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Laser plasma interactions in a relativistic regime relevant to the fast ignition in inertial confinement
fusion have been investigated. Ultraintense laser propagation in preformed plasmas and hot electron
generation are studied. The experiments are performed using a 100 TW 0.6 ps laser and a 20 TW
0.6 ps laser synchronized by a long pulse laser. In the study, a self-focused ultraintense laser beam
propagates along its axis into an overdense plasma with peak density 1022 /cm3. Channel formation
in the plasma is observed. The laser transmission in the overdense plasma depends on the position
of its focus and can take place in plasmas with peak densities as high as 5�1022 /cm3. The hot
electron beams produced by the laser-plasma interaction have a divergence angle of �30°, which is
smaller than that from laser-solid interactions. For deeper penetration of the laser light into the
plasma, the use of multiple short pulse lasers is proposed. The latter scheme is investigated using
particle-in-cell simulation. It is found that when the pulse duration and the interval between the
pulses are appropriate, the laser pulse train can channel into the plasma deeper than a single longer
pulse laser of similar peak intensity and total energy. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3101912�

I. INTRODUCTION

Controlled fusion energy driven by high-power lasers
has been investigated since the invention of the laser. In the
conventional approach to inertial confinement fusion, a small
volume deuterium-tritium �DT� fuel �the fuel core� is com-
pressed and heated simultaneously by shock waves from the
laser driven implosion of a spherical shell containing the
fuel. To achieve energy gain the laser energy should be more
than 1 MJ and applied within a few nanoseconds. In prin-
ciple, such a fuel core can be prepared by performing the
compression and heating separately. In the fast ignition �FI�

scheme,1–3 the required ultrahigh fuel density is achieved via
conventional laser driven implosion, but the ultrahigh igni-
tion temperature is achieved via fast heating by a separate
ultrashort ultraintense �USUI� laser pulse. The FI scheme
significantly reduces the total laser energy required and thus
also the size of the fusion facility. However, to achieve FI the
USUI laser must propagate into the compressed fuel core
through the corona plasma that contains underdense as well
as overdense regions. One solution is to insert a hollow cone
in the fuel shell to block the USUI laser from the coronal
plasma, thus allowing it to reach the core plasma.2 This
method is effective in heating the core plasma and increasing
the thermal neutron yield. However, the cone-in-shell geom-
etry precludes the more symmetrical high-gain target de-
signs. An alternative approach is to inject USUI laser pulses
directly into the coronal plasma.3 Large numbers of hot elec-
trons with energies in the MeV range are generated and
transported into the core plasma. For efficient heating, the
hot electron beam should be well collimated and the distance
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from its source to the core plasma should be minimized. That
is, the USUI heating laser should propagate as deep as pos-
sible into the plasma.

Ultraintense laser propagation in plasmas has been ex-
plored extensively.4–15 When the laser power exceeds the
critical value Pcr=17nc /ne GW, where ne and nc are the
plasma and critical densities, respectively, it can undergo
relativistic self-focusing �RSF�.4 The laser pulse can propa-
gate in the overdense plasma because of relativistic induced
transparency5 �RIT� and laser hole boring �LHB�.6 RIT al-
lows the laser to propagate in a plasma with density less than
�nc, where �=�1+ �I�2 / �2.74�1018�� is the Lorenz factor, I
is the laser intensity in W /cm−2, and � is the laser wave-
length in microns. RIT with RSF can induce self-guiding of
the ultraintense laser in high-density plasmas. Tanaka and
co-workers14,15 observed a propagation mode �the superpen-
etration mode� involving RSF, RIT, and LHB. When a sub-
picosecond 100 TW laser is injected into a preformed
plasma, strong x-ray emission around the solid-target surface
was observed, indicating that the laser pulse can propagate
100 �m in the inhomogeneous overdense plasma with den-
sities up to that of solid.

In this work, we consider superpenetration of short ul-
traintense lasers in preformed plasmas relevant to FI using
a laser system consisting of 100 and 20 TW laser. Particle-
in-cell �PIC� simulation is used to consider the use of
multiple USUI lasers to improve the penetration depth.
We shall focus on the laser beam behavior in the plasma
as well as hot electron generation. Accordingly, plasma
channel formation, laser light transmission, hot electron
energy spectra, and the electron beam divergence are
investigated.

II. EXPERIMENTAL SETUP

The experiments were conducted with the 100 TW
�GEKKO PW� �Ref. 16� and the 20 TW �GEKKO MII� �Ref.
17� short pulse laser systems coupled by a long pulse laser
from the Institute of Laser Engineering, Osaka University.
The GEKKO PW pulse can deliver 100–250 J with 0.6 ps
duration at 1 �m wavelength. The focus spot size was about
70 �m, with intensity 0.65–1.1�1019 W /cm2. The pre-
formed plasmas were created with thin deuterated carbon
�CD� foils with Al coating on the front surface by focusing a
beam of the long pulse 0.53 �m GEKKO XII laser. The
plasma density profiles were controlled by changing the time
delay between the GEKKO PW and GEKKO XII lasers.
Typically, the peak density of the preformed plasma is
around or higher than 10 nc. The GEKKO MII laser can
deliver 6–10 J with 0.6 ps duration at 1 �m wavelength. The
spot was elliptical with 13 and 33 �m �full width at half
maximum �FWHM�� for the axial and the transverse widths,
respectively, giving an intensity of 1.6–2.4�1018 W /cm2.
The preformed plasmas were created from thin CD foils with
Al coated front surface by focusing a long pulse 1 �m laser.
The peak density of the plasma is up to 50 nc.

III. EXPERIMENTS AND RESULTS

We consider superpenetration of an ultraintense laser
into the preformed plasma. Plasma channel formation, light
transmission through the large scale inhomogeneous plas-
mas, and hot electron generation were investigated. The ex-
periments were carried out using planar targets.

A. Plasma channel formation

In FI, the ultraintense laser energy must be transmitted
into the core plasma through the thick coronal plasma which
contains large underdense and overdense regions. For ex-
ample, a CD shell target of 500 �m diameter and 8 �m
shell thickness imploded by a 2 kJ 0.53 �m 1 ns laser has a
length over 500 �m at a density 0.1–1 nc, and 200 �m at
1 nc to 10 nc.

3 In the context of FI, one important question
is whether an ultraintense laser with an intensity
�1019 W /cm2 can penetrate the thick coronal plasma with
entire beam self-focused. In an earlier experiment, Tanaka
and co-workers14,15 observed strong x-ray emission around
the solid-target surface, which might indicate that the intense
laser could propagate 100 �m in inhomogeneous overdense
plasmas into near solid regions. However, this x-ray emis-
sion can also be caused by the local heating of the solid
surface by the hot electrons generated in the ultraintense la-
ser propagation. These electrons may be generated far from
the solid surface and they transport to the surface and heat it,
causing x-ray emission. It is desirable for FI to study the
details of RSF behaviors in a preformed plasma with a large
overdense region. We have studied laser light behaviors in
the preformed plasma which has a 80 �m overdense region
and is created on a plane solid CD target.

The experiments were carried out with the 100 TW
GEKKO PW laser synchronized with the GEKKO XII laser
system within a time jitter of less than 10 ps.18 Preformed
plasmas were created by one beam of the 1–1.3 ns long pulse
GEKKO XII laser with 1 �m thick CD foils with 0.1 �m
Al coating on the front surface. The preformed plasma den-
sity is calculated using a one-dimensional �1D� hydrocode
code ILESTA_1D.19 The ILESTA_1D has been benchmarked by
x-ray, ultraviolet, and optical laser probe diagnostics20,21 as
well as used to characterize the plasma density profile. The
typical plasma density profile at the time of the GEKKO PW
laser injection has a length of 500 �m at density of 0.1 to
1 nc, with an 80 �m overdense region at a peak density of
10 nc. The uncertainty in the peak plasma density may come
from the timing jitter between the GEKKO PW and GEKKO
XII lasers. In the experiment, the GEKKO PW laser was
optically synchronized to the GEKKO XII and the jitter was
less than 10 ps. Within 10 ps, the hydrodynamic motion of
the preformed plasma can be neglected. Figure 1 shows the
time-integrated x-ray images of the self-emission in front of
the target at a view angle of 21° from the GEKKO PW laser
axis. Figures 1�a� and 1�b� correspond to the preformed
plasma with and without the GEKKO PW laser interactions,
respectively. The large 500 �m emission areas shown as an
ellipse in Figs. 1�a� and 1�b� are due to the long pulse
GEKKO XII laser irradiation on the planar target. There is a
distinct difference between Figs. 1�a� and 1�b�. In Fig. 1�a�,
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one sees an elongated cone-shaped region at the center of the
ellipse. The x-ray emission from this region is considerably
weaker than that from the surrounding region. The cone is
along the GEKKO PW laser axis, indicating that it is created
by the interaction of the GEKKO PW laser with the pre-
formed plasma. The strong ponderomotive force drives the
electrons and subsequently also the ions out of the target,
leading to depletion of plasma particles and formation of a
channel. After passage of the GEKKO PW laser and channel
formation, the long pulse GEKKO XII laser still irradiates
the entire preformed plasma for several 100 ps. The plasma
channel with depleted electrons and ions emits less x-ray
than the rest of the plasma. The cone structure in the x-ray
image is reproducible in the experiments and can be recon-
structed with analytical estimates based on inverse brems-
strahlung x-ray emission and absorption with given plasma
parameters. We have simultaneously measured the GEKKO
PW laser transmission through the preformed plasma, which
was approximately 4% of the laser energy. Therefore the
x-ray picture shown in Fig. 1�a� and the laser light transmis-
sion measurements indicate that the GEKKO PW laser pen-
etrates through the entire preformed plasma having large un-
derdense and overdense regions along the laser axis.
Estimation of the GEKKO PW laser transmission taking into
account RIT and LHB �Ref. 6� suggests that the GEKKO
PW laser was self-focused down from 70 �m to at least
20 �m to penetrate through the preformed plasma in order
to produce the observed light transmission.

B. Ultraintense laser transmission
through the overdense plasmas

In FI, the imploded plasma density profile starts to show
a steep gradient around 20–50 nc. Below this value the
plasma density gradually increases. For example, a 2 kJ
0.53 �m 1 ns laser driven imploded plasma from a CD shell
target of 500 �m diameter and 8 �m shell thickness will
have its density varying from 0.1 to 1 nc in 500 �m, and
from 20 nc �50 nc� to 1000 nc in only 50 �m �40 �m�.3

Therefore if the ultraintense laser can propagate into the
20–50 nc region and generate hot electrons there, the heat-
ing of the core plasma by the latter should be efficient since
the remaining distance to the core is short.

The experiments were carried out with the 20 TW 0.6 ps
GEKKO MII laser system coupled with a 400 ps long pulse
laser.22 Preformed plasmas were created by the long pulse
laser in 0.25–1 �m thick CD foils whose front surface is
coated with 0.1 �m thick Al. The thickness of the CD layer
was varied to control the peak density of the preformed
plasma from 23 to 75 nc, corresponding to 0.25 to 1 �m
thick CD foils. In the experiments, the focus position d of the
GEKKO MII laser was varied 300−100 �m from the criti-
cal density. Figure 2 shows the laser light transmission
through the preformed plasma. The error bar of the transmis-
sion is due to noise in the diagnostics. For fixed peak plasma
density 50 nc, one can see that the transmission depends on
d �Fig. 2�a�� and it reaches maximum at d=200 �m. For
fixed focus position d=200 �m, the laser transmission de-
creases as the plasma peak density is increased �Fig. 2�b��. A
transmission of �0.03% was obtained when the peak density
was 23 nc. The dependence on the focus position was inves-
tigated earlier by Tanaka and co-workers14,15 using the x-ray
emission measurement. They found strong x-ray emission
around the target surface only when the �100 TW� laser was
focused at a certain position in the preformed plasma, sug-
gesting that the laser propagates a long distance into the
high-density region. The present experiment also shows such
dependence on the focus position. In particular, there exists
an optimum focus position for laser light transmission
through the preformed plasma, as shown in Fig. 2�a�.

The transmission of the GEKKO MII laser through the
overdense plasma with a peak density of 23 nc shows that
there is strong self-focusing of the laser beam in the plasma.
By using Sentoku’s LHB velocity �Eq. �24� in Ref. 23�,

FIG. 1. �Color online� Time-integrated x-ray pinhole camera images from
the preformed plasmas taken �a� with, and �b� without the GEKKO PW laser
interactions �from Ref. 18�. The x-ray intensity profiles along the vertical
dashed lines in the images are at the left of the images. Elong and Eshort

denote the energies of the long pulse GEKKO XII laser and the short pulse
GEKKO PW laser. The color codes are in arbitrary units. The white scale
bars correspond to 100 �m. Note the x-ray pictures were obtained at 21° to
the GEKKO PW laser axis �i.e., not 90°�.

FIG. 2. Ultraintense laser transmission through the overdense plasmas as a
function of �a� focal position at peak plasma density of 50 nc and of �b� the
peak density in the preformed plasma at fixed focal position d=200 �m,
respectively �from Ref. 22�.
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we can estimate that the required laser intensity for transmis-
sion through a plasma with peak density 23 nc is
1.2�1021 W /cm2, which is nearly three orders of magni-
tude higher than the initial laser intensity.22

C. Hot electron generation

In FI, the core plasma is heated by the hot electrons
generated during the ultraintense laser propagation in the
large scale plasma. The heating efficiency depends on many
factors, such as the energy and spatial distribution of the hot
electrons. A collimated hot electron beam with appropriate
energy range is essential for the efficient heating. Generation
of hot electrons was investigated using 100 TW GEKKO PW
laser.24 The electron energy spectra were obtained using an
electron spectrometer from 21° to the laser axis. The electron
angular distribution is obtained with a detector stack consist-
ing of imaging plates25 placed 34 mm behind the target. Pre-
formed plasmas were created by one beam of the 1–1.3 ns
long pulse GEKKO XII laser and 1 �m thick CD foils with
0.1 �m Al coating on the front surface. The plasma density
profiles were controlled by the time delay between the short
pulse GEKKO PW and the long pulse GEKKO XII lasers.
That is, the GEKKO PW laser was injected into the pre-
formed plasmas with either large or small underdense and
overdense regions. The plasma scale length was only 3 �m
for the small plasma and �136 �m for the large plasma.
Figures 3�a� and 3�b� show the typical electron energy spec-
tra from the small and large plasmas, respectively, at a laser
intensity of 4�1018 W /cm2. The electron energy spectra
fitted with a relativistic Maxwellian distribution showed that
the electron temperatures were 0.98 and 1.53 MeV for the
small and large plasmas, respectively. The higher tempera-
ture of the hot electrons from the large scale preformed
plasma indicates that the laser may have undergone self-
focusing.

The angular distributions of hot electrons from the small
and large scale preformed plasmas are rather different, as
shown in Figs. 4�a� and 4�b�, respectively. The hot electrons
from the small preformed plasma show that the electron
emission peaks between the laser axis and the target rear
normal, with a beam divergence of �70° �FWHM�. This
divergence angle is comparable to that from a solid target.26

For the large scale preformed plasma, the hot electron emis-
sion peaks along the laser axis and has a beam divergence of
�30° �FWHM�, which is comparable to the hard x-ray emis-
sion from ultraintense laser interaction with an imploded
shell plasma.3 The on-axis electron emission indicates that
the laser propagation in the large scale plasma is along its
axis. This on-axis behavior of hot electrons is also different
from that of ultraintense laser interaction with preplasmas
created by a laser prepulse or pedestal, where the hot elec-
tron beam direction is neither stable nor along the laser
axis.27,28 Highly directional and collimated hot electron beam
in dense plasmas is essential for efficient heating of the com-
pressed tiny core plasma and is of much recent interest.29

IV. MULTIPLE SHORT PULSE LASER PROPAGATION
IN OVERDENSE PLASMAS

We have shown that ultraintense lasers can self-focus
and propagate deeply in a large scale preformed plasmas and
generate directional collimated hot electron beams. However,
this on-axis propagation of the ultraintense laser in the large
scale preformed plasma is usually unstable. For example, the
propagation of the laser strongly depends on its focus posi-
tion and it may not propagate into high-density regions when
focused at positions other than that of the optimum.

Ultraintense laser-plasma interaction can lead to non-
linear processes such as laser filamentation and beam
breakup,8 scattering and propagation instabilities,9 etc. that
can reduce the laser quality and propagation distance.
To avoid these, one can use multiple laser pulses instead
of a single one.30 We have thus investigated the inter-
action of a train of short, intense laser pulses with dense
plasma using two-dimensional �2D� PIC simulation.31

Circularly polarized laser pulses with Gaussian envelope
a=aL exp�−�t− t0�2 /�2�exp�−�y−y0�2 /w2� in both the longi-
tudinal �x� and lateral �y� directions are incident along the x
axis into a plasma layer, where aL=4 is the laser strength, �
the pulse duration and w=5 �m the spot radius. The laser
intensity is thus about 1019 W /cm2. The laser wavelength is
�=1.06 �m. The simulation box is 60� along the x axis and

FIG. 3. �Color online� The electron energy spectra for �a� the small scale
and �b� the large scale preformed plasma �from Ref. 24�. The dotted lines are
fitted curves with a relativistic Maxwellian distribution. FIG. 4. �Color online� Hot electron angular distribution for �a� the small

scale and �b� the large scale preformed plasma �from Ref. 24�.
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30� along the y axis. The 40� long uniform plasma layer of
density 2 nc is bounded by 10� wide vacuum regions on
both its left and right sides.

We consider plasma channeling by a single �=50T laser
pulse and two �=25T laser pulses, where T=3.3 fs is the
laser period. The time delay between the peaks of the two
pulses is 70T. The total energy in the two 25T pulses is
nearly the same as that in the 50T pulse. Figure 5�b� shows
the distribution of the plasma ion density for the single
�=50T pulse at the moment when the corresponding channel
extends deepest into the plasma �after the laser light has been
absorbed and/or reflected�. We note that the still forward-
streaming ions continue to lengthen the channel, the final
channel length is reached when the forward momentum of
the ions is totally spent. In Fig. 5�b�, one sees that the laser is
diverted in deflecting the light energy, creating a branch
channel below the main one. Figure 5�a� shows the ion den-
sity for the two �=25T pulses at t=248.63T, when the action
of the second laser pulse is also over and the corresponding
channel is deepest. The significant difference in the length
and quality of the channels made by a single pulse and two
shorter pulses indicates that the multipulse scheme is more
efficient. The deeper penetration of the two-pulse laser can
be attributed to the fact that the ponderomotive force acts on
the plasma twice and the laser-induced plasma instabilities
that can severely deteriorate the channel quality and length
are greatly suppressed because of the cutoff of the source
energy: Instabilities such as bending or filaments of the
plasma channel caused by the first laser cannot develop
much since the latter is short. When the second laser pulse
then acts on the plasma at the front of the channel created by
the first pulse, the plasma channel is further extended in the
laser direction. Although channel branching still appears, but
on smaller space scales. It is found that with suitably chosen

duration and interval of the pulses, a train of short laser
pulses can channel into the plasma deeper and more stably
than a single longer pulse of similar peak intensity and total
energy.

V. SUMMARY

We have investigated the propagation of intense lasers,
namely, a 100 TW 0.6 ps laser at several 1018 W /cm2 and a
20 TW 0.6 ps laser at 1018 W /cm2 in large scale plasmas. In
the 100 TW experiments, plasma channel formation along
the laser axis was observed in a preformed plasma with
100 �m density scale length and peak density �10 nc. Over
1 MeV hot electrons with a beam divergence of about 30°
were emitted along the laser axis. In the 20-TW experiments,
laser light transmission through preformed plasmas with
peak densities of 20–50 nc was observed and found to de-
pend on the laser focus position. A multiple short pulse laser
propagation scheme is examined using 2D PIC simulations.
Deeper and more stable �compared to the single-pulse
scheme� propagation was demonstrated.
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FIG. 5. �Color online� The ion density in channeling �a�
by two �=25T pulses at t=248.63T, and �b� by a single
�=50T pulse at t=139.23T, with the observation times
corresponding to that at maximum channel length �from
Ref. 30�. The two-pulse scheme can clearly channel
deeper into the plasma. The single longer �50T� pulse
leads to considerable deterioration of the channel qual-
ity without lengthening it.
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