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Using simultaneous spectrally, angularly, and temporally resolved x-ray scattering, we measure the pronounced
ion-ion correlation peak in a strongly coupled plasma. Laser-driven shock-compressed aluminum at ∼3× solid
density is probed with high-energy photons at 17.9 keV created by molybdenum He-α emission in a laser-
driven plasma source. The measured elastic scattering feature shows a well-pronounced correlation peak at a
wave vector of k = 4 Å−1. The magnitude of this correlation peak cannot be described by standard plasma
theories employing a linear screened Coulomb potential. Advanced models, including a strong short-range
repulsion due to the inner structure of the aluminum ions are however in good agreement with the scattering
data. These studies have demonstrated a new highly accurate diagnostic technique to directly measure the
state of compression and the ion-ion correlations. We have since applied this new method in single-shot
wave-number resolved S(k) measurements to characterize the physical properties of dense plasmas.

PACS numbers: 52.27.Gr, 52.25.Os, 71.45.Gm

I. INTRODUCTION

The warm dense matter (WDM) regime of high en-
ergy density physics1 is of particular interest as it en-
compasses a broad regime of extreme conditions, existing
between hot plasmas and condensed matter. It is within
the WDM regime that planetary interiors2,3 and large
parts of inertial confinement fusion capsule implosions4,5

reside. Laboratory experiments to study WDM often
span a large portion of the density-temperature parame-
ter space, evolving through the strongly coupled plasma
phase, a phase which poses great challenges to current
theory.

A strongly coupled plasma6–8 can be described by the
Coulomb coupling parameter, Γii, which is taken as the
ratio of the average potential energy, <V>, over the av-
erage kinetic energy, <K>:

Γii =
< V >

< K >
=

Z2
i e

2

4πε0a
× 1

kBT
> 1, (1)
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where Zi is the mean ionic charge, e is the electron
charge, a is the interparticle spacing, kB the Boltzmann
constant, and T the plasma temperature. In the case of
a strongly coupled plasma, Γii >1, characterized by the
Coulomb forces dominating over the thermal excitation
of the particles.

Many properties of a strongly coupled plasma are de-
scribed by the pair correlation function, g(r). This is the
probability of finding two ions separated by the distance
r. Figure 1 shows g(r) as a function of inter particle dis-
tance r for a number of different plasma conditions, rang-
ing from ideal plasma (gas) to an ideal solid (crystal). In
an ideal plasma (gas), the ions are distributed around a
test ion following Boltzmann’s relation. The probability
of finding another ion at large distances is unity. In an
ideal crystalline solid, the ions are distributed in a three-
dimensional lattice. Another ion will be found at a dis-
tance r if if is an integer multiple of the dhkl lattice spac-
ing. g(r) shows sharp features at resonances correspond-
ing to the arrangement of the ions in the lattice. The
strongly coupled plasma exists somewhere in the middle:
neither is it an ideal gas nor a solid. g(r) vanishes at small
r due to strong Coulomb repulsion, and approaches 1 at
very large distances, where it is screened from interac-
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tions with the particle at the origin. At radii in-between,
there are pronounced peaks and valleys representing cor-
relations, or short-range order, in the plasma.

The accurate characterization of materials in this mod-
erately strong interparticle coupling phase is necessary
to broaden our understanding of these transient states
and enables the testing of dense plasma models and pro-
vide validation for equation of state (EOS) models. To
examine such correlations, X-Ray Thomson Scattering
(XRTS)9 can be applied to directly probe the conditions
of matter. In XRTS, an intense line x-ray source is sent
into the plasma, and the scattering of those x-rays by the
electrons of the plasma are observed to give an accurate

measurement of electron density, temperature, and ion-
ization state. From momentum and energy conservation,
the scattering wave number, k, which is inversely related
to the plasma screening length, is given by

k = |k| = 4πE0

hc
sin

θs
2

(2)

where E0 is the incident energy of the probe x-rays, θs
is the scattering angle, h is Planck’s constant and c the
speed of light.

The full spectral scattering response is described by
the total electronic dynamic structure factor10,11,

S(k, ω) = |f(k) + q(k)|2Sii(k)δ(ω) + ZfSee(k, ω) + ZC

∫
SCE(k, ω − ω′)SS(k, ω′)dω′ . (3)

Here, Sii(k) is the static ion structure factor, See(k, ω)
corresponds to the dynamic structure factor of the free
electrons in the system, Sce(k, ω) is the structure factor
of the core electrons, and Ss(k, ω) is the self-motion of
the ions. The first term of the equation, which accounts
for the full response of electrons that dynamically follow
the ion motion, includes the contributions of both the
bound electrons, represented by the ion form factor f(k)
and the screening cloud of free and valence electrons that
surround the ion represented by q(k). The second term
describes the response of free electrons that do not follow
the ionic motion, while the final term of the equation
includes inelastic scattering by bound electrons.

These terms will then manifest in a spectrally re-
solved XRTS spectrum with elastic scattering occurring
at the incident x-ray energy, a Compton feature which
is downshifted from the incident radiation according to
the Compton effect, and a bound-free feature that shows
up as a red wing tail. The dynamic structure factor thus
contains details of the correlated many-particle system.
Within this framework, we can apply energy-resolved x-
ray scattering to tease out the details of the system. In
particular, in a scattering experiment, we can measure
the static structure factor S(k), which is related to the
Fourier transform of g(r).

Using XRTS, we can now directly probe the struc-
ture of hot dense materials in their strongly coupled
state. Such experiments are necessary to test the dif-
ferent models of ion correlations12,13. For example, Fig-
ure 2 shows four different model predictions of the static
ion-ion structure factor (a) and total elastic scattering
(b) for Aluminum at 10 eV, 3× compression, and aver-
age ionization state of 3. These models primarily vary
in their approximation of the inter-particle potential, a
large unknown in WDM, and an input quantity in all
applied codes14,15.

The Debye-Hückel (DH) model8 is a first order plasma

approximation. As seen in Fig. 2, the DH model does
not predict any correlation peaks in the plasma. In the
Screened One Component Plasma (SOCP) model8, elec-
trons form a polarizable, neutralizing background, and
ions are modeled as charged hard spheres, with strong
coupling taken into account. Two Hyper-Netted Chain
(HNC) calculations using different pseudopotentials are
also shown: HNC-Y uses a screened Coulomb Yakawa po-
tential, while HNC-Y+SRR additionally includes a short
range repulsive interaction between two atoms at short
distances14,16,17. In all of these cases, there are subtle
differences in the ion-ion structure factor predicted, with
oscillations and a primary peak at 4 Å−1. The amplitude
of all these peaks depends on the model, and in particu-
lar, with SRR, we get a well-pronounced maximum and
a large correlation hole at <3 Å−1. Experiments can
benchmark these model calculations and thus improve
our understanding of warm dense matter conditions.

ADD THIS IN SOMEWHERE? A similar effect also
leads to strong modifications in the screening cloud q(k)
which may result in negative Fourier components of the
electron density17.

II. MULTI-SHOT MAPPING OF THE CORRELATION
PEAK AT OMEGA

The experiment to measure the scattering at varying
k for a single compressed plasma condition was carried
out at the OMEGA-60 laser at the Laboratory for Laser
Energetics18. A schematic of the scattering package tar-
get is illustrated in Fig. 3. To launch a strong shock wave
into the 125 µm thick aluminum foil targets, nine beams
with a total energy of 4.5 kJ were incident onto the foil
in a stacked 1 ns square pulse. These beams employed
SG4 distributed phase plates to achieve a smooth 800 µm
focal spot, and a total drive intensity of 3×1014 W/cm2
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FIG. 1. The pair distribution function g(r) plotted for a number of different plasma conditions, ranging from ideal gas to ideal
solid. The strongly coupled plasma exhibits properties common to both gas and solid. Courtesy of G. Gregori.

on the sample. 2-D radiation-hydrodynamic calculations
using the HYDRA code19 indicate this laser configura-
tion compressed the aluminum to above three-fold solid
density with pressures of 30–40 Mbar. Approximately 3
ns is required for the shock to fully propagate across the
125 µm thick Al foil.

To probe the shocked Al, an x-ray source of molyb-
denum He-α was generated. These x-rays were created
using 15 beams of 1 ns duration, 80 µm focal spot inci-
dent on a thin (12 µm) molybdenum foil. For many shots,
a single beam of 500 J, defocused to a 200 µm focal spot,
1 ns duration preceded the group of 15 beams by 1 ns.
This pre-pulse produced a low-density pre-plasma such
that when the main bundle arrived, it would interact with
a low density, heated plasma decreasing the amount of
cold Kα x-ray radiation produced and boosting the con-
version into Mo He-α. An absolutely calibrated Trans-
mission Crystal Spectrometer20,21 monitored the output
of the probe source in first order on each shot. An ex-
ample of the spectrum is shown in Fig. 4. The strongest
line is He-α, Kα, and other 2→1 transitions. From shot-
to-shot, the variation in x-ray intensity of the Mo He-α
source centered at 17.9 keV was found to not vary by
more than 13%. It is estimated that Mo He-α was gen-
erated with a laser-to-x-ray energy conversion efficiency
of 1− 2 × 10−5.

A tantalum aperture of area 0.11 – 0.22 mm2 between
the molybdenum and aluminum foils served to confine
the regions being probed by the molybdenum x-rays to
the laser irradiated, compressed Al, and restrict the k-
vector blurring by limiting the size of the source. Further,
for any given shot, by moving the vertical location of the
aperture relative to the source of molybdenum probe x-
rays, the incident k-vector intersecting the shocked region
could be changed to allow for the different scattering k.

This novel target design allowed x-ray scatter in two
directions to be simultaneously observed. Large gold

foils provided shielding in both the upwards and down-
wards direction for two curved highly oriented pyrolytic
graphite (HOPG)22 spectrometers with spectral resolu-
tion λ/∆λ ∼175, coupled to a microchannel-plate-based
gated framing camera with 250 ps temporal resolution.
The gold shields limited the scattered emission to a nar-
row cone, to restrict the scattered k-vectors to those only
emerging from the shocked Al region. Also, they pre-
vented x-rays from the backlighter source directly hitting
the detector.

Four examples of the raw scattering data recorded at
several scattering angles are shown in Fig. 5(a). The
scattering signal is the sum of both the elastically scat-
tered photons and inelastically scattered photons from
free and weakly bound electrons downshifted in energy.
Figure 5(b) shows the line out of two different scattering
spectra (69◦ and 111◦) and the difference in the relative
ratios of elastic to inelastic features.

Both forward and backward scattering is used to
achieve scattering angles ranging from 25◦ to 135◦, cor-
responding to scattering wave vectors spanning from 2.8
Å−1 to 16.5 Å−1, and Compton energies that range from
30 eV to 1.2 keV. As we are in the non-collective regime,
the contribution of the free electrons that carry the infor-
mation on the temperature of the dense plasma is mea-
sured in the Compton scattering feature. At the low
k-vectors, where the Compton shift is low, the scatter-
ing is dominated by contributions from the bound elec-
trons. These bound electrons, with ionization energies
larger than (~k)2/2me cannot be excited, and no energy
is transferred during the scattering process. The corre-
sponding spectral feature is an un-shifted elastic scatter-
ing component at E0, the Rayleigh peak.

The experimental data shown in Fig. 5 exhibits a
systematic reduction in relative scattering intensity as
the Compton energy increases for higher angles and the
Compton feature shifts further from the elastic peak.
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FIG. 2. The static ion-ion structure factor, Sii (a) and the
total elastic scattering, WR(k) (b) as a function of scattering
wave number k, as predicted by several models that vary in
the form of the interaction potential approximated.

The ratio of the elastic to inelastic feature intensity varies
with k as expected (dominated by the change in the ion
form factor f(k)), and at small k, the signal is dominated
by the elastically scattered photons.

The 69◦ spectrally resolved scattering spectra line-out
is shown in Fig. 6, with the best fits from synthetic spec-
tra generated from the theoretical form factor of Refs.8,23

convolved with the spectral distribution of the incident
x-ray photons. The individual contributions from elastic,
free-free, and bound-free scattering are illustrated. The
free electron feature is derived with the random phase ap-
proximation and the bound-free and ion peaks are fitted
consistent with the analytical screened one component
plasma model (SOCP)8. The experimental spectra have
been background corrected and smoothed over 100 eV.
The fit takes into account the detailed spectral features
of the Mo source and instrument broadening. Similar
fits were found for the full set of experimental scatter-
ing spectra taken at the various scattering angles, and
good theoretical fits were found at an electron density

FIG. 3. Schematic and image of the scattering package used
at Omega in the multi-shot experiments completed at Omega.
This target design allowed for simultaneous forward and back-
ward scattering over a range of k vectors.

FIG. 4. The molybdenum x-ray spectrum used as a probe.
Conversion efficiency into 17-18 keV Mo lines is estimated to
be 1 − 2 × 10−5

of 5.4×1023 cm−3, Ti = Te = 10 eV, and a mean ion
charge, Z = 3, in agreement with the HYDRA radiation-
hydrodynamic modeling.

The sensitivity of the fits to varying the average ion-
ization, Z, while the mass density is held constant, is
shown in the inset of Fig. 6. The spectra show that
the red shoulder of the inelastic feature is mainly deter-
mined by bound-free scattering. As the ionization state
increases, so does the free electron density. Generally,
for noncollective scattering, the inelastic feature broad-
ens with the number of free electrons. However, in this
case, there are competing mechanisms that increase the
intensity of the free-free feature as the bound-free drops:
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FIG. 5. (a) Experimentally measured scattering data for 50◦,
83◦, 97◦, and 111◦ scattering angles. (b) Lineouts of the
spectrally resolved scattering data 69◦ (k = 10.3 Å−1) and
111◦ (k = 15.0 Å−1), in absolute intensity units of I(ω).

FIG. 6. Comparison of x-ray scattering data at 69◦ scattering
to synthetic spectra best fit at conditions assuming a tempera-
ture of 10 eV, electron density of 5.4×1023 cm−3, and average
ionization state of Z = 3. The inset shows the Z sensitivity
in the fitting.

(a) the ionization potential is shifting as more and more
electrons become mobilized through ionization, and (b)
screening by free electrons. This provides a sensitive dial
to fitting the full spectra both the free-free and bound-
free components must be matched to infer the ionization
state.

The absolute intensity of the dynamic structure factor,
See(k, ω), is determined from the integral of the spec-
trally resolved XRTS scattering spectrum for each scat-
tering angle. Corrections are made to the measured scat-
tered power for the polarization of the incident radiation
(light from a laser-plasma source is unpolarized, so at
a given scattering angle, only a fraction of the incident
radiation is contributing to the incident scattering x-ray
power), length of the scattering volume (and subsequent
attenuation of the probe x-rays through the compressed

FIG. 7. The strong increase of the elastic scattering signal to
a maximum of WR(k) = (f + q)2Sii) = 106 at a k = 4 Å−1

is in agreement with calculations from with simulations that
incorporate short-range repulsion.

material), and solid angle of the scattering volume (due
to slight changes in target geometry to achieve the vari-
ous scattering angles).

The amplitude of the elastic scattering is determined
by subtracting the free-free and bound-free components.
The free-free contribution is directly calculated from a
< Z > /(1+α2) scaling, and the contribution from tran-
sitions of core electrons into the continuum (bound-free)
is analytically derived as described in Gregori, et al.11.

The measured strength of the elastic scattering
(WR(k) = (f + q)2Sii) as a function of scattering vec-
tor k for the shock-compressed aluminum with a mass
density of ρ = 8.1 g/cm3 and temperature of 10 eV ex-
hibits a sharp maximum at k = 4 Å−1 , as shown in
Fig. 7. Analytical calculations in the form of the Debye-
Hückel plasma approximation fail to capture the clear
trend seen in the experimental data, implying that the
DH model cannot describe the strong ion-ion correla-
tions. The SOCP model predicts a pronounced peak at
the right location, with an approximate width of the cor-
rect span, but underestimates the absolute amplitude of
the correlation peak.

Only an explicit calculation for strong coupling, the
HNC-Y+SRR, gives overall good agreement with the
experimentally measured data. Here, the screened
Coulomb interactions are modified by an additional short
range repulsive factor in the interaction, as fitted to ab
initio simulations14. This indicates that both short range
repulsion and screening effects are very important in this
regime.

The measurement of the k dependence of the elastic
scattering feature can further serve as a valuable diag-
nostic for characterizing compressed states of matter. As
the peak position is inversely proportional to the ion-ion
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FIG. 8. The elastic scattering amplitude peak shifts and
changes with material compression, while the width changes
with temperature and ionization state.

distance, mapping out the location of this peak serves
as a density diagnostic of the compressed plasma. With
increasing degree of compression, the elastic scattering
amplitude shifts to larger wave number and higher peak
intensity. With varying temperature and ionization, the
position of the peak does not deviate significantly, but
the width changes. See Fig. 8 for calculations completed
with HNC-Y+SRR.

III. SINGLE-SHOT MAPPING OF THE CORRELATION
PEAK AT LCLS

The recent commissioning of the Matter in Extreme
Conditions (MEC) instrument24 at the Linac Coherent
Light Source (LCLS)25, presents a new capability to con-
duct experiments to investigate the properties of WDM.
In particular, the high peak brightness of the LCLS X-
ray Free Electron laser (XFEL) introduces the ability to
directly probe compressed materials at a chosen tuned
wavelength, without having to generate such a high-
energy x-ray source with a laser. While this is a smaller
scale experiment, the experimental setup is considerably
simplified as the LCLS beam is highly collimated (10 µm
spot size), of a pulse duration of 20–100 fs, and band-
width of ∆E/E = 0.2–0.5% at a photon energy of E0 =
8 keV.

One or two 527 nm long-pulse lasers of 8× 1013 W/cm2

drive single- or counter-propagating shocks with a 3 ns
square pulse into an Al sample of 50 µm thickness. The
time delay of the incident LCLS beam is varied to probe
various shock conditions in the Al as the shocks propa-
gate, coalesce, then decompress.

On every shot, a suite of diagnostics measures the
scattering from the Al sample: collective (forward) and
non-collective (backward) scattering spectrometers with
curved highly-annealed pyrolytic graphite (HAPG) in a
Von Hamos geometry26 record the spectra. Several large
area detectors (the Cornell Stanford Pixel Array Detec-
tor, CSPAD)27 provide frequency-integrated, angularly

resolved diffraction patterns. For cold, uncompressed
material, diffraction occurs off the ambient ion-lattice,
giving Debye-Scherrer cone projections28. As the mate-
rial is heated and compressed, the sharp Bragg peaks
disappear and scattering follows the correlation peak.
The evolution of the compressed material can then be
tracked, as the correlation peak moves to larger scatter-
ing angles as the density increases. With each shot, full
wave-number resolution of the amplitude of the elastic
scattering is recorded. Future publications will describe
this in detail.

IV. CONCLUSIONS

Aluminum, which has been extensively studied due
to its wide industry use and abundance in the earth’s
crust, serves as an excellent material for which to vali-
date theoretical models that predict strong correlations
very different from the classical flat plasma behavior,
and which is typically expected in the warm dense mat-
ter regime12,14. We have used x-ray Thomson scattering
at 17.9 keV to probe a compressed aluminum. The an-
gularly resolved elastic amplitudes were compared with
analytical calculations and predictions based on calcu-
lations with an HNC model incorporating Yakawa po-
tential screening and short range repulsion, and it was
found that screening effects must be accounted for in or-
der to fit the shape of the data and the absolute intensity.
Using XRTS we fully resolve the ion-ion correlation as a
function of scattering k, providing a precise measurement
of the structure of warm dense matter. The method of
mapping out the elastic scattering amplitude as a func-
tion of k gives a direct measurement of compression in
laser-shocked aluminum. Further, we have demonstrated
single shot measurements of the angularly resolved scat-
tering affording a new dynamic density diagnostic.

V. FUTURE WORK

This methodology has now been applied to a number
of different types of materials to measure their dynamic
structure factors at different conditions. One such appli-
cation that is particularly promising and well-suited to
the use of XRTS is the search for the electride state of
matter, a new material phase predicted by Density Func-
tional Theory (DFT) under high-pressure conditions29,30.
In the electride phase, the valence electrons, instead of
becoming delocalized and Fermi degenerate as may be ex-
pected, are believed to actually bunch up in interstitial
pockets within the still persisting ion lattice. Such sys-
tems would represent a completely new material phase,
with new optical, electrical, and magnetic properties.

Laser-induced shock-wave experiments provide a valu-
able platform to achieve these temperature and density
conditions. By using XRTS, direct experimental verifica-
tion of the existence of the electride state can be provided
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by measuring dynamic electronic and ionic structure fac-
tors. A peak will emerge in the overall scattering in-
tensity at the wavenumber corresponding to the spacing
associated with the electride lattice. Work on this topic
is the subject of ongoing studies.
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