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1. INTRODUCTION

Recent developments in high power lasers have allowed the study of new regimes of
laser-matter interactions relevant to astrophysics', nuclear physics?, and fusion energy
research® *. In the context of inertial fusion energy research, the 'fast ignitor' (FI) concept’
was proposed in order to relax the strict symmetry requirements for the laser irradiation of
the spherical target and to reduce the drive energy needed to achieve high densities and the
formation of the spark. However, other problems have gradually become clear with this
scheme. These are relevant to the temporal and spatial stability of the propagation of the
additional heating source, for example the high-energy electron beam, due to losses and
deflection® of the ultra-intense laser pulse in the surrounding plasma and the transport
through a considerable length of a plasma’. Here we describe a new compression geometry
that eliminates these problems utilizing the cone-guided compression scheme®, or the
so-called ‘advanced fast ignitor’®. The attraction of this scheme is that it makes easy to
access to fuel core without the temporal and spatial uncertainty. Using this scheme,
colleagues from Japan and UK reported the first experimental results of fast heating of the
compressed super-solid density matter using an ultra-intense short pulse laser and showed
that efficient compression and heating are both possible simultaneously® '°. This new
approach provides a route to efficient fusion energy production.

It is also important for fast ignitor scheme to understand how to accelerate the
electrons and ions using short-pulse intense laser pulses in the overdense plasma and also
how the particles propagate into the super-critical plasma from the viewpoint of an
additional heating source. Recently there have been many reports in both simulation and
experiment that demonstrate a number of different acceleration mechanisms. Some of
these suggest the acceleration strongly depend upon the laser and the plasma conditions
such as the laser polarization, intensity and the density scale-length'!. In particular, recent
simulations predict that the energy of the accelerated ions suddenly increases with higher
laser intensity and that the ion acceleration direction is changed from the longitudinal (or
laser) direction to the transverse direction as plasma density scale-length is increased'?.
Therefore, measurement of the accelerated ion momentum distribution helps us to
understand the laser-plasma interactions under various controlled conditions.
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Neutron spectroscopy is one of the most fascinating methods to investigate the
accelerated ion distribution processes generated by ultra-intense laser-plasma interactions
(using beam-fusion neutron spectroscopy) ' ™. For this purpose, we are re-constructing
the multi-channel neutron spectrometer, LaNSA'> ®. The system records the timing when
the neutrons are detected at each scintillator in the array. These timings are converted into
neutron spectrum via the time-of-flight (TOF) method. Neutron energy spectra taken at
several different directions can then be used to determine the momentum distribution of the
accelerated ions by taking into account the Doppler shifts of neutron spectra from
2.45MeV for each viewing angle. In this paper, we discuss the re-commissioning of the
LaNSA system and the future experiments that are planned for the RAL PW laser system.

2. NOVEL GEOMETRY OF FAST IGNITION SCHEME

The first question to address in guided compression is the effect of the high Z walls on
the stability of the foil during the compression phase. To study this interesting stability
problem, an experiment was conducted on the Nd:glass laser VULCAN'? at the Rutherford
Appleton Laboratory. The laser can be supplied sub-ns long pulse laser and sub-ps short
pulse laser simultaneously. Figure 1 shows the first experimental layout. The short pulse
beam was focused onto an aluminum plane with Bi coating to backlight the plasma into the
v-groove of copper block. The short pulse beam was focused onto an aluminum plane with
Bi coating to backlight the plasma into the v-groove of copper block.
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Left: Figure 1. Schematic illustration of the back-lighting experiment. Right: Figure 2.Schmatic illustration of
conical implosion experiment.

The short pulse beam was focused onto an aluminum plane with Bi coating to
backlight the plasma into the v-groove of copper block. The incident angle of the beam is
30 degree at peak intensity of 5x10'* W/cm®. The 2w drive beams were focused 500pm on
the foil from the edge of the Cu block. The backlighting images were recorded with x-ray
pinhole camera. In the results, we obtained an image of the guided plasma taken 1.0ns from
the leading edge of the 2ns/5x10™W/cm? pulse. The foil image shows some inner
curvature at the edges of the v-groove without exhibition of the growth of any
hydrodynamics instability at the foil surface.
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A fully integrated conical compression experiment was conducted to determine the
efficiency of fast electron heating. In this second experiment, the six 20 nsec-duration
beams irradiated a 12.5um flat polyethylene CH foil, which was covered with a 2.0 pym of
deuterated polystyrene CD foil as shown in Fig.2. A 100 um diameter, 100nm thick
signature layer of Ti and a 500nm thick layer of chlorinated paralyene were deposited
between the CH and CD foils, with the CD layer facing the apex of the Au cone. The
distance from the entrance hole to the apex was 250 um and the Au cone material was
20 pm thick. A 20 um hole was machined in apex of the cone, so that the target could be
precisely positioned and the fast electrons transport was through the compressed CH/CD
material only. A 12.5 um thick, 270 um diameter polyethylene foil was placed over the
apex of the cone in order to control the scale-length of the short pulse interaction process.
The p-polarized 45J/15ps pulse was focused onto this foil in a 20um spot, giving a peak
intensity on target of 10"*W/cm?.

A significant increase in x-ray emission that peaked at 1.7ns after the beginning of the
main pulse, corresponding to the onset of stagnation, was observed with the time resolved
x-ray spectrometer. The time-integrated spectra indicated an upper bound to the heated
plasma electron temperature of 1keV. Neutrons generated through DD thermal reactions
were only observed at the same time of the peak of the X-ray emission, of which yield was
2x10* neutrons. Assuming the pR of the plasma is 10mg/cm’ from the simulations of the
experiment, the plasma temperature will be estimated at 500eV, which agree with the result
from X-ray spectroscopy. These results indicate that about 7% of the short pulse laser
energy was coupled to the plasma to produce this temperature. While this coupling
efficiency appeared somewhat low, it could be increased by a more suitable match of the
range of the fast electrons to the achieved pR. These experiments at RAL suggested that
the high densities predicted by 2D computer simulations for the cone insert geometry could
be achieved in practice.

The cone-guided compression experiments on heating of super-solid density plasmas
were performed on the GEKKO XIII laser at the University of Osaka. This laser has 12
beams for nanosecond pulses with a maximum energy of 15kJ at 0.53pm wavelength and a
synchronized sub-ps pulse beam with a power of 100TW and pulse energy of 60J 8 The
schematic diagram for the experiment is shown in Figure 3. Long pulse lasers irradiate the
spherical target excepted with the area where the cone is inserted. At the proper timing of
the implosion, ultra-intense laser is focused on the imploded core guided the propagation
path free from the disturbance by an expansion and implosion of the plasma. The distance
between the cone apex and center of the shell is 50um, which is enough short to access to
the core fuel with reduction of the sensitivity to electron beam propagation instabilities and
losses. The cone walls are on a radius from the shell centre in order to minimize the
disruptions to the spherical symmetry at the implosion and achieve high density. The laser
energy of the drive pulses was 1.2kJ to measure the core heating taking account of the
internal energy of the compressed core (about 5% of drive energy) to be comparable to the
short pulse laser energy. The imploded core was observed at the center of the shell, which
is estimated 40-45um from X-ray self-emission image of the compressed plasma.
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Figure 3. Schematic illustration of the cone-guided implosion. (a)Drive lasers irradiate the spherical target with a
cone. (b) Ignition via additional heating by the fast electrons generated by the ultra-intense laser, which is
propagated into the cone instead of the plasma channel.

The compressed core area is observed without short pulse injection, resulting in
elliptical shape of 40x25um”. The sequences of images of the core emission with and
without the heating pulse were also taken with an X-ray flaming camera. The sequence
when the short pulse is injected after the maximum compression of the shell clearly
indicates the re-heating of the core by the short pulse after the brightness due to the
compression is decreased. The size of the emission region at the peak of compression is
about 30pm and increases to 50um due to the injection of the heating pulse. These results
coincide with the independent measurement of the heating region using the Al block.

Heating of the highly compressed plasma was measured through neutron spectroscopy
for 2.45MeV thermonuclear DD neutrons. The neutron energy spectra were obtained using
time-of-flight scintillator/photomultiplier detectors from two different angles'. Peak at
2.45MeV energy on the spectra is observed when the heating pulse was injected at
maximum compression timing corresponding to a thermonuclear neutron yield of 2+1x10°
neutrons. This neutron yield was more than 10 times above the numbers (9+1x10°) without
or delayed injection of the short pulse. The efficiency of the energy coupling of the
energetic electrons to the highly compressed plasma was estimated from the neutron yield
and the heated volume inferred from the x-ray images. The heated mass is estimated from
the density (50-70g/cc), the volume estimated by X-ray emission (25x40x40pum*). In order
to increase the neutron yield by a factor of 10, a temperature at the region has to increase
about 120eV (+/-20%) from the initial temperature regions of several hundred €V, which
corresponds to 12-16J of the energetic electrons derived from the ultra-intense laser-matter
interaction experiment using a plane target. The total coupling efficiency of the short pulse
laser to the core could therefore be 20-27% with the estimation errors of 8% from the
uncertainness of the temperature and the heated volume. This is a very encouraging result
for the first demonstration of short pulse laser heating. In future experiments, we plan to
increase the short pulse laser energy to see if the conversion efficiency remains high using
the PW lasers at RAL and Osaka University. We also plan to measure the growth of any
Kelvin-Helmholtz instability that develops on the edge of the cone that could mix high Z
material into the compressed core plasma by placing suitable H-like and He-like emitting
layer there and measuring them by X-ray spectroscopy.
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3. NEUTRON SPECTROSCOPY IN ULTLA-INTENSE LASER-MATTER
INTERACTIONS

We are also planning multi-channel neutron spectroscopy to measure the momentum
distribution of accelerated ions inside the target. One possible way of measuring the ion
momentum distribution is by direct observation of ions with plastic nuclear track detectors
such as a CR-39. However, the ion motion is likely to be strongly affected by a large
electric and/or magnetic fields in the plasma. Neutron spectroscopy, on the other hand, has
the advantage that neither the target potential nor the self-generated magnetic fields can
affect the motion of neutrons generated in the target. Unfortunately, the measurement of
the neutron spectrum from just one direction does not give us the three-dimensional ion
momentum distribution. It is necessary to measure the neutron spectra from at least two
different directions to obtain the ion momentum distribution in the target.

Figure 4 (a) shows an example of neutron spectra generated by beam-fusion nuclear
reactions from three different viewing angles'®. The s-polarized, 1pm laser light was
obliquely incident onto a CD Spm target from 40 degree from target normal at an intensity
of 10'°W/cm?. The solid lines in all figures show the observed neutron spectra. Figure 4(a)
shows experimental spectra at three observation angles: 90° or parallel to the target surface
(solid line), 56° (dashed line) and 1° (dotted line) to the target normal, respectively. The
peak of the spectra from the front side of the target shifts to lower energy (2.2MeV at 56°,
1.9MeV at 1°) from 2.45 MeV given by D-D thermal neutron energy while there is almost
no shift in the spectra along the target surface direction (solid line). These shifts suggest
that ions are accelerated into target inside taking account of the momentum conservation,
which is similar to a Doppler effect on the neutron spectra. To investigate the precise
momentum distribution of the ions, we performed 3D Monte-Carlo simulations to compare
the calculated spectra with the experimental results. Figure 4(b) shows the well fitted
calculated spectra at the same viewing angle as the experiments, which indicates that the
ions are accelerated into the target, exactly opposite to the target normal direction. The ion
distribution is shown in Fig.4(c) as a contour plot projected on the x-y plane from the 3-D
distribution. The distribution collimated the target rear direction is given as a momentum
ratio of P,:P,:P,=2.3:1:1. The ion energy to the x-direction corresponding to the direction
into the target is 330keV whereas the energy to the y and z-direction is about 70keV.

The neutron detector that we are re-constructing for the next generation experiments is
the multi-channel spectrometer, LaNSA'> 'S, which originally consisted of 960 channels of
scintillator-photo-multiplier detectors. In order to measure the neutron angular distribution,
these modules will be divided into three separate units, each of which has 240 channels.
The neutron detectors consist of an array of Thom-EMI9902KB0S5 photo-multipliers
coupled to BCS505 liquid scintillator. The electrical signals are delivered to a
Time-Digital-Converter (TDC), which records the arrival time of the signal via a
discriminator. These timings are collected and then converted into a neutron spectrum
through the time-of-flight (TOF) method. The data acquisition of the system is based on
PC to control all CAMAC and Fastbus modules.
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Figure 4. An example of (a) neutron spectra, (b) well-fitted calculated spectra and (c) the well-fitted ion
momentum distribution™,

These three modules will be positioned in target area PetaWatt (TAP) and target area
west (TAW) of the VULCAN laser facility at the Rutherford Appleton Laboratory. Figure 5
shows an schematic image of the neutron array for one spectrometer in TAP together with
an overview of the setup for PW laser and the neutron spectrometers. An image of chamber
and the module at TAW is also shown in Fig.6. The neutron detector modules are
represented by yellow box and the neutron flow is given by green gimlet area in both
images. The distance between the two modules and the chamber center in TAP is about
12m and 5m. The distance of the array in TAW is about 8m from the chamber center.
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Figure 5. Image for one module at PW laser chamber room (TAP) and overview of PW laser and the neutron
spectrometers.

The energy resolution for each module as a function of distance from the target is
shown in Fig.7 for different neutron energies. The shorter the distance between the
spectrometer and the focal position, the worse the energy resolution of the neutron
spectrum becomes. For example, at 5Sm distance, the module has 300keV of energy
resolution for 2.45MeV neutrons, whereas there is only 800keV resolution for 14MeV
neutrons. On the other hand, at 12m distances, the energy resolution of the module
becomes much smaller (100keV for 2.45MeV neutron and 350keV for 14MeV neutron).
Therefore, the module that is nearest the target will be set up so that it views an angle that is
perpendicular to the expected ion acceleration direction. By adjusting the target rotation
and the incident laser direction, the energy resolution of both modules can remain at a
comparably low level. On the other hand, the dynamic range to detect the neutrons can be
set by adjusting the voltage of the photo-multipliers and the discriminator threshold.
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Left: Figure 6. Image of neutron detection at TAW. Right: Figure 7. Energy resolution for different neutron
energy as a function of the distance between the spectrometer and laser focal position.

Using these neutron spectrometers, we plan experiments to measure the ion
acceleration distribution for incident intensities up to 10%' Wem™. It will be possible to
change plasma density to determine the effect of scale-length on the ion acceleration
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mechanisms. Measurement of neutron spectra generated by a number of different nuclear
fusion reactions has other interesting applications. In particular, B-D and Li-D reactions
generate higher energy neutrons and have higher energy cross sections than those of the
DD reaction - this may lead to the simultaneous observation of the high energy part of the
ion momentum distribution.
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