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ICF01 
 
Task Title: INTENSE LASER AND PARTICLE BEAMS DYNAMICS FOR ICF 

APPLICATIONS 
 
 
INTRODUCTION 
 
 
Our work was devoted (i) to the transport of high current 
heavy ion beams through plasma, in relation to the Heavy 
Ion Inertial Fusion (HIIF), and (ii) to the modeling of 
intense laser and electron beams interacting with plasmas in 
connection with the fast ignitor concept within the 
framework of the Inertial Confinement Fusion (ICF) with 
either laser beams or heavy ion beams drivers. In 2002 we 
paid special attention to (a) the numerical simulation of 
intense ions beams in the target chamber for Heavy Ion 
Inertial Fusion (HIIF) application, (b) experiments on 
Raman instability, modulated wakefield, and electron 
acceleration in plasma filled capillary tube and (c) first 
estimate of proton/electron beam efficiency for the hot spot 
generation in the fast ignitor scenario. We present below a 
summary of our results. 
 
 
2002 ACTIVITIES 
 
 
(A) FOCUSING IN A HIIF REACTOR 
 
The focusing of the heavy ion beam through several meters 
inside the reactor chamber is one of the trickiest problems 
in HIIF. Numerical simulations of target implosion have 
shown that the focal spot radius of the ion beam should be 
less than 3 mm. The focusing of several kA over several 
meters to such a small radius seems not possible under pure 
ballistic propagation; therefore one has to consider the 
focusing of the ion beam inside the reactor chamber in the 
presence of a gas at low or moderate pressure. When the 
high current beam interacts with the reactor gas two 
competing processes are appearing. The gas molecules 
(Flibe) are ionized by the beam. This ionization leads to a 
screening of the ion-ion interaction among the beam 
particles. So it tends to reduce the focal spot radius. On the 
other side, collisions between the projectiles and the gas 
atoms can ionize the beam ions, thus increasing the ion-ion 
repulsive force. 
 
To allow for a good propagation, two approaches have been 
proposed: The first one is to consider a high-pressure gas 
(above 1 mbar). It leads to a plasma channel type of 
propagation, where the beam ions are highly ionized. The 
main problem in this case is to get a well-collimated stable 
plasma channel. We have considered a second way, at a 
much lower pressure, the value of the pressure being 
adjusted to get the optimal screening of the beam. The mean 
free path for ionization in this scenario is comparable with 
the radius of the reactor chamber. 

The charge state distribution of the beam ions is thus in 
non-equilibrium, and one has to accurately determine the 
full collisional-radiative (CR) processes both for the target 
and for the beam ions. To see the influence of the CR 
modeling, we have compare two CR calculations. Our 
results show that in fact the focal spot radius is quite 
sensitive to the modeling of the collision processes, which 
should then be accurately determined. To improve the 
focusing we have also analyze a new concept of beam 
neutralization using a tube made of isolating material, from 
which neutralizing electrons can be extracted by the beam, 
as shown in figure 1. 
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Figure 1 

 
Our results have shown that the focalization is significantly 
improved by this initial neutralization, as demonstrated in 
figure 2. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Beam radius at focus point (Z= 180 cm) 

Figure 1 
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(B) LASER INSTABILITIES IN CAPILLARY TUBES 
 
In the “standard” scenario of the fast ignitor concept, the 
inner part of the target containing the DT fuel is first 
compressed to high density by direct or indirect irradiation 
with megajoule laser or ion beams. Then the ignition of the 
nuclear reaction is induced in a second step by a short 
(pico-second) high power electron beam generated by 
petawatt femto-second laser irradiation. 
 
A high intense laser beam can propagate up to the ultra-
dense inner-part of the fusion target, either through a hole 
created by a first beam, or through a thin empty cone, which 
is implanted inside the target. In both cases one has to get 
an accurate knowledge of the propagation of an intense 
E.M. wave through a target, which has a strong density 
gradient in the direction transverse to the beam. 
 
The physics related to this particular EM propagation can 
be best investigated by using well-defined boundary 
conditions, allowing to clearly identifying the contribution 
of each parameters. For this we are studying the 
propagation at the highest intensity presently available of a 
laser beam through a glass capillary tube either in the void 
or in the presence of gas. We have simultaneously 
developed experiment, simulation and analytical treatments 
in collaboration with several groups. Last year we have 
presented experimental and theoretical results on the 
propagation of the E.M. wave. 
 
In 2002 we have addressed the acceleration of electron 
beams by this E.M. wave. The detection of accelerate 
electrons allow to diagnose the relative contribution of 
transverse compare to longitudinal instabilities.  
 
A first experiment have been performed at the terawatt laser 
beam facilities of the LULI laboratory, to determine 
whereas acceleration of electrons by wave breaking is 
possible at low densities, where the relativistic factor 
(γp = ω0/ωp) is large, thus allowing to acceleration to high 
energies. The presence or the absence of accelerated 
electrons will give a direct signature of longitudinal 
compare to transverse excitation modes.  The experimental 
results have then been compared with simulation results 
obtained from the WAKE code (CPht laboratory). The 
analysis of the wave spectrum has shown Stokes emission, 
which indicates that Raman instabilities are present, in 
agreement with the simulation. However no high-energy 
electrons has been observed. 
 
Following the LULI experiment, another attempt to see high 
energy electrons produced by laser-plasma interaction at 
high energy in a capillary tube, have been performed in 
spring 2002, at the RAL laser facilities, using higher 
intensities and lower pressures than at the LULI experiment. 
The results of the experiment are not yet fully analyzed, but 
the general trends of the LULI experiments seem to occur 
also for the RAL experiment: High amplitude transverse 
mode excitations are generated by the laser-plasma 
interaction. So the wave breaking occurs in the transverse 
direction, leading to a fast dispersion of the laser beam 
energy. 

These results are of practical importance for the fast ignitor 
scenario. They show that the transverse dimension is of 
fundamental importance to predict the beam propagation in 
the channel at intermediate densities. 
 
In particular for numerical simulation great care has to be 
put in choosing the boundaries conditions in the transverse 
direction. 
 
If the transverse dimension of the simulation box is not very 
large compare to the beam radius (this is the common 
situation), then periodic conditions do not allow for the 
dissipation of energy in the transverse direction. 
 
Our experimental work have shown that transverse modes 
can be the most effective way of damping the incoming 
energy, thus it has to be correctly taken into account in the 
simulation of fast ignitor scenario. 
 
(C) PROTON BEAM TRANSPORT 
 
In the “standard” fast-ignitor scenario there are actually two 
difficult, still unsolved problems: the propagation of the 
high flux laser beam and the propagation of the generated 
high current electron beam up to the ultra-high density 
central domain of the target. 
 
As was discussed in our 2001 reports, instabilities can be 
quite important for the electron beam, preventing them to 
reach the central part of the target. 
 
Both for the laser beam and for the electron beam, the 
situation is highly controversial, so the possibility that the 
“standard” fast-ignitor scenario can be used is still an open 
question. 
 
Therefore, it is important to examine whether there exist 
alternative fast ignitor ways, where non-linear beam-plasma 
instabilities can be less active. An attractive scheme is to 
put the laser beam out of the target and to replace the 
electron beam by a proton one (M. Roth et al. Phys. Rev. 
Lett., 86, 436, 2001). 
 
Due to their high mass, the protons are much less sensitive 
to beam-plasma instabilities than electrons, moreover they 
yield an enhancement of energy deposition at the end of the 
range (Bragg peak) so that, by adjusting their energy one 
can deposit the maximum of energy in the right domain. 
 
The interest for using proton beam for the fast ignitor has 
appearing following very recent experimental results, where 
high current proton beams with very good emittance 
properties have been generated by irradiating solid foil with 
high-power sub-picosecond laser. 
 
We are developing a new simulation code by adapting 
previous codes devoted to the transport of molecular beams 
in solid. 
 
This code can be applied to any target (solid, gas, plasma) 
and include both collision scattering and stopping, and 
collective effects. 
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The main ingredients of the simulation code are the 
following: 
 
(i) The interaction between an ion and the target is 

described within the dielectric function formalism, 
using a Mermin form for the dielectric function. The 
Mermin dielectric function is written as a sum of 
Random Phase Approximation dielectric function 
containing adjusted parameters. It allows to reproduce 
very accurately the collective and binary excitations 
processes in dense targets, and combines the 
contribution of both the free and the bound electrons. 
It has been shown that, for a proton projectile in a 
solid target, the dielectric function formalism with the 
Mermin function yields a stopping cross section, 
which is in agreement with experiment at the 1 % 
level, for energies from keV up to several MeV. 

 
(ii) A statistical treatment of the interaction process 

through Monte-Carlo type calculations, which take 
into account an adjustable distribution for the initial 
distribution, the dispersion in energy (so-called 
straggling effect) and ion-ion scattering events, which 
are calculated using the electronic density of the target 
ions. 

(iii) A dynamical screening (wave effect, see the figures 
below) between the particles of the beam. 

 
(iv) The description of the travel by the beam from the 

source, through the target and up to the detector, and a 
response function of the detector, to allow for a direct 
comparison with experimental results. 

 
Examples of our results are given in figures 3 and 4, where 
we have reported the longitudinal and transverse force 
between two ions of the beam. 
 
The oscillating character of this force comes from the 
polarization of the plasma electrons. And interesting 
property of this force is that it is alternatively attractive and 
repulsive. 
 
So there is a possibility for the ions to be trapped at specific 
relative distances, yielding to some similarities with cold 
dusty plasmas, the coupling constant is however much 
smaller inside the beam than in dusty plasma case. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Wake force induced by a MeV proton 
in the longitudinal direction, as a function of the longitudinal coordinate at various transverse distances 
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Figure 4 : Wake force induced by a MeV proton in the transverse direction, 
as a function of the longitudinal coordinate at various transverse distances 
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ICF03 
 
Task Title: LASER-MATTER INTERACTION AT RELATIVISTIC 

INTENSITIES AND FAST IGNITER STUDIES 
 
 
INTRODUCTION 
 
 
The objective of this task was to study, both experimentally 
and theoretically, the physical mechanisms of laser-matter at 
relativistic intensities, including laser channelling, electron 
transport properties beyond the Alfven limit, and the 
heating by fast electrons with targets having an electron 
density close or above critical density. 
 
Very promising and new optical diagnostic techniques of 
relativistic plasma dynamics such as coherent transition 
radiation and short-pulse laser reflectometry have been 
studied. 
 
Detailed K-alpha line measurements have been performed 
to image and characterize quantitatively the electron-heated 
target core, in conjunction with soft x-ray imaging. Original 
results in the development of numerical methods for multi-
dimensional particle-in-cell simulations have been obtained. 
 
The possibility to perform large-scale simulations, with 
reduced edge effects, has been particularly emphasized, 
with over-dense simulations showing hosing instabilities, 
electron jets formation, and not-so-cold return currents.  
 
Acceleration mechanisms for positively charged particles 
such as protons have been studied theoretically. Accurate 
results have been obtained concerning the structure of the 
ion front, the resultant ion energy spectrum and the 
maximum ion energy. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL ACTIVITIES 
 
Rear-side optical self-emission from ultra intense laser 
pulse interactions with solid targets have been used to study 
electron transport issues. A schematic view of the 
experimental set-up can be seen in figure 1. 
 
A prompt emission associated with a narrow electron jet has 
been observed up to aluminium target thicknesses of 
400 µm with a 17° typical spreading half-angle. 
 
The quantitative results on the emitted energy are consistent 
with models where the optical emission is due to transition 
radiation of electrons reaching the back surface of the target 
or due to a synchrotron-type radiation of electrons pulled 
back to the target.  

Visible emission

X-UV image
(180 Å )

X-K αα spectroscopy

Multi-layer target
 or simple target

X-ray image
of burried layer

Optical reflectometry

Optical shadowgraphy

 
 

Figure 1 : Schematic view of the experimental set-up 
showing the various optical diagnostics 

(shadowgraphy, reflectometry, spectrally resolved visible 
emission) and the imaging and dispersive 

(around the K-alpha lines) x-ray diagnostics 
 
Typical time-integrated and time-resolved images are 
presented in figure 2. On the left, in the time-resolved image 
of a full energy shot (> 10 J on target) onto a 35 µm thick 
target, a central narrow bright spot surrounded by a less 
intense region is observed. On the right is the time-resolved 
image of a moderate energy shot (~ 5 J on target) onto a 
75 µm thick target. 
 

 

2 ns

Al 75 µµm  Elaser  8 J

 

 
Figure 2 : Time-integrated (left) and time-resolved (right) 

emission from the rear of the target: the bright, 
short duration emission at the bottom of the right image 
lasts approximately 10 ps and corresponds to the bright 

spot observed on the left spatially resolved image 
 
This result allowed us to distinguish two types of radiation: 
a first very short duration (less than 10 ps) and very intense 
signal, followed by a much less intense and long duration 
signal (of a few ns). 

Short-duration signal 
~ 10 ps 

20 µm

200 µm 

35 µ m Al 
target 
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The first one, to which corresponds the bright spot in the 
integrated image (see figure 2 left), is attributed to fast 
electrons reaching the target rear surface, whereas the 
second one is thought to evidence the thermal emission of 
the cooling and expanding plasma heated by the fast 
electrons and the associated mechanisms. The signal 
observed about 4.5 ns after the short signal is interpreted as 
the breakout of a thermal wave after burning through the 
target.  
 
A conically bent KDP crystal x-ray spectrometer was used 
to measure the spectrum between 7 Å and 8.5 Å. This 
domain includes the cold Al K-alpha line as well as the 
shifted K-alpha line of heated and ionized Al. 
 

Cold K αα
8.339 Å

Shifted  K αα
8.275 Å

Al 28 µm

λ

0.07 Å

 
  

2 µm

110 µm

 
 

Figure 3 : Spectrum for a 28 µm thick Al target (left, 
showing cold K-alpha line at 8.339 Å and ionized K-alpha 
line at 8.275 Å) and Ti K-alpha pictures (right) for a 2 µm 

thick Ti target (top) and a sandwich target with 110 µm  
of Al in the front (bottom) 

 
A typical spectrum is shown in figure 3 (left) for a 28 µm 
thick Al target and incident laser energy of 10 joules. It 
shows a broad cold K-alpha emission spot (at 8.339 Å) and 
a shifted K-alpha line at 8.275 Å. This K-alpha line is 
relatively weak and is only visible up to 50 µm thick targets. 
 
The shift corresponds to an ionization stage (Z*) of 5. From 
a local thermodynamic equilibrium, the estimated 
temperature is of the order of 40 eV. In order to diagnose 
the propagation of the fast electrons in the bulk of the 
target, the Ti K-alpha line at 4.5 keV of embedded 20 µm 
thick Ti layers in Al/Ti/Al sandwich targets was imaged 
using a spherical Bragg crystal with a resolution of 10 µm. 
Two examples are shown in figure 3 (right). In agreement 
with XUV images taken in similar shots, the data show a 
minimum radius of  34 µm and a cone angle of ± 27°. 
 
THEORETICAL AND NUMERICAL ACTIVITIES 
 
In order to study fast electrons generation by ultra-intense 
laser pulses interacting with over-dense plasmas, 2D PIC 
simulations have been performed in various cases: sharp or 
smooth density gradients, weakly to strongly relativistic 
intensities, plane or focused waves. 
 
In all cases, fast electrons are emitted with an angular 
spreading of their velocity, which cannot be explained by 
interface deformations or by the laser beam focusing. 

It is found that, at least for sharp density gradients, this 
angular dispersion is linked to a transverse instability that is 
localized in the vicinity of the skin depth layer. High 
intensity magnetic fields are produced, leading to trapping 
and scattering of the energetic electrons. To illustrate these 
findings, the simulation of the interaction of a 1019 W/cm2 
laser pulse with a circular plasma - showing a linear density 
gradient from nc (edge) to 5nc (core) - is presented. The 
total radius of the target is 65 µm and the initial temperature 
is 10 keV. 
 
One can see (figure 4) on the left image (the electron 
density being plotted) the onset of the formation of an 
asymmetrical, conical channel and the building of an over-
dense electrostatic shock (black zone) in the exterior region 
of the target. In the right image (showing the electron 
energy), the asymmetry is also present in form of supra-
thermal electron jets, preferentially bent toward the top of 
the image. A very fine structure, barely visible on this 
reduced image, is found at a wave number of 2 k0

-1, 
suggesting an acceleration mechanism by the Lorentz force 
jxB. The observation of coherent transition radiation at the 
rear of laser-irradiated targets could be well related to these 
correlated electron jets, at twice the laser frequency, 2 ω0. 
 

 
 

Figure 4 : Electron density (left) and electron energy 
(right, in keV) as a function of space at 1ps 

in the laser pulse (units are 1000 k0
-1~160 µm) 

 
The analysis of the electron currents is very instructive (see 
figure 5). Electrons of energies below 100 keV (left) make 
the return currents, oriented in the direction opposite to the 
laser. 
 
Particle of intermediate energies (middle), penetrate deeply 
inside the target. The lack of mass currents in the target core 
is explained by the relatively lower electron temperature (as 
exhibited in figure 4 - right). The current asymmetry is 
clearly visible in the highest energy range (right). 
 
Absorbed laser energy is about 20 % at 1ps into the laser 
pulse. This energy further increases with the continuing 
growth of the plasma channel. 
 
In the field of positively charged particle acceleration, the 
freely expanding plasma model has been revisited in terms 
of charge separation effects and structure of the ion front. 
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The 1D model solves the equations of continuity and 
motion for the ions, the charge separation field being 
obtained by the solution of the Poisson equation. The 
electrons obey a Boltzmann distribution at a given (supra-
thermal, and even relativistic) temperature. 
 
If one assumes quasi-neutrality, a self-similar solution of the 
model can be found, which is relevant to the physics of the 
ion acceleration mechanisms only if the initial Debye length 
is smaller than the self-similar scale length, governed by the 
(ion) speed of sound, i.e. for ωpit < 1, where ωpi is the ion 
plasma frequency. Otherwise, the self-similar model 
predicts an unrealistic infinite ion velocity. 
 

 
Figure 6 : Energy spectrum per surface unit 

for two different times in units of the plasma ion frequency, 
the dashed line being the self-similar solution 

 
The numerical solution of the model provides much more 
physical results, as exemplified in figure 6. 
 
The ion energy spectrum is plotted as a function of the ion 
scaled energy for two different times ωpit = 30, and ωpit = 
100. Ions show a very well defined maximum energy 
evolving as the square of the logarithm of the scaled time 
ωpit. 

When comparing with real experiments, additional effects 
have to be taken into account, such as non-Maxwellian 
electron distributions, electron recirculation in thin foils, 
electron temperature dynamics, multi-dimensional effects, 
ionization mechanisms, and magnetic field effects. 
 
 
CONCLUSIONS 
 
 
Experiments on the generation and transport of fast 
electrons and on the resulting heating of the target have 
been conducted on the 100 TW LULI laser facility at a 
maximum intensity of �  3 1019 W/cm2 and a maximum 
laser energy of 10 J.  
 
The results show a modest heating of the target, of the order 
of 20-40 eV up to 50 µm of Al. 
 
This is consistent with about 10 % to 30 % of the laser 
energy being transferred to fast electrons inside a large 
angle cone, typically ± 20° to ± 40°. 
 
2D PIC simulations have been performed for sharp or 
smooth density gradients, plane or focused waves. 
 
In all cases, fast electrons are emitted with an angular 
spreading of their velocity, which cannot be explained by 
interface deformations or by the laser beam focusing. 
 
High intensity magnetic fields are produced, leading to 
trapping and scattering of the energetic electrons. A simple 
model for ion (proton) acceleration based on free plasma 
expansion has been revisited.  
 
Accurate results have been obtained concerning the 
structure of the ion front, the resultant ion energy spectrum, 
and more specifically the maximum ion energy. 
 

Figure 5 : Electron mass current maps at 1ps in the laser pulse for various ranges of electron energies 
(units are 1000 k0

-1 ~ 160 µm) 
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ICF04 
 
Task Title: EU COLLABORATIVE EXPERIMENT ON THE FAST IGNITER 

CONCEPT 
 
 
INTRODUCTION 
 
 
Petawatt lasers are state-of-art tools to probe matter under 
the extreme conditions reached in Inertial Confinement 
Fusion. In order to simultaneously minimize their operation 
costs and maximize their performances (energy delivered on 
target, repetition rate), wave front analysis and control 
through active laser phase correction are of great 
importance. 
 
The objective of this task is then to develop a complete 
automated system, consisting of an adaptative mirror and a 
phase front measurement device connected in a closed loop, 
to be inserted in the future LULI pico2000 and GSI 
PHELIX PW laser chains. 
 
In a first exercise, prototype tests of the LULI closed-loop 
adaptive optics system (AOS), composed of a wave front 
sensor, a 98 mm bimorph deformable mirror and a 
Labview®-based convergence loop, have been conducted 
with cw-lasers. Then, the AOS has been implemented on the 
LULI 100TW laser facility and improvements of the beam 
focusability and of the repetition rate checked.  
 
 
2002 ACTIVITIES 
 
 
PROTOTYPE TESTS WITH CW LASERS 
 
Description of the LULI adaptative optics closed-loop 
system (AOS) 
 
Basically, an AOS is composed of three key elements: 
 
- a wave front sensor: because of three remarkable 

properties: achromaticity, high resolution and adjustable 
sensitivity, an achromatic three-wave lateral shearing 
interferometer (ATWLSI) has been used; 

 
- a deformable mirror: a 98 mm bimorph dielectric coated 

deformable mirror has been developed by the Adaptive 
Optics for Industrial & Medical Applications Group in 
Moscow and acquired by the LULI; 30+1 actuators 
allow theoretical correction up to Zernike 15th order 
with excursions up to 6λ; the dielectric reflective 
coating meets the requirements for high damage 
threshold (> 3 GW/cm-2 in ∆t = 1 ns); 

 
- and a home-made Labview®-based convergence loop. A 

far-field measurement is systematically used to estimate 
the quality of the convergence. 

Prototype tests  
 
A large aperture (110 mm), high-quality, collimated beam 
issued from a cw YAG laser (λ = 1.06 µm) has been used 
for preliminary testing. Three points have been investigated: 
(a) calibration of the closed-loop system, (b) determination 
of the useful aperture comparing with the beam diameter, 
and (c) choice of a wave front reference. The results are the 
followings: 
 
(a) a maximum phase shift of about 3λ and a rms of 

λ/1.32 is measured, when no voltage applied on the 
mirror; at the end of the convergence, the wave front 
distortion peak to peak decreases to 0.15λ and the rms 
to λ/50; 

 
(b) 80% of the mirror aperture can be used for a good 

wave front correction; 
 
(c) wave front reference can be generated using a pinhole 

located in the co-focal plane of an afocal system in 
front of the wave front sensor; the pinhole dimension 
is less than the diffraction limit. 

 
IMPROVEMENT OF LULI 100TW CPA LASER 
SYSTEM FOCUSABILITY AND REPETITION RATE  
 
Thermal effect evolution in the LULI 100 TW facility 
 
The LULI 100TW CPA laser facility is composed of a 
100 fs Ti:Sa oscillator, a temporal stretcher, a Ti:Sa 
regenerative pre-amplifier, a mixed Nd:glass amplification 
chain and a compressor. It delivers a 30 J/300 fs pulse on 
target, corresponding to the high peak power of 100 TW. 
The standard repetition rate of the facility for full-energy 
shots is 20 minutes. After each shot, the heat generated in 
the amplifiers by the flashlamp pumping system is 
responsible for most of the wave front distortion. This phase 
shift decreases towards zero only after 40 minutes.  
 
In order to study the beam focusability of the LULI 100TW 
chain, a series of full-energy shots with the nominal 
repetition rate of 20 minutes have been carried. A far-field 
measurement is used to characterize the influence of the 
cumulative thermal effect. 
 
The first shot is launched when the laser chain is cold, so 
that the focal spot exhibits a Strehl ratio of 0.8 with a full 
width at half maximum (FWHM) ~ 1.2 times diffraction-
limited (figure 1(a)). 
 
As full-energy shots are continuously launched every 
20 minutes, the central peak spot becomes asymmetrical 
and larger and more energy is spread in large wings. 
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Figure 1 : Focusability of  the LULI 100TW laser beam 
during a full-energy shot series (c) 

strong degradation of the 1st “cold” spot (a) 
is observed  from the 5th shot (b) 

 
Figure 1(b) shows the 5th shot strongly degraded focal spot. 
Along the shot sequence, the Strehl ratio (solid line on 
figure 1(c)) decreases from 0.8 to 0.3 and the central peak 
of the focal point (dashed line on figure 1(c)) stretches from 
5 µm to more than 10 µm. In conclusion, wave front control 
and dynamic correction before each shot becomes 
mandatory if one wants to take advantage of the full 
repetition rate of 20 minutes while keeping a good 
focusability. 
 
Closed-loop Adaptive Optics setup and wave front 
correction results 
 
The closed-loop adaptative optics system has then been 
implemented on the LULI 100TW laser facility, and test 
during a series of full-energy. The 98 mm deformable 
mirror has been placed behind the 108 mm disk amplifier. 
2 % of the total output energy is transmitted through the exit 
mirror and is used for wave front and far-field 
measurement. 
 
Based on the wave front measurement à 10 Hz, the 
convergence loop and the phase correction are performed 
several seconds before each shot in order to avoid deviation 
of the phase. 
 
The significant results can be summarized as follows: 
 
- the near diffraction-limited focal spot recorded during 

the high-energy shot demonstrates the excellent 
focusability of the beam (see figure 4 (a)); 

 
- figures 4 (b) and (c) show a very good similarity of the 

focal spot between the first full-energy shot and the 5th 
shot. The near-diffraction-limited focal spot quality is 
maintained during this sequence of 20 minute full-
energy shots with a calculated Strehl ratio 0.9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Focusability of the LULI 100TW laser beam 
during a full-energy shot series if AOS operational: 

no degradation between the 1st “cold” spot (b) 
and the 5th shot (c) is observed; near-diffraction limited 

focalization is in fact reached (a) 
 
 
CONCLUSIONS 
 
 
These preliminary experiments have demonstrated that the 
precise measurement of the spatial phase distortion of a 
laser beam is essential to correctly design an AOS, 
especially to determine the actuator number and the actuator 
distribution for the deformable mirror. This will be shortly 
done on the currently under construction LULI kJ chain to 
finalize the PW concept. 
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ICF-KiT-PRC 
 
Task Title: OVERVIEW ON POWER REACTOR CONCEPTS 
 
 
INTRODUCTION 
 
 
The IFE-KiT task, for the FY2002 aimed at monitoring the 
worldwide progress in the Inertial Fusion Energy programs. 
It completes the last year monitoring assessment, [P1]. The 
details of this monitoring assessment are reported in [P2]. 
We expose here only the most marked progress. The most 
significant and relevant R&D activities are those carried out 
in the US research centers and universities, [P2]. We give 
in the following a brief description of the most marked 
progress in the IFE research activities. 
 
 
2002 ACTIVITIES 
 
 
PROGRESS IN IFE R&D ACTIVITIES 
 
Although NIF, LMJ, GEKKO XII, SGII will provide the 
needed data on burning ICF & IFE plasma, none of them 
will have the capability to operate at high repetition rate nor 
to manage the fusion power at high repetition rate. 
Moreover, they have neither the efficiency nor the 
durability needed for the commercial power generation. 
Substantial scientific and technical issues must be 
identified, studied and resolved in parallel. The modularity 
of the IFE power plant components makes it possible to 
study these issues in scaled facilities where limited sub-sets 
of phenomena could be studied. That will guide the design 
and the construction of other experiments with higher level 
of integration. 
 
The IFE community refers to these facilities as “Integrated 
Research Experiment” facilities or shortly IRE’s facilities. 
This is one of the most significant achievements in the past 
recent years. The IRE’s facilities should provide the bases 
of the sciences and technologies needed for the 
demonstration of the feasibility of the IFE power plants. 
Among these identified scientific and technical issues, the 
first wall of the IFE power plant attracts the highest interest. 
 
The most significant efforts are those employed in the 
Liquid First Walls (thick, thin) research activities. 
Experiments with water jets, scaled to be hydro-
dynamically equivalent to a power plant liquid chamber can 
now achieve both the required smooth jets and the principle 
of oscillation for rapid clearing after the shot [R1]. 
 
During 2001-2002, the IFE community has almost 
converged towards the “Nominal Baseline Power Plant 
Concepts”, [P2]. This is indeed another significant 
achievement. It should allow in the next years to elaborate 
relevant R&D programs and to determine the 
“Requirements & Specifications for the IFE Power Reactor 
Concepts”. 

Other principal achievements, monitored in the US Fusion 
Community are: 
 
- A consensual principal strategy for chamber R&D 

during the IRE phase founded on “ … the development 
of detailed, integrated chamber response models.” That 
includes both experimental and numerical models, [R2]. 

 
- The HIF power plant conceptual design that meets the 

pulse rate, cost, and efficiency and is consistent with the 
HIF requirements: the target beam energy, peak power, 
pulse shape, ion range, and focal spot size and which is 
consistent with a thick-liquid protected chamber, target 
illumination geometry, and propagation through hot 
chamber vapor [R2, Appendix I-HIF]. 

 
- A formal definition of the critical issues related to the 

base-line conceptual design for Heavy-Ion drivers uses 
thick-liquid chamber with indirect-drive, such as, [R2]. 

 
PROGRESS ON POWER REACTOR CONCEPTS 
DESIGN 
 
An IFE Power Plant concept is the integrated design of a 
target, a driver, a chamber and a thermal power conversion 
system. As far as we are focusing on IFE Chamber 
concepts, three major categories are explored since the 
early age of investigations (~ 1980) and still being 
explored: dry-wall, wetted-wall and thick-wall designs. The 
concepts that are most mentioned in literature are given in 
[P2]. No significant progress has been monitored during the 
FY1999-2002. 
 
All of these concepts have almost received relatively equal 
interest of the designers but are still at different state of 
progress and reporting. If we use as criteria the number of 
available papers and presentations on the concept in the 
scientific media, HILIFE-II and Sombrero are by so far the 
most referenced concepts (class 4). 
 
They are followed by Osiris and Prometheus (class 3). 
Libra and Solase concepts occupy the 3rd rang (class 2). The 
least published is Hiball (class 1), [P2]. This classification 
counts only for the number of papers and presentations 
treating one or more aspects of the associated concept, 
where: 
 
- Class 1: less than 5 published papers/presentations, 
 
- Class 2: 5 <  Nb of published papers/presentations 

≤  20, 
 
- Class 3:  20 <  Nb of published papers/presentations 

≤  40, 
 
- Class 4:  40 <  Nb of published papers/presentations. 
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It does not tell how original is the paper/presentation. 
Consequently, it does not reflect the new progress in the 
concept design. It is also limited to the papers/presentations 
monitored by the author. 
 
This is almost the same situation since 1999, [R3], when 
the final report of the Inertial Fusion Concepts working 
group cites that: “ The IFE power plant concepts thus 
appear to be settling down to two main lines;1) a heavy-ion, 
indirect drive target and a thick-wall chamber, and 2) a 
laser, direct drive target and a dry-wall chamber, both with 
a wetted-wall chamber as a “back-up” option”. During the 
FY2002, this tendency has been confirmed. 
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ICF-XUV-Diag 
 
Task Title: DENSE PLASMA DIAGNOSTICS USING HIGH ORDER 

HARMONICS GENERATION 
 
 
INTRODUCTION 
 
 
As well known, a laser pulse cannot propagate in a plasma 
whose density exceeds the corresponding critical density, 
Nc. For example, Nc ≈ 2.1021e-/cm3 for a wavelength of 
790 nm. Thus, probing dense plasmas requires the use of 
short wavelength. The high order harmonics generated in 
rare gases [1], [2] provide such a source. They are spatially 
and temporally coherent, shorter than the initial pulse, 
naturally synchronised with the laser and can work at high 
repetition rate. For example, the 11th harmonic of the Ti-Sa 
laser, (λ �= 72 nm) can propagate in a 1023 cm-3 density 
plasma over a distance of a fraction of micron.  The 
attenuation of the harmonic comes from the very efficient 
linear absorption of the UV light by the plasma. In our 
experiments, the plasma is produced by intense irradiation 
of thin aluminium (Al) and plastic foils (100-200 nm 
thickness). 
 
To create a hot, very far from equilibrium plasma, we 
focused a very intense and short laser pulse on the target. 
The intensity reached in the focus is close to 1018W/cm2. 
We studied the temporal evolution of such a foil explosion. 
The way the plasma expands is supposed to give decisive 
information on the dynamics of the processes involved and 
on the existence of laser coupling conditions good enough 
to generate very high intensity effects such as hole boring 
creation, subject of interest for ignition fusion experiments. 
 
We will report on two sets of experiments concerning the 
time dependant absorption of high order harmonics. These 
series of experiments will serve to prepare more ambitious 
studies which consist in interferometric measurements, 
allowing to evaluate the instantaneous refractive index and 
the electron temperature. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL SET-UP 
 
The experimental set-up is presented in figure 1. The 
UHI10 laser facility delivers 790 nm wavelength pulses 
(Ti:Sa laser based on the CPA technique) with 65 fs 
duration, at a repetition rate of 10 Hz. The energy per laser 
pulse is around 600 mJ, leading to a power of 10 TW. The 
system is divided in two parts: a low energy arm, with the 
same duration as the main pulse, is used to produce 
harmonics after focusing in a Xenon gas jet, and the ultra-
intense arm is focused at 11.5° from the normal incidence 
on the target using a f = 50 cm off-axis parabolic mirror. 
The intensity at the focal point is close to 1018 W/cm2. 

The harmonics, focused on the thin film using a toroidal 
mirror without wavelength selection, are dispersed in a 
VUV spectrometer and detected on microchannel plates 
(MCP) coupled to a phosphor screen and a charge-coupled 
device (CCD) camera.  
 

MCP
CCD

UV
spectro

Xe jet

MPT

D1

D2  
 
M : Toroidal focusing mirror 
P : Off-axis holed parabolic mirror 
T : Target (thin foils) 
D1 : IR filtering diaphragm 
D2 : diaphragm 
 

 IR pump beam 
 IR probe beam 
 (annular) 
 High order 
 Harmonics 
 probe beam 

 
Figure 1: Experimental set-up 

 
EXPERIMENTAL RESULTS 
 
First set of experiments 
 
We limited the study to H11 in this run. In principle, the 
transmission of H11 (72 nm) in the 100 nm aluminium thin 
foil is of 65 % [3]. It was measured to be 20 %, resulting 
from the attenuation of the pure Al 100 nm foil and the 
additional oxidation (Al2O3) of the surface. This value is 
obtained by the evaluation of the ratio of the integrated 
signal recorded on the CCD camera when the harmonics 
pass through the target (in the case of Al foil) to the signal 
without any target. Note that we are sensitive to shot to shot 
fluctuations of the laser pulse generating the harmonics. 
This gives an error bar in any detected signal which has 
been evaluated to +/-10 %. 
 
In figure 2, we present a temporal variation over 300 ps of 
the transmitted signal (normalised to the transmission of the 
Al foil without pump) recorded for the H11. It shows clearly 
three features: for negative delays (the probe impinges the 
target before the main 1017 W/cm2 pulse), the transmission 
is constant, in the vicinity of the peak intensity, the 
transmission varies very suddenly and latter, the 
transmission reaches a constant value. We note that, for 
negative delays, the transmission is about 40 % instead of 
the 20 % measured without pump. Close to the peak 
intensity, as shown in the inset of figure 2, the signal has a 
more complex time dependence. This behaviour was 
reproducible for many series: on the picosecond time scale, 
the transmission increases, then decreases and finally 
increases continuously to reach the final value of about 
65 %. 



 - 428 - Inertial confinement 

 

-1,0 -0,5 0,0 0,5 1,0 1,5 2,0

40

45

T
ra

ns
m

is
si

on
 (

%
)

δτ (ps)

-150 -100 -50 0 50 100 150
35

40

45

50

55

60

T
ra

ns
m

is
si

on
 (

%
)

δτ (ps)

 
 
Figure 2 : Temporal evolution of the absolute transmission 

of H11 through a plasma created by irradiation 
(I ≈ 2.1017 W/cm2) of 100 nm Al foil, for a time delay (δτ) 

between the pump and the probe pulse from –150 ps 
to +150 ps.  Inset : zoom around the peak intensity 

 
Second set of experiments 
 
In this campaign, performed slightly after the previous one, 
three harmonics were detected simultaneously: H11, H13, 
H15. The idea was that several harmonics (at least two) are 
expected to present different behaviours, giving the 
possibility to get simultaneously the plasma density and 
temperature [4]. A typical spectrum showing the three 
harmonics and the plasma self emission is presented in 
figure 3. The contrast between the harmonics signal and the 
plasma self emission was sufficiently high to detect 
intensity variation of harmonics.  
 

 
 
λ            Η11        Η13           Η15  

 
Figure 3 : Typical image of harmonics: H11, H13  
and H15 in presence of the high intensity pulse. 

The self emission of the plasma can be visualised all over 
the image, as well as an additional “ghost” signal 

located between the H11 and H13 signals 
 
On figure 4, the results presented have been obtained with 
100 nm Al foil. The temporal scale has been slightly 
reduced from -75 to +15 ps after the interaction with the 
pump laser pulse. We note that, if the general behaviour is 
at first sight not very different than previously, the error bar 
on the measurements is much more important than the one 
estimated coming from shot to shot fluctuations. In 
particular, the transmission close to the peak intensity 
presents a chaotic behaviour and is not, as it was before, 
reproducible.  
 
To try to understand this new and unexpected situation, we 
changed the target to a 200 nm thickness plastic (C-H) foil. 
The difference is that the plastic cannot transmit harmonics. 
We are then supposed to start from an absence of 
transmission for negative delays. 
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Figure 4 : Temporal evolution of the relative transmission 

of H11 through a plasma generated by irradiation 
(I = 8,7.1017 W/cm2) of a 100 nm Al foil 

and a time delay (δτ) from –75 ps to +15 ps 
Inset : zoom around the peak intensity 

 
As shown in figure 5, it depends on the laser shot. 
Everything behaves as if sometimes the transmission is zero 
and sometimes not. As usual we observe an increase close 
to the maximum and, contrary to the metallic case, the 
transmission goes back to zero. 
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Figure 5 : Temporal evolution of the relative transmission 

of H11 through a plasma created by irradiation 
(I = 3,2.1017 W/cm2) of 200 nm plastic foil 

for δτ from –850 ps to 650 ps 
 
DISCUSSION 
 
Let us first discuss the results of the first set. The fact that 
the transmission is about 40 % instead of the 20 % 
measured without pump leads us to conclude that the signal 
is strongly influenced by the pedestal present in the pulse 
on nanosecond time scale, generating a plasma still in 
expansion well before the main peak.  
 
We must then consider the propagation of a high intensity 
pulse in a relatively low density plasma [5]. Close to the 
maximum, the sudden increase and decrease of the 
transmission could be due to a hole boring effect 
(instantaneous channel creation by the main pulse) followed 
by a space charge repealing effect [6]. 
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For long delays, the plasma temperature decreases leading, 
as well known, to an increase of the transmission. 
 
The second set was supposed to confirm the previous 
results. That was not the case and that illustrates the 
sensitivity of this kind of experiments to the spatial and 
temporal laser profiles. This is confirmed with the 
experiment on C-H. Probing before the interaction with the 
main pulse have shown, with an amount of the shots, that 
the harmonics were not transmitted (unbroken foil) and 
with the rest that the harmonics were slightly transmitted 
(broken foil). It seems to show that we are submitted to the 
ASE and pre-pulses level variations which could play a 
crucial role in our experiment. This increases our error bar 
and makes difficult the interpretation of the results. 
 
We can note that our diagnostic is better adapted to detect 
radial effects than longitudinal ones because the transmitted 
signal results from attenuation over the path length almost 
perpendicular to the target.  
 
 
CONCLUSION AND SHORT TERM PERS-
PECTIVES 
 
 
In this task, at the middle term of the first deliverable, we 
have pointed the major problem of the stability of the high 
intensity laser and especially the pedestal effects. 
 
As the peak intensity of laser increases, the problem of the 
ratio between the main pulse and the prepulses and ASE 
energy becomes more and more crucial. In the same 
experiment, a part of the shots leads to the interaction of a 
high intensity pulse with a thin foil and for the other part of 
shots, the main pulse interacts with a pre-plasma. A pre-
plasma is formed leading to laser energy absorption and 
propagation problems hard to control. We demonstrate that 
theses effects strongly penalise experiments where the 
direct interaction with the solid density is required. One of 
the possibilities to overcome this difficulty could be the use 
of the so called “plasma mirror” [7]. 
 
Briefly, the idea is to install before the target a transparent 
dielectric. Under suitable conditions, the dielectric remains 
transparent for the incident pedestal whereas the main peak 
is totally reflected. The rapid increase of reflectivity results 
from the interaction with the main pulse leading to sudden 
injection, by multiphotonic or tunnel ionisation, of enough 
electrons in the conduction band to overtake the critical 
density (2.1021 cm-3 at 790 nm). It is then reflected back 
without prepulses and ASE energy. 
 
To conclude, after an adaptation of a more suitable 
geometry and a plasma mirror implementation, we have 
good confidence that our results concerning the 
transmission of harmonics will be reproducible. This is of 
prime importance for the continuation of this program in 
view of the interferometric measurements in the UV part of 
the spectra. 
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