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scattering cross-sections approximate dust masses of 107° solar
masses (10 ™% Mg) for BD+31°643, and 10 ~® Mg, for B Pic (assum-
ing a particle density p = 1gcm ™ and an albedo A = 0.1). These
must be lower limits because we have not measured scattered light
within 5 arcsec radius of either star, nor have we considered the
likely presence of larger, unseen bodies.

In the absence of a significant gaseous component to the disk,
forces such as Poynting—Robertson (PR) drag and radiation pres-
sure will deplete the small dust surrounding BD+31°643 on short
timescales. For a particle radius a = 0.1pum, density p = 1gcm ™7,
distance from the star r = 2, 000 av and luminosity L, = 1,660 L,
(where Lo is the solar luminosity), the PR decay time is
tpg = 0.2 X 10°yr. Even more significant is radiation pressure,
which will blow out dust in an optically thin system if the ratio of
radiation pressure to central gravity is 8 > 1. For a given particle
size and composition, 3 scales very roughly as the ratio of stellar
luminosity to stellar mass and is 40 times larger for BD+431°643
than for B Pic. Extrapolating from the 3 values calculated for
various grain sizes and compositions around 3 Pic”, we estimate
that ~0.1-wm grains at 2,000 AU from BD+31°643 will be blown out
to 6,000 AU on 10°-yr timescales. The dominance of the radiation
force over stellar gravity implies that the observed, disk-like struc-
ture is not centripetally supported and is therefore fundamentally
different from the 10—100 au-scale accretion disks detected around
pre-main-sequence stars™.

The age of BD+31°643 is probably greater than the 6 X 10° yr
required for a BV5 star to reach the main sequence®, but less than
the (5-7) X 10°yr age of the IC348 cluster’. The fact that the
lifetime of 0.1-pwm dust is orders of magnitude shorter than the age
of the star argues that the dust within 6,000 au is replenished.
Erosion of larger bodies has been suggested as a source of replen-
ishment for the B Pic disk®; adopting this suggestion, the inclination
distribution of dust observed around BD+31°643 may reflect the
inclination distribution of unseen parent objects. These parent
bodies have either been partially cleared, or were prevented from
forming near the stars due to tidal interactions, PR drag, collisions
or other destructive forces. They are present at ~10’ au radii where
they continue to replenish 0.1-pm-sized dust grains. If we assume
an age of ~10°yr and a dust lifetime of ~10’yr, then the disk has
been replenished 1,000 times over. Using the observed disk mass of
~107% Mo, we estimate that the mass of precursor objects is
~107? My (a lower limit). The parental dust cloud (that is, the
larger-scale IC348 nebulosity) still surrounds the disk and binary,
and the entire system may represent an intermediate stage of
evolution between embedded protostars (for example, the proto-
binary system IRAS16293 — 2422%) and isolated, main-sequence
stars such as 3 Pic.

Additional observations are required to test the disk interpreta-
tion of the nebulosity surrounding BD+31°643, to measure the gas
content associated with the dust, and to clarify the relationship of
the disk-like structure with the surrounding dust cloud. If its disk
nature is confirmed, BD+31°643 represents an exceptional oppor-
tunity to examine the evolution and stability of planetesimals
located around a binary stellar system. O
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Efficient conversion of electromagnetic energy to particle energy
is of fundamental importance in many areas of physics. A
promising avenue for producing matter with unprecedented
energy densities is by heating atomic clusters, an intermediate
form of matter between molecules and solids', with high-inten-
sity, ultra-short light pulses’*. Studies of noble-gas clusters
heated with high-intensity (>10'W cm ~?2) laser pulses indicate
that a highly ionized, very high temperature micro-plasma is
produced. The explosion of these superheated clusters ejects ions
with substantial kinetic energy’. Here we report the direct
measurement of the jon energy distributions resulting from
these explosions. We find, in the case of laser-heated xenon
clusters, that such explosions produce xenon ions with kinetic
energies up to 1 MeV. This energy is four orders of magnitude
higher than that achieved in the Coulomb explosion of small
molecules®, indicating a fundamental difference in the nature of
intense laser—matter interactions between molecules and clusters.
Moreover, it demonstrates that access to an extremely high
temperature state of matter is now possible with small-scale
lasers.

Such experiments have become possible owing to recently devel-
oped high peak power, femtosecond lasers which are based on
chirped pulse amplification and are capable of producing focused
light intensity up to 10"*~10"* W cm ™2 (ref. 7). These high inten-
sities have been used to study the production of highly charged ions
from multi-photon ionization of individual atoms®, and the optical
ionization of small (2—10 atom) molecules, in which the resulting
Coulomb explosion produces ions with kinetic energy of up to
~10-100eV (ref. 9). At the same time, the production of hot (~1-
keV), high-density plasmas by the intense irradiation of a solid has
also been the subject of detailed studies'®. Though the nature of the
interaction of intense light with single atoms and bulk solid targets
has been the subject of extensive investigation over the past decade,
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Figure 1 Experimental configuration for measuring ion energies of exploding
clusters. The energies of the ions produced by the interaction of the laser pulse
with the clusters were determined by the flight time of the ions in a field-free drift
tube. The charge-state distribution of the ions as a function of ion kinetic energy
was measured by varying the voltage on the middle grid of three closely spaced
grids (~3-mm spacing) placed along the drift tube (TOF, time-of-flight; MCP,
microchannel plate detector; £, laser energy; 7, laser pulse width).

only recently have the dynamics of intense laser interactions with
the intermediate state of matter, clusters, come under study.

Preliminary experiments on high-intensity laser—cluster interac-
tions have suggested that this interaction is much more energetic
than laser/isolated-atom interactions* *'"'?, and may be even more
energetic than laser—solid interactions'. Recent experiments exam-
ining the X-ray emission from plasmas formed by the irradiation of
noble-gas (Ar, Kr and Xe) clusters have indicated that, because of
the enhancement of laser-driven collisional excitation within the
cluster, efficient production of X-rays is possible**''. High-energy
Coulomb explosion of small clusters ionized by femtosecond pulses
has also been observed'’. The ion energies measured in these
experiments ranged from 500 to 1,000 eV for ions with charges as
high as 8+.

In an intensely irradiated cluster, optically and collisionally
ionized electrons undergo rapid collisional heating for the short
time (<1 ps) before the cluster disassembles in the laser field®. Our
recent studies® of the electron energy spectra produced by the high-
intensity irradiation of large Xe clusters with a 150-fs laser pulse
indicated that collisional heating within the cluster can produce
electrons with energy of up to 3 keV, an energy much higher than
that typical of solid-target plasmas'. A sharp peak in the measured
electron energy spectrum suggested that the cluster micro-plasma
exhibited a resonance in the heating by the laser pulse similar to the
giant resonance seen in metallic clusters'. A small amount of cluster
expansion during the laser pulse lowers the electron density to bring
the near-infrared laser light into resonance with the free-electron
plasma frequency in the cluster. This resonance greatly increases the
laser electric field density within the cluster, and the laser absorption
rate is enhanced, rapidly heating the electrons on a very fast
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Figure 2 lon energy spectrum from 65-A (~2,500-atom) Xe clusters irradiated by a
peak intensity of 2 X 10'® Wcm ~2, derived from the ion TOF trace shown as an
inset. (The first peak in the TOF trace corresponds to fast (>2-keV) electrons; the
feature at later times corresponds to the ions. Note that electrons with energy
<2keV do not reach the MCP detector as the front plate is charged to —2,000V).

(<10-fs) timescale to a highly non-equilibrium superheated state
(with mean energies of many keV). Charge separation of the hot
electrons inevitably leads to a very fast expansion of the cluster ions.
This process is fundamentally different from low-intensity photo-
fragmentation of clusters’® and far more energetic than the
Coulomb explosion of small molecules’.

To search for this ion explosion, our experiment (Fig. 1) focused a
high-power, 150-fs pulse from a Ti:sapphire laser'’ into a time-of-
flight chamber to a peak intensity of up to 2 X 10'* W cm ™ where it
intercepted a low-density beam of Xe clusters. The time-of-flight
trace directly yields an energy distribution function for the ions. In
Fig. 2, we show the energy spectrum of Xe ions produced from the
irradiation of 65-A Xe clusters. This energy spectrum is radically
different from previously observed ion energy spectra from the
intense-field fragmentation of molecules or small clusters. Most
surprising is the production of significant numbets of very hot ions
with energies up to 1 MeV. This energy is four orders of magnitude
higher than has previously been observed in the Coulomb explosion
of molecules® and about 1,000 times higher than the energy of Ar
ions ejected in the Coulomb explosion of small clusters irradiated at
lower intensity'?. The average ion energy of the distribution shown
in Fig. 2, defined as (E) = [Ef(E)dE/[f(E)dE, is 45 = 5keV. Thus
the average laser energy deposited in the cluster per ion is sub-
stantial. Furthermore, we find that the ions are ejected with equal
energy in all directions with respect to the laser polarization, an
artefact of the spherical geometry of the exploding cluster’. Again,
this is in stark contrast to the Coulomb explosion of small linear
molecules'.

By varying the gas-jet backing pressure we controlled the average
size of clusters with which the laser interacts. In general, we find that
both the maximum and the average ion kinetic energy increase with
increasing cluster size, though both vary slowly with changing
cluster size. Even in Xe clusters with as few as ~400 atoms (diameter
of ~35A) the maximum observed ion energy is 250 keV and the
average ion energy is 28 keV. However, at lower backing pressure,
below ~1bar, we observe no hot ions. Rayleigh-scattering
measurements* in the jet indicate that large clusters (>100 atoms)
form only with backing pressure >1 bar. This transition to hot-ion
production with large clusters points to an important change in the
dynamics of the cluster expansion between small and large clusters.
The slow decrease in ion energy with decreasing cluster size is
related to the fact that small clusters disassemble faster in the laser
pulse’. As a consequence, the electrons are heated to a lesser degree
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Figure 3 Measured charge-state distribution of 65-A Xe clusters irradiated by a
peak laser intensity of 2 X 10'® W cm =2 for ion kinetic energies of 1, 3,10, 30 and
100keV.

by the laser, and the cluster micro-plasma explodes with a lower
velocity.

Another striking feature of the ions produced in the laser—cluster
interaction is the ionization to very high charge states (a phenom-
enon previously seen in experiments>>'*'?). Measured charge-state
distributions of Xe ions are shown in Fig. 3 for five different ion
energies. In general the average charge state of the ions increases as
the ion energy increases. For the high-energy ions, the peak of the
charge-state distribution is around a charge state of 18+ to 20+
though a significant number of ions with charge state between 30+
and 40+ are observed. These are charge states far above the
maximum that can be produced by simple field ionization of the
Xe atoms®. In the cluster the high-temperature electrons created
through laser-driven heating rapidly strip the ions by collisional
ionization.

The observed charge states and energies of the ions are very much
like those observed in the hot-electron-driven expansion of a laser-
heated, solid target plasma®**'. These high ion energies are the
result of fast electron charge separation and rapid hydrodynamic
expansion of the plasma into vacuum®. Previous studies of laser/
solid-target interaction with intensities similar to those used in our
experiment indicate that the characteristic ion energies from high-Z
targets are” 100—200 keV. The close similarity between our data and
the hot-ion data of high-energy, solid-target experiments indicates
that, for clusters even as small as a few hundred atoms, the dynamics
of the expansion appear to deviate from molecular behaviour and
approach that of solid-target, hot-electron-driven expansions.

The efficiency with which the absorbed laser energy is converted
to ion energy in the cluster explosion is remarkable. Though the
majority of the laser energy is deposited into the electrons within the
cluster during the laser pulse, the charge separation of these hot
electrons accelerates the ions radially, and, as a result, after the
explosion of the cluster most (>90%) of the laser energy deposited
in the cluster is transferred to the ions. Both electrons and ions
ultimately reach a velocity given by the sound speed of the cluster
plasma, ¢, = \/ZkT./m; (where kT, is the electron thermal energy
and m; is the ion mass)?, but most of the resulting kinetic energy is
contained in the ions owing to their much greater mass. We expect
that %mXeLf will be ~50keV (for kT, = 2.5keV (ref. 4) and Xe ions
with mass my. and Z = 20+), in good agreement with our observed
average Xe ion energies.

Our ion energy and charge-state measurements indicate that in a
gaseous medium of clusters, the average energy deposited per atom
may be as high as many tens of keV. Thus, in a gas of clusters with a
modest average atomic density of ~1 atm, a density typical near the
output of most cluster-forming gas jets*, virtually all of the laser
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energy from a short pulse laser could be deposited in the gas within a
focal volume, a prediction confirmed by recent laser energy absorp-
tion measurements in clustering gas jets”. But unlike solid targets
(in which much of the deposited laser energy is rapidly conducted
into the cold, bulk solid'***), most of the laser energy deposited in
the cluster drives the ion explosion.

This result raises the interesting possibility that moderate-density
plasmas with very high ion temperatures could be created from the
intense illumination of a gas of clusters. Because each cluster in the
medium explodes isotropically, the plasma that results after all the
clusters in the gas have exploded will contain hot ions with an
isotropic velocity distribution. Such novel, high-ion-temperature
plasmas may find application in a host of experiments”. For
example, a plasma formed from the explosion of deuterium and
tritium clusters may make possible table-top fusion experiments™
Even a small laser (such as the one used in our experiments which
delivers ~100 m]J) could be used to produce a plasma, in a clustering
DT gas ]et w1th an ion temperature of ~10keV and a densr[y of
~10'" cm ~? over an appreciable focal volume (~10~° cm®). Given
that the expected disassembly time of this plasma would be’® of the
order of 100 ps, such a plasma would exhibit an easily observable
fusion yield of roughly 10°~10” neutrons per shot”. O
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