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Abstract. This paper presents the results of experiments conducted within the Work Package 10 (fusion experimental
programme) of the HiPER project. The aim of these experiments was to study the physics relevant for advanced ignition
schemes for inertial confinement fusion, i.e. the fast ignition and the shock ignition. Such schemes allow to achieve a higher
fusion gain compared to the indirect drive approach adopted in the National Ignition Facility in United States, which is
important for the future inertial fusion energy reactors and for realising the inertial fusion with smaller facilities.
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Introduction

In 2006 the European Strategy Forum on Research
Infrastructures (ESFRI) included the HiPER Project
(European High Power Laser Energy Research Facility)
in the European roadmap for Research Infrastructures.
The goals of the HiPER project are to perform a feasi-
bility study, choose a design and then construct a high-
-energy laser facility for research on the production of
energy via inertial confinement fusion (ICF). HiPER will
represent a possible follow-up to the National Ignition
Facility (NIF), the biggest laser in the world located at
the Lawrence Livermore National Laboratory (LLNL)
in the US, which has recently started the National
Ignition Campaign (NIC) aimed at demonstrating the
scientific feasibility of inertial fusion by the end of 2012.
This paper presents the goals and some of the results
of experiments conducted within the Work Package 10
(fusion experimental programme) of the HiPER project.
The aim of these experiments was to study the physics
relevant for the so-called advanced ignition schemes
(AIS), i.e. the fast ignition (FI) and the shock ignition
(SI) approaches to the inertial fusion. Such schemes
allow for a higher gain compared to the indirect drive
approach adopted in NIF. A higher gain is important
for the future fusion reactors and would be crucial in
achieving inertial fusion with smaller facilities.

In particular, a series of experiments related to FI
were performed at the RAL (UK) and LULI (France)
laboratories, addressing issues such as the propagation
of fast electrons (produced by a short-pulse ultra-
-high-intensity beam) in a matter compressed either
by cylindrical implosions or by (planar) laser-driven
shockwaves.



D. Batani et al.

More recently an experiment was performed at
PALS, in which the laser-plasma coupling was investi-
gated at intensities of the order of 10'* W/cm?, i.e. in the
regime of interest for SI. This experiment was focused
on the study of the role of parametric instabilities in
the extended plasma corona, the possibility of creating
strong shocks (in the hundreds of Mbar range), and the
role of fast electrons produced during the interaction.

WPIO0 - the fusion experimental programme

The goals of the HiPER project are to perform a follow-
-up study after the NIF ignition and to prepare the way
to future inertial fusion reactors. This must of course
include all the “more technical” issues like: i) a study
of high-energy and high-repetition laser drivers; ii) a
study of target mass production, injection, tracking and
positioning at high repetition frequency, and iii) studies
on chamber design, material resistance, material activa-
tion, etc. at high radiation fluxes.

However, the main problem on the road to inertial fu-
sion is of a more general character. The NIF ignition will
be based on an indirect drive (ID) approach, which does
not seem to be compatible with the requirements of future
commercial inertial fusion reactors. Indeed ID involves:
i) complicated targets, ii) massive targets injecting a lot of
high-Z materials into the chamber, and above all iii) it is
intrinsically a low gain approach due to the intermediate
step of conversion to the X-ray radiation.

In addition, the indirect drive approach poses several
“political” problems connected to the issues of nuclear
non-proliferation and circulation of classified data.

A possible way to achieve higher gain and to obtain
simpler reactor designs is to adopt the direct drive (DD)
approach. Unfortunately, there are several physics
issues in this approach which had not been so far clari-
fied. Pursuing the DD approach requires in particular
further studies on the hydrodynamics of target implo-
sions and methods for smoothing of non-uniformities,
and the possibility of realising the so-called advanced
ignition schemes, which may guarantee high gains while
relaxing the constraints on the target and irradiation
uniformity (and also making possible to achieve inertial
fusion using smaller facilities...). The two most promis-
ing advanced ignition schemes are the FI [4, 5, 27] and
the SI [9, 20, 26].

Within this context, the goals (and the problems) of
WP10, as well as of other Work Packages, have been: i)
to perform experiments addressing relevant questions
on the physics related to ICE, taking into account the
limitations of existing laser systems in Europe (and also
in the world...); ii) to build a scientific community in
Europe working not just on “laser-plasmas” but also on
ICF-oriented issues. In particular, learn together how to
realise lengthy and difficult programmatic experiments;
iii) to address experimental issues where we have little
competence (or lost it), i.e. hydrodynamics, instabilities,
implosions, etc.; iv) to develop collaborations with US
and Japan, and realise first collaborative experiments;
v) to make the European community “credible” in the
eyes of the international community, while maintaining
the European leadership where we already had it (i.e.
in the ultra-high-intensity laser-plasma interactions).

Several experiments were performed in the frame-
work of the HiPER programme within the so-called
“HiPER slots” at LULI, RAL, and PALS, which are the
laser laboratories that had endorsed the HiPER project,
see Refs. [7, 8, 12].

Not all these experiments really followed a pro-
grammatic approach (the research conducted by the
laser-plasma community in Europe has always mainly
been “curiosity-driven” therefore sometimes we must
“learn” how to work in a different way). An important
example of a more “programmatic” research is the
series of experiments related to fast electron transport
performed at RAL (UK) and LULI (France), which
addressed the issue of propagation of fast electrons
(produced by a short-pulse ultra-high-intensity beam)
in the compressed matter, created either by a cylin-
drical implosion or by compression of planar target
with (planar) laser-driven shockwaves. These will be
described in section ‘Fast ignition approach to ICF’ of
the present paper. Most of the work that had been done
is relevant mainly for the study of FI, simply because
SI is a more recent approach. However, experiments
on ST have also been started (see section ‘Shock ignition
approach to ICF).

It is also important to note that apart from experi-
ments performed within the HiPER time slots several
other experiments of interest to FI and SI had been
performed. In this case the synergy with the national
research programmes and with the EU Laserlab infra-
structure was positive and essential.

Fast ignition approach to ICF

A programmatic effort was undertaken within WP10
in order to study the propagation of fast electrons in
matter. This is a key issue for the feasibility of fast
ignition: a fast electron must travel through a region
where density is increasing from the critical density 7.
to the value of the order of 100 n. over a distance of
200-300 um, before depositing its energy in the high-
-density core of thermonuclear fuel. The propagation of
fast electrons is of course affected by collisional effects
(i.e. the stopping power, which was studied already in
the works of Bethe and Bloch), but also by the electric
and magnetic fields self-generated during the propaga-
tion. Such fields are indeed the main factors governing
the dynamics of the fast electron beam. They depend
on the resistivity of the background material, which is
very different for targets that are initially cold and for
compressed plasmas (collisional effects also depend on
the state of the target, although to a lesser extent).
Different strategies are possible to study the fast
electron transport in dense plasmas. Of course ideally
we would like to perform spherical compression ex-
periments, which guarantee higher compression factor
and allow to attain higher pr. However, such spherical
experiments are intrinsically integrated. Also, they do
not provide any privileged axis for diagnostics.
Therefore we used two alternative and complemen-
tary approaches. The first one was based on the planar
compression: a high-energy ns pulse was used to generate
a laser-driven shock which propagated into the target,
compressing the material. On the opposite side of the
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target an ultra-high-intensity beam was focused to gener-
ate fast electrons, which propagated in the compressed
material. Two experiments following this scheme were
realised at LULL

The limitation of such an approach is that, as is
well known, a single-shock compression allows only a
compression by a factor at most 4. Also the total pr in
principle does not change in such experiments (the in-
crease in density is achieved at the expense of a reduced
thickness).

On the other hand, the main advantage of this ap-
proaches is the ability to create a compressed target in a
region characterised by a wide radial extent. In this way,
fast electron propagation dynamics is not affected by the
geometry of compression and the results are more clearly
related to the stopping power in compressed and warm
plasmas, as compared to cold materials of solid density.

The second approach is based on a cylindrical com-
pression. In this case higher values of pr are attainable
and can also be tuned by varying the energy of the com-
pression laser beams, as well as the initial density p, of
the targets (e.g. using foams inside the cylindrical targets).
Also, unlike spherical experiments, here the cylinder
axis is naturally privileged for fast electron transport
diagnostics.

The limitation of such an approach is that the high-
-density region is limited to the central region with only
few 10’s um radius.

Figure 1 shows different regimes in the (p,T:) plane
probed in various experiments performed within the
WP10. It is clear that while we are still far from the typi-
cal conditions of the HiPER design, we are undertaking
a systematic approach and trying to explore the physics
of fast electron propagation, while getting closer and
closer to the regime of direct interest for ICF (it must be
noted however that plasma parameters of some parts of
the HiPER design targets are indeed reproduced during
implosions in the cylindrical compression experiment).

The experiment on fast electron propagation in
high-density plasmas created by a shockwave compres-
sion was performed by a team formed by groups from
University of Bordeaux (CELIA), the University of
Milano-Bicocca, Italy, the University of Strathclyde,

-
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Fig. 1. DT HiPER target; hot spot p = 80 g/cc T = 2.5 keV,
dense fuel shell p = 400 g/cc T = 300 eV; RAL 2008 CH cylin-
ders filled with foams of different initial density (at stagnation):
po=0.1glccp=3glecT=280¢eV,p, =03 g/ccp =4 glcc
T=45eV,p,=1g/ccp =7g/ccT = 30eV; LULI 2008 and
2010 planar shock experiments with foil targets: CH foil p =
2g/cc T =4¢eV, Alfoil p=5g/cc T = 4 eV, initially cold solid
target p~ 1 g/cc T <1 eV (see for instance Ref. [11]).

Fig. 2. Scheme of the experiment at LULI 2000 on the fast
electron propagation in planarly shocked foil targets. The
target included a K, layers to allow the diagnostics of fast
electron transport.

Glasgow, and of course LULI [24]. A schematic draw-
ing of the experimental setup and the targets used is
shown in Fig. 2.

A brief summary of the experimental results ob-
tained in 2008 is shown in Fig. 3. From this experiment
we got three results which were anticipated and one that
was unexpected: 1) for the uncompressed target the K,
yield is larger for Al than for CH (which is consistent
with the presence of electric inhibition of fast electron
propagation in the insulator material); 2) the K, yield
is larger for uncompressed Al than for compressed Al,
again due to the decrease in electrical conductivity for
heated Al, which could be in part due to the decrease in
electrical conductivity for heated Al (reduced propaga-
tion in compressed Al due to resistive effects); 3) the
K, yield in compressed Al and CH is of comparable
magnitude (in both cases the state of the target is a
warm dense matter with little differences in both
the temperature and the free electron density, and
hence also in the resistivity).

The unexpected result was that the K, yield was larger
for the uncompressed CH than for the compressed
CH. At first, this result does not seem to be compatible
with the idea of electric inhibition. Indeed, the shock-
-compressed plastic has a larger electrical conductivity
than the cold plastic, and therefore the return current
induced in the material should be larger, implying a
significant of the charge separation electric field due
to the fast electron beam acceleration, and therefore a
reduction of the resistive stopping power.
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Fig. 3. Summary of experimental results from the last LULI
experiment. K, yield from a buried tracer layer vs. thickness
of the propagation layer in shocked (ps + ns) and cold targets

(ps only).
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A more detailed analysis of the experimental results
suggested however that results in uncompressed plas-
tics were dominated by electron refluxing, i.e. the dif-
ferent refluxing conditions, more probably in the case
of solid target, where the rear surface is still sharp and
unperturbed, could explain the increase in this case.
Indeed the presence of a ns laser pulse creates a smaller
plasma gradient on the target “rear” side, thereby af-
fecting, and reducing, the fast electron refluxing.

In order to experimentally test the idea of reflux-
ing at the rear side we performed a new experiment at
LULI in 2010. A flat foil target was shock-compressed
using a long pulse beam (LP) with 250 J, 5 ns, 0.53 um
wavelength, focused to the intensity of 3 X 10" W/cm?
in a 400 um focal spot (flat-top). A fast electron beam
was generated by a short pulse beam (SP) with ~ 30J,
1 ps, 1.06 um, focused to 5 x 10'® W/cm?, in a Gauss-
ian focal spot with 10 pm FWHM. To avoid refluxing
at the rear side we always shot the long pulse, but we
varied the time at which the short pulse was injected.
The short pulse was injected either at a later stage, after
the shock had compressed all the target, or in an early
stage, just before the shock entered the Al propaga-
tion layer. Preliminary results from the experiment,
analyzed using hybrid transport simulations performed
by B. Vazour, A. Debayle and J. J. Honrubia, confirm
the refluxing idea and also provide the evidence that
in these experimental conditions changes in resistivity
between solid and compressed Al are appreciable for
an incident fast electron current density in the range
10" < jho < 102 A-cm™. These simulations, together
with experimental data obtained in refluxing-reduced
condition, confirm the hypothesis of the transport in-
hibition in the case of warm plasma propagation layers,
as compared to solid layers. This inhibition is related to
the rise in the temperature of the material due to shock
compression, from cold to the range of 5 eV, i.e. close
to the Fermi temperature, where the e-e collisions are
the dominant resistive mechanism. A full description
of the data and its interpretation will be presented in a
forthcoming article.

The experiment on fast electron transport in cylin-
drically compressed matter was performed by a large
collaboration involving LULI, Milano-Bicocca, CELIA,
RAL, Bologna, Pisa, Roma, York, UCSD, LLNL, and
Madrid. It is a first example of a very large European
collaboration, also involving teams from US, and of
good interaction between theory and experiment (which
means that the experiment was carefully designed in
advance, similarly to what takes place, e.g. in the US
on larger laser facilities). The idea of this experiment
is shown in Fig. 4, together with the actual target (pro-
duced by the RAL target preparation group).

The target consisted of a cylindrical polyimide shell
(1.1 g/ce, 20 um thick) filled with CH foam with density
0.1, 0.3 or 1 g/cc (actually the 1 g/cc case corresponds to
plastics with “nominal” density, although it was produced
following the same procedure as the foams, i.e. by in-situ
polymerization, as described in [6]). The cylinder, 200 pm
long and with an inner diameter of 180 um, was closed on
one side with a Ni foil to produce hot electrons, and on
the other side with a copper foil used as a K, fluorescence
tracer for the hot electrons crossing the full length of the
cylindrical target.

/ Copger by
i Sy Ob

Fig. 4. (left) Scheme of the experiment on fast electron
propagation in cylindrically compressed targets done at
Rutheford Lab. (center and right) Example of a target used
in the experiment (thanks to C. Spindloe, M. Tolley and all
the RAL target preparation group).

The ns beams were perpendicularly focused on
the cylinder to drive the implosion. The ps beam was
focused along the cylinder axis onto the Ni foil to gen-
erate a fast electron beam propagating into the com-
pressed cylinder (filled with foam) and finally reaching
a plastic-covered Cu foil on the rear side of the target.
A K, imager looking at the K, emission from this foil
was used to characterise the fast electron propagation
inside the compressed target.

The experiment was divided in two phases: Phase 1,
involving a study of the compression (using the proton
radiography and the X-ray radiography), and Phase 2,
devoted to the study of the fast electron transport at dif-
ferent stages of the compression (Cu-K, back and side
imaging, Ni and Cu-K, spectroscopy, and bremsstrahl-
ung “cannon” spectrometry).

Figure 5 shows an example of both the X-ray and
proton radiography images [29]. The proton radiogra-
phy images (Fig. 5 on the left) were obtained by focusing
another ps laser beam onto an Au foil target to produce
a proton beam propagating through the cylinder. The
time lapse between the short-pulse beam producing
the short-pulse beam producing the protons and the ns
compression beam was then varied, so the target could
be probed at different times. On the basis of images
formed on RCEF films it was possible to evaluate the
target compression and to determine the stagnation
time. Cylindrical compression is visible in Fig. 5 and the
stagnation time ~ 1.8 ns was obtained, in agreement with
predictions from hydro simulations forp, = 1 g/cc.

However, the measured cylinder diameter was much
bigger than hydro predictions. This was due to the fact
that our low-energy protons (the maximum obtained
proton energy was ~ 7 MeV) were considerably slowed
down and suffered multiple scattering in the dense core.
Also the plasma effects (change of the stopping power
relative to the cold matter) needed to be taken into ac-
count. In conclusion, the proton radiography allowed
to determine the stagnation time, but to evaluate the

| Proton radiography ‘ | X-ray radiography |

| g

* 200um

Fig. 5. Example of proton and X-ray radiography images from
the RAL cylindrical compression experiment. (left) Proton ra-
diography of cold (a) and compressed (b) cylinder (target with
po = 0.1 g/cc). (right) Picture of real cylinder (a) X-ray radio-
graphy of compressed cylinder (target with p, = 1 g/cc).
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Fig. 6. Typical results from the side-on K, images (target with
po = 1 g/cc). The size of the K, fluorescence on the rear Cu foil
increases with the delay Azspyp) (n8) between the compression
beam (LP) and the short pulse beam creating the fast electrons
(SP). A weaker K, fluorescence is seem on the compressed
foam regions to a 10% of mass Cu dopage.

compression detailed simulations were needed, which
we performed using the Monte Carlo code MCNPX.

X-ray radiography [28] was also used as a diagnostics
of implosions using a K, source emitting at hv ~ 4.5 ke V.
Again, the time between the short-pulse beam produc-
ing the X-rays and the ns-compression beam was varied,
which allowed to probe the target at different times. The
images obtained showed cylindrical compression, with the
diameter of the X-ray transmission profiles in fair agree-
ment with predictions from hydro simulations. For p, =
0.1 g/cc the stagnation time 2.5 ns was obtained, again in
agreement with predictions from hydro simulations.

During the second phase of the experiment [19] the
ps laser beam was shot at the Ni entrance foil, along the
cylinder axis, to study the propagation of fast electrons
in the compressed material. Figure 6 shows typical
experimental results obtained from the K, imager
looking perpendicularly to the cylinder target (Cu-K,
fluorescence from p, = 1 g/cc targets).

In this case, the foam was also doped by adding
nanoclusters of Cu (CH foams with 10% mass of Cu
doping). This allowed fast electron propagation to be
seen not only at the Cu foil on the rear side of the target,
but also inside the compressed target. The Cu doping of
the foam also allowed an independent diagnosis of implo-
sions (the size of the compressed core corresponding to
the size of the emitting region).

It is clear that for an initial foam density of 1 g/cc
the size of the fast electron beam measured at the rear
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Fig. 7. Results for the rear side K, fluorescence diameter.
For the target with p, = 1 g/cc, the size of the K, emission
increases with the delay Afsprp) (ns) between the compres-
sion beam (LP) and the short pulse beam creating the fast
electrons (SP) while it decrease for the targets with p, =
0.1 g/cc and py = 0.3 g/cc.
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Fig. 8. Experimental K, yield vs. the delay between the ns
lasers (LP) and the ps beam (SP).

side foil (through the K, diagnostic) becomes larger:
compression makes the beam to diverge. We observed
instead that for an initial density 0.1 g/cc the compres-
sion “makes” the beam to converge (see Fig. 7).

Figure 8 summarises the results for the experimental
K, yield vs. the time lapse between the ns laser beams
(driving the compression of cylindrical targets) and the
ps laser beam, producing the fast electron beam. A cor-
rection of the shot-to-shot variations of the fluorescence
yield from Cu (rear side tracer) with respect to the fast
electron source was done by using the signal from the
Ni-K, yields.

Figure 8 clearly shows a minimum in fast electron
propagation to the rear of the Cu foil, i.e. the number
of electrons reaching the target rear surface decreases
during compression, that is for increasing density, with
no clear dependence on the initial foam density.

The dependence of the K, yield on the time lapse
shown in Fig. 8 was reproduced in simulations using a
hybrid code (simulations performed by F. Perez, A. De-
bayle and J. J. Honrubia), which confirmed a reduction
by a factor of roughly 2 between the maximum and mini-
mum values. The behaviour of the signal corresponding
to At = 0, shown in Fig. 8, has not been reproduced, but
in fact this corresponds to a slightly different physical
situation (the LP beam has not been fired at all in this
case, therefore the conditions of detection may have not
been exactly comparable to all the other shots).

The mechanism of K, reduction is mainly due to Cou-
lomb collisions, the frequency of which varies inversely
to the K, yield. Ohmic heating has a variation similar to
the K, however, its contribution is small (around 15%)
when the target is compressed (time lapse = 1.5 ns) in
such a manner that one cannot explain the inhibition
due only to this effect. Detailed simulations are now
being performed to try to extract quantitative informa-
tion about the penetration range of fast electrons, their
scattering, and their initial energy distribution.

Concerning the variation of the observed size, the
hybrid simulations show that difference in the observed
behaviour is due to magnetic fields. For instance, in the
case of 1 g/cc, before the full compression the density is
not perturbed at the centre and the temperature is low.
This produces a central high resistivity channel which,
following Faraday’s law, produces a collimating magnetic
field that focuses electrons towards high resistivity re-
gions. On the other hand, after the shock has converged
the density is maximum at the centre, and the same
is true for the temperature. Hence the resistivity on the
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cylinder axis is low, no resistive collimating magnetic
field is present, and the fast electron beam diverges.
The behaviour of targets with 0.1 g/cc foam is differ-
ent and the collimating magnetic field is present after
stagnation [18].

Therefore the cylindrical compression experi-
ment has shown that the electron beam is guided for
some plasma conditions. Naturally the question arises
whether it is possible to extend such magnetic (resistive)
collimation effect to “real” ICF targets.

Shock ignition approach to ICF

Shock ignition is a novel approach to the direct drive fu-
sion confinement. WP10 dedicated its efforts to support
experimental campaigns in order to study the physics of
laser-matter interaction and laser-target coupling in the
intensity regime typical of the ST (10" W/cm?). SI presents
several advantages like a lower amount of the energy
required for ignition and lower laser intensities, and it is
emerging as a credible approach to fast ignition.

The PALS laboratory was chosen for the first HIPER
experiment because of the intensity achieved on the
target — 10'® W/cm?) — which is the proper regime of
the SI. The other characteristics of this iodine gas laser
are a pulse duration of 300 ps, a wavelength of 1.3 um
at 1o and the total pulse energy of up to 1 kJ. These
characteristics make this facility an optimal candidate
for this kind of experiments among European laser
facilities.

The idea for the experiments at PALS (2010-2011)
was to combine two different laser pulses in a planar
geometry (this permits a measurements of the pressure
achieved): the first compression beam in 1o with an
intensity of 2 X 10" W/cm?, which simulates the com-
pression phase in a “real” target, and a second “shock”
beam at 3w with an intensity of 10 W/cm? to launch
the shock into the target. In this way it is possible to
study the generation and propagation of shockwaves
in different conditions (changing the delay between
these two beams the second beam “finds” a differ-
ent plasma surface), the backscattering of light which
comes from the parametric instabilities (stimulated
Raman scattering, stimulated Brillouin scattering and
two plasmon decay) which are excited in the SI regime
and the filamentation (for this reason in the past this
regime was not studied).

In the first phase a characterization of the preplasma
was done, without the interaction with the high intensity
beam. The preplasma comes from the first layer of the
target which was a plastic layer (CsH,Cl). This low Z
material simulates quite well the plasma corona that we
could find in a real SI configuration. Otherwise the short
duration of the compression beam (300 ps) which is not
in the ns regime (as it is required in the SI approach)
limits the similarity with a real ICF implosion and does
not sustain properly the compression, so a relaxation
wave does arise. In a second phase the second beam
was added in order to study shockwaves and backscat-
tering of light.

We used double-layer targets (25 um of plastics (CH)
followed by 25 um Al). The Al layer was used since it is
a standard witness for shock velocity and shock pressure

. Frasaicn (Mbar|
=
13
F\JJ
H ]
§od
3 s
T
L]
% a3 o4 o8 [ 1 13

Fig. 9. (left) Simulation of the high-pressure shock propagation
in PALS conditions. (right) Shock breakout from a stepped
target (on the right edge the delay between laser fiducial and
the shock breakout on the target base, and the delay between
the shock breakout on the base and on the step). The shot
corresponds to E (30) = 245 J, E (auxiliary beam) = 29 J,
delay 500 ps.

measurements. An additional step of 10 um of Al was
placed on the rear of the target to allow for an additional
measurements of shock velocity in the target (following
the well-known method described in Ref. [14]).

Figure 9 shows a hydro simulations (performed by
G. Schurtz using the code CHIC) concerning the propa-
gation of the first and the second shock in the target. It
also shows the results obtained from the shock breakout
diagnostics (shock chronometry) consisting of a streak
camera looking at the rear side of the target and record-
ing the emissivity of the shocked targets.

Another important diagnostic used during the first
phase was the X-ray deflectometry [17] developed in
PALS which permits to have 2-D density maps that reach
higher densities than the “classic” interferometry.

We also used an energy-encoded pinhole camera
(EEPHC [13]), which is basically an X-ray pinhole
camera working in a single-hit mode (i.e. the distance
between the target and filters is such that each CCD
pixel only collects one photon). This allows not only to
get an image and measure the size of the plasma, but
also to distinguish photons according to their energy,
thereby obtaining the X-ray spectrum and also the
monochromatic images of the source. In order to reduce
noise and get higher statistics an array of pinholes is
used, forming many images at the same time.

The measured size of the hot plasma (corresponding
to the main beam) was ~ 100 um. Using the EEPHC we
could also obtain the evidence for hot electron genera-
tion. To this end we placed a thin Cu layer between the
plastic and the Al layers in the stepped targets and we
also made few shots on targets with Ti/Cu layers only.
The observation of K, emission from the Cu layer im-
plied existence of electrons with an energy large enough
to cross the CH or Ti layer, from which we inferred an
energy of about 30-50 ke V.

We also measured the amount of backscattered
light (through parametric instabilities) and obtained a
low backscattering level: < 5% in all cases, which is in
sharp contrast to what was measured in experiments
on the Omega laser.

The pressure inferred from the shock chronometry
is quite low (of the order of 10 Mbar) [1]. For instance
from Fig. 9 (right) we infer an average shock velocity in
the step D = 10 um/0.996 ns = 20.2 um/ns, which accord-
ing to the SESAME tables [15] corresponds to a shock
pressure of 6.5 Mbar. In fact the real pressure is much
higher than this because in our experiment the shock
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velocity (and the shock pressure) are not maintained,
but are rapidly decreasing due to 2-D effects during
shock propagation and relaxation waves from the front
side when the laser turns off. In order to recover the
real value of the shock pressure at the beginning of
the interaction we performed therefore hydro simula-
tions (using the 2-D hydrodynamics codes MULTI [21]
DUED [2, 37] and CHIC [16]) trying to reproduce the
experimental difference between the time of arrival
of the laser pulse onto the target (as provided by the
time-fiducial) and the breakout of the shock on the rear
side of the target.

Such 2-D hydro simulations show that the low mea-
sured value of P corresponds to a much higher value
of the shock pressure at the target front, i.e. the final
pressure ~ 10 Mbar corresponds to an initial pressure
~ 90 Mbar. However, they also show that such value of
pressure is obtained using a beam at/ ~ 2 x 10" W/cm?
and a focal spot with a diameter ~ 100 um instead of the
“nominal” value of 10'® W/cm?.

This pressure is not compatible with a such low
backscattering of light.

Although there is still a need for an accurate charac-
terization of absorbed laser energy, the first SI related
experiments seems to suggest that in the SI intensity
regime the transport mechanisms may be substantially
different from those of the “classical” ns regime used
in ICF (10" W/cm?) with a possible large role played
by hot electrons, delocalised absorption and transport,
magnetic fields, etc.

Conclusions

Research of the groups involved in WP10 addressed
many important topics related to FI, and is beginning
to address issues relevant for SI. Often significant con-
tributions to other topics were made.

One particularly important result related to FI was
obtained in the cylindrical compression experiment,
i.e. the fact that the electron beam is guided for some
plasma conditions. We are now considering whether it is
possible to extend such magnetic (resistive) collimation
effect to “real” ICF targets.

Concerning the SI approach to ICF we were able to
produce pressures of the order of ~ 90 Mbar. These are
however significantly lower than expected; it is an open
question whether such a reduction is due to the light
being scattered by parametric instabilities, or rather in
the SI intensity regime the transport mechanisms are
substantially different from those of the “classical” ns
regime used in ICF, with a possible large role played
by hot electrons, delocalised absorption and transport,
magnetic fields, etc. New experiments are now being
performed to study such aspects.

The series of experiments on fast electron propa-
gation in compressed materials is a particularly good
example of how we should proceed in addressing physi-
cal questions connected to ICEF, for several reasons: 1)
it is programmatic (three experiments in a series,
showing the capability of performing systematic stud-
ies); 2) it was well designed and analysed, showing a
good interaction of experimentalists with numerical/
theoretical groups, 4) it was performed by a large col-

laboration (involving also teams from US), and finally,
5) the work has also been useful to develop/optimise
new diagnostic tools.

In Europe we now have a unique possibility to
perform a full series of experiments on SI and FI, pro-
gressing form small to big lasers:

1. Experiments for “basic physics” (and developing

diagnostics) at PALS, Vulcan, LULI 2000.

2. “Directly relevant” experiments on LIL (in planar
geometry) and Orion.
3. Full scale experiments on LMJ/PETAL.

In parallel we need to establish strong collaborations
with US and Japan and perform collaborative experi-
ments on Omega/OmegaEP and Gekko/FIREX.

Concerning the SI, the main issues are to study the
basic physics (first of all we must show that we can create
a 300 Mbar shock), study the polar direct drive option
for LMJ/PETAL, and finally perform shock ignition
demonstration experiments.

Physics experiments will be needed to characterise
the physics and benchmark simulation codes, possibly
introducing new physical issues.

We also need to continue to study fast ignition in
the regime of real interest for ICF as much as possible.
The non-scalability of collective effects to the PW 10 ps
regime is probably one of the main issues here, which
implies the need of doing test experiments on big laser
systems (ILE, Omega EP and, on a relatively short-time
scale, PETAL).

In parallel, since both FI and SI imply the use of DD,
we should begin to perform a serious experimental work
on smoothing of non-uniformities, hydro instabilities
and mitigation of instabilities.
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