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Molecular dynamics simulation of the production of acoustic waves by pulsed laser irradiation
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In this work we model the production of acoustic waves in a material irradiated by a pulsed laser, by means
of molecular-dynamics simulation. We show that with this technique and using a simple Lennard-Jones
interaction potential, quantitative information on the acoustic waves is obtained for a wide range of laser
energies. Results for laser fluences producing heating and even melting and ablation of the irradiated material
are presented, thus extending what can be obtained by means of the standard thermoelastic models. Moreover,
we show that at low fluences the obtained results are in very good agreement with standard thermoelastic
calculations[S0163-182809)01437-X]

I. INTRODUCTION the melting and vaporization latent heats, and dependence of

: thermal and elastic constants with temperature are automati-
The use of pulsed lasers to produce high-frequency acoUg|ly taken into account.

tic pulses in both liquid and solid media has been demon- The main drawback is the very high computational cost,
strated to be a very useful tool in many areas of appliethecause to study the production of acoustic waves macro-
science, mainly in nondestructive evaluation and material§copic domains are required. This also limits the accuracy of
characterization:® the interaction potentials that can be used. However, the ad-

The production of acoustic waves in metals irradiatedvance in computing power is bringing into the reach the
with low fluence laser pulses is mainly associated with thecalculation of systems of hundreds of millions partici&s.’
production of thermal stress inside the matefial:® The In this work we demonstrate that meaningful and interest-
theoretical analysis of the coupling between the heating oing results can be obtained by means of a molecular dynam-
the material produced by the laser and the stress produced igs simulation of 5<10° particles interacting by a simple
thermal dilatation has been extensively studied, both front.ennard-Jones potential. We want to emphasize that the cal-
the analyticd=*®''and the numerical viewpoin{$. culations were performed in a desktop PRentium 1l 400

However, the ana|ysis is much more difficult when melt- MHZ). We also show that the molecular dynamics results are
ing and ablation take place, because there are many nonlinelr very good agreement with standard thermoelastic tech-
phenomena involvedl.For instance, important changes in niques for small laser fluences.
specific volume and thermal and elastic properties are pro- This work is organized as follows: we first describe the
duced when the material melts. Also, the latent heats of meltnolecular dynamics technique, and present some numerical
ing and Vaporiza’[ion must be taken into account, and at higfﬁSU'tS ShOWing how the variables of interest are recovered
laser powers the recoil pressure exerted by the evaporatdly averaging from the molecular dynamics information, and
material is a dominant process in the production of acoustifinally the comparison with standard thermoelastic tech-
waves. Hence, evaporation and ablation must be carefullpiques. Further work analyzing in detail many other aspects
accounted for. In addition, for subnanosecond irradiationof the irradiation procestcluster ablation, surface melting
nonequilibrium phenomena like cluster expulsion play a sigdetection, etg.is currently in progress, and will be reported
nificant role®? elsewhere.

Standard methods based on thermoelastic equations are
not well suited for the analysis of the very involved math- Il. ALGORITHM

ematical problems that arise when melting and ablation take The pasic problem involved is the solution of the Newton
place, because of the appearance of free boundes@isl-  ¢quations for each particle, interacting with its neighbors by
liquid, liquid-vapop and too many nonlinearities to be taken means of a pairwise Lennard-Jones force:

into account.

In this framework, molecular dynamics simulations have d?x;
from the mathematical viewpoint the advantage of including m ae = Z Fij (1)
the nonequilibrium behavior. Also free boundaries appear a
naturally, without requiring a separate treatment of meltedvherem; andx; are the mass and position of the particle
and solid parts of the irradiated sample. According to therespectively, and the interaction force between partictexl
details of the interaction potential used, nonlinearities likej, F; ;, is obtained from the shifted Lennard-Jones potential:
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laser The initial velocities were given at random, with a Gauss-

microphone ian distribution corresponding to the desired temperature. In
the simulations presented here the initial temperature was
assumed to be 50 K. The samples were initially thermalized

€125 s L for 100 ps(with time steps of 25 fs

2 0 et i, _ In order to minimize the subsequent oscillations of the
= Pl yz{/;;;f{,f;fif’j:j Ll sample, the lattice parameter must be chosen carefully for the
N 125271 ,{A‘?{%}}!}”!vn desired temperature. This is a critical issue, because we want

to be able to detect very small acoustic signals, and even a
small error in the lattice parameter causes strong oscillations
that take a prohibitively long time to damp out. We have
adopted several strategies to overcome this difficulty, from
simply integrating in time until oscillations are damped out
FIG. 1. Schematic diagram of a typical irradiation geometry, by interference,lto more sophisticated techniques simulating
with a small initial lattice. The computational division in cells is a thgrmal _batﬁ. Th_e most simple anc_J_successfuI Strategy
shown on the axis. The particles used to detect the acoustic wavé?ns'Sted in averaging the normal _posmon over a whole disk
are identified as microphone. in the rear surface.of the sample in order to reduce the ran-
dom noise, and using an accurate expression for the nearest-
neighbor distance in the solid phase. For instance, in three

V(X X)= Vi =Vu(re)  r<re 2 dimensions we used the expression
(XI 1XJ) O ( )
re<r,

_ 2 3

whereV/| ; stands for the Lennard-Jones potential: r«(T)=1.0964+0.054797+0.014743°+0.083 459
" . —0.23653%+0.25057° (4)
g (o
Vii(r)=4e (T _(? @ given by Broughtonet al,?? wherers and T are given as

] ] ) ) ] usual in units ofr ande. The disk used to detect the acoustic
r=[x—x] is the interparticle distance, angdlis the assumed \yayes is indicated as microphone in Fig. 1 to stress the anal-
cutoff of the potential. In all simulations presented in this ogy with a typical acoustic wave generation experiment.
work, we use .= 2.50 and parameters for the Lennard-Jones ~The |aser irradiation was modeled assuming a pulse that is
potential corresponding to argon At, Gaussian time, incident normally on the sam(slee Fig. L
We used time durations of the order of 5 ps, and uniform
irradiation profiles, in order to simulate an essentially one-
dimensional(1D) geometry, where results are easily com-

ared to the numerical solution of a more detailed 1D model
t?see Sec. V.
The laser energy coupling inside the material was simu-
ed distributing the laser energy cell by cell, by multiplying

e=119.&% (K), 0=3.406 A

(k is the Boltzmann constant

The calculations are organized by means of a cell lis
approacl? in order to avoid the calculation of the interaction
between particles located farther away than the cutoff radiui.,jlt

The computational domain is divided in small cells, of Imear,[he velocities of all the particles in each cell by an adequate

dg?niir;ls'%gstﬁé thaert?gg irigfégghcg;ﬂf{sraglr?gré?;én:\?gal\lcsr: timfactor. The amount of energy deposited in each cell is calcu-
P 9 P 9 fated by means of Beer’s law:

step, and used to compute the interactions. Only interactions
between patrticles in adjacent cells are considered. The par-

ticles are then advanced in time by means of the explicit ﬂ__ I(r.2) ()
Verlet algorithm!®2°The main advantage of this approach is dz #\Wes

that the problem size grows linearly with the number of par-

ticles considered, thus allowing the computation of large syswherel is the laser intensity in the locatiom,g), and the
tems, of the order of 500000 particles in the simulationsabsorption coefficient is assumed to be proportional to the
presented here. The runs were performed in a desktop P@aterial density. In the simulations presented the absorption
and took 4 h each, on average. coefficient was chosen in such a way that the penetration

The assumed boundary conditions are free, i.e., there aepth inside the material was of the order of tens of nm.
no restrictions on the particles or the temperature at the A different approach to the energy deposit problem is the
boundary. In this way, the simulations correspond to thdntroduction of an electronic temperature satisfying a heat
problem of the irradiation of a small block of material in equation with a source term due to the incoming laser en-
vacuum. In particular, we will see that this enforces the usergy, and with a coupling term to the lattice dynamics. This
of large domains, in order that the reflections of the acousti@pproach has been used in molecular dynamics simulations
wave do not mask the true form of the acoustic pulse. of point defects production by irradiation of a matefiaf;

The particles were initially located on an fcc lattice, and in the molecular dynamics study of surface melting of
which in some simulations was cut with the form of a solid copper sample®, for instance. However, we have found that
cylinder, as shown in Fig. 1. Notice also the division in cellsthe basic mechanism used to couple the electronic tempera-
of the computational domain, and the assumed laser irradidure to the lattice dynamics produces a non-negligible damp-
tion geometry. ing of the acoustic waves. In fact, this technique has been
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FIG. 3. Number of evaporated particles, as a function of time.

FIG. 2. Vertical displacement of the bottom of the |rrad|atedgulse duration: 5 ps FWHM, centeredtat10 ps.

sample, showing the arrival of the acoustic longitudinal pulse. Puls

duration: 5 ps full width at half maximurFWHM), centered at

=10 ps. The number of particles that leave the computational do-
main as a function of time, for the previous irradiation flu-

used in investigations of fracture dynanfc¥to efficienty ~ €NCeS, is shown in the Fig. 3. We observe that at higher
damp out the outgoing acoustic waves, and is therefore ndluences the curve is steeper a short time after fmng thg laser.
used in our work. The delay relative to the laser pulse is associated with the
Some care is required, also, in the velocity scaling proce'gime of flight be'meen leaving the surface of the irradiate_d
dure. In fact, if the velocities of all particles are simply sla.b,.and reaching the que,Of the computational domaln.
scaled in order to increase the cell kinetic energy to the new NiS i more clearly seen in Fig. 4 where the rate of particle
desired value, collective motions are unduly amplified. In!0SS is plotted against time. At low fluence05 ‘J/r,ﬁ and
order to avoid this artifact, we subtracted the average velod®-1 Jint) the evaporation rate is very small. At higher flu-
ity of the cell before scaling. In this way only the true ran- €nces(0.2 J/nf and 0.3 J/rf) we observe an ablation pulse

dom movement is amplified, and not the net mass flow. that almost follows the laser pulse. This supports the idea
that ablation occurs mainly during the laser pulse, and not as

a result of the ulterior destabilization of the irradiated

Ill. MOLECULAR DYNAMICS RESULTS volume?5-2 The distortion of the ablation pulse shape with
. . respect to the original Gaussian laser pulse is due to a variety
. In_thls section we present resu_lts of the molecular dynam_bf causes. For instance, the different times of flight between
ICS S|mulat!ons, showing th? obta!ned _sh_ape of the_ IOng't”d'fast and slow particles produce the long tail of the evapora-
nal acoustic waves, for uniform irradiation conditions. The pulse. The same effect is produced by the fact that par-

samp!e used 'Sh? 94181h>< 31hat<()jms Iat_t|ce, W'th Ialtleral di- ticles have a nonzero velocity component along the surface.
mensions much larger than the defithgive practically one- pinayy “some destabilization effect with characteristic time

dimensional behavior when irradiated with a spatially uni-of the order of a few picoseconds could be at play.

form laser pulse The physical dimensions of the domain, In order to understand better the evaporation phenomena,

assuming parameters corresponding to argon, are slightZ/e plot in Fig. 5 thez component of the momentum carried

srtr:aller than the dirr:gnsi%ns of the Icomputationa(lj(iomai?], Ohway by the evaporated particles. The time derivative of this
about 52¢52x10 nnr. When particles evaporated from the .o jnivde gives essentially the recoil force that the surface

sample reach the boundary of the computational domaifyys we material is suffering by evaporation. The results are
they are dismissed. Accounting for the number of evaporate

particles, and for the momentum carried away, we have a
simple and precise means of detecting ablation thresholds.

The “microphone” used to detect the acoustic waves was
a disk of 108 m radius, and two atomic layers wide. The
two atomic layers were chosen to be the second and third
layers from the bottom of the sampli order to avoid the
noise introduced by the eventual vaporization of some atoms
in the bottom layex

In Fig. 2 we show the component of the displacement
registered for irradiation with a spatially uniform Gaussian in
time pulse of 5-ps duration, and fluences 0.05 2)/f1
J/nt, 0.2 J/nt, and 0.3 J/ra The first three of these fluences
are below, very close, and above the melting threshold, re-
spectively. The last one is well beyond the onset of ablation.
The Gaussian laser pulse peaks at a time of 10 ps in these FIG. 4. Rate of particle loss as a function of time. Pulse dura-
simulations. tion: 5 ps FWHM, centered dt=10 ps.
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FIG. 5. Normal component of the momentum loss as a function

FIG. 7. mparison between the displacementg iagister
of time. Pulse duration: 5 ps FWHM, centeredtat10 ps. G Comparison between the displacements fagistered

by molecular dynamics simulatiorisymbolg and that obtained by

N . solving the linear thermo-elastic equatiofs®lid line), for several
plotted in Fig. 6. The standard theoretical means of accoun(jé1ser fluencesO, 0.03 J/i: C1, 0.05 J/M&: &, 0.1 I/ A, 0.2

ing for the contribution of the pressure of the evaporated;; 2
material to the production of acoustic waves consists of mod-

eling in some way the recoil force Figure 5 suggests that o4 the thermal conductivity, respectivety.andc, are the

this force can be accurately modeled as the convolution ofg|gcities of the longitudinal- and transverse-acoustic waves,

the laser-pulse shape with a decaying exponential, with g ig the modulus of cubic compressibility, andis the ther-

characteristic time of the order of a couple of picosecondsma| coefficient of volume expansio(x,t) represents the

Further work exten_ding this numerical evidence to more gen-energy flux due to the laser irradiation.,

eral pulse shapes is currently in progress. Assuming a laser spot much larger than the characteristic
thickness of the sample, we can approximately consider the

IV. THERMOELASTIC REGIME problem as being one dimensional. In this 1D setting, the
The thermoelastic mechanism, which is usually the prin-relevant Eqs(6) and(7) can be written as
cipal responsible for the production of acoustic waves upon aT o aT
laser irradiation, has been extensively studied from the the- pcpﬁ= 0—( k(T) a—) +Q(z,t), (8
oretical viewpoint in the linear regime®*"9-11:2°The most z z
usual model consists of the solution of the heat equation, to 24 24 JT
describe the increase of the temperature due to the incoming =pc——Ka— (9)

laser energy, and of the solution of the linear elasticity equa- at? ' o2 iz’
tions, with a term of coupling with temperature:

where nowu is the z component of the displacement vector

u.
PCpE:V[K(T)VTHQ(X't)’ (6) The boundary conditions corresponding to nonexistence
of stresses at the boundary surfaces are, within the same
92U linear approximation,
p— =pCiAu+p(c?—c)V(Vu)—KaVT,  (7)
at? TKa ,du
- ——+¢f—=0. (10)
where T is the sample temperature andis the vector of p 9z

displacements, c,,, and« are the density, the specific heat, . L L
Assuming a Gaussian in time laser pulse impinging nor-

mally on the surface located at z,, we have

w14

i 12 . Q(zt)=Aulgexd — (t—to)?/ 7~ u(z—29)], (11

= F=0.3 J/m

‘g’ 1 whereA is the absorptivity(fraction of the undisturbed laser
Q45 energyl that actually penetrates into the material is the

€ absorption coefficientz is the laser pulse width, arig is the

g 06 time where the laser intensity is at maximum.

€ o4 In order to compare the solutions obtained by molecular
E dynamics with those of the linear thermoelastic model, we
o 02 F=0.2 i solved numerically the previous equations in a domain of the
[ 0/ Y iﬁgldmz == same dimensions of that used for the molecular dynamics

time ( 10-1s) simulations. The comparison between the acoustic waves ob-
tained with these two approaches is shown in Fig. 7. We see
FIG. 6. Rate of thezmomentum loss as a function of time. that at low fluence$0.03 J/n% and 0.05 J/rf) the curves are
Pulse duration: 5 ps FWHM, centeredtat10 ps. very similar, but that for higher fluences the results are pro-
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58 must be superimposed to the thermoelastic mechanism, pro-
57 ducing an increase in the acoustic signal at later tirfhes
56 (because vaporization begins for small laser fluences at the
X end of the laser pulse, and because the vaporization pressure

@ 55 takes a long time to drop off

2 54

@ V. CONCLUSIONS

g— 53

2 5 This work shows that it is possible to obtain quantitative

° ° information on acoustic waves produced by pulsed laser ir-

51 ° radiation of a material, by means of a simple molecular dy-
50 ¢ 5 namics simulation. There are, however, several aspects to

0 ) . . ;
z (10°m) take into account, including sample shape and size, and care-
ful initial thermalization in order to get ride of background
FIG. 8. Temperatures at=15 ps andt=30 ps, obtained by elastic oscillations.
molecular dynamics(circles and linear thermoelasticitysolid We present results showing the expected longitudinal pre-
line). Laser fluence: 0.03 JAn cursor shape, for several fluences, and discuss the influence
on the observed pulse characteristics of the melting or abla-
gressively different. This behavior is produced, for fluencesgion of the sample surface.
below the melting threshold, mainly due to the temperature We also present numerical results of a standard ther-
dependence of the physical constants of the Lennard-Jon@soelastic model, in a one-dimensional geometry, demon-
solid (at 75 K the density is 6% smaller than at 50 K, and thestrating that very good agreement is obtained at low fluences
specific heat about 30% larger, for instanceéhe same be- between the molecular dynamics simulations and the ther-
havior is seen in plots of the calculated temperature. In Figmoelasticity predictions, but that nonlinearities and tempera-
8 we plot the curves of the temperatures obtained by the tweure dependence of the physical parameters must be taken
techniques, at a small fluence 0.03 3/and two different into account in order to predict accurately both maximum
times. We see that the agreement is very good, and that thechieved temperatures and acoustic wave shape at higher flu-
maximum increase in the temperature is about 8 K. Howences. A careful study of the temperature dependence of both
ever, the same curves corresponding to a laser fluence of Othe longitudinal- and transversal-acoustic wave speeds and of
J/n? differ about 50%(due mainly to the rapid increase of the thermal constants of the Lennard-Jones material is nec-
the specific heat with temperatire essary to make a detailed nonlinear thermoelastic model, and
At fluences higher than about 0.15 ¥ melting and va-  to extend the present comparison to higher fluences.
porization occur, and the longitudinal-acoustic precursor ar- This analysis, as well as the extension of the simple
rival tend to displace to larger times. This can be expectednodel presented to the case where there is ablation of the
from the fact that we can argue qualitatively that the acoustiérradiated surface is currently in progress, and will be re-
signal produced by the pressure of the evaporated materigbrted elsewhere.
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