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terrestrial atmosphere (Fig. 1), suggesting that opaque grains and
matrix portions are poor in subsolar gas. On the other hand, one
matrix portion (4Mx in Table 1) shows a high 32Xe concentration
along with elemental ratios essentially identical to those of ‘Q-
gas’—this indicates that residual ‘phase-Q’ is located in the matrix
portion, as in other chondrite classes’.

How were large amounts of noble gases trapped in chondrules
and retained within the chondrule-forming minerals? Implantation
of hi§h-energy particles from the young Sun would explain the
high *°Ar concentration in silicate materials, as in the case of lunar
soils abundant in solar gases’. For example, the ‘X-wind” model
proposed particle irradiation in the early Solar System. Our
estimate predicts that diffusive loss'® of solar-type noble gases
from silicate melt can explain *’Ne/**Ar/'**Xe ratios and abun-
dances of subsolar gas. In the calculation, we assumed that Ne, Ar
and Xe of initial concentrations equal to lunar soil” migrated
through chondrule-sized materials heated at 1,600 K for 1,000s.
Even the energetic solar flare particles (up to 100 MeV per nucleon)
can penetrate at most 1 mm into silicate matter', and hence
noble-gas implantation would have occurred on fine grains of
chondrule-precursor materials. If this is the case for the subsolar
gases in chondrules, it is reasonable to expect that chondrules in
other chondrite classes might also contain solar-type noble gas—
in contrast to the limited reports that most chondrules in other
chondrites are free of primordial noble gases’™. Alternatively,
chondrules in each chondrite class might have been produced
from different precursor materials, and/or through different
heating events during which solar gases trapped in the chondrule
precursors would be lost due to high peak temperatures and a
slow cooling rate.

On the other hand, astronomical observations have established
that young solar-mass stars go through a phase of increased
activity (the T Tauri phase), during which particle fluxes are
considerably greater'® than present solar fluxes. If abnormally
high-energy particles were available during this active phase,
they could have penetrated into the interior of chondrules; thus
noble-gas implantation onto the surface of the EC parent body at
the inner region of protosolar nebula could be responsible for the
subsolar gas in chondrules. The elemental ratios of subsolar gas in
chondrules can be explained by diffusive loss of solar-type noble
gases, as mentioned above, while the subsolar-gas depletion in
matrix portions could be the result of diffusion loss through small
silicate grains (5 wm across). However, explaining the absence of
noble gases in large opaque grains remains difficult.

Other mechanisms for trapping noble gases are adsorption on
chondrule precursor materials, and solution into enstatite melt. The
high concentrations of noble gases found in chondrules means that
a high adsorption efficiency would have been required—this, in
turn, requires very low temperatures. And such low-temperature
adsorption would have brought a large amount of water into
chondrule precursor materials: but there are no hydrous minerals
in ECs", so we consider this mechanism unlikely. The solution of
solar-nebula Ar in an enstatite melt® is also unlikely, because it
would have required very high gas pressures during chondrule
formation to compensate for the low solubility. U

Methods

Extraction efficiencies of the laser system were determined by comparing noble-gas
concentrations obtained by the laser-ablation method with those obtained by a conven-
tional total-melting method. Laser pits (~200 shots) were made at even intervals over the
whole surface of thin slices (S6 and S8) as a check pattern, and gave a modal abundance of
ablated minerals similar to that of each whole rock. The same samples as used for the laser-
ablation method were heated at 1,800 °C for 20 min in a Mo crucible. The total-melting
method guarantees complete degassing and thus no elemental fractionation. Based on the
experiment, we estimated extraction efficiencies of 1.39, 1.09 and 1.08 for *Ar, ¥Kr and
132Xe, respectively. Though a slight increase in the extraction efficiency for the lighter
noble gas *°Ar was observed, the mass releasing *°Ar is only 40% larger than the melted
material in each laser pit. Hence the spatial resolution of the laser system for *Ar is only 1.2
times as large as the apparent diameter of the laser pit—typically 50—80 wm.
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Modern high-power lasers can generate extreme states of matter
that are relevant to astrophysics', equation-of-state studies’ and
fusion energy research™. Laser-driven implosions of spherical
polymer shells have, for example, achieved an increase in density
of 1,000 times relative to the solid state’. These densities are large
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enough to enable controlled fusion, but to achieve energy gain a
small volume of compressed fuel (known as the ‘spark’) must be
heated to temperatures of about 108K (corresponding to thermal
energies in excess of 10keV). In the conventional approach to
controlled fusion, the spark is both produced and heated by
accurately timed shock waves®, but this process requires both
precise implosion symmetry and a very large drive energy. In
principle, these requirements can be significantly relaxed by
performing the compression and fast heating separately®'% how-
ever, this ‘fast ignitor’ approach’ also suffers drawbacks, such as
propagation losses and deflection of the ultra-intense laser pulse
by the plasma surrounding the compressed fuel. Here we employ a
new compression geometry that eliminates these problems; we
combine production of compressed matter in a laser-driven
implosion with picosecond-fast heating by a laser pulse timed to
coincide with the peak compression. Our approach therefore
permits efficient compression and heating to be carried out
simultaneously, providing a route to efficient fusion energy
production.

In order to heat the compressed matter separately, the heating
energy needs to be deposited on a timescale of less than 10" s, as the
compression disassembles on this timescale. This is the fast ignitor’
approach. Present-day short-pulse laser technology is, in principle,
capable of delivering sufficient energy in the required timescale, the
largest laser to date having a peak power of 10”°W and pulse
durations of 107?s (ref. 11). The laser energy is coupled to
the highly compressed plasma via relativistic electrons that are
efficiently generated when such an ultra-intense laser interacts
with a high-density plasma''~*". The extremely large electromagnetic
fields of the laser accelerate the electrons into the high-density
matter. (For a laser with a wavelength of 1 um, the typical conversion
efficiency to the relativistic electrons has been measured to be about
30-40% at intensities above 10'° W cm™ (refs 10, 21).) The electrons
then propagate to the high-density region where they deposit their
energy.

We have measured the propagation of such relativistic electrons
in a solid, and the associated heating effects, by examining the
interactions of a 40-TW/0.5-ps laser pulse with a solid aluminium
target. Images (obtained using ultraviolet light; Fig. 1) showing
heated regions were temporally separated from any other hydro-
dynamic heating such as shock-wave and/or heat-wave propagation
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processes by the use of a two-dimensional (2D) spatially resolved
high-speed sampling camera®. The heating images indicate the
propagation of the high-density electrons and collimation with a
divergence (full-width at half-maximum) of 20—30°. The propaga-
tion of the large relativistic electron current is made possible by a
return current of colder electrons that compensates the relativistic
current almost perfectly. Magnetic fields associated with the current
flow also serve to keep the electrons flowing initially in a narrow
filament of the order of the laser spot diameter®>,

The experiments on heating of ultrahigh-density plasmas were
performed on the Gekko XIII laser at the University of Osaka.
This laser has 12 beams for nanosecond pulses, with a maximum
energy of 15kJ at 0.53 wm wavelength, and a synchronized
subpicosecond-pulse beam with a power of 100 TW and a pulse
energy of 60] (ref. 26). Conventional laser fusion experiments are
conducted with spherically symmetrical targets to achieve high
densities and the formation of the spark. This geometry was also
envisaged in the original fast ignitor proposal’. Potential problems
with this approach are propagation losses and deflection®” of the
ultra-intense laser pulse in the plasma surrounding the highly
compressed plasma, and the transport of the relativistic electron
beam through a substantial length of a plasma®. Here we describe
an experiment that departs from the original arrangement by
inserting a gold cone (with an opening angle of 60 °) into the shell
(Fig. 2a; and S. Hatchett, unpublished work). The cone is designed
to keep the propagation path of the short-pulse laser free from the
plasma that forms around the imploding shell, thereby completely
avoiding laser propagation issues. The cone tip was set at 50 wm
from the centre of the shell, and ensures that the compressed
dense plasma forms at the tip of the cone while leaving the cone
intact. The proximity between the cone tip and the core plasma
also reduces the sensitivity to electron-beam propagation instabil-
ities and losses. The cone walls are on a radius from the centre of
the shell, minimizing disruptions to the spherical symmetry of the
implosion so that high densities can be achieved. The laser energy
used for compression here was restricted to 1.2kJ in 1-ns-long
pulses to ensure that the internal energy of the core after
compression (which is about 5% efficient) was of similar magni-
tude to the short-pulse laser energy available (~607]). This
facilitates the measurement of the core plasma heating.

Figure 2b is a typical X-ray image of the implosion of the
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Figure 1 Ultraviolet images showing the heating of solid targets by relativistic electrons,
and a sketch of the set-up used to obtain the images. a, 40-TW/20-J laser light was

interacted with the Al solid target to create the electrons. The electrons heated the rear of
the target, and this side of the target was imaged with the high-speed sampling camera.
b, The heating images were obtained with the sampling camera for targets of different
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thickness (from 10 wm to 500 wm). The scale bar below the images corresponds to
200 m on the target. The colour bar presents a linear intensity scale of the emission
normalized by the peak intensity for each of the targets, to show clearly the difference in
pattern. The relative peak intensities are about 5, 1 and 0.8 for the 40-p.m, 200-m and
500-wm targets, respectively.
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deuterated-polystyrene (CD) shell without injection of the short-
pulse laser. The imploded core plasma was created at the centre of
the unimploded shell, close to the tip of the cone. The compressed
density was estimated by time-resolved radiographic measure-
ments—the compressed plasma was illuminated with X-rays from
a secondary target, and the images were recorded on a multi-frame
high-speed camera (100 ps per frame). The core plasma size was
measured in this way to be 40—45 pm in diameter. In addition, the
area corresponding to a density of 0.1-0.5 g cm ™ was obtained from
the reduced brightness of the backlighting radiation surrounding
the core using the calculated opacity (Fig. 2c). We know the initial
mass of the shell target is 4 x 10~ g, the mass of the absorbing area is
2.8x107g from the opacity measurement, and the remaining
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Figure 2 The implosion target for efficient heating of the highly compressed plasma, an
X-ray image of the implosion, and the density profile of the plasma. The scale bars
correspond to 250 wm on the target. a, A gold cone is attached to a deuterated-
polystyrene (CD) shell (500 w.m diameter, 7 um wall thickness). 9 laser beams with a 1-ns
duration are used to implode the shell at the tip of the cone. The 100-TW short-pulse laser
is injected from the open side of the cone. b, Typical X-ray image showing the well
imploded core plasma on the tip of the cone. The dimmer features correspond to the
outline of the cone (left). The halo concentric with the bright core feature is emitted during
the acceleration phase of the shell. ¢, Density profiles of the compressed plasma from the
X-ray shadow, and a two-dimensional (2D) hydrodynamic simulation. The densities from
the shadow are obtained by taking into account the opacity calculation. The errors shown
are due to the spatial resolution. The 2D simulation code® is coupled with a one-
dimensional (1D) simulation code including all the important physics. The initial conditions
of the density and temperature given at the laser plasma interaction phase from the 1D
code are introduced to the 2D code. In the code, incomplete spherical shock convergence
and the interaction of the shell with the cone are treated, including long-wavelength
hydrodynamic instability processes. However, no account is taken of shorter-wavelength
perturbations of the shell caused at the acceleration phase.

800

%4 © 2001 Macmillan Magazines Ltd

mass after long-pulse laser ablation is 2.2x10°g (the ablated
mass is 1.5x107° g) from both simulations and the experimental
database on the mass ablation rate. From these, we estimate the
average core density as 50—-70gcm ™ for the 40-45um core
diameter. Given the non-uniformity of the laser illumination, the
inferred density is consistent with that calculated using two-
dimensional hydrodynamic simulations (an average density of
80-100gcm™; Fig. 2c). The simulation also suggests that the
insertion of the cone only marginally reduces the achieved com-
pressed density (by about 20—30%) compared with full spherical
implosion. This shows that implosions with a cone insert are
compatible with achieving the high densities required for achieving
fusion gain, while at the same time allowing for reliable and efficient
coupling of the laser to the highly compressed plasma.

We investigated the heating efficiency by injecting the 100-TW
heating laser into the cone at the moment of maximum compres-
sion. The electron beam created by the 100-TW laser was
measured with electron spectrometers during interactions with
the cone target; we found that kT for the beam was 2—3 MeV. The
conversion efficiency was obtained using the same laser with a
plane target at a similar intensity (10'° W ¢cm™); the energy of the
electron beam was 18-24], representing 30—40% of the laser
energy. To check the shape and divergence of the heated region
associated with the electron beam in this new geometry, the 100-
TW laser was injected into an identical cone target, but the tip of
the cone touched an Al block (with a thickness of 200 pm at the
point of contact), rather than being embedded in the CD shell.
The heating area was elliptical in shape (40x 25 wm?’; Fig. 3a), and
the beam divergence was less than 20° from the size (130X
80 wm?) of the heated region on the back of the 200-um Al
Figure 3b shows an image sequence of the core emission with the
heating pulse injected at the time of maximum compression in the
cone insert geometry. Figure 3c shows a similar sequence, but this
time the heating pulse arrives 150 ps after the peak compression.
The heating due to the short-pulse beam is clearly visible in the
sequence in Fig. 3c: the first peak of the core emission coincides
with the peak compression, and then decreases before peaking
again after the injection of the heating pulse. The size of the
emission region due to the peak in compression is about 30 pm,
and increases to 50 pm after the injection of the heating pulse—
in good agreement with the independent measurement of the
heating region using the Al block.

Heating of the highly compressed plasma was quantified by

+200 Time ps

Figure 3 Time-integrated X-ray image of the short-pulse laser heating, and time-resolved
X-ray images of the highly compressed plasma heated by the short-pulse laser. Time
separation between each of the time-resolved images is 100 ps. The red arrows in the
figure correspond to the timing of the short-pulse laser injection. The scale bar of the
images shows 50 wm on the target. a, The image is observed from the beam-injection
side of the cone attached to an Al block instead of the shell. b, The short-pulse laser was
injected at a time close to the maximum compression of the shell. ¢, The injection timing is
about 150 ps after the maximum compression. The heating by the short-pulse laser is
temporally separated from the maximum compression heating of the shell.
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Table 1 Neutron yield from the dense plasmas at different conditions

Target E;, no. of beams Es Ny

Cone-+shell 1.2kJ, 9 beams 60J (1-3)x10°
Cone+shell 1.2kJ, 9 beams 0 0.8-1)x10*
Spherical shell only 2.6kd, 12 beams 0 (2-3)x10°

Thermal neutron yields N, from the highly compressed plasmas are listed for different targets,
implosion laser energy E; and heating energy from the short-pulse laser E;. The E;is nominal energy
measured after the focusing lens and through a random phase plate. These neutron yields indicates
temperatures of several hundred eV.

measuring the increase in production of thermonuclear neutrons.
Neutrons are generated by the fusion of two deuterium nuclei to a
He nucleus (d(d,n)*He) in the imploded plasma, and provide a
precise measurement of the plasma temperature. The neutron
energy spectra were obtained using time-of-flight scintillator/
photomultiplier detectors from two different angles. Peaks at an
energy of 2.45 MeV are observed, corresponding to neutrons from a
thermonuclear d(d,n)’He reaction. The neutron time-of-flight
spectrum in Fig. 4 shows a signal corresponding to a thermonuclear
neutron yield of (2 £1)x 10° neutrons, and was taken when the
heating pulse was injected at maximum compression. This neutron
yield was more than 10 times the numbers ((9 * 1) X 10°) observed
when no heating pulse was present or when the heating pulse was
not timed to coincide with maximum compression. In order to
replicate the neutron yield achieved at optimal timing in the
conventional fashion (no heating pulse and a spherically symmetric
implosion), a laser energy of 2.6k] was required to drive the
implosion. Therefore the total energy required to achieve the
observed neutron yield has been reduced by half, which is a
clear demonstration of the increased efficiency that can be
achieved by separating the compression and the heating phase in
laser fusion experiments. These results, summarized in Table 1,
provide (to our knowledge) the first clear evidence of effective
heating of compressed plasma using an ultrahigh-intensity, short-
pulse laser.

The efficiency of the energy coupling of the energetic electrons to
the highly compressed plasma can be estimated from the neutron
yield and the heated volume inferred from the X-ray images. In
order to increase the neutron yield by a factor of 10-30, a
temperature increase of about 120 eV (% 20%) is required for initial
temperature regions of several hundred eV. The heated mass is
estimated from the density (50—70gcm™), and the volume is
estimated from the size of the electron beam (25x40 wm?) and
the length of the high-density plasma (40 wm). Taking account of
the beam divergence, the volume might be 1.2—1.3 times larger than
this assumption. The heated distance might also be 30 wm from the
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Figure 4 Neutron spectrum from the highly dense plasma heated by the short-pulse laser
at the time of maximum compression. The peak at 2.45 MeV corresponds to neutrons
from the thermonuclear deuterium—deuterium fusion reaction. The signal to noise ratio is
=5,

NATURE |VOL 41223 AUGUST 2001 | www.nature.com

%4 © 2001 Macmillan Magazines Ltd

letters to nature

core emission instead of 40 wm. Then the volume assumption will
include an error of about +30%. To heat uniformly the volume of
density 50-70 gcm™ (25x40x40 wm®) requires 12—16] of the
energetic electrons produced by the short-pulse laser. The total
coupling efficiency of this laser to the compressed dense plasma
could therefore be 20—27%, having estimation errors of * 8% (12—
35%) from the temperature and from the heated volume. This is an
encouraging result.

Using the minimum 20% coupling efficiency observed in this
experiment, we estimate the short-pulse laser energy needed to
create a sufficiently large spark to ignite a deuterium—tritium (DT)
fusion pellet (T = 12keV, p = 600 gcm™ and pr = 0.4—0.6 g cm™) to
be 10-20KkJ (ref. 6), which seems feasible. Of course, we are still
uncertain how the increase in the electron beam current will affect
the propagation and energy deposition in the highly compressed DT
plasma for a full-scale fusion experiment. For example, a fourfold
increase in energy concentration is required as compared with this
first demonstration experiment (as a smaller, 16-pwm-diameter core
needs to be heated due to the higher compression needed for
ignition). Another issue to be resolved for the future ignition
experiments is the fabrication of a uniform cryogenic fuel layer,
such as a foam shell filled with liquid DT fuel. Nevertheless, we
emphasized that the temperature of the energetic electrons used in
our experiment is closely matched to the requirements of a full-scale
fusion experiment. O
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Following their discovery', carbon nanotubes have attracted
interest not only for their unusual electrical and mechanical
properties, but also because their hollow interior can serve as a
nanometre-sized capillary’”, mould®*"' or template'*"* in ma-
terial fabrication. The ability to encapsulate a material in a
nanotube also offers new possibilities for investigating dimen-
sionally confined phase transitions'. Particularly intriguing is the
conjecture'® that matter within the narrow confines of a carbon
nanotube might exhibit a solid-liquid critical point”’ beyond
which the distinction between solid and liquid phases disappears.
This unusual feature, which cannot occur in bulk material, would
allow for the direct and continuous transformation of liquid
matter into a solid. Here we report simulations of the behaviour
of water encapsulated in carbon nanotubes that suggest the
existence of a variety of new ice phases not seen in bulk ice, and
of a solid-liquid critical point. Using carbon nanotubes with
diameters ranging from 1.1nm to 1.4nm and applied axial
pressures of 50 MPa to 500 MPa, we find that water can exhibit a
first-order freezing transition to hexagonal and heptagonal ice
nanotubes, and a continuous phase transformation into solid-like
square or pentagonal ice nanotubes.

Carbon nanotubes can be wetted by liquids* whose surface
tension does not exceed about 200mN m™". Thus, in principle,
pure water can be drawn into open-ended nanotubes by capillary
suction’. Once inside, water molecules are expected to form quasi-
one-dimensional (Q1D) structures that might form new phases of
ice, different from the 13 polymorphic phases of bulk ice identified
experimentally thus far'®. We carried out molecular dynamics (MD)
simulations at constant temperature (T) and axial-pressure (P,,) of
water confined within ‘armchair’’® (R,R) single-walled carbon
nanotubes (SWCNs). We used nanotubes with indices R = 14-18,
corresponding to tubes with diameters of 11.1, 11.9, 12.6, 13.4 and
14.2 A, respectively. The phase behaviour of the confined water was
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examined in several series of the MD simulations, each series
corresponding to an isobaric path or an isothermal path in the
P,,—T phase diagram at a given R (see Methods for details).

The first series of simulations follows an isobaric path of 50 MPa.
The temperature was lowered stepwise starting from 320K or
higher, where the system is in a liquid state, to 240K or lower.
The potential energy of water in each type of SWCN is plotted in
Fig. 1. In the wide SWCNs (16,16) and (17,17), the potential energy
drops abruptly (Fig. 1c and d) on cooling and jumps sharply on
heating. This marked hysteresis-loop behaviour signifies a first-
order phase transition. Structural analysis reveals that the low-T
phase is a Q1D n-gonal ‘ice nanotube’ composed of orderly stacked
n-membered water rings®, where n = 6 (hexagonal) in (16,16) and
n = 7 (heptagonal) in (17,17) SWCNSs. In both types of nanotube,
the molar volume of water decreases during the liquid-to-ice
nanotube transition; that is, the confined water shrinks on freezing.
In the widest SWCN (18,18), however, crystallization was not
observed within the timescale of simulation. In the narrower
SWCNs (14,14) and (15,15), the potential energy also drops
markedly on cooling below 300K, but the change is not as sharp
as in the wider nanotubes. Structural analysis shows that confined
water has liquid-like disordered structure at high T but turns
into solid-like ordered structure at low T—a square nanotube
in (14,14) and a pentagonal nanotube in (15,15) SWCN. At
240K, the calculated diffusion constants (along the axial direc-
tion) are D=3X10""cm?’s™! in the (14,14) SWCN, and
D <1X 107" cm?s™" in the (15,15) SWCN, which are comparable
to D of bulk ice’’. At 300K, D=1X10"cm’s ' and
D =2X10"°cm’s™" respectively. More interestingly, besides the
less sharp charge in the potential energy, the hysteresis loop was
not observed in the cooling and heating process, a signature of
continuous transformation from liquid-like to solid-like state
of water.

In real-world experiments, the atomic structures of Q1D crystals
can be determined by using transmission electron microscopy'.
Simulations provide this information directly. Figure 2 displays
snapshots of the Q1D n-gonal (n = 4-6) ice nanotubes and the
corresponding Q1D liquid phases inside the (14,14), (15,15) and
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Figure 1 Potential energy against temperature for water confined in four types of single-
walled carbon nanotube. The nanotubes are armchair (R,A) SWCNs, where R = 14-17
(@a—d, respectively). The potential energy is due to the water—water intermolecular
interactions, and the water—SWCN interaction energy is excluded. The applied axial
pressure is 50 MPa (circles), 200 MPa (squares), and 500 MPa (triangles). Filled and
unfilled symbols indicate the cooling and heating process, respectively.
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