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Explosion of atomic clusters heated by high-intensity femtosecond laser pulses

T. Ditmire, E. Springate, J. W. G. Tisch, Y. L. Shao, M. B. Mason, N. Hay, J. P. Marangos, and M. H. R. Hutchin
Blackett Laboratory, Imperial College of Science, Technology, and Medicine, Prince Consort Road, London SW7 2BZ, United K

~Received 5 May 1997; revised manuscript received 21 July 1997!

We have experimentally and theoretically studied the high-intensity (.1016 W cm22), 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 pulse.@S1050-2947~97!02912-0#

PACS number~s!: 36.40.2c, 52.40.Nk, 36.40.Gk
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I. INTRODUCTION

Atomic clusters have long been studied by chemists
physicists because of the unique position that clusters hol
an intermediate state between molecules and solids@1#.
Many studies have traced the properties of materials fr
their monatomic characteristics to their bulk state charac
istics through an examination of the material as it for
larger and larger clusters. Experiments on the optical pr
erties of clusters compose a sizable fraction of these stud
Photofragmentation studies in particular have been very
ful in illuminating the chemistry of these atomic and molec
lar clusters. Many experiments involving single photon a
multiphoton ionization of clusters with long laser pulse
(;nanoseconds) at low to moderate intensities have b
performed@2–4#, and the photofragmentation@5,6# and Cou-
lomb fission@7,8# dynamics have been extensively inves
gated. These experiments have revealed a number of ra
interesting features about the nature of light interactions w
clusters. For example, it is now well known that the abso
tion spectra of metallic clusters are dominated by a gi
resonance due to photon coupling to a collective oscillat
of the cluster electrons@9,10#. Such collective phenomena
while virtually absent in light-atom interactions, are very im
portant in the interaction of light with clusters and can le
to remarkable optical properties.

Recently, there has been much activity in extending th
studies to very high intensity, ultrashort laser pulses w
peak laser intensities.1015 W cm22, and pulse widths of
0.1–10 ps@11–22#. There has also been some prelimina
theoretical work in this area@16,23#. In this parameter re-
gime the physics governing the laser cluster interaction
fundamentally different than in previous studies. At the
intensities the laser interaction is nonperturbative and v
high-order multiphoton ionization and strong electric fie
tunnel ionization are possible. Consequently, highly char
ions can be produced@12,15,18,21#. Furthermore, the shor
pulses used are comparable to or shorter than the disas
bly times of a cluster in the laser field@16#, the entire laser
pulse interacts with an inertially confined body of atoms.

Such high-intensity processes have been extensively s
ied in atoms and molecules. The high-intensity laser inter
tions with atoms have been directed toward understand
multiphoton and tunnel ionization of atoms and ions to h
571050-2947/98/57~1!/369~14!/$15.00
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charge states@24,25#. Numerous studies of electron energi
produced by above-threshold ionization~ATI ! have also
been conducted@26–28#. These studies indicate that the e
ficiency with which laser energy is coupled to the electro
is very low. For example, average energies of electrons p
duced by ATI of atoms ionized by pulses with intensity up
1016 W cm22 are of the order of 100 eV or less@26,28#.
Many studies of the strong field laser ionization of sm
molecules have also been conducted in recent years@29#.
These experiments have shown that the ionization mec
nisms of molecules are very similar to those of single atom
This rapid ionization by a short laser pulse subsequently
sults in a Coulomb explosion of the constituent ions. I
fragments with kinetic energy of up to 100 eV have be
observed in the explosion of triatomic molecules@30#.

The plasmas produced by the intense illumination of s
ids at these high intensities have also been investigated.
like single atoms, intense laser interactions with high den
plasmas can be very energetic. These plasmas efficiently
sorb laser light due to rapid inverse bremsstrahlung hea
of the plasma electrons@31#. Such plasmas can typically ex
hibit average electron temperatures of up to 1 keV, thou
they are usually clamped to lower values because of cond
tive cooling of the plasma@31,32#. The expansion of hot
laser-heated plasmas is usually followed by a hydrodyna
expansion into vacuum, resulting in the ejection of fast io
@33,34#.

The dramatic difference between the nature of intense
ser interactions with atoms and solid density plasmas po
to an interesting question: do clusters of a few hundred t
few thousand atoms, objects that are small compared
laser wavelength, behave like small molecules in stro
fields or more like the energetic plasmas produced from
ids? Recently a number of studies have addressed the
of the nature of intense laser interactions with clusters ov
variety of cluster sizes and laser wavelengths. These stu
have ranged from ultraviolet and infrared light interactio
with C60 molecules@35,36# to studies of interactions of clus
ters of more than;100 atoms with lasers of wavelengt
between the ultraviolet to the near infrared@12,18#. Initial
studies indicated that the intense laser interaction with c
ters was much more energetic then interactions at sim
intensities with atoms or small molecules. These initial stu
369 © 1998 The American Physical Society
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370 57T. DITMIRE et al.
ies found that intense irradiation of a medium of clust
resulted in very intense x-ray emission. In fact, x rays w
energy out to 5 keV were observed in a Xe cluster gas
irradiated by 248-nm pulses at intensity.1018 W cm22 @12#.
Similar high x-ray yields have been observed in cluster m
dia of various species and at a range of laser wavelen
@15#. These studies indirectly indicated that the clusters w
absorbing substantial fractions of laser energy and were
ducing hot electrons and highly charged ions capable of p
ducing the observed radiation. However, until recently,
direct data existed on the energies and distributions of ei
the electrons or ions ejected during the interaction of inte
laser pulses with large (.1000 atom) clusters.

In this paper we present a comprehensive investigatio
the physics of intense short pulse interactions with noble-
clusters over a range of cluster sizes, species, and laser w
lengths. Direct measurements of the electron and ion e
gies resulting from the interactions of laser pulses with i
lated clusters have been obtained. Both electrons and
are ejected from the heated cluster with substantial kin
energy. We find that electrons with energies up to 3 keV a
ions with energies of up to 1 MeV are produced. These
perimental observations are well explained by a theoret
model of the cluster as a small plasma sphere that explo
following rapid electron collisional heating by the inten
laser pulse.

II. EXPERIMENTAL DETAILS

In our experiment~illustrated in Fig. 1! a beam of atomic
clusters, produced in the expansion of a high-pressure
into vacuum, is irradiated by a focused, high-intensity, fe
tosecond laser beam. The electrons and ions expelled
the clusters with velocities perpendicular to both the clus
beam and the laser beam propagate along a fl

FIG. 1. Experimental configuration for measuring ion energ
of exploding clusters.
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tube and are detected by a microchannel plate dete
~MCP!. The ion energies are then determined by time-
flight measurements; the electron energies are found by m
suring the decrease in the MCP signal as a retarding vol
is applied to a grid placed between the focus and the MC

The laser used was a high-power Ti:sapphire laser, ba
on the principle of chirped pulse amplification, which deli
ers 150-fs pulses at a wavelength of 780 nm. This laser
been discussed at length in Ref.@37#. In brief, near-
transform-limited 90-fs pulses are produced by a Kerr le
mode-locked Ti:sapphire oscillator. These pulses
stretched to 250 ps with a grating stretcher and are t
amplified in a Ti:sapphire regenerative amplifier followed
a Ti:sapphire multipass power amplifier to an energy
;80 mJ. After recompression, the final pulse duration is 1
fs, the 1/e2 diameter of the beam is 1.5 cm32 cm and the
maximum pulse energy is 40 mJ.

The laser is focused using a plano-convex lens with
focal length of 20 cm. With this focal configuration the foc
spot size is found to be nearly Gaussian with a 1/e2 diameter
of ;40mm, which is '4 times diffraction limited. This
yields a peak focused intensity of;231016 W cm22 with
20 mJ of laser intensity. This intensity was confirmed in
separate experiment by observing the appearance of H21

through tunnel ionization, which occurs at an intensity
;731015 W cm22 @25#.

A solenoid pulsed gas jet valve produced the noble-
clusters in our experiment. The extent of atomic clustering
our gas jet can be estimated using Hagena’s empirical s
ing parameter@38,39#,

G* 5k
~d/tana!0.85p0

T0
2.29 , ~1!

which assumes that the extent of clustering is dependent
on d the diameter of the nozzle~in mm!, a the jet expansion
half-angle,p0 the gas-jet backing pressure in mbar,T0 the
initial gas temperature, andk the condensation paramete
The condensation parameter is an empirical constant tha
pends on the gas~k55500 for Xe, 2900 for Kr, and 4 for He
@39#!. In our experiment,d5500mm, a545°, and T0
5298 K, so, with a backing pressure of 6 bar,G* is 14 000
for xenon, 7400 for krypton, and 10 for helium. Publish
scalings of cluster size with the Hagena parameter indic
that the onset of massive condensation in the gas jet~where
the majority of atoms condense into clusters of.100 atoms!
occurs atG* ;1000 @39#.

To establish the presence of clusters in our gas jet
determine their average size we conducted a series of R
leigh scattering measurements. Low-power, vertically po
ized 532-nm light from a frequency-doubled Nd:YAG las
~100 mJ in a 10-ns pulse! was focused by anf /30 lens to 3
mm below the gas-jet nozzle. Anf /4 lens imaged the 90°
side-scattered light from this region through a small apertu
and it was detected by a photomultiplier fitted with a narro
band, 532-nm interference filter. The scattered signal a
function of backing pressure,p0 , for xenon, krypton, and
helium is shown in Fig. 2.

Our measurements indicate that clusters of a detect
size begin to form at pressures around 1000 mbar in xe

s
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57 371EXPLOSION OF ATOMIC CLUSTERS HEATED BY . . .
and 2000 mbar in krypton. In helium, which has a cond
sation parameter three orders of magnitude smaller t
those of xenon and krypton and is not expected to clu
under these conditions, no scattered signal above the n
level was observed. The scattered signal from the Xe and
clusters displays ap0

3 dependence with increasing backin
pressure. This is consistent with a simple scaling argum
The scattered signalSRS is proportional to the product of th
Rayleigh scattering cross section of the cluster and the d
sity of clusters,nc . At a given wavelength, the cross sectio
scales asRc

6, whereRc is the radius of the cluster, so

SRS;ncRc
6. ~2!

If we assume that all the atoms have condensed into clus
it then follows that the number density of clusters will b
given by the monomer density before clustering,n0 , divided
by the number of atoms per cluster,Nc , so

nc;n0 /Nc , ~3!

Substituting Eq.~3! into Eq. ~2! and using the fact thatRc
;(Nc)

1/3 we obtain

SRS;n0Nc . ~4!

The monomer density before clustering is known to be p
portional to the backing pressurep0 so we have

SRS;p0Nc . ~5!

FIG. 2. Measured Rayleigh scattered light signal as a functio
gas-jet backing pressure for xenon, krypton, and helium.
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Our observation that the scattered signal varies as;p0
3 is

consistent with published scalings of cluster size with gas
backing pressure, which show a quadratic dependenc
cluster sizeNc on backing pressurep0 @39#.

The average cluster size at a particular backing pres
~Table I! was estimated from the Rayleigh scattering data
Fig. 2. We have assumed that the observed onset of clu
ing corresponds to roughly 100 atoms per cluster and
then use the measured increase in scattered signal to c
late the cluster size as a function of backing pressure. Us
this scaling we can infer that, atp054 bar, an average xeno
cluster will contain;1600 atoms and have a radiusRc'29
67 Å, while a krypton cluster will typically contain
;500 atoms and have a radiusRc'1764 Å. Our scattering
technique only yields information on the average size of
clusters; it does not give us any information on the size d
tribution of the clusters.

The clusters produced by the gas jet were collimated i
a low-density cluster beam for the time-of-flight expe
ments. A skimmer with an aperture of 0.5 mm and 50° co
located 20 cm below the gas jet was used to collimate
cluster beam and separate the chamber containing the ga
from the interaction region and TOF spectrometer. This p
duced a low-density cluster beam that intercepted the la
beam at the focus. The two chambers were differentia
pumped to enable cluster formation in the gas jet while
suring that the vacuum in the interaction region remain
sufficiently low. The base pressure in the main chamber w
;1027 mbar. The gas jet was run on a 1-Hz cycle with
opening time of 400ms, giving a maximum background
pressure in the main chamber of;1026 mbar. Electron and
ion signals were only observed when the laser pulse and
arrival of clusters from the gas jet were coincident.

The electrons emitted in the interaction were detected
a two-stage microchannel plate placed at the end of a 17
flight tube, oriented perpendicular to both the cluster be
and the laser beam. The area subtended by the MCP det
limited the detection cone to 3.531023 sr. Two grids
~spaced 3 mm apart! were placed immediately behind th
entrance to the flight tube. The first grid was charged t
voltageF and the second was grounded, introducing a
tential barrier to electrons with energy less thaneF. The
front plate of the MCP was grounded and the back held
12 kV. The MCP output was capacitively coupled to a fa
digital oscilloscope and fast gated integrators, which w

f

TABLE I. Calibration of xenon and krypton cluster size wit
gas-jet backing pressure. Error in estimate of number of atoms
cluster; factor of 2.

Pressure
~bar!

Xenon Krypton

Number of
atoms,Nc

Cluster radius,
Rc ~Å!

Number of
atoms,Nc

Cluster
radius,Rc ~Å!

1 100 11 30 7
2 400 18 120 11
3 900 24 270 14
4 1600 29 480 17
5 2500 33 750 20
6 3600 37 1080 23
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372 57T. DITMIRE et al.
interfaced with a PC. The electron signal was measured
function of retarding voltage, smoothed with a three-po
adjacent averaging routine, and differentiated to give
electron energy spectrum. Each data point is the averag
50 shots, taken within a610% laser energy bin.

The ion energies were determined by measuring th
flight time in the field-free drift tube, which was extended
38 or 80 cm for these measurements. The front plate of
MCP was held at22 kV and the back plate was at earth.
grounded metal grid placed;2 mm before the MCP ensure
that the flight tube was field free. The signal was again p
cessed by a fast digital oscilloscope~with the bandwidth lim-
ited to 20 MHz!.

A typical time-of-flight spectrum~which represents the
average of;1000 laser shots! is shown in Fig. 3. The fas
peak a few nanoseconds after the trigger is due to elect
with energies above 2 keV, while the broad signal extend
from ;0.5ms is due to ions. The ion time-of-flight spectru
was converted to an energy spectrum after smoothing w
an eleven-point adjacent averaging routine. The TOF tr
yields the ion distribution functionf (t)dt. To retrieve the
energy distribution functionf (E)dE, the number of ions in
each time bin was divided bydE/dt ~which is mil

2t23,
wheremi is the ion mass,l the length of the flight tube, and
t the flight time!. This factor tends to shift the peak of the io
spectrum from fast flight times to lower energies.

We have not made any additional corrections to the
energy spectrum to account for the variation in detect
sensitivity with different ion energies. Because of the pr
ence of the grounded grid immediately in front of the neg
tively charged microchannel plate, all ions experience so
charge-state dependant acceleration prior to striking
plates. Thus ions that travel along the flight tube with a sm
amount of energy~say,10 keV! will acquire some substan
tial amount of energy in the small~2 mm! region between the
grounded grid and front plate~2000 eV times the charg
state of the ion!. This ensures that, though there is lar
variation in the energy of the ions ejected from the cluster~a
factor of 104!, there is a much smaller variation in the ene
gies of the ions striking the detector~less then a factor o

FIG. 3. Time-of-flight spectrum from 2500-atom xenon cluste
~backing pressure 5 bar! irradiated by a peak intensity o
231016 W cm22. The 38-cm flight tube was field free, but ele
trons with energy,2 keV are not detected as the front plate of t
MCP is charged to12 kV.
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;50!. This fact, coupled with the fact that the variation
the detector sensitivity with ion energy is quite low, indicat
that this effect will not have a large effect on the shape of
ion energy spectrum.

Three metal grids, spaced;3 mm apart, were placed
along the flight tube roughly one-third of the distance fro
the laser focus. Charging the middle grid to a potentialF
while keeping the front and back grids at earth introduce
barrier to ions with energy less thanZeF ~whereZ is the
charge on the ion! without significantly altering the flight
time of higher energy ions. By varying the voltage we we
able to measure the charge-state distribution of the ions
function of their kinetic energy. The number of ions of
given energy,E6DE (DE520%), was calculated for eac
value of the retarding potential,F. This gives the number o
ions with chargeZ greater than (E6DE)/F. This was
smoothed with a three-point adjacent averaging routine
then differentiated to give the number of ions in each cha
state with energyE6DE.

III. EXPERIMENTAL RESULTS

A. Electron energy spectra

The measured energy spectrum of electrons emitted a
the direction of the laser polarization during the irradiation
clusters of;2100 xenon atoms~4.5 bar backing pressure!
with an intensity of 1.531016 W cm22 is shown in Fig. 4.
There are two distinct features in the electron energy sp
trum. The first, broad peak consists of what we shall c
‘‘warm electrons’’ with energies ranging from 0.1 to 1 keV
A second, sharper peak~referred to as the ‘‘hot electrons’
throughout this paper! appears at 2.5 keV. Both peaks a
only present when the laser interacts with Xe clusters. W
the interaction region contains only monatomic xenon~in a
static fill! we detect no electrons with energy above 100 e

The most remarkable aspect of this energy distribution
the high electron kinetic energies, with a large fraction of t
electrons having energies between 2 and 3 keV. Prev
measurements of ATI spectra from single atoms at this
tensity and pulse duration have indicated that the vast ma

FIG. 4. Measured electron energy distribution from xenon cl
ters for a peak intensity of 1.531016 W cm22. The gas-jet backing
pressure was 4.5 bar, corresponding to an average cluster size
Å or 2100 atoms.
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57 373EXPLOSION OF ATOMIC CLUSTERS HEATED BY . . .
ity of electrons produced have energies below 100
@26,28#. Only a very small fraction of electrons~typically
1023– 1024! have higher energy, with no detectable ele
trons having an energy of above 1 keV@28#. The spectrum
observed from Xe clusters clearly indicates a much gre
coupling of laser energy to electrons than is present du
the irradiation of single atoms. Furthermore, this spectr
indicates that the laser-cluster interaction produces even
ter electron temperatures than a laser-solid interaction at
intensity, where electron temperatures of 100–500 eV
typical @32#.

Examining the hot electron yield as a function of gas-
backing pressure provides more evidence that this signa
sults from the interaction of the laser with clusters rather th
atoms. Figure 5 shows the close correlation of the onse
hot electron production with the onset of clustering in xen
The hot electron production@Fig. 5~b!# was measured by
integrating the hot electron MCP signal over time, while F
5~a! ~identical to Fig. 2! shows the Rayleigh scattering sign
from the gas jet. Both hot electron production and cluster
have a sharp onset at a gas-jet backing pressure of 1
Below this backing pressure the gas jet beam with which
laser interacts is composed primarily of single Xe atoms
small (,10 atom) clusters. No hot electrons are observed
this situation. Only the production of large Xe clusters
sults in a measurable hot electron signal. The warm elec
signal exhibits similar scaling.

The presence of two distinct peaks in the electron ene
spectrum suggests that these two groups may be prod
under different conditions at different times in the clus
expansion. This assumption is supported by examining
angular dependence of the electron emission with respe
the laser polarization~Fig. 6!. The angle between the direc
tion of polarization and the detector was varied with al/2
plate placed before the entrance to the vacuum chamber
exploited the different flight times of the two sets of ele
trons to discriminate them and then integrated the MCP
nal over an appropriate time gate. The measured angular
tribution of warm electrons is shown in Fig. 6~a!, and that of
the hot electrons in Fig. 6~b!.

FIG. 5. ~a! Measured Rayleigh scattering signal as a function
xenon backing pressure~as in Fig. 2!. ~b! Measured yield of hot
electrons for a peak intensity of 131016 W cm22 as a function of
xenon backing pressure
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The angular distributions of the two groups of electro
are markedly different. The hot electron emission is co
pletely isotropic, having no variation with respect to the d
rection of the laser polarization, while warm electron em
sion is peaked along the laser polarization. The wa
electron peak has a full width at half maximum of about 6
Both these distributions are significantly different from t
angular distributions associated with single atoms. The e
trons from high-order ATI are expected to have a much n
rower angular distribution~a width of 15–20°, peaked alon
the laser polarization, was reported in Ref.@26#!. In high
field tunneling ionization, the narrow angular distributio
stems from the much higher tunneling rate in the direction
the laser field. The electrons observed in our experiment c
not, therefore, be interpreted as simply resulting from
tunnel ionization of individual atoms. Some rescattering
the electrons by ions in the cluster is necessary to explain
broadening observed in the warm electron distribution. T
isotropic distribution of the hot electrons indicates that the
electrons have undergone many electron-ion collisions in
laser field, completely randomizing their velocity distrib
tion.

B. Ion energy spectra

The remarkably high energies of the electrons produce
the intense laser-cluster interaction suggests that hig

f

FIG. 6. ~a! Angular distribution of ‘‘warm electrons’’ with en-
ergies ranging from 0.3 to 1 keV. Emission along the direction
laser electric field polarization is defined as being at 0° and 18
~b! Angular distribution of ‘‘hot electrons’’ with energies rangin
from 2 to 3 keV. The gas-jet backing pressure was 4 bar, co
sponding to an average cluster size of 1600 atoms.
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374 57T. DITMIRE et al.
charged ions with large kinetic energies may also be eje
from the cluster. Charge separation of these hot electr
will inevitably accelerate the cluster ions to high velocitie
Such hot ions are, in fact, observed as the TOF trace in
3 illustrates.

The energy spectrum of ions resulting from the interact
of ;2500-atom Xe clusters with a laser pulse of intens
;231016 W cm22 is shown in Fig. 7~obtained from the
TOF trace in Fig. 3!. The most remarkable aspect of th
energy distribution is the presence of ions with energies
to 1 MeV. This energy is four orders of magnitude high
than has previously been observed in the Coulomb explo
of molecules@30# and about 1000 times higher than the a
erage energy of the highest charge state Ar ions ejecte
the disintegration of small clusters of up to six argon ato
irradiated at 1015 W cm22 reported by Purnellet al. @14#.
The average ion energy of this distribution, defined as

Ē5
*E f~E!dE

* f ~E!dE
, ~6!

is 4565 keV. Thus the average laser energy deposited
ion is also substantial.

Figure 8 shows the raw time-of-flight signal from 160
atom clusters as a function of angle with respect to the
rection of laser polarization. The polarization was rotated
before, by placing al/2 plate in the beam path just befo
the vacuum chamber. The ion energy distribution is isotro
with respect to the direction of laser polarization, apparen
a consequence of a spherically exploding cluster.

Our ability to control the cluster size by changing t
backing pressure of the gas jet enables us to examine
scaling of the ion energy distribution with cluster size~Fig.
9!. We find that both the maximum energyEmax ~defined as
the energy at which the signal drops to 1025 of its maxi-
mum! and average energyĒ of the ion distribution increase
slowly with increasing cluster size. At a pressure of 5 b
corresponding to 2500 atoms/cluster,Emax is 1 MeV andĒ is
41 keV, while at 2 bar~400 atoms/cluster!, Emax is 200 keV
andĒ is 29 keV. Though there is a slight drop in the energ
of the ions produced, there is no dramatic shift in the sh

FIG. 7. Ion energy spectrum from clusters of 2500 Xe ato
~backing pressure 5 bar! irradiated by a peak intensity o
231016 W cm22, derived from the time-of-flight trace shown i
Fig. 3.
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of the ion distribution as the cluster size is increased. T
suggests that the mechanism driving the cluster ion ex
sion does not dramatically change as the cluster size is va
from a few hundred to a few thousand atoms per cluster

We observe no hot ions~with energies above 1 keV! at
backing pressures below 1 bar. This pressure correspo
both to the onset of massive condensation in the gas
~where the majority of atoms condense into clusters
.100 atoms!, and to the onset of hot electron productio
from the exploding clusters. This points to a change in
dynamics of the cluster expansion once the cluster size
creases to above;100 atoms.

Similar behavior is found in the explosion of Kr clus-
ters, though the explosions are not as energetic as thos
the Xe clusters under similar conditions. The ion energy d

s

FIG. 8. Time-of-flight traces of ions produced by the irradiati
of clusters of 1600 Xe atoms~backing pressure 4 bar! with a peak
intensity of 131014 W cm22. Each plot is the average of 500 las
shots. Each curve~offset for clarity! has been taken with a differen
angle between the laser polarization and the detection axis.
direction of laser polarization is defined as being 0°. The flight tu
was extended to 80 cm for these measurements.

FIG. 9. Ion energy spectra from clusters of 400, 900, 1600,
2500 xenon atoms~backing pressure 2, 3, 4, and 5 bar respective!
irradiated by a peak intensity of 231016 W cm22. The average ion
energies are 29 keV for 400 atoms/cluster, 38 keV for 900 ato
cluster, 39 keV for 1600 atoms/cluster and 41 keV for 2500 ato
cluster.
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57 375EXPLOSION OF ATOMIC CLUSTERS HEATED BY . . .
tribution in krypton clusters as a function of gas-jet backi
pressure is shown in Fig. 10. The shape of the energy s
trum is very similar to that obtained from xenon clusters.
a pressure of 6 bar~1100 atoms/cluster!, Emax is 350 keV and

FIG. 10. Ion energy spectra from 1100-atom and 500-at
krypton clusters~backing pressures 6 and 4 bar respectively! and
from 900-atom xenon clusters~backing pressure 3 bar!. The aver-
age ion energies of the krypton clusters are 28 keV for 11
atoms/cluster and 23 keV for 500 atoms/cluster, compared to
keV for clusters of 900 xenon atoms. The peak laser intensity
231016 W cm22.

FIG. 11. Ion TOF trace with 38-cm flight tube~a! and corre-
sponding ion energy spectrum~b! for clusters of 2500 Xe atoms
irradiated with a peak intensity of 231016 W cm22 at 780 nm, and
at 390 nm.
c-
t

Ē is 28 keV, while at 4 bar~500 atoms/cluster!, Emax is 250

keV andĒ is 23 keV. The average and maximum energ
for a given cluster size are slightly lower in krypton tha
xenon.

C. Cluster explosion with ultraviolet irradiation

Though all of the data presented to this point have b
taken with near infrared radiation at a wavelength of 780 n
we have also conducted a preliminary study of the nature
the cluster ion explosion in ultraviolet light. For these expe
ments, the laser was frequency doubled to a wavelengt
390 nm using a 3-mm-thick potassium dihydrogen phosph
~KDP! crystal. Up to 5 mJ of light was focused into the TO
chamber with a lens of 20 cm focal length.

Figure 11 shows a comparison of the ion energies
tained when clusters of;2500 xenon atoms were irradiate
with 780- and 390-nm light at intensity of 231016 W cm22

@Fig. 11~a! is the TOF trace and 11~b! is the corresponding
energy spectrum#. In general we find that the shape of the io
TOF trace produced with UV light is very similar to tha
produced with the IR pulse. The ions from the UV irradiatio
appear to be slightly hotter. This can be most easily see
the comparison of the TOF traces. The UV generated
signal peaks in the same place as the IR signal, howe
there are fewer ions at times.1 ms. Nonetheless, the differ
ences between the UV and the IR traces are relatively sm

D. Charge-state distributions

Another striking feature of the ions produced from t
cluster explosion is ionization to very high charge states
feature that has already been seen in Refs.@12#, @15#, and
@21#. Figure 12 shows the time-of-flight spectra fro
;2500-atom xenon clusters irradiated by 231016 W cm22

at kinetic energies from 1 to 100 keV as the retarding volta
F is varied from 0 to 3.3 kV. The retarding voltage intro
duces a potential barrier to ions with energies less thanZeF,
without significantly altering the flight times of higher
energy ions. The charge-state distributions calculated fr

0
8
s

FIG. 12. Ion TOF traces with 38-cm flight tube of 2500-ato
Xe clusters~backing pressure 5 bar! irradiated with a peak intensity
of 231016 W cm22 at retarding voltages of 0, 800, 1600, and 33
V.
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376 57T. DITMIRE et al.
these spectra are shown in Fig. 13, while Fig. 14 shows th
from ;1100-atom krypton clusters at the same intensity.

For high energy Xe ions, the peak is atZ5181 – 251,
with some ions having charge states as high as 401. The
peak for high-energy krypton ions is at 121 – 171 with the
highest charge state present being aroundZ5251. These are
much higher charge states than those expected from
ionization of single atoms at these intensities. We would
pect to see charge states out to 121 in xenon and 81 in
krypton at an intensity of 231016 W cm22 @25#. Ionization
to Xe401 would require an intensity of nearly 1020 W cm22 if
the ionization were due to tunnel ionization alone. Hig
temperature electrons in the cluster, which are crea
through laser-driven heating, strip the ions to higher cha
states by collisional ionization. The ion charge state depe
only weakly on ion kinetic energy, contrary to what wou
be expected from a simple Coulomb explosion, and to
results reported in@14# for the Coulomb explosion of very
small argon clusters.

IV. THEORETICAL AND NUMERICAL ANALYSIS

The very-high-energy particles observed experiment
are dramatically different from those typically produced
strong-field laser interactions with molecules. Such energ
are typical of particles produced in the interaction of a h
intensity laser with solid density plasmas. This suggests

FIG. 13. Measured charge-state distribution of 2500-atom
clusters~backing pressure 5 bar! irradiated with a peak intensity o
231016 W cm22 for ion kinetic energies of 1, 2, 5, 10, 20, 30, an
100 keV.
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the appropriate way to explain the exploding cluster behav
is to treat it as a small microplasma. Consequently, we h
modeled the exploding clusters using the formulation fi
detailed by Ditmireet al. @16#. In this treatment the cluster i
treated as a classical, spherical plasma ball of uniform d
sity. This treatment is appropriate when the charge of
cluster is sufficient to retain electrons within the vicinity
the cluster following their ionization from the constitue
atoms.

This picture of the cluster implies a number of interesti
consequences. First, because of the high electron and
densities within the cluster, electron collisional proces
will be very important. In particular, the electrons will un
dergo rapid heating by the laser field due to electron-
collisions ~inverse bremsstrahlung!. This process converts
the coherent oscillation energy of the electron cloud to r
dom thermal energy. Electron collisional ionization will als
be important, stripping the constituent atoms to very h
charge states.

The second consequence of viewing the cluster a
sphere of plasma is that the cluster, which becomes cond
ing once some electrons have been liberated by ionizat
will exhibit some of the optical properties of metallic clu
ters. The most remarkable property of metallic clusters is
presence of a giant resonance in the optical absorption s
trum @10#, which is a result of a resonantly driven oscillatio
of the entire cluster electron cloud. This resonance occ
when the light frequency is near to the plasma frequency
the electrons in the cluster.~The actual plasma density at th
resonance is dependent upon the shape of the cluster.! The

e

FIG. 14. Measured charge-state distribution of clusters of 1
Kr atoms~backing pressure 6 bar! irradiated with a peak intensity
of 231016 W cm22 for ion kinetic energies of 1, 2, 5, 10, 20, an
30 keV.
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57 377EXPLOSION OF ATOMIC CLUSTERS HEATED BY . . .
presence of this resonance turns out to be very importan
the dynamics of the high-intensity laser interaction with t
cluster.

To explore the interplay of these effects we have used
numerical model for the cluster evolution first detailed
Ref. @16#. This numerical model treats the cluster as a sph
cal microplasma, subject to the standard processes of a l
heated plasma. The model solves for ionization in the clus
including rates for laser field tunnel ionization@40# and both
thermal and laser-driven electron collisional ionization@41#.
Laser-driven collisional heating in the cluster is found us
the standard Silin formulas@42# for the electron-ion collision
frequency. The model calculates the free streaming rat
electrons leaving the cluster, accounting for the mean
path of electrons in the cluster. Only electrons with ene
sufficient to overcome the Coulomb attraction of the po
tively charged cluster are allowed to leave. The cluster
pansion, assumed to be uniform and isotropic, is calcula
accounting for hydrodynamic and Coulomb repulsion forc
within the charged cluster. The electron energy distribut
within the cluster is assumed to be Maxwellian through
the calculation.

To account for the collective electron oscillation effec
on the optical absorption of the cluster we use a ze
frequency approximation for the laser field. This approxim
tion is appropriate when the cluster is much smaller than
laser wavelength. It also assumes that the response o
cluster electron cloud is fast compared to the time scale
the cluster expansion dynamics. Using these assumpt
and the approximation of the cluster as a ball of unifo
density, we can calculate the electric field inside the clus
using the formula for the electric field of a dielectric sphe
in a uniform electric field@43#. The electric field in the clus-
ter is therefore

E5E0

3

u«12u
, ~7!

whereE0 is the laser electric field in vacuum. The clust
dielectric constant is given by the Drude model for a plasm

«512~ne /ncrit!~11 in/v!21, ~8!

wherene is the electron density,ncrit is the electron critical
density for a laser field of frequencyv, andn is the electron-
ion collision frequency. This formula predicts that whe
ne /ncrit.6 the electric field inside the cluster is shielded
the oscillating electron cloud and the field inside the clus
is smaller then the surrounding field in vacuum. On the ot
hand, Eq.~1! has a sharp maximum whenne /ncrit53. At this
point the oscillating laser field resonantly drives the clus
electron cloud and the field inside the cluster is enhanced
a result, the free electrons in the cluster undergo rapid c
sional heating because of the local increase in the field
ergy density. The numerical model self-consistently treats
laser-driven processes~such as tunnel ionization and coll
sional heating! subject to this equation for the electric field

An example of the dynamics of a xenon cluster are illu
trated in Fig. 15. Here the calculated time history of a 30
Xe cluster (;1800 atoms) irradiated by a 140-fs pulse w
a peak intensity of 231016 W cm22 is shown. The laser
pulse envelope is shown in Fig. 15~a!. Figure 15~b! illus-
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trates the radius of the cluster as a function of time; F
15~c! shows the electron density~normalized to the critical
density!, and Fig. 15~d! shows the electron temperature.

Early in the laser pulse, aroundt'2190 fs, optical ion-
ization creates some free electrons in the cluster. Thoug
few of the initially ionized electrons escape from the initial
neutral cluster, the space charge of the cluster keeps a
tional electrons from escaping. These electrons will then s
to acquire thermal energy from the laser field through C
lomb collisions with the ions in the cluster. The temperatu
of the electrons begins to rise att'2175 fs. In addition, the
free electrons in the cluster will begin to collisionally ioniz
the Xe ions in the cluster. The cluster begins to expand
the electron heating continues. The heating of the electr
in the initial phase of the interaction is low due to the shie
ing of the laser field by the high free electron density that h
been created in the cluster. Ultimately, att'230 fs, the
expansion of the cluster lowers the electron density to br
the electron oscillation into resonance with the laser fie
This results in a very rapid deposition of the energy into
electrons, causing the sharp spike in the electron tempera
seen in Fig. 15~d!. At this point, the ions are very rapidly
stripped by the hot electrons. The cluster then explod
manifested by the rapid expansion seen in Fig. 15~b! follow-
ing the resonant heating.

FIG. 15. Theoretical calculations of the time history of 30-Å X
clusters~1800 atoms/cluster! irradiated by a 140-fs pulse with a
peak intensity of 231016 W cm22. ~a! Laser pulse envelope,~b!
cluster radius,~c! electron density,ne ~normalized to the critical
density,ncrit!, and~d! electron temperature.
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378 57T. DITMIRE et al.
Using these calculations it is possible to track the dyna
ics of the electrons escaping from the cluster during the p
cess described in Fig. 15. Figure 16 shows the time histor
a 25-Å Xe cluster (;1100 atoms) irradiated by a pulse wi
a peak intensity of 131016 W cm22. Here the electron tem
perature, laser pulse envelope, and escape energy thre
are shown, along with the calculated rate at which electr
exit the cluster by free streaming. As this figure illustrat
some electrons escape from the cluster in the initial stage
the cluster interaction as the electron temperature rises. H
ever, once the electron temperature peaks due to the he
by the giant resonance, the electron escape rate also sh
peaks, since many of the electrons acquire enough the
energy to overcome the space-charge forces of the clu
This history implies that the electron energy spectrum mi
exhibit two features: one arising from the lower-energy el
trons that escape from the cluster early in the interaction,
one from the hot electrons that escape during the reson
heating of the cluster.

The calculated electron distribution for the dynamics d
scribed in Fig. 16 is shown in Fig. 17. The distribution
found by summing the energy distribution of the electro
that leave the expanding cluster during the entire laser pu
The calculated distribution does, in fact, exhibit a two-lob
distribution. Furthermore, it exhibits a close similarity to t
measured electron distribution. The sharp peak near 2.5
is clearly consistent with the observed data, both in posit
and its narrow width. The calculation indicates that this pe
in the data is evidence for the giant resonance in the hea
of the electrons in the cluster spherical microplasma.

These calculations seem to explain the prominent feat
of the observed electron energy distribution. The model c
culations indicate that the warm electron peak is the resu
collisional heating of electrons near the surface of the clu
on the rising edge of the laser pulse. The hot electrons re

FIG. 16. Time history of 25-Å Xe cluster~1100 atoms/cluster!
irradiated with a peak intensity of 131016 W cm22 showing the
laser pulse envelope~thin solid line!, the electron temperature~thick
solid line!, the rate at which electrons exit the cluster by fr
streaming~dashed line!, and the escape energy threshold~dotted
line!.
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from rapid heating of the remaining electrons in the bulk
the cluster later in the pulse when the electron density dr
to a point to bring the heating into resonance. This expla
tion seems to be corroborated by the observed angular
tribution data. The warm electrons are the result of so
collisional heating early in the pulse. These electrons h
undergone a limited number of collisions, broadening
angular distribution from that of purely tunnel-ionized ele
trons. The hot electrons, on the other hand, result from
tensive collisional heating of the electrons in the bulk of t
cluster. Consequently, their velocity distribution has be
completely randomized, accounting for the isotropic distrib
tion observed.

Though the calculated energy distribution exhibits clo
agreement with the measured distribution in the positions
the distribution peaks, the calculation does differ from t
measured energy spectrum in some features. For exam
the calculated distribution exhibits a hot electron peak wit
broad tail. This is due to the assumption that the elect
distribution within the cluster is a Maxwellian. In reality, th
distribution within the cluster will not completely thermalize
the hottest electrons in the outer tail of the distribution lea
the cluster first. The fast disassembly of the cluster preve
complete thermalization by electron-electron collisions, a
there is insufficient time to populate the Maxwellian tail.

The production of hot electrons through inverse brem
strahlung seen in the data and the calculation can driv
very energetic explosion of the cluster. This explosion
manifested in the very high energy ions observed. Cha
separation of the hot electrons will inevitably drive a rap
expansion of the cluster. The explosion of the cluster can
driven by two forces. The first is the Coulomb repulsio
between the highly charged ions in the cluster. If all the fr
electrons are retained in the cluster, the cluster is quasin
tral and this force is negligible. However, the free stream
of electrons from the cluster will cause a charge buildup
the plasma sphere, and a Coulomb ‘‘pressure’’ will devel
We can make a simple estimate for the Coulomb pressur
assuming the cluster plasma is a good conductor and that
charge buildup on the sphere will reside on the surface. T
assumption implies that the Coulomb pressure is@16#

FIG. 17. Calculated electron energy spectrum for 25-Å Xe cl
ters ~1100 atoms/cluster! irradiated by a 140-fs pulse with a pea
intensity of 231016 W cm22.
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PCoul5
Q2e2

8pRc
4 , ~9!

whereQe is the charge residing on a cluster of radiusRc .
The second force important in driving the cluster exp

sion is the hydrodynamic pressure of the free electrons in
cluster. This force is present even if the cluster plasma
mains neutral. The hot electrons in a plasma will set u
radial ambipolar potential that then accelerates the clu
ions. The pressure driving this expansion mechanism is s
ply

Phyd5nekBTe , ~10!

where Te is the electron temperature. This hydrodynam
pressure is the same force that drives the expansion of a
target plasma into vacuum after it has been heated by
intense laser pulse. In the interaction of picosecond pulse
intensities of.1016 W cm22 fast ions resulting from thes
plasmas have been observed with energies up to a few
dred keV@44#.

The Coulomb explosion mechanism is similar to t
mechanism that drives the explosion of small, optically io
ized molecules. However, in bulk solid plasmas, the plas
remains quasineutral and the expansion is driven by the
drodynamic force. This difference points to the question
which mechanism is responsible for the explosion of
clusters observed in our experiments. The Coulomb ex
sion force scales as 1/Rc

4 while the hydrodynamic force
scales as 1/Rc

3. This suggests that Coulomb explosion forc
may dominate for small clusters.

To investigate this physics, we can examine the rela
contributions of the two forces on the expansion of a clus
in our uniform cluster plasma expansion model. The res
of one such calculation are shown in Fig. 18 in which
32.5-Å Xe cluster is irradiated by a 150-fs, 780-nm pu
with a peak intensity of 231016 W cm22. In Fig. 18~a! the
temporal evolution of the cluster radius and radial veloc

FIG. 18. ~a! Time history of cluster radius and radial expansi
velocity of a 32.5-Å Xe cluster~2300 atoms/cluster! irradiated by a
150 fs, 780-nm pulse at 231016 W cm22. ~b! Hydrodynamic pres-
sure and Coulomb pressure of the same cluster explosion.
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are shown. The cluster very rapidly expands during the pu
once heating of the electrons in the cluster has begun.
maximum radial ion energy is 255 keV, consistent with t
very high ion energies observed in our experiment. The re
tive contributions of the hydrodynamic pressure and
Coulomb pressure are shown in Fig. 18~b!. During the ma-
jority of the ion acceleration seen in Fig. 18~a!, the dominant
force is the hydrodynamic force, with very little contributio
from the Coulomb explosion force. This analysis implies th
the expansion of the exploding clusters is similar to that
an expanding plasma. Even for clusters of;1000 atoms the
molecular picture of the explosion is no longer valid. It
also interesting to note that that electron pressure inside
cluster is very high. This calculation indicates that the el
tron pressure can exceed 100 Mbar for short period of tim

In light of the calculation of Fig. 18, the reasons for th
very high energy ions observed can be very simply explai
by a simple model. In the hydrodynamic expansion of t
cluster both electrons and ions ultimately reach a veloc
given roughly by the sound speed of the cluster plasmacs

5AZkTe /mi ~wherekTe is the electron thermal energy an
mi is the ion mass!. Most of the resulting kinetic energy is
however, contained in the ions due to their much grea
mass. On the basis of this statement, we expect that the
erage ion energy will be of the order of1

2 mics
2;ZkTe . This

implies, for example, that the average Xe ion energy will
;50 keV if we assume that the electron temperature is gi
by the high-energy electron feature in Fig. 15~d!, i.e., kTe
;2.5 keV and the average charge state isZ;201. This is in
good agreement with our observed average Xe ion energ

Our calculation also predicts the appearance of the h
ion charge states observed~.201 for Xe ions!. We find that
rapid collisional ionization by the hot electrons within th
cluster can strip the ions to very high charge states~up to
Xe401 in our calculations!, a mechanism discussed at leng
in Ref. @16#. The calculated charge state of the Xe clus
calculation of Fig. 18 is shown in Fig. 19 after the cluster h
expanded to infinity. This calculation implies that the X
ions may become highly stripped. This calculation does
exactly match the measurement of Fig. 13, however, indic
ing that the ionization process in the cluster may be m
complicated than the simple calculation.

FIG. 19. Calculated charge-state distribution from a 32.5-Å
cluster~2300 atoms/cluster! irradiated by a 150-fs, 780-nm pulse a
231016 W cm22.
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380 57T. DITMIRE et al.
We have also performed calculations for Kr clusters
similar size under our experimental conditions. We find th
in general, the dynamics are very similar to those of
exploding Xe clusters, with hydrodynamic forces domina
in driving the explosion, though the ion energies tend to
lower than those produced from the Xe clusters~;150 keV
from 2000-atom Kr clusters!. A calculation for a Kr cluster
of 2000 atoms irradiated by a pulse with an intensity
231016 W/cm2 is shown in Fig. 20. The dynamics are ve
similar to the Xe clusters, but the resulting ion energies
lower. This is a result of the fact that the Kr ions are not
highly stripped as the Xe ions. This trend is confirmed by o
experimental results, which also indicate that the Kr ions
not as highly charged as the Xe ions and that the Kr ions
not exhibit energies that are as high as those of the Xe
under similar conditions.

Though the uniform plasma sphere model provides m
insights into the cluster explosion dynamics and permits e
numerical calculations using a variety of physical effects
is inadequate in predicting the shape of the ion distribut
of an expanding plasma sphere. An experimental test of
hypothesis that the cluster expands primarily by hydro
namic forces would be to compare the observed ion ene
spectra with spectra calculated from the plasma fluid eq
tions. Though including all the physics of the laser clus
interaction as discussed above is a prohibitively difficult n

FIG. 20. ~a! Calculated electron temperature and~b! cluster ex-
pansion velocity of a 2000-atom krypton cluster.~c! Charge-state
distribution resulting from the cluster explosion.
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merical problem, it is possible to make some very good
timates of the resulting ion energy distribution for an e
panding plasma by solving the plasma fluid equations alo
choosing suitable initial conditions to model the cluster.

If the cluster plasma is approximated by the classic tw
fluid plasma model we can ignore the electron inertia co
pared to the more massive ion inertia and we retrieve the
fluid equations@34#:

]ni

]t
1

]

]x
•~niui !50, ~11a!

]ui

]t
1S ui •

]

]xDui 52
Z

nemi

]pe

]x
. ~11b!

Here ni is the ion density,ui is the ion velocity,Z is the
charge state of the ions,mi is the ion mass, andpe is the
electron pressure. The first equation is simply the conse
tion of mass equation, the second is the conservation of
mentum. These equations describe the motion of an ion fl
subject to an electron pressure. The high-temperature e
trons will set up an ambipolar potential that can acceler
the ions. This force is manifested in the right hand term
Eq. ~11b!.

To compare the predictions of these equations we m
choose appropriate boundary conditions. We use the w
known self-similar solution of an isotropic, radial expansi

FIG. 21. Self-similar solution of ion energies resulting from t
isothermal expansion of a Xe plasma withZ520 and Te

52.5 keV. Comparison of~a! calculated TOF trace and~b! ion
energy spectrum with data.
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@34#. To calculatedpe/dx we must choose an equation
state. For our simple estimate we use an isothermal equa
of state.~Note that the actual expansion is not isothermal;
actual temperature is a complicated function of time. Ho
ever, this calculation is intended only as a qualitative co
parison and the temperature variation will not dramatica
alter the shape of the calculated ion TOF trace.!

Figure 21~a! shows the self-similar solution of ion ene
gies resulting from the isothermal expansion of an Xe plas
with Z520 and an electron temperature of 2.5 keV~bound-
ary conditions used because of the results of Figs. 4 and!.
This solution is compared with the measured ion TOF tr
of Fig. 3. The measured TOF trace bears a striking simila
to that of the calculated hot-electron-driven hydrodynam
expansion. The resulting energy spectra are compared in
~21b!. The slope of the ion distribution is well reproduced
the calculation. The close similarity between the calcula
hydrodynamic expansion and the observed ion energy di
bution seems to confirm the assertion that the cluster ex
sion is largely driven by hydrodynamic forces.

V. CONCLUSION

In conclusion, we have studied the photoionization
noble-gas clusters by a high-intensity, femtosecond la
pulse. We have examined the energies of the electrons
ions produced in the explosion of the clusters and found
their kinetic energies are remarkably high. The electron
ergy distribution from the exploding clusters contains el
trons with energies as high as 3 keV, which is several ord
r,
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of magnitude higher than the energies observed in ATI
single atoms or small molecules. The ions produced in
explosion have mean energies of tens of keV and the m
mum ion energy observed was 1 MeV. Ion charge state
high as Xe401 have been observed.

These experimental observations are well explained b
theoretical model that treats the cluster as a small, sphe
plasma. The cluster is ionized by optical and collisional io
ization and begins to expand. The expansion of the clu
lowers the electron density to bring the electron oscillat
into resonance with the electric field. This results in a ve
rapid deposition of energy into the electrons, causing a sh
spike in the electron temperature distribution. At this poi
the ions are very rapidly stripped to high charge states by
hot electrons, and the cluster explodes. Collective phen
ena, such as this resonant electron oscillation and hea
are very important in the interaction of light with clusters b
are virtually absent in light-atom interactions.

The high ion energies and charge states observed in
explosion of clusters of a few hundred to a few thousa
atoms in an intense laser field are very much like those
served in the expansion of a laser-heated solid-den
plasma into vacuum. They contrast dramatically with t
low-energy, low-charge-state ions produced in the Coulo
explosion of small molecules and clusters of only a few
oms in strong laser fields. Clusters of more than a few h
dred atoms, therefore, represent an important transition in
dynamics of intense laser-matter interactions from molecu
to solids.
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