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Spectrally and temporally resolved x ray Thomson scattering using ultrafast Ti K-a x-rays has
provided experimental validation for modeling of the compression and heating of shocked matter.
The coalescence of two shocks launched into a solid density LiH target by a shaped 6 nanosecond
heater beam was observed from rapid heating to temperatures of 2.2 eV, enabling tests of shock
timing models. Here, the temperature evolution of the target at various times during shock pro-
gression was characterized from the intensity of the elastic scattering component. The observation
of scattering from plasmons, electron plasma oscillations, at shock coalescence indicates a transition
to a dense metallic plasma state in LiH. From the frequency shift of the measured plasmon feature
the electron density was directly determined with high accuracy, providing a material compression
of a factor of three times solid density. The quality of data achieved in these experiments demon-
strates the capability for single-shot dynamic characterization of dense shock compressed matter.
The conditions probed in this experiment are relevant for the study of the physics of planetary
formation and to characterize inertial confinement fusion targets for experiments such as on the

National Ignition Facility (NIF), LLNL.
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INTRODUCTION

Material conditions in the high-energy-density-physics
regime relevant for the study of planetary formation [1]
and the modeling of planetary composition[2] can be pro-
duced and studied in the laboratory using high powered
lasers that shock compress material to pressures greater
than > 1 Mbar. Current experiments to measure the
equation of state (EOS) and effects of shock waves on
matter for light elements [3-5] are designed to investi-
gate the physics of planetary formation and the effects
of solar nebula shocks [6]. The study of shock wave
heating in light elements under high pressure conditions
is also important for inertial confinement fusion experi-
ments [7] such as on the future National Ignition Facility
(NIF) [8] at the Lawrence Livermore National Labora-
tory (LLNL) where deuterium-tritium filled capsules will
be compressed to densities greater than 1000 times solid
density using a sequence of coalescing shock waves.

In this experiment, we have directly measured the ther-
modynamic properties and structure factors of shocked
matter [9]. These experiments have become recently pos-
sible with the use of high-energy (300 J) petawatt-class
ultra-short pulse lasers to produce powerful x-ray probes
[10]. Here, we shock compress solid density LiH tar-
gets with an energetic, shaped, 6 nanosecond laser beam
and use spectrally-resolved x-ray Thomson scattering [11]
to measure the material conditions. The shaped heater
beam drove two coalescing shocks into a solid density
LiH target to shock compress the material. Experimen-
tal data show scattering from plasmons, electron plasma

waves, at shock coalescence indicating a transition to the
dense metallic plasma state in LiH. Here, an electron den-
sity of 1.7x10%?3cm ™3 was directly determined from the
frequency shift of the plasmon peak. An ionization state
of Z*=1.0 & 10% was determined from the shape of the
bound-free scattering feature, yielding a material com-
pression of three times solid density with known electron
density.

Measurement of the elastic scattering feature intensity
provided the temperature at various times during shock
compression from dependency on the ion-ion structure
factor. Rapid heating to temperatures of 2.2 eV indi-
cates shock coalescence, allowing tests of models that pre-
dict shock timing. For example, radiation-hydrodynamic
modeling of the target conditions were in agreement
with experimental data; while the range of temperatures
measured during shock compression agrees with calcu-
lations using a quotidian [12] equation-of-state (QEOS),
the shock coalescence time is matched using Sesame [13]
EOS tables.

Previous x-ray scattering experiments have allowed
characterization of dense matter, n, > 3 x 10?'cm™3,
that cannot be probed using the well established tech-
nique of optical Thomson scattering [14]. In these ex-
periments, spectrally resolved x-ray scattering in the col-
lective and non-collective regimes using He-a and Ly-«
sources [11, 15] provided information on the tempera-
tures and densities of solid-density plasmas enabling fu-
ture measurements of the equation of state, phase tran-
sitions, and the compressibility of dense matter. The
temporal resolution of 100 ps for these He-a and Ly-«
sources, obtained with gated microchannelplate detec-



tors, was sufficient for measuring the conditions in radia-
tively heated matter. However, for the full characteri-
zation of strong shocks in dense matter, an x-ray source
that provides picosecond temporal resolution is advanta-
geous.

In this work we provide the first successful K-a x-ray
scattering measurements from shock compressed matter
[9] and discuss the experimental constraints and data
analysis in greater detail. This x-ray probe has a tempo-
ral resolution of ~ 10 ps [17], that can provide a snap-
shot of the material conditions for dynamically shocked
systems. In addition, the Ti K-« line has a small band-
width of AE/E=0.3% and no satellites on the red wing,
in contrast to previously used Ly-a and He-a sources
with AE/E > 1%, enabling high resolution of the down-
scattered plasmon in the collective scattering regime.
High quality data taken in these laser experiments, with
~10'2? probe photons on target, demonstrates the capa-
bility of K-« x-ray scattering for single shot characteri-
zation.

In section II we will discuss the experimental con-
straints for x-ray Thomson scattering from dense plas-
mas in the collective regime, accessed in this experiment,
to observe the collective behavior of the electrons. Sec-
tion IIT will include the experimental set-up, instrumen-
tation, and design considerations such as source inten-
sity and scattering geometry. The experimental data and
discussion are presented in section IV with a sensitivity
analysis of the experimental data to plasma parameters
such as density, temperature, and ionization state. Here,
the transition to the metallic state in LiH is discussed.
Section V will present the conclusions and the future out-
look.

X-RAY THOMSON SCATTERING

In this experiment, x-rays are scattered from free,
weakly bound, and tightly bound electrons. Here, the
tightly and and weakly bound electrons have ionization
potentials greater than and less than the Compton en-
ergy, respectively. For accurate measurement of electron
density from first principles, we probe the collective scat-
tering regime. Scattering in the collective regime results
in the observation of a resonance from plasma oscilla-
tions [11], i.e., plasmon modes, while scattering in the
non-collective regime is the scattering of x-rays by indi-
vidual electrons, i.e., the Compton regime [17]. In collec-
tive scattering, the frequency shift of the plasmon feature
directly yields the electron density.

The Thomson scattering cross-section can be expressed
using the total structure factor, S(k,w) [18, 19]

d20'T k‘l
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dQdew UTkOS( ) (1)

where o is the Thomson scattering cross-section for
a range of frequencies and solid angles, and k; and kg
are the scattered and incident radiation wave vectors,
respectively. The total structure factor is given by [18,
19]

S(k,w) = | f1(k) + a(k)*Sii(k,w) + Z; S (k,w)

+Zc/Sce(k,w — WS (k,w")dw'’ (2)

where Z; and Z, are the effective free and core electron
states of the system. The first term in Eq. (2) results from
scattering from electrons that dynamically follow the ion
motion, where S;;(k,w) is the ion-ion density correlation
function, fr(k), the ion-ion form factor, accounts for scat-
tering from core electrons, and g(k) describes scattering
from a screening cloud of valance electrons encompassing
the ion. The second term accounts for scattering from
free de-localized electrons that do not follow ion motion,
where S, (k,w) is the electron-electron density correla-
tion function. The third term describes inelastic scat-
tering resulting from bound-free transitions to the con-
tinuum of core electrons within an ion, Se.(k,w). Here,
Ss(k,w) represents a modulation due to the self-motion
of the ions.

The collective scattering regime can be accessed with
appropriate choice of probe energy and scattering angle.
The scattering parameter o distinguishes the collective
scattering regime from the non-collective regime where

1 A
= hs  2mhs (3)
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the parameters k£ and A\ are the wavevector and wave-
length probed by the scattering experiment, and Ag is the
screening length of the plasma, the length at which local
electric fields are screened out by mobile charge carriers,
i.e., electrons. In the collective regime (a > 1), plasmon
modes [11] are accessed by probing plasma scale lengths
larger than the plasma screening length. In the non-
collective regime (o < 1), plasma scale lengths smaller
than the screening length are probed and information on
the individual electrons is obtained [17].

For a degenerate system, the plasma screening length
can be approximated by the Thomas-Fermi length [20],

ATF
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where, n. is the electron density, m, and e are the mass

and charge of the electron, respectively, and h = 2nh
is Planck’s constant. For a classical plasma, Ag is the




Debye length, A\p = (eokTe/neeQ) 12 where € is the per-
mittivity of free space, k is the Boltzmann constant, T, is
the electron temperature, and n. is the electron density.
For weakly degenerate plasmas, calculating the Debye
length at an effective temperature results in a smooth in-
terpolation between the degenerate and classical plasma
regimes. [21, 22].

For small energy transfers of incident x-ray energy to
the electrons (ko & ks where kg = 27 Ey/hc and ks is the
scattered wavevector), the magnitude of the scattering
vector, k, can be approximated by

k = |k| = 2kgsin(6/2) = 47r% sin(6/2). (5)

Thus, the scattering parameter, «, is dependent on the
scattering angle, 0, the energy of the probe radiation, Ej,
through the scattering vector, and the plasma parame-
ters, T, and n,., through the screening length. For exam-
ple, to access collective scattering in a degenerate solid-
density plasma with T, = 2 eV and n. = 2 x 1023cm 3,
a > 1 for § = 40° and x-ray energies Ey < 5 keV. For
these conditions, higher x-ray probe energies, Fy > 5 keV
will result in non-collective scattering.

In collective scattering, the spectrum includes collec-
tive electron oscillation peaks, i.e. plasmons up-shifted
and down-shifted from the incident x-ray energy, and an
unshifted Rayleigh peak. The unshifted Rayleigh peak
is a result of elastic scattering of incident radiation by
electrons that are tightly bound and electrons that dy-
namically follow the ion motion. The plasmon energy
shift is directly related to the electron density. For small
values of k, i.e. large values of «, the density can be
calculated using the Bohm-Gross relation [23, 24], an an-
alytical expansion of the dispersion relation,

hik?
w2 = wy + 3k%v7, (1 + 0.088n.A7) + <2me> (6)

where vy, = \/kpT/m,. is the thermal velocity and
Ae = h/\V2rm kpT is the thermal wave length. In
Eq. (6), the first term is the plasma frequency (w, =
ne€?/eyme)'/? that results from electron oscillations in
the plasma [25] and is only dependent on the electron
density, n.. Here, €, the permittivity of free space, e is
the electron charge, and m. is the electron mass. The
second term represents the effect on propagation of the
oscillations from thermal pressure [23]. The third term
includes degeneracy effects from Fermi pressure [26], and
the last term is the quantum shift, calculated from the
Compton energy, Ec = (h/27)%k?/2m. = 9.3eV for this
experiment. Here, h is Planck’s constant and k, Eq.(5),
is dependent on the probe energy and scattering angle.

For conditions in this experiment, thermal corrections
to the dispersion relation due to the propagation of os-
cillations are small, and the quantum shift and electron
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FIG. 1: a) Schematic of the experimental configuration. A
ultrashort ( 10 ps), mono-energetic (AE/E < 0.3 % ), K-«
x-ray probe is generated via ultra short-pulse laser irradia-
tion of a titanium foil. The x rays interact with matter that
is compressed by a nanosecond-long shaped laser pulse. The
x-ray Thomson scattering spectrum shows inelastic scatter-
ing on plasmons and elastic Rayleigh scattering features. b)
Waveforms of the compression (blue) and probe (red) laser
beams. The shaped compression beam drives a slow intensity
shock into the LiH with a low intensity foot (1x10*3Wcm™?)
followed by a stronger shock with a higher intensity peak
(3x10"¥*Wem™2). The evolution of the shocks is measured at
various times by changing the delay between the short pulse
probe laser and the long-pulse pump beam. c¢) Radiation hy-
drodynamic modeling indicates coalescence of the shock waves
at t = 7 ns from the launch of the compression beam.

oscillations account for most of the measured plasmon
shift relative to the unshifted Rayleigh peak. Therefore,
the plasmon frequency provides a sensitive measure of
the plasma electron density.

EXPERIMENT

The experiment was performed at the Titan laser facil-
ity [27] where a long pulse beam was used to compress the
solid density LiH targets (1.9 x 3 x 0.3 mm, py=0.78g/cc)
and a second short-pulse beam was used to produce probe
x-rays from a solid density foil. The shaped long-pulse
drive beam (450 J, 527 nm, 2w) compressed the LiH tar-
gets by launching two planar shocks into the material
with an intensity of I =1x10® W/cm? in a 4 ns long
foot, followed by an intensity of I = 3x10'* W/cm?
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FIG. 2: Conversion efficiency of laser energy into Ti K-alpha
radiation as a function of varying short-pulse probe laser in-
tensity. Conversion efficiencies for a pulse width of 0.5 ps were
comparable to that of 5 ps pulse widths, but the latter was
used due to restrictions on available laser energy for a 0.5 ps
laser pulse width.

a 2ns long high intensity peak, see Fig 1 b). A 600 pum
phase plate was used to create a smooth drive beam in-
tensity profile. Nearly mono-energetic Ti K-a x-rays (A
E/E = 0.3%) were produced using intense short-pulse
laser irradiation (300 J, 1053 nm, 5 ps) of a 10 pm thick
Ti foil. Hot electrons created in the laser-solid interac-
tion produce emission from the cold solid density bulk of
the foil via K shell ionization of neutral or weakly ionized
atoms.

Figure 1 ¢) shows a calculated mass density contour as
a function of target thickness and time. The time t=0 de-
notes the start of the long-pulse drive beam. This calcu-
lation used the experimental long-pulse drive beam wave-
form and a 1D Lagrangian radiation-hydrodynamic mod-
eling code HELIOS [30]. The results were only weakly
dependent on the details of radiation transport and heat
conduction. Calculations indicated shock coalescence at
about 7ns after the start of the long-pulse beam and com-
pression of about three times solid density at coalescence.
This experiment was designed to probe these conditions.

The targets and Ti source foils were mounted on photo-
structurable glass holders along with gold shields (10 x
7.5 x 0.025 mm) to block the view of the source and blow-
off plasmas to the scattering spectrometer. The holders
restricted the view of the source x-rays to the LiH, with
a solid angle of 1.6x10~! sr. Scattered radiation was
observed side-on to the LiH targets at a scattering angle
of 40 + 10° with a Highly Oriented Pyrolytic Graphite
(HOPG) spectrometer. See Fig. 1 a) for a schematic of
the experiment.

The Titanium K-« line was chosen for scattering due
to its small bandwidth (A E/E = 3 x 1073) and suffi-

cient conversion efficiency. For scattering in the collec-
tive regime, a small bandwidth and lack of satellites on
the red wing are advantageous for high resolution of the
downshifted plasmon peak, shifted in energy about 24
eV. Also, the moderate energy allows the possibility for
collective, as well as non-collective, scattering while al-
lowing sufficient penetration through shock compressed
targets, with an attenuation length of about 470um.

To detect the scattered x-rays, a Bragg spectrometer
with a large curved Highly Oriented Pyrolitic Graphite
(HOPG) crystal (24 x 70 mm) was used in the van Hamos
geometry [28, 29] and mosaic focusing mode. The scat-
tered light was then diffracted with high spectral reso-
lution onto an Imaging Plate (IP) detector. Here, the
source-to-crystal and crystal-to-detector distances were
set to the focal distance, F=R/sin(fp), where R is the
radius of curvature of the HOPG crystal and 6p is the
Bragg angle. For second order Bragg diffraction and a
radius of curvature of 11.5 cm, the focal distance was
about 13.1 cm. To moderate the amount of hot-electron
driven fluorescence from materials near the crystal, the
HOPG crystal was mounted on a plastic stalk. Imaging
Plate detectors with a resolution of 25 pm (correspond-
ing to 0.33 eV in this experiment) were used to record
images of the scattered radiation, see Fig 1 a). To filter
noise and background from bremsstrahlung, 25 pm thick
Be foils covered the IP detectors.

Due to the small cross section for Thomson scattering
(6.65x1072°cm?) and short lifetime of the probe emis-
sion, it was necessary to optimize conditions to pro-
duce a high number of photons for single shot accu-
racy. The conversion efficiency (C.E.) of laser light for
the production of x rays was investigated by varying the
short pulse beam focus and pulse duration, see Fig. 2.
Here, an increase in conversion efficiency with increasing
laser spot size, i.e. decreasing intensity, was observed.
Also, a defocused beam results in lower background from
bremsstrahlung radiation. A high conversion efficiency
of 5x107°, was achieved at a laser intensity of 9x10'7
W /cm? for a pulse width of 0.5 ps. However, restrictions
on the laser system limited the available energy for pulse
widths of 0.5 ps to half of the energy available for a pulse
widths of 5 ps. Therefore, scattering data were taken
with a defocused short-pulse beam spot size of 400 pum
and a pulse width of 5 ps (4x10'6 W/cm?), resulting in
approximately 6x10'° photons/J/sphere and a conver-
sion efficiency of 5x107°.

The scattering volume seen by the spectrometer (0.1
x 0.4 x 0.3 mm) was mainly restricted by shields and
the material transmission, with a measured attenuation
length of 470 um. The low transmission of the LiH tar-
gets compared to a tabulated attenuation length of 7350
pm [31] is attributed to impurities (< 2 %) in the sam-
ple and a thin oxide layer of < 20 ym. For the case of
unheated LiH, it was estimated that of the 2x10'3 gen-
erated photons, 3x10'" photons reached the scattering
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FIG. 3: Measured x-ray scattering spectrum from shocked
LiH, showing elastic Rayleigh scattering and inelastic plasmon
scattering features, with theoretical fits to the experimental
data. At t = 7 ns (top), the plasmon energy shift of 24 eV
indicates 3x compression, while the intensity of the elastic
scattering feature shows heating to temperatures of 2.2 eV.
Earlier in time, before the launch of the second strong shock
(t=4 ns), elastic scattering is mainly observed (middle), as
demonstrated when compared with the K-« source spectrum
(bottom). The observation of plasmons at t = 7 ns indicates
the transition to the metallic free electron plasma in solid
density LiH.

target and approximately 8x10% photons scattered elas-
tically. The solid angle of the spectrometer crystal was
approximately 1.6x1072 sr, with a view of 0.53 radians
in the non-dispersive plane and an integrated reflectivity
of 3 mrad in the dispersive plane due to the mosaicity
of the crystal. Of the 8x10% scattered photons, an esti-
mated 10° were collected by the HOPG spectrometers,
consistent with the measured signal strength for scatter-
ing from uncompressed LiH targets.

RESULTS AND DISCUSSION

Experimental scattering spectra at shock coalescence
(t = 7 ns) and just before the launch of the second strong
shock wave (t = 4 ns) are shown in Fig. 3. Also shown
is the Ti K-a source spectrum measured with the HOPG
spectrometer that showed no spectral features on the
red wing and a bandwidth of AE/E = 0.3%, advan-
tageous for the observation of plasmons. Thomson scat-
tering data at shock coalescence (t = 7ns) show inelastic
and elastic scattering features from interaction with free

and bound electrons. The free (delocalized) electrons
undergo plasma (Langmuir wave) [25] oscillations at the
plasma frequency, yielding the collective plasmon scat-
tering feature [11], while scattering from bound electrons
and electrons that dynamically follow the ion motion re-
sults in an elastic Rayleigh scattering component. The
ionization potentials of tightly bound Li and H K-shell
electrons are greater than the Compton energy and are
not excited from interaction with the x-rays.

At t=4 ns, the lack of strong inelastic scattering indi-
cates that there are little or no free electrons and scat-
tering is dominated by elastic scattering. Theoretical fits
to the scattering data that account for scattering from
free, bound, and weakly bound electrons poses an upper
limit on the degree of ionization, Z* < 0.2. An increase
in the elastic scattering intensity compared to scattering
from unheated LiH targets of 40%+10% indicates tem-
peratures of < 0.4 eV.

Scattering data at t=7ns when the shock waves coa-
lesce, show strong inelastic scattering from plasmon os-
cillations that are downshifted from the elastic scattering
feature by AE, = 24eV. In these data, the elastic scat-
tering signal increased by 100%+10% compared to cold
scattering from unheated samples, indicating a tempera-
ture of 2.2 eV. Heating and compression of the material
results in an ionization state of Z*=1 for Li(4+)H. The
ionization is determined from the shape and intensity of
the inelastic scattering peak with an error of +10% in
theoretical fitting to the experimental data. The shift of
the plasmon peak provides an accurate measure of the
electron density, see Eq. (6) for an analytical expansion
of the dispersion relation, which yields the material com-
pression for known ionization state. The electron den-
sity, ne = 1.7 x 1023cm ™3, was determined from the shift
of plasmon frequency relative to the elastic peak (4.51
keV) with 10% error due to noise. For conditions in this
experiment, correction to the dispersion relation due to
thermal motion of the electrons was negligible, providing
an accurate measure of the electron density.

The intensity of the elastic scattering feature is depen-
dent on the number of electrons that dynamically follow
the ion motion and the ion-ion structure factor, which
is dependent on the ion temperature. Therefore, the ion
temperature can be inferred from the elastic scattering
intensity. The plasma screening length for this degener-
ate system is approximately Ag=0.57A, and approaches
the Thomas-Fermi length. In this case the collective
regime is accessed, with a collective scattering parameter
of a=1.1 (Eq.(3)), and the scattering length is on the or-
der of the screening length required to observe plasmon
oscillations.

Plasmon scattering at shock coalescence indicates a
dense metallic plasma state. Density Functional The-
ory (DFT) calculations [34] also predict metallic proper-
ties for the material density and temperature conditions
at coalescence, consistent with the measurement of plas-
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FIG. 4: a.) Experimental scattering of Ti K-alpha from com-
pressed LiH, 7ns after the first of two shocks was launched
into the solid density target, with simulated theoretical spec-
tra. Sensitivity of ionization state changes in the theoretical
fit to the experimental data is shown with the best fit (blue)
with Z*=1, compared to fits with Z*=0.5 (red). Here, the
temperature and density, 2.2 eV and 1.7x10%*cm ™3, respec-
tively, are held constant. b.)Sensitivity of theoretical fits to
the experimental spectra for varying temperatures and ion-
ization states, Z*. Root Mean Squared (RMS) differences
are color coded for given temperature and Z* combinations,
where the centered dark red island is a range of possible best
fits. The error of this fitting method to the experimental data
is £10% for the ionization state Z*.

mons. These calculations estimate two orders of magni-
tude increase in the DC conductivity for the compressed
case, 4.3x10°/Qm, approaching the conductivity of a
typical metal, compared to the conductivity at standard-
temperature-pressure (STP) conditions, 1.4x10%/Qm.

Theoretical fits to the experimental data are obtained
using multiple-species ion-ion structure factors from
screened-one-component electron-ion interaction poten-
tials [32]. The theoretical model used to calculate
the electron-electron structure factor employs the Ran-
dom Phase Approximation (RPA). Corrections to the
electron-electron structure factor due to local field cor-
rections (LFC) to the bare coulomb interaction potential,
that satisfies the compressibility sum rules in the long
wavelength limit, were ~10%. For the long wavelength
limit (k — 0) accessed by collective scattering, the LFC
is negligible and the electron structure factor reduces to
the linearized Debye-Hiickel approximation [35]

See(k) = k*/(k* + (1/As)*). (7)

From the screening length for a partially degener-
ate electron fluid, the electron-electron structure factor,
See(k =1.6A"1) = 0.46, can be determined from its de-
pendence on the electron density, approaching the struc-
ture factor for a completely degenerate plasma, Se(k =
1.6A71) = 0.45. With this value for the electron-electron
structure factor and the experimental intensities of the
elastic and inelastic scattering components, the ion-ion
structure factor can be inferred. Since the ions are
non-degenerate, the screening length in Eq.(7) can be
approximated by the Debye-Hiickle length, resulting in
Sii(f+q)%(k =1.6A71) = 0.71, and the ion temperature
can be obtained. To fit the data, a more sophisticated
model was used that applies strong coupling (ion sphere
model) and screening corrections (linear screening ap-
proximation) to the ion-ion structure factor, resulting in
Su(f +q)*(k = 1.6A~") = 0.54 [32]. This model has
been tested in new separate experiments on compressed
LiH with similar density and temperature conditions [36].
Data in those experiments show screening effects that are
consistent with the models applied in Fig. 3.

Figure 4 a) shows sensitivity of the scattering data
to ionization state, Z*, at Tns after the launch of the
first shock. The ionization state is sensitive to the rela-
tive intensity of inelastic to elastic scattering, as well as
the shape of the inelastic scattering feature. The shaded
region in Fig. 4 a) is the scattering contribution from
bound-free scattering, adding to the inelastic scattering
feature. For a decrease in the ionization state at a fixed
electron density, the ratio of elastic to inelastic scattering
increases due to an increase in the amount of Rayleigh
scattering from having a greater density of neutral Li and
H atoms. For ionization states greater than one per LiH
molecule, the H atom becomes ionized, with an ioniza-
tion potential greater than the Compton energy. Then,
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FIG. 5: a.) Experimental scattering of Ti K-alpha from com-
pressed LiH, 7ns after the first of two shocks was launched
into the solid density target, with simulated theoretical spec-
tra. Sensitivity of density changes in the theoretical fit to
the experimental data is shown with the best fit (black)
at 1.7x10%%cm ™2, compared to fits at 1.3x10*¥cm™® and
2.5x10%cm 3 (blue and green curves). Here, the temper-
ature and ionization state, 2.2 eV and Z* =1, respectively,
are held constant. b.)Sensitivity theoretical fits to the exper-
imental spectra for varying temperatures (T.=T;) and elec-
tron densities. Root Mean Squared (RMS) values are color
coded for given temperature and density combinations, where
the centered black island is a range of possible best fits. The
error of this fitting method to the experimental data is about
+ 10% for temperature and electron density.

the ratio of elastic to inelastic scattering increases mainly
as a result of a decrease in bound-free scattering from
fewer neutral hydrogen atoms. The bound-free term was
calculated using hydrogenic wave functions which can
pose a systematic error in the determination of Z* for
ions with many bound electrons and is subject to future
studies with more advanced models [37]. However, an
ionization state of Z*=1 for this experiment is also esti-
mated from radiation-hydrodynamic modeling, in agree-
ment with analysis from the shape of the inelastic feature,
demonstrating sensitivity to Z*. Thermal excitation of
the 1s Li and H electrons is negligible for the low elec-
tron temperature < 3 eV in this experiment, whereas the
weakly bound 2s Li electron is predicted to be free due
to continuum lowering. Since temperature is also sensi-
tive to the relative intensity of the plasmon and Rayleigh
scattering feature, a range of possible best fits for var-
ious temperatures and ionization states provided upper
and lower bounds for Z*. Root Mean Squared (RMS)
values of theoretical fitting to the experimental data are
shown in Fig. 4 b) providing Z* within + 10%.

Figure 5 a) shows sensitivity of the plasmon frequency
shift to electron density at Tns after the launch of the
first shock into the target. As the electron density in-
creases, the shift of the plasmon frequency increases as
expected from the dispersion relation. Figure 5 b) shows
RMS differences between theoretical fitting to the exper-
imental data for a range of temperatures and densities,
since the ratio of elastic to inelastic scattering is depen-
dent on ion density and temperature. The dark-colored
island in the center of the plot indicates best theoretical
fitting with 10 % error in the temperature and electron
density. Sensitivity of theoretical fits to the experimental
data for density, ionization state, and temperature show
that these parameters can be determined simultaneously
for single shot characterization.

Measured temperatures as a function of time are shown
in Fig. 6 a), providing temperature evolution during
shock progression. Fig. 6 a) also includes radiation-
hydrodynamic calculations using the 2D Lagrangian code
LASNEX [38]. The strong increase in temperature at 7 ns
indicates shock wave coalescence. Errors in the temper-
ature, 10-20 %, is mainly due to noise in single shot data
for lower scattering signals. Partial scattering from un-
compressed material has been taken into account, result-
ing in a correction of about 10%. The range of calculated
temperatures is a result of variations in the amount of
impurities and oxide layer thickness, consistent with tar-
get characterization. The radiation-hydrodynamic mod-
eling used the experimentally measured laser pulse shape
and irradiance. Laser absorption in the target was esti-
mated using an inverse bremsstrahlung model and the
simulations included radiation transport. The main de-
pendency of the simulation results is on the choice of
the EOS and is rather insensitive to details in radiation
transport and heat conduction. Sensitivity of theoretical



fitting to the experimental data for varying temperature
is shown in Fig. 6 b) where the elastic scattering intensity
increases with increasing temperature due to its depen-
dence on the ion-ion structure factor.

The Quotidian Equation of State (QEOS) [12] is based
on a model that includes modified electronic Thomas-
Fermi statistics with the ion thermal motion calculated
beyond the Griineisen EOS by including temperature-
dependent corrections to the pressure. This model shows
consistency with the wide range of temperatures accessed
in this experiment. Calculations using the Sesame EOS
includes atomic structure based on solutions of the single
particle quantum levels in the self-consistent field of an
atom [39]. The peak temperature and experimentally ob-
served coalescence time are in excellent agreement with
modeling that uses the Sesame EOS. However, early in
time the agreement is less satisfactory indicating that
future comparisons with first-principle statistical models
[40] will be useful to understand these weakly shocked
systems.

At peak temperature and density conditions, calcula-
tions indicate pressures in the range of P = 300 - 420
GPa. With Z* = 1 and the measured electron density
from the plasmon frequency shift, we determine a mass
density of p= 2.25 g/cc at shock coalescence, a factor
of three times solid density compression. This value is
consistent with EOS data obtained from density func-
tional perturbation theory [41], and approaches condi-
tions where a pressure induced insulator-metal transition
is predicted [42]. Here we measure the metallic state
from the observation of plasmons at shock coalescence.
This transition is thought to occur simultaneously with a
structural transition from the B1 NaCl like phase to the
B2 CsCl like phase, which has been previously observed
in all other alkali-hydrides except LiH [43]. Wang et. al
[42] predicts that the B1 to B2 transition occurs at 313
GPa, simultaneously with the MIT transition that is a
result of the estimated near zero band gap energy in the
B2 phase. However, DFT calculations that account for
underestimation of the band gap energy using the Local
Dynamic Approximation (LDA) predict that the MIT
should occur first, followed by the B1 to B2 transition at
308 GPa [41]. Future experiments using x ray Thomson
scattering to measure the Bl to B2 transition and the
MIT transition in more detail would provide insight into
the structural behavior of LiH under extreme pressure
conditions, as well as other materials of interest.

CONCLUSIONS

In summary, we have successfully obtained experimen-
tal K-a X-ray Thomson scattering data, enabling 10 ps
temporal resolution for characterization of shock com-
pressed, solid density matter. The spectral properties
of Ti K-a, ie. moderate energy and small bandwidth,
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FIG. 6: a.) The temperature of the shocked LiH as function
of time, where t=0 denotes the start of the compression beam,
from x-ray Thomson scattering measurements (red) and from
radiation-hydrodynamic modeling using different EOS mod-
els. The range of temperatures plotted for each model ac-
counts for LiOH surface impurities (lower bounds) to no im-
purities (upper bounds). The experiments and calculations
demonstrate efficient heating by shock coalescence with small
differences in shock timing that can be resolved with the short
K-« x-ray pulses. b.) Sensitivity of theoretical fitting to the
experimental data for varying temperature. The intensity of
the elastic scattering feature increases with increasing tem-
perature, from dependence on the ion-ion structure factor.



are well suited for collective scattering from plasmons.
A transition to the dense metallic plasma state in solid
density material has been shown, resulting in the obser-
vation of plasmons. This has allowed testing of radiation-
hydrodynamic calculations utilizing different EOS mod-
els for dense shocked matter. This technique is opportune
for inertial confinement fusion experiments, such as the
National Ignition Facility [44], that will achieve extreme
density conditions and require high temporal resolution
for characterization of short lived states of compression,
and can be used to test radiation hydrodynamic models.
We further show that K-« scattering can provide a suf-
ficient source, with ~10'2 photons on target, for pump-
probe experiments and diagnosing warm dense matter in
laboratory astrophysics experiments.
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