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Classical molecular-dynamics simulations of laser-irradiated clusters: Nonlinear electron
dynamics and resonance-enhanced low-order harmonic generation
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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 clustet @%ith
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 ttiene-dependentfrequency 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 harm@nigarticular, of the secondn 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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[. INTRODUCTION portant initial stage of the laser-induced cluster dynamics.
The int . ¢ subpi q infrared | Later on, Coulomb explosion of the positively charged ion
€ nteraction O subpicosecond nearinirare a"se[:)ackground speeds up and finally turns the nanoplasmas of

pulses with van der Waals and metal clusters has been extefii, i giiqual clusters into one common high-temperature
sively studied during the last decade. It has been demor}"nicroplasma

?trﬁ;ed thhat atomsff_m_ clﬁsttehrs a_bs?r? gn?rg';ﬁzsfrsﬁ)thhe laser Linear excitation of the dipole surfagdlie) plasmon19]
Iéld much more efliciently than 1Solated ato - vany an intense laser pulse with frequeney wy;e constitutes

other spectacular applications have been investigated, su much-studied example of collective plasma phenomena in

?s Efgc'i?t x-rgy emI|SS|of[14—_8], mulﬂcha(;ged-mfn Cpro?uc;) finite systemg$20]. It has been extensively investigated, both
Ionl[d'_ , Iant nu;:her;\r ustlo_n '(;‘ at me IIIIlZJT 0 | o%g.m " in metal cluster$21-23 and in laser-ionized rare-gas atomic
exploding clusters that contain deuterij2,13. In addi- clusters[1,3]. This well-known Mie resonance corresponds

tion, efficient radiation of coherent high-order harmonics by, >~ rigid oscillation of the cloud of free electrons in the

laser-irradiated clusters of rare-gas atoms was observe uster with respect to the background of the positively
[14,15. In consequence, interest in laser-cluster interaction§harged ions. For spherical clusters, it occurs at the fre-
has enormously increased over the past yEH#s-18. uenc ’ '

For clusters with radii between 2 and 20 nm0*-1C° q y
atoms, eak laser intensities in the range of 2 e 2
1015—1017‘\)N/cmz, and pulse durations from severa?ten to e = VATET3Me = /13, D
several hundred femtoseconds, a sizable fraction of the elegjhere m, and e are the electron mass and charge, respec-
trons released by inner ionization does not leave immediatelyye|y n=zN/V the (mean positive (ion) charge density in-
but stays inside the cluster during the duration of the lasegige the clustery; the total number of atoms and ions, and

pulse, in spite of the high ponderomotive energy of the eleCggjr mean charge state averaged over the whole cluster vol-
trons. These electrons are trapped by the net positive charggne v In the resonant regime, which requires=3n,(w)

of the cluster as a whole, which has been built up by those. 3,2 /4¢? efficient excitation of the Mie resonance can
electrons that did escape. As a result, a hot electron nanag it in a considerable enhancement of the cluster’s inner
plasma is created with unique propert[@s. The collective  giocyric field at the fundamental frequency. This, in turn, may

laser-driven motion of the electron cloud trapped inside th&jgnificantly influence the heating of the electron nano-
charged cluster and its immediate vicinity constitutes the 'm'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

*Electronic address: fomichev@imp.kiae.ru (Ne,=1.7X 10%* cm 3 for a Ti:sapphire lasgrrequires the
"Electronic address: zaretsky@imp.kiae.ru densityn to be much lower than it really is just after inner
*Electronic address: dieter.bauer@mpi-hd.mpg.de ionization of the clustefwhen we havewy;.~4-6 eV for
SElectronic address: wbecker@mbi-berlin.de n~1072-102 cm3).
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TABLE I. Mie-resonance wavelengths e (in nanometersfrom Eq. (1) for rare-gas atomic clusters with mean charge sfatehere the
cluster constituents are packed into an fcc lattice having the solid-phase lattice cafystastwell as the corresponding appearance
intensitiesl ,p, (in W/cn?) for over-the-barrier ionization of isolated rare-gas ions in vacuum.

Ne Ar Kr Xe
fce lattice parametérd, (nm) 0.446 0.526 0.572 0.620
)\Mie Iapp )\Mie Iapp )\Mie Iapp )\Mie Iapp

268 8.7x 10M 343 2.5x 10 389 1.5x 10 439 8.7x 1013
189 2.8x10%° 243 5.8x 10M 275 3.5x 10" 317 1.9< 10
155 7.2 108 198 1.2< 101 225 8.3x 10™ 254 4.1x 10
134 2.2x 106 172 3.2x 10 195 1.9<10% 220 1.0< 10%
120 4.1x 106 154 5.1x 1015 174 2.9< 1015 197 2.0<10'%
Z=6 110 6.9< 106 141 7.6<10° 159 4.2x 10 180 3.0 10'®

NNIRINN
a bh WN B

%From Ref.[24]. Note that the rare-gas elements in the low-temperature solid phase crystallize into an fcc structure.

Therefore, efficienbne-photorexcitation of the Mie reso-  For all but a few of the examples presented in Tablghdse
nance can only be expected in the two transient regimek the upper right the conditions for three-photon excitation
when the ion density is sufficiently reduced: during theof the Mie resonance are actually met at least transiently. In
Coulomb-explosion stage of the heated charged cluster the Coulomb-expansion stage, this always takes place prior
ducedN;/V, provided this stage is reached while the laserto the linear(one-photoi Mie-resonance excitation, because
pulse is still on or, in principle, during the leading edge of the latter requires a lower positive charge density, which is
the laser pulse, when the time-dependent laser intensity antgached at a later time. _ _
consequently, the degree of ionization of the cluster constitu- Nonlinear excitation of the Mie resonance in strong laser
ents are still low(sincez is low). For clusters consisting of 1elds has been discussed only recently. Withirmacro-
rare-gas atoms, these statements are substantiated in Tabl&{OPIC approach,_ thrge-photon excitation of the Mie reso-
where the reference Mie-resonance wavelengjh (which nance in a laser-irradiated large cluster has been investigated

. i L N in Refs.[28-30. This study was based on the simplest ap-
s typically much lower than B0Q njis given for different proximation to the hydrodynamic equations, which treats the

(mean charge states of the cluster ions. They were Calf:u'elec:trons trapped by the cluster as an incompressible fluid
r.hsaving 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 frequency(at 3w= wye), the electric field inside the
cluster was found to have a third-harmonic component, with
% 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
o = VATenl/[(2l+ Dmel = o121+ 1) (1=1,2,..) third h:rmonic is alsogpresent and resonantly gnhancegin the
(2 scattered electromagnetic field. The physical origin of the
high conversion efficiency from the fundamental into the
in the spherical case, is also considered in this paper. Indeethird harmonic is the finite size of the cluster. In the pertur-
quasiresonant three-photon excitation of diygole Mie plas-  bation series with respect to the ratio of the oscillation am-
mon (I=1) by a Ti:sapphire lasef\/3~266 nm in laser- plitude of the electron cloud to the cluster radius, this pro-
irradiated rare-gas clusters appears to be possible for severdties the nonlinear terms in the restoring force of the
cases presented in Table I, as long as the mean ion chargedkectron-ion interaction, beginning with the cubic term
not too high. If, on the other hand, the mean ion charge i$31,32.
higher than 3, three-photon excitation of the Mie resonance Recent pump-probe experiments in laser-irradiated argon
may be realized in the transient regimes—namely, during thelusters actually provided first evidence of the enhancement
leading edge of the laser pulse and again during thef third-harmonic generation by three-photon excitation of
Coulomb-expansion stage of the charged cluster, as meihe Mie resonancg33]. In parallel, a model particle-in-cell
tioned above. Moreover, in this case a five-photon quasiresaimulation showed the presence of the third harmonic in the
nant excitation of the dipole Mie plasmon is also possibleelectron acceleration34,35. Also, in very recent micro-

are packed into a face-centered-culfice) lattice with the
lattice constantd, corresponding to the low-temperature
solid phase of rare-gas elemef2d]. The critical intensities
for the appearance of the various charge state$ isolated
rare-gas ions by over-the-barrier ionization in vacul@s],
I app:c(lg)“/ (1287€57?), are also giver(lg, taken from Ref.
[26], is the ionization potential of an ion with charge state
Z-1 andc is the speed of light

Nonlinear (multiphoton) excitation of the dipole Mie
resonance in jellium clusters in the weak-field regime ha
recently been consideref®7]. Excitation of higher-order
multipole plasmons, with the frequencies
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scopic particle-in-cell(MPIC) simulations of large laser- The paper is organized as follows. The simulation model
irradiated clusters with-10° atoms[36], a nonlinear contri- employed is described in Sec. Il, and its results are presented
bution to the cluster’s electron current is clearly visiblein Sec. Ill. Results for the benchmark case of a small argon-
though not discussed. like cluster with 675 atoms with a maximal ion charge state
However, within the macroscopic approach based on thg . =2 are shown in Sec. Ill A. These results supplement
hydrodynamic equations, the width of the linear Mie reso-those obtained earlig#6]. In Sec. Il B, we reconsider the
nance in the laser-heated charged cluster can only be intrgggonlike cluster with 675 atoms, allowing for the higher
duced phenomenologically. Generally, it is determined bothy,5ximal charge statg,,=4. We also investigate a xenon-
by electron-ion collisions and by the irreversible part of Lan-ji e cluster with 459 ataoms and wit#,,=6. Specifically.
dau _damping in a finite system. In addition, the possibility Ofthe properties of the low-order oddmﬁ%rmonics including
nonlinear Ia}ser excitation of multipole plasmon modes OtheEheir temporal profile and their resonance behav}or, are dis-
than the dipole{e.g., the quadrupole plasmon that COITe- -ussed in Sec. Il B 1, and the even harmonics, in particular

sponds td =2) is beyond the approximation of the rigid elec- . . o
tron cloud. Moreover, the time dependence of the Mie fre_the second, in the inner electric field off the center of the

quency, which results from the expansion of the Charge&lyster are inspect.ed in Sec. Il B 2. Concluding remarks ter-
cluster during the action of the laser pulse, is outside of thaninate the paper in Sec. IV.
simplest macroscopic approach. Hence, even though the
physical picture obtained is clear, only a semiquantitative Il. SIMULATION MODEL
description of the nonlinear excitation of the dipole Mie plas-
mon in the laser-irradiated cluster can be achieved within the The simulations were performed for a small model cluster
approximations of Ref§28-30. consisting of\; < 10° neutral atoms of mas!; correspond-
The aim of the present work is to study the nonlinearing to argon or xenor(40 or 130 amu, respectivelywith
electron dynamics inside a laser-irradiated cluster by mear@iscrete spherical symmetry in its initial state. Before the
of a classical molecular-dynamics simulation of a small clusaction of the laser pulse, the atoms are packed into a fcc
ter consisting of<10® atoms. Previous classical simulations lattice surrounded by a sphere with its center at(®e,0
of small clusters[37-45 were predominantly concerned atom position of the fcc lattice. We utilize this structure,
with the dynamics of the Coulomb explosion. The goal of thewhich is observed for rare-gas elements in their solid phase,
presenmicroscopic ab initicstudy is to confirm the presence instead of the Mackay icosahedra structure, which is typical
of the third harmonigand of higher harmonics, todn the  for small Lennard-Jones clustd#9], assuming that the non-
electron acceleration as well as in the local electric field actlinear phenomena under investigation are rather insensitive
ing on the ions inside the cluster, while the frequency of thefo the detailed arrangement of the atoms in the cluster, but
incident laser sweeps through the corresponding nonlinedtot to the cluster density. The radius was chosen such that
resonance with the Mie frequency. Obviously, for a sphericathe surrounding sphere contains exaddlyatoms(675 for
cluster, only odd harmonics should be expected in the totgpur argonlike cluster and 459 for the xenonlike clust&he
electron acceleratiofthat is, the sum of the acceleration of interatomic distance along the main axes of the cluster’s fcc
all electrons, as well as in the local electric field at the Structure(the lattice constand,) was taken as 0.526 nm for
center of the cluster. Even-order harmonics of the fundamerfhe argon cluster and 0.620 nm for the xenon clusér
tal frequency can be expected in the local electric field acting@ble ), which leads to an initial cluster radii, of about
on ions at noncentral positions. Indeed, we will demonstratd-8 nm.
their presence, in particular, the second harmonic, which is As is typically done in such simulations, the electrostatic
connected with the quadrupole surface-plasmon excitation.interaction between any pair of charged particles in the clus-
Preliminary results have already been presented in Refer is modeled by a smoothed Coulomb potentiafr?
[46], where a cluster of two-electron model atoms was con#+a2) 2 with the smoothing parameter=0.09 nm for argon
sidered. It was shown that under appropriate conditions ther a=0.12 nm for xenon. These values are chosen such that
laser-driven nonlinear oscillation of the electron cloud genthe minimum of the electron-ion interaction potential agrees
erates a resonantly enhanced third harmonic both in the totalith the ionization potentialé of the neutral atom—that is,
electron acceleration and in the inner electric field. The timesuch thaiez/a:I:). At the beginning of the calculations, one
dependent yield of the third harmonic was analyzed for dif-electron is assigned to each cluster atom, which is placed
ferent parameters of the laser-cluster interaction, and theith zero kinetic energy at the bottom of its binding poten-
resonance behavior of the third harmonic excitation was intial, in order to mimic the neutral atom. Once this first elec-
vestigated. In this paper, we extend our model to clustetron has become free under the action of the applied electro-
atoms having more than two electrons. We allow sequentiainagnetic field, the ion charge is changed fr@m1 to Z
ionization of atoms and ions inside the cluster under the=2 and an additional electron is put into a bound state of the
action of the inner electric field, which is the superposition ofrespective ion with binding energyf;=2e2/a, and so on.
the laser field, the alternating electric field generated by théNote that the actual ionization potentiaﬁof rare-gas ions
collective electron motion, and the quasistatic electric fieldare approximately proportional t@ up to Z=6; cf. Ref.
of the ions, as considered in the ionization ignition model[26].) In this process, we consider an electron as free when it
[47,48. Apart from the restriction to a maximal ionic charge has reached a distance of @y7from its parent ion. We
state, this is close to the realistic case of a rare-gas atomithecked that the results are not very sensitive to the actual
cluster in a strong laser field. choice of this distance. The maximal charge state that can be
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FIG. 1. As indicated on each panel, pan@s—(L) exhibit various nonlinear features for a sm@F5 atomg model argon cluster with
Zmax=2 exposed to a 80 fs laser pul®e=800 nm,l,=2x 10> W/cnp).

reached this way by each ion is restricted Zq,,=2 or  were also performed with the laser-field polarization exactly
Znax=4 for our argon cluster and t8,,,,=6 for our xenon along thez axis. This makes it possible to control the sym-
cluster. These values seem to be reasonépecially if  metry properties of the local inner electric field. It turned out
shielding is taken into accounin view of the corresponding that the amplitudes of the harmonics in the electron accelera-
appearance intensiti¢g,, presented in Table | for the range tion are largely independent of the direction of the incident
of laser intensities that we consider. laser field.

The motion of each individual charged parti¢ilectron
or ion) participating in the cluster dynamics is due to the
combined action of the external laser field and the total field lll. RESULTS OF THE SIMULATIONS
of all of the other charged particles. The calculations were
performed for a linearly polarized laser pulse with peak in- i )
tensity I,=cE2/8 in the range of some petawatt per centi- AS a starting point of our study, we present the results of
meter squarél PW/cn?= 10 W/cn?) and a total duration calculations for an argonlike model cluster with 675 atoms

A. Argonlike cluster with 675 atoms and Z,,,5,=2

of T=80 fs, which is turned on and off according to when the maximal ion charge is restrictedzg,,=2. For the
laser wavelengtih =800 nm, we compare in Figs. 1 and 2
Sinf(mt/2Ty)coswt, various nonlinear features of the electron dynamics for peak
E(t) = Ep X { cost, (3)  intensities ofl;=2X 10" and 4x 10'> W/cn¥, respectively.

Panels(A)—(L) of Figs. 1 and 2 then present the basic non-
linear features of the electron dynamics caused by the laser-
for 0<t<T,, T,<t<T-Ty, andT-T;<t=<T, respectively, cluster interaction. The panels display, as functions of time
with T, =25 fs. Newton’s equations of motion for each of the during the 80-fs laser pulse, the total number of free elec-
charged particles were solved using a code based on the Vdrons released by inner ionization as well as of the fraction
let algorithm in the velocity fornj50], with a time step of that stays trapped inside the clustgkx), the root-mean-

5 as. square dimensions of the cluster’s ion cBg and the elec-

We calculate the total electron acceleratighat is, the tron cloud(C) both parallel and perpendicular to the laser
sum of the accelerations of all electrprad the local elec- polarization, the mean kinetic energy of all electrons and of
tric field that acts on those particular ions that were initially the part that is trappe), and the total electron acceleration
placed at the positiori0,0,0 at the cluster center, and at (E) along the laser polarization.

(2,0,0, (0,2,0, and(0,0,2 away from the center along each  As time goes on, the electron cloud builds up as electrons
of the three cubic axes. This distance is approximately halfinder the action of the laser pulse leave their initial bound
the cluster radius. For the systematic investigation of thestates, as soon as the local electric field reaches the critical
properties of the thirdand also fifth, if presemtharmonic, value for the classical over-the-barrier ionization process
the polarization of the laser field was taken at some moderatfe5]. For our parameters, inner ionization starts between 10
angle with respect to theaxis of the fcc lattice. Calculations and 20 fs after arrival of the pulse and is complete after

sirP(r(T - t)/2T;)coswt,

013201-4



CLASSICAL MOLECULAR-DYNAMICS SIMULATIONS OF... PHYSICAL REVIEW A 71, 013201(2005

1400 A o dimensions of ion core B 1000 rms dimensions of electron C 40 1 - mean electron kinetic enerey D
1200 1 1 - total number of free 1.1 [in terms of R ] cloud [in terms of R ] 1 3.5p0 T i gy
1000 electrons L. ¥ o 100 30[ [intermsofU]
%65 2 - number of trapped 0.9f!- -f\long the laser‘ polarizatio 2.5[ 2 - the same for
Heedlecirons 0.8[2-in the perpendicular 10 20 the trapped
600 07 directions 1- along.the.laser 15 electrons
400 06 I Polanzatlon ) 10
200 - 2- in the'perpendlcular .
0.5 directions 0.5
G0 10 20 30 40 50 60 70 80 0'40 10 20 30 40 50 60 70 80 0'10 10 20 30 40 50 60 70 80 0'GO 10 20 30 40 50 60 70 80
time [fs] time [fs] time [fs] time [fs]
6
i total electron acceleration E 0 F | Fourier amplitude of total 15 harmonic component envelopes G, v e H
3} [arb. units electron acceleration 3 5lof total ekcnou HL 5 F i W Tiss
% (along the laser polarization) 3.0facceleration 4 . .
0 1 [arb. units] 2.5 Harb. units 3 dipole Mie
-1 2.0 plasmon energy
2 15 2 [eV] h“"ri;s
2 0.1 1.0 1
_5| (along the laser polarization) Tl v 8(5) H3 "
0 10 20 30 40 50 60 70 80 0 5 6 7 8 "0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
time [fs] time [fs] time [fs]
3t dipole moment of trapped] %g inner electric field at position of J: 2 K Fourier amplitude 1.2 harmonic component envelopes L.
2 free electrons [arb. units] 1.5} central atom/ion [in terms of E, ] 15 of inner electric field| | o
1 (l)g at position of central 08 E(t)/E S
0 00 10 atom/ion [arb. units] 0>6 :_,: —E®/E,
05 (along the laser . i
£l -1.0 polarization) 04 _,-'_Exm(') /E,
2 - ’ 02} /
3 (along the laser polarization) ‘gg (along the laser polarization) i
0 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 00 1 2 3 4 5 6 7 8 0'00 10 20 30 40 50 60 70 80
time [fs] time [fs] Qe time [f5]

FIG. 2. Same as in Fig. 1, but for the higher laser intenigjty4 x 10" W/cn?.

~20 fs when all the electrons have left their parent atoms oenergy of these few trapped electrons near the end of the
ions. For an 80-fs laser pulse with peak intensigz4  pulse, as can be seen in FigD2.
X 10 W/cn?, at the end of the pulse practically all of the  The properties of the third harmonic of the total electron
electrons have escaped from the cluster to positions far awagcceleration along the laser polarization are shown in Figs.
[Fig. 2(A)], leading to almost complete outer ionization of 1(F), 1(G), 2(F), and ZG). The presence of harmonics is
the cluster. On the other hand, if the intensity is reduced t@lready visible in the time dependence of the total electron
2X 10 W/cn?, a substantial fraction of the electrons re- accelerationa(t) [Figs. AE) and 2E)], as well as in the
mains trapped insidgFig. 1(A)]. The number of electrons dipole moment of the trapped electrdii&gs. 11) and 21)],
either inside the cluster or closely outside of it depends omotably during the first half of the pulse. In the semilogarith-
time and on the laser intensity. It is calculated as the numbemic plots of the amplitudéa(())| of the Fourier transform
of electrons inside a sphere of twice the root-mean-squaréFT) of the electron acceleration over the entire pulse length,
radius of the expandingaxially symmetri¢ ion core, ex- 5(9):fga(t)eiﬂtdt [Figs. F) and 2F)], the third harmonic
tracted from the data presented in FigBLor 2(B). [The = peak is very conspicuous. Comparison of the plots for the
slight deviation from spherical symmetry of the expandingtwo laser intensities & 10'° and 4x 10'> W/cn? shows that
ion core is induced by the more pronounced laser-induceghe intensity dependence of the third harmonic is weak and
axial symmetry of the electron cloud; cf. Figs(Ch and  has nothing to do with the conventional cubic law implied by
2(C).] It is these electrons that are responsible for the nontowest-order perturbation theory. Obviously, in our case of a
linear effects under consideration. Their mean kinetic energ¥mall cluster perturbation theory is inapplicable, because the
ep?PPed< 05U, is generally much lower than the ponderomo- oscillation amplitude of the electrons is not small compared
tive potentialU,=e?E§/4mw? of the incident laser field; cf. with the cluster radius. For a small cluster, the residual in-
curves 2 in Figs. @) and 2D). tensity dependence is mainly related to the strong reduction
Due to the expansion of the ion core, the Mie-plasmonof the number of trapped electrons as the laser intensity in-
energyfiwye [EQ. (1)] is also time dependent: ignoring the creases. Figures(®) and 2G) show the time profileg,(t)
slight deviation of the expanding ion core from sphericalof the third-harmonic component of the electron accelera-
symmetry, Figs. ) and 2ZH) demonstrate thatiwyie(t)  tion. They confirm the correlation with the time-dependent
reaches its maximum around the time when inner ionizatiomumber of trapped electrofiigs. 1A) and 2A)]. All time
just becomes complete. Near its maximum, it slightly ex-profiles ofnth-order harmonic components= 1) were cal-
ceeds the total energy of three Ti:sapphire laser photongylated from the Fourier transform as
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 plfSg.
2(A)] cannot efficiently shield the incident laser field and,
besides, the ion density is reduced so that linear resonanagereWy(€)=0.51+cogm(2/(,)] is the Hanning window,
with the Mie frequency becomes possilpleig. 2H)]. This  which extends from &, to ;. In our calculations we used
results in a considerable enhancement of the mean kinetid,=0.7%w.

03]
an,(t) =2 f "é(ﬂ+nw)WH(Q)e“m@, (4)

“a, 2
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Figures 19-1(L) and 2J)-2(L) illustrate the temporal LS e e Ol A
properties of the inner electric field acting on the ion that is 1.0 [in eV] MeT e 1
initially positioned at the lattice poir(0,0,0 at the center of 0.5} “g‘;"l‘k_";l“s“’r-
the cluster. The FT amplitudes of the field component along 0.0 L
the laser polarization are shown for the intensitlgs 2 05l
X 10 and 4x 10' W/cn?, respectively, in Figs. (K) and 1.0} 1= 4PW/em’

2(K). For the low intensity, the third harmonic is the stron-

_ armi _ 1.5 —*+—1,=2PW/em’
gest component of the field. Due to shielding, the field at the

600 650 700 750 800 850 900 950 1000

fundamental frequency at the center of the cluster is strongly 2 [nm]
reduced with respect to the incident field. Figufe)lshows 30—

. . . ) emitted energy of 4 B
that the third harmonic successfully competes with the fun 25] the third harmonic 1 ]
damental .throughout the_entire length of the. Iaser_ pulse. 20| during the laser ;\' 1, = 4 PW/er’
However, it should be noticed that for the low intensity the 15| Pulse i ‘,“«‘\ e
third harmonic is present on top of a very pronounced noisy [arb. units] S W =2 PWen?
background, which is mainly due to quasifree electrons that 10 PSRN
are temporarily trapped by ions. The effect of this “classical S-r’_:r _jj/ argon.ukeclust;\’“"»*;

recombination” is reduced with increasing laser intensity and
finally becomes entirely insignificant. As a consequence, for

600 650 700 750 800 850 900 950 1000

the higher intensity of,=4X 10" W/cn? the background 0.40 A fnen]

noise is much lower. During the first half of the laser pulse, 0,35} envelopes of the third harmonic component  C

Fig. 2L) is very similar to Fig. 1L) at the lower intensity. 0.30f 7 1ot electron acceleration [arb. wolts]

Later, however, when almost all electrons have left the clus- 025 arm:m-like 800 nm

ter [cf. Fig. 2A)] the inner field at the fundamental fre- g'fg clfster s 850 nm

quency actually coincides with the incident laser field, and 0.10 S

the third harmonic field has completely disappeared. 0.05 1, =2 PWjem® \
.Flgures IH) and ZH) show that, for the argon clugter 0.00; 10’ 53030 50 6 030

with Z,,.,=2 and the laser wavelength of 800 nm, during a time [fs]

significant fraction of the pulse the nominal time-dependent

Mie frequency(1) near its maximum is close to three-photon  FIG. 3. For the conditions of Figs. 1 and 2, the panels sbdw
resonance with the incident frequency. Since the temporahe detuning(in eV) between three times the laser-photon energy
profile of the Mie frequency only weakly depends on theand the maximal value of the nominal time-dependent Mie-plasmon
laser wavelength, the conditions for resonance can be variezhergy(1) versus the laser wavelengi{B) the resonance curves of
by simply varying the latter. Figure(&) shows that forn the third-harmonic yield for two laser intensitiég=2x 10 and
=725 nm the condition for three-photon resonance is noé‘-X 1015 W/CI’T]Z, and(C) the time-dependent envelopes of the third
where met during the pulse duration, while fo= 725 nm harmonic of the total electron acceleration for three different wave-
there are two times such that &= wye(t). This is reminis-  engths ando=2x 10" W/cn?.

cent of the quantum-mechanical Landau-Zener levelyneq) clusters in the weak-field regirf®5,56. In this case,

crossing problen{51-53, where the detuning from reso- it js determined by spill-out of the electron cloud beyond the
nance also depends on time and gradually passes througlaundary of the positive background due to tunneling or
resonance. With decreasing laser wavelength, the two res@yer-the-barrier ionization. This creates an electron halo
nance times approach each other until, at some critical waveground the cluster. In our case of a small cluster in a strong
length, they coincide. This situation is physically quite simi- laser field, we expect both effects to contribute. In our cal-
lar to the case of parabolic level crossigl]. Excitation of  culations of the resonance curve, we cannot separate them,
the third harmonic is expected to be most efficient near thisut we can check the intensity dependence of the effective
critical wavelength. Indeed, this is borne out by FigB8  Mie frequency comparing the resonance curves for two laser
which plots the total energy emitted into the third intensities. The results presented in FigBBshow that, in
harmonic—viz., the quantitygagw(t)dt—as afunction of the  our case of a small cluster, the redshift of the Mie-frequency
laser wavelength, for the two intensities okA0™ and 4 is practically independent of the laser intensity, again indi-
X 10* W/cn?. Both curves exhibit typical resonance behav-cating the inapplicability of perturbation theory in our pa-
ior centered at wavelengths slightly below 800 nm, which isrameter range.
redshifted by about 10% from the critical wavelength of Notice also the double-peak shape of the resonance curve,
725 nm; cf. Fig. 8A). which is present for both laser intensities. We have observed
Such a redshift of the effective Mie frequency in a clustersuch a structure beforgl6], and it appears to be typical.
in an intense field is not surprising and has been noted beforeigure 3C) displays the time-dependent envelopes of the
[28-30. This shift can be induced by nonlinear terms in thethird-harmonic component of the total electron acceleration
interaction of the electrons with the ion background, and inat and on either side of the resonant wavelength—namely, at
this case it could be intensity dependést least if perturba- 800, 750, and 850 nm, respectively. They clearly display the
tion theory were applicable On the other hand, it is well general trend expected on the basis of the picture sketched
known that a redshift of the effective Mie frequency with thus far: For short wavelengths, third harmonic generation is
respect to its nominal position already exists in small coldstrongest around the timewhen wy;.(t) comes closest to
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3w. As the laser wavelength increases, the third-harmonic e e AR A OO on . A
envelope develops two maxima at times that correspond 2{in terms of E ]
qualitatively, though not quantitatively, to the timesvhen
nominal resonance occurs—namely, whan=3vyc(t). In-

terference of the third harmonic emitted at these two times 0

may explain the double-peak resonance observed in Fig. alk ]

3( B) . ) ) (along the laser polarization)
The width of the resonance in Fig(B [full width at half 270 20 30 40 50 60 70 80

maximum(FWHM)] of about 100 nm is practically the same time [fs]

for the two laser intensities considered. Corresponding to Fourier amplitude of inner electric field B

~0.2 eV, it is rather small, on the scale of the electron-ion 100¢ that acts on (0,0,2) argonTlkerciusier

collision frequencyve~4mznélL/mve as well as of the atomfion
Landau-damping frequency q~uv./R [57], where L de- ([Zl‘:;]‘;"t‘f;]lascr
notes the Coulomb logarithno,=(2e2P*Ym,)/2 a typical O tmion
velocity of the trapped electrorighe quiver or the thermal

velocity whichever is higher andR the cluster radius. Both

frequencies are of the order of at least 1 eV. The low value 65 43210123435 6
of the width, which resulted from our calculations, supports Qo

the cor_lclusion arrived at earlie_r on the br_;lsis _of classical 15 emvelopes | v E O/E C
simulationd 36,40,41: the properties of laser-irradiated clus- for different ____ o (t;“‘/E o

ters are not dominated by individual electron-ion collisions 1.0jcomponents & S

in the wavelength regime that is here considered. The small ofimer . B(O/Ey 4
width that we found is, however, well compatible with the 5 ?Oe:)d;tf_Em(‘)/Fjgx/
mechanism of Landau dampir(gollisions of the electrons ion = '
with the cluster boundary created by the ion background ;
one just has to take into account that, for our case of a small 0076 20 30 40 30 60 70 80
cluster in an intense field, the electrons oscillate with an time [fs]

amplitude that significantly exceeds or at least is comparable
with the cluster radiusR (if shielding of the inner electric
field is taken into accountMoreover, 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 b
the inner cluster surfacenor by the outer They can pen-
etrate the cluster surface and return later, driven by the in- Figure 4A) exhibits the inner electric field that acts on
tense laser field, with absorption of laser energy by thehe ion whose initial position was at the lattice po{ft0,2
vacuum-heating mechanisif68,59. Compared with the off the center of the cluster along tlzeaxis—that is, in this
simple reference estimate given above, this can significantlgase, in the direction of the laser polarization. By far the
reduce the rate of the irreversible part of Landau dampingstrongest component of its Fourier transform is the quasi-
which is connected with the interaction of the electrons withstatic componenfFig. 4(B)]. It is caused by the ion distri-
the potential of the ion background as a whole, in accordanckution, which is not symmetric with respect to the positions

FIG. 4. For the conditions of Fig. 1, the panels shoW the
inner electric field along the laser polarization at the instantaneous
positions of the(0,0,2 ion, (B) its Fourier spectrum, an(C) the
time-dependent envelopes of several harmonic components of this
Yeld [including its quasistatic componerty _(t)].

with our findings. of this moving ion Figure 4C) confirms this picture: After
2800 8 . 8 .
2400 1 - total number of free 6 total ele.ctron acceleratic E F | Fourier amplitude of total 7 harmonic component envelopes G
5006 1 electrons 4 [farb. units] 10 electron acceleration o[Of total electron H1
1600 2 - number of trapped 2 (along the laser polarization) 5 acc;lera.non
[ free electrons M [arb. units] [arb. units]
1200 0 1 4
2 3 H3(x10)
800 4 2
400+ 6 0.1 ” /- ~
0 _g l(along the laser polarization) o X HS(XI0) 20\
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 1 2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80
time [fs] time [fs] Qe time [fs]
9
8 H f.O linner electric field at position ~ J ,8, K Fourier amplitude of inner 1 1.2fharmonic component envelopes L
7 Sk, " tof central atom/ion [in terms of E ] 6 electric field at position of central 1.0 [ of inner el
6 = . atom/ion [arb. units] 1 7
5 3w, 50 (along the laser polarization) ] 0.8}
4 {dipole Mie 4 1 0.6f
3 plasmon energy 3 04l
2 [eV] thi;S 2 0'2
1 ‘;(5) [ (along the laser polarization) 1 "’ o P
G0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 00 1 2 3 4 5 6 7 8 0'00 10 20 30 40 50 60 70 80

time [£5] time [fs] Qle time [fs]

FIG. 5. As indicated on each panel, the panels show the nonlinear features of the laser-cluster interaction fd6z@5ataliny model
argon cluster wittZ,,,=4 exposed to a 80-fs laser pule=800 nm,l,=4X 105 W/cn?.
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2800

5460 [A 1ol iber of fice total elef:u'on acceleration E F | Fourier amplitude of total 10 harmonic component envelopes G
2000} electrons 6 [atb. units] 10 electron acceleration o of total e}ecu—ou HL
2 - number of trapped 3 (along the laser polarization) acceleration
16007 free electrons 0 [arb. units] 61 arb. units]
1200} B 1 ;
800+ 6 H3(x10)
4007 -9 el 2 ,"' N\
0 12 (along the laser polarization) N H5 (100>
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
time [fs] time [fs] Qlo time [fs]
9
§ H fc inner electric field at position T : K Fourier amplitude of inner 1.2 ha{momc component envelopes‘ i
7 Sho 1 | ofof central atom/ion [in terms of E ] 6 electric field at position 1.oL-of inner electric field at central ion
6 ) . of central atom/ion [arb. units] AOVA: A
5 Sosl 02 St | (along the luser polarization) | %8 g /g
4 dipole Mie “1 00 4 0.6 w o
3 plasmon energy 0.5 3 04 —E,0)/E,
2t . |leV] fons] L0 2 o E_(0/E
. ';‘5 (along the laser polarization) 1 ’ P S N
00 10 20 30 40 50 60 70 80 O 10 20 30 40 50 60 70 80 00 1 2 3 4 5 6 7 8 0‘00 10 20 30 40 50 60 70 80

time [fs] time [fs] Qlo time [fs]
FIG. 6. Same as in Fig. 5, but for the higher laser intenigjty6x 10 W/cn?.

inner ionization is almost complete, the quasistatic compo- B. 675-atom model argon cluster withZ,,=4 and 459-atom
nent keeps rising in pace with the decreasing number of model xenon cluster withZ,,,,=6
trapped electroficf. Fig. 1(A)]. At the end of the pulse, the
remaining trapped electrons rearrange themselves into the
most symmetrical configuration, and the quasistatic compo- Similarly to Figs. 1 and 2 of the previous Sec. lll A, the
nent drops to a smaller value. results of simulations that allow for more than two electrons
The next-strongest component is the fundamental, folper atom are presented in Figs. 5 and 6 for a 675-atom model
lowed by the second harmonic. The presence of the latteargon cluster withZ,,,=4 and in Figs. 7 and 8 for a 459-
indicates excitation of nondipol¢e.g., quadrupole plas- atom model xenon cluster with,,,,=6. The two sets of fig-
mons, which cannot be described in terms of oscillations of aires for each case correspond to the two laser intensities of
rigid electron cloud without deformations. The temporal4x 10 and 6x 10 W/cn?, respectively. For each particu-
resonance condition for the excitation of the second hartar case, we present only those properties that are most rel-
monic, Ziw=hw-»(t) =V6/5hwyie(t) [cf. EQ.(2), in terms of  evant to harmonic excitatiorfThe results for the expansion
the nominal Mie frequencyl)], is satisfied in the beginning of the ion core and the electron cloud, as well as for the mean
and at the end of the laser pulse for a much wider range dfinetic energy of the electrons, are not shown since they are
wavelengths than for the third harmonic. A more comprehenvery similar to those presented in Figs. 1 and 2 for the two-
sive study of second-harmonic excitation is presented belowlectron-atom caseAs can be seen from Figs. 5-8ostof
in Sec. Il B 2 for the example of a xenon cluster with 459 the features of the laser-cluster interaction in these cases are
atoms andZ,,,,.=6. Moreover, owing to the restriction in this qualitatively similar to the case of the two-electron atom.
section of each cluster atom to two electrons, it was noflhe main effect caused by the presence of more electrons per
possible to explore how continuing inner ionization of theatom is the appearance of the fifth harmonic with a strength
cluster by thenner electric field would affect the harmonics comparable with the third in the total electron acceleration
at high laser intensity. This question is further discussed befpanels(F)] and in the inner electric field at the position of

1. Odd-harmonic generation

low. the central cluster iofipanels(K)]. The seventh harmonic
240 al el lerati i i e lopes G
2400 _A 1 - total number of free 6total e ef:uon acceleration E it F | Rourier amplitude of total 5 onic component envelopes
2000f } elegtroris 4 et oie] clectron acceleration of total electron o
2 - number of trapped 2 (along the laser polarization) 4 !
1600 free electrons . uni [arb. units]
0 1 [arb. units] 3
1200} b H3(x10)
800[ - 2 g
= 0.1 1 A
400} - N |
-6 (along the laser polarization) 7oL H5(x10) vy ]

(=]

c01020304050607080 0 10 20 30 40 50 60 70 80 01 2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80

time [fs] time [fs] Qlo time [fs]

9

; Hj ?(5) inner electric field at position T 3 K  Fourier amplitude of inner 1.2fharmonic component envelopes L

7 Shay " [of central atom/ion [in terms of E Al electric field at position of central of inner electric field at central ion

. 6 atom/i along the 1 L0 = e p

6 05 B fion (along the laser e ; E(0)/E>

5 3hm’rxs [arb. units] polarization) - £ - -

4f "7 dipole Mie 0.0 4 osf [ T RO/E

3 plasmon energy 5 -0.5 3 o i — E,(O/E,

. i - ig f o2l /T E ®/E,

1 e along the laser polarization) “l / e .

0 -2.0 (along Lo 0 0.0 LSRN a«Am

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 01 2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80

time [fs] time [fs] Qo time [fs]

FIG. 7. As indicated on each panel, the panels show the nonlinear features of the laser-cluster interaction fa¢&8%ataliny model
xenon cluster withz,,,,,=6 exposed to a 80-fs laser pulee=800 nm,l,=4x 10'° W/cn?.

013201-8



CLASSICAL MOLECULAR-DYNAMICS SIMULATIONS OF...

2800

—_

PHYSICAL REVIEW A 71, 013201(2005

24002 1 - total number of free | g total electrantacceleration E F | Fourier amplitude of total g harmonic component enyelopes G:
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9 2.0 =
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af ] dipoie Miie 0.0 4 0.6

3 plasmon energy 0.5 3 -

2 [eV] fo, o -1.0 2 N
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0 -2.0 0 0.0 N N d L o psvons
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FIG. 8. Same as in Fig. 7, but for the higher laser intenkjty6x 10" W/cn?.

also becomes visible, especially in the xenon clugfégs.

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-
guency[panels(H) of Figs. 5-§ is qualitatively very similar.
Namely, forA=800 nm, the energy of five laser photons is
slightly higher than the maximum value of the time-
dependent nominal Mie-plasmon enefggalculated accord-
ing to Eq.(1)], 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 4x 10 W/cn? and calculate the detunings
from resonanced,=nfiw—(fiwyie(t))max for N=3 andn=>5
[Fig. AA)] as a function of the laser wavelength and com-
pare them with the energy emitted into the third and fifth
harmonics[see the semilogarithmic plot of Fig(®)]. As
expected from the curves in Fig(A), the third-harmonic
energy rapidly decreases as the laser wavelength increases
from 600 to 1000 nm, owing to the increasing value of
|A5(\)| and the growing departure from the global resonance
condition Az(\)=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 wavelengthiFig. 9C)] also supports this assumption.

similar (~100 nm or~0.2 eV) to that obtained in the previ-

3 —v— 3ho-lio, 0], Al

2 T e Sho - [ho, O]

1r e [in eV]

0 wELTT
e I,=4PW/em’ ]
2 7 g T
'i argon-like cluster ) . -"1**'"
7600 650 700 750 800 850 900 950 1000

A [nm]
1001+ emitted energy of the third (TH) B
and fifth (FH) harmonics
Nuring the laser pulse [arb. units]
—v—TH \\'
10¢ —a-—FH \1 A
meelber - '"“‘"‘]"’ ‘
e &2‘ argon-like cluster v
I,=4 PW/cm 7 =4

0.7 I,=4 PW/cm® T A = 600 nm
0.6 7z =4 /77 ~—- A = 650 nm
0.5} “max — : _

’ 0 7 ---- % =700 nm
0.4} argon-like ; W, 3 = 800 nml
0.3} ¢1 LN S AT evnm
02 cluster -

times wider than the third-order resonance but still of the

7(F) and 8F)]. As in the previous case of the two-electron order of 1 eV. This value is still in agreement with the rate of

atom, the third- and fifth-harmonic components of the innerelectron-ion collisions, as mentioned in the previous subsec-
electric field rise above a strong background of noise due ttion. However, the significance of collisions does increase
recombination of the electrons trapped inside the clusterfor shorter wavelengthigll]. For A =800 nm, fifth-order har-

1600 650 700 750 800 850 900 950 1000

A [nm]

envelopes of the third harmonic component C
of total electron acceleration [arb. units]

e ,
B ARPE T
s

20 50
time [fs]

30

. - FIG. 9. Detuning(in eV) between 3 times and 5 times the en-
The width of the third-order resonance curve appears to b@rgy of a laser photon and the maximal value of the time-dependent

\ g Mie-plasmon energyl) versus the laser wavelength for the 675-
ous Sec. Il A for the resonance curve of third-harmonic gensiom argon model cluster with, =4 at the laser intensity,=4

eration by the same cluster consisting of two-electron atomsx 105 w/cn? [panel (A)], the resonance curves of the energies
At the same time, in complete agreement with the behaviogmitted into the third and fifth harmonics during the laser-pulse
of As(\), the energy emitted into the fifth harmonic exhibits duration[panel(B)], and the time-dependent envelopes of the third
resonance behavior, though less pronounced, with a maxiarmonic of the total electron acceleration for four different wave-

mum nearA=900 nm. The fifth-order resonance is severallengths[panel(C)].
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Fourier amplitude of inner electric field A Fourier amplitude of inner electric field B Fourier amplitude of inner electric field (&
100 that acts on (0,0,2) xenon-like cluster| 100fthat acts on (0,0,2) xenon-like cluster] 100fthat acts on (0,0,2) xenon-like cluster
zZ.=6 atom/ion [arb. units] atom/ion [arb. units] Z =6
I,=4PW/cm’ (along the laser (along the laser 1 =4 PW/em®
10} polarization) A = 600 nm L polarization) 10 polarization) ox — 1000 nm
1 | 1 : 1
lm&m\ﬂ “h Il ]WH [ A | Ll T | I BT
8-76-543-2-1012345678 8-76-54-3-2-1012345¢678 8-76-54-3-2-1012345¢678
Qo Qo Qle

FIG. 10. For a smal{459-atom xenon cluster witt?Z,,,=6, panelgA)—C) show the Fourier-transform amplitudes of the inner-electric-
field component along the laser polarizatigthe z axis of the fcc latticgat the instantaneous positions of the noncer@ab, 2 ion, for
three laser wavelengths between 600 and 1000 nm and for the intersity 1015 W/cn?.

monic generation is almost on resonance and the emittetl000 nm. Here and in all subsequent calculations, the laser-
energy is comparable with the off-resonance generation dield polarization is along the axis of the fcc cluster lattice.
the third harmonic. The observed large difference in thé/Ne observe strongonresonanexcitation of the second har-
widths of the third-order and the fifth-order resonance is armonic for all laser wavelengths considered, with a magnitude
unexpected and interesting feature of the nonlinear electropomparable with the fundamental inside the cluster. We also
dynamics in a laser-irradiated cluster. The actual fifth-ordepbserve a strong quasistatic component of the electric field,
resonance positiofcf. Fig. 9B)] is redshifted with respect which is due to the cluster being charged as a consequence of
to the wavelength wherdg(\)=0 [Fig. AA)], as was the outer ionization as well as to the noncentral position of the
case for the third-order resonance in the two-electron-atorf?, 0, 2 ion. Comparison of Figs. 18)-10C) also demon-
cluster. Moreover, as in the latter CaBg_ F|g :{B)], we strates that the inner erICbII of its Fourier componenls
observe a “double-peak” structure of the resonance maxidecreases with increasing wavelength. This indicates that the
mum, supporting the conclusion that this is a typical featureshielding of the incident field becomes more efficient for
There is only one qualitative difference between argorflecreasing frequendjt was also checked that the number of
(Figs. 5 and Bclusters and xenofFigs. 7 and Bclusters, in ~ trapped electrons at the end of the pulse increases with in-
so far as third-harmonic generation is concerned: for argofreasing wavelengthin spite of the increasing ponderomo-
clusters, the third-harmonic envelope of the total electrorflve energy.
acceleratioffFigs. §G) and 6G)] has only one pronounced The presence of the second harmonic inside the cluster
maximum during the laser-pulse duration, while for xenonindicates efficient nonresonant two-photon excitation of the
clusters, there are twidrigs. 71G) and 8G)]. This different ~ quadrupole[angular momentuni=2; cf. Eq. (2)] surface-
behavior may be related to the fact that for the xenon clusteplasmon oscillatior{27]. To check this surmise, we exam-
the Mie_p|a3m0n energy as a function of t”ﬁégs KH) ined the vector properties of the inner electric field that acts
and §H)] rises more gently through the three-photon reso-on three noncentral iong2, 0, 0, (0, 2, 0, and (0, 0, 2]
nance than for the argon clusféigs. §H) and §H)], where ~ Positioned on the three cubic axes of the cluster by calculat-
this rise is abrupt, almost vertical. In analogy with theing the Fourier spectrum of all three Cartesian components
Landau-Zener level-crossing probld®l-53, we can con-  ©f the field. The results presented in Fig(A}-11(1) show
clude that at the time when the resonance conditien 3 that the Fourier spectra of thecomponent of the inner elec-
= wyie(t) is met, the derivativel(fwy;e(t))/dt and the reso- tric field at the(2, 0, 0 ion [panel(A)] and of they compo-
nant Mie-plasmon excitation are inversely related. This exnent at the(0, 2, 0 ion [panel(E)] are practically identical
plains that for the argon cluster the first maximum betweernd display only the second-harmonic and quasistatic com-
10 and 20 fs of the third-harmonic envelope of the total elecPonents. Similarly, the spectra of tzecomponent at the2,
tron acceleration is hardly visible. 0, 0 and (0, 2, O ions are identical with each other, but
exhibit only odd harmonicfpanels(C) and(F)]. Finally, the
z component at th€0, 0, 2 ion [panel(l)] contains even as
well as odd harmonics. The remaining field components
As already shown in Sec. Il A for a cluster consisting of [panels(B), (D), (G), and (H)] display no harmonics at all
675 model argon atoms witl,,,=2 (Fig. 4), the second (only background noige
harmonic of the fundamental frequency is present in the Fou- Hence, in all cases the third-harmonic field is directed
rier transform of the inner electric field that acts on (Be0,  along the laser polarization only, confirming the dipole char-
2) movingion positioned off the cluster center. In this sub- acter of the third-harmonic excitation. On the other hand, the
section, we concentrate on the properties of the secondecond-harmonic field at noncentral positions does have non-
harmonic excitation. For a 459-atom model xenon clustezero components in the direction of the respective radius
with Z,.,,=6 and a laser intensity of>410'® W/cn?, results  vector. Such a field cannot be generated by oscillations of a
of simulations are shown in Figs. 10 and 11. rigid electron cloud without deformations. Similar results
Similarly to Fig. 4B) of Sec. Ill A, Figs. 10A)-10(C)  were obtained for other representative parameters.
exhibit the Fourier spectra along the laser polarization of the The tensor character observed can be derived from a ten-
inner electric field that acts on th@®, 0, 2 noncentral ion, sor decomposition of the susceptibility tensor in a straight-
for three laser wavelengths in the range between 600 anirward fashion. To lowest order in the incident fi&@t% w),

2. Second-harmonic excitation inside the cluster
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15 Fourier amplitude A = Fourier amplitude B B Fourier amplitude of inner C
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FIG. 11. For a smal{459-atom xenon cluster witt?Z,,,=6, panel{A)—1) exhibit the Fourier-transform amplitudes of the inner-electric-
field components in three orthogonal directions at the instantaneous positions of the noncent{2l @r3 [panels(A)<C)], (0, 2, 0
[panels(D)—(F)], and(0, 0, 2 [panels(G)—(1)]. The wavelength i%. =800 nm and the intensitiy=4x 10> W/cn?.

the second-harmonic quadrupole field at the positiorside IV. CONCLUSION
the cluster is given by
o i i This work was devoted to numerical simulations of the
EZU(r) = X{2(NE(0)EY(w), (5

laser-cluster interaction with emphasis on the nonlinear col-

WhereXi(jzk) represents the second-order susceptibility tensolective electron dynamics and the generation of low-order
and summation over repeated indices is understood. In ordé&armonics in a comparatively small cluster consisting of
to construct this tensor, the only building blocks available ares10® atoms. Our classical molecular-dynamics simulation
the vectorr and the Kronecker tenso;. Hence, for an model takes into account almost all of the ingredients of the
isotropic cluster, the tensor structure Xgpj is restricted to laser-cluster interaction. In full qualitative agreement with
@ _ the phenomenological picture of nonlinear oscillations of a

Xiik (1) = a1 G + 18 + 1ey) + Balif T, (6)  cloud of electrons trapped inside a charged cluster in a strong

Whereaz and BZ depend On‘z and on the properties of the laser field [28—3(], we have observed a Strong third-

cluster in the absence of the field. For the third harmonic, th&¥armonic excitation when the tripled laser frequency is close
corresponding formulas are to the Mie frequency—that is, near the third-order resonance
with the Mie frequency. This corresponds to nonlinear exci-

E*(r) = X (N E () EY(w) E"(w) (7)  tation of the dipole surface plasmon. The resonant behavior
and can be seen both in the total electron accelerafvamich is
® responsible for third-harmonic generation by the clysted
Xijii (1) = a( 8 6q + Gy + & &) in the internal electric field of the clustéwhich is respon-

+ B4(rir: 8 + permutations+ yarir 1. (8) sible for ionization of the cluster constituent¥arying the
_ H ' J laser wavelength produces a pronounced resonance curve
Equations(5)—(8) reproduce the vector properties of the sec-whose width affords an estimate of the width of the Mie

ond and third harmonics that are observed in Fig. 11 an@esonance in a cluster irradiated by a strong laser field. The
have been summarized above. In particular, for the incidenime-dependent envelopes of the total electron acceleration
field E"Y(w) ~ 2, Egs.(5) and(6) reproduce the vector prop- and of the inner electric field at the position of the central
erties of the fieIdEi(z“’) at the noncentral positions Allow-  cluster ion have been calculated at the fundamental fre-
ing contributions of higher order iE" in Egs.(5) and(7), quency and at the third harmonic. They display maxima at
thereby definingy’s of higher order, does not change thesethose times when the time-dependent Mie frequemdyose
conclusions. From the fact that Figs.(Cl and 11F) display  time dependence results from the time dependence of the
a third harmonic at the off-center positiof% 0, 0 and(0, 2, mean charge density of the expanding ion ¢aatisfies the

0) we can immediately conclude thag+ 0. resonance condition.
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Preliminary results of these simulations have already been Finally, we should mention that the insensitivity of the
presented in Ref46], where a cluster of two-electron model results presented in this paper with respect to the ion con-
atoms was considered, with otherwise typical parameters. Ifiguration, ionization model, and propagation method was
the current paper, in addition to a more comprehensive studghecked against a completely independent molecular-
of the two-electron-atom cluster, we have extended oudynamics computer code. In this latter much more time-
model to cluster atoms having more than two electrons. Weonsuming code, all active electrons were present from the
allow sequential ionization of atoms and ions inside the clusbeginning, undergoing bound motion in the parent ion poten-
ter under the action of the inner electric field. This is muchtial up to the time when inner ionization occurs. A simple
closer to the realistic case of rare-gas atomic clusters in aubic ion structure was used which yields the numerical ben-
strong laser field, whose parameters for argon and xenoefit of an exact fourfold symmetry if the orientation of the
clusters were used in the calculations. We have confirmed thegolarization axis of the laser field is properly chosen. The
presence of the third harmoniand of higher harmonics, conclusion is that harmonic generation in clusters is a robust
especially the fifthin the total electron acceleration as well phenomenon, which is largely independent of the details of
as in the inner electric field at the position of the central ionthe model of the cluster and the computational procedures.
and its resonant behavior when the frequency of the incident
Ia_ser sweeps through the c_orrespondmg nonlinear resonance ACKNOWLEDGMENTS
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