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a b s t r a c t

We report on experimental results of the fast electron transport in compressed plasmas, created by laser-

induced shock propagation in both cylindrical and planar geometry. Two experiments were carried out.

The first one was based on the compression of a polyimide cylinder filled with foams of three different

initial densities (r0). X-ray and proton radiographies of the target during the compression coupled

with hydrodynamic simulations show that the obtained core densities and temperatures range from 2 to

11 g/cm3 and from 30 to 120 eV, respectively. By studying the K-shell fluorescence from dopant atoms

inside the target and from tracer layers situated at both front and rear side of the target it has been possible

to investigate the fast electron propagation. The results show that Cu Ka yield emitted by the target rear

side foil decreases with increasing compression, independently of r0. An electron collimation can also be

observed for certain experimental conditions where a convergent resistivity gradient interacts with the

fast electron beam. The second experiment was performed in a planar geometry with a compressing shock

counter-propagative to the fast electron beam. In this case the areal density rz seen by the electrons is

constant during the compression in such a way that changes in the fast electron range should be ascribed

to collective mechanisms. The study of the Ka fluorescence, from buried fluorescent layers of different

atomic numbers, shows that the electrons with energy o75 keV are more affected by resistive losses in

compressed compared to non-compressed targets. These two experiments were part of the Experimental

Fusion Validation Program of the HiPER project.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

In the Fast Ignition (FI) scheme [1] of the Inertial Confinement
Fusion (ICF), a small sphere of CH filled with a Deuterium–Tritium
ll rights reserved.

(J.J. Santos).
(D–T) mixture is compressed by multi 100 kJ laser beams. At
stagnation a relativistic electron current, generated by short
pulse high intensity laser beams, propagates in the compressed
region over approximately 100 mm from the critical density
region (r � 1�10 g=cm3, T � 1�10 eV) till the compressed core
(r � 400 g=cm3 and T � 300 eV) where it efficiently deposits the
main part of its energy (15220 kJ in less than 20 ps) and thus heats
the fuel to thermonuclear fusion ignition conditions. Crucial issues
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of this ignition scheme remain in the control of the fast electron
source and its transport through a highly overdense plasma.
Several experiments have been realized using cold solid targets
in planar geometry in order to investigate the laser to fast electron
energy coupling efficiency [2], the fast electron beam divergence
[3,4] or temperature [5]. However, in such experiments the
achieved plasma densities and temperatures are far from those
expected in the case of FI. Such difference could exhibit a modified
behavior in the fast electron population especially in the electron
stopping power or their divergence.

The two experiments described hereafter were designed to
study the transport of fast electrons in compressed targets. The first
experiment [6] (Section 2) consisted to radially compress a hollow
cylindrical target filled with foams at different initial densities r0

and to study the fast electron transport along the cylinder axis.
This compression geometry allows to achieve higher temperatures
and compression factors than obtained in a simple planar com-
pression, approaching plasma conditions of the dense region
around the compressed D–T in an imploded FI target [7]. None-
theless, in this case, the compressed region radius is limited to few
tens of microns. The second experiment (Section 3) was devoted to
the electron transport in 1D-counter-propagative shock com-
pressed target (i.e. the electrons propagate in the opposite direction
to the shock). During the compression the areal density seen by the
electron beam is constant. As the collisional energy losses depend
mostly on the areal density, a modified behavior in the fast electron
transport between compressed and non-compressed targets
should be essentially ascribed to collective mechanisms.
2. Cylindrical compression experiment

2.1. Experimental setup

The experiment has been performed on the VULCAN TAW laser
facility at RAL (UK). Four long pulses (LP) high intensity laser beams
(4�70 J, 1 ns, 0:53 mm at 2o) were used to radially compress
200 mm long, 220 mm outer diameter and 20 mm thick polyimide
cylinders (rpoly ¼ 1:1 g=cm3) filled with CH foams of three different
initial densities (r0 ¼ 0:1, 0.3 or 1 g=cm3). The cylinders were
closed by 20 mm Ni and Cu foils placed, respectively, at the front
and at the rear side. An additional short pulse (SP) beam
(5� 1018 W cm�2, 10 ps ato) was focused on the Ni foil to generate
a fast electron current at the front side of the cylinder. In order to
prevent the interaction of the SP beam with low density ablation
plasma created by the LP beams during the compression, a tube-
shaped plastic coated gold shield was stuck onto the Ni foil
(see Fig. 1). The target design was previously optimized using
the 2D-hydrodynamic code CHIC [8] developed at CELIA, according
to the VULCAN laser specifications to produce classic, coupled and
Fig. 1. Geometry of the compression with the four long pulse laser beams (left) and

scheme of the cylindrical target (right).
coupled and degenerated plasmas for, respectively, r0 ¼ 0:1, 0.3 or
1 g=cm3.

The fast electron current was generated at various times during
the compression by introducing a delay (0rtr3:5 ns) between
the SP and the LP beams with an accuracy of 7100 ns (due to the
jitter).

The experiment was split into two phases. The first phase was
devoted to the characterization of the plasma parameters (density
and temperature) of the cylinder at different stages of the compres-
sion. In this phase the fast electron current was not generated and the
SP beam was focused on a 25 mm thick Ti foil to produce an X-ray
backlight source for X-ray radiography diagnostic [9]. The X-ray
source, placed 10 mm aside to the target, probed the cylinder
transversally at different delays t during the compression. A spherical
quartz crystal (2d¼ 2:748 Å, Rc ¼ 380 mm with d the inter-reticular
distance and Rc the radius of curvature) was located 200 mm across
the target and imaged the cylinder onto an imaging plate placed 2 m
away. We slightly rotated the crystal to 0:53 so that it only reflected
the 4:5 keV Ti Ka radiation according to Bragg’s law. The total
magnification of the system was estimated to M¼ 10:7 with a spatial
resolution Dx� 20 mm in the target plane. In order to improve the
contrast ratio of the X-ray radiography, 30% (in mass) of Cl atoms were
mixed with the CH foam (for this phase only). A transverse point
projection proton radiography [10] diagnostic was also implemented
to study the compression of 0:1 g=cm3 targets. However, in this paper
we focus only on the X-ray radiography. For more information about
proton radiography refer to Ref. [11].

The second phase was dedicated to the study of the fast electron
propagation inside the compressed cylinder. This study was mon-
itored by the K-shell fluorescence emitted by Ni and Cu foils,
respectively, at the front and rear side of the cylinder. In order to
observe the electrons propagation between these two foils the CH
foam was doped with 20% (in mass) of Cu atoms (only 10% for
1 g=cm3 targets). Two spherically bent quartz crystals (2d¼ 1:541 Å,
Rc ¼ 380 mm) were used to image the Cu Ka (8:05 keV) fluorescence
produced by the electrons propagation. The two crystals were placed
to simultaneously detect side on and rear-view images of the
Cu Ka emission. Two X-ray spectrometers were also implemented.
The first one, based on a cylindrical quartz crystal (2d¼ 1:012 Å,
Rc ¼ 100 mm) in Von-Hamos configuration, produced time- and
space-integrated spectra of the X-ray emission in the 7:329:3 keV
range including both Ni and Cu K-shell fluorescence lines, with a
spectral resolution of 372 eV. The second one, which monitored the
same spectral range, was made of a planar highly oriented pyrolitic
graphite crystal (HOPG). In this second case the resolution was lower
(around 50 eV), but the signal-to-noise ratio was better.

2.2. Results and interpretation

In Fig. 2b is presented a typical X-ray radiography obtained
during the compression of the cylinder. For comparison we show a
photography of the same target before the laser shot (Fig. 2a).

The experimental diameter (‘‘Full Width at Half Maximum’’:
FWHM) of the cylinder is measured at different times, to reconstruct
Fig. 2. Photography of the target before the shot (a) and X-ray radiography of the

same target during the compression at t¼ 2:2 ns (b).
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the compression history of the target. To compare it with the
2D-hydrodynamic simulations from CHIC, we calculated Ti Ka X-ray
transmission profiles through the 2D density maps given by the
code. We assumed a laminar flux of the X-rays through the targets.
Results are presented in Fig. 3.

The experimental points are corrected from the widening due to
the resolution power of the imaging system: FWHMcorrected ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

FWHM2
�Dx2

p
. For each LP laser beam the simulations assumed

a Gaussian-shaped spatial profile (Ilaser � e�ðr=r0Þ
2

with r0 ¼ 80 mm)
and a 1 ns square temporal shape with a rising time of 200 ps.
The computation has been realized for different laser energies, i.e.,
4�70, 4�48 and 4�30 J, to take into account possible errors on
the measurement of the experimental laser energy, energy losses in
the focusing optics, the shape of focal spots and on the way the laser
absorption is treated numerically by the code. The best agreement
is found for 4�48 J. This fair agreement allows to be confident in
the simulation results of the target’s density and temperature
during compression. Overall results of the hydrodynamic simula-
tions for the different initial density targets are summarized in
Table 1. They are compared to those obtained in planar compres-
sion geometry for 40 mm of Al [12].

The second phase was devoted to the study of the electron
transport through the compressed targets. During this phase two
Bragg spectrometers collected the Ni Ka and the Cu Ka emission at
the rear side of the target. On one hand, because the electrons are
generated at the front side of the Ni foil, the Ni KaðbÞ emissions can
be associated to the signature of the fast electron source. On the
other hand, the Cu Ka, emitted either from the Cu-dopped foam or
the rear side Cu foil, can be associated to the signature of the fast
electrons crossing the target. The results of the HOPG spectrometer
are shown in Fig. 4a. To account for the small shot-to-shot
variations of the fast electrons source, the Cu Ka yields were
adjusted to the Ni Kb yields for each shot. One can observe that
the later the electrons are injected during the compression the
less numerous they are to cross the target. The results from the
Von-Hamos spectrometer confirm this trend. This behavior can be
Fig. 3. Evolution the cylinder diameter as a function of the delay between SP and LP

laser beams in the case of 1 g=cm3 targets doped in mass with 30% of Cl. The

experimental points are compared to simulations considering three different LP

laser beam energies on target: 4�70, 4�48 and 4�30 J.

Table 1
Overall results from 2D CHIC simulations. tstag is the stagnation time (maximum compres

the CH foam (for planar targets the average is taken on the total layer thickness), Tmax and

during the compression. Finally fcomp represents the compression factor (fcomp � rmax=

r0 ðg=cm3Þ tstag (ns) /TSstag (eV) /rSstag

0.1 1.9 100 4

0.3 2.15 45 3.8

1 2.5 15 3.2

2.7(Al) – 4 5
explained as follows: When the compression starts the mean foam
density rises implying in the same way an average increase of the
collisional processes (e.g. electron stopping power). The electrons
are in this case slowed down more efficiently. Fig. 4b represents
the diameter evolution of the rear side Cu Ka spot measured with
the rear side imager. The results show that depending on r0 or t
(totstag or t4tstag , tstag being the stagnation time) the electrons
can be either divergent (wide Cu Ka spot diameter) or collimated
(small Cu Ka spot diameter).

Hybrid simulations of the electron transport have been per-
formed in order to explain these trends. The description as well as
the interpretation of the simulations will be the subject of an
upcoming paper [13]. However, we can briefly explain the main
results. Let us first assume that the fast electron beam is injected
close to the beginning of the compression (i.e. totstag). In this case,
for both high and lowr0 targets, the plasma temperature is low and
the converging compression shock front presents high resistivity
gradients associated to high density gradients:�@rZp@rne, whereZ
and ne are, respectively, the resistivity and the electron density of
the plasma. If the electrons are injected at this time they interact
with these high resistivity gradients, inducing an azimuthal
magnetic field Bj, according to Faraday’s law combined to Ohm’s
law: @tBj ��jhz@rZ where jhz is the electron current. This magnetic
field acts as an electron collimator. Now let us suppose that the fast
electron beam is injected later in time, i.e. t4tstag . Although
density and temperature are higher and more or less homogenized
at the target interior, new resistivity gradients appear. Now this is
sion), /TSstag and /rSstag are, respectively, the average temperature and density of

rmax correspond, respectively, to the maximum temperature and density achieved

r0).

ðg=cm3Þ Tmax (eV) rmax ðg=cm3Þ fcomp

140 5 50

85 5 16.7

42 13 13

– 6 2.2

Fig. 4. Evolution of the fast electron fraction crossing the target at various times

during the compression (top) and evolution of the rear side Cu Ka spot diameter

(bottom) for the three different initial foam densities (0.1, 0.3 and 1 g=cm3).
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mainly due to high temperature gradients located in the plasma
surrounding the compressed core: �@rZp@rTe. For low r0 targets
(0.1 or 0:3 g=cm3), the fast electron beam interacts with these
resistivity gradients since the latter are located close to the
propagation axis. A collimating magnetic field is then induced.
However for 1 g=cm3 targets, the resistivity gradients are far from
the propagation axis and do not interact with the fast electron
beam. There is no collimating magnetic field generation, and
consequently the electrons diverge across the target.
3. Planar compression experiment

3.1. Experimental setup

The experiment has been performed on the PICO2000 laser
facility at LULI (France). Foil targets with variable Al propagation

layer thickness (10, 20, 40 and 60 mm) were compressed at the rear
side by a LP laser beam (4:5 ns,220 J at 2o). An additional SP laser
beam (1:5 ps,35 J ato) was used to generate a fast electron current
at the front side of the target. The estimated SP laser intensity on
target was 1� 1019 W cm�2. In order to characterize the fast
electron population during their transport, three thin layers of
different K-shell fluorescent tracers, Ag (5 mm), Cu (10 mm) and Sn
(10 mm), were embedded inside the target. The first one (Ag), used
as a fast electron source tracer, was placed close to the front side of
the target. The two other layers (Cu and Sn), used to characterize
the fast electrons crossing the target, were situated after the Al
propagation layer. A 14 mm polypropylene layer used as an ablator
was positioned at the target rear side (see Fig. 5).

The chosen geometry of shock counter-propagative to the fast
electron flux offers the advantage of creating homogeneous and
controlled plasma conditions around the electron beam propaga-
tion axis. In this case the areal density (rz) seen by the electrons
during their propagation through the Al layer is kept constant as
well as the collisional stopping power. We consider here two
different experimental situations:
�

Sh
be
Ele
In the first situation, to generate a fast electron beam propagat-
ing inside warm and dense Al we used along SP/LP delay. This
delay was adjusted, according to CHIC hydrodynamic simula-
tions and SOP (Streaked Optical Pyrometry) measurements, to
fully compress the Al propagation layers but avoiding shock
breakthrough at the target front side.

�
 In the second situation, still using both SP and LP laser beams

but with a shorter delay, the electrons propagated in cold and
solid Al. The delay was timed to avoid the shock reaching the Al
propagation layer but enough long to create an ablation plasma
at the target rear side working as a get lost layer for fast electrons
and avoiding their refluxing in the Ka tracers.
Long pulse (LP)
laser beam
Target compression

ort pulse laser 
am (SP)
ctron generation

Ag layer
Tracer for E > 60keV

Al layer with variable thickness
Electron propagation layer Polypropylene layer 

Ablator

Sn layer
Tracer for E > 75keV

Cu layer
Tracer for E > 25keVAl layer          

Electron generation layer

Fig. 5. Geometry of the compression and target details.
Several diagnostics were used to characterize the electron
population. A spherical quartz crystal (2d¼ 1:541 Å,Rc ¼ 380 mm)
in Bragg incidence (yBragg ¼ 89:51) at � 210 mm from the target was
used to image the rear side Cu Ka fluorescence on an Andor CCD
camera placed � 2 m away. A Cauchois-type hard X-rays spectro-
meter [14] using a transmission curved quartz crystal (2d¼ 0:6884
nm) looked at the Sn and Ag Ka emissions from the target front side.
A double channel HOPG crystals spectrometer (2d¼ 0:6714 nm)
was also used to study the rear side emission from both Ag and Sn
(first channel) and from Cu (second channel) layers.

3.2. Results and interpretation

With the help of the imager, the Cu Ka spot diameter was
measured for different Al thicknesses in the case of compressed and
non-compressed targets. The effects of the compression on the Al
layer thickness seen by the electrons are taken into account. The
results are plotted in Fig. 6 and can be associated to the electron
beam radius evolution. From a geometrical point of view, it seems
to be the same for both compressed and non-compressed targets.
This is in agreement with previous measurements made in solid foil
targets (e.g. Ref. [3]) but as the compression does not produce any
effect on the fast electrons beam radius evolution, we deduce it is
mainly a result of the fast electron generation process. The number
of electrons can be estimated from the Ka fluorescence of each
tracer layer thanks to the two spectrometers. The Sn Ka and the Cu
Ka yields are the signature of the fast electrons (with energies 475
and 425 keV, respectively, according to the respective K-shell
ionization cross-sections) reaching the target rear side. The Ag Ka
yield is the signature of the fast electron source (with energies
460 keV) generated at the target front side. In order to take into
account shot-to-shot variations of the fast electron source the Sn Ka
and the Cu Ka yields are adjusted to the Ag Ka. The obtained ratios
can thus be assimilated to the fraction of fast electron reaching the
target rear side. The results are summarized in Fig. 7. According to
preliminary hybrid simulations of the electron transport the
resistive losses should be more important in compressed than
in solid Al targets in relation to a resistivity increase from cold
Al to warm Al (Te � TF ). In Fig. 7a is presented the evolution of the
Cu Ka/ Ag Ka ratio as a function of the areal densityrz. The observed
gap between compressed and solid cases is about � 10% for targets
with Al layer thickness o40 mm (i.e. rzo29 mg=cm2). Electrons
with energy o75 keV are thus more subject to resistive losses in
compressed Al. Such behavior vanish for thicker Al layers where the
integrated collisional losses erase any resistive effect. In Fig. 7b, the
Sn Ka/ Ag Ka ratio cannot be so well dissociated for compressed and
non-compressed targets. In this case the electrons with energy
475 keV seem to not be affected by the resistive mechanisms
whatever the areal density. In our experimental conditions the
Fig. 6. Evolution of the rear side Cu Ka spot diameter against the Al propagation

layer thickness seen by the electrons.



Fig. 7. Comparison of (a) the Cu Ka/ Ag Ka and (b) the Sn Ka/ Ag Ka ratios for the two

different experimental situations.
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electron beam current density has been estimated to 1011 A cm�2

at the source. This is in the range 1010o jho1012 A cm�2 where
hybrid simulations predict a measurable stopping power change
between solid and compressed Al, but the obtained results still
demand verification by numerical simulations reproducing exactly
our experimental conditions.
4. Conclusions

These two experiments performed in different compression
geometries allowed us to study the fast electron transport in various
kinds of plasmas. In the case of the cylindrical compression, we
demonstrate the possibility to infer plasma characteristics with the
help of X-ray and proton radiographies coupled to hydrodynamic
simulations. Thus, the measured densities and temperatures ranged
from 2 to 13 g=cm3 and 30 to 120 eV, respectively, equivalent to the
dense plasmas found in the HiPER baseline target at stagnation [7]
located � 70 mm from the compressed D–T shell. Such geometry has
the advantage, for certain experimental conditions, to induce high
radial resistivity gradients leading to the collimation of fast elec-
trons. Planar compression geometry produces lower compression
factors but the simpler approach allows to isolate and estimate the
importance of particular aspects of the fast electron transport, e.g.
the resistive stopping power associated to the self-generated fields.
In our experimental conditions, we infer that only electrons of
energy o75 keV are more affected by the resistive losses. Besides,
from the size of the Cu Ka signals, we deduced that the compression
does not produce any change on the fast electron beam propagation
geometry, being mainly a product of the fast electron generation.
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