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Abstract. The Matter in Extreme Conditions end station at the Linac Coherent Light Source
holds great promise for novel pump-probe experiments to make new discoveries in high-
energy density science. In recent experiments we have demonstrated the first spectrally-
resolved measurements of plasmons using a seeded 8-keV x-ray laser beam. Forward x-ray
Thomson scattering spectra from isochorically heated solid aluminum show a well-resolved
plasmon feature that is down-shifted in energy by 19 eV from the incident 8 keV elastic
scattering feature. In this spectral range, the simultaneously measured backscatter spectrum
shows no spectral features indicating observation of collective plasmon oscillations on a
scattering length comparable to the screening length. This technique is a prerequisite for
Thomson scattering measurements in compressed matter where the plasmon shift is a sensitive
function of the free electron density and where the plasmon intensity provides information on
temperature.

1. Introduction

With the advent of the Linac Coherent Light Source (LCLS) x-ray laser [1] and the commissioning of
the Matter of Extreme Conditions (MEC) end station [2] an unprecedented experimental capability has
become available to explore extreme matter conditions with accurate pump-probe measurements [3],
cf., Fig.1. Experiments that apply spectrally resolved x-ray scattering to probe plasma conditions of
compressed solids offer novel techniques to determine the physical properties of matter at mega bar
pressures. The ultrafast temporal resolution provided by the LCLS x-ray source and the high
repetition rate of these experiments makes studies of high-pressure phase transitions [4,5],
observations of novel structural properties [6], or direct measurements of material strain rates highly
attractive.

For this purpose, the MEC instrument is equipped with one ultra-short pulse laser and two nanosecond
laser beams that drive the material into extreme matter conditions, for example, by isochoric heating
or by launching shock waves that propagate through solid foil targets. In these conditions, spectrally
resolved x-ray Thomson scattering measurements in the non-collective (backward) scattering regime
provide information of the microscopic physics by measuring the free electron distribution function.
On the other hand, in the collective (forward) scattering regime, plasmon (Langmuir) [7-9] or ion
acoustic oscillations are observed [10]. In particular, the plasmon scattering spectrum is of
fundamental interest because it holds promise to determine plasma parameters and the physical
properties from first principles [11]. This is particularly relevant for solid densities and above where
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the plasma is often closely coupled and standard theoretical approximations that have been developed
for solids or ideal plasmas are not applicable. On the other hand, knowledge of dense plasma
conditions are important for warm dense matter studies and potential future applications where
contemporary physics pursues questions related to particle acceleration, inertial confinement fusion,
and laboratory astrophysics.

Figure 1. Areal view of the Linac
Coherent Light Source. Electrons are
injected at the 2 km point of the Linac
that accelerates electron bunches over
1 km to energies ranging from 4.3 to
14 GeV. A 130 m long undulator is
then producing the Free Electron
Laser (FEL) x-ray beam with energies
ranging from 1.5 A to 15 A at 120 Hz
for experiments in the near and far
experimental halls. The MEC is the
3" instrument in the far experimental
hall that is reached after a 200 m-long
x-ray transport line. At MEC, the x-
ray beam can deliver x-ray energies
from 480 to 10,000 eV with pulse
durations of 5 to 500 fs and up to 4 mJ
FEL pulse energy.
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LCLS provides a powerful penetrating x-ray beam with unique properties to probe the conditions in
these short-lived hot dense states of matter. The beam delivers approximately 10'* x-ray photons in a
micron-scale focal spot allowing measurements with high spectral resolution of AE/E = 10* (in a
seeded beam mode [12]), high wave-number resolution of Ak/k = 102, and high temporal resolution of
20-50 fs. Consequently, by employing highly efficient curved crystal spectrometers, the plasmon
spectrum can be observed in single shots.

In this study, experiments have been performed in single shot mode and at high repetition rate of 115
Hz. The latter allowed us to measure quasi noise-free plasmon spectra within 7 seconds that
determine the plasmon dispersion and intensity for warm solid-density aluminum. The plasmon shift
of 19 eV yields n, = 1.8 x 10* cm™ expected for Z = 3 and temperatures less than 1 eV. These findings
demonstrate the plasmon scattering capability at LCLS and will motivate future investigations in hot
compressed matter.

2. X-ray Thomson scattering in dense plasmas

The x-ray scattering process is markedly different from optical scattering as the energy of the incident
x-ray photon with frequency wy is large enough to give a significant Compton or plasmon shift to the
frequency of the scattered radiation. During the scattering process, the incident photons transfer the
momentum hk/2s and the energy hwo/2mw = (hk/2m)° /2m, to the electrons. The magnitude of the k-
vector is given by

k= |k| = 47 he sin(g) (D
E, 2

with E, = hwy/2m being the energy of the probe x rays and 6 the scattering angle. Momentum and
energy is transferred to free electrons and to electrons whose binding energy is less than Aiw /2. With
the scattering vector defined by x-ray energy and scattering geometry, the Thomson scattering regime
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is characterized by the scattering parameter « that is proportional to the ratio of the x-ray probe scale-
length to the plasma screening length, Ag:
= @)

kA
For a < 1, the non-collective regime, spectrally-resolved incoherent Thomson scattering measures the
momentum distribution function for free electrons, and hence the electronic temperature. In warm
dense matter, however, this spectrum blends with the bound-free scattering spectrum [13-15] that
measures the momentum distribution of the bound electrons. Moreover, bound electrons with
ionization energies larger than hw /2 (states deep in the Fermi sphere) cannot be excited, and no
energy can be transferred during the scattering process giving rise to an elastic scattering feature. For
a > 1, the collective scattering regime, the scattering is sensitive to temporal and spatial correlations
between electron motion separated by a screening length, and therefore observes ion-acoustic and
electron plasma wave resonances.

The total scattering spectrum results in elastic and inelastic spectral features that are calculated with
the dynamic form factor. The free electron contribution is described by S..(k,w), while the un-shifted
elastic scattering component at E, that is commonly referred to as Rayleigh peak is described by the
first term of the dynamic structure factor [16-17]

S(kaw) =|£, (k) + q(k)[ S,(k) + Z,S.. (k) + Z, [ Ser (ki - 0)S(ko')do'  (3)

with Z; and Z. the number of free and bound electrons, respectively. The last term of Eq. (3)
calculates the bound-free scattering contribution. This expression for the dynamic structure factor
allows a few simple approximations. Of interest to this study, a > [ results in collective scattering
and the plasmon frequency shift from E, is determined by the plasmon dispersion relation and the
width is determined by Landau damping and collisional damping processes. The shift can be
approximated for small values of k using an inversion of Fermi integrals given by Zimmerman [18]
that results in a modified Bohm-Gross dispersion relation [18-19]

2m

e
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where 7 € / o s the plasma frequency, Vit ks, /m, is the thermal velocity, and

A= h/ N2mmk,T, is the thermal wavelength. For solid-density plasma conditions encountered in
warm dense matter, Eq. (4) results in energy shifts in the range of 15 — 50 eV consequently requiring a
high-energy x-ray source of E > 3 keV and AE/E = 10 - 10 to both penetrate through the dense
plasma and to resolve the plasmon frequency shift. Furthermore, it is noteworthy to realize that
simultaneous energy resolution of AE/E < 10 and wavenumber resolution of Ak/k < 10" will be
needed to resolve plasmon broadening determined by damping processes in the plasma.

2 2
w;, = o, + 317V, (1+0.088n, A7 ) + (K) )

3. Results and Discussions

In this study, we first validated plasmon measurements at high repetition rate with high-resolution
measurements of isochorically heated targets before applying the technique in single shots on shock-
compressed aluminum. Figure 4 shows the experimental scattering spectra from solid-density
aluminum. Results are shown from the forward scattering and backward scattering spectrometers with
the x-ray beam in seeded and SASE mode of operation. The seeded x-ray beam provides a bandwidth
of 1 eV and combined with 8 eV spectrometer resolution resolves the plasmon that is downshifted
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from the elastic 8 keV scattering feature by 19 eV. The figure also shows the results of the backward
scattering spectrometer which observes elastic scattering at 8 keV reflecting the instrument function of
the spectrometer convolved with a Gaussian profile that accounts for the statistical fluctuations of the
x-ray energy of a seeded beam over 700 shots.

The experiment with a seeded x-ray laser beam shows that the bandwidth is sufficient to resolve
plasmons in dense matter. In forward direction, the x-ray scattering spectra with SASE operation
show a slight broadening of red wing of the scattering spectrum but the SASE scattering spectrum is
not suitable for inferring the dense plasma conditions.
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Figure 2. X-ray Thomson scattering data from solid density aluminum targets are shown from forward
(plasmon) scattering and backscattering spectrometers for seeded and SASE x-ray beam operation.
These data are accumulated over 700 shots at 120 Hz. Also shown are examples of the spectrum of a
single x-ray laser shot indicating 1 eV bandwidth for seeded beam and 50 eV for SASE operations.

The backward spectrometer also measured a Compton scattering feature downshifted in energy by 250
eV (not shown). Here, we note that the plasmon resonance is only observed in forward scattering
providing strong evidence of a collective phenomenon as predicted for these conditions; bound-free
scattering features are predicted to be negligible in this energy range and no feature has been observed
with the Compton spectrometer. For these measurements, the crystal in the forward scattering
spectrometer is 40 mm thick while in backscattering we employed a 100 mm thick crystal giving rise
to slightly different instrument functions and consequently slight differences in the spectral shape of
the elastic scattering feature.

When fitting the dynamic structure factor, equation (3) to the experimental forward scattering
spectrum we find that the shift of the plasmon peak yields the electron density of n, = 1.8 x 10 cm™ +
5%. The electron temperature is 2 eV accounting for the isochoric heating of the aluminum by the x-
ray laser pulse [20]. The ions are cold with temperatures of order 0.1 eV. Here, the plasmon frequency
is sensitive to the electron density, but the temperatures are too small to affect the plasmon. The
accuracy of the electron density measurement is very high due to the sensitivity of the plasmon



8th International Conference on Inertial Fusion Sciences and Applications (IFSA 2013) IOP Publishing
Journal of Physics: Conference Series 688 (2016) 012020 doi:10.1088/1742-6596/688/1/012020

n,=2/,602x107p .
resonance to the plasma frequency. With (the electron density n, in cm™ and
the mass density in g cm™), assuming ionization state of Z=3 and using the mass A=26.98 u, the
measured electron density provides r = 2.7 g cm™ as expected for solid aluminum.
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Figure 3. The theoretical fit to the experimental forward X-ray Thomson scattering data is shown for
the electron density of n, = 1.8 x 10 cm™. The theoretical fit uses an electron temperature of 2 eV
reflecting the direct heating of electrons by the x-ray laser interactions. The ions are assumed cold
with temperatures of order 0.1 eV. The red dashed curve shows the elastic scattering component and
the blue dashed curve represents the plasmon spectrum.

4. Conclusions

With the measurements of plasmon scattering we have demonstrated a highly accurate tool to measure
the physical properties of dense matter. This capability is a prerequisite to test predictions of radiation
hydrodynamic simulations and density function theory to understand dense matter conditions.
Furthermore, the unique combination with pump-probe capability at LCLS will allow novel
experiments to discover new phases and material conditions in well-characterized conditions. The
high bandwidth and high photon numbers combined with high-resolution crystal spectrometers allows
resolving the plasmon shift of 19 eV resulting in an electron density n, = 1.8 x 10* cm™ + 5%. This
density is consistent with Z=3 in solid aluminum. For future experiments this capability can be applied
in single shots to determine, e.g., the conditions of warm dense matter that is compressed by laser-
driven shock waves. Also, the technique will allow ultrafast pump-probe studies for measurements of
thermodynamic equilibration. On a fundamental level, precision measurements of the plasmon
dispersion and amplitude will now be possible. Future developments will include high-resolution
spectrometers with sufficient efficiency for measuring the plasmon broadening through Landau and
collisional damping processes.
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