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Laser plasma interactions in a relativistic parameter regime have been intensively investigated for
studying the possibility of fast ignition in inertial confinement fus{t@F). Using ultra-intense laser
systems and particle-in-cglPIC) simulation codes, relativistic laser light self-focusing, super hot
electrons, ions, and neutron production, are studied. The experiments are performed with
ultra-intense laser with 50 J energy, 0.5—1 ps pulse at 1053 nm laser wavelength at a laser intensity
of 10"°W/cn?. Most of the laser shots are studied under preformed plasma conditions with a 100
um plasma scale length condition. In the study of laser pulse behavior in the preformed plasmas, a
special mode has been observed which penetrated the preformed plasma all the way very close to
the original planar target surface. On these shots, super hot electrons have been observed with its
energy peak exceeding 1 MeV. The energy transport of the hot electrons has been studied with
making use ofKa emissions from a seeded metal layer in planar targets. The details of ion
acceleration followed by beam fusion reaction have been studied with neutron spectrometers. Laser
ponderomotive force self-focusing and hot electron generation have been applied to a compressed
core to see the effect of heating by injecting 12 beams of 100 ps, 1 TW pulse2B00@ American
Institute of Physicg.S1070-664X00)95605-2

I. INTRODUCTION interactions'™® The new experimental possibilities can be
applied also to many other fields, such as particle accelera-
The concept of fast ignitioriFl) (Refs. 1 and Ris to  tion, medical and industrial radiography, x-ray laser, and
inject an ultra-intense short laser pul®ento a highly com-  laboratory astrophysics.
pressed, high density fuel core within the core disassembling We have studied the ultra-intense laser plasma interac-
time, making use of relativistic laser self-focusing or guidedtions related to fast ignitor in ICF using our 50—100 TW
channel formation. The ignition may be performed with thelaser systems and particle-in-c€lPIC) simulation codes.
use of hot electrons or energetic ions, whose temperaturgsmong the issues to be studied, we focused on the laser
are of the order of MeV, much higher than the thermal tem-beam behavior in plasmas, super hot electron generation, en-
perature of the plasmas. The attractive points of the conceirgetic ion production, and subsequent beam fusion process.
are possibly to obtain fusion gains much higher and requiringAs the second set of experiments, laser ponderomotive force
laser irradiation uniformity less than those in the centralself-focusing® and hot electron generation have been ap-
spark scheme in inertial confinement fusigfCF). The plied to a compressed core to see the effect of heating by
chirped pulse amplification methdchade it possible to con- injecting 12 beams of 100 ps, 1 TW pulses in order to model
struct ultra-intense laser systems with 100 TW to PW peakhe fast ignition scheme.
intensities. Laser plasma interactions using these laser sys-

tems have opened new research in relativistic laser plasn“:l EXPERIMENTAL FACILITIES
Experiments were conduced using the 100 TW laser

“Paper FI2 5 Bull. Am. Phys. Sodd, 93 (1999, [peta watt module(I?WM)] line cou_pled W|_th the GEKKO _
TInvited speaker. XIl laser system. With the conventional chirped pulse ampli-
AAIso at Department of Electro, Information System, and Energy Engineerfication (CPA) technique, the pulse in the PWM can deliver

b)in9, Osaka University, Suita, Osaka 565-0871 Japan. a 50 J with a 0.5-1 ps pulse at auln laser wavelength.
?;E)Zint address: Kansai Establishement, JAERI, Kizu, Kyoto 619—021§—Wenty percent of the ultra-short pulse energy can be fo-
9Permanent address: Max-Planck-Institute for Quantenoptic, D-8574&Used to a _SpOt size of 16m TU”'W'dth at half'maﬂmum
Garching, Germany. (FWHM) using an F/3.5 on-axis parabola at a vacuum inten-
1070-664X/2000/7(5)/2014/9/$17.00 2014 © 2000 American Institute of Physics
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FIG. 1. (Color) X-ray pinhole pictures of ultra-intense laser shot into a plagside-on view. The focus point was set &) 100 um, (b) 170 um, and(c)
500 um from the original planar target surface. A clear local emission on the target surface $lkis tue to the penetration of the ultra-intense laser pulse.

sity of 10*-10°W/cn?. Preformed plasmas were created

by focusing a 100 ps laser pulse of any beam of the GEKKO

XIl at the wavelengths either &m or 0.53um, or focusing
a 1 ns partially coherent laser pulse atuin or 0.5 um

within a 500 um spot size. All 12 arms of the GEKKO XII
can deliver partially coherent laséPCL) pulses of 1 ns
(square shapewith 100 J/pulse at um followed by 100 ps
double pulses with 120 J/pulse energy auth. The PCL
laser has a large divergence angle of 12ad, resulting in a

have been used for hole borifida corona plasma by focus-
ing tightly in front of the shell target surface.

IIl. EXPERIMENTS AND RESULTS

Our experiments related to fast ignitor have been con-

ducted as follows. First, three categories are performed with

an ultra-short pulse at 1®wi/cn? laser intensity. The last
category is with a short pulse at ¥@v/cn?.
Those are

(1) Ultra-intense laser behaviors in preformed plasmas;

A. Ultra-intense laser behaviors in preformed plasmas

It is an important subject for the fast ignitor concept to
know if an ultra-intense laser with an intensity exceeding
10 W/cn? can penetrate a thick corona plasma with whole
beam relativistic self-focusing. There are several works
about relativistic self-focusing in plasmas, both theoretical
simulation and experiment§!! However, all the previous
works dealt with the self-focusing with underdense plasmas
or in a thin overdense plasma. It is more desirable for FI to

long exponential profile with a large overdense region. We
have studied laser light behaviors in preproduced plasmas
with a 100um density scale length created on a solid planar
plastic target. The density profile of the preproduced plasma
along the laser axis had the critical density) for 1 um
laser light at 10Qum from the target surface. The plasma is
close to the ones used in our previous studies.

The experiments were carried out with the 1.053um,

100 TW laser line synchronized with the GEKKO XII laser
system within a time jitter of less than 100 ps. Thus any of
the GEKKO XIllI laser system’s 12 beams could be used to
create preproduced plasma ®t0.53 um, with a pulse

(2) Hot electron generation and its heating of a solid targetwidth from 0.1 ns.

(3) Energetic ion generation and its subsequent fusion pro-

cess; and

A relativistic self-focusing experiment has been con-
ducted changing the focal position of the 100 TW beam

(4) First demonstration of a compressed core heated by shoalong the laser axis relative to the preproduced pla&riiae

pulse self-focusing and hot electrons.

preproduced plasmas were created on planard&terated

Downloaded 17 Jun 2011 to 133.1.91.151. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



2016 Phys. Plasmas, Vol. 7, No. 5, May 2000 Tanaka et al.

(a)
ng/ng
100 TW,
400 fs laser pulse 10
q
0
0 30
X/h
(b)
10 ;
Y/ <D
0 e ng/ng
~ S il
-10 0

FIG. 2. (Color 3D particle-in-call(PIC) simulation result of a super penetration sHaj. Condition for the simulation(b) electron density distribution.

carbon targets. The focal positions vary from 100 to 6  face of a planar target, a strong local x-ray emission of a 30
from the original target surface. The x-ray side-on pictures ofum diameter was observed from both side and front direc-
those shots are shown in Fig. 1. Figuréa)11(b), and 1c)  tions equivalent to the focal spot in vacuum. In our 100 TW
correspond to the focal positions of 100, 170, and x@®.  laser experiment, the intense, locally emitted x-ray spot in
In Figs. 1@ and Xc) there are large diameter emissions fromFig. 1(b) indicates that the ultra-intense laser light has pen-
the target surface, which come from the preproduced plasmetrated in this thick preproduced plasma all the way, close to
created at a laser intensity, | of 10"*W/cn? within a 500  the target surface. There is another possibility to explain the
um diam spot. There is a distinctive difference in Figh)l local emission observed in Fig(l), namely, by the hot elec-
compared to the other two pictures. In Figbjlone can see tron themselves. However, the hot electron beam has a finite
a local emission of less than 3@m overlapped on the pre- beam divergence angle, which is of the order of Z0Con-
produced plasma almost on the target surface, as well as @idering the finite divergence angle of the hot electron beam,
the laser axis. In Fig.(t) a large x-ray emission is observed the observed local spot of about gn implies that the laser

in the underdense plasma region. In our previous studies gfenetrated into the preproduced plasma and reached some-
ponderomotive type laser self-focusing, we have measuredwhere close to a point at 5@m from the target surface. A
whole beam self-focusing with various diagnostics. Thosehree-dimensional3D) PIC simulation was run to study the
are x-ray pinhole cameras, Doppler spectrum measuremestlf-focusing in a plasma with an exponential density
in the backscattered laser light from the penetrating selfprofile® In the simulation a 100 TW, 400 fs laser pulse was
focusing head in the plasmiaand ultraviolet(UV) (Ref. 8 focused down to & 10°W/cn? incident on a plasma with a
and x-ray laserprobe beams. In these experiments, a 100 pslensity rising from 0 to 1® over 30um and then remain-
pulse at 1&’ W/cn? at 1 um was focused in a preproduced ing constant as shown in Fig(&. The results are shown in
plasma at 25:m from the original target surface. We could Fig. 2(b) and Zc). The laser self-focuses to an intensity of
show a very good correlation between the side-on x-ray pin10?*W/cn? in the channel and continues the propagation. In
hole pictures and whole beam self-focusing, which wagFig. 2(b) the electron plasma density profile shows a clear
monitored directly by the UV and x-ray laser probes.channel formation, while the laser intensity distribution in
Namely, when the laser light penetrate in a preproducedrig. 2(c) indicates a relativistic self-focusing. Such ultra-
plasma as a whole beam self-focusing, and reached the suntense laser propagates into the overdense plasma even if
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the density is as high as 10 times. A similar result has plateé® has been used as a detector. Figure 4 shows a typical
been obtained in our 2D PIC simulation. hot electron spectrum measured at &*W/cn? irradiation
Backscattered laser light from the preproduced plasmintensity for a case with the preproduced plasma. The hori-
was measured with both spatial and spectral resolufibAs.  zontal axis shows the electron energy and the vertical shows
parabola focus mirror of F/3.5, which was used to irradiatethe spectral intensity. The spectrum was measured at 19°
the preproduced plasma, collected the backscattered lighirom the laser forward axis in the horizontal plane ards°®
The backscattered light was then image-relayed onto @ the longitude. The peak of the spectrum is at around 1
bundle of 100 fiberginput) with a magnification of 15.4. MeV. The spectrum shows hot electrons energetic enough
The other side of the fiber bundieutpud was rearranged as for fast ignitor heatind. The suggested temperature is about
a one-dimensional array of fibers. This array was attached o0& MeV.}? K & emission from a Ag signal layer was measured
the entrance slit of a 1/4 m spectrometer. The exit slit imageo estimate the effect of heating in a solid target via hot
of the spectrometer shows the spectral dispersion in the horelectrons. The target consists of CD, Mo, and Ag layers,
zontal direction and corresponds to each fiber in the verticalvhose thickness are 30, 50—300, and /@@, respectively.
direction. Each vertical position corresponds to a part of fo-The 100 TW laser is irradiated from the CD side into the
cal area of 8um diam. Figure 8) shows the image of the preproduced plasma at a laser intensity of®/cn?. An
focal plane area in the plasma. The image was taken on thelectron beam with a spectrum shown in Fig. 4 goes into the
super penetrating shot of Fig. 1. A few intense hot spots aréarget and causk « emission in the Ag layer. The Mo layer
observed within the focal spot area. The spectra of one havas used as the absorbing layer of the electron beam. The
spot[A in Fig. 3(a)] and another paffB in Fig. 3(@] in the  Ka emission in Ag becomes possible with energy larger than
weaker intensity region are shown in Figb The observed 25.5 keV. Figures &) and 5b) show the results of th& «
spectra are totally different between the hot spot and themission measurement, where the horizontal axis is the pho-
other part within the focal area. This data indicates that théon energy and the vertical the photon intendigybitrary
both spatial and spectral resolutions are necessary for spegnit) with and without the preproduced plasma. The data
tral measurement of scattered light. The regularly spacedere recorded with an x-ray charge coupled devic€D)
spectral peaks in Fig.(B) are unigue and interesting. If we with a photon counting mode. The absolute sensitivity of the
assume that the peaks are due to stimulated Brillouin scatte6GCD was calibrated with *Fe (Ex,=5.9keV) and
ing and its subsequent decay into several daughter waves, the
spectral spacing between the first and second corresponds to
2k, Cs, wherek, is the pump laser wave number afgd
(=(T/M)¥?) is the ion acoustic speed. Hef®, is the
plasma electron temperature avids the ion mass. Sincgg 10
is proportional to T.)Y? the background coronal tempera-
ture may be estimated to be about 6 keV.

10 _

10

B. Hot electron generation

On these super penetration shots, energetic electrons are
measured both inside and outside the target. Electrons can be F N
accelerated vial X B force (J, electron current in the laser : .\/
electric field andB, laser magnetic fie)d vacuum heating, 10" = [
and stimulated Raman scattering, EtElectron spectrom- 100 1000 10
eters use a pair of magnet plates with a 1.2 kGauss magnet Elkey)
strength. Since strong electromagnetic noise screens the mqs. 4. Typical electron spectrum of ultra-intense laser shot into a prepro-
of the electrical diagnostics from 100 TW shots, an imagingduced plasma.

10

Electrons (/keV/strad)
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10%cd (E,=22.2keV) and radiation sources. As shown inthe main laser intensity. When the accelerated ions move
the figure, the level of Ak« emission is about half for a into a CD solid target, the fusion spectrum is affected ac-
case with a preproduced plasma compared to a case withocbrding to the ion kinetic energy. The dominant process in
plasmas. This tendency is reflected to the conversion effiour case is concluded to be dued®(d,n)3He, after several
ciency. The thickness of Mo absorption layer was varied tezalibration shots carefully conducted. The neutron energy
estimate the electron temperature from the decay slope of ﬂ‘ﬁ)ectrum can be shifted from 1.63 MeV to an upper limit
emission with increasing thickness. The experimental datgeatermined by max ion energy. If the fusion process is exo-

have been compared to the simulation by our 2D PIC codeyermic ang the spectrum is caused by a Doppler shift the

The suggested temperature is about 2 MeV and the conver-
sion efficiency is 15%-—20% for the case with the IOrepro_neutron spectrum should be observed only above 1.63 MeV.

duced plasma. The spectrum glso depends sensitively on the observgtlon
angle(roughly with cog 6). The neutron spectrum at 54.7° in
o Fig. 6(a) extends from 2 MeV to 4 MeV peaked at just above
C. Energetic ions 2.5 MeV. The one at 90° in Fig.(6) extends similarly from

lon acceleration may be possible subsequent to the h@ MeV to 3.5 MeV. The peak is at just below 2.5 MeV. The
electron generation. Once generated via ultra-intense lasemumber of neutrons is 1:010°. The average energy of ac-
the ponderomotive force or quiver motion in thdield hot  celerated deuterons is estimated to be from 80 keV to 100
electrons causes ion acceleration by the anomalous electrge\y when a Monte Carlo simulation is used to fit the ob-
static field resulting from the charge separation. The mechaserved data. The distribution of the deuteron acceleration
nisms of the acceleration may be due to the electrostatic fielghig the target is within the forward=2hemisphere, slightly
created between the hot electrons and left over ions, ion rggeighted toward the laser direction. lon acceleration at a
flection from the ion potentialZagdeev potentialbuilt up target backside has been studied using@m-dimensional
by the directly accelerated ions via the electrons, or COUIOmth code simulation. as shown in Fia. 7. Here we note that
explosion'’~%® The acceleration direction of ions from the U ’ N Fg. 7.

the direction of the accelerated ions is normal to the target. In

Coulomb explosion may be intomsteradian or normal to ) ) ) :
the surface of the explosion, while the first and secondhe simulation, a wedge shape target is used, whose sizes are

mechanisms may cause the forward-directed ions. 23 um the vertical direction and 13.am in the horizontal.
The ion acceleration has been studied via the fusion prolhe 100 TW, 0.2 ps laser pulse comes in from the left onto
cess, which is caused by fast deuterium ions from ultrathe target obliquely at 30° with thé polarization as shown
intense laser plasma interactions colliding with deuteriumn Fig. 7(a). The Roman number in Fig.(& corresponds to
within a solid target. Two time of flight detectors called the directions normal to each face of the wedge target. The
“Mandala” were used as a single hit neutron detector withtarget consists of electron plasma density of 4 timgs In
421-elements eacl. The detector element was calibrated Figs. 7b) and 7c) the accelerated ion flows are shown with

using accelerator facility. The energy resolution is 30 keV4 normalized momentum for both horizontal and vertical

for 2.5 MeV neutrons. Each Manc_lala was placed _at 54.7%xes. Figures (B) and 7c) correspond to time at 80 fs and
and 90° from the 100 TW laser axis, covering a solid angl

©00 fs. Initially weak ion flows are observed normal to the
of 20 msterad wh a 3 mdiam. When a CBhtarget of 60um Y L .
. . . ” target face normal directions. As time elapsed, much more
thickness was irradiated at a condition same as the super

penetration shot described in Sec. Il Ax20° DD neutrons energetic ion flows are observed normal to the target face as

are observed. More detailed studies of the neutron spect/§d" @s 4 MeV. Similar experimental results will be reported
have been conducted without preproduced plasmas, sind® Ref. 21, In the simulation hot electrons escaped from the
less gamma ray noise is on the detectors without preprd@rget formed a electrostatic sheath, resulting in the ion ac-
duced plasmas, resulting in much better S/N of the Signa|§eleration normal to the target backside. Since the details of
Figure 6 shows one of those neutron spe@jaat 54.7° and  ion acceleration mechanisms will depend on the target thick-
(b) 90° from a CD planar target of um irradiated at ness, target material, target shape, and laser polarization, fur-
10*°W/cn? with a possibly 10 prepulse level compared to ther experimental studies will be called for.
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D. First demonstration of a compressed core heated
by short pulse self-focusing and hot electrons (c)
We have reported ponderomotive-force self-focusing at 0.05k

1 um laser wavelength in plasmas with an overdense region
with a 100 ps pulse at a vacuum focused laser intensity of
10'"W/cn?.’~® We have learned that a whole beam self-
focusing is formed in a plasma with a density scale length of 0001
100 um, producing hot electrons with a energy spectrum I
ranging from 100 keV to 1 MeV. As a summary, the self- :
focusing occurs when Lm laser is focused at close to the i
critical density in the preformed plasma at'{@v/cn? laser 0.05 ; : ]
intensity. The penetration depth of the whole beam self- : 1
focusing can be more than 2Qdm in the plasma with an [ '
overdense region. Figure 8 summarizes our previous results. - 0 05; . O«ICICI' — IG I{)S —
Figure 8a) shows an interferogram picture of self-focused ' ’ ’

channel formgtion and cross sections in an underqlense The angluar distributions

plasma. The interferogram was taken with an ultraviolet

(UV) pmbe beam(wavelength,)\=263 nm; pUISe width, FIG. 7. (Color lons acceleration simulation for a wedge tardej. Simu-

7=10 p9 to show a whole beam self-focusing. The self- lation set up(b) ion acceleration at 80 fs, ar(d) at 200 fs.

focused channel in an overdense region was observed with

an x-ray laser probéx=19.6 nm, =80 p9 to show the

whole beam self-focusing channel in Figlb8 where the side and front views for the channel formation shot. The
density profile and the cross section of the density profile arside-on x-ray picture shows a less than a0 emission spot
presented. In the density profile, a straight channel formatioat the surface of a planar target, indicating that the self-
is clearly shown. In the cross section, two small arrows infocused laser beam penetrated through the preformed plasma
dicate the width of the channel formation of about @®. and reached the surface region. The front view shows the
Figure 8c) shows a time-integrated x-ray pinhole picture of same local emission due to the self-focused pulse.
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FIG. 8. (Color) Summary of whole beam channel in a plasif@.UV laser probe image and cross sections of self-focused channel in an underdense plasma;
(b) x-ray laser probe image and cross sections of the channel in an overdense plasieaxamag pinhole pictures of the channel.

Then we applied this type of self-focusing to an im- pulses are used to self-focus and to heat the plasma. The CD
ploded core and tried to heat the core. It is very interesting tehell of 193 um diam with a 21um shell thickness was
study how the whole beam self-focusing affects implosionirradiated with the 12 beams of GEKKO XIl. The total of
cores or plasmas from the viewpoint of FI. In order to check840 J PCL laser energy and 977 J first 100 ps pulse and 742
this we have injected the 100 ps double pulses into implosiod second 100 ps pulse are delivered onto the target. The laser
plasma. In order to satisfy the condition for a uniform im- beam focus was set at 1gin from the center of the target.
plosion, we have to keep all twelve-laser beams of thdLESTA?3 1D simulation result indicates that the density and
GEKKO XII with a long pulse. For self-focusing and heat- pR are 6 g/cm and 0.018 g/crhat the first 100 ps injection
ing, we need laser beams with 100 ps pulses. The beaand are 18 g/cfhand 0.041 g/c respectively, at the sec-
configuration applied in these shots is shown in Fig. 9. Eaclond. The core radius at the max compresg@minthe second
beam line of the GEKKO XII sersla 1 ngpartially coherent 100 ps timing is 30 um.

(PCL) laser pulse followed by 100 ps double pulses with 150  Figure 10 shows the x-ray pinhole pictures of such shots.
ps time delay from the end of the PCL laser pulse. The 10@-igure 9a) indicates a CD implosion result without 100 ps
ps double pulses are separated by 300 ps. All the laser pulsdsuble pulses. The image shows weak x-ray emissions only
are at 1um wavelength. The PCL pulse is known to have afrom the initial shell diameter. The implosion is so weak that
very uniform focused pattefh and to have a large beam almost no x-ray emission comes from the core of &
divergence anglé120 wrad). Due to this beam divergence diam. Figure ) indicates a strong ringlike emission com-
angle, the diameter of the far field pattern becomes 480 ing from roughly a 100um diam. The additional 100 ps
for PCL, while the normal lasd00 ps pulsgfocuses down pulses caused this strong emission. The double pulse emis-
to 30 um. Making use of this focusing difference, the PCL sions were confirmed clearly also with x-ray streak and x-ray
pulse could be used for imploding a shell first and the laseframing cameras. On this shot hot electrons with an energy
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Laser pulse shape

=
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g 060} FIG. 9. Laser configuration used for
QD oso0f implosion of a CD shell and subse-
£ o4of quent core heating by 100 ps double
0.30 pulses.
0.20
0.10 /
0.005 1 2 3 4
Tinelps]

spectrum ranging from 100 keV to 1 MeV were also ob-and has been applied to an implosion plasma. The self-
served. This type of core heating will be an important subjecfocused pulse could create 0.1-1 MeV hot electrons. A weak
for the near future experiments for FI and should be studieénd relatively large implosion core was created and was
in detail. It should not be limited for fast ignition, such that a heated by the self-focusing and heating pulses for the first
laser system in a reactor has only one fast ignition laser lingime.

Each laser beam line can hold a long tailored pulse for im-
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