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High Energy lon Explosion of Atomic Clusters: Transition from Molecular to Plasma Behavior
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We have studied the high-intensity femtosecond photoionization of inertially confined noble-gas
clusters. The explosion of the resulting highly ionized, high-temperature microplasma ejects ions with
substantial kinetic energy. We have observed Xe ions with kinetic energy up to 1 MeV and charge
states as high a®)*. This ion energy is over three orders of magnitude higher than has previously been
observed in the Coulomb explosion of molecules or clusters of any kind and indicates that there is a
fundamental shift in the nature of intense laser-matter interactions between molecules and large clusters.
[S0031-9007(97)02896-2]

PACS numbers: 36.40.Gk

Research into atomic and molecular clusters is of greateats these electrons which further ionize the atoms of the
interest because such clusters represent a bridge betwednster through collisional ionization. A small amount of
a molecular and a bulk description of matter [1]. Of expansion during the laser pulse lowers the electron den-
fundamental importance to the study of cluster physicsity to bring the near infrared laser light into Mie reso-
is their interaction with light and the nature of cluster nance with the free electrons in the cluster. The enhanced
photofragmentation. A large number of experiments havéaser absorption then rapidly heats the electrons on a fast
studied low-intensityf<10'> W /cn?) photoinduced frag- (<10 fs) time scale to a superheated state (with tempera-
mentation [2] and Coulomb fission of clusters [3], in which ture of many keV). The large energy density of these hot
low energy fragments (0.1-1 eV) are typically observedelectrons will inevitably drive a rapid expansion of the
Preliminary experiments on high-intensity laser-cluster in-cluster ions.
teractions have suggested that the interaction is much more In this Letter we describe a measurement of the en-
energetic than that of isolated atoms [4—7], and may bergies of ions ejected from exploding noble gas clus-
even more energetic than laser-solid interactions [8]. Reters irradiated by intense femtosecond laser pulses. We
cent experiments examining the x-ray emission from plasfind that the ions produced by the exploding clusters are
mas formed by the irradiation of noble gas (Ar, Kr, andextremely energetic. We have observed highly charged
Xe) clusters have indicated that because of the enhanc&e ions with maximum energy up to 1 MeV and charge
ment of laser-driven collisional excitation within the clus- state up tal0". These measurements indicate that intense
ter, efficient production of x rays is possible [4,5]. Theseshort pulse laser interactions with these clusters are funda-
and other recent experiments also indicated that highly ionmentally different than low-intensity photofragmentation
ized charge states of the cluster atoms result from the higtoef clusters and much more energetic than the Coulomb
intensity laser-cluster interaction [4,5,9,10]. High energyexplosion of small molecules ionized by an intense laser
Coulomb explosion of small clusters ionized by femtosecpulse [12]. Instead, the cluster explosion is more closely
ond pulses has been observed as well [9]. The ion erakin to that of an expanding solid density plasma.
ergies measured in these experiments ranged from 500 to Our experiment used a high power, Ti:sapphire laser
1000 eV. [13], which delivers 150 fs pulses at a wavelength of

Recent experiments have shown that the electrons in af80 nm. The laser pulses were focused into a time-
intensely irradiated cluster undergo rapid collisional heatof-flight (TOF) chamber to a peak intensity of up to
ing for the short time(<1 ps) before the cluster disas- 2 X 10'® W/cm?. Clusters were produced with a pulsed
sembles in the laser field [6,7]. We previously studiedsonic gas jet, and a skimmer produced a low density Xe
the electron energy spectra produced by the high-intensitgr Kr cluster beam which intercepted the laser beam at
(>10'® W/cn?) irradiation of large(>1000 atomg Xe the laser focus. The average cluster size in the flow from
clusters with a 150 fs laser pulse [7]. These studies inthe gas jet was measured through a series of Rayleigh
dicated that collisional heating within the cluster can pro-scattering measurements [14]. The energies of the ions
duce electrons with energy of up to 3 keV. A sharp peakproduced by the interaction of the laser pulse with the
near 2.5 keV in the measured electron energy spectruriusters were determined by the flight time of the ions
suggested that the cluster microplasma exhibited a resin a field free drift tube of either 38 or 80 cm. A
nance in the heating by the laser pulse similar to the giannicrochannel plate was used to detect the ions in an
resonance seen in metallic clusters [11]. During the lasermangular cone of-3.5° from the focus. Three closely
cluster interaction, free electrons are produced by phospaced grids 3 mm spacing) were placed along the
toionization early in the laser pulse. The laser collisionallydrift tube one third of the distance from the laser focus.
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The front and back grids were grounded. Charging theéon energy of the distribution shown in Fig. 2 is defined as
middle grid to a voltagep introduced a potential barrier (E) = [Ef(E)dE/[ f(E)dE is 45 = 5 keV. Thus the
to ions with energy less thafe e, without significantly —average laser energy deposited per ion is substantial.
altering the flight time of higher energy ions. By varying By varying the gas jet backing pressure we controlled
the voltage we were able to measure the charge statbe average size of clusters with which the laser interacts.
distribution of the ions as a function of ion kinetic In general we find that both the maximum and the
energy. average ion kinetic energy increase with increasing cluster
Examples of time-of-flight data collected with6 =  size, though the energy varies slowly with changing
5 A (~1500 atom Xe clusters are shown in Fig. 1. The cluster size. The ion energy spectrum resulting from the
data exhibit a fast feature near a flight time of zeroirradiation of Xe clusters with~400 atoms (diameter of
corresponding to the arrival of fast electrons (energy ~ 35 = 7 A) is also shown in Fig. 2(b) for comparison
2 keV). The broad feature at flight times0.5 ws is the  with the spectrum of the larger clusters. Though the ions
arrival of hot ions ejected from the exploding clusters.exhibit somewhat lower energy, the maximum observed
Five TOF traces with different angles between the ionion energy is 250 keV and the average ion energy is
detection axis and the laser polarization, varying from28 keV, there is not a dramatic shift in the shape of
0° (along the laser polarization) ®0° (perpendicular to the distribution or in the energies of the ions. However,
the laser polarization), are compared. The spectra ar@ lower backing pressure, below1 bar, we observe
virtually identical for all polarization angles, indicating no hot ions (with energy>1000 eV). Our Rayleigh
that ions are ejected isotropically with no preference alongcattering measurements indicate that large clusters form
or perpendicular to the laser polarization. This is inonly with backing pressure-1 bar (though we expect
stark contrast to the Coulomb explosion of small, linearthat small 10—-100 atom clusters are still present in the
molecules ionized at high intensities, in which the ions aregas flow at lower backing pressure). This transition
preferentially ejected along the laser polarization axis [15]to hot ion production for large clusters points to an
The TOF trace directly yields an energy distributionimportant change in the dynamics of the cluster expansion
function for the ions. The TOF and energy spectrabetween smal(<100 atom) and large clusters. We have
of Xe ions produced from the irradiation & = 5 A  also examined the energies of ions produced from the
(~2500 atom Xe clusters is illustrated in Fig. 2. Most explosion of Kr clusters with sizes comparable to the
importantly, we observe the production of significantXe clusters studied. The average and maximum energy
numbers of ions with energies out to 1 MeV. This energyof the Kr ions tend to be comparable, though slightly
is 4 orders of magnitude higher than has previously beetower than the Xe ions under the same conditions.
observed in the Coulomb explosion of molecules [12] and~or example, we found that the average ion energy
about 1000 times higher than the energy of Ar ions ejectegroduced from~1000 atom Kr clusters was 20 keV and
in the Coulomb explosion of small Ar clusters irradiated at
lower intensity reported by Purnedt al. [9]. The average
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FIG. 1. TOF traces of ions produced by irradiation 3f =

5 A Xe clusters with a peak intensity of X 10! W /cne. FIG. 2. (a) Time-of-flight spectrum fron65 + 5 A (2500
Each plot is an average of 500 laser shots. The drift distancatom) Xe clusters irradiated by a peak intensity Dfx

from interaction to detector was 80 cm. The first peak is fastl0'® W/cnm?. The drift distance from interaction to detector
(>2 keV) electrons and the feature at later times is the ionswas 38 cm. The dashed curve shows the calculated TOF
(Note: Electrons with energy2 keV do not reach the MCP trace of an isothermal Xe plasma expansion. (b) lon energy
detector since the front plate is charged+@000 V). Each  spectrum from65 = 5 A (2500 atom) Xe clusters [derived
curve (offset for clarity) has been taken with a different anglefrom the TOF trace in (a)] and5 + 7 A (400 atom) Xe
between the laser polarization and the detection axis. clusters irradiated with a peak intensity dfx 10'® W /cn?.
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the maximum energy was 350 keV, while 1000 atom Xeforces are less important. The pressure associated with
clusters exhibited average and maximum ion energies dhe hot electrons within the cluster is mereR,q =
38 and 600 keV, respectively. n.kgT., on the other hand, the “pressure” driving the
Another striking feature of the ions produced in theCoulomb explosion of a spherically charged cluster is
laser cluster interaction is the ionization to high chargeapproximately [6]Pcou = Q%e*/87r* where Q is the
states (a phenomenon previously seen in the experpositive charge on the cluster resulting from escaped elec-
ments of Refs. [4,5,10] and theoretically predicted introns. Not only do large clusters prevent a buildupQof
Refs. [6,16]). Measured charge state distributions of Xedue to their strong space charge, the hydrodynamic pres-
ions produced with a peak intensity dfx 10'® W/cn?  sure scales a$/r? (through the electron density) while
are shown in Fig. 3 for ion energies of 1, 3, 10, 30, andhe Coulomb pressure scales s#, indicating that for
100 keV. In general the average charge state of the iorlarger clusters, the “plasma” hydrodynamic pressure will
increases as the ion energy increases. For the high edeminate over any Coulomb expansion force.
ergy ions, at 30 and 100 keV the peak of the charge state To further explore this aspect of the cluster explosion
distribution is around = 20" -25* though a significant we have conducted numerical modeling of the cluster
number of ions with charge state betwei and40*  explosion during the irradiation by an intense, femtosecond
are observed. These are charge states far above the mabgiser pulse. The details of this model have been presented
mum charge state that can be produced by simple fielth Ref. [6]. In brief, the model treats the cluster as a
ionization of the Xe atoms [17]. In the cluster the high- spherical microplasma, subject to the standard processes
temperature electrons created through laser-driven heatirgf a laser-heated plasma such as collisional heating, as
rapidly strip the ions by collisional ionization to the high well as collisional and tunnel ionization. The cluster
charge states observed [6]. expansion is treated as an expanding sphere with uniform
The weak dependence of the ion charge state witldensity. The rate of electrons free streaming from the
ion kinetic energy and the lack of significant variation cluster is calculated, accounting for the space-charge and
of ion energy with cluster size suggests that the tradielectron collisional mean free path in the cluster. Both
tional mechanism of strong field molecular fragmentationhydrodynamic and Coulomb contributions to the cluster
Coulomb explosion, is not the primary mechanism causexpansion are included.
ing the high energy explosion of the atomic clusters. The The results of one such calculation are shown in Fig. 4
large attractive charge of the ionized cluster prevents eledn which a 65 A Xe is irradiated by a 150 fs, 780 nm
trons from escaping until late in the laser pulse [6]. Aspulse with a peak intensity of X 10 W/cm?. In
a consequence the force propelling the ion explosion i§ig. 4(a) the temporal evolution of the cluster radius
dominated by the hydrodynamic pressure associated withnd radial velocity are shown. The cluster very rapidly
the hot electrons within the cluster and the Coulombexpands during the pulse once heating of the electrons in
the cluster has begun. The maximum radial ion energy
is 255 keV, consistent with the very high ion energies
observed in our experiment. The relative contributions
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FIG. 4. (a) Calculated time history of the radius and maxi-
FIG. 3. Measured charge state distribution66fA Xe clus-  mum radial velocity of the ions in &5 A Xe cluster irradiated
ters irradiated by a peak intensity ®fx 10'® W /cn? for five by a 150 fs, 780 nm pulse (centeredrat 0) with a peak in-
different ion kinetic energies. (Each data point represents théensity of2 X 10'® W/cn?. (b) Calculated hydrodynamic and
number of ions betweed andZ + AZ.) Coulomb pressure driving the cluster expansion.
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of the hydrodynamic pressure and the Coulomb pressure The efficiency with which the cluster converts laser
are shown in Fig. 4(b). During the majority of the ion energy to particle energy is remarkable. Ultimately the
acceleration seen in Fig. 4(a), the dominant force is théntense laser interaction with clusters-e1000 atoms re-
hydrodynamic force, with very little contribution from the sults in very efficient coupling of laser energy to the ions
Coulomb explosion force. Our calculation also predictsthrough rapid heating of the cluster microplasma before
the appearance of the high ion charge states observéiddisassembles. The high ion energies and charge states
(>20+ for Xe ions). We find that rapid collisional observed in the explosion of intensely irradiated clusters
ionization by the hot electrons within the cluster canis very much like the ions observed in the expansion of a
strip the ions to very high charge states (up to*Xe laser-heated solid density plasma into vacuum and is un-
in our calculations), a mechanism discussed at length itike the Coulomb explosion of smaller molecules in strong
Ref. [6]. We have also performed calculations for Krlaser fields. Thus clusters of greater than a few hundred
clusters of similar size under our experimental conditionsatoms represent an important transition in the dynamics of
We find that, in general, the dynamics are very similarintensity laser-matter interaction from molecules to solids.
to those of the exploding Xe clusters, with hydrodynamic We would like to acknowledge useful conversations
forces dominant in driving the explosion, though the ionwith R. A. Smith and the financial support of the EPSRC
energies tend to be lower than produced from the Xend the MOD.
clusters 130 keV from 1200 atom Kr clusters), a trend
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