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Dynamics of a Xe cluster plasma produced by an intense ultrashort pulse
KrF laser
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The dynamics of Xe clusters with initial radius between 10 and 100 A irradiated by an IR
subpicosecond laser pulse is investigated. The evolution of the cluster is modeled with a relativistic
time-dependent three-dimensional particle simulation model. The focus of this investigation is to
understand the energy absorption of clusters and how the absorbed energy is distributed among the
various degrees of freedom. The consequence of the initial cluster radius on the absorbed energy,
average charge per atom, mean electron and ion energies, ionization, removal of electrons from the
cluster, and cluster expansion was studied. The absorbed energy per cluster shéfgsaasl the

mean electron and ion energies scaldN&$ and N?/3, respectively(N is the number of atoms per
cluste). A significant fraction of the absorbed eneigy90%) is converted into kinetic energy with
comparable contribution to electrons and ions. The energy balance suggests that smaller clusters are
more efficient as radiators, while larger clusters are more conducive to particle acceleration. The
radiation yield of clusters with initial radius 20-50 A irradiated by a laser with peak intensity
10 W/cn? is determined to be 1%—2%. @005 American Institute of Physics

[DOI: 10.1063/1.1928367

I. INTRODUCTION dependent three-dimension@D) particle-particle simula-
tion model to study the interaction of an intense ultrashort
The last several years have witnessed an explosion gfulse KrF laser with Xe clusters with initial radius of 20 A.
activity involving the interaction of clusters with intense ul- The model was based upon following the trajectories of elec-
trashort pulse lasers® The interest in laser-cluster interac- trons and ions according to the relativistic equations of mo-
tion has not only been academic but also directed at a widgton. Instead of particle-mesh interpolation we implemented
variety of potential applications. Clusters can be used to gerdirect particle-particle interactions. Thus, we managed to
erate a compact source of incoherent as well as coherentayoid both the interpolation of charges onto a two- or three-
rays; and fast ions capable of driving a fusion reaction in adimensional grid and the solution of the Poisson equation as
deuterium plasm&” Some of the potential applications in- in conventional particle-in-cellPIC) schemes. The lack of a
clude extreme ultraviolglEUV) lithography, EUV and x-ray  grid, in particular, makes our approach simple and very ro-
microscopy, x-ray tomography, and a variety of applicationshust. So far we have not encountered any problems of a
in biological and material sciences. One of the first self-numerical nature, such as instabilities or oscillations. The
consistent models, the so-called “nanoplasma matlel,"model was applied to the study of Xe clusters subject to
treated the cluster as a miniatuffew nanometers in size ultrahigh laser intensities ranging from*7@o 10°* W/cn?.
high-density spherical plasma. Although this model at-The details of the electron and ion motions, removal of elec-
tempted to capture the main features of the laser-cluster inrons from the cluster, and power absorption as the cluster
teraction, it was essentially a spatially averaged fluid modelevolves in time were investigated. In particular, we explored
Later on, others suggested improvements or developed simihe behavior of the cluster in the relativistic domain at laser
lar zero-dimensional or one-dimensional fluid modeidhe intensities of 18° W/cn?, sufficient to transition to the so-
fluid model had limited success in explaining some of thecalled “collective oscillation model.” We found that at these
observations, however, it left much to be desired. Anotheextreme laser intensities the magnetic field has a profound
way of studying the cluster dynamics is to employ a particleeffect upon the shape and trajectory of the electron cloud.
simulation model, in order to avoid potential problems of The electrons are accelerated to relativistic velocities in the
fluid modeling(such as the finite size of the cluster and thedirection of laser propagation, and the magnetic field distorts
relatively small number of particlgsParticle models can the shape of the electron cloud in a form of a pancake. At
capture some unique features of the cluster, such as the lpeak laser intensities between*i@nd 16° W/cn?, all free
cation of particles and their velocities. In a three-dimensionaklectrons are promptly removed from the cluster and form a
version, particle simulation models can provide a detailecplasma. From this study we also concluded that the laser-
quantitative description of the cluster. A number of molecularcluster interaction at laser intensities exceeding/ Y@/cn?
dynamics models emerged in the literature during the lasis a three-dimensional problem and must be treated accord-
few vyears, studying different aspects of laser-clusteiingly.
interaction®™’ Our earlier study/ covered the domain of high laser in-
In our previous papé? we developed a relativistic time- tensities, sufficient to drive all free electrons out of the clus-
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ter on a very short time scale, of the order of a few femto- 1.0 @
seconds. In the opposite case of moderate peak laser 0.8
intensities(~10' W/cn?) the laser electric field is compa- Ng 06
rable to the field created by the charge separation of electrons z
and ions, and the cluster properties are a result of complex 953 0.4
interplay between peak laser intensity and cluster size. Most = 0.2

electrons are trapped inside the cluster due to strong Cou- 0.0d—=Z
lomb attraction to the ion core. The high electron and ion
densities inside the cluster open new channels of elementary
processes, such as collisional ionization and recombination.
The nature of the interactions between the particles switches
from “collisionless” to collisional. As a consequence, the
power absorption through inverse bremsstrahlung is ex-
pected to grow with the cluster size due to the collisional
nature of the interactions. Thus the domain of low to mod-
erate laser intensitigs<10'® W/cnv) is even more challeng-
ing, as the cluster properties are more difficult to predict. We
address these and other issues using particles simulatiorfdG. 1. (Color onling Laser intensity vs timea) and average charge per
This technique is well suited to study some elusive feature&°mZ-1 for clusters with initial cluster radiug,= 10, 20, 50, and 100 A
. . ). Dot line: average charge per atom to Qféirmula(1a) in Ref. 17. The
of the laser-cluster interaction such as the electron energ¥ser wavelength ix =800 nm. ForRy=10 A, the computations are carried
distribution function (EEDF), the ion energy distribution out with 49 ion macroparticles with charge=[Z(t) - 1]e, and 392 electron
function (IEDF), positions of particles both inside and out- macroparticles with charggn=-e, (g, is the absolute value of the electron

. harge; for R,=20 A, we use 100 ion macroparticles with charge
side the cluster, removal of electrons from the cluster an(iS.QE{Z(t)—l]eo and 776 electron macroparticles with chacgs=—~S5e,: for

résonance qbsorptior_m But the greatest advantage O_f the P&=50 A, 100 ion macroparticles with charge=61.44Z(t) - 1]e, and 835
ticle simulation technique is its capability to study objects inelectron macroparticles with chargm=-100g,; for Ry=100 A, 100 ion

two and three dimensions. The present work is devoted t@acroparticles with chargen=491.2(t) - 1]e, and 784 electron macropar-
study the interaction of Xe clusters of various sizes withz'flggo‘g"gegzaggf?g;;lc(;%ﬁ‘)' The integration time step is>610""s
an ultrashort pulse laser at moderate peak intensity

(~10'® W/cn?) by a molecular dynamics model.

In this paper we want to distinguish the differences be-axis, the laser electric and magnetic fields are parallel to the
tween small and large clusters in terms of the way they abx and z axes, respectively, i.e.E=[E,(t),0,0] and B
sorb energy and how that energy is distributed among differ=[0,0,B,(t)]. The laser electric field strength is taken to be
ent channels. Knowledge of the latter is crucial for of the formE,(t)=Ey(t)cog wt) with amplitude expressed by
applications such as particle acceleration, fusion, and x-rajhe laser intensity according &(t)=+8l(t)/c, wherec is
generation. Part of the energy absorbed by the cluster ithe speed of light. The attenuation of the laser field inside the
through optical field ionizatiolOFI) and the rest of the en- cluster is neglectedarge skin depth as well as “ignition
ergy ends up as kinetic and potential energies of electronsffects” (local increase or decrease of the laser field due to
and ions. It is instructive to know how the absorbed energyhe inner field generated by charged particl@he combined
depends on the cluster size. Another objective is to providection of the laser and inner field has been discussed in Ref.
general recommendations for matching cluster size and lasgr
intensity depending on applications. It is of fundamental im- e study a single cluster with initial radii consisting
portance to predict whether clusters with particular properof N=(R, [A]/2.73°3 atoms located at the origin of the co-
ties are better for radiation production or for particle accel-grdinate system. For clusters wily<15 A the motion of
eration, and to select clusters with properfigsch as cluster each electron and ion is followed, but for larger clusters
size and number of atomsnost favorable for a particular |umping of particles becomes necessary and we use macro-
application. In this study we will determine the cluster Sizeparticles. A macroparticle represemtsdentical particlegat-

E(b) _~R=100A

average charge per atom
-
o
1

that optimizes radiation. oms, electrons, or ionsvith a chargegn and massnn (q and
m are the individual particle charge and midsitially the
Il. MODEL ASSUMPTIONS cluster is spherically symmetric and spatially uniform, and

consists only of neutral atoms. At time 0, the beginning of

We employed the molecular dynamics model developedhe calculations~100 neutral macropatrticles, representing
in Ref. 17 to study the dynamics of Xe clusters with differentthese atoms, are put randomly inside a sphere with raRjus
number of atoms irradiated by a subpicosecond laser witl\s time advances, the laser intensity increases and at appro-
wavelength A=800 nm at a peak laser intensity, priate intensity the neutral macroparticles are ionized
=10 W/cn?. In all calculations the laser intensity pulse through OFI and attain positive charge. The charged macro-
shape, shown in Fig. (4, has a Gaussian profilé(t) particles then move according to their equations of mdfion
=lgexg—(t-tp)?/ 7] with parameterst,=200fs and 7 (see the Appendiy. Collisional ionization and OFI are ac-
=75 fs. These conditions are similar to that in Ref. 5. Thecounted for by increasing either the number of macropar-
electromagnetic wave direction of propagation is alongythe ticles or their charge. During the computations the number of
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ion macroparticles remains the same, but their charge dyboundary conditions imply that any macroparticle that leaves
namically increases. The electron macropatrticles are treatdle computational box reappears at the other side of the box.
differently: collisional ionization and OFI add new electron For the purpose of defining inner and outer electrons, the
macroparticles with a fixed charge. The charge of the eleceluster is assumed to be slowly expanding in time sphere
tron macroparticles is chosen in advance before the compwith radius R. The cluster radius is defined aR(t)
tations begin and it is kept constant throughout the calcula= \/ZEp:i(xiz+yi2+;2)/N, where(x;,y;,z) are theith ion coor-
tions. For example, if it is equal thlZ(t—)/1000, where dinates at timet. The summation is over all ions. “Inner
Z(t—x)-1 is the expected final average charge per atonelectrons,” i.e., electrons that reside inside the cluster, are
[cf. Fig. 1(b)], there will be about a thousand electron mac-those for whichr,|= \xZ+y2+Z-<R(t), where]r,| is the dis-
roparticles at the end of the computations. The total numbetance of thekth electron to the origin of the coordinate sys-
of macroparticles varies in time. Initially there are only abouttem. Electrons for whichr,|>R(t) are called “outer elec-
a hundred macroparticle®qual to the number of neutral trons.”
macroparticles initializing the computationdut their num-
ber increases dug to |9n|zat|on in th% gluster. The total NUML  CESULTS AND DISCUSSIONS
ber of macropatrticles is kept around°lii order to prevent
excessive computation time, which scales as the number of  Our primary objective is to investigate the impact of the
macroparticles squared. cluster size on specific cluster properties. Clusters with initial
A large number of macroparticles result in close interacradius of R,=10, 20, 50, and 100 A are studied. Clusters
tions between them for a prolonged time, and careful haneomposed of a few hundreds to a thousand atoms were stud-
dling of the interaction potentials between macroparticles ised in Ref. 8. We are dealing with clusters whose number of
necessary. We adopted the interaction potentials from Refs. &oms varies from 50 to 50 000. Our simulations begin at
and 10, which describe the Coulomb forces at close encounime t=0 with neutral atoms subject to negligibly small laser
ters. To account for lumping of particles we made a slightintensity, which increases in time as shown in Fi¢p) 1For
modification of the smoothing parametgrof the interaction  the first ~40 fs the average charge per atom remains zero
potential &;; :qiqj/\e"|ri—r]-|2+r§ between same charge mac- since the laser intensity is too small to produce a significant
roparticlesi and j. The parameter,, which is ~0.2 A for  number of electrons. When the laser intensity becomes suf-
electrons and-1 A for ions? has been replaced by the pa- ficiently high to ionize neutral Xe atoms through OFI, the
rameterro— ron'/3. This is equivalent to increasing by'®  average charge per atom increa$Ewy. 1(b)] and shortly
times the “size” of a macroparticle containingelectrons or  after the laser intensity goes through maximum it levels off.
ions. In other words, instead of using point charges as in ourhis behavior is independent of the cluster size, except that
previous work:” we use finite-size particles as in conven- clusters with different number of atoms have slightly differ-
tional PIC codes. The consta@tof the short-range term of ent final average charge per atom. The over-the-barrier ion-
the electron-ion interaction potenti@hj:qiqj/|ri—rj|+C/|ri ization would bring the average charge per atomZtel
—r]-|6 has also been modified so that the potential becomes 7 (Fig. 1, dot ling.*” The final average charge per atom
repulsive at a distancae’® times larger compared to that depends on the contribution of collisional ionization. Clus-
arising from the interaction of an electron and an ion. Thesgers with initial radius~10 A tend to lose their inner elec-
measures aim to prevent the particle penetration proﬁ'ljé)m, trons quickly and the collisional ionization is not effective.
as well as the problem, discussed presently. To make thAs a result these clusters experience only a modest increase
computations manageable we usel0® macroparticles, in the average charge per atom due to collisional ionization.
~10? of which are ions. For the largest cluster considered_arge clusters are much more effective in keeping the elec-
each macroparticle contains about a thousand pariieles- trons inside the cluster. Consequently, the role of the colli-
trons or ion$. Further increase of the number of electrons/sional ionization increases witR,. For clusters with initial
ions per macroparticla produces a problem. The macropar- radius R,=100 A the collisional ionization contributes
ticle is subject to a force from the electromagnetic field andequally with the OFI and doubles the average charge per
electrostatic force due to Coulomb interactions with otheratom. Further increase of the cluster size, beyerkD0 A,
macroparticles. The former force is proportional to the num-however, may lead to the opposite effect. The cluster will
ber of electrons/ions per test partiate while the latter is  “overheat,” i.e., the electrons will acquire a kinetic energy of
proportional tog?~ n?. Largen(n>10°) leads to a numeri- hundreds of keV, making the collisional ionization rate for
cally stable, but physically meaningless solution, expressetbw-energy threshold100-300 eV forZ=8-15 negligible.
by an excessively large negative potential energy balance@bviously, there is a trade-off: the cluster must be large
by a positive kinetic energy. That is why the number of par-enough to retain the electrons inside, but not so large as to
ticles per macroparticle is limited to about a thousand incause “overheating.” The optimum initial cluster size for
order to achieve the correct physical solution. For this reaachieving the highest charge per atom at this intensity is
son, we were not able to study clusters with an initial radiusRy,~ 10? A.
larger than 100 A. The energy absorption by clusters is of paramount im-
The computational domain is a cube with a side equal tgortance. The clusters are excellent absorbers of laser energy,
the intercluster distance, which is estimated tob20R,. a fact that was recognized from the earlier works of laser-
Periodic boundary conditions are appliekay,z=+10R,to  cluster interaction, both theoretically and experiment%lly.
account for the impact of neighboring clusters. The periodid/Me used our molecular dynamics model to assess the energy

Downloaded 03 Jun 2005 to 132.250.149.82. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



063103-4 Petrov et al. Phys. Plasmas 12, 063103 (2005)

number of atoms per cluster
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FIG. 2. (Color onling Kinetic, potential, OFI, and total energy per cluster vs 10 ] S (b),
time for clusters with initial radiu®,=10 A (a), 20 A (b), 50 A (c), and 100 10 30 100
A (d). The conditions are the same as in Fig. 1. R, (A)

FIG. 3. (Color onling Absorbed energy per cluster and absorbed energy per
atom vs initial cluster radiu&). Energy balancéb). The conditions are the
absorption and its distribution among various degrees of2™e asinFig. 1.
freedom for clusters with different number of atoms. In our
previous paper we derived the energy balance equation,
which states that the absorbed energy equals the sum of thgter was estimated to be less than 1% of the energy absorp-
kinetic and potential energies of all spectésn the present  tion.
study, we extend it by adding the terEfF':Eﬁz?(t)l(m), A more detailed picture of the energy absorption is given
which is the energy per atom spent for OFI. In this expresin Fig. 3. The top figure displays the energy absorption per
sion the summation is over the ionization potentials of allcluster and the energy absorption per atom. The latter is de-
ions starting from neutral Xe up to the ion with averagefined as the energy absorbed per cluster divided\byhe
charge per atoniz®"(t)—1 (z°"' is defined in Ref. 17 The  number of atoms per cluster. Both values are taken at the end

modified energy balance equation reads of the laser pulsét=400 f9. The absorbed energy per clus-
, ter E2%Sis a nonlinear function of the initial cluster radigg.
ki OFI — b.
k_Eei B0+ k_zei ER(t) +§ B () =E{Y). ) It scales withR, in the same manner as the electrostatic

energy of the charged ion core of the clustgrs=Q?/2C.

The summation in the first two terms on the left-hand side iQ=eNZis the total charge of the ion cofassuming that the
over all electrons and ions, while the summation in the thirdelectron cloud surrounds the core symmetrically and its ef-
term is only over the ions. The term on the right-hand side idect on the core expansion can be therefore neglgctetl

the total energy absorbed in the system. The contribution o€=R; is its capacitance. Since the cluster radius scales as
different terms to the energy balant® versus time for the Ry~ N3, we find thatE; ~ N*3. Indeed, a power fit made to
same four cluster sizes is plotted in Fig. 2. The electrons anthe upper curve in Fig. 3 reveals the same dependence. As
ions gain kinetic energy from the laser field due to inversethe ion core of the cluster expands, this potential energy is
bremsstrahlung. This energy is slowly increasing in time reeventually transformed into the kinetic energy of the ions,
sponding to changes in the laser intensity. The ponderomawhich therefore scales with the cluster sizd\ﬁ§~R§ (N23

tive energy adds a high-frequency component to it, which igper ion. In contrast with the ions, the electrons always feel
significant for clusters with initial radius of 10-20 fkig.  the electrostatic field of the ion core, whose charge exactly
2(a)]. With increasing cluster size the “background” energyequals that of the electron cloud. Therefore, the electrons
acquired due to inverse bremsstrahlung increases and tlmeove in a dipole charge distribution, whose capacitance is
contribution of the high-frequency component diminishes.proportional toN%/3~ Rg Due to the virial theorem, the time-
The potential energy is positive, resulting mostly from averaged kinetic energy of the electrons oscillating in a finite
charge separation, but it remains significantly smaller tharspatial domain is proportional to their time-averaged poten-
the kinetic energy. The energy spent for OFI is also plotted irtial energy, which scales &?/2C~ N*3~ RS (N2 per elec-

Fig. 2. In most cases the energy loss due to OFI is only dron).

small fraction of the absorbed energy, but in some instances, A more intuitive quantity for comparison is the absorbed
such as small clusters and/or low laser intensity, it can benergy per atom. Since the number of atoms per cluster
substantial. Equatiofil) does not include energy losses due scales asN~R8, the absorbed energy per atom is propor-
to scattered radiation, which is negligible, neither losses duéonal to EabS/N~R§~ N?3, This confirms that grouping, i.e.,

to bremsstrahlung radiation in electron-ion collisions. Thethe number of atoms per cluster, is directly linked to the
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power absorption and explains why clusters absorb more en- ~ 1.5 -
ergy than gases. Further details are given in Fib),3letail- 9\;

ing how the absorbed energy is distributed into different § 101 [
channels. The absorbed energy is spent for OFI for increas- S

ing the kinetic energy of electrons and ions, and some re- “02

mains in the system as potential energy. One may expect that % 0.57 C
the predominant part of the absorbed energy will be trans- S

ferred to the light electron component, which is usually the = 0.0+ .
case, but the cluster explosion and ions with energies of hun- 10 RSOA 100
dreds of keV observed in experiments suggest other out- o (A

comes are possible. That is why it is instructive to compare|g. 4. Radiation efficiency vs initial cluster radius. The conditions are the
the energy deposited into the electron and ion components eame as in Fig. 1.

the cluster, as well as other possible channels. For clusters
with Ry<20 A, more than 70% of the absorbed energy is

converted into kinetic energy of the electroffSig. 3b)].  the cluster volume, are time dependent. The summation in

This is indeed in accordance with the widely accepted notiorkq. (2) is over all free electrons that reside inside the cluster
that the absorbed energy is transferred to the light electrogt timet. The radiation yield

component. For the smallest clusters considered, the energy .~ _ .
deposited in the heavy-particle componérg., iong is ~4 7= ERETS (3
times smaller. But in the opposite case of clusters with initiakaken at the end of the laser pulse, is plotted in Fig. 4. For
radius 50-100 A, the energy is absorbed predominantly byjusters with initial radius,=10 A, 7°%is below 1% since
the heavy-particle component. This observation has a practy| free electrons are quickly removed from the cluster, re-
cal side, related to particle acceleration and fusion. Largeulting in a low excitation rate. With increasing cluster size,
clusters are ideal for heavy ion acceleration and ultimatelfthe electron impact excitation ratg) scales approximately
fusion, since more than 50% of the laser energy can be corgs the number of atoms per cluster, while the absorbed en-
verted into ion kinetic energy. Regardless of the cluster sizegrgy in the denominator scales B¥S~ N°3. Thus the radia-
however,~90% of the absorbed energy ends up as kinetigjon efficiency for large clusters is also low. At a peak laser
energy of electrons and ions; the other 10% goes for OFI ofntensity 1,=10' W/cn? the optimum initial cluster radius
remains as potential energy of the system. The energy spepfr,~ 20 A. Apparently, with increasing peak laser intensity
for OFI varies greatly with cluster size: for clusters with this optimum shifts to |argeRO_ Indeed, our simulations
initial radius Ry=10 A it accounts for~7% of the energy show that at,=10" W/cr?, the optimum initial cluster ra-
absorption, while for clusters with initial radil&=100 A it  dius isRy~30 A.
is negligible. The problem of optimizing the radiation yield is actually
One of the primary purposes of studying laser-clusteimore complicated. The cluster size affects the average charge
interaction is to use clusters to convert UV laser radiationper atom(Fig. 1), which, in turn, leads to radiation from
into x rays. The ideal source would absorb all the laser endifferent atomic shells and results in radiation in different
ergy and possess high conversion efficiency into radiationspectral ranges. For example, small clusters attain small av-
The first requirement can be readily fulfilled as the abSOI’p'erage Charge per atom Compared to |arger ones and will ra-
tion efficiency increases with cluster sigéig. 3@)], and for  diate at longer wavelengths. So optimizing the radiation
clusters with an appropriately chosen number of atoms ijjeld should additionally include consideration of the spec-
approaches unity. Large clusters, however, convert the alira| range of interest. This is the subject of our next investi-
sorbed energy primarily into kinetic energy of iofig.  gation, since it requires an atomic physics model, which has
3(b)]. These conflicting requirements result in an optimumdetailed energy level structure of the ions under consider-
cluster size. To study the radiation properties of clusters, w@tion. We are in the process of constructing such a model,
estimated the energy emitted as radiation. We assume thahd will report the results in a follow-up paper. In general,

every process of electron impact excitation of an ion with anthe resulting spectrum depends on both the cluster size and
average charge per atofi+1 leads to radiation. The power |aser intensity.

emitted as radiation from a single cluster is The removal of electrons from the cluster, as well as
cluster explosion can be visualized by taking snapshots of
dE™4t) — dET(1) the particles positions in time. Figure 5 displays the positions
dt dt of the macroparticles at equally spaced times for a cluster
N(Z-1) consisting oN=6144 atoms and initial raditR,=50 A. The

= Y PTEMVOAESTZOINNVD).  (2) cpmputations are do'ne in three'dimer)sions., but for conve-
k=1 nience the presentation is two dimensional in ¥¥¢ plane.
Each electron macroparticle contains 100 electrons and each
In Eq. (2), o (Ey) is the electron impact excitation cross ion macroparticle contains 61.4 ions. The average charge per
section of thekth electron with energ¥, and velocity \4,18 ion versus time is plotted in Fig. 1. The figures to the left
AE®*¢ is the excitation energy of an ion with charge-1,  refer to electrons, while the figures to the right refer to ions.
andV=§a-rR3 is the cluster volume. All quantities, including At t=0 all particles are neutral and reside inside the cluster
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g FIG. 6. (Color online Number of inner electrons, outer electrons, and total
number of electrongsolid line) for cluster withRy=10 A (a), 20 A (b), 50
. () A (c), and 100 A(d). The conditions are the same as in Fig. 1.
t=160
e now four times the initial cluster radiy&ig. 5h)]. The ex-
‘%ﬁ%é plosion of the ion component progresses, and shortly after
) the laser intensity goes through maximum, a uniform plasma
(h) is formed.
' The snapshots in Fig. 5 are very insightful, providing a
1=213 qualitative picture of the electron dynamics. The processes of
++,fi; ionization and removal of electrons from the cluster can be
g bk . . .
Ry G better understood quantitatively by plotting the number of
eI inner and outer electrons versus tigkég. 6). The number of
e 0 inner electrons is a complex function of time resulting from
5 p the interplay between ionization, removal of electrons from
) . the cluster and cluster expansion. Initially, the number of
x (107 A) x (10° A)

inner electrons increases, goes through a maximum, de-
FIG. 5. (Color online Positions of the macroparticles in th€Y plane at creases, and then increases again' The initial increase is ob-
different times for a Xe cluster with 6144 atoms/cluster and initial clusterviously due to ionization and accumulation of electrons in-
radiusR,=50 A. X is parallel to the laser field andY+is the direction of side the cluster. The removal of electrons from the cluster,
ggoir:]aggloF.The magnetic field is in the paper. The conditions are the sam@onversely’ reduces the number of inner electrons and in-
- creases the number of outer electrons. The balance between

inner and outer electrons is also strongly influenced by a

third factor: the cluster expansion. Most electrons leaving the
[Figs. 5a) and 8b)]. Some~40 fs after the laser is turned cluster stay in the vicinity of the cluster, and when the cluster
on (~160 fs before the peak intensifithe xenon atoms are expands, they are recaptured. The cluster expansion engulfs
ionized and a few electrons are created. The electrons in thelectrons continuously, thus increasing the number of inner
weakly ionized cluster are exposed to two forces: one fronelectrons and decreasing the number of outer electrons. As a
the laser electric field and another due to Coulomb attractiomesult the number of outer electrons goes through a maxi-
from the ion core. The latter is rather weak and a few enermum att=150-200 fs, right at the onset of the cluster ex-
getic electrons leave the cluster. Surprisingly, some electronsansion. At its peak the fraction of outer electrons reaches
can even reach the cluster boundary and join the next clust&®0%—-90% of the total number of electrons. Near the peak of
[Fig. 5(c)]. Meanwhile the ions remain immobile, as the the laser intensity, the cluster expansion is very fast, and the
cluster has not yet absorbed enough energy to cause hydroluster recaptures outer electrons vigorously. When the clus-
dynamic expansioriFig. 5(d)]. A snapshot of the particle ter radius becomes comparable to the intercluster distance,
positions at a later timgFig. 5(e)] indicates that more than all outer electrons are recaptured and become inner electrons.
50% of the electrons have been removed from the cluster. The mean electron energy and density versus time are
Fifty femtoseconds latet=160 f9 ~90% of the electrons shown in Fig. 7. The electron density inside the cluster
become outer electrons with significant kinetic energy(right) rises quickly due to ionization, goes through a maxi-
(~4 keV) filling uniformly the intercluster spadé-ig. 5(g)].  mum and rapidly decreases. This is typical for clusters of all
At that moment, all prerequisites for cluster explosion are sesizes considered in the present investigation. The maximum
up and the cluster expands very rapidly. The cluster size iglectron density is between 20and 16° cm™® and the de-
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FIG. 7. (Color onlineg Mean electron energyleft) and density(right) vs

time for clusters withRy=10 A (a), 20 A(c), 50 A (), and 100 A(g). The ¢ g (Color onling Mean ion energyleft) and densityright) vs time for

conditions are the same as in Fig. 1. clusters withR,=10 A (a), 20 A(c), 50 A (), and 100 A(g). The conditions
are the same as in Fig. 1.

crease of the electron density is due to cluster expansion.

Qualitatively, our results agree with predictions from fluid from overdense to underdense plasma and it is manifested by
models® The mean electron enerdy, is modulated by the a “spike” of both the mean electron energy and power
ponderomotive energy that adds a high-frequency componeabsorptior®. We do not observe eithéFigs. 2 and . Per-

to the slowly time-varying mean electron energy acquirechaps the reason is the nonuniform electron density, causing
due to inverse bremsstrahlung. FRy=10 A [Fig. 7(a] the  the plasmon resonance to exist only locally and for a very
modulation is substantial since the ponderomotive energghort period of time, as surmised in Ref. 6.

(U,=600 eV) is comparable to the mean electron energy  The mean ion energy and density versus time are shown
itself. The mean electron energy increases with the clusten Fig. 8. Their temporal behavior is qualitatively similar for
size. This is a direct consequence of the nonlinear energgifferent cluster sizes. The peak ion density is practically the
absorption with cluster size, seen in Fig. 3. For clusters witteame for all cluster sizes. The magnitude of the mean ion
Ro,>50 A, the modulation of the mean energy is less pro-energy, however, increases with cluster size, just like the
nounced compared to clusters wig=10 A sinceU,<U.. mean electron energy. This is also a direct consequence of
In all cases the mean electron energy is in the keV rangehe nonlinear energy absorption with cluster size, and the fact
sufficient for collisional excitation and ionization. The most that the absorbed energy is predominantly converted into ki-
intriguing observation is the lack of resonance energy abnetic energy of ions. The final ion energy is a strongly in-
sorption during the so-called plasmon resonance. The plagreasing function of the initial cluster radius. Tenfold in-
mon resonance occurs when the electron plasma frequencyease of the initial cluster radius results in more than a 200
equals\@ times the laser frequenay during the transition times increase of the mean ion energy. A summary of the

TABLE I. A summary of the average charge per atom, mean electron and ion energies, absorbed energy per
atom, and absorbed energy per cluster for clusters with initial cluster regi$0, 20, 50, and 100 A.

Cluster size(A) 10 20 50 100
Number of atoms per cluster 49 393 6144 40mo*
Average charge per atom 8.0 9.9 135 16.0
Mean electron energgkeV) 0.67 1.2 4.8 131
Mean ion energykeV) 1.2 7.2 69.4 291
Absorbed energy per clustéd) 5.2x 10714 1.3x10°%? 1.4x1071° 4.1x10°
Absorbed energy per atofd) 1.1x107%° 3.2x 10715 2.3x1014 8.3x 10714
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f'_lo T R e — t=160
5
10_6 RN intensity of 13° W/cn?, using a particle simulation model.
10_7 \ ' The temporal variation of basic cluster properties such as
10_8 () 1, ) \/\ electron and ion positions and velocity, global electron and
]8@ ' ' ' ' ion densities, EEDF, IEDF, average charge per ion, absorbed
101 =213 energy, cluster expansion, ionization, and removal of elec-
10° trons from the cluster was investigated and discussed. Clus-
10° N ters with.dif.fere_nt sizes exhibit several common features,
107 i \ L suc_h as ionization, removal of electrons from the cluster,
10° (9)........ l, (h) /‘/\ radiation, and Coulomb explosion. There are, however, pro-
01 1 10 100 110 100 found differences between small and large clusters, which
E (keV) E (keV) are summarized as follows.

FIG. 9. (Color onling The EEDF(left) and IEDF(right) at different imes ~ (a) The absorbed energy per cluster increases nonlinearly
for a Xe cIuster. With 6144 atoms/clus_ter .and initial cluster radwrys with the number of atoms per cluster A8 As a
=50 A. The conditions are the same as in Fig. 1.

consequence larger clusters absorb more energy per
atom compared to smaller clusters. As observed experi-
mentally, clusters can fully absorb the laser energy.
The energy balance shows thaB0% of the absorbed
energy is converted into kinetic energy of electrons and
ions. This energy is equally shared between the elec-
tron and ion components of the cluster, with prevalence
of one or the other depending on the initial cluster ra-
dius. This is a very effective method for ion accelera-
tion, since clusters can absoril00% of the input la-

mean ion energy for clusters with different number of atoms
is given in Table I. (b)
The energy distribution of the particles is of fundamental
importance and interest. It can reveal a great deal of infor-
mation about energy absorption and collisions. The particle
simulation model keeps track of each species’ position and
velocity at any given time and the energy distribution func-
tion can easily be constructed. The EEDF and IEDF are the X
single most important characteristic of the electrons and ions, ~ €' €nergy and more than 50% of it can be converted
respectively. We plot a sample EEDEft) and IEDF(right) into ion acceleration. o ,
for the intermediate cluster siz&=50 A (Fig. 9. The low- (¢ The mean ellgctron a;/nsd ion energies increase with clus-
energy part of the EEDF is Maxwellian, but there is a non- (€ size alN"> andN"", respectively. ,
Maxwellian component at high energy. The IEDF is some-(d) The final average charge per atom INCreases ‘,N'th the
what more complicated and evolves more slowly in time. For ~ number of atoms per cluster due to collisional ioniza-
the first 50 fs the ions are still “cold,” but they gradually pick tion. The radiation is then expected to shift to shorter
up energy with increasing the laser intensity. The IEDF goes wavelengths. o
through several stages, starting as Maxwellian and ending a(g) Larger clusters are more advantageous for achieving
a flat distribution with a cut-off energy of a hundred keV. particle acceleration, while smaller clusters are best
This final IEDF, shown in Fig. @) (in units eV3?), is in suited for radiation production. _
agreement with analytical expression and calculations madd) ~ Cluster expansion is independent of the cluster size.
in Ref. 8. The cluster expansion relative to the initial cluster
radius is shown in Fig. 10. The reasons for this expansion areCKNOWLEDGMENTS
well knowr? and will not be commented on here. This work was supported in part by DARPA and by
ONR under the NRL 6.1 program.
IV. SUMMARY: COMPARISON BETWEEN SMALL
AND LARGE CLUSTERS APPENDIX: EQUATIONS OF MOTION

We studied Xe clusters comprised of different number of =~ The macroparticle trajectory is governed by the relativ-
atoms, subject to intense laser radiation with a peak lasastic equations of motion
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d

3 = Al +u X B/ - vy, (A1)
J

P = vimwi, %= N1 = of?c?, (A2)

dr;

d_tl =U0j, (A3)

where p;=pi(x,y,2) is the relativistic momentuny; is the
relativistic factor,r;=r;(x,y,2), vi=vi(Xx,y,2), m;, andg; are
the coordinate, velocity, mass, and charge ofithemacro-
particle, respectivelyy;| is the magnitude of the macropar-

ticle velocity, E andB are the externally applied electric and

magnetic fields, and;; is the interaction potential between
macroparticles and j, which, in its simplest form isb;;
=qiq;/|ri—rj.

T, Ditmire, J. W. G. Tisch, E. Springate, M. B. Mason, N. Hay, R. A.

Smith, J. Marangos, and M. H. R. Hutchinson, Nat(lrendon) 386, 54
(1997.

2T. Ditmire, J. Zweiback, V. P. Yanovsky, T. E. Cowan, G. Hays, and K. B.

Wharton, Phys. Plasmag, 1993(2000.

Phys. Plasmas 12, 063103 (2005)

3A. McPherson, B. D. Thompson, A. B. Borisov, K. Boyer, and C. K.
Rhodes, NaturéLondon 370 631(1994).

“A. B. Borisov, X. Song, F. Frigeni, Y. Koshman, Y. Dai, K. Boyer, and C.
K. Rhodes, J. Phys. B6, 3433(2003.

°T. Ditmire, T. Donnelly, A. M. Rubenchik, R. W. Falcone, and M. D.
Perry, Phys. Rev. A53, 3379(1996.

®H. M. Milchberg, S. J. McNaught, and E. Parra, Phys. Re%4:056402
(2002).

E. Parra, |. Alexeev, J. Fan, K. Y. Kim, S. J. McNaught, and H. M.
Milchberg, J. Opt. Soc. Am. B0, 118(2003.

8]. Last and J. Jortner, J. Chem. Phyi20, 1336(2004); 120, 1348(2004);
121, 3030(2004.

9. Last and J. Jortner, Phys. Rev. 82, 013201(2000.

101, Last and J. Jortner, Phys. Rev. 0, 2215(1999.

M. Eloy, R. Azambuja, and J. T. Mendonca, and R. Bingham, Phys.
Plasmas8, 1084 (2001).

2\, Eloy, R. Azambuija, and J. T. Mendonca, and R. Bingham, Phys. Scr.,
T T89, 60 (2001).

13p. Greschik and H.-J. Kull, Laser Part. Bea28 137 (2004).

14T, Taguchi, T. M. Antonsen, Jr., and H. M. Milchberg, Phys. Rev. Left.
205003(2004).

15D. Bauer, Appl. Phys. B78, 801 (2004).

18D. Bauer, J. Phys. B37, 3085(2004).

G, M. Petrov, J. Davis, A. L. Velikovich, P. C. Kepple, A. Dasgupta, R. W.
Clark, A. B. Borisov, K. Boyer, and C. K. Rhodes, Phys. ReVv.7E
036411(2005.

184, W. Drawin, Z. Phys.225 483(1969.

Downloaded 03 Jun 2005 to 132.250.149.82. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



