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A relativistic time-dependent three-dimensional particle simulation model has been developed to study the
interaction of intense ultrashort Kr248 nm laser pulses with small Xe clusters. The trajectories of the
electrons and ions are treated classically according to the relativistic equation of motion. The model has been
applied to a different regime of ultrahigh intensities extending & ¥@/cn?. In particular, the behavior of the
interaction with the clusters from intensities 10> W/cn? to intensities sufficient for a transition to the
so-called “collective oscillation model” has been explored. At peak intensities beWMn?, all electrons
are removed from the cluster and form a plasma. It is found that the “collective oscillation model” commences
at intensities in excess of {DW/cn?, the range that can be reached in stable relativistic channels. At these
high intensities, the magnetic field has a profound effect on the shape and trajectory of the electron cloud.
Specifically, the electrons are accelerated to relativistic velocities with energies exceeding 1 MeV in the
direction of laser propagation and the magnetic field distorts the shape of the electron cloud to give the form
of a pancake.
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I. INTRODUCTION (<10° atoms clusters irradiated by intense ultrashort pulse
The last several years have witnessed an explosion of at3Sers. Among the most popular treatments is the so-called

tivity involving the interaction of clusterEl—3] with intense nanoplasma model[6], which treats the cluster as a min-
ultrashort pulse lasers. Part of the reason for this interest iffture (few nm in siz¢ high-density spherical plasma. This
clusters is that the hot dense plasma created in the interactiGhode! describes the dynamics of ionization, electron heating,
with the laser can provide a Compact source of x rays, incoand C!USter expansion, and aSSUme.S that the laser-cluster in-
herent as well as coherent radiatieh5], and energetic ions. teraction occurs as a result of coupling through the so-called
Some of the applications include euv lithography, euv and’lasmon resonance. The electrical conductivity is repre-
X-ray microscopy, x-ray tomography, nuclear fusion resultingsented by the Drude model with provisions to account for the
from the generation of fast ions to drive a fusion reaction inresonance that occurs through the coincidence of the fre-
a deuterium plasma, and a variety of applications in biologyquency of the incident laser wave with the plasma frequency
[4] and material sciences. The emitted x-ray radiation would8]. An improvement of this picture includes the influence of
also provide a useful tool as a backlighter for diagnosingelectron-cluster surface collisions, achieved in Réi, by
dense plasmas. Even though gases are attractive for x-rdlge replacement of the plasma dielectric constant with an
generation, they exhibit weak absorption of laser radiatioreffective value for this quantity. Other modé¢0-13 have
and a corresponding low efficiency for conversion of theinvestigated harmonic generation and the oscillations of the
incident laser energy into x rays. Solid targets are likewiseslectron cloud with respect to the immobile ions present in-
not particularly well suited to absorb laser radiation in theside the cluster that respond to the combined action of the
ultrashort pulse regime. However, solid targets can be ddaser field and the Coulomb interaction induced by the
signed to absorb increased laser energy for longer laser pulsharge separation. In subsequent work, Milchberg and co-
durations and, under these conditions, can convert the inciworkers developed a one-dimensional hydrodynamic model
dent energy into a high yield of incoherent x rays; the antici-of laser-cluster interactiorjd4,15. Siedschlag and Rost de-
pated scenario for indirect drive fusion targets. veloped a microscopic model for the interaction of small
Conversely, atomic or molecular clusters are targets withrare-gas clusters with soft x-ray radiation produced by a free
unique properties. Possessing the properties of solids arelectron laser[16]. Rose-Petruket al. proposed the
gases, they combine the advantages of both. Clusters absddmization-ignition model, in which the combined field of the
much more energy compared to gap@d] and offer a flex- laser and cluster ions leads to enhanced ionization producing
ibility in design [1] not found in solid targets. In essence, ions with high charge statd47]. Smirnov and Krainov in-
clusters can provide optimal conditions for laser energy abvestigated a broad range of issues involving the laser cluster
sorption, the creation of ions with high charge, and cohereninteraction and coupling extending from cluster formation to
x-ray emissior(1,4,5]. x-ray generationf18]. Schroederet al. introduced the so-
The recent literature is abundant with papers describingalled “collective oscillation model” for small clusters
the evolution of large (>10°atomg and small (10-30 A) [19,20. These ordered motions of the outer elec-
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trons, previously considered for single atof2d-23, be- 2D treatment with insignificanfless than a factor of)2n-
have like a giant quasiparticle, hitting the cluster with ancrease in computational time, while the large number of grid
energy of tens of keV causing inner-shell ionization. Evenpoints in a 3D geometry makes the PM method computation-
though this picture explains some of the observations, it deally disadvantageous compared to the PP approach. The PM
pends on assumptions that need to be proven in order tmethod can handle only smoothly varying forces and re-
accurately represent the role of the outer electrons. Finally, guires high spatial resolutiorfsmaller than the Debye
molecular dynamics model approach for modeling the clustelength. Accordingly, to study the dynamics of clusters, we
dynamics has been undertaken by Last and Jof&¥+24, employed a relativistic time-dependent 3D particle-particle
Eloy et al.[27,28, and Taguchgt al.[29]. simulation model. This picture describes the interaction of an
Mainly, the studies cited above implement spatially aver-intense (101—10** W/cn?) linearly polarized ultrashort
aged fluid models. Recent findings in conjunction with other248-nm laser pulsg10-100 f$ with small Xe clusters
considerations, however, prompted us to adopt the moleculan0-100 A it characterizes the details of the electron and
dynamics approach. For example, recent investigationfon motion and power absorption as the cluster evolves in
strongly suggest that spatially averaged models provide poofime. The molecular dynamics model has two principal fea-
if not an utterly flawed, descriptions of the cluster dynamicstures, specifically(i) the creation of particlegelectrons and
[15]. Furthermore, one-dimensional models are appropriatgons) and(ii) a description of their motion in space and time.
only at sufficiently low laser intensities. As shown below, the  |nitially, we discuss details of the ionization mechanisms
problem is either two or three dimensional depending upomind the creation of new particles. We assume that the elec-
the peak laser intensity. The small number of parti¢®¥  trons are created instantaneously through optical field ioniza-
-10°) we are dealing with causes additional difficulties. Thetion (OFI). At sufficiently high laser intensities, the ioniza-
multidimensional nature of the problem computationally re-tion is predominantly due to OFI and the collisional
quires fine spatial resolution and a large number of gridonization can be neglected. At sufficiently low intensities,
points. This leads to just a few particles per elementary volwhere inelastic collision processes are important, the rate of
ume. In such situations, the validity of fluid models falls collisional ionization can be calculated from the electron en-
under suspicion. ergy distribution functiofEEDP and included in the model.
We describe the laser-cluster interaction with a particlewe take into account only one type of ion with an average
simulation model similar to that developed by Last and Jortcharge(Z—-1) calculated from the relatiofig]
ner and focus specifically on the domain of high laser inten-

2
sities; this is the regime in which relativistic effects and “col- i( \(2) = Eo , (1)
lective oscillations” may become important. It has been 4Z\27.2 5.142x 10°
established that this different ordered mode of ultraintense
laser-cluster interactions commences at intensities in excess 8l (1)
of 10°° W/cn?, the range that can be reached in stable rela- Eolt) = c (1b)

tivistic channels[30-37. We note that as the intensity is . _

raised, the magnetic field causes the configuration of th#hereE, is the slowly varying amplitude of the applied laser
electron cloud to alter its shape from a sphere to a pancaki€eld in units(V/cm), |, is the laser intensity; is the vacuum
and the combined action of the electric and magnetic field§Peed of light, and(Z) is the ionization potential of Xé*
accelerates the electrons to a relativistic velocity in the diin units (eV). At any given timeZ(t) is calculated from Eq.

rection of propagation. (1). If dZ/dt>0, new electrons are added to the system ac-
The objectives of the present paper &éethe investiga- cording to the relation
tion and (ii) the description of the dynamics of small Xe dN(t) dz(t)
€ _ —_—

clusters irradiated by a high intensity ultrashort pulses, and s
(iii) the determination of the conditions under which this dt t

model exhibits a transition to the “collective oscillation” pic- whereN, is the number of electrons amdlis the number of
ture[19,20. We also evaluate the role played by the plasmormatoms per cluster. While the number of electrons changes

(2)

resonance energy during absorpt{@. dynamically with time depending on the laser intensity, the
number of ionsN; remains constantN;=N, and only the
Il. MOLECULAR DYNAMICS MODEL corresponding charge states increase according tq1&g.

For each new particle, the initial values of the three-

There are three principal types of particle simulation mod-dimensional velocity and position must be specified. The ini-
els: particle-particlgPP), particle-mesh(PM), and particle- tial position is randomly chosen inside the cluster. Since the
particle-particle-meskPPPM pictures[38]. The PM is the initial velocity components are not important for the future
most widely used method for particle simulations, but un-motion of the particle, they are all assumed to be zero.
usual circumstances prompted us to give preference to the PP The second part of the model deals with the simultaneous
method. The main reason we selected the PP method is thatotion of the particle ensemble. We consider only ions and
we deal with a small systefseveral thousand partichesith unbound electrons; the latter represents both electrons that
long-range forces. Another reason to prefer the PP to the Piveside inside the clustdinner electronsand electrons that
method is the three-dimension@D) nature of the analysis. are located outside the clust@uter electrons We are par-
The PP method can handle a 3D problem just as easily astiularly interested in modeling the outer electrons, since in
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Refs.[19,2Q it was surmised that the inner shell ionization teraction, the symmetry issue is complicated due to the pres-
yielding the population inversion occurs due to impact withence of the magnetic field. If the contribution of the magnetic

high-energy outer electrons. field in Eq.(3) is small, only two directions need to be con-
The trajectories of the electrons and ions are governed bgidered: parallel and perpendicular to the laser electric field;
the relativistic equation of motion the analysis can be considered as two dimensional. In the
. opposite case of sufficiently high magnetic field, the mag-
d_ﬂ - qi[é(t) +V, X é(t)/c] _ E Vo, (3) netic fi_eld deflects the eIectron; from_ their trajectory and the
dt i analysis becomes fully three dimensional.
Bi=ymv, y=1N1- IVi|?/c?, (4) ll. RESULTS AND DISCUSSION
aF A. Cluster dynamics at different peak laser intensities
roo. .
d—tIIVi, (5 The molecular dynamics model was employed to study

the dynamics of small Xe clusters irradiated by a KrF laser
where p,=p;(x,y,2) is the relativistic momentumy, is the  with wavelengthA =248 nm at high peak intensities, specifi-
relativistic factor,F;=r;(x,y,2), V;=vi(x,y,2), m andg are cally, from 10" to 1(** W/cn?. Our study is relevant to the
the coordinate, velocity, mass, and charge ofitheparticle, experiments discussed in Refd,5]. The cluster is assumed

. S . . . to be spherically symmetric and spatially uniform. The clus-
respgctlvely,|vi| 'S the magnitude of the particle velocity, ter sizep is muc)rq symaller than thepwavglengthhence we

andB are the externally applied electric and magnetic fields onsider the electric and magnetic fields as spatially uniform
and®;; =g/ |~ rj| is the interaction potential between par- [1 7] Thus the direction of the electromagnetic fields
ticlesi and] (regularization at smalfi~rj| can be adopted changes in time, but not in space. The direction of electro-
from Ref. [24]). Equat|ons(3)—(6) accountl for rgl_auwsuc magnetic propagation is taken along thexis; the corre-
effects, which become important at intensities abovesponding laser electric and magnetic fields are parallel to the
10 W/cn?. Each particle velocity as well as position is q vel WE=(EAD) 0.0 and
advanced in time according to Eg®8)—(5). Since, at any axes x and z, respectively, namelyE=(E(1),0,0 an
given time, the electron and ion positions and velocities aré=(0,0,B,(t)). The electric field strength is given by the
known, the relativistic momentum can be computed from Eqform E,(t) =Eq(t)cogwt). The induced magnetic field is very
(4) and the corresponding macroscopic parameters can lsgnall compared to the laser magnetic field and has been ne-
computed. For example, the average electron excursion witglected. For the purpose of clarifying the mechanisms driv-
respect to the ion core in the direction parallel to the appliedng the cluster dynamics, the peak laser intenjtys kept
electric field, i.e., the dipole moment, can be calculated. Theonstant. This simplification reflects the actual experimental
number of electrons inside and outside the cluster can also gonditions in Refs[4,5] under which the front of the laser
tracked. Other quantities of interest, which can be readilyulse is very steep. Xenon clusters with an initial radRgs
derived, are the electron and ion energy distribution func=20 A (393 atoms per clusteare considered. A single clus-
tions. The electron energy distribution functié(E) is de- ter located at the origin of the coordinate system is modeled;
fined as the fraction of electrons with energies betwEen therefore boundary conditions are not imposed. To account
-AE/2 andE+AE/2, divided by a square root of the energy, for the impact of neighboring clusters, we can apply periodic
and has the normalizatiof,EY%f(E)dE=1. Since the par- boundary conditions at,y,z=+200 A with an estimated in-
ticle energies are discrete, we count the number of electrori§reluster distance of 400 A. In order to simplify the compu-
in the energy intervallE. We chooseAE to be one hun- tations, we used~10° test particles,~10% of which are
dredth of the maximum particle energy. ions. Importantly, it was found that the results obtained were
Of particular interest is the energy balance of the systemnot sensitive to the number of particles. Each particle is as-
By multiplying Eq. (3) by Vi, summing over all species, and signed an appropriate mass and charge to account for the

integrating in time, one can derive the energy balance equdlistribution of particle species. A suitable time step to ad-
tion vance the velocity and position coordinates (2—4)

X 10%°s, i.e., the temporal resolution is several thousand
> [ENN) + EPY1)] = > EB(1), (6)  time steps per laser cycle. In the present simulations the par-
[ [ ticles are advanced for ten laser cycl@27 f9. A typical
Kin(ey — (1) T oA po computation time is a few minutes per laser cycle.
whtere %‘ O=Jovi() [.dn(t)/d_t]dt ) z'md B t(t)_ The first set of figuregFigs. 1-3 refers to a peak laser
=Jovi(t) -2 VO;dt are theith particle kinetic and potential jntensity|,=10 W/cn?. The average cluster charge calcu-
energy, respectively, anB®(t)=/5qVi(t)-E(t)dt is the en- lated according to Eq(l) is Z-1~12. We follow the se-
ergy absorbed due to inverse Bremsstrahl(Bg. The total quence of events as the laser is turned on at tin@e Figure
energy absorbed in the systad? is the right-hand side of 1 shows the positions of the test particles at equally spaced
Eq. (6). times. Att=0, all particles(electrons and iongeside inside
The symmetry of the system under investigation is impor-the cluster[Fig. 1(@]. The electron density(t=0)=1.4
tant in any physical problem and the presence of symmetry 107 cm™3 is several times larger than the critical electron
often allows welcome simplifications. In the laser-cluster in-density. After the laser is turned on, the electrons are
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2 2
X (1074 2(10A) 2 fs. This plasma, created as a result of laser-cluster interac-

tion, is very similar to that created in conventional laser-
times. “X” is the parallel to the laser field and Y*is the direction plasma mteractlons,_althc_)ugh FWO.dIStIn‘(‘Jt dl,fferences exist
of propagation. The laser and cluster parameters e between them. The first distinction is the hQSe_veraI ke_\)!
=107 W/cm?, A=248 nm, Ry=20 A, N=393 atoms/cluster, and plasma creatgd in the laser-cluster interaction, Whl'le the
Z=13. The number of test particles is10%. laser-plasma interaction generates “cold” electrons with en-
ergies of 10—100 eV. The second difference concerns the

promptly removed from the clustdouter ionization. We ions. The laser-cluster interaction results in stripping the
! cluster of all electrons, thus creating a “giant” ion, consisting

studied the outer ionization by simply counting the numberof hundreds or thousands of ions, while the laser-plasma in-
of electrons that leave the cluster. The number of inner elec: . AR X ' P
eraction creates individual ions. It should be noted, however,

trons decreases exponentially in time with a characteristi(%h g . "
time of ~0.4 fs. After two laser cycles the strong laser field at at_sufﬂmently low |_ntensmes_, both cases produce an av-
erage ion charge that is approximately the same.

removes 99% of the electrons from the cludteig. 2(a)]. X . -
With most of the electrons outside the cluster, the electro The energy bglance given by E(p) is plotted in Fig.
(b). The oscillation of the kinetic energy is a result of the

cloud gradually expands due to Coulomb repulsion betwee : e

the electrons. With only Coulomb forces acting betweenconStam cha.nge' of the electron \_/elocny due to the oscillation
electrons, the electron cloud would preserve (iearly of the electric field. The potential energy results from the
spherical’shape But, as a consequence of the Coulomb aql_ectron and ion cloud separation. The electrons “feel” the

traction between electrons and ions. the electron cloud be2ull Of the ion core and interact with it. This is also evident
comes elongated in the direction of the laser field. At the en fom the nonspherical shape of the electron cloud discussed

. _ . . : above. The total energkinetic plus potentialis equal to the
g;;gij'fg(;??;ncggg d~0 é%és'gz\:ﬁa;(el)n]’t;]ti shzts ataen tf]%gglléec_ energy absorbed by the cluster due to IB. The cluster absorbs

tron cloud has dimensions comparable with the intercluste?°St of its energy dgrmg the first laser period, while the
distance; the electron clouds from neighboring clusters over@IeCtronS are sil |ns!d%_the clusitzer. The total energy ab-
lap and form guniform) plasma. The most intriguing obser- sorbed by the cluster B"=2x10"J. i )

vation is the rapid expansion of the electron cloud and the The electron mean energg.=2E,"/N. and the ion
fact that it does not behave as one superparticle as it wasean enerngi:Ep:iE‘;'”/Ni, are plotted in Fig. &). The ion
surmised in Refs[19,20. In fact, we find just the opposite: mean energy increases with a rat@.5 keV/fs. The instan-

the electron cloud explodes and creates plasma in less thaaneous mean electron energy can be considered as a sum of

FIG. 1. Positions of the test particles in th¥ plane at different
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FIG. 4. Positions of the test particles in th¥ plane at different
times. The laser and cluster parameters #e10" W/cn?,

two energies: “background” energy acquired due to IB}\:248 nm.Ro=20 A, N=393 atoms/cluster, argi=27.

(~1 keV after the first laser cycleand ponderomotive en-
ergy which oscillates in synchronism with the laser field withand(ii) it retains a spherical shape. The latter seems unusual,
an amplitude of~1.2 keV. At the peak laser intensityy  put it can be understood as arising from the interplay of
=10"" W/cn?, they are comparable and the mean electrorforces acting on the electron cloud. On one hand, the electric
energy is moderately modulated. This can be examined ifield is strong enough to exceed the field generated by the ion
detail by studying the electron energy distribution functioncore. On the other hand, it is small enough to make the
(EEDB in Fig. 3. The EEDF is Maxwellian with a tempera- contribution of the magnetic field negligible. Thus there are
ture varying in time. The cutoff at high energy is attributed toonly two dominant forces acting on the electron cloud; they
the finite number of particle6~10°% used. Att=0.4 fs, the  are the laser electric field and Coulomb repulsion between
laser field is zero and there is no contribution of the ponderothe electrons. The first one leads to a translational motion of
motive energy to the EEDF. The EEDF consists of “thermal’the electron cloud in the direction parallel to the field and the
electrons and is formed by the interplay between heating dusecond causes a spherically symmetric expansion. One may
to IB and elastic electron-electron collisions.t40.6 fs, the  think of the electron cloud as a moving ball of electrons,
laser electric field is at its maximum and ponderomotivelyslowly expanding in timeFig. 4). Thus the most prominent
driven electrons affect the EEDF. Both types of electronsfeature of the cluster at this laser intensity is the collective
“thermal” and ponderomotively driven, form the EEDF with behavior of the outer electrons.
a slight prevalence of the thermal ones. The average electron Figure 5 is analogous to Fig. 2, but for a peak laser inten-
velocity is (2-3) x 10° cm/s, i.e.,|v|/c~0.1 and the elec- sity 1,=10" W/cnm?. The potential energy of the system is
trons may still be considered nonrelativistic. The impact ofan order of magnitude smaller compared to the kinetic en-
the magnetic field is small; it changes only slightly the elec-ergy. The kinetic energy oscillates with the laser field, and
tron trajectories in the direction of the laser propagation. the total(absorbeglenergy follows these oscillations. Figure
At the peak laser intensitly=10'° W/cn?, the force of  5(b) plots the electron and ion kinetic energies. The electron
the electric field greatly exceeds that of the ion core, a conthermal energy absorbed due to IB is only 10—15 keV, while
dition that has two important consequenceésthe electron the ponderomotive componentis120 keV. Since the pon-
cloud moves collectively under the action of the laser fieldderomotive energy exceeds by far the thermal energy of the
(since the attractive force of the ion core is relatively sinall electrons, the electron kinetic energy becomes strongly
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FIG. 7. Positions of the test particles in th¥ plane at different
times. The laser and cluster parameters krel0?* W/cn?, A
=248 nm,Ry=20 A, N=393 atoms/cluster, arfi=45.

=10 W/cn?. At the peak of the laser field, all electrons are
accelerated to a very high energy, between 20 and 200 keV.
There are practically no electrons with energies below
20 keV. The figures to the right correspond to vanishing
electric field and the figures to the left refer to the peak of the
laser field. When the laser field is zero, the EEDF is Max-
wellian with a temperature of~10 keV. As seen in Fig. 6,
the EEDF is transformed dramatically on a time scale-gf

of the laser period. At the peak of the laser field the electron
velocities are tightly bunched withy| = (1-2) X 10*° cm/s,

i.e., the electrons are relativistic. The impact of the magnetic

field on the electrongthe VX B/c component of the Lorentz
force) becomes significant and causes appreciable deflection
of the electron trajectories in the direction of the laser propa-
gation.

The transition from a peak laser intensity,
=10' W/cn? to a peak laser intensity=10"* W/cn? leads
to a dramatic change in both the electron trajectories and the
shape of the electron cloud. As expected, at this high inten-
sity, the electrons behave collectively. However, the shape of
the electron cloud is no longer spherical: the magnetic field
stretches the electron cloud in the direction parallel to the

FIG. 6. EEDF at different times. The conditions are the same agnagnetic field(Figs. 7 and & Only one femtosecond after

in Fig. 4.

the laser field is initiated, the size of the electron cloud be-
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FIG. 8. (Color online Positions of the test
particles at different times. The conditions are the
same as in Fig. 7.

comes comparable to the intercluster separation. Indeed, tli® why at low peak laser intensity,< 10/ W/cn¥) the en-
electromagnetic force acting upon electrons is so large thafrgy acquired due to IB dominates over the ponderomotive
the electron cloud can reach and hit the next cluster before Bnergy and the mean electron energy is only slightly modu-
expands, closely resembling the “collective oscillation|ated. At peak intensitie$,> 107 W/cn?, the energy ac-

model.” The electron cloud trajectory in the direction para”elquired due to IB is neg||g|b|e Compared to the ponderomo_
to the electric field has a triangular shape, a morphology

characteristic of the relativistic oscillatory motion of a single 157 =

electron in an oscillating electric fieldFig. 9a)]. However, g ] /._’«;- @
SO . . o 1.0 e
the strong magnetic field orients the electron trajectories in 5 1
the direction perpendicular to the electric field. The electron g
velocity is comparable to the speed of light and the force 3
exerted on the electrons by the magnetic field component of s
-> [53
the Lorentz forceqV; X B/c becomes equal to the electric 3

field component of the Lorentz foraq:li. The electromag-
netic field pushes the electrons in the direction of laser s kinetic = = = potential
propagation and accelerates them to a relativistic velocity.
Thus the electrons perform an oscillatory motion in the di-
rection parallel to the electric fieltk axis), but in the direc-

tion of propagationly axis), the electrons are accelerated to a

total
6 (b)

—_
pr]
<
v4
> 4 4
2
[}
o
[+

relativistic velocity[Fig. 9a)]. 04
The kinetic, potential, and absorbed energies of the sys- T
tem are plotted in Fig. ®). Qualitatively, they look similar 3

1 ion ©
electron

to those forl,=10'° W/cn?; the kinetic energy greatly ex-
ceeds the potential energy. The temporal evolutions of the
electron and ion mean energies are plotted in Fig). The

ion energy increases quickly with a rate-e25 keV/fs. The
electron thermal energy is50 keV, while the ponderomo-
tive energy exceeds 1 MeV and the mean electron energy is 1 R
strongly modulated. This degree of modulation of the mean 0 Jrresrri
electron energy can be explained by comparing the average
energy acquired due to IB to the ponderomotive component.
The energy acquired due to IB is roughly proportional to the FIG. 9. Electron excursiofa), kinetic, potential, and total en-
laser field strength, i.e., it scales as3%, while the pondero- ergy (b), and mean electron and ion enei@y vs time. The condi-
motive energy is proportional to the peak laser intensity. Thations are the same as in Fig. 7.

mean energy (MeV)
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357 —_ _R.20A T wiemt E why our interpretation of the collective oscillation model is
30 - R:=40A 107 3 slightly different than that in Ref4.19,20. In our opinion,

] : the electron cloud can only hit a neighboring cluster, not the
I.,2-5-; 3 parent cluster. This is because the magnetic field will deflect
€ 20 Wb the electron trajectory and the electron cloud will “miss” the

] 107 parent cluster on its way back. This is true even for very

1.5 - short laser wavelengths. Second, the electron cloud can col-
103 10" F lide wit_h a neighbor_ing clluster only once or twice. The num-

o 2 4 & & 10 ber of interactions is Ilmltled by 'the 'tlme the electron gloud

t(fs) explodes(doubles its radius which is ~0.5 fs. After this

time, the electron cloud forms plasma. Let us compare quali-
FIG. 10. Normalized cluster sizB/R, vs time for peak laser tatively the rates for inner-shell ionization of highly charged

intensitiesl =107, 10'%, 10°* W/cn?. Xe ions estimated with the collective oscillation model and

the “plasma model.” The electron density in the collective
tive energy; an outcome that explains the strong modulatio@scillation model is~10° times larger compared to the
of the mean electron energy and EEDF. The transition beplasma model, which is a significant advantage. However,
tween these two distinct regimes occurs at a peak intensitthe duration of the collective oscillation model is only
~10Y W/cn? for the wavelength 248 nm. ~0.5 fs, while the plasma model works throughout the laser

As discussed by many authors, the cluster slowly expandgulse (typically ~20-50 f3. In addition, the electron cloud

and disintegrates on a time scale-100 fs. We studied the can hit a neighboring cluster with certain probability0—
initial stage of the cluster expansion for peak intensities be20%). The net result is in favor of the collective oscillation
tween 167 and 16* W/cm?. The results for clusters with model; its contribution to the inner-shell ionization would be
initial radii of 20 and 40 A are shown in Fig. 10. The cluster comparable or several times larger than the plasma model.
radiusR(t) = V2= ,;72/N is estimated by taking into account We are not in quantitative agreement with R¢f,20, but
the positions of the ions. This expression slightly overesti\We are in agreement in principle with the enhancement of the
mates the actual radius of the cluster, but it provides a redonization rate in the collective oscillation picture.
sonable measure of the expansion. The cluster expansion
relative to the initial cluster radius depends primarily on the
laser intensity, but not on the initial cluster radius. The One of the first and most comprehensive models of clus-
mechanisms for cluster expansion are well known. As disters is that of Ditmire and co-workef€]. The model as-
cussed in Ref[6], the cluster explosion is due to both the sumes that the laser-cluster coupling occurs during the so-
Coulomb repulsion between ions and hydrodynamic forcesgalled plasmon resonance. This concept, introduced in the
If the cluster expansion were solely due to the Coulombmodeling of clusters from the very beginning, is widely ac-
repulsion between ions with madd and average charge cepted and used by many. But in a recent study, based on a

C. Electron heating during plasmon resonance

Z-1, the expansion would obey the equatjdg] one-dimensional hydrodynamic model, Milchberg and co-
workers[15] argue that the plasmon resonance does not oc-

drR _ \/ZGZN(Z— Vi, Ry -y cur due to the high spatial nonuniformity of the cluster.
dt MR, R/ @) We have tested the hypothesis of Ditmire using our par-

] ] ) ) ticle simulation model. Accordingly, a series of runs was
The_calcula_ted expansion veIoc@R/dt,_denvgc_i from Fig.  conducted at conditions matching those in RéB]
10, is consistent with Eq(7) for peak intensities between (Ry=50 A, 1,=10' W/cm?, A=800 nm. We studied the
~10'" and ~10" W/cn?; we conclude that the cluster ex- ¢juster absorption making computations with different initial
pansion is primarily driven by the Coulomb explosion. For agjectron densities. We started with initial electron density
peak intensity~10°* W/cn, the calculated cluster radius is 20 times higher than the critical density. In the subsequent
somewhat larger than that predicted by the analytical formul@uns, we gradually reduced it by increasing the initial cluster
(@). radius until it became several times smaller than the critical
density. We found no enhancement of energy absorption near
B. Collective oscillation model the plasmon resonance. The most likely reasons are the
Now we turn our attention to the collective oscillation strongly nonuniform electron density and the time required
model. It requires both the collective motion of the electronto establish the polarization of the medium. Also, the polar-
cloud and a tightly packed distribution of the electrons withization in the strong field scenario is not a linear function of
a radius comparable to the initial cluster radius. While athe field, but is a nonlinear function. Clusters absorb more
high intensity(>10" W/cn?) the electrons do behave col- energy than gases because the electron and ion densities in-
lectively, the electron cloud necessarily explodes rapidly unside the cluster are much higher than the corresponding den-
der internal Coulomb repulsive forces. Note that an increaséities in the plasma.
in the characteristic size of the electron cloud by a factor of
2 means a reduction of the electron density by a factor of 8.
The collective oscillation model takes place only if the elec- The dynamics of small Xe clusters subject to intense laser
tron cloud reaches the next cluster before it explodes. That ikdiation using a particle simulation model has been investi-

IV. SUMMARY
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gated. At a peak intensity exceeding*d@v/cn?, the prob- The mean electron energy and the EEDF are modulated
lem is clearly of a relativistic nature. All electrons are due to ponderomotively driven electrons. The modulation is
promptly removed from the cluster in less than two lasemegligible at sufficiently low laser intensitieg~10"
cycles. This is true even at a peak intensit0'® W/cn?. W/cmP) and the instantaneous mean electron energy is equal
The electron trajectories and the shape of the electron cloui@ the energy the electrons acquire on average from IB. At a
depend on the peak laser intensity. 3t 107 W/cn?, the  sufficiently high laser intensity~10" W/cn?), the out-
motion of the outer electrons is influenced by the ion corecome is reversed; both the mean electron energy and the
and the shape of the electron cloud is not spherically symEEDF are strongly modulated.
metric. At 1,=10'° W/cn?, the attractive force of the ion The presence of an enhanced heating during the so-called
core is negligible compared to the force of the electric field,plasmon resonance was not confirmed. A null effect was
the electron cloud moves collectively under the action of thgound. Absence of this phenomenon, predicted by crude spa-
laser field, and the electron cloud retains its initial sphericafi@lly averaged fluid models, is probably a consequence of
shape. At the highest laser intensity investigatag, uUnrealistic assumptions therein. o _ B
=107 W/cn, there is a dramatic transition of the morphol- The laser-cluster interaction at relativistic laser intensities

ogy of the electron cloud from a spherical to a “pancakeleads to a Coulomb explosion of the cluster and the produc-

like” configuration that results from the stretching of the tion of high-energy(MeV) electrons. High-energymulti-

electron cloud by the magnetic field. For peak laser intensil(_ev) ions are another leading product of the cluster explo-

ties 1,< 10?° W/cn?, the electron cloud expands very rap- sion. Nuclear reactions driven by the Coulomb explosion of
idly due to Coulomb repulsion between the electrons an(’fIUSterS and the generation of high-enefiyieV) ions can be

forms a plasma. For higher intensities, the electron cloud caﬁXpGCted to be an exciting and expanding field of research.

be accelerated very quickly and collide with a neighboring
cluster before it explodes under internal Coulomb repulsive
forces. In this case, it behaves in a manner similar to that This work was supported in part by DARPA and in part
envisioned in the collective oscillation model. This is a cru-by ONR through the NRL 6.1 program. The authors are
cial point for the interpretation of the inner-shell excitation thankful to Dr. J. Verboncoeur from the University of Cali-
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