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Laser channeling into an overdense plasma was studied using time-resolved spectra of a backscatte
laser light. A 1053 nm laser light was focused on a preformed plasma at a laser intensity o
2 3 1017 Wycm2 with a pulse duration of 100 psec. The preformed plasma was created with a100-mm
plastic target irradiated by 351-nm laser lights. Temporal profiles of the backscattered light and th
angular distribution of scattered light indicate laser-hole boring in the preformed plasma. The x-ray
pinhole images and strong redshift of the backscattered light spectrum are consistent with the chann
formation into an overdense region. [S0031-9007(96)01815-7]

PACS numbers: 52.35.Mw, 52.40.Nk, 52.50.Jm
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Studies of laser channeling into overdense plasmas
essential for the fast ignitor concept in inertial confin
ment fusion. In this concept, an ultraintense laser li
penetrates into and ignites a highly compressed fuel
plasma [1]. Prechanneling or hole boring may be requ
to transport efficiently the ignitor pulse into the overden
region close to the core plasma. A prepulse laser l
with a long duration (a few tens of ps to 100 ps) at inte
sities ILl2 of 1017 to 1018 W mm2ycm2 must be focused
to create a prechannel into overdense regions, whel

is the laser wavelength andIL is the laser intensity. A
these intensities, electron quiver motions dominate th
mal motions. In a long-scale inhomogeneous plasma,
ponderomotive force will evacuate the underdense pla
radially and push the critical surface forward, resulting
the laser channel formation into overdense plasmas
Once the channel is created in the plasma with a crit
density, the laser light absorption [3] and nonlinear ins
bility [4–6] are affected by density steepening near
critical density at the front of the channel. Substan
studies were performed on filamentations and channe
in underdense plasmas [7–12] and in overdense plas
with a psec-laser pulse [13,14]. However, no experim
tal work has been reported so far on laser channeling
an overdense plasma at laser intensities of.1017 Wycm2

with pulse durations above a few tens of psec. In t
paper, we present a study of channeling of a 1053
light into an overdense preformed plasma at an inten
of 2 3 1017 Wycm2 and a pulse duration of 100 ps. Th
time-resolved backscattered light spectra and the ang
distribution of the scattered light were obtained to stu
the dynamics of the light reflection point. We also to
UV pictures probing the density perturbation at an und
dense plasma and x-ray pictures for the channel forma
into an overdense region.

The experiment was carried out using the GEKKO X
laser system at the Institute of Laser Engineering, Os
University [15]. A CH plastic plane target with a thickne
of 100 mm was irradiated obliquely by two 351-nm las
0031-9007y96y77(24)y4906(4)$10.00
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beamss5 J 3 2d to produce a preplasma with a300-mm
focal spot at 50± incidence angles to the normal. A 105
nm laser light as a main interaction pulse was focused n
mally onto the preplasma with anfy3 aspherical lens afte
0.9 ns of the prepulse. The intensity of the main pulse w
2 3 1017 Wycm2 at the best focus with a30-mm spot di-
ameter. The spot diameter of the best focus was estim
from x-ray images. All the pulse shapes were a Gau
ian profile with a 100 psec full width at the half max
mum (FWHM). The main laser focal positions were vari
from 100 to400 mm from the plastic target surface. Th
focus lens had a30-mm spot size with approximately
160-mm depth of focuss680 mmd. The intensity atnc

was2 3 1017 Wycm2 for the 100 250-mm focus condi-
tions and3 3 1016 Wycm2 for the 400-mm focus based
on a density profile obtained by 1D hydrodynamic simu
tion. An ultraviolet probe laser system (263 nm and 10
was used to monitor the created plasma shape using
image refractometry (GIR) [16]. The GIR picture [17
showed a hole on the preplasma where the main laser
focused. The diffraction of the probe beam in the plas
limited the measured density to be about3 3 1020ycm3.
The position of this density regions3 6 2 3 1020ycm3d
without the main laser pulse was about200 6 20 mm
from the target surface on the center axis, which w
consistent with the simulation. X-ray images for a 1
30 keV x-ray range were monitored with x-ray CCD pi
hole camera systems with a spatial resolution of15 mm.
The fraction of the backscattered light was measured wi
calibrated biplaner photo diode. Time-resolved spectra
the backscattered light was measured with a1y4 m spec-
trometer coupled to anS-l streak camera. The covere
spectra were from 1050 to 1070 nm with a flat spectral
sponse at a spectral resolution of 0.4 nm. The temp
resolution of the system was 13 psec limited by the wi
of a streak camera slit and spectral resolution. Estima
of the ion expulsion time in the focal spots30 mm diamd
using an equation of motion [9,18] is about a few ps
20 ps. A thermal pressure is neglected in this estima
© 1996 The American Physical Society



VOLUME 77, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 9 DECEMBER1996

h
t

o
th

n
i

e
to
a
rf

m
e

in
o
c

g

e

d
a
n

on
tral

r
a

for
d
the

osi-
is
am

re-
sis-
t as
was
of
as
ec-
d a
ase

led
e

e-
-

d
ing

the
since the quiver energy is 20–40 times larger than the t
mal energy at 1 keV. This time scale is comparable to
time resolution of diagnostics (13 ps). The dynamics
the observed spectra could be affected by the ion moti

Figure 1 shows typical streak camera images of
backscattered spectra at focus positions of (a)100 mm
and (b)250 mm from the target surface. As a commo
feature in all the focus conditions, a 2–3 nm bluesh
from the fundamental (1053 nm) was observed at 100
prior to the pulse peak. This blueshift was observ
only early in time of the pulse and rapidly shifted
the red side in time. However, no such blueshift w
observed when the pulse was focused on the target su
without a preplasma. This initial blueshift is due to th
Doppler shift caused by the expansion of the preplas
since this blueshiftDlb is dependent on the prepulse las
intensity asDlb , I0.18 0.29

L at intensities ofs0.4 5d 3

1014 Wycm2. The magnitude of the Doppler shift indicate
preplasma expansion speeds ofs2.5 4.0d 3 107 cmys at
a prepulse intensity of1.4 3 1014 Wycm2. As spectral
peak was shifted to the red side and the shape chan
in time, there is a difference in the redshifts depend
on the focus positions. The peaks of the redshifts fr
the fundamental wavelength were 1–2 nm at a fo
position of 100 mm, 5–6 nm at250 mm, and 6–7 nm
at 400 mm, which changed gradually in time. The lon

FIG. 1(color). Linear intensity contours of the time-resolv
spectra of the backscattered light at the focus positions
(a) 100 mm and (b)250 mm. The dotted lines correspon
to the fundamental wavelength. The closed circles in (a)
estimations of Doppler shifts due to critical surface movi
inward by the photon pressure.
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wavelength cutoffDlc also shows a clear dependence
the focus position. The temporal change in the spec
shift DlcyDt may be relevant to the speedsV d of the
reflection point asDlcyDt ~ V . The DlcyDt for the
250 mm and the400 mm focus are 1.5 to 2 times large
than that for the100 mm. The dynamics of the spectr
may indicate that the reflection points for the250 mm and
the400 mm focus are accelerated much faster than that
the 100 mm focus. Laser hole boring might be affecte
by the focusing point if the spectra was caused by
reflection from the front edge of the hole.

The spectra at the pulse peak varying the focus p
tion are shown in Fig. 2. The dotted line in Fig. 2(a)
the spectrum without the preplasma, focusing the be
on the target surface at2 3 1017 Wycm2. The spectral
peak intensity of the backscattered light without the p
plasma was lower than those with the preplasma, con
tent with the angular dependence of the scattered ligh
described later. The spectrum without the preplasma
simply broadened to the red side with a spectral width
about 2.2 nm. Totally different spectra were observed
the main pulse interacted with the preplasma. The sp
tra from the preplasma consist of a strong redshifted an
weak broad components. Spectral broadening of the b
component could be influenced by the strongly coup
stimulated Brillouin scatter (SBS) instability since th
growth rateg0 is larger than the ion acoustic wave fr
quencyvia at2 3 1017 Wycm2, satisfying the strong cou
pling condition asg0yvia , 10 at 0.2nc for 1 keV [19].
However, it might be difficult to explain the redshifte
component only by the strongly coupled SBS. Chang

FIG. 2. The backscattered spectra at the pulse peak for
(a) 100 mm focus, (b) 250 and400 mm focus. The dotted line
in (a) is the spectra without the preplasma.
4907
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the focus condition, the spectral width and the peak int
sity of the redshifted component decrease with the sp
tral shift Dlr to the red side. The width and the relativ
peak intensity for the100 mm focus were 2.5 nm and 460
countssDlr ­ 1 2 nmd, 1.3 nm and 300 counts for th
250 mm sDlr ­ 5 6 nmd, and 0.5 nm and 200 counts fo
the 400 mm sDlr ­ 6 7 nmd. The spectral narrowing
and reduction of the peak intensity as the redshift increa
may indicate the reduction of SBS with density steepen
by the ponderomotive force in laser-hole boring [4,6].

Temporal history of the backscattered light showed
saturation of the reflectivity at around the laser pulse pe
Increasing the laser intensity by one order of magnitu
s1016 to 1017 Wycm2d in time, the reflectivity decreased b
a factor of about 2. It is difficult to explain this reductio
only by the saturation of SBS due to the transition to t
strong couple limit because theg0 is already comparable
to the via at intensities of1015 Wycm2 for 1 keV and
1016 Wycm2 for 5 keV at 0.01nc for a homogeneous
plasma. As a consequence of the hole in the plasma,
SBS reflectivity may be limited by density steepening [4
The resonant absorption on the wall is also an import
process in the hole [3]. The absorption due toJ 3 B
heating may continue at the deepest part of the hole [2
The increase in the absorption and/or the reduction
SBS in the hole could decrease the reflectivity. Applyi
this absorption dependence in the hole to the experime
results, the reduction of the reflectivity with the las
intensity in the pulse is consistent with the property of t
redshift component (spectral narrowing and decrease in
peak intensity with the amount of the redshift) changi
the focus position. As we discuss later, the backscatte
light might indicate that a hole boring was formed mo
clearly for the250 mm and the400 mm focus that the
100 mm focus.

The angular distribution of the scattered light was mo
tored at angles of0± 6 10±, 30± 6 1±, and 47.5± 6 1±,
and is shown in Fig. 3. The spectral response of
scattered light measurements was the same as that o
backscattered light measurement. The angular depend
of the scattered light without a preplasma is assumed
cosine2 distribution [21] because of no relative calibratio
of the detectors to each channel. This assumption sho
be appropriate for the qualitative discussion of the angu
distribution of the scattered light. The distribution wa
clearly collimated to back side as cosine12 when the main
laser was injected into the preplasma, indicating a chan
formation in the preplasma.

X-ray pictures from different observation angles f
the 250 mm focus are shown in Fig. 4. A spot size o
the target surface geometrically determined by the fo
cone was.80 mm, represented as dotted lines in th
figure. A weak spot with a300 mm diam was due to
the preformed plasmas. A strong tight spot of,30 mm
on the target surface was observed only for the250 mm
focus, and no such tight spot was obtained for t
100 mm and the400 mm focus. If the tight spot on the
4908
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FIG. 3. The angular distribution of the scattered light at t
focus positions of0 mm for no preplasma and200 6 50 mm
for the preplasma from the target surface.

target surface was caused by the electrons transpo
from the critical density point, the similar spot shou
appear at other focus conditions. Taking account
the aspect ratio of the spot size (about30 mm diam) to
the distance from the critical density point to the targ
surfaces100 150 mmd, it is also difficult to explain the
hot spot with thermal electrons which could be diffusive
transported (2D effect).

Assuming the redshift as shown in Fig. 1 is a Dopp
shift due to the critical surface moving inward by the ph
ton pressure, e.g., 60 Mbar at1017 Wycm2, the propagation
distance of the critical surface is of the order of20 mm for
the 100 mm focus. The distance for the250 mm focus
was120 mm, close to the distance between the initial cri
cal and the target surfaces. The Doppler shift was eva
ated from a simple snow plow model calculation (1D) wi
momentum balance between the photon pressure and m

FIG. 4(color). X-ray pinhole camera images from (a) th
target tangential and (b) 10± to the target normal. The dotte
line shows a cone of the incident laser light at250 mm from
the target surface.
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flow at the critical surface by using a preformed plas
density profile from 1D simulation and a 100 ps (FWHM
Gaussian profile of the laser pulse. This estimated v
is close to the measured redshift for the100 mm, shown
as a dotted line in Fig. 1(a). However, a laser inten
of 2 3 1018 Wycm2, where the relativistic self-focusin
become an important factor, may be necessary to yie
Doppler shift as large as 5 nm to move the critical po
The x-ray image showing the tight spot on the target s
face, obtained only for the250 mm, is consistent with the
strong redshift (5 nm) of the backscattered light if a wh
beam channel is self-focused into the overdense re
close to the target surface.

Required critical power for sustaining of a stable chan
can be estimated in an underdense homogeneous p
within a sufficiently short time duration. Calculation ta
ing account of the relativistic and charge-displacem
mechanisms shows that a critical power given byPc ­
16svyvpd2 GW is required to overcome classical diffra
tion [7]. This critical power may be applied for the expe
mental conditions early in time of the pulse (a few pse
where the ion motion can be ignored, corresponding to
laser intensity of 10% of the peak (0.1–0.15 TW). T
laser intensitysPL ­ 0.15 TWd exceeds the critical powe
by factors of 1 to 5 at0.1nc to 0.6nc, the stable region o
which are located at about 150 to300 mm from the target
surface. For the 250-mm focus, the focal depth is locate
in this stable region withPc , PL , 5Pc. To create a
stable channel, the laser beam should be focused ont
edge of the stable region [7,8]. This condition may be c
sistent with the backscattered light spectra implying f
mation of a channel for the 250-mm focus. However, the
100-mm case corresponding to the beam focus interio
this stable region may lead to distortion of the incom
laser beam and inhibit self-focusing. For the400 mm fo-
cus, the backscattered light shows the spectral modula
implying the beam spreading or breaking into filamen
No observation of a tight spot on the x-ray image for
400-mm focus might be also due to the beam spread
before directly reaching of the laser beam onto the ta
surface. At0.6nc to nc, 5Pc , PL , 10Pc, where the
stable channeling could be transitive to filamentation
The distance from the interior edge of the focal depth to
original critical density point is about170 220 mm for the
400-mm focus, whereas the distance for the 250-mm focus
is about20 70 mm. A theoretical filamentation growt
length for a homogeneous plasma is about60 170 mm at
0.1 0.01nc with 10% of the laser peak intensity for 1 ke
[11,22]. Thus the channel could be broken into filame
and stopped before reaching of the beam onto the ta
surface [6,23].

There are several mechanisms as other possibi
to explain the backscattered spectra as shown in Fi
One of them might be strong coupled stimulated Ram
scattering (SRS). Short laser pulse (sub psec) experim
on the strong coupled SRS show unusually shifted spe
at around the fundamental wavelength [24]. Howev
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all the short pulse experiments used homogeneous l
density plasmas, e.g.,ne , 1y100nc. In our experiment
the preplasma has an exponential profile with overdense
solid densities and the best focus was placed at near
critical density surface. No strong effect will be expecte
on the SRS region changing the focus position in o
experimental condition.

In conclusion, we have measured time-resolved spec
of the backscattered light from an inhomogeneous p
formed plasma interacting with a 1053 nm laser light
2 3 1017 Wycm2 with a 100 ps pulse. The UV probe im-
age, the temporal profiles of the backscattered light, a
the angular distribution of scattered light indicate lase
hole boring in the preplasma. The x-ray pinhole imag
and the strong redshift of the backscattered light imp
self-focusing and subsequent laser channeling up to
solid density.
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