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The nonlinear collective electron dynamics of a cluster irradiated by a strong near-infrared linearly polarized
short laser pulse are studied by classical molecular-dynamics simulations for a small model cluster with,103

particles. The model brings forth almost all of the features of a cluster exposed to a strong laser pulse, such as
inner and outer ionization, expansion of the ion core, etc. When the frequency of the incident radiation is near
three- or five-photon resonance with thestime-dependentd frequency of the dipole Mie-plasmon excitation in
the laser-ionized and expanding cluster, both the total electron acceleration and the local electric field acting on
the ions inside the cluster exhibit a resonant enhancement at the odd harmonics of the fundamental frequency.
The time evolution during the laser pulse of these odd harmonics is discussed for different parameters of the
laser-cluster interaction. The presence of even low-order harmonicssin particular, of the secondd in the local
electric field at ion positions off the cluster center is also demonstrated. This indicates nonlinear laser excitation
of the quadrupole surface plasmon.
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I. INTRODUCTION

The interaction of subpicosecond near-infrared laser
pulses with van der Waals and metal clusters has been exten-
sively studied during the last decade. It has been demon-
strated that atoms in clusters absorb energy from the laser
field much more efficiently than isolated atomsf1–3g. Many
other spectacular applications have been investigated, such
as efficient x-ray emissionf4–8g, multicharged-ion produc-
tion f9–11g, and nuclear fusion in a medium of Coulomb-
exploding clusters that contain deuteriumf12,13g. In addi-
tion, efficient radiation of coherent high-order harmonics by
laser-irradiated clusters of rare-gas atoms was observed
f14,15g. In consequence, interest in laser-cluster interactions
has enormously increased over the past yearsf16–18g.

For clusters with radii between 2 and 20 nms103–106

atomsd, peak laser intensities in the range of
1015–1017 W/cm2, and pulse durations from several ten to
several hundred femtoseconds, a sizable fraction of the elec-
trons released by inner ionization does not leave immediately
but stays inside the cluster during the duration of the laser
pulse, in spite of the high ponderomotive energy of the elec-
trons. These electrons are trapped by the net positive charge
of the cluster as a whole, which has been built up by those
electrons that did escape. As a result, a hot electron nano-
plasma is created with unique propertiesf1g. The collective
laser-driven motion of the electron cloud trapped inside the
charged cluster and its immediate vicinity constitutes the im-

portant initial stage of the laser-induced cluster dynamics.
Later on, Coulomb explosion of the positively charged ion
background speeds up and finally turns the nanoplasmas of
the individual clusters into one common high-temperature
microplasma.

Linear excitation of the dipole surfacesMied plasmonf19g
by an intense laser pulse with frequencyv<vMie constitutes
a much-studied example of collective plasma phenomena in
finite systemsf20g. It has been extensively investigated, both
in metal clustersf21–23g and in laser-ionized rare-gas atomic
clustersf1,3g. This well-known Mie resonance corresponds
to a rigid oscillation of the cloud of free electrons in the
cluster with respect to the background of the positively
charged ions. For spherical clusters, it occurs at the fre-
quency

vMie = Î4pe2n/3me ; vp/Î3, s1d

where me and e are the electron mass and charge, respec-
tively, n=zNi /V the smeand positive siond charge density in-
side the cluster,Ni the total number of atoms and ions, andz
their mean charge state averaged over the whole cluster vol-
ume V. In the resonant regime, which requiresn<3ncrsvd
;3v2me/4pe2, efficient excitation of the Mie resonance can
result in a considerable enhancement of the cluster’s inner
electric field at the fundamental frequency. This, in turn, may
significantly influence the heating of the electron nano-
plasma, the multiple ionization of the atoms and ions inside
the cluster, and other laser-induced processes. However, lin-
ear excitation of the Mie resonance by a near-infrared laser
sncr<1.731021 cm−3 for a Ti:sapphire laserd requires the
densityn to be much lower than it really is just after inner
ionization of the clusterswhen we havevMie,4–6 eV for
n,1022–1023 cm−3d.
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Therefore, efficientone-photonexcitation of the Mie reso-
nance can only be expected in the two transient regimes
when the ion density is sufficiently reduced: during the
Coulomb-explosion stage of the heated charged clustersre-
ducedNi /V, provided this stage is reached while the laser
pulse is still ond or, in principle, during the leading edge of
the laser pulse, when the time-dependent laser intensity and,
consequently, the degree of ionization of the cluster constitu-
ents are still lowssincez is lowd. For clusters consisting of
rare-gas atoms, these statements are substantiated in Table I,
where the reference Mie-resonance wavelengthlMie swhich
is typically much lower than 800 nmd is given for different
smeand charge states of the cluster ions. They were calcu-
lated under the assumption that the cluster atoms and ions
are packed into a face-centered-cubicsfccd lattice with the
lattice constantd0 corresponding to the low-temperature
solid phase of rare-gas elementsf24g. The critical intensities
for the appearance of the various charge statesZ of isolated
rare-gas ions by over-the-barrier ionization in vacuumf25g,
Iapp=csIp

Zd4/ s128pe6Z2d, are also givensIp
Z, taken from Ref.

f26g, is the ionization potential of an ion with charge state
Z−1 andc is the speed of lightd.

Nonlinear smultiphotond excitation of the dipole Mie
resonance in jellium clusters in the weak-field regime has
recently been consideredf27g. Excitation of higher-order
multipole plasmons, with the frequencies

vl = Î4pe2nl/fs2l + 1dmeg ; vp
Îl/s2l + 1d sl = 1,2, . . .d

s2d

in the spherical case, is also considered in this paper. Indeed,
quasiresonant three-photon excitation of thedipoleMie plas-
mon sl =1d by a Ti:sapphire lasersl /3<266 nmd in laser-
irradiated rare-gas clusters appears to be possible for several
cases presented in Table I, as long as the mean ion charge is
not too high. If, on the other hand, the mean ion charge is
higher than 3, three-photon excitation of the Mie resonance
may be realized in the transient regimes—namely, during the
leading edge of the laser pulse and again during the
Coulomb-expansion stage of the charged cluster, as men-
tioned above. Moreover, in this case a five-photon quasireso-
nant excitation of the dipole Mie plasmon is also possible.

For all but a few of the examples presented in Table Isthose
in the upper rightd, the conditions for three-photon excitation
of the Mie resonance are actually met at least transiently. In
the Coulomb-expansion stage, this always takes place prior
to the linearsone-photond Mie-resonance excitation, because
the latter requires a lower positive charge density, which is
reached at a later time.

Nonlinear excitation of the Mie resonance in strong laser
fields has been discussed only recently. Within amacro-
scopic approach, three-photon excitation of the Mie reso-
nance in a laser-irradiated large cluster has been investigated
in Refs. f28–30g. This study was based on the simplest ap-
proximation to the hydrodynamic equations, which treats the
electrons trapped by the cluster as an incompressible fluid
having the quasiequilibrium electron density. In this approxi-
mation, under the action of a strong laser pulse the electron
cloud oscillates without deformation. In general, this ap-
proximation is justified only if the oscillation amplitude of
the electron cloud is much smaller than the cluster radius.
The motion of the ions was neglected, assuming pulses short
enough that the expansion of the cluster had just only started
at the end of the pulse. Near three-photon resonance with the
Mie frequencysat 3v<vMied, the electric field inside the
cluster was found to have a third-harmonic component, with
a magnitude comparable with that at the fundamental fre-
quency inside the cluster. Due to shielding, the latter is, in
general, smaller than the amplitude of the incident laser field
in this parameter range of an overcritical charge density. The
third harmonic is also present and resonantly enhanced in the
scattered electromagnetic field. The physical origin of the
high conversion efficiency from the fundamental into the
third harmonic is the finite size of the cluster. In the pertur-
bation series with respect to the ratio of the oscillation am-
plitude of the electron cloud to the cluster radius, this pro-
vides the nonlinear terms in the restoring force of the
electron-ion interaction, beginning with the cubic term
f31,32g.

Recent pump-probe experiments in laser-irradiated argon
clusters actually provided first evidence of the enhancement
of third-harmonic generation by three-photon excitation of
the Mie resonancef33g. In parallel, a model particle-in-cell
simulation showed the presence of the third harmonic in the
electron accelerationf34,35g. Also, in very recent micro-

TABLE I. Mie-resonance wavelengthslMie sin nanometersd from Eq.s1d for rare-gas atomic clusters with mean charge stateZ, where the
cluster constituents are packed into an fcc lattice having the solid-phase lattice constantd0, as well as the corresponding appearance
intensitiesIapp sin W/cm2d for over-the-barrier ionization of isolated rare-gas ions in vacuum.

fcc lattice parametera d0 snmd
Ne

0.446
lMie Iapp

Ar
0.526
lMie Iapp

Kr
0.572
lMie Iapp

Xe
0.620
lMie Iapp

Z=1 268 8.731014 343 2.531014 389 1.531014 439 8.731013

Z=2 189 2.831015 243 5.831014 275 3.531014 317 1.931014

Z=3 155 7.231015 198 1.231015 225 8.331014 254 4.131014

Z=4 134 2.231016 172 3.231015 195 1.931015 220 1.031015

Z=5 120 4.131016 154 5.131015 174 2.931015 197 2.031015

Z=6 110 6.931016 141 7.631015 159 4.231015 180 3.031015

aFrom Ref.f24g. Note that the rare-gas elements in the low-temperature solid phase crystallize into an fcc structure.
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scopic particle-in-cellsMPICd simulations of large laser-
irradiated clusters with,105 atomsf36g, a nonlinear contri-
bution to the cluster’s electron current is clearly visible
though not discussed.

However, within the macroscopic approach based on the
hydrodynamic equations, the width of the linear Mie reso-
nance in the laser-heated charged cluster can only be intro-
duced phenomenologically. Generally, it is determined both
by electron-ion collisions and by the irreversible part of Lan-
dau damping in a finite system. In addition, the possibility of
nonlinear laser excitation of multipole plasmon modes other
than the dipolese.g., the quadrupole plasmon that corre-
sponds tol =2d is beyond the approximation of the rigid elec-
tron cloud. Moreover, the time dependence of the Mie fre-
quency, which results from the expansion of the charged
cluster during the action of the laser pulse, is outside of the
simplest macroscopic approach. Hence, even though the
physical picture obtained is clear, only a semiquantitative
description of the nonlinear excitation of the dipole Mie plas-
mon in the laser-irradiated cluster can be achieved within the
approximations of Refs.f28–30g.

The aim of the present work is to study the nonlinear
electron dynamics inside a laser-irradiated cluster by means
of a classical molecular-dynamics simulation of a small clus-
ter consisting of&103 atoms. Previous classical simulations
of small clustersf37–45g were predominantly concerned
with the dynamics of the Coulomb explosion. The goal of the
presentmicroscopic ab initiostudy is to confirm the presence
of the third harmonicsand of higher harmonics, tood in the
electron acceleration as well as in the local electric field act-
ing on the ions inside the cluster, while the frequency of the
incident laser sweeps through the corresponding nonlinear
resonance with the Mie frequency. Obviously, for a spherical
cluster, only odd harmonics should be expected in the total
electron accelerationsthat is, the sum of the acceleration of
all electronsd, as well as in the local electric field at the
center of the cluster. Even-order harmonics of the fundamen-
tal frequency can be expected in the local electric field acting
on ions at noncentral positions. Indeed, we will demonstrate
their presence, in particular, the second harmonic, which is
connected with the quadrupole surface-plasmon excitation.

Preliminary results have already been presented in Ref.
f46g, where a cluster of two-electron model atoms was con-
sidered. It was shown that under appropriate conditions the
laser-driven nonlinear oscillation of the electron cloud gen-
erates a resonantly enhanced third harmonic both in the total
electron acceleration and in the inner electric field. The time-
dependent yield of the third harmonic was analyzed for dif-
ferent parameters of the laser-cluster interaction, and the
resonance behavior of the third harmonic excitation was in-
vestigated. In this paper, we extend our model to cluster
atoms having more than two electrons. We allow sequential
ionization of atoms and ions inside the cluster under the
action of the inner electric field, which is the superposition of
the laser field, the alternating electric field generated by the
collective electron motion, and the quasistatic electric field
of the ions, as considered in the ionization ignition model
f47,48g. Apart from the restriction to a maximal ionic charge
state, this is close to the realistic case of a rare-gas atomic
cluster in a strong laser field.

The paper is organized as follows. The simulation model
employed is described in Sec. II, and its results are presented
in Sec. III. Results for the benchmark case of a small argon-
like cluster with 675 atoms with a maximal ion charge state
Zmax=2 are shown in Sec. III A. These results supplement
those obtained earlierf46g. In Sec. III B, we reconsider the
argonlike cluster with 675 atoms, allowing for the higher
maximal charge stateZmax=4. We also investigate a xenon-
like cluster with 459 atoms and withZmax=6. Specifically,
the properties of the low-order odd harmonics, including
their temporal profile and their resonance behavior, are dis-
cussed in Sec. III B 1, and the even harmonics, in particular
the second, in the inner electric field off the center of the
cluster are inspected in Sec. III B 2. Concluding remarks ter-
minate the paper in Sec. IV.

II. SIMULATION MODEL

The simulations were performed for a small model cluster
consisting ofNi &103 neutral atoms of massMi correspond-
ing to argon or xenons40 or 130 amu, respectivelyd with
discrete spherical symmetry in its initial state. Before the
action of the laser pulse, the atoms are packed into a fcc
lattice surrounded by a sphere with its center at thes0,0,0d
atom position of the fcc lattice. We utilize this structure,
which is observed for rare-gas elements in their solid phase,
instead of the Mackay icosahedra structure, which is typical
for small Lennard-Jones clustersf49g, assuming that the non-
linear phenomena under investigation are rather insensitive
to the detailed arrangement of the atoms in the cluster, but
not to the cluster density. The radius was chosen such that
the surrounding sphere contains exactlyNi atomss675 for
our argonlike cluster and 459 for the xenonlike clusterd. The
interatomic distance along the main axes of the cluster’s fcc
structuresthe lattice constantd0d was taken as 0.526 nm for
the argon cluster and 0.620 nm for the xenon clusterscf.
Table Id, which leads to an initial cluster radiusR0 of about
1.8 nm.

As is typically done in such simulations, the electrostatic
interaction between any pair of charged particles in the clus-
ter is modeled by a smoothed Coulomb potential,sr2

+a2d−1/2 with the smoothing parametera=0.09 nm for argon
or a=0.12 nm for xenon. These values are chosen such that
the minimum of the electron-ion interaction potential agrees
with the ionization potentialIp

1 of the neutral atom—that is,
such thate2/a= Ip

1. At the beginning of the calculations, one
electron is assigned to each cluster atom, which is placed
with zero kinetic energy at the bottom of its binding poten-
tial, in order to mimic the neutral atom. Once this first elec-
tron has become free under the action of the applied electro-
magnetic field, the ion charge is changed fromZ=1 to Z
=2 and an additional electron is put into a bound state of the
respective ion with binding energyIp

2=2e2/a, and so on.
sNote that the actual ionization potentialsIp

Z of rare-gas ions
are approximately proportional toZ up to Z=6; cf. Ref.
f26g.d In this process, we consider an electron as free when it
has reached a distance of 0.7d0 from its parent ion. We
checked that the results are not very sensitive to the actual
choice of this distance. The maximal charge state that can be
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reached this way by each ion is restricted toZmax=2 or
Zmax=4 for our argon cluster and toZmax=6 for our xenon
cluster. These values seem to be reasonablesespecially if
shielding is taken into accountd in view of the corresponding
appearance intensitiesIapp presented in Table I for the range
of laser intensities that we consider.

The motion of each individual charged particleselectron
or iond participating in the cluster dynamics is due to the
combined action of the external laser field and the total field
of all of the other charged particles. The calculations were
performed for a linearly polarized laser pulse with peak in-
tensity I0=cE0

2/8p in the range of some petawatt per centi-
meter squares1 PW/cm2;1015 W/cm2d and a total duration
of T=80 fs, which is turned on and off according to

Estd = E0 3 5sin2spt/2T1dcosvt,

cosvt,

sin2spsT − td/2T1dcosvt,
6 s3d

for 0ø tøT1, T1ø tøT−T1, andT−T1ø tøT, respectively,
with T1=25 fs. Newton’s equations of motion for each of the
charged particles were solved using a code based on the Ver-
let algorithm in the velocity formf50g, with a time step of
5 as.

We calculate the total electron accelerationsthat is, the
sum of the accelerations of all electronsd and the local elec-
tric field that acts on those particular ions that were initially
placed at the positions0,0,0d at the cluster center, and at
s2,0,0d, s0,2,0d, ands0,0,2d away from the center along each
of the three cubic axes. This distance is approximately half
the cluster radius. For the systematic investigation of the
properties of the thirdsand also fifth, if presentd harmonic,
the polarization of the laser field was taken at some moderate
angle with respect to thez axis of the fcc lattice. Calculations

were also performed with the laser-field polarization exactly
along thez axis. This makes it possible to control the sym-
metry properties of the local inner electric field. It turned out
that the amplitudes of the harmonics in the electron accelera-
tion are largely independent of the direction of the incident
laser field.

III. RESULTS OF THE SIMULATIONS

A. Argonlike cluster with 675 atoms andZmax=2

As a starting point of our study, we present the results of
calculations for an argonlike model cluster with 675 atoms
when the maximal ion charge is restricted toZmax=2. For the
laser wavelengthl=800 nm, we compare in Figs. 1 and 2
various nonlinear features of the electron dynamics for peak
intensities ofI0=231015 and 431015 W/cm2, respectively.
PanelssAd–sLd of Figs. 1 and 2 then present the basic non-
linear features of the electron dynamics caused by the laser-
cluster interaction. The panels display, as functions of time
during the 80-fs laser pulse, the total number of free elec-
trons released by inner ionization as well as of the fraction
that stays trapped inside the clustersAd, the root-mean-
square dimensions of the cluster’s ion coresBd and the elec-
tron cloud sCd both parallel and perpendicular to the laser
polarization, the mean kinetic energy of all electrons and of
the part that is trappedsDd, and the total electron acceleration
sEd along the laser polarization.

As time goes on, the electron cloud builds up as electrons
under the action of the laser pulse leave their initial bound
states, as soon as the local electric field reaches the critical
value for the classical over-the-barrier ionization process
f25g. For our parameters, inner ionization starts between 10
and 20 fs after arrival of the pulse and is complete after

FIG. 1. As indicated on each panel, panelssAd–sLd exhibit various nonlinear features for a smalls675 atomsd model argon cluster with
Zmax=2 exposed to a 80 fs laser pulsesl=800 nm,I0=231015 W/cm2d.
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<20 fs when all the electrons have left their parent atoms or
ions. For an 80-fs laser pulse with peak intensityI0=4
31015 W/cm2, at the end of the pulse practically all of the
electrons have escaped from the cluster to positions far away
fFig. 2sAdg, leading to almost complete outer ionization of
the cluster. On the other hand, if the intensity is reduced to
231015 W/cm2, a substantial fraction of the electrons re-
mains trapped insidefFig. 1sAdg. The number of electrons
either inside the cluster or closely outside of it depends on
time and on the laser intensity. It is calculated as the number
of electrons inside a sphere of twice the root-mean-square
radius of the expandingsaxially symmetricd ion core, ex-
tracted from the data presented in Fig. 1sBd or 2sBd. fThe
slight deviation from spherical symmetry of the expanding
ion core is induced by the more pronounced laser-induced
axial symmetry of the electron cloud; cf. Figs. 1sCd and
2sCd.g It is these electrons that are responsible for the non-
linear effects under consideration. Their mean kinetic energy
«e

trapped&0.5Up is generally much lower than the ponderomo-
tive potentialUp=e2E0

2/4mev
2 of the incident laser field; cf.

curves 2 in Figs. 1sDd and 2sDd.
Due to the expansion of the ion core, the Mie-plasmon

energy"vMie fEq. s1dg is also time dependent: ignoring the
slight deviation of the expanding ion core from spherical
symmetry, Figs. 1sHd and 2sHd demonstrate that"vMiestd
reaches its maximum around the time when inner ionization
just becomes complete. Near its maximum, it slightly ex-
ceeds the total energy of three Ti:sapphire laser photons.
Subsequently, it slowly decreases as Coulomb explosion sets
in. For the conditions of Fig. 2, the few electrons that remain
trapped inside the cluster up to the end of the pulsefFig.
2sAdg cannot efficiently shield the incident laser field and,
besides, the ion density is reduced so that linear resonance
with the Mie frequency becomes possiblefFig. 2sHdg. This
results in a considerable enhancement of the mean kinetic

energy of these few trapped electrons near the end of the
pulse, as can be seen in Fig. 2sDd.

The properties of the third harmonic of the total electron
acceleration along the laser polarization are shown in Figs.
1sFd, 1sGd, 2sFd, and 2sGd. The presence of harmonics is
already visible in the time dependence of the total electron
accelerationastd fFigs. 1sEd and 2sEdg, as well as in the
dipole moment of the trapped electronsfFigs. 1sId and 2sIdg,
notably during the first half of the pulse. In the semilogarith-
mic plots of the amplitudeuãsVdu of the Fourier transform
sFTd of the electron acceleration over the entire pulse length,
ãsVd=e0

TastdeiVtdt fFigs. 1sFd and 2sFdg, the third harmonic
peak is very conspicuous. Comparison of the plots for the
two laser intensities 231015 and 431015 W/cm2 shows that
the intensity dependence of the third harmonic is weak and
has nothing to do with the conventional cubic law implied by
lowest-order perturbation theory. Obviously, in our case of a
small cluster perturbation theory is inapplicable, because the
oscillation amplitude of the electrons is not small compared
with the cluster radius. For a small cluster, the residual in-
tensity dependence is mainly related to the strong reduction
of the number of trapped electrons as the laser intensity in-
creases. Figures 1sGd and 2sGd show the time profilea3vstd
of the third-harmonic component of the electron accelera-
tion. They confirm the correlation with the time-dependent
number of trapped electronsfFigs. 1sAd and 2sAdg. All time
profiles ofnth-order harmonic componentssnù1d were cal-
culated from the Fourier transform as

anvstd = 2UE
−V1

V1

ãsV + nvdWHsVde−iVtdV

2p
U , s4d

whereWHsVd=0.5f1+cosspV /V1dg is the Hanning window,
which extends from −V1 to V1. In our calculations we used
V1=0.75v.

FIG. 2. Same as in Fig. 1, but for the higher laser intensityI0=431015 W/cm2.
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Figures 1sJd–1sLd and 2sJd–2sLd illustrate the temporal
properties of the inner electric field acting on the ion that is
initially positioned at the lattice points0,0,0d at the center of
the cluster. The FT amplitudes of the field component along
the laser polarization are shown for the intensitiesI0=2
31015 and 431015 W/cm2, respectively, in Figs. 1sKd and
2sKd. For the low intensity, the third harmonic is the stron-
gest component of the field. Due to shielding, the field at the
fundamental frequency at the center of the cluster is strongly
reduced with respect to the incident field. Figure 1sLd shows
that the third harmonic successfully competes with the fun-
damental throughout the entire length of the laser pulse.
However, it should be noticed that for the low intensity the
third harmonic is present on top of a very pronounced noisy
background, which is mainly due to quasifree electrons that
are temporarily trapped by ions. The effect of this “classical
recombination” is reduced with increasing laser intensity and
finally becomes entirely insignificant. As a consequence, for
the higher intensity ofI0=431015 W/cm2 the background
noise is much lower. During the first half of the laser pulse,
Fig. 2sLd is very similar to Fig. 1sLd at the lower intensity.
Later, however, when almost all electrons have left the clus-
ter fcf. Fig. 2sAdg the inner field at the fundamental fre-
quency actually coincides with the incident laser field, and
the third harmonic field has completely disappeared.

Figures 1sHd and 2sHd show that, for the argon cluster
with Zmax=2 and the laser wavelength of 800 nm, during a
significant fraction of the pulse the nominal time-dependent
Mie frequencys1d near its maximum is close to three-photon
resonance with the incident frequency. Since the temporal
profile of the Mie frequency only weakly depends on the
laser wavelength, the conditions for resonance can be varied
by simply varying the latter. Figure 3sAd shows that forl
&725 nm the condition for three-photon resonance is no-
where met during the pulse duration, while forl*725 nm
there are two timest such that 3v=vMiestd. This is reminis-
cent of the quantum-mechanical Landau-Zener level-
crossing problemf51–53g, where the detuning from reso-
nance also depends on time and gradually passes through
resonance. With decreasing laser wavelength, the two reso-
nance times approach each other until, at some critical wave-
length, they coincide. This situation is physically quite simi-
lar to the case of parabolic level crossingf54g. Excitation of
the third harmonic is expected to be most efficient near this
critical wavelength. Indeed, this is borne out by Fig. 3sBd,
which plots the total energy emitted into the third
harmonic—viz., the quantitye0

Ta3v
2 stddt—as a function of the

laser wavelength, for the two intensities of 231015 and 4
31015 W/cm2. Both curves exhibit typical resonance behav-
ior centered at wavelengths slightly below 800 nm, which is
redshifted by about 10% from the critical wavelength of
725 nm; cf. Fig. 3sAd.

Such a redshift of the effective Mie frequency in a cluster
in an intense field is not surprising and has been noted before
f28–30g. This shift can be induced by nonlinear terms in the
interaction of the electrons with the ion background, and in
this case it could be intensity dependentsat least if perturba-
tion theory were applicabled. On the other hand, it is well
known that a redshift of the effective Mie frequency with
respect to its nominal position already exists in small cold

metal clusters in the weak-field regimef55,56g. In this case,
it is determined by spill-out of the electron cloud beyond the
boundary of the positive background due to tunneling or
over-the-barrier ionization. This creates an electron halo
around the cluster. In our case of a small cluster in a strong
laser field, we expect both effects to contribute. In our cal-
culations of the resonance curve, we cannot separate them,
but we can check the intensity dependence of the effective
Mie frequency comparing the resonance curves for two laser
intensities. The results presented in Fig. 3sBd show that, in
our case of a small cluster, the redshift of the Mie-frequency
is practically independent of the laser intensity, again indi-
cating the inapplicability of perturbation theory in our pa-
rameter range.

Notice also the double-peak shape of the resonance curve,
which is present for both laser intensities. We have observed
such a structure beforef46g, and it appears to be typical.
Figure 3sCd displays the time-dependent envelopes of the
third-harmonic component of the total electron acceleration
at and on either side of the resonant wavelength—namely, at
800, 750, and 850 nm, respectively. They clearly display the
general trend expected on the basis of the picture sketched
thus far: For short wavelengths, third harmonic generation is
strongest around the timet when vMiestd comes closest to

FIG. 3. For the conditions of Figs. 1 and 2, the panels showsAd
the detuningsin eVd between three times the laser-photon energy
and the maximal value of the nominal time-dependent Mie-plasmon
energys1d versus the laser wavelength,sBd the resonance curves of
the third-harmonic yield for two laser intensitiesI0=231015 and
431015 W/cm2, andsCd the time-dependent envelopes of the third
harmonic of the total electron acceleration for three different wave-
lengths andI0=231015 W/cm2.
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3v. As the laser wavelength increases, the third-harmonic
envelope develops two maxima at times that correspond
qualitatively, though not quantitatively, to the timest when
nominal resonance occurs—namely, when 3v=vMiestd. In-
terference of the third harmonic emitted at these two times
may explain the double-peak resonance observed in Fig.
3sBd.

The width of the resonance in Fig. 3sBd ffull width at half
maximumsFWHMdg of about 100 nm is practically the same
for the two laser intensities considered. Corresponding to
<0.2 eV, it is rather small, on the scale of the electron-ion
collision frequencynei,4pzne4L /me

2ve
3 as well as of the

Landau-damping frequencynLd,ve/R f57g, where L de-
notes the Coulomb logarithm,ve=s2«e

trapped/med1/2 a typical
velocity of the trapped electronssthe quiver or the thermal
velocity whichever is higherd, andR the cluster radius. Both
frequencies are of the order of at least 1 eV. The low value
of the width, which resulted from our calculations, supports
the conclusion arrived at earlier on the basis of classical
simulationsf36,40,41g: the properties of laser-irradiated clus-
ters are not dominated by individual electron-ion collisions
in the wavelength regime that is here considered. The small
width that we found is, however, well compatible with the
mechanism of Landau dampingscollisions of the electrons
with the cluster boundary created by the ion backgroundd:
one just has to take into account that, for our case of a small
cluster in an intense field, the electrons oscillate with an
amplitude that significantly exceeds or at least is comparable
with the cluster radiusR sif shielding of the inner electric
field is taken into accountd. Moreover, in contrast to the case
of cold clusters in the weak-field regime, the electrons accel-
erated by the strong laser field are not perfectly reflected by
the inner cluster surfacesnor by the outerd. They can pen-
etrate the cluster surface and return later, driven by the in-
tense laser field, with absorption of laser energy by the
vacuum-heating mechanismf58,59g. Compared with the
simple reference estimate given above, this can significantly
reduce the rate of the irreversible part of Landau damping,
which is connected with the interaction of the electrons with
the potential of the ion background as a whole, in accordance
with our findings.

Figure 4sAd exhibits the inner electric field that acts on
the ion whose initial position was at the lattice points0,0,2d
off the center of the cluster along thez axis—that is, in this
case, in the direction of the laser polarization. By far the
strongest component of its Fourier transform is the quasi-
static componentfFig. 4sBdg. It is caused by the ion distri-
bution, which is not symmetric with respect to the positions
of this moving ion. Figure 4sCd confirms this picture: After

FIG. 4. For the conditions of Fig. 1, the panels showsAd the
inner electric field along the laser polarization at the instantaneous
positions of thes0,0,2d ion, sBd its Fourier spectrum, andsCd the
time-dependent envelopes of several harmonic components of this
field fincluding its quasistatic component,Eq−sstdg.

FIG. 5. As indicated on each panel, the panels show the nonlinear features of the laser-cluster interaction for a smalls675 atomsd model
argon cluster withZmax=4 exposed to a 80-fs laser pulsesl=800 nm,I0=431015 W/cm2.
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inner ionization is almost complete, the quasistatic compo-
nent keeps rising in pace with the decreasing number of
trapped electronfcf. Fig. 1sAdg. At the end of the pulse, the
remaining trapped electrons rearrange themselves into the
most symmetrical configuration, and the quasistatic compo-
nent drops to a smaller value.

The next-strongest component is the fundamental, fol-
lowed by the second harmonic. The presence of the latter
indicates excitation of nondipolese.g., quadrupoled plas-
mons, which cannot be described in terms of oscillations of a
rigid electron cloud without deformations. The temporal
resonance condition for the excitation of the second har-
monic, 2"v="vl=2std=Î6/5"vMiestd fcf. Eq.s2d, in terms of
the nominal Mie frequencys1dg, is satisfied in the beginning
and at the end of the laser pulse for a much wider range of
wavelengths than for the third harmonic. A more comprehen-
sive study of second-harmonic excitation is presented below
in Sec. III B 2 for the example of a xenon cluster with 459
atoms andZmax=6. Moreover, owing to the restriction in this
section of each cluster atom to two electrons, it was not
possible to explore how continuing inner ionization of the
cluster by theinner electric field would affect the harmonics
at high laser intensity. This question is further discussed be-
low.

B. 675-atom model argon cluster withZmax=4 and 459-atom
model xenon cluster withZmax=6

1. Odd-harmonic generation

Similarly to Figs. 1 and 2 of the previous Sec. III A, the
results of simulations that allow for more than two electrons
per atom are presented in Figs. 5 and 6 for a 675-atom model
argon cluster withZmax=4 and in Figs. 7 and 8 for a 459-
atom model xenon cluster withZmax=6. The two sets of fig-
ures for each case correspond to the two laser intensities of
431015 and 631015 W/cm2, respectively. For each particu-
lar case, we present only those properties that are most rel-
evant to harmonic excitation.sThe results for the expansion
of the ion core and the electron cloud, as well as for the mean
kinetic energy of the electrons, are not shown since they are
very similar to those presented in Figs. 1 and 2 for the two-
electron-atom case.d As can be seen from Figs. 5–8,mostof
the features of the laser-cluster interaction in these cases are
qualitatively similar to the case of the two-electron atom.
The main effect caused by the presence of more electrons per
atom is the appearance of the fifth harmonic with a strength
comparable with the third in the total electron acceleration
fpanelssFdg and in the inner electric field at the position of
the central cluster ionfpanelssKdg. The seventh harmonic

FIG. 6. Same as in Fig. 5, but for the higher laser intensityI0=631015 W/cm2.

FIG. 7. As indicated on each panel, the panels show the nonlinear features of the laser-cluster interaction for a smalls459 atomsd model
xenon cluster withZmax=6 exposed to a 80-fs laser pulsesl=800 nm,I0=431015 W/cm2.
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also becomes visible, especially in the xenon clusterfFigs.
7sFd and 8sFdg. As in the previous case of the two-electron
atom, the third- and fifth-harmonic components of the inner
electric field rise above a strong background of noise due to
recombination of the electrons trapped inside the cluster.
Again, this background is reduced with increasing laser in-
tensity.

It is interesting that both for the argon and the xenon
cluster the temporal behavior of the time-dependent Mie fre-
quencyfpanelssHd of Figs. 5–8g is qualitatively very similar.
Namely, forl=800 nm, the energy of five laser photons is
slightly higher than the maximum value of the time-
dependent nominal Mie-plasmon energyfcalculated accord-
ing to Eq.s1dg, while the energy of three photons is notably
lower. This appears to explain why in this case the energy of
the fifth harmonic emitted during the laser pulse is of the
same order as the third-harmonic energy. To investigate this
in more detail, we consider the 675-atom argon cluster at the
intensity of 431015 W/cm2 and calculate the detunings
from resonanceDn=n"v−("vMiestd)max for n=3 and n=5
fFig. 9sAdg as a function of the laser wavelength and com-
pare them with the energy emitted into the third and fifth
harmonicsfsee the semilogarithmic plot of Fig. 9sBdg. As
expected from the curves in Fig. 9sAd, the third-harmonic
energy rapidly decreases as the laser wavelength increases
from 600 to 1000 nm, owing to the increasing value of
uD3sldu and the growing departure from the global resonance
conditionD3sld=0.

It seems that this curve is the right-hand wing of a very
pronounced resonance maximum located somewhat below
600 nm, so that the Ti:sapphire laser wavelength of 800 nm
is off resonant. The evolution of the envelopes of the third
harmonic of the total electron acceleration with decreasing
laser wavelengthfFig. 9sCdg also supports this assumption.
The width of the third-order resonance curve appears to be
similar s,100 nm or,0.2 eVd to that obtained in the previ-
ous Sec. III A for the resonance curve of third-harmonic gen-
eration by the same cluster consisting of two-electron atoms.
At the same time, in complete agreement with the behavior
of D5sld, the energy emitted into the fifth harmonic exhibits
resonance behavior, though less pronounced, with a maxi-
mum nearl=900 nm. The fifth-order resonance is several

times wider than the third-order resonance but still of the
order of 1 eV. This value is still in agreement with the rate of
electron-ion collisions, as mentioned in the previous subsec-
tion. However, the significance of collisions does increase
for shorter wavelengthsf41g. For l=800 nm, fifth-order har-

FIG. 8. Same as in Fig. 7, but for the higher laser intensityI0=631015 W/cm2.

FIG. 9. Detuningsin eVd between 3 times and 5 times the en-
ergy of a laser photon and the maximal value of the time-dependent
Mie-plasmon energys1d versus the laser wavelength for the 675-
atom argon model cluster withZmax=4 at the laser intensityI0=4
31015 W/cm2 fpanel sAdg, the resonance curves of the energies
emitted into the third and fifth harmonics during the laser-pulse
durationfpanelsBdg, and the time-dependent envelopes of the third
harmonic of the total electron acceleration for four different wave-
lengthsfpanelsCdg.
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monic generation is almost on resonance and the emitted
energy is comparable with the off-resonance generation of
the third harmonic. The observed large difference in the
widths of the third-order and the fifth-order resonance is an
unexpected and interesting feature of the nonlinear electron
dynamics in a laser-irradiated cluster. The actual fifth-order
resonance positionfcf. Fig. 9sBdg is redshifted with respect
to the wavelength whereD5sld=0 fFig. 9sAdg, as was the
case for the third-order resonance in the two-electron-atom
cluster. Moreover, as in the latter casefcf. Fig. 3sBdg, we
observe a “double-peak” structure of the resonance maxi-
mum, supporting the conclusion that this is a typical feature.

There is only one qualitative difference between argon
sFigs. 5 and 6d clusters and xenonsFigs. 7 and 8d clusters, in
so far as third-harmonic generation is concerned: for argon
clusters, the third-harmonic envelope of the total electron
accelerationfFigs. 5sGd and 6sGdg has only one pronounced
maximum during the laser-pulse duration, while for xenon
clusters, there are twofFigs. 7sGd and 8sGdg. This different
behavior may be related to the fact that for the xenon cluster
the Mie-plasmon energy as a function of timefFigs. 7sHd
and 8sHdg rises more gently through the three-photon reso-
nance than for the argon clusterfFigs. 5sHd and 6sHdg, where
this rise is abrupt, almost vertical. In analogy with the
Landau-Zener level-crossing problemf51–53g, we can con-
clude that at the time when the resonance condition 3v
=vMiestd is met, the derivativeds"vMiestdd /dt and the reso-
nant Mie-plasmon excitation are inversely related. This ex-
plains that for the argon cluster the first maximum between
10 and 20 fs of the third-harmonic envelope of the total elec-
tron acceleration is hardly visible.

2. Second-harmonic excitation inside the cluster

As already shown in Sec. III A for a cluster consisting of
675 model argon atoms withZmax=2 sFig. 4d, the second
harmonic of the fundamental frequency is present in the Fou-
rier transform of the inner electric field that acts on thes0, 0,
2d moving ion positioned off the cluster center. In this sub-
section, we concentrate on the properties of the second-
harmonic excitation. For a 459-atom model xenon cluster
with Zmax=6 and a laser intensity of 431015 W/cm2, results
of simulations are shown in Figs. 10 and 11.

Similarly to Fig. 4sBd of Sec. III A, Figs. 10sAd–10sCd
exhibit the Fourier spectra along the laser polarization of the
inner electric field that acts on thes0, 0, 2d noncentral ion,
for three laser wavelengths in the range between 600 and

1000 nm. Here and in all subsequent calculations, the laser-
field polarization is along thez axis of the fcc cluster lattice.
We observe strongnonresonantexcitation of the second har-
monic for all laser wavelengths considered, with a magnitude
comparable with the fundamental inside the cluster. We also
observe a strong quasistatic component of the electric field,
which is due to the cluster being charged as a consequence of
outer ionization as well as to the noncentral position of the
s0, 0, 2d ion. Comparison of Figs. 10sAd–10sCd also demon-
strates that the inner fieldsall of its Fourier componentsd
decreases with increasing wavelength. This indicates that the
shielding of the incident field becomes more efficient for
decreasing frequencysit was also checked that the number of
trapped electrons at the end of the pulse increases with in-
creasing wavelengthd, in spite of the increasing ponderomo-
tive energy.

The presence of the second harmonic inside the cluster
indicates efficient nonresonant two-photon excitation of the
quadrupolefangular momentuml =2; cf. Eq. s2dg surface-
plasmon oscillationf27g. To check this surmise, we exam-
ined the vector properties of the inner electric field that acts
on three noncentral ionsfs2, 0, 0d, s0, 2, 0d, and s0, 0, 2dg
positioned on the three cubic axes of the cluster by calculat-
ing the Fourier spectrum of all three Cartesian components
of the field. The results presented in Fig. 11sAd–11sId show
that the Fourier spectra of thex component of the inner elec-
tric field at thes2, 0, 0d ion fpanelsAdg and of they compo-
nent at thes0, 2, 0d ion fpanelsEdg are practically identical
and display only the second-harmonic and quasistatic com-
ponents. Similarly, the spectra of thez component at thes2,
0, 0d and s0, 2, 0d ions are identical with each other, but
exhibit only odd harmonicsfpanelssCd andsFdg. Finally, the
z component at thes0, 0, 2d ion fpanelsIdg contains even as
well as odd harmonics. The remaining field components
fpanelssBd, sDd, sGd, and sHdg display no harmonics at all
sonly background noised.

Hence, in all cases the third-harmonic field is directed
along the laser polarization only, confirming the dipole char-
acter of the third-harmonic excitation. On the other hand, the
second-harmonic field at noncentral positions does have non-
zero components in the direction of the respective radius
vector. Such a field cannot be generated by oscillations of a
rigid electron cloud without deformations. Similar results
were obtained for other representative parameters.

The tensor character observed can be derived from a ten-
sor decomposition of the susceptibility tensor in a straight-
forward fashion. To lowest order in the incident fieldEincsvd,

FIG. 10. For a smalls459-atomd xenon cluster withZmax=6, panelssAd–sCd show the Fourier-transform amplitudes of the inner-electric-
field component along the laser polarizationsthe z axis of the fcc latticed at the instantaneous positions of the noncentrals0, 0, 2d ion, for
three laser wavelengths between 600 and 1000 nm and for the intensityI0=431015 W/cm2.
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the second-harmonic quadrupole field at the positionr inside
the cluster is given by

Ei
s2vdsr d = xi jk

s2dsr dEj
incsvdEk

incsvd, s5d

wherexi jk
s2d represents the second-order susceptibility tensor

and summation over repeated indices is understood. In order
to construct this tensor, the only building blocks available are
the vector r and the Kronecker tensordi j . Hence, for an
isotropic cluster, the tensor structure ofxs2d is restricted to

xi jk
s2dsr d = a2sr id jk + r jdki + rkdi jd + b2r ir jrk, s6d

wherea2 and b2 depend onr 2 and on the properties of the
cluster in the absence of the field. For the third harmonic, the
corresponding formulas are

Ei
s3vdsr d = xi jkl

s3d sr dEj
incsvdEk

incsvdEl
incsvd s7d

and

xi jkl
s3d sr d = a3sdi jdkl + dikd jl + dildkjd

+ b3sr ir jdkl + permutationsd + g3r ir jrkr l . s8d

Equationss5d–s8d reproduce the vector properties of the sec-
ond and third harmonics that are observed in Fig. 11 and
have been summarized above. In particular, for the incident
field Eincsvd, ẑ, Eqs.s5d ands6d reproduce the vector prop-
erties of the fieldEi

s2vd at the noncentral positionsr . Allow-
ing contributions of higher order inEinc in Eqs.s5d and s7d,
thereby definingx’s of higher order, does not change these
conclusions. From the fact that Figs. 11sCd and 11sFd display
a third harmonic at the off-center positionss2, 0, 0d ands0, 2,
0d we can immediately conclude thata3Þ0.

IV. CONCLUSION

This work was devoted to numerical simulations of the
laser-cluster interaction with emphasis on the nonlinear col-
lective electron dynamics and the generation of low-order
harmonics in a comparatively small cluster consisting of
&103 atoms. Our classical molecular-dynamics simulation
model takes into account almost all of the ingredients of the
laser-cluster interaction. In full qualitative agreement with
the phenomenological picture of nonlinear oscillations of a
cloud of electrons trapped inside a charged cluster in a strong
laser field f28–30g, we have observed a strong third-
harmonic excitation when the tripled laser frequency is close
to the Mie frequency—that is, near the third-order resonance
with the Mie frequency. This corresponds to nonlinear exci-
tation of the dipole surface plasmon. The resonant behavior
can be seen both in the total electron accelerationswhich is
responsible for third-harmonic generation by the clusterd and
in the internal electric field of the clusterswhich is respon-
sible for ionization of the cluster constituentsd. Varying the
laser wavelength produces a pronounced resonance curve
whose width affords an estimate of the width of the Mie
resonance in a cluster irradiated by a strong laser field. The
time-dependent envelopes of the total electron acceleration
and of the inner electric field at the position of the central
cluster ion have been calculated at the fundamental fre-
quency and at the third harmonic. They display maxima at
those times when the time-dependent Mie frequencyswhose
time dependence results from the time dependence of the
mean charge density of the expanding ion cored satisfies the
resonance condition.

FIG. 11. For a smalls459-atomd xenon cluster withZmax=6, panelssAd–sId exhibit the Fourier-transform amplitudes of the inner-electric-
field components in three orthogonal directions at the instantaneous positions of the noncentral ionss2, 0, 0d fpanelssAd–sCdg, s0, 2, 0d
fpanelssDd–sFdg, ands0, 0, 2d fpanelssGd–sIdg. The wavelength isl=800 nm and the intensityI0=431015 W/cm2.
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Preliminary results of these simulations have already been
presented in Ref.f46g, where a cluster of two-electron model
atoms was considered, with otherwise typical parameters. In
the current paper, in addition to a more comprehensive study
of the two-electron-atom cluster, we have extended our
model to cluster atoms having more than two electrons. We
allow sequential ionization of atoms and ions inside the clus-
ter under the action of the inner electric field. This is much
closer to the realistic case of rare-gas atomic clusters in a
strong laser field, whose parameters for argon and xenon
clusters were used in the calculations. We have confirmed the
presence of the third harmonicsand of higher harmonics,
especially the fifthd in the total electron acceleration as well
as in the inner electric field at the position of the central ion
and its resonant behavior when the frequency of the incident
laser sweeps through the corresponding nonlinear resonance
with the time-dependent Mie frequency. The dependence of
the time-dependent yield of the third and fifth harmonics on
the various parameters of the laser-cluster interaction was
analyzed. Moreover, we have observed a strong presence of
the second harmonic in the local electric field acting on non-
central ions. The vector character of this second harmonic as
observed in the simulation allowed us to attribute it to non-
resonant excitation of the quadrupole surface plasmon.

Finally, we should mention that the insensitivity of the
results presented in this paper with respect to the ion con-
figuration, ionization model, and propagation method was
checked against a completely independent molecular-
dynamics computer code. In this latter much more time-
consuming code, all active electrons were present from the
beginning, undergoing bound motion in the parent ion poten-
tial up to the time when inner ionization occurs. A simple
cubic ion structure was used which yields the numerical ben-
efit of an exact fourfold symmetry if the orientation of the
polarization axis of the laser field is properly chosen. The
conclusion is that harmonic generation in clusters is a robust
phenomenon, which is largely independent of the details of
the model of the cluster and the computational procedures.
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