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Abstract

Highly coupled Boron plasma has been probed by spectrally resolving an x-ray source
scattered by the plasma. Electron density was inferred from the inelastic feature in the
collective scattering regime. In addition, the mass density inferred from the non-
collective X-ray Thomson scattering has been tested with independent characterization
using X-ray radiography in the same drive condition. High-intensity laser produced K-
alpha radiation was used as a backlighter for these dynamically compressed plasma
experiments providing a high temporal resolution of the measurements. Mass density
measurements from both methods are in good agreement. The measurements yield a
compression of 1.3 in agreement with detailed radiation-hydrodynamic modeling. From
the charge state measured in the non-collective regime and the electron density measured

in the collective regime the mass density can then be constrained to 3.15 £0.16.

I- Introduction

The knowledge of Equation of State (EOS) and related parameters of dense matter is
important in several fields of physics. For instance, in astrophysics the star evolution is
mainly governed by the thermodynamic properties of matter. Planet cores EOS is

fundamental for the knowledge of their internal structure [']. Optimization of Inertial



Confinement Fusion (ICF) [","] performance and efficiency will require better
understanding of the shell pellet implosion phase and the final core compression, which
in turn will require more precise knowledge of the in-flight microballoon material state

and the fuel (deuterium) EOS at very high pressures [*] (>100 GPa).

Shock-wave-EOS experiments require that two parameters, usually the shock and fluid
velocities, be measured to infer the thermodynamic properties of the material. While a
few experiments have used X-ray radiography on low-Z materials to determine both
velocities ['], most of them [","'] rely on the shock velocities measurement (via optical
interferometry in transparent media or by observation of shock breakout times on steps of
known thickness in optically opaque materials). The latter technique results in indirect
EOS determinations through a method known as impedance matching [V]. Moreover, in
measurements based on velocity determination, it is impossible to have a good precision
on such an important physical quantity as density due to error amplification inherent to
the Rankine Hugoniot relations [*]. The development of direct probing techniques to
obtain information on another shock parameter, such as density, would allow precise
absolute EOS determinations and represent a real breakthrough in this field. In the first
inelastic x-ray scattering measurements on dense plasmas, non-collective backscattering
has been performed on isochorically heated solid beryllium targets [*]. These experiments
demonstrated accurate temperature measurements from the spectral broadening of the
Compton scattering feature that yields the electron velocity distribution. Recent
applications of x-ray scattering techniques to probe shocked matter have succeeding in

xi xii

inferring dense matter properties from observation of bound-free [*,”"] and forward
scattering component [**V]. Here we present measurement of the mass density of
compressed boron using non-collective and collective Thomson x-ray scattering. These
measurements are validated by x-ray radiography. Collective scattering provided a robust
measurement of the electron density which combined with the charge state of the probed

plasma from the non collective scattering constrain with the mass density data



II- X-ray Thomson scattering

The experiment was performed on the Titan facility at the Lawrence Livermore
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National Laboratory . The experimental setup is presented in figure 1-a. The short
pulse beam, 270 J in 80 ps at 1.053 pum, is focused by a f/3 off-axis parabola on a
vanadium or copper foil to generate a Ka x-ray source. The interaction of an ultrahigh-
intensity laser (>10'" W/cm?) produces Ka fluorescence X-rays from the interaction
between hot electrons and cold atoms. The solid density 170 um thick Boron target was
shocked compressed by a second high energy beam. A homogeneous intensity
distribution over a diameter of 700 um is achieved by use of a continuous phase plate
(CPP), providing for a planar shock front to propagate into the target. 400 J in 5 to 10 ns
at 532 nm are focused onto the target resulting of about 10"* W/cm® intensity. Figure 1-b

shows a 1D radiation hydrodynamic simulation of the laser-generated pressure in the

Boron slab using the code HELIOS at 4 TW/cm’.

At first the electron density was measured in a collective scattering setup. The backlighter
was Vanadium, utilizing the V Kalpha line at 4.95 keV. Scattering at an angle of 31
degree leading to a scattering vector k= 1.33/A and a scattering parameter a=1.7. The
scattering parameter is a=1/kA=1.7 [*'] where the screening length At is given by the
Thomas-Fermi screening length Arp = \/(280EF /3neez) =0.43 A ( where Er is the Fermi
energy). This approximation is valid for low Te and high density as expected from the
hydrodynamic modeling. The scattered light spectrum features two resonances
corresponding to scattering off ion acoustic wave and off electron plasma waves, i.e.
plasmons [*"]. X-rays scattered by the dense plasma were dispersed by a cylindrically
bent 70x25 mm large graphite crystal (highly-oriented pyrolitic graphite) and focused in a
van Hamos setup onto an imaging plate detector (Fujifilm). A 100pum thick gold shield
blocked the direct view of the spectrometer crystal to the intense probe source. The gold
shield was overcoated with several um CH to prevent spectral line from gold emission
due to the formation of gold plasma by the intense wings of the drive laser (figure 1-a).

According to the hydrodynamic simulation the timing between the backlighter and the
long pulse drive is set to 10 ns so that the shock has reached the back of the target and the



compression is uniform over the slab thickness, which is consistent with the radiography
data.

Figure 2 shows the measured scattered spectrum compared to synthetic scattering profiles
for different values of the electron density 4.5x10% /cc, 4 x10* /cc and 3.5x10* /cc. In
this strongly collective and Fermi degenerate scattering regime, the plasmon is undamped
in the RPA. To generate a synthetic spectrum, we used the Bohm-Gross dispersion
relation [*], which, at the low temperatures considered here, depends only on the
electron density. The spectral weight is inferred via the f-sum rule. The best fit of the

plasmon feature is given for an electron density of 4 x10> /cc.

The non-collective X-ray Thomson scattering measurements have been used to study the
shock compression in the same drive conditions. 8.05 KeV (Copper Ka) photons were
scattered at a 63 degree scattering angle, corresponding to a scattering vector k= 4.3/A.
We are thus in the non-collective scattering regime, a=0.7. Figure 3 shows the scattered
spectra measured at an angle of 63 degree. The scattered spectrum is fitted using the
theoretical form factor of ref [**], it shows that the elastic peak is mostly sensitive to the
charge state. Sensitivity with respect to the temperature is weak since we are in the Fermi
degenerate regime.

The strength of the elastic scattering component is given by £Si(k) [*]. Here f is the
ionic form factor that accounts for the Zb tightly bound electrons and S;i(k) is the ion-ion
structure factor. Fig. 3 compares the data to calculation with charge state of 2, 2.25 and
2.5. To calibrate our data, we use the Compton downshifted electron feature, its spectral

xxi]

weight being fixed by the f-sum rule [

Combined with the electron density measured in the collective regime this results in a

mass density of 3.15 £ 0.15 g/cc, from rho=n¢/Z.

III- X-ray radiography

Point projection Ka X-ray radiography has been used to measure independently

from Thomson scattering the mass density of the shock compressed Boron. The short



pulse laser is focused onto an iron foil to generate a backlighter Ka source at 6.04 KeV.
This X-ray source provides a temporal resolution of about 100 ps and readily achieves the
brightness required for high definition radiography ", The short duration of the Ka
X-ray source reduces the blurring due to the motion of the shock during the interaction of
the probe with the shocked target to a value well below the experimental spatial
resolution (18 um). For example a shock with a 20 km/s velocity travels 1.6 um in 80 ps.
This source foil was located 2.5 mm from (figure 4). It produces an 18 x magnified image
onto an image plate (Fuji BAS-MS2025) placed at 50 cm from the shocked target. The
resolution was tested using a 1000 Ipi (lines per inch) mesh placed at the position of the
long pulse laser shocked boron target; the resolution achieved is 18 um. A 46-micron
Iron filter sandwiched in two 100-um CH filters to limit the fluorescence of Fe caused by
target electrons are placed in front of the Image Plate. A 25um manganese filter is also
used to cut the thermal emission of the iron target.

Shock compression of boron has been studied for different drive condition from 4
TW/cm® to 7 TW/cm®. Figure 5 shows a radiograph of a shockwave for a 7 TW/cm® (5ns)
drive at 5.6 ns after the beginning of the long pulse drive. The timing between the short
pulse and the long pulse that drives the shockwave has a 150 ps jitter. The shock front is
clearly visible due as the opacity increase due to the sudden density augmentation. Figure
6 a and b show line-outs of the compressed and uncompressed boron for the two different
drive conditions (4 and 7 TW/cm®) and two time delays at 5.6 and 7 ns respectively.

The line-outs show the absorption feature as the shock wave propagates in the boron slab,
the shock front is observed further into the boron for the longer delay (7 ns). The density
in the compressed boron is deduced from the ratio of absorption in the compressed region
to the uncompressed region. For a quantitative analysis we have used the Monte-Carlo
code ITS [*"] to model both the Ka and bremstrahlung production as well as the
absorption in the Boron.

The contrast between the shocked and unshocked region is strongly dependant on the
backlighter spectrum. From the absorption in the step filters placed in the field of view of
the Image Plate, we know that the X ray spectrum feature a high-energy component. We
have used ITS to model the X ray emission and adjusted the hot electron distribution

input to match the absorption in the silver step filters and the unshocked boron.



The Beer-Lambert law gives the absorption in the shocked material:

i

7-=exp(-upL)

Where p is the cold opacity, L the length of the shocked region and p the mass density.

The shock front is assumed to be planar over the size of the focal spot, i.e 750 pm. The
density in the shocked front for the 7 TW/cm® is 3.9 + 0.6 g/cc and 2.9 £ 0.6 g/cc for a 4
TW/cm®. The main source of error in the density determination is the noise in the line-

out.
IV- Conclusion

We have demonstrated the ability to use non-collective x-ray scattering to measure the
density of shock-compressed matter in excess of 1 Mbar. The density inferred from the
scattered spectra has been independently measured using X-ray radiography. Using a
4TW/cm® laser drive, we have measured a compression of 1.3 in good agreement with
radiation hydrodynamic modeling. The mass density was also measured from a
combination of the shift of the inelastic feature in the collective scattering regime and the
elastic strength in the non-collective scattering regime. From the electron density

measured to be 4x10 23 /cm3 and charge state = 2.3 + 0.16, the mass density can be

constrained to 3.15 £ 0.2 g/cc, consistent with the radiography result.
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Figures captions

Figure 1: a- Schematic of the experimental arrangement b- 1D radiation hydrodynamic
calculation from HELIOS showing a pressure above 1Mbar in the boron as a function of
time in the boron. The laser comes from the right.

Figure 2: X ray scattering data for 31 degree scattering angle, a scattering vector k= 1.3/A
along with theoretical fit for various electron density 3.5 x10%/cc, 4 x10*/cc and 4.5
x10%/cc.

Figure 3: X ray scattering data for a 63 degree scattering angle, a scattering vector k=
4.3/A, along with theoretical fit for various Z. Te=0.2 eV, Z=2.2

Figure 4: Schematic of the experimental arrangement

Figure 5: Digitized radiograph of the compressed Boron taken at 5.6 ns for a 7 TW/cm®
laser drive. The laser comes from the right; the absorption in the shock wave is clearly
visible in the Boron slab. On the side of the image the absorption of the step filters is
visible.

Figure 6: Lineout along the laser axis of the compressed (dashed blue curve) and
uncompressed boron. The decrease in signal indicates absorption feature that is correlated
with an increase of the density in the shock wave for (a) 7 TW/cm® 5.6 ns delay (b) for a
4 TW/cm? drive 7 ns delay.
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