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Explosion of atomic clusters heated by high-intensity femtosecond laser pulses
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We have experimentally and theoretically studied the high-intensity0{® W cm=2), femtosecond photo-
ionization of inertially confined noble-gas clusters. We have examined the energies of electrons and ions
ejected during these interactions and found that particles with substantial kinetic energy are generated. Elec-
trons with energies up to 3 keV and ions with energies of up to 1 MeV have been observed. These experimental
observations are well explained by a theoretical model of the cluster as a small plasma sphere that explodes
following rapid electron collisional heating by the intense laser pi8£050-294717)02912-0

PACS numbes): 36.40—c, 52.40.Nk, 36.40.Gk

[. INTRODUCTION charge statef24,25. Numerous studies of electron energies
produced by above-threshold ionizatigATl) have also
Atomic clusters have long been studied by chemists antbeen conductef26—28. These studies indicate that the ef-

physicists because of the unique position that clusters hold d&iency with which laser energy is coupled to the electrons
an intermediate state between molecules and sdlids s very low. For example, average energies of electrons pro-
Many studies have traced the properties of materials fromluced by ATI of atoms ionized by pulses with intensity up to
their monatomic characteristics to their bulk state character10'® W cm™2 are of the order of 100 eV or led26,29.
istics through an examination of the material as it formsmany studies of the strong field laser ionization of small
larger and larger clusters. Experiments on the optical propmolecules have also been conducted in recent yi28k
erties of clusters compose a sizable fraction of these studieghese experiments have shown that the ionization mecha-
Photofragmentation studies in particular have been very Usgiisms of molecules are very similar to those of single atoms.
fulin illuminating the chemistry of these atomic and molecu-1hjs rapid ionization by a short laser pulse subsequently re-
lar clusters. Many experiments involving single photon andg its in a Coulomb explosion of the constituent ions. lon

multiphoton ionization of clusters Wlth. long .Igser pulses fragments with kinetic energy of up to 100 eV have been
(~nanoseconds) at low to moderate intensities have bee

performed[2—4], and the photofragmentatig. 6] and Cou- Sbserved in the explosion of triatomic molecul&§].

e ! . : . The plasmas produced by the intense illumination of sol-
lomb fission[7,8] dynamics have been extensively |nvest|-i s at these high intensities have also been investigated. Un-
gated. These experiments have revealed a number of rather” ghi : . vestig .

ike single atoms, intense laser interactions with high density

interesting features about the nature of light interactions wit . -
clusters. For example, it is now well known that the absorpP!aSmas can be very energetic. These plasmas efficiently ab-

tion spectra of metallic clusters are dominated by a gianlsorb laser light due to rapid inverse bremsstrahIL_mg heating
resonance due to photon coupling to a collective oscillatiorff the plasma electror{81]. Such plasmas can typically ex-
of the cluster electronf9,10]. Such collective phenomena, hibit average electron temperatures of up to 1 keV, though
while virtually absent in light-atom interactions, are very im- they are usually clamped to lower values because of conduc-
portant in the interaction of light with clusters and can leadtive cooling of the plasm#31,32. The expansion of hot,
to remarkable optical properties. laser-heated plasmas is usually followed by a hydrodynamic
Recently, there has been much activity in extending thesexpansion into vacuum, resulting in the ejection of fast ions
studies to very high intensity, ultrashort laser pulses with33,34.
peak laser intensities> 10 W cm™2, and pulse widths of The dramatic difference between the nature of intense la-
0.1-10 ps[11-22. There has also been some preliminaryser interactions with atoms and solid density plasmas points
theoretical work in this arefl6,23. In this parameter re- to an interesting question: do clusters of a few hundred to a
gime the physics governing the laser cluster interaction i§ew thousand atoms, objects that are small compared to a
fundamentally different than in previous studies. At thesdaser wavelength, behave like small molecules in strong
intensities the laser interaction is nonperturbative and verfields or more like the energetic plasmas produced from sol-
high-order multiphoton ionization and strong electric fieldids? Recently a number of studies have addressed the issue
tunnel ionization are possible. Consequently, highly chargedf the nature of intense laser interactions with clusters over a
ions can be produced 2,15,18,21 Furthermore, the short variety of cluster sizes and laser wavelengths. These studies
pulses used are comparable to or shorter than the disasseh&ve ranged from ultraviolet and infrared light interactions
bly times of a cluster in the laser fie[d6], the entire laser with Cgy moleculeq 35,36 to studies of interactions of clus-
pulse interacts with an inertially confined body of atoms. ters of more than~100 atoms with lasers of wavelength
Such high-intensity processes have been extensively stutbetween the ultraviolet to the near infrarft,18. Initial
ied in atoms and molecules. The high-intensity laser interacstudies indicated that the intense laser interaction with clus-
tions with atoms have been directed toward understandinters was much more energetic then interactions at similar
multiphoton and tunnel ionization of atoms and ions to highintensities with atoms or small molecules. These initial stud-

1050-2947/98/5(1)/36914)/$15.00 57 369 © 1998 The American Physical Society



370 T. DITMIRE et al. 57

tube and are detected by a microchannel plate detector
,4/#\“\ (MCP). The ion energies are then determined by time-of-
be . = flight measurements; the electron energies are found by mea-

suring the decrease in the MCP signal as a retarding voltage
is applied to a grid placed between the focus and the MCP.
The laser used was a high-power Ti:sapphire laser, based
on the principle of chirped pulse amplification, which deliv-
ers 150-fs pulses at a wavelength of 780 nm. This laser has
been discussed at length in Rd37]. In brief, near-
transform-limited 90-fs pulses are produced by a Kerr lens
mode-locked Ti:sapphire oscillator. These pulses are
stretched to 250 ps with a grating stretcher and are then
amplified in a Ti:sapphire regenerative amplifier followed by
a Ti:sapphire multipass power amplifier to an energy of
~80 mJ. After recompression, the final pulse duration is 150

-~ 120 lens MCP Detector fs, the 1¢2 diameter of the beam is 1.5 ¢n2 cm and the

780 nm laser in maximum pulse energy is 40 mJ.

linearly polarized TOF Trace . . .
T=1501s The laser is focused using a plano-convex lens with a

E<20mJ focal length of 20 cm. With this focal configuration the focal

spot size is found to be nearly Gaussian with & Hiameter
of ~40 um, which is ~4 times diffraction limited. This
Fast Sampling Scope yields a peak focused intensity ef2x 10'® W cm 2 with
20 mJ of laser intensity. This intensity was confirmed in a
FIG. 1. Experimental configuration for measuring ion energiesSeparate experiment by observing the appearance &f He
of exploding clusters. through tunnel ionization, which occurs at an intensity of
~7x 10" W cm 2 [25].
ies found that intense irradiation of a medium of clusters A solenoid pulsed gas jet valve produced the noble-gas
resulted in very intense x-ray emission. In fact, x rays withclusters in our experiment. The extent of atomic clustering in
energy out to 5 keV were observed in a Xe cluster gas je@ur gas jet can be estimated using Hagena’s empirical scal-
irradiated by 248-nm pulses at intensi10'® W cm2[12].  ing parametef38,39,
Similar high x-ray yields have been observed in cluster me-
dia of various species and at a range of laser wavelengths (d/tana)®®%p,
[15]. These studies indirectly indicated that the clusters were *= I
absorbing substantial fractions of laser energy and were pro- 0
ducing hot electrons and highly charged ions capable of pro-
ducing the observed radiation. However, until recently, nowhich assumes that the extent of clustering is dependent only
direct data existed on the energies and distributions of eithesn d the diameter of the nozzlgn um), « the jet expansion
the electrons or ions ejected during the interaction of intensbalf-angle,py the gas-jet backing pressure in mbag, the
laser pulses with largex1000 atom) clusters. initial gas temperature, ankl the condensation parameter.
In this paper we present a comprehensive investigation ofhe condensation parameter is an empirical constant that de-
the physics of intense short pulse interactions with noble-gapends on the ga&= 5500 for Xe, 2900 for Kr, and 4 for He
clusters over a range of cluster sizes, species, and laser waJ&9]). In our experiment,d=500um, a=45°, and T,
lengths. Direct measurements of the electron and ion ener=298 K, so, with a backing pressure of 6 bhf*, is 14 000
gies resulting from the interactions of laser pulses with isofor xenon, 7400 for krypton, and 10 for helium. Published
lated clusters have been obtained. Both electrons and iorsgalings of cluster size with the Hagena parameter indicate
are ejected from the heated cluster with substantial kineti¢hat the onset of massive condensation in the gagyeere
energy. We find that electrons with energies up to 3 keV andhe majority of atoms condense into clusters>cf00 atom$
ions with energies of up to 1 MeV are produced. These execcurs afl’* ~1000[39].
perimental observations are well explained by a theoretical To establish the presence of clusters in our gas jet and
model of the cluster as a small plasma sphere that explodetetermine their average size we conducted a series of Ray-
following rapid electron collisional heating by the intense leigh scattering measurements. Low-power, vertically polar-
laser pulse. ized 532-nm light from a frequency-doubled Nd:YAG laser
(100 wJ in a 10-ns pulsewas focused by am/30 lens to 3
mm below the gas-jet nozzle. A4 lens imaged the 90°
side-scattered light from this region through a small aperture,
In our experimentillustrated in Fig. 1 a beam of atomic and it was detected by a photomultiplier fitted with a narrow-
clusters, produced in the expansion of a high-pressure gdsmand, 532-nm interference filter. The scattered signal as a
into vacuum, is irradiated by a focused, high-intensity, fem-function of backing pressurey,, for xenon, krypton, and
tosecond laser beam. The electrons and ions expelled frofmelium is shown in Fig. 2.
the clusters with velocities perpendicular to both the cluster Our measurements indicate that clusters of a detectable
beam and the laser beam propagate along a flighsize begin to form at pressures around 1000 mbar in xenon

@

Il. EXPERIMENTAL DETAILS
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7 TABLE |. Calibration of xenon and krypton cluster size with
L] gas-jet backing pressure. Error in estimate of number of atoms per
® Xenon cluster~ factor of 2.

6 . Krypton Xenon Krypton
! A Helium

Pressure Number of Cluster radius, Number of Cluster
5 - (ban atoms,N, R. (A) atoms,N, radius,R; (A)

1 100 11 30 7
400 18 120 11
900 24 270 14

1600 29 480 17

2500 33 750 20

3600 37 1080 23

OOk WN

Our observation that the scattered signal varies-a% is
. consistent with published scalings of cluster size with gas-jet
1 backing pressure, which show a quadratic dependence of
L ] cluster sizeN; on backing pressurpg [39].
1 L The average cluster size at a particular backing pressure
. d . (Table ) was estimated from the Rayleigh scattering data of
® .. ) r . Fig. 2. We have assumed that the observed onset of cluster-
0 g ET7A A A ing corresponds to roughly 100 atoms per cluster and we
then use the measured increase in scattered signal to calcu-
LU U U U L late the cluster size as a function of backing pressure. Using
0 1000 2000 3000 4000 5000 6000 this scaling we can infer that, at=4 bar, an average xenon
Gas Jet Backing Pressure (mbar) cluster will contain~1600 atoms and have a radiRs~29
+7 A, while a krypton cluster will typically contain
FIG. 2. Measured Rayleigh scattered light signal as a function ot~ 500 atoms and have a radiBs~17+4 A. Our scattering
gas-jet backing pressure for xenon, krypton, and helium. technique only yields information on the average size of the
clusters; it does not give us any information on the size dis-
and 2000 mbar in krypton. In helium, which has a conden+ripytion of the clusters.
sation parameter three orders of magnitude smaller than The clusters produced by the gas jet were collimated into
those of xenon and krypton and is not expected to clustes |ow-density cluster beam for the time-of-flight experi-
under these conditions, no scattered signal above the noisgents. A skimmer with an aperture of 0.5 mm and 50° cone
level was observed. The scattered Signal from the Xe and I‘('bcated 20 cm be'ow the gas Jet was used to Co”imate the
clusters displays @3 dependence with increasing backing cluster beam and separate the chamber containing the gas jet
pressure. This is consistent with a simple scaling argumentrom the interaction region and TOF spectrometer. This pro-
The scattered sign&gs is proportional to the product of the duced a low-density cluster beam that intercepted the laser
Rayleigh scattering cross section of the cluster and the demeam at the focus. The two chambers were differentially
sity of clustersn.. At a given wavelength, the cross section pumped to enable cluster formation in the gas jet while en-

Scattered Signal (arb.units)
w
1

scales asRE, whereR. is the radius of the cluster, so suring that the vacuum in the interaction region remained
. sufficiently low. The base pressure in the main chamber was
Srs™NcRe. (20 ~10"7 mbar. The gas jet was run on a 1-Hz cycle with an

] opening time of 400us, giving a maximum background
If we assume that all the atoms have condensed into C|U5ter§ressure in the main chamber-sf1l0~¢ mbar. Electron and
it then follows that the number density of clusters will be jgp, signals were only observed when the laser pulse and the
given by the monomer density before clustering, divided  arrival of clusters from the gas jet were coincident.
by the number of atoms per clusté{,, so The electrons emitted in the interaction were detected by
a two-stage microchannel plate placed at the end of a 17-cm
Ne~MNo/Ne, 3 flight tube, oriented perpendicular to both the cluster beam
and the laser beam. The area subtended by the MCP detector
limited the detection cone to 36102 sr. Two grids
(spaced 3 mm apartvere placed immediately behind the
- entrance to the flight tube. The first grid was charged to a
Srs™~NoN¢.- 4 . .
voltage® and the second was grounded, introducing a po-
The monomer density before clustering is known to be proiential barrier to electrons with energy less thed. The
portiona] to the backing pressupg so we have front pIate of the MCP was grounded and the back held at
+2 kV. The MCP output was capacitively coupled to a fast
Srs™~ PoNe - (5) digital oscilloscope and fast gated integrators, which were

Substituting Eq(3) into Eg. (2) and using the fact theR,
~(N,)Y® we obtain
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FIG. 3. Time-of-flight spectrum from 2500-atom xenon clusters  FIG. 4. Measured electron energy distribution from xenon clus-
(backing pressure 5 barirradiated by a peak intensity of ters for a peak intensity of 1610 W cm™2. The gas-jet backing
2x10'™ W cm 2 The 38-cm flight tube was field free, but elec- pressure was 4.5 bar, corresponding to an average cluster size of 31
trons with energy<2 keV are not detected as the front plate of the A or 2100 atoms.

MCP is charged to+ 2 kV.

~50). This fact, coupled with the fact that the variation of

interfaced with a PC. The electron signal was measured aSti%‘e detector sensitivity with ion energy is quite low, indicates
function of retarding voltage, smoothed with a three-point Y gyisd '

adjacent averaging routine, and differentiated to give théhat this effect W![” not have a large effect on the shape of the

electron energy spectrum. Each data point is the average Gih energy spectrum.

50 shots, taken within & 10% laser energy bin. Three m.etal grids, spaced3 mm apart, were placed
The ion energies were determined by measuring thei long the flight tube rqughly one_—thlrd of. the distance from

flight time in the field-free drift tube, which was extended to he_ laser chus. Charging the mldd_le grid to a_poterrﬁ'al

38 or 80 cm for these measurements. The front plate of th h”.e keepmg thg front and back grldsIat earth mtroduced a

MCP was held at-2 kV and the back plate was at earth. A arrier to ions W'th energy I_esslth (wh.ereZ IS t_he

grounded metal grid placed2 mm before the MCP ensured qharge on the |o)nW|th_out 5|gn|f|cantly altering the flight

that the flight tube was field free. The signal was again pro:[Ime of higher energy ions. By varying the voltage we were

cessed by a fast digital oscilloscofyeith the bandwidth lim- able to measure the charge-state distribution of the ions as a
ited to 20yMHz) 9 function of their kinetic energy. The number of ions of a

) . . . i + =20%), was calculated for each
A typical time-of-flight spectrum(which represents the 9'V€" energyE+A_E (AE 2.0 S
averagg of~1000 Iase% shorljsis shrtr)(wn in Fig?3. The fast yalue O.f the retarding potentiak. This gives the nu_mber of
peak a few nanoseconds after the trigger is due to electrorf@"® with chargeZ greatgr tha_n EiAE)/qD'. This was
with energies above 2 keV, while the broad signal extendin moothed W't.h a three_—pomt adjacent averaging routine and
from ~0.5 s is due to ions: The ion time-of-flight spectrum hen differentiated to give the number of ions in each charge

was converted to an energy spectrum after smoothing witﬁtate with energ = AE.
an eleven-point adjacent averaging routine. The TOF trace

yields the ion distribution functiori(t)dt. To retrieve the Ill. EXPERIMENTAL RESULTS
energy distribution functiori(E)dE, the number of ions in A El
each time bin was divided bgE/dt (which is m;12t3, - Electron energy spectra

wherem; is the ion masd, the length of the flight tube, and The measured energy spectrum of electrons emitted along
t the flight time. This factor tends to shift the peak of the ion the direction of the laser polarization during the irradiation of
spectrum from fast flight times to lower energies. clusters of~2100 xenon atom$4.5 bar backing pressure
We have not made any additional corrections to the iorwith an intensity of 1.5 10'® W cm™2 is shown in Fig. 4.
energy spectrum to account for the variation in detectioriThere are two distinct features in the electron energy spec-
sensitivity with different ion energies. Because of the prestrum. The first, broad peak consists of what we shall call
ence of the grounded grid immediately in front of the nega-‘warm electrons” with energies ranging from 0.1 to 1 keV.
tively charged microchannel plate, all ions experience somé second, sharper pedkeferred to as the “hot electrons”
charge-state dependant acceleration prior to striking théhroughout this papgrappears at 2.5 keV. Both peaks are
plates. Thus ions that travel along the flight tube with a smalbnly present when the laser interacts with Xe clusters. When
amount of energysay < 10 keV) will acquire some substan- the interaction region contains only monatomic xergiona
tial amount of energy in the smal mm) region between the static fill) we detect no electrons with energy above 100 eV.
grounded grid and front plat€2000 eV times the charge The most remarkable aspect of this energy distribution are
state of the iop This ensures that, though there is largethe high electron kinetic energies, with a large fraction of the
variation in the energy of the ions ejected from the clusters electrons having energies between 2 and 3 keV. Previous
factor of 1¢%), there is a much smaller variation in the ener-measurements of ATI spectra from single atoms at this in-
gies of the ions striking the detectdless then a factor of tensity and pulse duration have indicated that the vast major-
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FIG. 5. (a) Measured Rayleigh scattering signal as a function of 9-

xenon backing pressur@s in Fig. 2. (b) Measured yield of hot

electrons for a peak intensity of<I110'® W cm™2 as a function of
xenon backing pressure
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ity of electrons produced have energies below 100 eV
[26,28. Only a very small fraction of electron@ypically
10 3-10%) have higher energy, with no detectable elec-
trons having an energy of above 1 k¢®8|. The spectrum

Hot Electron Yield
(arb. units)

0 T T 1
observed from Xe clusters clearly indicates a much greater 0 90 180
coupling of laser energy to electrons than is present during
the irradiation of single atoms. Furthermore, this spectrum Angle (degrees)

indicates that the laser-cluster interaction produces even hot- FIG. 6. () Angular distributi o lect " with en-
ter electron temperatures than a laser-solid interaction at this .~ ™ & Anguiar distribution of “warm €iectrons - with en
ergies ranging from 0.3 to 1 keV. Emission along the direction of

{;:)eigzllt[)gzﬁlvhere electron temperatures of 100-500 eV ar?aser electric field polarization is defined as being at 0° and 180°.

L . . . _(b) Angular distribution of “hot electrons” with energies ranging
E)famlnlng the hot Qlectron yleld.as a functlon.of gaS'JEIfrom 2 to 3 keV. The gas-jet backing pressure was 4 bar, corre-
backing pressure proyldes more ewdepce that this signal '&ponding to an average cluster size of 1600 atoms.
sults from the interaction of the laser with clusters rather than
atoms. Figure 5 shows the close correlation of the onset of The angular distributions of the two groups of electrons
hot electron production with the onset of clustering in xenonare markedly different. The hot electron emission is com-
The hot electron productiofiFig. 5b)] was measured by pletely isotropic, having no variation with respect to the di-
integrating the hot electron MCP signal over time, while Fig.rection of the laser polarization, while warm electron emis-
5(a) (identical to Fig. 2 shows the Rayleigh scattering signal SIOn 1S peaked along the laser polarl_zatlon. The warm
from the gas jet. Both hot electron production and clusterin lectron peak has a full width at half maximum of about 60°.
have a sharp onset at a gas-jet backing pressure of 1 ba°th these distributions are significantly different from the
Below this backing pressure the gas jet beam with which th ngular dlstr_lbutlons associated with single atoms. The elec-
laser interacts is composed primarily of single Xe atoms of°NS from Tlghci_ord_gr ATl are deﬁpe:cciesd tz%f]a"e ?( rguclh nar-
small (<10 atom) clusters. No hot electrons are observed ir{ower angular distributiosa width of 15-20°, peaked along

this situation. Only the production of large Xe clusters re- he laser polarization, was reported in RE26]). In high

sults in a measurable hot electron sianal. The warm electrofield tunneling ionization, the narrow angular distribution
. AR ) gnat. Stems from the much higher tunneling rate in the direction of
signal exhibits similar scaling.

L . the laser field. The electron rved in our experiment can-
The presence of two distinct peaks in the electron energ%e aser field. The electrons observed in our experiment ¢

spectrum suagests that these two arouns mav be produc 8t’ therefore, be interpreted as simply resulting from the
P . 99 . . group ay P %dhnel ionization of individual atoms. Some rescattering of
under different conditions at different times in the cluster

expansion. This assumption is supported by examining ththe eIectyons by ions in the cluster is necessary to e>_<p|ain the
angular dependence of the electron emission with respect roade'nmg qbserved in the warm electrpn .d|str|but|on. The
the laser polarizatiofFig. 6. The angle between the direc- Sgotroplc distribution of the hot electrons |r_1d|cate_s Fhat t_hese
. R L . : electrons have undergone many electron-ion collisions in the
tion of polarization and the detector was varied witih /2

plate placed before the entrance to the vacuum chamber. V\Iﬁfﬁr field, completely randomizing their velocity distribu-

exploited the different flight times of the two sets of elec-
trons to discriminate them and then integrated the MCP sig-
nal over an appropriate time gate. The measured angular dis-
tribution of warm electrons is shown in Fig(&, and that of The remarkably high energies of the electrons produced in
the hot electrons in Fig.(B). the intense laser-cluster interaction suggests that highly

B. lon energy spectra
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FIG. 7. lon energy spectrum from clusters of 2500 Xe atoms 0 5 10 " 20
(backing pressure 5 barirradiated by a peak intensity of .
2x10% W cm 2, derived from the time-of-flight trace shown in Time (us)
Fig. 3.

FIG. 8. Time-of-flight traces of ions produced by the irradiation
of clusters of 1600 Xe atom®acking pressure 4 bawith a peak
charged ions with large kinetic energies may also be ejectefitensity of 1x 10" W cm™2. Each plot is the average of 500 laser
from the cluster. Charge separation of these hot electronshots. Each curvéffset for clarity has been taken with a different
will inevitably accelerate the cluster ions to high velocities.angle between the laser polarization and the detection axis. The
Such hot ions are, in fact, observed as the TOF trace in Figlirection of laser polarization is defined as being 0°. The flight tube
3 illustrates. was extended to 80 cm for these measurements.

The energy spectrum of ions resulting from the interaction
of ~2500-atom Xe clusters with a laser pulse of intensityof the ion distribution as the cluster size is increased. This
~2x10* W cm 2 is shown in Fig. 7(obtained from the suggests that the mechanism driving the cluster ion explo-
TOF trace in Fig. 8 The most remarkable aspect of this sion does not dramatically change as the cluster size is varied
energy distribution is the presence of ions with energies ujrom a few hundred to a few thousand atoms per cluster.
to 1 MeV. This energy is four orders of magnitude higher We observe no hot iongwith energies above 1 ke\at
than has previously been observed in the Coulomb explosioBacking pressures below 1 bar. This pressure corresponds
of molecules30] and about 1000 times higher than the av-both to the onset of massive condensation in the gas jet
erage energy of the highest charge state Ar ions ejected itwhere the majority of atoms condense into clusters of
the disintegration of small clusters of up to six argon atoms>100 atom$ and to the onset of hot electron production
irradiated at 18 W cm™2 reported by Purnelkt al. [14]. from the exploding clusters. This points to a change in the
The average ion energy of this distribution, defined as dynamics of the cluster expansion once the cluster size in-

creases to above 100 atoms.
— JEf(E)dE Similar behavior is found in the explosion of Kr clus-
~ [f(E)dE "’ ®) ters, though the explosions are not as energetic as those of
the Xe clusters under similar conditions. The ion energy dis-

is 45+5 keV. Thus the average laser energy deposited per

ion is also substantial. g
Figure 8 shows the raw time-of-flight signal from 1600- € ,,s
atom clusters as a function of angle with respect to the di- g |
rection of laser polarization. The polarization was rotated, as& 1o0-104!
before, by placing a/2 plate in the beam path just before s
the vacuum chamber. The ion energy distribution is isotropic 3 1011+
with respect to the direction of laser polarization, apparently § ., | 000 atomslcluster
a consequence of a spherically exploding cluster. o
Our ability to control the cluster size by changing the & 4945 ~ 1600 atoms/cluster
backing pressure of the gas jet enables us to examine the s '25:’°“‘°'“"°'“s'°’| ERREON

scaling of the ion energy distribution with cluster si#ég.
9). We find that both the maximum energy, . (defined as
the energy at which the signal drops to 20of its maxi- lon Energy (eV)
mum) and average enerdy of the ion distribution increase
slowly W|th.|ncreasmg cluster size. At _a pressure of_s bar,2500 xenon atomgbacking pressure 2, 3, 4, and 5 bar respectively
corresponding to 2500 atoms/clustf,a«is 1 MeV andE is i agiated by a peak intensity 0b2101® W cm™2 The average ion

41 keV, while at 2 baf400 atoms/clustgy E,y is 200 keV energies are 29 keV for 400 atoms/cluster, 38 keV for 900 atoms/

andE is 29 keV. Though there is a slight drop in the energiescluster, 39 keV for 1600 atoms/cluster and 41 keV for 2500 atoms/
of the ions produced, there is no dramatic shift in the shapeluster.

103 104 108 106

FIG. 9. lon energy spectra from clusters of 400, 900, 1600, and
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FIG. 10. lon energy Spectra from 1100-atom and 500-atom FIG. 12. lon TOF traces with 38-cm ﬂlght tube of 2500-atom
krypton clustergbacking pressures 6 and 4 bar respectivelyd Xe clustergbacking pressure 5 bairradiated with a peak intensity
from 900-atom xenon clustefdacking pressure 3 barThe aver-  of 2X10'° W cm™2 at retarding voltages of 0, 800, 1600, and 3300
age ion energies of the krypton clusters are 28 keV for 1100V
atoms/cluster and 23 keV for 500 atoms/cluster, compared to 38

keV for clusters of 900 xenon atoms. The peak laser intensity Wag "o oa eV while at 4 baf500 atoms/clustér ... is 250
eV max

2x10"%Wem™2

keV andE is 23 keV. The average and maximum energies
tribution in krypton clusters as a function of gas-jet backingfor a given cluster size are slightly lower in krypton than
pressure is shown in Fig. 10. The shape of the energy spegenon.
trum is very similar to that obtained from xenon clusters. At

a pressure of 6 bdd100 atoms/clustgrE . is 350 keV and ) _ S
C. Cluster explosion with ultraviolet irradiation

(a)

Though all of the data presented to this point have been
390 nm taken with near infrared radiation at a wavelength of 780 nm,
RN we have also conducted a preliminary study of the nature of
the cluster ion explosion in ultraviolet light. For these experi-
ments, the laser was frequency doubled to a wavelength of
390 nm using a 3-mm-thick potassium dihydrogen phosphate
(KDP) crystal. Up to 5 mJ of light was focused into the TOF
chamber with a lens of 20 cm focal length.
1= 2 x 1016 Wiem? Figure 11 shows a comparison of the ion energies ob-
— —— tained when clusters of 2500 xenon atoms were irradiated
0 4 8 12 with 780- and 390-nm light at intensity 0210 W cm™?2
lon Flight Time (us) [Fig. 1X(a) is the TOF trace and 1f) is the corresponding
®) energy spectruinIn general we find that the shape of the ion
109 = TOF trace produced with UV light is very similar to that
produced with the IR pulse. The ions from the UV irradiation
appear to be slightly hotter. This can be most easily seen in
the comparison of the TOF traces. The UV generated ion
signal peaks in the same place as the IR signal, however,
there are fewer ions at times1 us. Nonetheless, the differ-
ences between the UV and the IR traces are relatively small.

-50

-100

lon Signal (arb. units)

1010
1011

1012+
3 D. Charge-state distributions
Another striking feature of the ions produced from the
cluster explosion is ionization to very high charge states—a
] \ feature that has already been seen in REfg], [15], and
10 M~y [21]. Figure 12 shows the time-of-flight spectra from
102 103 104 108 108 ~2500-atom xenon clusters irradiated by 206 W cm 2
lon Energy (eV) at kinetic energies from 1 to 100 keV as the retarding voltage
FIG. 11. lon TOF trace with 38-cm flight tub@ and corre- P is varied from 0 to 3.3 kV. The retarding voltage intro-
sponding ion energy spectruth) for clusters of 2500 Xe atoms duces a potential barrier to ions with energies less feh,
iradiated with a peak intensity of210'* W cm~2 at 780 nm, and  Without significantly altering the flight times of higher-
at 390 nm. energy ions. The charge-state distributions calculated from

lon Distribution (arb. units)

1013
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Z+ Kr atoms(backing pressure 6 bairradiated with a peak intensity
Xe Char X gp
e Charge State (Xe™) of 2x 10 W cm? for ion kinetic energies of 1, 2, 5, 10, 20, and
FIG. 13. Measured charge-state distribution of 2500-atom xe30 keV.

clusters(backing pressure 5 bairradiated with a peak intensity of . . . .
2% 10% W cm 2 for ion kinetic energies of 1, 2, 5, 10, 20, 30, and the appropriate way to ex_plaln the exploding cluster behavior
100 keV. is to treat it as a small microplasma. Consequently, we have

modeled the exploding clusters using the formulation first

these spectra are shown in Fig. 13, while Fig. 14 shows thosgetailed by Ditmireet al.[16]. In this treatment the cluster is
from ~1100-atom krypton clusters at the same intensity. treated as a classical, spherical plasma ball of uniform den-

For high energy Xe ions, the peak is &t=18"—257,  sity. This treatment is appropriate when the charge of the
with some ions having charge states as high as.4the  cCluster is sufficient to retain electrons within the vicinity of
peak for high-energy krypton ions is at 1217" with the  the cluster following their ionization from the constituent
highest charge state present being arofird5". These are  atoms. _
much higher charge states than those expected from field This picture of the cluster implies a number of interesting
ionization of single atoms at these intensities. We would exconsequences. First, because of the high electron and ion
pect to see charge states out to" 1id xenon and & in densities Wit_hin the cluster, electron collisional processes
krypton at an intensity of 10 W cm~2 [25]. lonization will be very |mp0_rtant. In part|cular,_ the electrons will un-
to Xe*®* would require an intensity of nearly bW cm~2 if dergq rapl_d heating by the laser fle.|d due to electron-ion
the ionization were due to tunnel ionization alone. High-collisions (inverse bremsstrahluhgThis process converts
temperature electrons in the cluster, which are createle coherent oscillation energy of the electron cloud to ran-
through laser-driven heating, strip the ions to higher charg&lom thermal energy. Electron collisional ionization will also
states by collisional ionization. The ion charge state dependd€ important, stripping the constituent atoms to very high
only weakly on ion kinetic energy, contrary to what would charge states. o
be expected from a simple Coulomb explosion, and to the The second consequence of viewing the cluster as a
results reported if14] for the Coulomb explosion of very sphere of plasma is that the cluster, which becomes conduct-

small argon clusters. ing once some electrons have been liberated by ionization,
will exhibit some of the optical properties of metallic clus-
IV. THEORETICAL AND NUMERICAL ANALYSIS ters. The most remarkable property of metallic clusters is the

presence of a giant resonance in the optical absorption spec-
The very-high-energy particles observed experimentallytrum [10], which is a result of a resonantly driven oscillation
are dramatically different from those typically produced inof the entire cluster electron cloud. This resonance occurs
strong-field laser interactions with molecules. Such energieshen the light frequency is near to the plasma frequency of
are typical of particles produced in the interaction of a highthe electrons in the clustefThe actual plasma density at the
intensity laser with solid density plasmas. This suggests thatsonance is dependent upon the shape of the cluiee.
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presence of this resonance turns out to be very important in -~ | @
the dynamics of the high-intensity laser interaction with the E 1079
cluster. s
To explore the interplay of these effects we have used the ; 1015 -
numerical model for the cluster evolution first detailed in @
Ref.[16]. This numerical model treats the cluster as a spheri- s 014
cal microplasma, subject to the standard processes of a laser-< f T T T
heated plasma. The model solves for ionization in the cluster, )
including rates for laser field tunnel ionizatip#0] and both I i
thermal and laser-driven electron collisional ionizatjdd]. -
Laser-driven collisional heating in the cluster is found using 2 "% 3
the standard Silin formuld€2] for the electron-ion collision K ]
frequency. The model calculates the free streaming rate of
electrons leaving the cluster, accounting for the mean free 10 Sy . T——r— '
path of electrons in the cluster. Only electrons with energy 102 _
sufficient to overcome the Coulomb attraction of the posi- 101 ©
tively charged cluster are allowed to leave. The cluster ex- £ 400
pansion, assumed to be uniform and isotropic, is calculated £ ]
accounting for hydrodynamic and Coulomb repulsion forces < 107"+
within the charged cluster. The electron energy distribution 102
within the cluster is assumed to be Maxwellian throughout 103 [ . S :
the calculation. — s
To account for the collective electron oscillation effects E 10 (d)
on the optical absorption of the cluster we use a zero- & 104-
frequency approximation for the laser field. This approxima- & 1034
tion is appropriate when the cluster is much smaller than the ';
laser wavelength. It also assumes that the response of the £ 102
cluster electron cloud is fast compared to the time scale of § 101
the cluster expansion dynamics. Using these assumptlons w 200 150 100 80 0 50 100
and the approximation of the cluster as a ball of uniform
density, we can calculate the electric field inside the cluster Time (fs)

using the formula for the electric field of a dielectric sphere
in a uniform electric field43]. The electric field in the clus-
ter is therefore

FIG. 15. Theoretical calculations of the time history of 30-A Xe

clusters(1800 atoms/clustgrirradiated by a 140-fs pulse with a

peak intensity of X 10'® W cm 2. (a) Laser pulse envelopéb)
cluster radius|c) electron densityn, (normalized to the critical
density,ng;), and(d) electron temperature.

E=E, er2 (7)

] o . trates the radius of the cluster as a function of time; Fig.
where E, is the laser electric field in vacuum. The cluster 15(c) shows the electron densitpormalized to the critical
dielectric constant is given by the Drude model for a plasmadensity, and Fig. 1%d) shows the electron temperature.

Early in the laser pulse, arourte= — 190 fs, optical ion-

(8) ization creates some free electrons in the cluster. Though a
wheren, is the electron densityq;; is the electron critical Le‘;':’ﬂ?;rh;u'gt'gflI%’h':r!;ggeelsﬁg%nes gfsgr?gilfgggrtiigggagé di-
%?\nsézlifgigﬁ l?rsezrufe':enlgym{_rrigufoﬁfnyu?;dp’;;itgé (atlr?;:r(x]r;en tional elgctrons from escaping. These elect.rons will then start
G . ) to acquire thermal energy from the laser field through Cou-
ne/nc”‘?G _the electric field inside the qlust_er IS shielded by, collisions with the ions in the cluster. The temperature
fche oscillating electron clouc_j anq thg field inside the clustety the electrons begins to risetat — 175 fs. In addition, the
is smaller then the surrounding field in vacuum. On the othef.ee glectrons in the cluster will begin to collisionally ionize
hand, Eq(1) has a sharp maximum wher/nc;=3. Atthis  the Xe ions in the cluster. The cluster begins to expand and
point the oscillating laser field resonantly drives the clustethe electron heating continues. The heating of the electrons
electron cloud and the field inside the cluster is enhanced. Ag the initial phase of the interaction is low due to the shield-
a result, the free electrons in the cluster undergo rapid colliing of the laser field by the high free electron density that has
sional heating because of the local increase in the field erbeen created in the cluster. Ultimately, tat —30 fs, the
ergy density. The numerical model self-consistently treats alexpansion of the cluster lowers the electron density to bring
laser-driven processgsuch as tunnel ionization and colli- the electron oscillation into resonance with the laser field.
sional heating subject to this equation for the electric field. This results in a very rapid deposition of the energy into the
An example of the dynamics of a xenon cluster are illus-electrons, causing the sharp spike in the electron temperature
trated in Fig. 15. Here the calculated time history of a 30-Aseen in Fig. 16). At this point, the ions are very rapidly
Xe cluster ¢-1800 atoms) irradiated by a 140-fs pulse with stripped by the hot electrons. The cluster then explodes,
a peak intensity of X10'® W cm 2 is shown. The laser manifested by the rapid expansion seen in Figblfllow-
pulse envelope is shown in Fig. . Figure 1%b) illus- ing the resonant heating.

e=1—(Ng/Nei)(1+iviw) L,
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FIG. 16. Time history of 25-A Xe clustef1100 atoms/cluster ~ from rapid heating of the remaining electrons in the bulk of
irradiated with a peak intensity of>10*® W cm™2 showing the  the cluster later in the pulse when the electron density drops
laser pulse envelopghin solid ling), the electron temperatutthick  to a point to bring the heating into resonance. This explana-
solid line), the rate at which electrons exit the cluster by freetion seems to be corroborated by the observed angular dis-
streaming(dashed ling and the escape energy threshatibtted  tripytion data. The warm electrons are the result of some
line). collisional heating early in the pulse. These electrons have

undergone a limited number of collisions, broadening the

Using these calculations it is possible to track the dynamangular distribution from that of purely tunnel-ionized elec-
ics of the electrons escaping from the cluster during the progons. The hot electrons, on the other hand, result from ex-
cess described in Fig. 15. Figure 16 shows the time history ofensive collisional heating of the electrons in the bulk of the
a 25-A Xe cluster {-1100 atoms) irradiated by a pulse with ¢jyster. Consequently, their velocity distribution has been

- ; 6 ~2
a peak intensity of X 10 W cm™2. Here the electron tem- completely randomized, accounting for the isotropic distribu-
perature, laser pulse envelope, and escape energy thresheigh, observed

are shown, along with the calculated rate at which electrons Though the calculated energy distribution exhibits close

exit the cluster by free streaming. As this figure |Ilustrates,aigreement with the measured distribution in the positions of

some electrons escape from the cluster in the initial stages Qe distribution peaks, the calculation does differ from the
the cluster interaction as the electron temperature rises. How- casured energy spéctrum in some features. For example

ever, once the electron temperature peaks due to the heati 27 T . .
P P calculated distribution exhibits a hot electron peak with a

by the giant resonance, the electron escape rate also shar . - .
peaks, since many of the electrons acquire enough therm oad tail. This is due to the assumption that the electron

energy to overcome the space-charge forces of the cIustéﬂ!Str?bUt?on W_ith_in the cluster is_ a Maxwellian. In reality, _the
This history implies that the electron energy spectrum mighglistribution within the cluster will not completely thermalize;
exhibit two features: one arising from the lower-energy electhe hottest electrons in the outer tail of the distribution leave
trons that escape from the cluster early in the interaction, anthe cluster first. The fast disassembly of the cluster prevents
one from the hot electrons that escape during the resonan€é@mplete thermalization by electron-electron collisions, and
heating of the cluster. there is insufficient time to populate the Maxwellian tail.

The calculated electron distribution for the dynamics de- The production of hot electrons through inverse brems-
scribed in Fig. 16 is shown in Fig. 17. The distribution is strahlung seen in the data and the calculation can drive a
found by summing the energy distribution of the electronsvery energetic explosion of the cluster. This explosion is
that leave the expanding cluster during the entire laser pulsenanifested in the very high energy ions observed. Charge
The calculated distribution does, in fact, exhibit a two-lobedseparation of the hot electrons will inevitably drive a rapid
distribution. Furthermore, it exhibits a close similarity to the expansion of the cluster. The explosion of the cluster can be
measured electron distribution. The sharp peak near 2.5 kelfriven by two forces. The first is the Coulomb repulsion
is clearly consistent with the observed data, both in positiorbetween the highly charged ions in the cluster. If all the free
and its narrow width. The calculation indicates that this pealelectrons are retained in the cluster, the cluster is quasineu-
in the data is evidence for the giant resonance in the heatinigal and this force is negligible. However, the free streaming
of the electrons in the cluster spherical microplasma. of electrons from the cluster will cause a charge buildup on

These calculations seem to explain the prominent featurethe plasma sphere, and a Coulomb “pressure” will develop.
of the observed electron energy distribution. The model calWe can make a simple estimate for the Coulomb pressure by
culations indicate that the warm electron peak is the result ofissuming the cluster plasma is a good conductor and that any
collisional heating of electrons near the surface of the clustecharge buildup on the sphere will reside on the surface. This
on the rising edge of the laser pulse. The hot electrons resuftssumption implies that the Coulomb pressurgl&
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FIG. 18. (a) Time history of cluster radius and radial expansion
velocity of a 32.5-A Xe clustef2300 atoms/clustgirradiated by a
150 fs, 780-nm pulse at>210'® W cm™2. (b) Hydrodynamic pres-
sure and Coulomb pressure of the same cluster explosion.

are shown. The cluster very rapidly expands 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 rela-
tive contributions of the hydrodynamic pressure and the
(99  Coulomb pressure are shown in Fig.(hB8 During the ma-
jority of the ion acceleration seen in Fig. (&3 the dominant
force is the hydrodynamic force, with very little contribution
The second force important in driving the cluster explo—'crom the Co_ulomb explosion force. This apalysi; implies that
gwe expansion of the exploding clusters is similar to that of

sion is the hydrodynamic pressure of the free electrons in th i
cluster. This force is present even if the cluster plasma re2 expanding plasma. Even for clusters-et000 atoms the

mains neutral. The hot electrons in a plasma will set up a[nolecular picture of the explosion is no longer valid. It is

radial ambipolar potential that then accelerates the cluste"’?'ls‘0 Interesting to note.that that ('alec.trorj pressure inside the
cluster is very high. This calculation indicates that the elec-

I;;)ISS. The pressure driving this expansion mechanism is Slrr}ron pressure can exceed 100 Mbar for short period of time.
In light of the calculation of Fig. 18, the reasons for the
(10) very high energy ions observed can be very simply explained
by a simple model. In the hydrodynamic expansion of the
where T, is the electron temperature. This hydrodynamiccluster both electrons and ions ultimately reach a velocity
pressure is the same force that drives the expansion of a sol@iven roughly by the sound speed of the cluster plastga,
target plasma into vacuum after it has been heated by am ZkT./m; (wherekT, is the electron thermal energy and
intense laser pulse. In the interaction of picosecond pulses at; is the ion mass Most of the resulting kinetic energy is,
intensities of>10' W cm™2 fast ions resulting from these however, contained in the ions due to their much greater
plasmas have been observed with energies up to a few humass. On the basis of this statement, we expect that the av-
dred keV[44]. erage ion energy will be of the order &f;,c2~ZkT,. This
The Coulomb explosion mechanism is similar to theimplies, for example, that the average Xe ion energy will be
mechanism that drives the explosion of small, optically ion-~50 keV if we assume that the electron temperature is given
ized molecules. However, in bulk solid plasmas, the plasmay the high-energy electron feature in Fig.(d5 i.e., kT,
remains quasineutral and the expansion is driven by the hy-2 5 keV and the average charge stat&4s20". This is in
drodynamic force. This difference points to the question ofgood agreement with our observed average Xe ion energies.
which mechanism is responsible for the explosion of the Our calculation also predicts the appearance of the high
clusters observed in our experiments. The Coulomb exploion charge states observéd 20" for Xe ions. We find that
sion force scales as R} while the hydrodynamic force rapid collisional ionization by the hot electrons within the
scales as Rﬁ. This suggests that Coulomb explosion forcescluster can strip the ions to very high charge stdigs to
may dominate for small clusters. Xe*®* in our calculations a mechanism discussed at length
To investigate this physics, we can examine the relativén Ref. [16]. The calculated charge state of the Xe cluster
contributions of the two forces on the expansion of a clustecalculation of Fig. 18 is shown in Fig. 19 after the cluster has
in our uniform cluster plasma expansion model. The result@xpanded to infinity. This calculation implies that the Xe
of one such calculation are shown in Fig. 18 in which aions may become highly stripped. This calculation does not
32.5-A Xe cluster is irradiated by a 150-fs, 780-nm pulseexactly match the measurement of Fig. 13, however, indicat-
with a peak intensity of X10*®* W cm 2. In Fig. 18a) the  ing that the ionization process in the cluster may be more
temporal evolution of the cluster radius and radial velocitycomplicated than the simple calculation.

QZeZ

Coul™ 87RY’
c

whereQe is the charge residing on a cluster of radijs.

Prya=NeKgTe,
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FIG. 21. Self-similar solution of ion energies resulting from the
Charge State isothermal expansion of a Xe plasma with=20 and T,
=2.5keV. Comparison ofa) calculated TOF trace an¢b) ion

FIG. 20. (a) Calculated electron temperature ail cluster ex- energy spectrum with data.

pansion velocity of a 2000-atom krypton clustér) Charge-state

distribution resulting from the cluster explosion. . o .
merical problem, it is possible to make some very good es-

We have also performed calculations for Kr clusters oftimates of the resulting ion energy distribution for an ex-
similar size under our experimental conditions. We find thatpanding plasma by solving the plasma fluid equations alone,
in general, the dynamics are very similar to those of thechoosing suitable initial conditions to model the cluster.
exploding Xe clusters, with hydrodynamic forces dominant If the cluster plasma is approximated by the classic two-
in driving the explosion, though the ion energies tend to bdluid plasma model we can ignore the electron inertia com-
lower than those produced from the Xe clustersl50 keV pared to the more massive ion inertia and we retrieve the ion
from 2000-atom Kr clustejsA calculation for a Kr cluster fluid equationd34]:
of 2000 atoms irradiated by a pulse with an intensity of

2X 10" W/en is shown in Fig. 20. The dynamics are very mi 9. (nu,)=0, (118
similar to the Xe clusters, but the resulting ion energies are gt ox

lower. This is a result of the fact that the Kr ions are not as

highly stripped as the Xe ions. This trend is confirmed by our U a\  Z dpe

experimental results, which also indicate that the Kr ions are Tt YW T nem; dx (11b)

not as highly charged as the Xe ions and that the Kr ions do
not exhibit energies that are as high as those of the Xe iondere n; is the ion densityy; is the ion velocity,Z is the
under similar conditions. charge state of the ionsy, is the ion mass, ang, is the
Though the uniform plasma sphere model provides manglectron pressure. The first equation is simply the conserva-
insights into the cluster explosion dynamics and permits eastjon of mass equation, the second is the conservation of mo-
numerical calculations using a variety of physical effects, itmentum. These equations describe the motion of an ion fluid
is inadequate in predicting the shape of the ion distributiorsubject to an electron pressure. The high-temperature elec-
of an expanding plasma sphere. An experimental test of theons will set up an ambipolar potential that can accelerate
hypothesis that the cluster expands primarily by hydrodythe ions. This force is manifested in the right hand term of
namic forces would be to compare the observed ion energiq. (11b).
spectra with spectra calculated from the plasma fluid equa- To compare the predictions of these equations we must
tions. Though including all the physics of the laser clusterchoose appropriate boundary conditions. We use the well-
interaction as discussed above is a prohibitively difficult nu-known self-similar solution of an isotropic, radial expansion
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[34]. To calculatedp./dx we must choose an equation of of magnitude higher than the energies observed in ATI of
state. For our simple estimate we use an isothermal equatigingle atoms or small molecules. The ions produced in the
of state.(Note that the actual expansion is not isothermal; theexplosion have mean energies of tens of keV and the maxi-
actual temperature is a complicated function of time. How-mum ion energy observed was 1 MeV. lon charge states as
ever, this calculation is intended only as a qualitative comhigh as Xé% have been observed.

parison and the temperature variation will not dramatically These experimental observations are well explained by a
alter the shape of the calculated ion TOF trace. theoretical model that treats the cluster as a small, spherical

_ Figure 21a) shows the self-similar solution of ion ener- yiasma. The cluster is ionized by optical and collisional ion-

gies resulting from the isothermal expansion of an Xe plasma, a+ion and begins to expand. The expansion of the cluster

with ZZ?Q and an electron temperature of 2.5.k(1)¢5und— lowers the electron density to bring the electron oscillation
ary conditions used because of the results of Figs. 4 ahd 13

Thi lution i mpared with the m red ion TOF tr into resonance with the electric field. This results in a very

of FS| 503u T%e rsnggsuegdeTOF tracg beit?zuaestrilﬁin similaerli('i?apid deposition of energy into the electrons, causing a sharp
9. 5. ; 9 .yspike in the electron temperature distribution. At this point,

to that of the calculated hot-electron-driven hydrodynamic

expansion. The resulting energy spectra are compared in FiH.‘e lons are very rapidly stripped to high charge ;tates by the
(21b). The slope of the ion distribution is well reproduced by ot electrons, ar_ld the cluster explodes. _CoI_Iectlve phenqm-
the calculation. The close similarity between the calculate§@ Such as this resonant electron oscillation and heating,
hydrodynamic expansion and the observed ion energy distr'® Very important in the interaction of light with clusters but
bution seems to confirm the assertion that the cluster expldr€ Virtually absent in light-atom interactions.

sion is largely driven by hydrodynamic forces. The high ion energies and charge states observed in the
explosion of clusters of a few hundred to a few thousand
V. CONCLUSION atoms in an intense laser field are very much like those ob-

served in the expansion of a laser-heated solid-density
In conclusion, we have studied the photoionization ofplasma into vacuum. They contrast dramatically with the
noble-gas clusters by a high-intensity, femtosecond lasdow-energy, low-charge-state ions produced in the Coulomb
pulse. We have examined the energies of the electrons arekplosion of small molecules and clusters of only a few at-
ions produced in the explosion of the clusters and found thadms in strong laser fields. Clusters of more than a few hun-
their kinetic energies are remarkably high. The electron endred atoms, therefore, represent an important transition in the
ergy distribution from the exploding clusters contains elec-dynamics of intense laser-matter interactions from molecules
trons with energies as high as 3 keV, which is several ordert solids.
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