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We have investigated preformed plasma generation inside a cone on cone-in-shell targets for fast ignition
scheme. We focused on the study of preformed plasma generation via irradiation by an implosion laser. In the
GEKKO-XII laser system (Institute of Laser Engineering, Osaka University), a large fraction of laser energy
is frequency-doubled to a 527 µm wavelength light with KDP crystals, but unconverted fundamental light (λ =
1.053 µm) is ultimately a possible heating source for the target. We measured the temperature at the inside
tip of the cone in several experimental conditions to verify the effect of unconverted light. The experimental
results indicated that the direct irradiation inside the cone with the unconverted fraction is the primary source of
preheating effects. The results also suggest that preheating is suppressed by “long” cone targets whose sizes are
typically larger than the focal points of incident unconverted light.

c© 2015 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: fast ignition, cone-in-shell target, unconverted light, streaked optical pyrometer

DOI: 10.1585/pfr.10.1404076

1. Introduction
On the fast ignition scheme of inertial confinement fu-

sion targets, imploded high-density fuel is heated by ignit-
ing an ultra-intense laser [1, 2]. For a typical fast ignition
scheme, the igniting laser is irradiated into the “cone” of
a cone-in-shell target at the maximum compression tim-
ing. High-energy electrons and ions are generated by the
irradiation with the ultra-intense laser, which is the source
of heating. There is certain optimum energy of electrons
for heating compressed fuel because high-energy electrons
penetrate fuel plasma, whereas low-energy electrons do not
reach the fuel because of absorption by the cone wall made
of high-atomic-number material.

Previous experimental investigations suggest that a
large fraction of high-energy electrons is the main factor
behind the degree of efficient heating [3]. The physical
mechanism behind the generation of high-energy electrons
is supposedly due to the engagement of preformed plasma,
which is generated on the target surface prior to irradia-
tion by the ultra-intense laser. Electrons are typically ac-
celerated (to high-energy levels) in such plasmas between
cutoff surfaces and target surfaces [4]. The most probable
source of preformed plasma is likely associated with the
prepulse and/or pedestal of an igniting short-pulse laser.
In recent experiments at our GEKKO-XII laser facility, it
was found that the tip of the cone is heated prior to the
maximum fuel compression level, even without igniting
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the short-pulse laser [5]. This fact indicates that the ex-
istence of preformed plasma due to the laser itself is also a
very important factor.

In this study, experiments regarding the generation of
preformed plasma inside a cone in a cone-in-shell target
for fast ignition are discussed. We performed optical di-
agnostic measurements of self-emissions at inside tips of
the subject cones. Datasets were obtained by changing
laser conditions and target parameters to verify (and ulti-
mately eliminate) the source(s) of preformed plasma inside
the cones.

2. Preformed Plasma Generation in-
side a Cone by Laser for Implosion
The mechanism of the preformed plasma generation

inside a cone in the cone-in-shell target is due to several
factors. Figure 1 shows possible sources of preheating at
the tip of the cone. When the fuel shell target is irradiated
with the laser for implosion, the shell is accelerated by ab-
lation pressure. On irradiation, high-energy electrons and
x-rays may then penetrate into the shell and reach the tip
of the cone. The ablation plasma itself may be a source of
heating when the blow-off plasma moves around and in-
side the cone. The wall of the cone may also be heated by
the imploding shell plasma via thermal heat conduction.

Another probable source is the unconverted light of
the irradiation laser. At the aforementioned GEKKO-XII
laser facility [6], the fundamental light (λ = 1.053 µm)
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Fig. 1 Irradiation configuration of cone-in-shell target at GEKKO-XII facility.

is converted to a second-harmonic wavelength light (λ =
0.527 µm) by KDP crystals. The second-harmonic light
is focused on the target, whereas the fundamental light is
also focused on the target but with a larger spot size be-
cause of the chromatic aberration of the focusing lens. A
schematic of the irradiation configuration of the GEKKO-
XII laser system is shown in Fig. 1. Although the spot size
for unconverted light is relatively large (∼8 mm), the ef-
fective intensity on the target is around 1012 W/cm2, which
is not negligible for plasma generation. Unconverted light
irradiates outside and inside the cone.

Although the heating sources are from inside and out-
side the cone, the heating from the outside would be neg-
ligible because the opacity of the 7-µm-thick gold cone is
sufficiently large to shield typical heating from the outside
source described above. Thus, focus was ultimately placed
on the heating source inside the cone, which is essentially
the unconverted light of the implosion laser. The effect of
such unconverted light has also been an important problem
at the OMEGA laser facility, as per research conducted in
2009 [7]. However, previous subject experimental results
suggest that no preheating inside a cone was observed at
the OMEGA facility, where the drive laser does not con-
tain any unconverted light [8].

For standard cone-in-shell target experiments, the in-
side of a cone is partially irradiated around the edge of
the cone by three of nine separate beams. The irradi-
ation of unconverted light at the edge of a cone may
create plasma at temperatures associated with energies
greater than 200 eV, obtained via calculations with the one-
dimensional simulation code ILESTA-1D [9]. The irradi-
ated surface can potentially emit x-rays and hence imme-
diately heat up the entire inside of the cone.

Because the focused unconverted light has a certain

beam size on the target, the effect of unconverted light
should theoretically be eliminated by changing the spatial
beam pattern or cone size. For the spatial beam pattern, un-
converted light does not irradiate the target using a spatial
mask, which blocks the central part of the beam in accor-
dance with the cone size. A schematic of the “doughnut”
beam is shown in Fig. 2 (a). Another possible approach is
to increase the cone size (length), which is illustrated in
Fig. 2 (b). The typical length of the cone in previous exper-
iments was 1 mm. When the length of the cone is longer
than 5 mm, all unconverted light is irradiated outside the
cone. The two separate schemes were tested to verify the
effects on the preformed plasma generation.

3. Experiments
Experiments were performed at the aforementioned

GEKKO-XII laser facility. On the fast ignition experi-
ments, cone-in-shell targets were irradiated with nine out
of twelve separate beams of the GEKKO-XII laser. Typi-
cal laser energies from the nine beams fell in the range of
2 - 3 kJ. The wavelength and pulse duration were 527 nm
and 1.3 ns (Gaussian, full width at half maximum), respec-
tively. To compare the effects on irradiation geometry as
per the unconverted light scenario described above, a mask
was affixed to the setup, which blocked the central part of
the beam (with a diameter of 122 mm) for some of the data
shots. Masks for three beams were placed just in front of
the focusing lens, which created a doughnut-shaped focal
pattern for unconverted light on the target chamber center
(inner-circle diameter of 3.3 mm).

We employed cone-in-shell targets, which consisted
of a deuterated plastic (CD) shell (∼500 µm diameter and
∼7 µm thick) and a gold cone, whose opening angle was
45◦. The length between the entrance and tip of a standard
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Fig. 2 Irradiation scheme to eliminate unconverted light with (a) doughnut beam shape irradiation with a mask and with (b) long cone
target.

Fig. 3 Arrangements of optical measurements in this experiment.

“short” cone was 1 mm, whereas that of a “long” cone was
5.5 mm. Long cones were utilized in the trial because their
greater length aided in eliminating unconverted light irra-
diation inside the cone. For reflectivity measurements de-
scribed below, the tip of the cone was flat with a 100 µm
diameter.

The preformed plasma generation in the cone was ob-
served by optical diagnostics; here, special emphasis was

placed on heating parameters at the tip of the cone. A
schematic of the optical measurement process is shown in
Fig. 3. The tip of the inside of the cone was imaged by
lenses of two streak cameras. One of the two cameras was
employed to measure self-emissions as a streaked optical
pyrometer (SOP) [10]. The spatial and temporal resolu-
tions of the SOP were approximately 15 µm and 100 ps,
respectively. The wavelength intensity was measured at
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Fig. 4 Raw streaked image with self-emission measurements for (a) short cone target with normal beam irradiation, (b) long cone target
with normal beam irradiation, and (c) short cone target with doughnut beam irradiation. Red arrow and dotted line are the maximum
compression timing and position of tip center, respectively. Also shown below the images are position of the cone.

450±10 nm with a bandpass filter, where the self-emission
intensity is a function of temperature.

Another path was for reflectivity measurements us-
ing a velocity interferometer system for any reflector
(VISAR) [11]. The spatial and temporal resolutions for
the VISAR were approximately 60 µm and 140 ps, respec-
tively. The velocity per fringe of the interferometer was
6.4 km/s/fringe. A YAG laser (λ: 532 nm, 10 ns) was em-
ployed as a probe beam for VISAR measurements.

The baseline of the implosion dynamics for the cone-
in-shell target was also measured via an x-ray streak cam-
era and through x-ray framing. From the x-ray streak cam-
era data, the implosion velocity and maximum compres-
sion timing for each data shot was obtained to make cor-
relations between the timing of observations and optical
diagnostics.

The experimental conditions for each shot were (a) the
standard “short” cone target irradiated by beams without
masks, (b) the “long” cone target irradiated by beams with-
out masks, and (c) the standard “short” cone target irradi-
ated by “doughnut” beams. The three distinct experimen-
tal conditions were employed to verify the presence of the
preformed plasma and its suppression within two separate
schemes.

4. Experimental Results
4.1 Measurements of self-emission at the tip

Figure 4 shows raw streaked images with the SOP for
three different conditions. The “standard” shot (a) is with
short (1 mm) cone-in-shell targets irradiated by nine drive

beams without the beam mask. The maximum compres-
sion timings for each data point are indicated in the raw
data, with each being separately measured by the x-ray
streak camera. The figure also shows shots with the long
(5.5 mm) cone (b) irradiated by nine drive beams without
the beam mask, and finally, with the short cone target irra-
diated by the doughnut beam (c).

From the raw data, it is found that the peak of self-
emission is around the maximum compression timing for
each shot. Moreover, it was observed that early emissions
were prevalent in every shot. The early emissions for the
(a) short cone and the (c) doughnut beam are from both the
tip and side wall, whereas the early emission for the (b)
long cone is from the side wall of the cone and moving to
the tip. This emission from the wall is likely due to heating
by the imploding shell outside the wall. On the other hand,
no clear emission due to the imploding shell is observed in
other datasets, which may consequently be attributable to
preheating being initiated by other potentially dominating
sources.

To compare effects of preformed plasma generation,
plots of self-emission histories were constructed at the cen-
ter of the tip for the three data shots. Figure 5 depicts
the plots for the three subject data shots. In the plots,
t = 0 is the peak of the Gaussian pulse shape for the im-
plosion drive beam. The temporal evolution suggests that
the short cone data (a) shows significant preheating from a
very early juncture of laser irradiation (t ∼ −1.0 ns). The
plot for the short cone with the doughnut beam (c) also
shows some preheating at around t ∼ −0.5 ns. In contrast,
there is no evidence of preheating associated with the long
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Fig. 5 Temporal profiles of self-emission at around the center of
the cone tip for the three experimental conditions shown
in Fig. 4.

Fig. 6 Raw streaked VISAR images for (a) short cone target
without the beam mask and (b) long cone target without
the beam mask.

cone data (b). These datasets clearly indicate that preheat-
ing due to unconverted light is eliminated by the long cone
target.

The influence on the implosion dynamics of the CD
shell for the doughnut beam is noteworthy because laser
energy and irradiation uniformity were reduced by the
mask. The laser energy reduction for the doughnut beam
was approximately 16%. Potential issues arising from the
implosion dynamics and maximum compression timing
were evaluated via the x-ray streak camera and x-ray fram-
ing camera data. The measured results suggest that there is
no clear difference in these parameters between the normal
and doughnut beams.

4.2 Measurements of reflectivity at the cone
tip

Figure 6 shows raw streaked images with the VISAR
for the short cone (a) and long cone (b) targets, which are
the same shot data as in the previous section. In typical
VISAR measurements, velocity data at a reflecting surface
are extracted along with associated fringe shifts. However,
in this measurement, the fringe rapidly vanished when the
cone tip surface was heated beyond the ionizing temper-

Fig. 7 Temporal profiles of reflectivity at around the center of
the cone tip for long cone target without beam mask.

ature, which was observed in previous experiments [12].
Ultimately, as per the VISAR, an estimate of preformed
plasma generation levels was rendered with the intensity
of reflected light at the central portion of the cone tip.

For the data with the short cone target (a), no clear
fringe images were noted for the entire observation period.
This implies that the reflectivity might vanish in a very
early time segment (< −0.5 ns) because of plasma gen-
eration inside the cone for the short cone target. In con-
trast, a clear fringe image in early timing was observed
for the long cone target (b). A temporal profile of inten-
sities around the center of the tip for the long cone tar-
get is shown in Fig. 7. The history of reflectivity shows
a constant intensity at the early timing segment and then
starts to notably decrease at around t = −0.5 ns. The re-
flectivity similarly decreases and subsequently disappears
at around t = 0.5 ns. From the self-emission data for the
long cone target, self-emission appears at about t = 0 ns,
as described in the previous section. The reflectivity drops
a little earlier than the rise of self-emission. This might
occur because of the reflectivity starting to vanish at gold’s
melting point temperature, whereby such a temperature is
under the detection threshold of the SOP. Thus, the reflec-
tivity data ultimately show a reasonable correlation with
the self-emission data.

4.3 Discussions
As described in previous sections, the measured data

via three separate experimental conditions and two differ-
ent diagnostic techniques suggest that the long cone target
is very effective at suppressing preheating inside a cone.
This fact implies that the unconverted light of the implo-
sion laser is a significant source of preformed plasma gen-
eration.

In contrast, a short cone with doughnut beams (c) in-
dicates a small degree of preheating inside the cone, sug-
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gesting that there may be another preheating source char-
acteristic of this experimental condition. One probable in-
terpretation is due to the coronal plasma from the shell
during the implosion. The shell of the cone-in-shell tar-
get is imploded, whereas the subject coronal plasma ex-
pands outwardly. The tail of the coronal plasma moves
approximately at the speed of sound and finally rolls into a
gold cone because the pressure inside the cone is very low
(in essence, a vacuum). In this situation, preheating might
start at the time that is determined by the velocity of the
coronal plasma’s tail.

A calculation with the ILESTA-1D simulation sug-
gests that the coronal plasma expands with time, out-
wardly toward the shell, reaching the edge of the “short”
cone entrance at approximately −0.8 ns (not shown). As
noted above in SOP measurements, self-emission arises
at approximately −0.5 ns, showing good agreement with
the subject interpretation. However, note that the coronal
plasma does not reach the edge of the long cone entrance
during irradiation. This fact suggests that the long cone is
very effective at suppressing preheating not only from un-
converted light but also from the ablation coronal plasma.

5. Conclusion
We have investigated preformed plasma generation

inside cones in cone-in-shell targets for fast ignition
schemes. We employed self-emission and reflectivity mea-
surements to verify the source(s) of the preformed plasma
and to explore the suppression of such plasma. The exper-
imental results show that unconverted light irradiated in-
side the cone is the major source of the subject preformed
plasma generation. It was also concluded that the ablation
plasma from the shell is similarly not a negligible source
of preformed plasma. These facts suggest that preformed
plasma generated by unconverted light and ablation plasma
is eliminated using a long cone (> 5.5 mm) for cone-in-
shell targets.
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