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Energetic electrons and protons are observed when a target consisting of a reentrant cone with a disk at the
tip is irradiated by a petawattsPWd laser at an intensity of approximately 1019 W cm−2. The angular distribu-
tion of the electrons and protons, dependent on the open angle of the reentrant cone, is found to differ from that
in the case when a target with planar geometry is used. Two jet beams are observed, in directions parallel to the
cone axis and normal to the cone-shaped wall. The number and cutoff energies of the generated protons are
also related to the open angle of the cone. The efficiency of the generation of energetic electrons from the cone
target is 2-3 times higher than that from a simple plane target. These results indicate a guiding of the PW laser
beam in the cone geometry.
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In order to achieve laser fusion with high gain, the ther-
monuclear fuel must be at extremely high densities and tem-
peraturesf1g. A fuel with very high density of up to 1000
times greater than the solid has thus far been achievedf2g.
Sufficiently high temperatures can be attained using the
base-line central hot-spot approach, which uses shock waves
to heat a small volume of the dense core of the compressed
fuel pelletsf1g. Alternatively, the technique of “fast ignition”
has the potential to ignite the dense core by using a very
intense laser pulsef3g. However, the realization of this con-
cept is challenging since the core is hidden under a plasma
corona with a long scale length, which is opaque to the laser
pulse. To overcome this problem, one must use the laser
beam to efficiently create a beam of charged particles that
deposit their energy in a localized volume of the assembled
core. In preliminary studies a laser prepulse was used to clear
a path deep into the plasma, allowing the subsequent ignition
pulse to penetrate close to the core to create a spray of elec-
trons f4g. Previous experiments have demonstrated an effi-
cient production of electronsf5g and the occurrence of tunnel
digging f6g, but it appears to be difficult to extend the dig-
ging to get sufficiently close to a very dense core. The
plasma surrounding the compressed core in the center of the
pellet can give rise to large energy losses by deflecting the
ultraintense laser pulse, severely decreasing the efficiency of
the coupling between the laser and the dense core. An alter-
native to laser prepulse techniques is the use of a reentrant
cone to block the formation of a plasma atmosphere in front
of the core. This allows the ignition laser a clear path and
close approach to the assembled core and a well-defined sur-
face at which to create electronsf7g. The increase in neutron
yield obtained by using this cone target with a 0.5-PW laser
confirms that a higher coupling efficiency between the laser
and pellet is achievedf8g.

The details of the interaction between the laser and reen-
trant cone and the precise mechanism responsible for this
enhanced coupling efficiency between the laser and com-

pressed fuel are presently unclear. Understanding this pro-
cess is critically important in assessing the feasibility of scal-
ing cone targets to full fast ignition conditions. Simulations
using cone geometry predict that microfocusing of the laser
beam will occur, resulting in enhanced electron generation
f9g. However, it is also essential to perform experiments in
order to understand the physics of cone targets in detail.

In this paper, we report experimental studies of the inter-
action of a PW laser beam with a cone geometry target. We
have investigated the generation of energetic electrons and
protons, including their angular distribution, for open cone
angles of 30° and 60°. The angular distribution pattern was
completely different to that obtained from a simple planar
target; two jet beams, one close to the cone axis and the other
normal to the cone wall, were observed both for protons and
electrons. The number of electrons generated using the cone
geometry was greatly enhanced in comparison to the simple
planar target. The generation of protons and their cutoff en-
ergy were found to depend on the exact geometry of the cone
target. Our data can be explained by the way in which laser
light is guided in cone geometry.

Experiments were performed using the PW beamf10g of
the Gekko XII laser facility at the Institute of Laser Engi-
neering at Osaka University. A 0.75-ps laser pulse with a
wavelength of 1.06mm and an energy of 180 J was focused,
with 40% of the energy concentrated into a 20350 mm2

diameter elliptical spot, by an off-axis parabola mirrorsf /7d.
A peak intensity of approximately 131019 W cm−2 was ob-
tained at the target.

Two types of reentrant cone targets were used, with open
angles of 30° and 60°. The targets consisted of a gold cone
wall with a gold disk at the tip and are shown in Fig. 1. The
inner diameter of the disk was approximately 30–45mm and
it was 7mm thick. The wall was approximately 20mm thick
and 900mm long. The incident laser beam was directed nor-
mal to the disk, along the cone axis.

A sandwichlike detector was used to observe the angular
distribution of the generated electrons and protons at differ-
ent energies in the forward laser direction. This detector con-
sisted of multiple layers of radiochromic filmssRCF’sd, CR-
39’s ssee belowd, and imaging platessIP’sd, arranged
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periodically. The relevant energy ranges, 1.3–11.3 MeV for
electrons and 0.7–21.8 MeV for protons, were selected us-
ing plastic filters and copper foils inserted into the detector.
The detector was enclosed by Al foils and black tapes in
order to block scattered light. A 10-mm-thick Al foil was
placed at the front of the detector to shield it from the target
debris; this foil is able to stop nearly all of the heavy ions.
CR-39 is a plastic nuclear track detector, sensitive only to
ions with energies of greater than 100 keV/nucleonf11,12g.
Ion images can be obtained by etching the CR-39 in sodium
hydroxide under appropriate conditions. RCF’s consist of a
transparent materialstypically nylond coated with an organic
dye f11,12g. Upon exposure to ionizing radiation the film
undergoes a color change. The optical density of the film is
then measured, enabling the total number of energetic pro-
tons passing through the film at each point to be determined.
RCF’s can also detect electrons, ions, or hard x rays, with
different sensitivities. One can determine whether the radia-
tion detected by an RCF corresponds to ions by comparing
the image to that on the CR-39. The IP is a two-dimensional
radiation sensor that utilizes photon-stimulated luminescence
sPSLd in BaFBr:Eu3+ f13g. It is sensitive to all radiation
including scattered light, electrons, x rays, and ions. The
scattered light, energetic ions, and protons were completely
shielded in our experiments so that only the energetic elec-
trons and hard x rays were detected by the IP’s.

The angular distribution of electrons with energies over
1.3 MeV escaping from both a 60° cone target and a plane
target in the forward laser direction is shown in Fig. 2. Two
jets of electrons were emitted from the cone target, one along
the cone axis and the other normal to the cone wallsthe latter
was not observed when the 30° cone was usedd. The diver-
gence of the jet parallel to the incident laser beam is less than
30° for the cone target, whereas it is over 40° for the plane
target irradiated by a horizontally polarized laser incident at
60° to the target normal. The larger divergence of electrons
from the plane target is attributed to the lower effective laser

intensity that results from the open geometry and the large
incident angle of 60°. A combination of absorption mecha-
nisms includingJW 3BW f14g and Brunel absorptionf15g might
also increase the divergence when the incident laser beam is
at oblique angle to the target; these mechanisms accelerate
electrons in directions both parallel to the laser axis and nor-
mal to the targetf16g.

The electron energy spectra measured in the forward laser
direction from all three types of targets are compared in Fig.
3. These spectra are derived from the angular distribution
measurement described above; four layers of the IP and three
layers of the copper filter in the sandwichlike detector allow
electrons to be selected at four different energy levels. It was
observed that 2-3 times more electrons were emitted from
the cone targets than from the plane target. This indicates
that cone geometry improves the coupling between the laser
and target, resulting in a more efficient energy transfer from
the laser to the electrons. Furthermore, the number of elec-
trons at high energiesshere larger than 4 MeVd emitted from
the 30° cone was greater than that from the 60° cone, al-
though there was no difference in the number of electrons at
low energiesshere approximately 1.5 MeVd. This implies
that the energy transfer from the laser to the electrons is
better for the 30° cone than for the 60° cone.

The angular distribution of protons in the energy range
0.7–5 MeV emitted from cone targets with open angles of
60° and 30° and measured by RCF is shown in Fig. 4. In
similar fashion to the electrons in Fig. 2sad, two proton
beams close to the cone axis and normal to the cone wall
were observed in the forward laser direction. The beam par-
allel to the 30° cone axis was much more intense than that in
the 60° cone; the latter beam could only be detected by the
CR-39 since its intensity was too weak to be clearly seen

FIG. 1. sColord Cone targets with open angles ofsad 30° andsbd
60°. The targets consisted of a gold reentrant cone wall with a gold
disk at the tip. The disk was approximately 30–45mm in inner
diameter and 7mm thick. The cone-shaped wall was approximately
20 mm thick and 900mm long. The laser beam was incident in a
direction normal to the disk, along the cone axis.

FIG. 2. sColord Angular distributions of electrons with energies
of over 1.3 MeV fromsad a 60° cone target andsbd a plane target
with an incident angle of 60°, measured by the IP in the forward
laser direction with the laser horizontally polarized. The color scale
indicates the number of electrons, with red representing greater
numbers. The black dotted lines show the full angular width of the
electron jet at half of the maximum electron number. Crosses in
both images show the laser beam directions0 degrees on both axesd.
The red dotted line insad depicts the wall normal.
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using the RCF’s. The intensity of the proton beam normal to
the cone wall was similar in both cases.

Further comparisons between the different target geom-
etries are summarized in Table I. The emission of light from
the rear surface of an Al foil positioned at the tip of the 60°
reentrant cone is 2–3 times stronger than that from the
simple planar Al target, indicating an increased heating of
the foil by energetic electrons when a cone target is used
f17g. Cone targets also give rise to an increase in the proton

cutoff energy, which was found to be 10 MeV for the plane
target, 12 MeV for the 60° cone, and 15 MeV for the 30°
cone.

The improvement in energy transfer from the laser to the
electrons in the cone targets can be explained by the way in
which the cone geometry guides laser light. In our experi-
ments, 40% of the laser energy is focused in the 20
350 mm2 spot, whereas the disk at the tip of the cone targets
is 30–45mm in diameter. This implies that approximately
60% of the laser energy is situated outside the disk and hence
interacts with the wall. The contrast ratio of the laser
prepulse to the main pulsesless than 10−8d ensures that the
cone geometry is successfully preserved for the 0.75 ps du-
ration of the interactionsthe length of the laser pulsed. The
laser beam incident upon the wall would thus be absorbed
via processes induced by the electric field such as Brunel
f15g or resonancef18g absorption, and also absorbed via the

JW 3BW mechanismf14g. In addition, it would be reflected in
the specular direction. After being absorbed and reflected by
the wall several times, the laser beam is guided to a tiny spot
at the disk, enhancing the effective laser intensity as well as
the absorbed energy at the disk, as predicted by particle-in-
cell simulationsf9g. It is expected that this process would
increase the number of electrons generated, as shown in Figs.
2 and 3 and Table I. Enhancement of the laser intensity at the
disk would also play an important role in decreasing the
divergence of the electron beam parallel to the laser axis in
comparison with the plane target, as demonstrated in Fig. 2
and Table I.

In order to quantify the energy of the laser light incident
at the disk in the cone geometry, we used simple ray-tracing
techniques to calculate values for the 30° and 60° cones and
compare them with the plane geometry. In this calculation,
the laser beam was focused on a 30-mm disk through anf /7
optic to produce a Gaussian shape with a diameter of 30mm
ffull width at half maximumsFWHMdg. Absorption at the
wall was assumed to be 20% for thes-polarized beam and
for incident light normal to the wall, but it varies with dif-
ferent incidence angles, corresponding to the angular depen-
dence of Brunel absorptionf15g, in the case ofp polariza-
tion. The results of the calculations showed that the
concentration of energy at the disk is enhanced by a factor
of 1.5 in the 60° cone and by 2 in the 30° cone, relative
to the plane target. This is consistent with our experimental
results — the cone disk was observed to collect a larger
amount of laser energy due to side wall reflection. The ab-
sorption rate and reflection times from the side wall of the
60° cone are larger than those for the 30° cone due to the
incident angle dependence of Brunel absorption and the op-
tical geometry. Therefore, more efficient guiding of the laser
light to the disk can be expected for the 30° cone, which is
consistent with the experimental results as seen in the elec-
tron energy spectra in Fig. 3 and the proton angular distribu-
tions in Fig. 4.

The guiding of laser light in the cone can also explain the
distribution patterns of the MeV electrons and protons. The

jet parallel to the cone axis mainly results fromJW 3BW absorp-
tion of directly interacting light and light reflected from the
side wall. The jet normal to the rear cone-shaped wall must

FIG. 3. Energetic electron spectra in the forward laser direction
obtained from gold cone targets with open angles of 30°scirclesd
and 60°srectanglesd and from a plane target with an incident angle
of 60° sdiamondsd, estimated from IP data showing angular distri-
butions such as those in Fig. 2.

FIG. 4. Angular distributions of protons at energies of
0.7–5 MeV in the forward laser direction from the cone targets
with open angles ofsad 30° andsbd 60°, with the laser horizontally
polarized, measured using RCF’s. The gray scale indicates the num-
ber of protons, with the brighter regions representing larger num-
bers. The solid lines are proton number contours, where the numeri-
cal values show the deposited energies in MeV per solid angle.
Dotted lines show the normal to the cone-shaped wall. The circles
and crosses correspond to the local peak proton count and to the
laser beam directions 0° on both axesd, respectively.
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arise from absorption of the oblique beam at the side wall via
the electric field, through a process such as Brunel absorp-
tion. The dependence of the results on the cone angle indi-
cates a difference in the guiding of laser light in the two
cones. More laser light would be reflected from the side wall
to the tip of the 30° cone than for the 60° cone, taking into
account the incident angle dependence of Brunel absorption
f15g.

The more efficient guiding of laser light into the disk at
the tip in the 30° cone relative to the 60° cone is also con-
sistent with the increased degree of proton generation along
the cone axis, as shown in Fig. 4, and the higher-energy
cutoff for the protons, as shown in Table I. MeV protons are
usually generated in ultraintense laser interactions and accel-
erated in a direction normal to the rear of the target by a
sheathlike potentialf12g. The proton beam parallel to the
cone axis is thus related to the effective laser intensity at the
disk. In the 30° cone geometry, more laser energy is guided
to the disk by the wall and the laser intensity at the disk is
therefore higher than that for the 60° cone. More energetic
electrons are thus produced, which then propagate to the rear
surface of the disk, inducing a more intense sheathlike po-
tential for the 30° cone. Consequently, it is possible to gen-
erate more MeV protons, which also have a higher cutoff
energy, along the axis of the 30° cone. The scaling law for
the dependence of the proton cutoff energy upon laser inten-
sity f19g, which is Emax~ I0.3–0.5, suggests that the laser in-
tensity at the disk for the 30° cone target could be enhanced
by a factor of 3 relative to that in the plane geometry. This
enhancement may be consistent with predictions given by
simple ray-tracing calculations. All the data indicate that
more laser energy is guided by the side wall to the disk at the
tip of the 30° cone than to the tip of the 60° cone.

In addition to guiding laser beams, the cone geometry is
also expected to guide electrons due to the presence of spon-
taneous magnetic and electric fields surrounding the cone
f9,17g, resulting in an enhancement of the electron beam
from the disk. The observation of a proton beam close to the

normal of the cone-shaped wall, with the precise direction of
the beam dependent upon its energysfor example, 10-MeV
protons are deflected by 10° –15°d, indicates the existence of
a MG magnetic field. This self-generated magnetic field, to-
gether with an electric field such as the sheathlike potential,
might confine the electrons and guide them along the wall to
the tip of the cone; details of these fields and their effects
will be the subject of future studies.

In conclusion, we have investigated MeV electron and
proton generation from targets with cone geometry using a
PW laser. The number of MeV electrons parallel to the cone
axis is increased by a factor of 2–3 in the cone geometry
relative to the open plane geometry. The effect of the cone
angle on the generation of electrons and protons was also
investigated, using 30° and 60° cones. Much brighter emis-
sion and higher cutoff energies are observed for protons
along the axis of the 30° cone compared to the 60° cone. All
of these results are explained by the way in which laser light
is guided in the cone geometry. The cone-shaped wall acts
like a “plasma mirror” to guide scattered laser light to the tip
of the cone, resulting in higher laser intensity at the disk at
the cone tip. This guiding effect is more pronounced when
the cone with the smaller open angle is used. Enhancements
in the laser intensity and in the generation of energetic elec-
trons and protons ought to depend on the detailed geometry
of the target and on the laser characteristics. These results, in
combination with more detailed studies, will allow cone tar-
get geometry to be optimized in order to efficiently guide the
laser beam. Therefore, control of laser intensity and laser
absorption at the tip of the cone will be possible in the future.
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