the target, and C, is the heat capacity.
Neglecting heat conduction and assuming Lambert—Beer’s
law and a Gaussian temporal profile we can describe the laser
energy deposition as:
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where Iy is the peak intensity, R is the reflectivity, L, is
the optical absorption depth, and o is the standard devia-
tion of the Gaussian profile, related to the pulse duration
as 7, = FWHM = 0+/81n(2). Laser fluence F is related to
the peak intensity Iy as F = «/w/4n(2)7y Iy =~ 1.06457, 1.
The absorbed laser fluence, related to the incident fluence as
Fas = F(1 — R), is used in the discussion of the simulation
results in this paper. Thermoelastic stresses can be calcu-
lated from the displacements, oxx = c2Q(3u /0x — a6), where
Oxx 18 the normal stress, and o the density. Materials param-
eters in the continuum calculations are chosen to match the
ones determined for the model molecular solid represented by
the breathing sphere model, so that quantitative comparison
between the results of the MD simulation and numerical so-
lutions of the wave equation can be made. In order to account
for the time of the energy transfer from the internal energy
of excited molecules to the thermal energy of translational
molecular motion, the laser pulse duration in the continuum
simulations is taken to be longer as compared to the MD simu-
lation.

3 Results and discussion

The spatial distributions of temperature, pressure,
and void fraction are shown in Fig. 1 for four different times
following the laser irradiation. The temperature profiles are
largely defined by laser energy deposition, which follows the
Lambert—Beer law and leads to an exponential decrease of
the energy density with depth. Noticeable deviations of the
temperature profiles from the exponential decay can be re-
lated to the evolution of pressure in the surface region of the
target. The initial energy deposition, occurring under condi-
tions of inertial stress confinement [1, 14], leads to the build

up of high compressive thermoelastic pressure. The interac-
tion of the initial compressive pressure with the free surface
of the target results in the development of a tensile compon-
ent of the thermoelastic pressure wave that propagates into the
bulk of the target. Comparison of the temperature and pres-
sure profiles suggests that a transient cooling of the material
(shoulders in the temperature profiles shown for 30 and 50 ps)
correlates with the development of the tensile component of
the pressure wave. Considering a fast adiabatic/isentropic ex-
pansion of a material, the temperature variation with pressure
can be estimated from classical thermodynamics, (37/9P)s =
VTIa/Cp > 0, where the heat capacity Cp, volume V, and the
volume coefficient of thermal expansion « are all positive for
the model molecular material. Similar temperature—pressure
correlations have been recently observed and discussed for
simulations of laser interaction with metal films [16] and bulk
targets [17]. Additional factors affecting the temperature evo-
Iution are the nucleation and growth of voids, as well as evapo-
ration from the surface, both leading to temperature decrease.
Thermal conduction to the bulk of the molecular target is slow
and has a negligible effect on the temperature profile over the
timescale of the simulation.

Pressure profiles observed in the MD simulation, Fig. 1,
agree relatively well with the results of numerical integration
of the wave equation, Fig. 2a. The tensile component of the
pressure wave increases with time and depth, and reaches the
maximum values of —170 MPa at 50 ps, —180 MPa at 70 ps,
and —240 MPa at 90 ps. A slower, as compared to the predic-
tion of the wave equation, increase of the maximum tensile
stresses between 50 ps and 70 ps can be attributed to void
nucleation. The tensile stresses cannot exceed the dynamic
strength of the material, which is a function of temperature
and increases with depth.

The appearance and growth of voids in the surface region
of the irradiated target are visualized in snapshots shown in
the left frames of Fig. 1. In these snapshots each void is rep-
resented by an individual sphere of the same volume as the
actual void. The voids are defined by superimposing molecu-
lar configuration with a three-dimensional grid of cubic cells
with a size of 0.68 nm and identifying cells that do not con-
tain any molecules. Voids are defined as clusters of more than
2 empty cells connected with each other by sharing a face. The
appearance of a large number of small voids at 30 ps and 50 ps
can be correlated with the appearance and propagation of
the tensile component of the pressure wave. Although larger
tensile stresses are created as the pressure wave propagates
deeper into the sample, they do not lead to void nucleation in
a colder and stronger material. All the photomechanical dam-
age is localized within ~40 nm surface region.

The initial volume distribution of voids that appear around
the time of 30 ps can be well described by a steep power
law, N(V) = Ny x V~—F, with an exponent —t = —3.38, Fig. 3.
Additional smaller points shown in Fig. 3 correspond to the
volume distribution of voids generated in eight smaller scale
MD simulations of a homogeneous uniaxial expansion of
a molecular system. The temperature and the strain rate used
in these simulations correspond to the conditions realized at
a depth of 10 nm in an irradiated molecular target. The strain
rate is obtained from the solution of the wave equation. As
shown in Fig. 2b, the strain evolution with time predicted by
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the wave equation and observed in the large-scale MD simu-
lation of laser interaction with a molecular target are almost
identical up to the time of ~30 ps. At later times, after the
onset of void nucleation, the assumption of thermoelastic ma-
terial response to laser heating is no longer valid and the strain
evolution observed in the MD simulation is affected by void
nucleation and growth.

An agreement between the volume distributions of voids
observed in the MD simulation of laser irradiation and the
small-scale MD simulations of uniaxial expansion of the same

40}

-60

time 90 ps

-80

molecular system is surprisingly good, taking into account
that the simulations of uniaxial expansion reproduce the con-
ditions realized at a specific depth under the surface, whereas
the results for laser induced void nucleation include contri-
butions from the whole surface region. This good agreement
may be indicative of a general characteristic of void nucle-
ation at high strain rates and elevated temperatures. Indeed,
a power law mass distribution has been predicted for frag-
mentation resulting from the interaction of a shock wave with
a surface [18], as well as for the cluster size distributions ob-
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FIGURE 3 Void size distribution obtained in an MD simulation of laser
spallation of a molecular target irradiated by a 15 ps laser pulse at a fluence of
31J/m? (large dots) and in a series of eight MD simulations of uniaxial ex-
pansion of a molecular solid performed for the conditions realized at a depth
of 10 nm of the irradiated molecular system (small dots). The line is a power
law fit of the data points with the exponent indicated in the figure
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served in a recent computational study of laser ablation [19].
A power law void volume distribution has been also reported
in an MD simulation of back spallation in a metal film sub-
jected to a high velocity impact [20].

The evolution of voids in the simulation illustrated by
Fig. 1 can be separated into two stages. At the initial stage of
void nucleation and growth the number of voids of all sizes in-
creases with time. At the second stage of void coarsening and
coalescence, starting from ~50 ps, the number of large voids
increases while the number of small voids decreases. With the
omission of the smallest voids, the void volume distributions
at longer times can be still relatively well described by the
power law with an exponent increasing with time (the abso-
lute value of —t decreases) [17]. By the time of 90 ps a few
very large voids account for the majority of empty volume in
the subsurface region of the target. Further growth and coales-
cence of the large voids lead to the separation and ejection of
large clusters.

The results of a large-scale MD simulation of short pulse
laser interaction with a molecular target provide a detailed mi-
croscopic picture of the mechanisms of laser spallation. The
relaxation of laser-induced thermoelastic stresses results in
the nucleation, growth and coalescence of voids in a broad

10 20 30 40 50 60 70
Time, ps

surface region of the irradiated target. The mechanical stabil-
ity of the target material is strongly affected by laser heating,
and the depth of the region subjected to void evolution is
defined by competition between the tensile stresses that are
increasing with depth and the decreasing thermal softening.
Observation of void generation and evolution in a broad sub-
surface region of irradiated target agrees with experimental
observations of laser-induced cavitation in aqueous solutions
and biological tissues [1,4,21]. Preliminary results of the
simulations of laser spallation of metal targets [16, 17] sug-
gest that the mechanisms of photomechanical damage and
spallation discussed above for molecular systems may be op-
erational in other material systems as well.
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