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Study of Laser-Hole Boring into Overdense Plasmas
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Laser channeling into an overdense plasma was studied using time-resolved spectra of a backscattered
laser light. A 1053 nm laser light was focused on a preformed plasma at a laser intensity of
2 X 10" W/cn? with a pulse duration of 100 psec. The preformed plasma was created With am
plastic target irradiated by 351-nm laser lights. Temporal profiles of the backscattered light and the
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 channel
formation into an overdense region. [S0031-9007(96)01815-7]

PACS numbers: 52.35.Mw, 52.40.Nk, 52.50.Jm

Studies of laser channeling into overdense plasmas ateams(5 J X 2) to produce a preplasma with380-um
essential for the fast ignitor concept in inertial confine-focal spot at 50incidence angles to the normal. A 1053-
ment fusion. In this concept, an ultraintense laser lighthm laser light as a main interaction pulse was focused nor-
penetrates into and ignites a highly compressed fuel commally onto the preplasma with gfY3 aspherical lens after
plasma [1]. Prechanneling or hole boring may be required®.9 ns of the prepulse. The intensity of the main pulse was
to transport efficiently the ignitor pulse into the overdense2 X 107 W/cn? at the best focus with 30-um spot di-
region close to the core plasma. A prepulse laser lighameter. The spot diameter of the best focus was estimated
with a long duration (a few tens of ps to 100 ps) at intenfrom x-ray images. All the pulse shapes were a Gauss-
sities I; A% of 10'7 to 10'® W um?/cnm? must be focused ian profile with a 100 psec full width at the half maxi-
to create a prechannel into overdense regions, where mum (FWHM). The main laser focal positions were varied
is the laser wavelength ang is the laser intensity. At from 100 to400 uwm from the plastic target surface. The
these intensities, electron quiver motions dominate therfocus lens had &0-um spot size with approximately
mal motions. In a long-scale inhomogeneous plasma, th&60-um depth of focus(+80 wm). The intensity at,.
ponderomotive force will evacuate the underdense plasmaas2 X 10'7 W/cn? for the 100-250-um focus condi-
radially and push the critical surface forward, resulting intions and3 x 10! W/cn? for the 400-um focus based
the laser channel formation into overdense plasmas [2pn a density profile obtained by 1D hydrodynamic simula-
Once the channel is created in the plasma with a criticafion. An ultraviolet probe laser system (263 nm and 10 ps)
density, the laser light absorption [3] and nonlinear instawas used to monitor the created plasma shape using grid
bility [4—6] are affected by density steepening near thamage refractometry (GIR) [16]. The GIR picture [17]
critical density at the front of the channel. Substantialshowed a hole on the preplasma where the main laser was
studies were performed on filamentations and channelinfpcused. The diffraction of the probe beam in the plasma
in underdense plasmas [7—12] and in overdense plasméimited the measured density to be abux 10%°/cn?.
with a psec-laser pulse [13,14]. However, no experimenThe position of this density regio8 = 2 X 10?°/cm’)
tal work has been reported so far on laser channeling intwithout the main laser pulse was abd@0 * 20 um
an overdense plasma at laser intensities-tf!” W/cn?  from the target surface on the center axis, which was
with pulse durations above a few tens of psec. In thigonsistent with the simulation. X-ray images for a 1 to
paper, we present a study of channeling of a 1053 nn30 keV x-ray range were monitored with x-ray CCD pin-
light into an overdense preformed plasma at an intensityiole camera systems with a spatial resolutior ®fum.
of 2 X 10'7 W/cm? and a pulse duration of 100 ps. The The fraction of the backscattered light was measured with a
time-resolved backscattered light spectra and the angulaalibrated biplaner photo diode. Time-resolved spectra of
distribution of the scattered light were obtained to studythe backscattered light was measured with/4 m spec-
the dynamics of the light reflection point. We also tooktrometer coupled to a-lI streak camera. The covered
UV pictures probing the density perturbation at an underspectra were from 1050 to 1070 nm with a flat spectral re-
dense plasma and x-ray pictures for the channel formatiogponse at a spectral resolution of 0.4 nm. The temporal
into an overdense region. resolution of the system was 13 psec limited by the width

The experiment was carried out using the GEKKO Xll of a streak camera slit and spectral resolution. Estimation
laser system at the Institute of Laser Engineering, Osakaf the ion expulsion time in the focal sp&0 wm diam)
University [15]. A CH plastic plane target with a thickness using an equation of motion [9,18] is about a few ps to
of 100 um was irradiated obliquely by two 351-nm laser 20 ps. A thermal pressure is neglected in this estimation
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since the quiver energy is 20—40 times larger than the thewavelength cutoffA A, also shows a clear dependence on
mal energy at 1 keV. This time scale is comparable to thé¢he focus position. The temporal change in the spectral
time resolution of diagnostics (13 ps). The dynamics ofshift AA./Ar may be relevant to the speddl) of the
the observed spectra could be affected by the ion motionteflection point asAA./Ar o« V. The AA./Ar for the
Figure 1 shows typical streak camera images of th@50 um and the400 um focus are 1.5 to 2 times larger
backscattered spectra at focus positions of () um  than that for thel00 um. The dynamics of the spectra
and (b)250 pum from the target surface. As a common may indicate that the reflection points for P& wm and
feature in all the focus conditions, a 2—3 nm blueshiftthe400 wm focus are accelerated much faster than that for
from the fundamental (1053 nm) was observed at 100 pthe 100 um focus. Laser hole boring might be affected
prior to the pulse peak. This blueshift was observeddy the focusing point if the spectra was caused by the
only early in time of the pulse and rapidly shifted to reflection from the front edge of the hole.
the red side in time. However, no such blueshift was The spectra at the pulse peak varying the focus posi-
observed when the pulse was focused on the target surfatien are shown in Fig. 2. The dotted line in Fig. 2(a) is
without a preplasma. This initial blueshift is due to thethe spectrum without the preplasma, focusing the beam
Doppler shift caused by the expansion of the preplasman the target surface & X 10'7 W/cnm?. The spectral
since this blueshifi\ A, is dependent on the prepulse laserpeak intensity of the backscattered light without the pre-
intensity asAA, ~ 101370 at intensities of(0.4-5) X  plasma was lower than those with the preplasma, consis-
10'* W/cn?. The magnitude of the Doppler shift indicates tent with the angular dependence of the scattered light as
preplasma expansion speeds(25-4.0) X 10’ cm/s at  described later. The spectrum without the preplasma was
a prepulse intensity of.4 x 10'* W/cn?. As spectral simply broadened to the red side with a spectral width of
peak was shifted to the red side and the shape changedbout 2.2 nm. Totally different spectra were observed as
in time, there is a difference in the redshifts dependinghe main pulse interacted with the preplasma. The spec-
on the focus positions. The peaks of the redshifts frontra from the preplasma consist of a strong redshifted and a
the fundamental wavelength were 1-2 nm at a focusveak broad components. Spectral broadening of the base
position of 100 um, 5—6 nm at250 um, and 6—7 nm component could be influenced by the strongly coupled
at 400 um, which changed gradually in time. The long stimulated Brillouin scatter (SBS) instability since the
growth ratey, is larger than the ion acoustic wave fre-
quencyw;, at2 X 107 W/cn?, satisfying the strong cou-
pling condition asyy/w;, ~ 10 at0.2n. for 1 keV [19].
However, it might be difficult to explain the redshifted

fg‘ component only by the strongly coupled SBS. Changing
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FIG. 1(color). Linear intensity contours of the time-resolved Y050 1055 1060 1065
spectra of the backscattered light at the focus positions of Wavelength(nm)

(@) 100 um and (b)250 um. The dotted lines correspond

to the fundamental wavelength. The closed circles in (a) ard-1G. 2. The backscattered spectra at the pulse peak for the
estimations of Doppler shifts due to critical surface moving(a) 100 um focus, (b) 250 and00 wm focus. The dotted line
inward by the photon pressure. in (a) is the spectra without the preplasma.
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the focus condition, the spectral width and the peak inten-
sity of the redshifted component decrease with the spec-
tral shift AA, to the red side. The width and the relative
peak intensity for thé00 wm focus were 2.5 nm and 460
counts(AA, = 1-2 nm), 1.3 nm and 300 counts for the
250 um (AA, = 5-6 nm), and 0.5 nm and 200 counts for
the 400 um (AX, = 6-7 nm). The spectral narrowing
and reduction of the peak intensity as the redshift increases
may indicate the reduction of SBS with density steepening
by the ponderomotive force in laser-hole boring [4,6].
Temporal history of the backscattered light showed the
saturation of the reflectivity at around the laser pulse peak.
Increasing the laser intensity by one order of magnitude
(10'° to 107 W/cn?) in time, the reflectivity decreased by
a factor of about 2. It is difficult to explain this reduction
only by the saturation of SBS due to the transition to theFIG. 3. The angular distribution of the scattered light at the
strong couple limit because thg is already comparable focus positions oD um for no preplasma and00 + 50 wm
to the w;, at intensities of10"> W/cn? for 1 keV and for the preplasma from the target surface.

10'® W/en? for 5 keV at 0.01n. for a homogeneous
arget surface was caused by the electrons transported

plasma. As a consequence of the hole in the plasma, td " X ) e
SBS reflectivity may be limited by density steepening [4].70™ the critical density point, the S|mlla}r spot should
ppear at other focus conditions. Taking account of

The resonant absorption on the wall is also an importal . X ¢
the aspect ratio of the spot size (abd0t pm diam) to

process in the hole [3]. The absorption duelJto< B ; v X !
heating may continue at the deepest part of the hole [20 he distance from the grl_tlcal den_5|_ty point to th'e target
urface(100—150 um), it is also difficult to explain the

The increase in the absorption and/or the reduction o ) ) e s
SBS in the hole could decrease the reflectivity. ApplyinghOt spot with thermal electrons which could be diffusively

this absorption dependence in the hole to the experimentdi@nsported (2D effect). o

results, the reduction of the reflectivity with the laser  ASSUming the redshift as shown in Fig. 1 is a Doppler
intensity in the pulse is consistent with the property of theShift due to the critical surfac%movmg inward by the pho-
redshift component (spectral narrowing and decrease in tHg" Pressure, e.g., 60 Mbari'” W/cnv, the propagation
peak intensity with the amount of the redshift) changing istance of the critical surface is of the ordeR6f wm for

the focus position. As we discuss later, the backscatteref€ 100 #m focus. The distance for th250 um focus
light might indicate that a hole boring was formed moreWas120 um, close to the distance between the initial criti-

clearly for the250 um and the400 um focus that the cal and the target surfaces. The Doppler sh_ift was ev_alu-
100 pm focus. ated from a simple snow plow model calculation (1D) with
The angular distribution of the scattered light was moni-Momentum balance between the photon pressure and mass
tored at angles of° = 10°, 30° = 1°, and47.5° = 1°,
and is shown in Fig. 3. The spectral response of the
scattered light measurements was the same as that of the
backscattered light measurement. The angular dependence
of the scattered light without a preplasma is assumed as
cosiné distribution [21] because of no relative calibration
of the detectors to each channel. This assumption should
be appropriate for the qualitative discussion of the angular £
distribution of the scattered light. The distribution was =
clearly collimated to back side as cosltAgvhen the main § Bt T B
laser was injected into the preplasma, indicating a channel B o o et - -
formation in the preplasma. l
X-ray pictures from different observation angles for
the 250 um focus are shown in Fig. 4. A spot size on
the target surface geometrically determined by the focus
cone was>80 um, represented as dotted lines in the ] | |
figure. A weak spot with @00 um diam was due to 0 250 500 (wm)
E)hne tﬁ;e‘;g:g‘;dsﬁ'r?jg‘;a\fvas’*oz‘;g?\?eggg‘;I;ﬂgtrjgg Z$ FIG. 4(color). X-ay pinfile camera images from (a) the
arget tangential and (b) 1@o the target normal. The dotted

focus, and no such tight spot was obtained for theine shows a cone of the incident laser light250 xm from
100 um and the400 um focus. If the tight spot on the the target surface.
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flow at the critical surface by using a preformed plasmaall the short pulse experiments used homogeneous low
density profile from 1D simulation and a 100 ps (FWHM) density plasmas, e.gz, < 1/100n.. In our experiment
Gaussian profile of the laser pulse. This estimated valuthe preplasma has an exponential profile with overdense to
is close to the measured redshift for th@) wm, shown solid densities and the best focus was placed at near the
as a dotted line in Fig. 1(a). However, a laser intensitycritical density surface. No strong effect will be expected
of 2 X 10'® W/cn?, where the relativistic self-focusing on the SRS region changing the focus position in our
become an important factor, may be necessary to yield experimental condition.
Doppler shift as large as 5 nm to move the critical point. In conclusion, we have measured time-resolved spectra
The x-ray image showing the tight spot on the target suref the backscattered light from an inhomogeneous pre-
face, obtained only for th250 wm, is consistent with the formed plasma interacting with a 1053 nm laser light at
strong redshift (5 nm) of the backscattered light if a whole2 x 107 W/cn? with a 100 ps pulse. The UV probe im-
beam channel is self-focused into the overdense regioage, the temporal profiles of the backscattered light, and
close to the target surface. the angular distribution of scattered light indicate laser-
Required critical power for sustaining of a stable channehole boring in the preplasma. The x-ray pinhole images
can be estimated in an underdense homogeneous plasiuad the strong redshift of the backscattered light imply
within a sufficiently short time duration. Calculation tak- self-focusing and subsequent laser channeling up to a
ing account of the relativistic and charge-displacemensolid density.
mechanisms shows that a critical power given Ry= We acknowledge all the technical support of the en-
16(w/w,)* GW is required to overcome classical diffrac- gineering staff at the Institute of Laser Engineering for
tion [7]. This critical power may be applied for the experi- the laser system operation, target fabrication, and data ac-
mental conditions early in time of the pulse (a few psec)guisition. We would like to thank Dr. P.E. Young and
where the ion motion can be ignored, corresponding to th®r. K. Mizuno, Lawrence Livermore National Labora-
laser intensity of 10% of the peak (0.1-0.15 TW). Thistory, for usefull discussions.
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