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Ultrafast electron dynamics and inner-shell ionization in laser driven clusters
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The ionization dynamics of small rare-gas clusters in intense, ultrafast laser fields are studied via classical
trajectory Monte Carlo simulations. Our results indicate that for similar laser pulses the charge states reached
by atoms in a cluster can be significantly higher than those for atoms in the gas phase. The ionization
enhancement is strongly dependent on the cluster density and exhibits a rapid increase in charge state once the
laser intensity has reached the threshold for single ionization. This “ionization ignition model” is driven by the
combination of the laser field and the strong field from the ionized cluster atoms. Approximate atomic inner-
shell ionization probabilities are calculated for several cluster densities and peak laser intensities and provide
evidence for the generation of inner-shell holes on an ultrafast time scale. This is a necessary condition for the
generation of x-ray pulses with temporal widths comparable to that of the driving laser pulses.
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[. INTRODUCTION an atom of the ions from clusters, are distinctly higher than
for equivalent laser pulses applied to atoms in the gas phase
Small atomic and molecular clusters offer a unique envi{3-8]. (ii) The observation of.- and M-shell keV x radia-
ronment for studying high-intensity laser-matter interactiongion from Xe, Kr, and Ar clusterf4] and from Gy molecules
[1-8]. While the average particle density in a gas of cluster§5]. This radiation is not observed when atoms in the gas
can be almost arbitrarily small, the local particle density ofphase are illuminated with equivalent pulsés,) The form
each cluster is approximately that of a solid. This distinctionof the x-ray spectra observed are distinctly nonthermal and
between average and local density leads to important differshow evidence for multiple inner-shell vacancies. Boyer
ences between clusters and solids, as well as between clustal. [1] and McPhersort al. [3] have suggested that such
ters and individual atoms, when they interact with stronginner-shell holes are produced via impact ionization of atoms
laser fields. First, every atom in a given cluster can experiby energetic, laser-driven electrons inside the cluster. They
ence the same laser field, much like the atoms in a gas phaaeeasured very efficient x-ray emission and speculated that
experiment, whereas the laser field experienced by an atothe emission time for “hard” (kilovolt) x rays may be
in a solid is a strong function of its position. This leads to ashorter than 1 p$1,2,10. Ditmire et al. [8] irradiated Ar
natural comparison between cluster and gas phase results fdusters with ultrashort laser pulses and measured energy
equivalent laser pulses, since the atoms in both cases acenversion efficiencies of up to a few percent into x-ray pho-
exposed to the same laser field but have very different locabons at energies up to 400 eV. Such yields are comparable to
densities. Second, once significant ionization begins, théhose of solid targets. Given the differences between the
density of the cluster, though initially very high, drops rap- cluster and gas phase results, as well as the similarities be-
idly, i.e., there is a “Coulomb explosion.” This means that tween the cluster and solid target results, the high density
there is a definite time scale for processes that are stronglyithin the cluster clearly plays an important role in the ion-
density dependent, for example electron-impact ionization oization dynamics.
recombination, both processes that are central to the produc- In order to explain the unexpectedly high charge states as
tion of x rays. Clusters have therefore attracted a great dealell as the x rays that are produced when clusters are irra-
of interest as a potential source of femtosecond duratiomliated by intense laser pulses, an understanding of the elec-
x-ray pulses for ultrafast diffraction and absorption experi-tron ionization dynamics is essential. In this paper we focus
ments[9]. in particular on the difference between the ionization dynam-
Several groups have carried out experiments on clusteligss of atoms in clusters and atoms in the gas phase. To this
ranging in size from a few up to 10 000 atoms using subpiend we have carried out computer simulations of model sys-
cosecond laser pulses with wavelengths between 248 nm amems, which include 25- and 55-atom neon and 25-atom ar-
1 um and intensities up to #Wi/cn. These experiments gon clusters interacting with an 800 nm, 15 fs full width at
reveal important differences between the interaction of highhalf maximum(FWHM) laser pulse. These laser parameters
intensity light pulses with atoms in clusters as opposed ta@re within the specifications of available laboratory systems
atoms in the gas phase. Among these @yethe average [11]. The laser intensities studied range fronxB'° to
charge stateghe average number of electrons removed from5x 10" W/cn?. The highest of these intensities should be
sufficient to produce N& in the gas phase. Ideally we
would like to calculate the time-dependent dynamics of all of
*FAX: (619 534-7654. the electrons and ions in a small cluster during this short
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laser pulse. Even this simplified problem defies an accuratshould be higher than for isolated atoms in the gas phase.
guantum-mechanical solution. Because of this, we have chd=onsequently, we also calculate the electron temperature
sen to model the dynamics using classical mechanics. Thalong with the electron density inside the cluster during the
initial conditions are Monte Carlo sampled from a microca-short laser pulse. These two parameters should be very im-
nonical ensemble with the total energy of each particle heldPortant for the production of inner-shell vacancies in the ions
fixed at a specified value. This constrains the ionization enand the subsequent emission of x-ray line radiation. Another
ergies to have their experimentally known values. The relainteresting feature of this process in clusters is that as the
tivistic classical equations of motion for all of the electrons ClUSter expands in response to the strong Coulomb repulsion
and nuclei are then integrated over the duration of the lasdi€Ween the ions, the density drops and density-dependent
pulse. This approach admits only classically allowed “overPrOCESSEesS such as impact |qn|zat|on ‘.f’md X-ray emission are
the barrier” ionization and ignores tunnel ionization as We"quenched. Thus clusters might provide an ultrafast x-ray

as resonant ionization, but should provide qualitative insigh?ourceﬁ gnbe theéc ISI |grk;|ted lby_ a short optical pulse and
into the ionization dynamics and their dependence on, e.gﬂ”e”c ed by a Loulomb explosion. S
IThe first results from our classical cluster ionization

cluster density or cluster size. To decrease the computationa

labor and increase the stability of the simulations, the inter-mOdel were optamed for clusters with higher de.nsmes and
different atomic structures than the ones considered here

action of electrons within the same atom is suppressed. Al: L or T - Lo

though neon atoms are too light to be of interest as har 17]. These earller_s!mula_tlons showed strong ionization en-

x-ray sourcesthe inner-shell binding energy is onlyal | ancement and striking differences for the electron dynamics

keV), we choose this system for most of our simulations'” clusters as opposed to the gas phase, S'm"‘.’” to the results
because of the manageably small number of electrons pélfr\at we present here. At the beginning of the ionization, the

atom. The model we employ is generic and it may be Sup[1ucle| in the cluster are inertially confined while the ionized

posed that the general phenomena observed in neon cIust<§J§Ctr°nS are substantially heated by inverse bremsstra_hlung
will also be relevant to heavier atom clusters. The argo nd are quickly removed from the cluster by the laser field.

simulations serve as a partial confirmation of this supposi- hus an uItrafe}st pulse of hot e!ectrons IS generateq that
tion. could produce inner-shell vacancies and might explain the

. : X ission found in experiments such as the ones men-
In an intense subpicosecond laser pulse, the threshold iR ray emission A . :
tensity for which single ionization becomes probable istloned above[1-8). The high charge density of the ions

crossed very quickly. During this time the atoms are iner-2long with the fast fluctuations of the electric field due to the

tially confined and very strong electric fields within the clus- electrons fur.the_r enhances the lonization of the ions. This
ter due to the closely packed ions can result. Assuming th ubsequent ionization proceeds very quickly and can have

each atom of a small cluster is singly ionized, the electric- € appearance Qf an .|or'1|za.t|on. Ignition once the thresh-
field strength at its surface is of the order ok 5012 \V/m, old intensity for single ionization is reached. This results, as

which can be sufficient to further field ionize the atoms in the''© have already indicated, in an average charge state that is

cluster. Indeed, it is known that the ionization potential ofn.]u(.:h higher than for atoms in the gas phasg irradiated V\."th
atoms is reduced by the close proximity of other chargeos'm'lar laser fields. Our results are qualitative and require

particles[12]. Quantum-mechanical calculations of linear di- confl'rma.tlon by quantgm-mechamcal ca]cu!anns. However,
atomic[13-15 and triatomic moleculefl13] as well as ex- considering the magnitude of the electric field generated by

perimental studies of diatomic moleculéss] have found an the ion cores and the ionized electrons in the cluster, they are

enhancement of the high-intensity laser-induced photoionizatthSically reasonable and offer insight into experimentally

tion probability with increasing charge state for internuclearObserVGd processes. . . L
In Sec. Il we outline the main points of our classical ion-

distances where there is a high probability for the electrons . . o . -
to be localized on one of the atomic centers. Both theory anffation model and its numerical implementation. The initial-

experiment have shown that the charge states of ionized mégation of the cluste_r a_nd _the calculat]qn of valence_ and
lecular fragments is greater than those that are accessib ner-shell _ele_ctro_n |0n|zat|o_n probabllltle_s are descnbgd.
when ionizing isolated atoms of the same kind with similar esults on ionization Qynamlcs as a fu_nctlon of qluster_ size
laser pulses. As noted above, a similar effect has been seﬁl‘qd denglty are then given. We close with some discussion of
in small cluster experiments as well. One of the main result e relation of our results to recent experiments.
of the simulations we report in this paper is that our classical
ionization model also exhibits enhanced ionization driven by
the combination of the intense short laser pulse and the large
fields from the inertially confined ions. Since our model ar- In the regime of laser intensities and wavelengths that are
tificially suppresses some ionization pathwaye., tunnel of interest in cluster experimentitensities above 810
ionization we can expect this effect to be enhanced in moréw/cn? and wavelengths of 0.25—140m), the photon energy
elaborate calculations. is much smaller than all of the ionization potentials and the
The clusters we model have initially a density that is ap-laser intensity is high enough to field ionize at least one of
proximately that of a solid, and therefore electrons that arg¢he valence electrons in the target atoms. In the gas phase a
ionized before the cluster can expand experience multiplsequential ionization model, in which electrons are removed
collisions with the surrounding atoms and ions before reachin order of increasing ionization potential as the laser inten-
ing the cluster boundary. Since, on the average, particlesity increases, provides a good description of the ionization
gain energy from dephasing collisions in the presence of adynamics. The outermogteast tightly bounyl electron at
external field(collisional heating, the electron temperature any given time can be thought of as moving in the combined

Il. CLASSICAL IONIZATION MODEL
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potential formed by the residual ion charge and the lasenucleus and the electron, considering their interactions with
field. This combined potential exhibits a time-dependent bareach other and with the laser field via the Lorentz force.
rier along the laser polarization. The ionization probability isintegrating this one-electron model, one finds ionization
a highly nonlinear function of this barrier, rising rapidly as thresholds very similar to the ones given by the BSM. As the
the barrier height drops with increasing laser intensity. lonfield strengths increase during the laser pulse, the electron’s
ization first proceeds by tunneling through this barrier forgrpit distorts until an intensity threshold is reached, where-
low intensities and then classically as the barrier falls below;pon the electron rapidly ionizes, i.e., it moves far from the
the bound-state energy, for intensities above a threshold insiom with a time-averaged total energy above the ionization
tensity. This is qualitatively described by the barrier suppresgmit. Running many trajectories with different Monte Carlo

sion mcl)?.elléBSM) [18]. dl'n the BSMB the ir;]tgnf]ity of the q eeds for the starting conditions yields a statistical descrip-
external field corresponding to zero barrier height is regardeq, , of the classical ionization process. This method has suc-

as the appearance intensity for a given charge state. Theyqf iy been applied to investigate high-frequency stabili-

thresh_old inten;ity,l th necessary to reach theth charge zation, field ionization and high-harmonic generat{@i—
state, is a function of thath ionization energyE,) and the 25].

ion chargeQ, scaling as Since we are interested in a model that describes multi-

electron atoms and, moreover, allows us to treat such atoms
1) in a van dgr Waals cluster, we have extended the QTI\_/IC
method. This task was eased by the fact that sequential ion-
ization is the dominant ionization mechanism for long wave-
The BSM yields a simple correlation between the inten-lengths and, in fact, our model strictly enforces sequential
sity of the external field and the observed charge state thabnization. As with the single-electron CTMC modbhl.elec-
can be treated analytically. In gas phase experiments on rargons are put ifN-Kepler orbits such that the total energy of
gas atoms, where sequential, nonresonant ionization doméach electron matches one of the known ionization energies
nates[19,20 and there are no atom-atom interactions, theof the atom. The total energy of each bound electron is cal-
barrier suppression model has been found to be a good preulated assuming that it interacts with a nucleus that has an
dictor of the observed charge state reached for a given laseffective charge corresponding to the ionization potential as-
intensity. The failure of the isolated-atom-BSM that ignoressigned to that electron. This also insures the correct asymp-
the close proximity of high charge densities to explain thetotic behavior as the electron ionizes. As an example, for
charge states observed in cluster experiments has been wakon the first electron hds,=—1362 eV and sees a poten-
documented. tial due to its “parent” ion that falls as-10/r, the second
A simple model of cluster ionization dynamics that takeshask,,=—1196 eV, and so forth on up to the 10th electron
into account the close proximity of the ionizing atoms in awith E,;=—21.6 eV that sees a potential due to the parent
cluster is to employ the BSM calculating at each time stegon that decreases asl/r. This amounts to assuming that the
the total field (laser plus charged particleseen by each i—1 electrons that are more tightly bound than ttteelec-
electron on each atomic center. This model has the disadvatron perfectly shield —1 nuclear charges. Each electron also
tage that the energy of the system at the moment of ionizainteracts with the external fields.
tion is not necessarily conserved, but can jump by large In the framework of such a classical treatment, the inter-
amounts. This makes the classical simulations inherently urelectron interaction among electrons on the same atom, even
stable. In order to improve upon this simplest model, wein simple atoms such as helium, can allow one of the elec-
implemented a classical trajectory Monte Carlo modeltrons to gain sufficient energy to ionize. This is a nonphysi-
(CTMC) which, in essence, allows for continuous “deforma- cal result that we wish to avoid. Since our primary goal is to
tion” of classical orbits of bound electrons as they ionize.correctly mimic ionization and not to develop a sophisticated
This method yields a stable algorithm that can be integratedlassical atom model, we have imposed a few rules to govern
to any desired accuracy. the interactions within each atom so that the system behaves
Several authors have used CTMC simulations to studyn a physically reasonable way.
single atom, single-electron dynamics in strong laser fields (i) Bound electrons do not interact directly with other
[12-23. There have also been studies of two-electron atombound electrons. Instead, they interact with the nucleus as if
[24,25. For a one-electron hydrogenic atom, the CTMCthe more tightly bound electrons perfectly shield an equiva-
method may be simply stated. The initial momentum andent amount of positive charge.
position of the electron are sampled from a microcanonical (i) Sequential ionization is strictly enforced by only al-
ensemble with the correct total ener@ye., the ionization lowing the outermost, least tightly bound electron at any
potential is specifiedwhich amounts to choosing a Kepler given time to ionize.
orbit with the right total energy. The ionization potentials (iii) A bound electron that is eligible to ionize is declared
used are experimentally measured val[@5,27]. It is also  to be ionized as soon as its distance from its parent ion ex-
possible to use a known ground-state wave function to genceeds a critical radius;. As long asr is not chosen to be
erate the distribution of initial positions and momenta. Giventoo small, the ionization is not expected to be sensitive to the
that multiphoton ionization rates are very sensitive to theparticular value ofr.. In practice, we choose,=300 pm,
ionization potential, this gives a distribution of ionization which is of the order of the average nearest-neighbor dis-
potentials and might create nonphysical effects. Having detance of the nuclei in the cluster.
fined the initial conditions, we subsequently integrate the In this single atomN-electron model, each particle, the
relativistic form of Newton’s equations of motion for the nuclei and all electrons, interact with the laser field at all
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times. This allows the outermost as well as more tightlyters. In particular, the 55-atom cluster relaxes into an icosa-
bound electron orbits to smoothly deform as the laser intenhedral geometry that is in accord with theoretical as well as
sity increases. We have found, that for a single atom, thigxperimental studies for heavier rare-gas at¢8%33. In
model mimics the ionization thresholds, e.g., as predicted byontrast to our earlier workL6], this method generates clus-

the barrier suppression model, quite well and we expect thagr structures that exhibit smaller fluctuations of the nearest-
it describes the strong-field, single atom multielectron ion-nejghbor distances of the atoms.

ization qualitatively.

Simulating a van der Waals cluster consisting of such
atoms requires some additional simplifications with respect
to the particle interactions in order to keep the computational The work involved in the calculation is about equal parts
effort manageable. The additional rules for clusters are aBookkeeping and numerical integration of the relativistic
follows. equations of motion. These equations are integrated using the

(i) Bound electrons do not interact with other particlesRichardson extrapolation methd@4] with an underlying
outside of their atom. This influences the results of the simusecond-order “velocity Verlet” integration schenp@5| for
lations unnoticeably because bound electrons require mudaking primitive steps. The adaptive step size integrator in-
greater field strengths to ionize than outer electrons. sures that at each time step the position in phase space of

(i) lons interact with other ions, and with outermost andeach particle is individually determined within the specified
ionized electrons as if they were a single particle with a totaRccuracy, which in turn insures that the phase-space trajec-
charge that is the sum of the nuclear and remaining electrot®ry of the entire system is obtained with at least this accu-
charges. racy. Further details of the program that is part of the soft-

Since the more tightly bound electrons do not interactwvare packag@ARATEC++ are described elsewhej7,36.
with ionized ones, there is no inner-shell ionization due to, Throughout the computations a relative accuracy for find-
e.g., electron impact. Thus, the ionization probabilities weing the correct position of each particle in phase space of
calculate are conservative estimates of those likely to bd0 ® is maintained. Test calculations with the relative accu-
found in real clusters. The interaction of bound, i.e., not yetacy tolerance set to 10 and 10°° confirmed that we have
ionized, electrons of different atoms via the ion-ion interac-converged results. Several other tests were performed, the
tion improves the stability and the speed of the calculationgnost relevant being that the electron orbits are stable over
and prevents atoms from ionizing solely because they aréeveral picoseconds if the laser intensity is too low to initiate
close to another nucleus with orbiting electrons that contairionization.
rapidly oscillating dipoles. It is important to note that even
though all these constraints tend to reduce the ionization C. Inner-shell ionization
probabilities of the cluster atoms, we still observe that the

results differ dramatically from the ionization of atoms in the radiated cluster can be very efficient. These hot electrons can

gas phase. subsequently produce inner-shell vacancies that can in turn

The _shape of th_e laser-pulse _en_velope IS chqsen to br‘aesult in prompt emission of hard x-ray line radiation. Mod-
proportional to cosine squared within the normalized time

! . L . . eling of the exact fluorescence yield of a plasma requires the
interval [ —,]. Outside this interval the pulse amplitude is solution of coupled rate equations that describe, among other

set to zero. At the be_.\gmnmg of e_'ach calculation, the CIUSte{hings, ionization and recombination processes and is beyond
is placed in a laser-field-free region. the scope of this work. Furthermore, such rate equations
must be modeled along with the dynamics of the plasma
interacting with the laser field, which is difficult within the
We construct clusters by initially defining a boundary vol- framework followed here. Nevertheless, it is possible to es-
ume that contains 25 or 55 atoms at approximately solidimate the relative ionization probabilities of various inner
density. Within this volume the atoms are randomly placedshells and thus the relative merit of clusters as a potential
with the constraints that no nearest-neighbor distance devihort pulse x-ray source. We assume that such impact ion-
ates more than 1% from a predefined valRg,. Subse- ization contributes little to the total dynamics. Therefore, we
qguently this arrangement is equilibratedlat0 by potential-  first simulate the electron dynamics as described above and
energy minimization using Lennard-Jones potentials for thesubsequently use data collected about each particle’s trajec-
atom-atom interactions. This relaxation reduces the total ertory to calculate the probability for electron-impact ioniza-
ergy of the cluster by approximately 30% and is terminatedion of inner atomic shells per cluster and calculation run.
when a local energy minimum is found to within a relative  An electron impact is assumed to occur as soon as an
accuracy of 10”. The drop in total energy is mostly due to electron approaches an ion closer than a classical atomic ra-
the fact thatR,,, was chosen to be about 10% smaller thandius R,, which we take to be 154 pm for neon atoms and
the equilibriated average nearest-neighbor distance. This al-88 pm for argon atoms. The particular choice of the value
lows for a faster relaxation due to the steeper gradient of thef R, is found to be of insignificant influence on the relative
Lennard-Jones potential for distances smaller than the minionization probabilities of different atomic shells. Further
mum energy distance. Since the potential surface has a largellisions are considered as soon as the electron has again
number of geometrically different minimg@8-31, we do left the classical atom volume. Assuming that electron im-
not assume that our relaxation procedure finds the globglacts are evenly distributed over the classical atom area, the
minimum. Nevertheless, the procedure constructs clustemlectron kinetic energy is a sufficient characteristic of the
exhibiting a shell structure that is typical for rare-gas clus-impact. Therefore, the ionization cross sect@nis calcu-

B. Integration of trajectories

The collisional heating of ionized electrons in a laser ir-

A. Cluster geometry
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lated according to the Lotz formu(@7] 6x10"5 ¢
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ll. RESULTS
FIG. 1. Average charge state per atom as a function of time for

We first present results for simulations of 25-atom neomps-atom neon clusters at various peak laser intensities. The light
clusters. For each set of parameters such as cluster densiiye is the laser intensity and the heavy line is the charge state. The
and laser intensity, typically five calculations were per-initial equilibriated cluster density corresponds to an average
formed with only the seeds for the Monte Carlo sampling ofnearest-neighbor distance between the nuclei prior to the interaction
the initial particle conditions varied. This amounts to varyingof laser pulse and cluster of 353 pm. Peak intensitiegargx 10'°
the angular positions of each electron in its atomic orbit andV/cn?, (b) 3.3x 10" W/cn?, and(c) 5x 10" Wicn?. The relative 1
to different placements of atoms in the cluster prior to theo range for the charge state in all cases is smaller th&r 1072,
relaxation. The arrows indicate the charge states reached for gas phase atoms

As discussed in the preceding section, irradiating a lowWith the same laser pulses.
density atomic gas with an ultrashort, high-intensity laser
pulse leads to an average charge state that only depends thre laser field removes the electrons from the cluster increas-
the physical properties of the individual atom and the laseingly rapidly.
field. By simulating such a gas phase case, we find an aver- The relative probability fot.- andK-shell ionization dur-
age charge state of about 1.4 for a laser intensity>o1@°  ing the cluster illumination, as shown in Fig. 3 is a conse-
W/cn?, which is in accord with experimental measurementsquence of the dual dependence of the inner-shell ionization
This charge state changes significantly when a cluster iprobabilities on the electron kinetic-energy distribution as
used. In Fig. {a) it can be seen that for the 25-atom neonwell as on the time-dependent electron density inside the
cluster the average charge state rises within 12 fs to approxéluster. The drop in the number of electron impacts can be
mately 2.5. Increasing the maximum laser intensity tocompensated, up to some laser intensity, by the higher ki-
3.3x10 W/cn? and finally to 5<10'7 W/cn? increases the netic energies produced by the stronger light field. With fur-
ionization until further progress becomes energetically unfather increasing field strengths, however, the collisional heat-
vorable[Fig. 1(b) and Xc)]. Each half cycle of the laser field ing becomes insufficient and the production Kfshell
further enhances the ionization until this limit. At the highestvacancies becomes less likely. Even though fewer electrons
light intensities, the maximum ionization level is reachedare heated to high energies, the impact ionization probability
within a few femtoseconds. Examination of individual elec-of L electrons remains approximately constant. We conclude
tron trajectories shows that ionized electrons do not escapat K-shell holes are most likely produced at intermediate
the cluster immediately, but collide with the surroundinglaser intensities that are just high enough for efficient colli-
ions rather frequently. The total number of electron-ion col-sional heating but not so high as to diminish the electron
lisions inside the cluster along with the final charge state iglensity in the cluster too rapidly. The magnitude of these
plotted in Fig. 2 for various laser intensities. While the final effects is expected to be related to the properties of the clus-
ionization level increases with increasing intensity, the totaker, such as its size and the kind of atoms; however, in light
number of electron-ion collisions drops, which indicates thatof our argon cluster calculations discussed below this effect
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FIG. 2. Maximum charge states and total number of electron-ion FIG. 4. Maximum charge state and total number of electron-ion
impacts for constant laser-pulse length but different laser intensiimpacts in 25-atom neon clusters at various average nearest-
ties, for 25-atom neon clusters. The initial cluster densities for allneighbor distances between the nuclei but constant laser-pulse pa-
data shown correspond to an average nearest-neighbor distance pameters. The cluster density is varied by changing the minimum
tween the nuclei of 353 pm prior to the interaction of the laser pulseenergy distance in the Lennard-Jones potential when equilibrating
and cluster. the cluster structure. The peak laser intensity 16> W/cn?.

appears to be generic and may qualitatively carry over tQ the maximum charge state of 1.4 for atoms in the gas

Othsr systems. he infl fthe cl densi rﬁhase increases to 4.5 for clusters with an average nearest-
ext we investigate the influence of the cluster density o eighbor distance of 270 pm. We do not claim that neon
the ionization dynamics at a fixed peak laser intensity. We

. . : : clusters of such density could be experimentally produced
increase the density of the atoms in the cluster by varying th%ut rather wish to illustrate the fact that the confinement of

parameters in the Lennard-Jones potentials. As shown in Fi%‘t . . . . S
oms in a cluster of approximately solid density signifi-
cantly enhances ionization. In this scenario, the laser initiates
20 — T the ionization process while at later times the high local
electric-field strength produced within the plasma takes over
and drives the ionization to high levels. The light field sup-
ports this process by providing the driving force necessary
for collisional heating. At higher initial cluster density the
average kinetic energy of the electrons rises faster. However,
the maximum of the electron density is reached at later
times. As a result, the higher the cluster density the more
favorable the conditions for inner-shell impact ionization.
] This effect leads to an enhanced probability of inner-shell
ionization, as shown in Fig. 5. We point out that the increase
in ionization in our calculations is not due to impact ioniza-
tion of inner shells because we strictly enforce sequential
J ionization and do not allow for direct interaction between
inner-shell and ionized electrons. In this sense the results
presented here are a conservative estimate of the processes to
be expected in actual experiments. When the cluster size is
4 B ) increased the electrons will undergo more collisions while
0 1 16 - 18 diffusing out of the cluster. This should result in stronger
10 10 10 10 collisional heating and hence should further enhance the
Maximum laser intensity (W/cm?) inner-shell ionization rate as long &3 the cluster diameter
is smaller than the penetration depth of the laser light into
FIG. 3. Probabilities oK- and L-shell electron-impact ioniza- solid matter, i.e., all atoms experience the same laser field;
tion per calculation run for 25-atom neon clusters at various lasefii) there is no electron confinement in the cluster; &g
intensities and the same density as in Fig. 2. there is no significant interaction among free electrons which
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FIG. 5. Probabilities oK-shell andL-shell electron-impact ion- FIG. 6. Average Coulomb-field strength from other ions and

ization per calculation run for 25-atom neon clusters at variousonized electrons at the position of each ion and average ion kinetic
cluster densities for the same laser-pulse parameters used in Fig.efiergy for a 25-atom argon cluster illuminated by a 800 nm, 15 fs
as well as one point for 55-atom neon clusters. (FWHM) laser pulse with a maximum intensity ofa0'® W/cn?.
Note the logarithmic scale for the electric-field strength.
would lead to thermalization of the electron-energy distribu-
tion. average electric-field strength at the position of each ion
To illustrate the effect of increasing the cluster size, wesolely produced by surrounding ions and ionized electrons.
performed simulations for 55-atom neon clusters with densiWithin 10 fs the field strength as shown in Fig. 6 rises to
ties identical to the 25 atom clusters, as well as identical laseralues of up to 18 V/m, which is much higher than the
pulse parameters. These show increased heating and highgeak laser-field strength of aboux20 VV/m. This is, again,
probability for inner-shell ionization. The corresponding dataa signature of “ionization ignition.” As soon as a substantial
point is shown in Fig. 5. number of electrons have left the cluster the density and,
The ionization features presented are also found for 25eonsequently, the electric-field strength drops.
atom argon clusters. In these simulations an initial internu-

clear distance of 382 pm was chod&8]. The M shell of IV. DISCUSSION
each argon atom in the cluster was completely ionized, pro- '
ducing a cluster consisting of At ions within 11 fs from the Purnell et al. [6] measured A" ions with kinetic ener-

beginning of the laser pulse. This “ionization ignition” gen- gies of up to about 1 keV after illuminating HIArclusters
erates a shower of electrons sufficient to iorlizehell elec- (m=10) with 624-nm laser pulses with intensities of about
trons. Due to the higliK-shell ionization potential of 3205.9 10'° W/cn?. This energy release is of the same order of
eV, no vacancies in this shell are produced. Collisional heatmagnitude as our results. However, they could not achieve
ing of free electrons is insufficient to reach this energy besuch high kinetic energies unless some heavyttdn mol-
cause of the small cluster size. Increasing its size shouldcules were present in the cluster. In light of the strong den-
eventually generate electrons energetic enough to productty dependence of the ionization demonstrated above, this
K-shell vacancies. This is another indication that larger clusmight, among other effects, be due to an increase of average
ters in conjunction with heavy elements may be more likelydensity caused by the strongly polar HI molecules. We can
to generate hard x rays, even though we have not evaluatespeculate that disturbances of the cluster symmetry caused
the fluorescence yield itself. We emphasize that this “igni-by seeding with polar molecules might promote the effects
tion” could be achieved with less particle density than in thereported here. This possibility finds further support when
case of neon clusters and, moreover, that this argon clusteomparing the findings presented here with our earlier re-
density is typically produced under experimental conditionslated work[17] that did not employ a relaxation of the clus-

In general, for neon clusters as well as argon clusters, ther structure prior to the beginning of the simulations. This
density drops to one-tenth of its initial value within typically generated cluster densities that exhibited larger fluctuations
10 fs due to the strong electric field of ions and electrondn nearest-neighbor distances among atoms that made the
remaining in the cluster. In the case of an argon cluster witformation of small areas of increased density within the clus-
an initial average nearest-neighbor distance of 382 pm, thiter more likely. These appeared to serve as “hotspots” that
Coulomb explosion accelerates the ions to high kinetic enersubstantially enhanced the ionization. This suggests that den-
gies within about 20 fs after the beginning of the laser pulsesity fluctuations might, in fact, be desirable in order to fur-
This rapid acceleration is displayed in Fig. 6 along with thether enhance the “ionization ignition.” This in addition to
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the possible effect of “seeding” of the ionization by mol- laser-pulse length could provide additional insights into the
ecules with smaller ionization potential introduced in clustergphysical basis of the dynamics of cluster ionization.
as done in the above-mentioned experiments of Puenell. In conclusion, we have presented a classical ionization
[6]. model for and simulations of the ultrafast dynamics of small
The laser pulses we have used in our simulations are comare-gas clusters ionized by ultrafast laser pulses. This model
sistent with those produced by state of the art ultrafast lasgpredicts that, as the ionization proceeds beyond the first ion-
systems[11] but are short compared to those used in allization stage, strong electric fields build up within the cluster
experimental studies on cluster based x-ray sources to date.that further enhance the ionization. Efficient collisional heat-
may be argued that in a longer pulse the relatively slowing is expected to facilitate impact ionization bf and K
increase of the laser intensity will allow for some ionization shells, which might subsequently lead to the emission of
to occur early in the pulse that reduces the cluster density viprompt-line x radiation. Since this heating increases with
Coulomb repulsion before efficient collisional heating oc-cluster size, larger clusters are more likely to generate
curs. This in turn would diminish the probability of impact K-shell hard x rays. The influence of the ionization-induced
ionization and “ionization ignition.” We have seen, how- electric fields within the cluster on the dynamics becomes
ever, that ignition occurs shortly after the threshold for singlemore significant with higher initial cluster density. These
ionization is crossed and it may be that the overall time scal@roperties are found for neon as well as argon clusters, which
of the pulse is irrelevant as long as the first ionization threshsuggests that they may be generic and may carry over to
old is passed rapidly. This is certainly the case for a fixedsystems of heavier atoms.
pulse length if the peak intensity is high enough. This could Note added in proofThe authors would like to acknowl-
result in rapid ionization even before the peak of the laseedge a work that recently has come to their attention on
intensity and might explain why Purne#t al. observed classical Monte Carlo calculations of a hydrogen atom in an
strong ionization enhancement. Moreover, from the ion ki-electromagnetic fieldi39].
netic energies measured, these authors conclude that the dis-
assembling of clusters occurs on time scales of tens of fem-
toseconds after ionization even though laser pulses of 350 fs
are used. Further experimental studies of the dependence of We wish to acknowledge helpful discussions with M.
cluster ionization on both the peak laser intensity and théen-Nun.
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