Measurements of the momentum-dependence of
plasmonic excitations in matter around 1 Mbar
using an X-ray free electron laser
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ABSTRACT

We present measurements of the plasmon shift in shock-compressed matter as a function of momentum transfer beyond the
Fermi wavevector using an X-ray Free Electron Laser. We eliminate the elastically scattered signal retaining only the inelastic
plasmon signal. Our plasmon dispersion agrees with both the random phase approximation (RPA) and static Local Field
Corrections (sLFC) for an electron gas at both zero and finite temperature. Further, we find the inclusion of electron-ion colli-
sions through the Born-Mermin Approximation (BMA) to have no effect. Whilst we cannot distinguish between RPA and sLFC
within our error bars, our data suggest that dynamic effects should be included for LFC and provide a route forward for higher

resolution future measurements.

Matter with a high energy density, which is both warm and
dense, is ubiquitous throughout the universe. This exotic state
of matter is found in the cores of large planets,' the outer layers
of stars,? and inertial confinement fusion reactions.>* However,
diagnosing warm dense matter is challenging, as it exists
between condensed matter theory and classical plasma physics,
and cannot be simply described by either. Further, its high elec-
tron density renders it opaque to optical probes and its short
lifespan mandates probing on ultra-short timescales. X-ray scat-
tering techniques, encompassing X-ray diffraction and inelastic
X-ray scattering, have been demonstrated as versatile and reli-
able diagnostic techniques.”® Inelastic scattering from collective
electron modes yields information about thermodynamic prop-
erties (density and temperature),® optical properties (dielectric
function),”® and transport properties (electrical conductivity).®
The dielectric function is intimately related to the inelastic

scattering signal where energy is lost by the scattered photon
by scattering from plasmon resonances. However, disentangling
this signal from the brighter and broader elastic signal arising
from the more numerous bound electrons requires narrow
incoming X-ray bandwidths AE/E ~ 10~ and sub-picosecond
bright pulses for single-shot detection.'

The momentum-dependence of the plasmon resonance, or
plasmon dispersion, is highly dependent on temperature and
density." A first approximation is often made using the steady-
state Bohm-Gross dispersion as a function of electronic temper-
ature and Debye length.” This amounts to a semi-classical
approximate solution of the dispersion equation Re[e(k,w(k))] =0
using the random phase approximation (RPA) dielectric function,
e. Corrections include quantum mechanical effects,® electron-
ion collisions,”® electron-electron correlations, and quantum
degeneracy.™ These effects lead to differing dispersion relations,



in particular, at large momentum transfers above the Fermi
wavevector.* The ultimate future goal is to unequivocally dis-
criminate between these modifications.”

It is with these caveats in mind that we present here
measurements of the plasmon shift in shock-compressed
matter over an extended wavevector range using an X-ray
Free Electron Laser (FEL). Through measuring the pure elastic
scattering signal from an insulator, contemporaneously with
the upstream, incoming FEL signal, we are able to map the
FEL signal to the predicted elastic scattering on a shot-by-
shot basis, thus exposing the purely inelastically scattered
signal. The cold, uncompressed, plasmon dispersion matches
that measured experimentally.'® Simultaneous measurements
of the diffraction signal provide information on the density of
the shock-compressed aluminium. This measured density may
be compared to the equation-of-state through one-
dimensional radiation-hydrodynamic simulations in order to
obtain the plasma temperature and peak pressure. We find a
peak pressure over 1Mbar, and the density range is consistent
between the diffraction data, compressed plasma frequency
(which depends on electron density), and simulations.
Calculations of the plasmon dispersion using both the random
phase approximation (RPA) and static Local Field Corrections
(SLFC) for an electronic gas at zero temperature with these
found conditions match very well the measured plasmon shift
at low wavevector, where these effects are indistinguishable,
and at larger scattering angles (wavevectors). Including
electron-ion collisions with the Born-Mermin Approximation
(BMA) has no effect on the dispersion relations.

The experiment was performed at the Matter in Extreme
Conditions (MEC)” end-station of the Linac Coherent Light
Source (LCLS). Aluminium foils of thickness 50 um coated with
25 yum of parylene-N (plastic) were shock compressed to 1 Mbar
using a temporally flat-top 6ns pulse from the MEC Nd-Glass
laser at a wavelength of A=527nm with an energy of 6J and a
spot-size of diameter 200 xm in order to achieve uniform condi-
tions. This shock-compressed Al was then probed at 6.5ns, just
before shock breakout of the back surface, by the LCLS FEL
beam. The x-rays had a duration of 50 fs with a pulse energy of 1
mJ and a spot-size of diameter 20 um and were incident at an
angle of 30° to the target normal. The photon energy of the
beam was tuned to E=7.2keV and LCLS was operated in the
seeded mode providing a bandwidth AE /E of 10~*,

Our primary diagnostic is the X-ray scattering signal which
yields information on the collective electronic properties of the
plasma. This is measured at two angles, 10° and 36° employing a
40 um Highly Annealed Pyrolytic Graphite (HAPG) crystal in
Von-Hamos geometry™® by placing the spectrometer azimuthally
at 10° and then elevating it by 35° in polar angle. The acceptance
angle of the crystal is =4° due to the width of the crystal in the
non-dispersive (azimuthal) direction. At higher scattering
angles, the k-vector blurring introduced by the size of the crys-
tal is reduced as the scattering vector is no longer aligned with
the non-dispersive direction. These spectrometers combine
high efficiency, required because of the low scattering cross-

section, with a moderate spectral resolution, in this study with a
full width at half maximum (FWHM) around 7 eV.

First, the elastic scattering signal from 20 um of parylene-
N is recorded simultaneously with the upstream incident FEL
spectrum for over 2000 shots for both spectrometer positions.
The upstream spectrometer has a higher resolution,' of order
0.3-0.5eV, and can be used to distinguish the narrow incident
x-rays against the self-amplified spontaneous emission (SASE)
foot which was high because the accelerator was tuned to max-
imise the output energy. This enables us to map through a lin-
ear transformation matrix M the incident spectrum a to the
recorded elastically scattered spectrum b=M - a so that we
can predict the shape of the elastic signal when Al is included.
The transformation matrix is found simply from the vector
product of the output and input spectra: M = b ® a~!. Including
Alin the target gives the average scattered signal, corrected for
spatial jitter of the incident beam, as seen in Fig. 1(a) for both
the cold (40 shots) and driven (29 shots) targets at 10°. Also
shown is the average incident FEL spectrum for the cold shots
(note that the spectrum is essentially identical for the driven
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FIG. 1. (a) X-ray Thomson Scattering signal as a function of energy shift from the
elastic peak for the cold (blue dashed) and driven aluminium (red solid) at a 10°
scattering angle. Shown also is the incident FEL spectrum measured upstream
(orange dotted) and the predicted elastic signal for this incident spectrum (black
dot-dashed). (b) Scattering signals as in (a) but with the elastic signal subtracted
yielding the cold (blue dashed) and driven (red solid) Al plasmon signal.



shots), and this spectrum transformed as described above to
give the predicted elastic scattering signal (black). Subtracting
this predicted elastic signal from the measured full signal
reveals only the inelastic component in Fig. 1(b)—the electronic
plasmon. The strong oscillations around the zero energy shift
position are artefacts from subtraction (see supplementary
material) and the correction of the spatial jitter arising from
using a new target for every driven shot, which may sit differ-
ently in the focus. This has no effect on the position of the
extracted plasmon. The method described above is also repeated
at the higher spectrometer angle for 38 undriven and 34 driven
shots and is shown in the supplementary material.

The short X-ray pulse gives a snapshot of the sample’s con-
ditions and is analysed through x-ray diffraction (XRD). The
average diffraction pattern for all shots presented above is
shown in Fig. 2 for the “Cold” (uncompressed) aluminium (78
shots) and the driven “Compressed” case (63 shots). Using the
shift to higher angles (Q-shift) of the Bragg peaks (111), (200), and
(220), we can extract a range of densities to which we compress
the Al All three agree and give a range of probed densities p
of 129<p/pp<156 as a ratio of the ambient density
po=27gcm>. Further, the shock reproducibility can be ana-
lysed by considering the shock break-out time variability across
all the shots using VISAR (Velocity Interferometer System for
Any Reflector). The planarity of the shock is clear, and the break-
out time is found to be consistent across all recorded shocks in
the dataset at 7.90 + 0.36 ns.

Our other plasma conditions (temperature and pressure) are
found from 1D radiation-hydrodynamic simulations using
MULTIL? Given the laser temporal profile, the laser intensity is
tuned to match the observed shock break-out time. The simula-
tions indicate the presence of a release wave following the shock.
In consequence, the x-ray beam probes the thermodynamic
states of the shocked and partially released material following the
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FIG. 2. X-ray diffraction pattern for aluminium both “Cold” (undriven, blue dashed)
and “Compressed” (driven, red solid) as a function of momentum shift (Q-shift).
Salient features of the pattern are identified such as the presence of amorphous
plastic peaks, Bragg diffraction from Al both un- and compressed, and melt signa-
ture in the compressed case.
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FIG. 3. Plasmon shift for aluminium both “Cold” (blue) and “Compressed” (red) as
a function of wavevector (or momentum-transfer, k). Measurements are taken for
k=0.6A"and k=2.3A~". Also shown is the cold plasmon dlsperS|on and the
driven plasmon dispersion for RPA and for sLFC (at finite temperature).” The inclu-
sion of electron-ion collisions via BMA has no effect on both of these plasmon dis-
persions. The grey band is the range of shifts expected at zero momentum-transfer
for the density range measured from XRD.

isentrope from the initial shocked state as well as the unshocked
material since probing was before the shock break out. The calcu-
lated density range in the compressed Al and the presence of an
unshocked region agrees with the observed XRD (red solid curve,
Fig. 2). The calculated temperature T in this compressed region is
0.25< T(eV) < 0.37, and the pressure P is 0.43 < P(Mbar) < 1.09,
indicating that under these conditions, we are just below the melt
curve of Al,? leading to partial melt on release. This again is cor-
roborated by the XRD in Fig. 2, which shows a broad liquid feature
from the Al melt underlying the Bragg peaks.

Our cold plasmon dispersion as a function of wavevector k
matches measurements by Krane™ fitted to the empirical formula

(hk)

(4

ho = haop + o 1)
where h is the reduced Planck constant, m, the electronic mass,
and the plasma frequency w, = \/nee?/meep, with e the elec-
tronic charge and ¢, the permittivity of free-space. The fitting
constant o=046 matches that found experimentally’® for
k> 0.5A and is shown in Fig. 3.

Ordinarily, one would use an analytical form of the
improved Bohm-Gross dispersion relation (IDR) to fit the plas-
mon dispersion which has the functional form™

) 3kaT 2., 3 <hk2 ) 2
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where kg is the Boltzmann constant and A, is the thermal wave-
length. However, this derivation assumes that the electron gas is
weakly degenerate and the expansion of Fermi integrals used in
its derivation requires that y =n.A./ge < 5.5, with g. the electron
spin degeneracy.?” Further, it is only valid for small momentum
transfers k. For the plasmas considered here, y>>100; the
degeneracy parameter of the plasma, which is the ratio of the




thermal energy to the Fermi energy,22 ® =kgT/Er < 1; and fur-
thermore, the plasma is strongly coupled,? I" > 1. Consequently,
our plasma is highly degenerate and requires more extensive
modelling for the dispersion relation.

Fully calculated models of the compressed plasmon disper-
sion using the above conditions are then compared with the
measured plasmon shift from Fig. 1(b) (and identically for the
data at 36°). We choose conditions for our simulations which
match the range of measured conditions above and agree with
the 10° (— 0.6 A™") compressed plasmon shift. The best match is
found for p/po ~ 1.3, which corresponds to an electron density
of n,=23x10% cm™® and an electron temperature of
T=0.3eV. At this density, the Fermi wavevector kp=1. 9A! ,and
furthermore, the scattermg% parameter os=Kkrg/k, where
KT = (Me€ Z/neohz Y2(3n,/m)V®,  the Thomas—Fermi inverse
screening length15 for a degenerate Plasma is calculated to be
3.6 at k=0.6A""and 0.9 at k=2.3A"", implying that we are in
the collective scattering regime at 10° and just outside it at 36°.
Again, coinciding with the measured density from XRD, the 10°
compressed plasmon shift matches the range of plasma fre-
quencies with electron densities n, determined from XRD
shown as the grey-shaded band.

We compare the momentum-dependence of our com-
pressed plasmon with two different models in Fig. 3. The first
uses RPA which assumes that the electrons are distributed in
nearly random positions and hence that their phases for differ-
ent k average to zero.?” The second augments this model with
static Local Field Corrections (sLFC) which accounts for elec-
tronic interactions at high densities.” Note that at very high
densities, electron-electron collisions are however suppressed
due to Pauli blocking (for ¢ < 1)."* Both these models match very
well with the measured dispersion at small wavevectors (scatter-
ing angle of 10°) but differ at higher momentum-transfers, where
local field effects become important. However, due to the intrin-
sic resolution of the HAPG crystal employed by the spectrome-
ter,'® as well as our diverse plasma conditions along the x-ray
probe path, over which the plasmon position is averaged in each
single shot, we are unable to resolve the peak position of the
broad plasmon at higher scattering angles to better than +4 eV
and consequently are unable to distinguish between RPA and
SLFC. Furthermore, neglecting finite temperature effects?® has
no effect on the dispersion since ® = kgT/Er= 0.02 and matches
the shown curve for T = 0.3 eV.?* In addition to this, incorporat-
ing the Born-Mermin Approximation (BMA) which includes
electron-ion collisions and, in the limit that k — 0, converges to
the Drude model for the dielectric function™ also has no effect
on the dispersion curves. Nevertheless, our driven, high
scattering-angle plasmon shift suggests that dynamic LFC
should be included" which is known to yield a smaller correc-
tion to the plasmon dispersion than its static counterpart.

In conclusion, we present measurements of the plasmon
shift as a function of wavevector at two scattering angles: first at
a low angle where the dispersion should not deviate strongly
from the plasma frequency and second at a higher angle where
deviations become apparent. We achieve this through subtract-
ing the strong elastic scattering signal by characterising it shot-

by-shot and employing narrow bandwidth X-rays. Our shock-
compressed plasmon is entirely consistent with the density
measured from XRD, which itself closely follows that predicted
from radiation-hydrodynamic simulations of the plasma. Given
the density and temperature from these simulations, we
construct plasmon dispersion models including different
quantum-mechanical effects and compare these to our mea-
sured dispersion. We find both temperature effects®*?® and
electron-ion collisions to be unimportant.®

Whilst plasmon measurements in this regime are not new,
ours are made in more constrained conditions than previous
work.> We achieve this by using further complementary diagnos-
tics including simultaneous shot-by-shot X-ray diffraction and
VISAR measurements. Using these diagnostics, we are able to
independently constrain our density and temperature without
relying on fitting plasmon profiles as in Neumayer et al."® and find
results that are entirely consistent between all our diagnostics.
For comparison, our measured density is found to within 10%,
whereas Neumayer et al”® infer a density from plasmon shifts
within 18%. Previous work on plasmon measurements found
agreement with LFC but not with RPA:"® however, their error bars
on the measurements are smaller than ours and they find an even
more depressed dispersion than with static LFC alone. Moreover,
we concur that including Local Field Corrections is important.

Due to the resolution of the spectrometer crystal and the
breadth of the compressed plasmon feature, we cannot distin-
guish between models including solely RPA and those which
include static Local Field Corrections, but rather our work sug-
gests that including dynamic LFC would better match our mea-
sured dispersion and may indeed be important. We assert that
the method described in this letter is an effective method to
measure plasmon dispersions in shock-compressed matter
which would enjoy more profitable future success through the
use of better statistics, higher repetition rate optical drive
lasers, and higher energy-resolution spectrometers.

See supplementary material for the 36° scattering angle
data, further details on the method to remove the elastic scat-
tering, and 1D radiation-hydrodynamic simulations.
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