
LETTERS

Surface heating of wire plasmas using
laser-irradiated cone geometries
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Petawatt lasers can generate extreme states of matter, making
them unique tools for high-energy-density physics. Pressures in
the gigabar regime can potentially be generated with cone-wire
targets when the coupling efficiency is high and temperatures
reach 2–4 keV (ref. 1). The only other method of obtaining such
gigantic pressures is to use the megajoule laser facilities being
constructed (National Ignition Facility and Laser MégaJoule).
The energy can be transported over surprisingly long distances
but, until now, the guiding mechanism has remained unclear.
Here, we present the first definitive experimental proof that the
heating is maximized close to the wire surface, by comparison of
interferometric measurements with hydrodynamic simulations.
New hybrid particle-in-cell simulations show the complex field
structures for the first time, including a reversal of the magnetic
field on the inside of thewire. This increases the return current in
a spatially separated thin layer below the wire surface, resulting
in the enhanced level of ohmic heating. There are a significant
number of applications in high-energy-density science, ranging
from equation-of-state studies to bright, hard X-ray sources, that
will benefit from this new understanding of energy transport.

Cone-wire geometries offer a simpler test case to study
energy coupling for fast-ignition inertial fusion2–5 and have other
applications for high-energy-density plasma science, as described
above. The geometry itself is quasi-one-dimensional in nature and
therefore avoids the full complexity of a laser–solid-density foil-
plasma interaction. Above all, the geometry allows fast electron
energy transport to be studied without the complications that arise
from a (usually divergent) fast electron beam. This is a complex

combination of the laser pulse interaction in the coronal plasma,
the electric and magnetic fields associated with the propagation of
the fast electrons and the return current in the overdense plasma
and beam–plasma instabilities that arise as a result6–11.

Here, experiments are reported for cone-attached target
geometries that have intensities on target of 4×1020 Wcm−2, more
than an order of magnitude higher than any previously reported
study. A number of complementary measurement techniques
were used to diagnose the interaction, including shadowgraphy12,
interferometry and a number of X-ray imaging techniques,
including Kα X-ray imaging13. The interferograms clearly show that
the energy absorption is maximized close to the tip of the cone.
Density profiles, unfolded from the interferometric measurements,
indicate that a 7 µm copper wire plasma reaches a maximum initial
temperature of 400 eV at the wire surface, by comparison with
hydrodynamic simulations. It is found that the density profiles can
only be reproduced provided that there is an initial non-uniform
temperature profile on the wire, with the hottest region located on
the outer surface. Hybrid particle-in-cell (PIC) simulations show
a fast electron flow along the wire and a compensating return
current just inside the wire surface, leading to a greater degree of
ohmic heating.

Figure 1 shows a cone-wire interferogram of the Osaka
University cone-wire target that had an initial wire diameter
of 7 µm (see the Methods section for target details). Similar
interferograms were obtained for the other targets that were
irradiated. The initial target position is shown as a dotted line
to guide the eye. It should be noted that the apparent radial
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Figure 1 Interferogram of a cone-wire target that was used to calculate plasma
densities from the observed phase shifts. The initial wire diameter was 7 µm and
the image was taken 400 ps after the main interaction.

asymmetry in Fig. 1 is due to an optical misalignment that had
no effect on the measured densities, but did reduce the density
cutoff on one side of the wire. The observable density profiles from
each side were found to be consistent with each other and so for
subsequent analysis the side of the wire with the more complete
fringe shift was used.

These interferograms all showed that the tip of the cone
has exploded radially much faster than the attached wires. The
differences in the glue joints strongly affect the energy coupling to
the wire plasma, but do not change the overall expansion profile
around the cone tip. At distances of less than 200 µm from the
cone tip, it is not possible to make density measurements of the
wire material owing to the presence of the surrounding cone
assembly which is also expanding. X-ray imaging techniques13 are
able to provide more precise information on the degree of energy
coupling into the wire in this region as Cu Kα imaging is able
to distinguish between the two heated materials. Here, energy
transport measurements derived from optical probing are only
included at distances greater than 200 µm from the cone tip, where
it is safely assumed that any expansion was purely due to the heating
along the wire.

The interferometric data was used to create a two-dimensional
(2D) density map, assuming that the plasma expansion is
approximately cylindrically symmetric. The interferograms
were loaded into the IDEA (Interferometrical Data Evaluation
Algorithms) software package where 2D phase maps were
generated. A program called BASIS14 was used to take this phase
information and carry out a series of Abel inversions (on the basis
of the BASEX method15) to produce a 2D density map (n(r, z)).
Each line profile drawn at a certain distance from the cone tip gave
a radial density profile. The maximum electron density that can be
obtained from this measurement is limited to 5×1019 cm−3 owing
to refraction of the probe light out of the collecting optics.

To model the expansion of the plasma, the 1D lagrangian
hydrodynamic code MEDUSA was used in cylindrical geometry16.
The initial electron temperature was set and the expansion profile
calculated as a function of time. A Thomas–Fermi model and
ideal-gas equation of state were used for the electrons and
ions respectively. The 3.5-µm-radius Cu plasma was divided
into 500 zones and the flux limit set at 0.1. The simulation
was terminated at 400 ps to match the probe timing. Both
the size of the inaccessible region seen in the shadowgrams
(see the Supplementary Information) and the density profiles
obtained from the interferometry were used to infer the initial
plasma conditions.
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Figure 2 A comparison of computational and experimental radial density
profiles for 7-µm-diameter copper wire 400µm from the cone tip. Three initial
core temperatures are plotted. A surface temperature of 400 eV is assumed in a
0.1 µm outer layer of the wire. Error bars for the experimental density profile were
calculated from the smallest detectable fringe shift in the interferogram.

It was found that the experimental data could only be
reproduced when the outer surface of the wire plasma was heated
to a higher temperature than the core during the interaction (see
the Supplementary Information).

A series of simulations was carried out using a range of
core and surface temperatures for varying surface thicknesses.
The radial expansion profile was found to be most sensitive to
the initial core temperature. This is shown in Fig. 2, where the
experimentally derived radial density profile 400 µm from the cone
tip is shown together with three simulated profiles using different
initial core temperatures. The simulated results were found to best
match those obtained experimentally when the outer 0.1 µm of
the wire was heated to 400 eV. The core temperature was 100 eV,
75 eV and 25 eV at distances of 200 µm, 400 µm and 600 µm
from the cone tip, respectively. An outer surface that was thinner
(thicker) than 0.1 µm produced lower (higher) densities than were
measured experimentally. It was found that the expansion profiles
were relatively insensitive to outer temperatures in the range of
350–450 eV. To cross-check these results, simulations were also
carried out using the radiation-hydrodynamic code HELIOS-CR17,
which includes radiation transport, and the results were found to
be almost identical. From this comparison, it can be concluded that
when using the given range of parameters, radiation transport has
little effect.

Previous work into surface transport of electrons during long-
pulse laser interactions revealed lateral electron motion around
the laser focal spot due to crossed electric and magnetic fields18–21

(E×B forces). However, with the cone-wire geometry this cannot
account for longitudinal transport along the wire surface.

Surface transport of fast electrons has been observed in
previous PIC energy transport calculations1, where the radial
electric field balances the azimuthal magnetic field and confines the
fast electron flow to the wire surface. However, in those simulations
the effect of the return current heating was not modelled accurately
owing to the high background temperature. To model the heating
of the wire, the implicit hybrid PIC–fluid code LSP22 was used.
LSP is able to model fast electrons using a PIC description
while treating the background plasma as a fluid. The background
plasma is modelled using a perfect-gas equation of state with
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Figure 3 LSP modelling of the azimuthal magnetic field structure at the cone
tip, 600 fs after the main interaction. A reversed field can be seen on the inside of
the wire surface corresponding to the ohmic return current.

a fixed ionization state. A Spitzer resisitivity model allows the
fluid electrons to be heated via the cold return current through
ohmic heating.

The end portion of the cone-wire assembly was modelled using
a 7-µm-thick Au slab, with a 8-µm-diameter Cu wire attached via a
5 µm glue joint. The simulation area of 160×30 µm was modelled
using 800× 600 cells. The glue material was assumed to be fully
ionized, whereas the Au and Cu were assumed to have +30 and
+19 ionization states, respectively. Direct modelling of the laser
was not possible with the current version of LSP. Instead the laser
was modelled as a relativistic PIC electron beam that was injected
into the Au slab with parameters based on the laser pulse (700 fs
pulse duration, 7 µm spot size). The longitudinal momentum
of the electron beam was given by a relativistic 1D maxwellian
with a mean energy calculated from the laser ponderomotive
potential. The transverse components were modelled as a 2D non-
relativistic maxwellian with a mean energy corresponding to a
beam divergence angle of 50◦.

Figure 3 shows the azimuthal magnetic field 600 fs after the
start of the interaction. A global field can be seen on the outside
of the wire, corresponding to the net forward current along the
surface of the wire. A reversal of the magnetic field can be seen
on the inside, resulting from a spatially separated return current at
the wire–vacuum interface. The early development of the magnetic
field can be seen in the Supplementary Information. The fast
electron population that flows along the surface draws the thermal
return current within a slightly smaller radius. This results from the
requirement to have spatially localized current balance as calculated
by Bell et al.23. The increased return current in the thin (≈0.2 µm)
surface layer results in a surface temperature of 800 eV, double that
of the core (400 eV) at a distance of 75 µm from the cone tip.
The increased filamentation seen in the glue joint in Fig. 3 is a
likely explanation for the reduced energy coupling into the General
Atomics cone-wire assemblies, particularly as the laser–plasma
interaction occurs directly with the glue joint in those targets.

The presence of an enhanced current close to the wire surface
may at first seem similar to the classical case of a skin current,
but the distribution of the electron population is quite different.
The skin effect is seen to occur for the case of an oscillating
electron population in a conductor when an electromagnetic field
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Figure 4 LSP modelling of the net current density inside the wire, 600 fs after
the main interaction. The thin layer at the wire surface containing the strong return
current can be seen.

is applied24. In that case, the current density is almost entirely
confined within the skin depth, which is dependent on the material
properties and the electromagnetic frequency. In our simulations,
fast electrons are seen to propagate throughout the wire, with an
enhanced population confined at the surface of the wire. This
enhanced population then leads to a greater degree of ohmic
heating in a thin outer layer due to the thermal return current.
Figure 4 shows the current density inside the wire 600 fs after the
main interaction (the current density at earlier times can be seen
in the Supplementary Information). Whereas a net forward current
can be seen inside the bulk of the wire, a localized return current
can clearly be seen at the wire surface.

It may be possible to increase the energy coupling substantially
under the experimental conditions reported here by increasing the
diameter of the wire while ensuring, as has been demonstrated here,
that the glue joint is minimized. In addition, the use of higher-
contrast-ratio laser pulses could increase the coupling, possibly by
changing the wavelength of the heating pulse to 2ω0 (ref. 25). These
effects will be the subject of future work.

METHODS

The experiment was conducted on the Vulcan PetaWatt laser system26 at the
Rutherford Appleton Laboratory. Vulcan petawatt is a Nd:glass laser that
delivered intensities of 4×1020 Wcm−2 on target at an operating wavelength of
1.054 µm. 300 J of laser energy was delivered in a pulse of 0.7 ps duration, and
was focused onto the target using an f /3 parabola to a spot size of 7 µm.
Approximately 30% of the incident laser energy was contained within the
central focal spot.

The expansion profile of the heated targets was diagnosed using an optical
probe that was passed transversely across the target surface. The probe beam
was created from a small part of the main beam that was frequency-doubled to
2ω (527 nm). The probe had a duration of 0.7 ps and was timed to cross the
target 400 ps after the main interaction pulse.

In this experiment, a 7-cm-diameter, 40-cm-focal-length achromatic lens
was used to collect the probe light after the target. The image was relayed
outside the target chamber where the beam was split, providing a
shadowgraphy channel and a Nomarski interferometer27. An 8-bit CCD
(charge coupled device) recorded the shadowgrams, whereas a 16-bit Andor
Technology CCD was used for the interferometry measurements. The total
f -number of the imaging system was f /12 and the magnification was ×5. The
spatial resolution was 12 µm for both diagnostic channels.
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Gold cone targets, manufactured at Osaka University, had an opening
angle of 30◦ and had a 7-µm-thick gold end wall. 1mm wires were attached to
the cone tip by a glue joint of <5 µm. Identical-opening-angle gold cone
targets, manufactured at General Atomics, were irradiated. In these cases, the
1mm wire targets were embedded so that the wire itself formed the end wall of
the cone and the end wall around the wire was sealed with a glue joint. In that
case, the electrons had to traverse 5 µm of glue and 10 µm of copper before
emerging from the end of the cone. The copper wires were 10 µm and 20 µm
in diameter.
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