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The paper describes the key points contained in the short term HiPER (High Power laser Energy
Research) experimental road map, as well as the results of two phases of the experiment performed in
“HiPER dedicated time slots. Experimental and theoretical results of relativistic electron transport
in cylindrically compressed matter are presented. This experiment was achieved at the VULCAN
laser facility (UK) by using four long pulse beams (~4 x 50 J, 1 ns, at 0.53 um) to compress a
hollow plastic cylinder filled with plastic foam of three different densities (0.1, 0.3, and 1 g cm™?).
In the first phase of the experiment, protons accelerated by a picosecond laser pulse were used
to radiograph a cylinder filled with 0.1 g/cc foam. Point projection proton backlighting was used
to measure the degree of compression as well as the stagnation time. Results were compared to
those from hard X-ray radiography. Finally, Monte Carlo simulations of proton propagation in cold
and compressed targets allowed a detailed comparison with 2D numerical hydro simulations. 2D
simulations predict a density of 2-5 g cm™2 and a plasma temperature up to 100 eV at maximum
compression. In the second phase of the experiment, a short pulse (10 ps, 160 J) beam generated fast
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electrons that propagated through the compressed matter by irradiating a nickel foil at an intensity
of 5 x 10'® Wem™2. X-ray spectrometer and imagers were implemented in order to estimate the
compressed plasma conditions and to infer the hot electron characteristics. Results are discussed

and compared with simulations.

PACS numbers: 52.38.Kd, 52.38.-r, 52.57.Kk, 52.57.-z
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I. INTRODUCTION

Many experiments have been done on inertial confine-
ment fusion (ICF), and different diagnostics have been
used [1] to follow the implosion of the target and to study
the fast-electron transport inside warm and dense matter
[2,3]. Until now, most of the experiments carried out on
this subject were designed to study cold planar targets at
solid density. Such low-density and/or cold targets may
exhibit a different behaviour of the hot electrons passing
through it, compared with the final design. In particular,
the stopping power of fast electrons should be affected
by the return current, linked to the collective effects. In
order to get closer to this goal, we have performed an ex-
periment to study the electron transport in cylindrically
compressed matter, which is a useful geometry to infer
different measurements [4]. This experiment was split
into two parts: the first one to achieve and study the
cylindrical compression. Proton radiography [5-8] was
used in the first phase to record the implosion history of
the cylindrical target. In parallel, we used X-ray Radiog-
raphy to have a comparison. Simulations were made with
the Monte Carlo (MC) MCNPX Code [9] using the den-
sity profiles of the imploded cylinder obtained with the
2D-hydro CHIC code [10,11]. Laser based protons are
characterised by small source, high degree of collimation,
short duration and a continuous spectrum upto a high-
energy cut-off. Taking radiograph with multi-energetic
protons allows the implosion history to be recorded in
a single shot. This study is one of the key objectives
within the HIPER roadmap.

Detailed hydrodynamics design was performed in
preparation of the experiment. Figure 1 shows an ex-
ample of a target used in the experiment (produced by
the RAL target prep group). Four ns laser beams were
perpendicularly focused on the plastic cylinder to drive
its implosion.

II. EXPERIMENTAL SETUP

The experiment was performed at the VULCAN laser
facility (UK). Four long-pulse laser beams (about 4 x
50 to 4 x 70 J in 1 ns) at 0.53 um, focused to 150 pm
FWHM spots through hybrid phase plates, were used
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Fig. 1. Example of a target used in the experiment (thanks
to Ch. Spindloe, M. Tolley and all the RAL target prep
group).
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Fig. 2. Schematics of the target and the laser design.

to cylindrically compress a 200 pm long polyimide tube.
This tube had a 220 pum outer diameter and a 20 pum
wall thickness, as shown in Fig. 2.

The target was filled with plastic polymer (TMPTA)
at different densities: 0.1 or 0.3 g cm™2 foam or 1 g cm ™3
solid plastic. Both sides were closed with 20pum thick foils
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Fig. 4. Schematic of the x-ray radiography setup.

of Ni and Cu, respectively. To produce the hot electrons,
an additional laser (160 J in 10 ps) was focused on the Ni
layer at an intensity of ~5 x 10'® Wem™2, by using an
f/3 off-axis parabola. In order to limit the alteration of
the picosecond beam caused by the low-density plasma
generated by the nanosecond pulses, a tube-shaped gold
shield was stuck on the Ni foil. The four nanosecond
beams were individually timed to hit the target with a
precision better than 100 ps. The delay 7 between the
long pulses and the short pulse was adjustable from 0 to
more than 3 ns with a jitter of £100 ps. At 7 = 0, the
short pulse hit the target as the long pulses arrived. The
experiment was split into two phases. The objective of
the first phase was to determine the hydrodynamic char-
acteristics of the compressed matter, i.e; its temperature
and density at optimal compression. In order to deter-
mine some of the parameters of the compressed cylinder,
an additional laser (100 J in 1ps, 20 pym FWHM) was
focused on a 10 mm distant foil to make an x-ray or
proton backlighter for the diagnostics. Transverse point-
projection proton radiography [12] can be employed to
infer the target density in shock-compressed targets. A
proton source was produced by using the short pulse laser
beam focused on 20 pm gold foil, placed 10mm away from
the target. The detector was a radiochromic film (RCF)
stack protected by a 12 pm thick Al foil, placed ~50 mm
away from the target. The stacks were composed of 5
HD and 10 MD RCFs as shown in Fig. 3.

Density measurements were also planned with an x-
ray radiography diagnostic [13]. Using Ti foils 10mm
away from the target as backlighters and a quartz crys-
tal to reflect the Ti-Ko radiation (at 4.5 keV) that passed
through the compressed target, we obtained a magnifi-
cation of ~10. In order to get sufficient absorption, the

plastic foam was doped with 30% Cl in mass. The quartz
crystal (interatomic distance of 1.374 A) was spherically
bent with a radius of curvature 380 mm. Imaging plates
positioned ~2 m away from this crystal detected the Ti-
Ka radiation, as shown in Fig. 4.

The second phase of the experiment was designed to
measure the hot electron propagation through the com-
pressed matter. The plastic foam inside the cylinder was
doped with 10 - 20% Cu in mass so as to get x-ray emis-
sion from this region. Two spherically bent quartz crys-
tals with a 1.541A interatomic distances and a radius of
curvature of 380 mm provided 2D monochromatic im-
ages, using imaging plates as detector, around the Cu-
Kal line, i.e, at 8050 £ 5 eV. These crystals were placed
to have both side- and rear-view images of the cylinder
with a magnification of ~10 and a spatial resolution be-
tween 10 and 20 pm. Cylindrically bent quartz with a
1.012 A interatomic distances and a radius of curvature
of 100 mm, produced time- and space-integrated spectra
for x-ray energies from 7.3 to 9.3 keV in a Von Hamos
configuration. Both the Cu-Ka and Ni-Ka lines could
be detected with a spectral resolution of 3 4+ 2eV. A
second spectrometer consisting of planar highly oriented
pyrolitic graphite (HOPG) monitored the same emission
lines with a much higher sensitivity [14], but a lower
spectral resolution (~50 eV).

III. EXPERIMENTAL RESULTS
1. Radiography

The experimental proton radiographs of the reference
cylinder and of the imploding cylinder at different stages
of compressions are shown in Fig 5. The minimum ob-
served diameter is ~140 pym at 2.3 ns.

From the experimental analysis it seems that low en-
ergy protons are not able to probe the dense core as
deeply as X-rays do as shown in Figs. 6(a) and (b). Pro-
tons seem to penetrate less than x-rays, that’s why we
needed to run MC simulations to recover the original size
of the cylinder in proton radiography, which is shown
in the Fig. 7. This can depend on many physical ef-
fects, among which the most important are the multiple
scattering (MS) of protons with the atoms of the target
and different behaviours of the proton stopping power
(SP) while passing through a gradient of density (e.g,
plasma temperature effects). In order to investigate all
these physical effects we have run a “start to end” sim-
ulation of the process using Monte Carlo code prepared
by LANL. In this code the SP and MS effects are taken
into account respectively with Bethe [15] and Rossi [16]
theories. Following the experimental analysis we have
extracted FWHM by using Gaussian fits and in simu-
lations we got the similar results as shown in Fig. 7, by
taking into account the above mentioned physical effects.
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Fig. 5. (Color online) The top images are showing the
compression history obtained by experimental proton radio-
graphs at t; = 0 ns, t2 = 1.3 ns, t3 = 1.7 ns, and t4 = 2.3
ns.The figure below shows the densitometries along the mini-
mum diameters. The uncompressed plastic cylinder could be
fitted with a supergaussian profile (red) while the compressed
cylinder (blue) fitted with a gaussian shape.
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Fig. 6. (Color online) (a) the comparison of the compres-
sions obtained with Proton and X-ray radiography with 2D
hydrodynamic CHIC code simulations. (b) proton (left) and
x-ray (right) radiographies of cylinder at maximum compres-
sion and corresponding optical densities profiles
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Fig. 7. Experimental and numerical points, the sets of
data are in good agreement with each other
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Fig. 8. Ratio between Cu and Ni x-ray emissions as mea-
sured with the HOPG spectrometer versus the delay , for
different initial core densities.

Fig. 9. (Color online) Side-view x-ray images of the Cu-
Ka emission from the compressed cylinder at different delays
(1 g cm™* initial density in all cases).

2. Electron Propagation in cylindrically com-
pressed targets

In the second phase of the experiment, the two x-ray
spectrometers detected the K, and the Kz emission from
both Cu and Ni foils. The Ni emission is a good indi-
cator of the electron source. The Cu signal indicates
an electron population propagating through the target.
The first interesting data are then the ratio between the
Cu and the Ni signal as it indicates the fraction of the
hot (>8 keV) electrons that reached the rear surface of
the target. These data are presented in Fig. 8 for dif-
ferent delays, given by the HOPG spectrometer. There
is a clear decrease up to 7 = 2 ns, after which the ratio
is constant. Furthermore, this effect is identical for the
three different initial core densities used. These results,
discussed below, were validated for the other spectrom-
eter and the two x-ray imagers.

The side-view x-ray imager produced images of the
Cu-K, emission from the rear Cu foil, and from the Cu
doping inside the plastic core. In the four images of Fig.
9, the emission from the core is clearly differentiated that
from the Cu foil. The vertical size of this core is about
50 pum at maximum compression, which is in agreement
with the presented simulations. One can also easily see
that the horizontal length of the emitting region inside
the cylinder decreases with the delay: the penetration
depth of the electrons is reduced for a high compression.



Proton Radiography and Fast Electron Propogation Through Cyliderically Compressed Targets — R. JAFER et al. -309-

e 1g/cc ,
2507 x 0.3 g/cc +
o 0.1g/cc + +|
T 200
3 “3F -
L 1 - =
o
100 .

00 05 1.0 15 20 25 30
Delay T (ns)

Fig. 10. Side-view imager results for fast-electron beam
divergence measurements: rear surface foil width for differ-
ent target densities. Linear fits are plotted for low- or high-
density targets.

For low-density targets, the number of Cu atoms in the
foam turned out to be too low to have a significant num-
ber of photons coming out of the target.

Now, taking into account the rear Cu foil instead of
the core, the measurement of the width of this rear sur-
face Cu-K,, emission is closely linked to the divergence
of the electrons reaching the rear surface. The side-view
x-ray imager corresponding results are plotted in Fig. 10.
It shows two different behaviours of the hot electron di-
vergence. With low-density targets, the width decreases
with the delay. The opposite trend is observed for high-
density targets.

IV. DISCUSSIONS AND CONCLUSIONS

Protons and x-rays have been used to diagnose the
implosion of cylindrical targets. X-rays seem more pen-
etrating in compressed targets than low energy protons.
Simulations are, therefore needed to analyze the RCF
images. Simulated data are able to approximately re-
produce the observed size of the images on RCF exper-
imental data. Taking radiographs with multi-energetic
protons allows the implosion history to be recorded in
a single shot. The protons do not seem to probe the
dense core, but the implosion history and the stagnation
time is revealed correctly. The higher proton energies
are needed to probe the dense core.

The second phase results indicate a decreasing fraction
of electrons reach the rear surface when the compression
occurs. It shows that the electrons are slowed down more
efficiently with a high compression. For delays above 2
ns, the signal shows a plateau, which hints at the pres-
ence of a hot electron component reaching the rear sur-
face through the high-density core. This is supported
by the side-view images of Fig. 9 as the same integrated
signal is always visible on this rear surface. These im-

ages also confirm the presence of hot electrons inside the
dense target.

To explain the electron divergence behaviour of Fig.
10, a few leads have to be investigated. We observe
two different trends: the spot size either decreases or
increases with the compression evolution. For the for-
mer case, we can formulate the following explanations.
Firstly, the increasing density prevents the coldest elec-
trons from reaching the rear surface. The remaining elec-
trons, being more energetic, are less deviated through the
plasma, resulting in a lower detected divergence. Sec-
ondly, the low-density targets are composed of a shell
that is much denser than the core. The corresponding
density ratio is about 5:1 at maximum compression, with
a 50 ym diameter core. A resistivity model from [17] and
the results from [18] applied to the present case could
indicate a resistive confinement of the electrons inside
the cylinder core, thus reducing the electron beam size
while the cylinder is being compressed. Similarly, col-
lision processes might be able to prevent the electrons
from diverging through the dense shell. Lastly, the elec-
tron beam can be truncated by this shell (because of an
increased stopping power) thus giving a smaller spot on
the rear surface. All these guiding effects may not apply
in the case of high-density (solid) targets. However, it
is difficult to say whether they are able to reverse the
trend, i.e., divergence increasing with the delay. Indeed,
measurements on such a small scale target make their in-
terpretation difficult. To answer this question, electron
transport simulations are under consideration.

In conclusion, cylindrical compression has been
achieved and measured to be in good agreement with the
hydrodynamic simulations, and the electron transport
features have been measured. Within the fast-ignition
framework, the presented results indicate that the same
numbers of fast electrons able to reach the high-density
region are observed for different initial target densities.
More surprisingly, the electron divergence appears to
depend strongly on the plasma geometries achieved for
those different initial densities. In order to understand
the above results, electron propagation simulations using
electron transport codes still need to be performed. As
one of the few experiments on electron transport in com-
pressed matter [19], further studies need to be achieved
to complete the HiPER roadmap. Overall, this experi-
ment was an important test bed for the lasers and the di-
agnostics in such a new configuration, several challenging
experimental points have been clarified, and fast-electron
behaviours in compressed matter have been underlined.
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