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In megabar shock waves, materials compress and undergo a phase transition to a dense charged-particle system that is 

dominated by strong correlations and quantum effects. This complex state, known as warm dense matter (WDM), exists 

in planetary interiors and many laboratory experiments, e.g., during high-power laser interactions with solids or the 

compression phase of inertial confinement fusion implosions. Here, we apply record peak brightness X rays at the Linac 

Coherent Light Source (LCLS) to resolve ionic interactions at atomic (Ångstrom) scale lengths and to determine the 

physical properties.   Our in situ measurements characterize the compressed lattice and resolve the transition to WDM 

demonstrating that short-range repulsion between ions must be accounted for to obtain accurate structure factor and 

equation of state data. In addition, the unique properties of the x-ray laser provide plasmon spectra that yield 

temperature and density with unprecedented precision at micron-scale resolution in dynamic compression experiments. 

 

Materials exposed to high pressures of one megabar and 

above have received increased recent attention due to their 

importance for the physics of planetary formation
1-3

, 

material science
4
, and inertial confinement fusion research

5
.  

The behaviour of shock-compressed aluminium is of 

particular interest because it has been proposed as a standard 

for shock wave experiments
6
, and is widely used for 

equation-of-state
7,8

 and WDM
9,10 

studies. At room 

temperature, aluminium has three delocalised electrons thus 

it provides the prototype of an ideal electron fluid. As 

temperatures and pressures are increased, compressing and 

breaking ionic lattice bonds, still strong ionic forces are 

present which results in significant deviations from the 

simple fluid.  

Density functional theory coupled to many particle 

molecular-dynamics (DFT-MD) simulations has evolved 

into an ab initio tool to explore this regime of high-pressure 

physics
11,12

. Up to now, these simulations were used to 

predict physical properties derived from optical 

observations of particle and shock velocities. On the other 

hand, studies of structural properties that are sensitive to 

many-particle electron-ion and ion-ion interaction physics
13

 

have been challenging
14

. Recent progress has been made 

using x-ray absorption spectroscopy
15,16

. Whilst early 

experiments on 4
th

 generation light sources
17

 have employed 

x-ray diffraction and measured the structural evolution from 

elastic to plastic states
18

, reaching pressures in the Megabar 

regime, required for melting of many solids, has recently 

become available at the Matter in Extreme Conditions 

(MEC) instrument at LCLS. 

Here we visualize, for the first time, the evolution of 

compressed matter across the melting line and the 

coexistence regime into a WDM state. The combination of 

high-power optical lasers with the x-ray beam at MEC 

provides high-resolution x-ray scattering at multi megabar 

pressures. Specifically, our data provide the ionic structure 

factor and determine pressures as function of density and 

temperature. In this regime, density and temperature 

characterization required the additional application of x-ray 

seeding a just recently invented tool
19

.  In this study, we 

developed 8 keV peak brightness radiation of 2.7x10
34

 

photons s
-1

 mm
-2

 mrad
-2

 0.1% bandwidth at LCLS, cf. Fig 

(1), to resolve collective electron excitations (plasmons) in 

forward scattering.  The focussing capabilities at MEC allow 

these precision measurements with sub-micron focal spots. 

This is important for resolving physics on a scale length that 

occurs, e.g., in studies of material melting
20

 (2 m depth), 

for high energy-density plasmas produced by nanowires
21

 (5 

m depth), or to resolve coalescing shock features
22

 (10 m 

scale length). 

The experiment determines the structure factor during the 

short-lived high-pressure phase of the experiment revealing 

a narrow peak that reflects combined effects of screening 

and short-range repulsion in the ion-ion interaction 

potential. These results show differences from recently 

published structure factors
23,24

. Furthermore, our 

experimental and computational findings using DFT-MD 

are precise enough to allow for the direct calculation of 

macroscopic material properties. We present equation-of-

state data on the shock Hugoniot together with new off-

Hugoniot data that occur by shock coalescence.  We find 

that they approach an isentrope and are in agreement with 

DFT-MD simulations performed for the measured 

temperature and density values of the experiment. 
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Shock-compressed Matter 
The schematic of the experiment is shown in Fig. (2) 

together with data records from x-ray scattering detectors. 

The spectrometers have been fielded for density and 

temperature measurements from plasmons and angular 

resolved scattering provides diffraction and structure factor 

data. Here, two 4.5-J laser beams irradiate 50 m thick Al 

foils (initial density of   = 2.7 g cm
-3

) that are coated with 

2 m thick parylene.  The laser beams are absorbed in the 

parylene, heat the material and launch two counter-

propagating multi-megabar shock waves into the solid 

aluminium by ablation pressure.  The laser power rises 

within 0.5 ns to a flat-in time power with intensities of 35 

TW cm
-2

.  Each laser operates at 527 nm and is spatially 

smoothed
25

 over a focal spot of 60 m to launch strong 

shocks. 

Radiation-hydrodynamic simulations using the code 

HELIOS
26

 show that the shocks propagate inward at 14 

km/s, each shock wave compressing the aluminium target to 

4.5 g cm
-3

. The shock speed and planarity over the central 

10 m-diameter region were verified by shock breakout 

measurements from 25 m-thick foils irradiated by a single 

beam. Thus, when adding the second beam on the opposite 

side of the target, we doubled the foil thickness to 50 m to 

mirror the shock propagation. When the shocks coalesce in 

the centre of the foil at 1.8 ns after the beginning of the laser 

drive, the density increases to 7 g cm
-3

 reaching peak 

pressures of 5 megabar.  The 50 fs LCLS x-ray laser pulse at 

a photon energy of E0 = 8 keV has been focused to a 10 m 

spot penetrating into the dense compressed aluminium 

probing the conditions by x-ray scattering. The delay 

between the nanosecond optical driver beams and the x-ray 

laser beam has been varied and monitored with an accuracy 

of 0.05 ns, probing conditions before and during shock 

coalescence.    

 

Plasmons 
To resolve the electron plasma (Langmuir) oscillations

27
, we 

operate LCLS in the seeded x-ray mode (see Methods). 

Without hard x-ray seeding, the aluminium plasmon spectra 

cannot be resolved, see Ref. [27] for more details. The Linac 

accelerates electrons with a single bunch charge of 150 pC 

to approximately 13.6 GeV electron beam energy.  Within 

the first 15 undulators the Linac produces Self Amplified 

Spontaneous Emission (SASE) with 1 GW power.  The 

electron beam is then passed through a 4 m long chicane 

while the x-ray beam traverses a diamond crystal that Bragg 

reflects a narrow energy range of x rays with a bandwidth of 

E/E = 0.5 x 10
-4

 in the centre of the broad SASE spectrum. 

Thus, the transmitted x-ray spectrum creates a 5 MW 

trailing monochromatic seed pulse, which has been 

amplified to ultrahigh peak brightness and total power of 

10-15 GW in the subsequent 17 undulators and focused into 

the dense laser-driven aluminium target. 

Figure 3 shows the plasmon scattering spectra and 

theoretical fits of the dynamic structure factor S(k,) near 

peak-compression at t = 1.9 ns and from uncompressed 

aluminium.  The plasmon feature is downshifted from the 

incident 8 keV x rays as determined by the generalized 

Bohm-Gross dispersion relation, see supplemental 

information, and its resonance frequency is used as a 

sensitive marker of the electron density. The data from 

uncompressed aluminium yield a total plasmon shift of 19 

eV providing a free electron density of 1.8 x 10
23

 cm
-3

 that 

increases to 29 eV at shock coalescence.  For the example 

shown in Figure 3, a density of 4.1 x 10
23

 cm
-3

 has been 

measured and corresponding to 2.3x compression.  The 

error in electron density is ±5% determined by noise in the 

data and the fit of the theoretical dynamic structure factor.  

The scattering spectra further provide a measure of the 

temperature by analysing the intensity of the elastic 

scattering features.  For this purpose, structure factors are 

determined from wavenumber resolved scattering while the 

absolute intensity is determined by the intensity ratio with 

the plasmon feature; the plasmon intensity is determined by 

the f-sum rule (particle conservation)  

 

∫ (
𝑑2𝑑

𝑑Ω𝑑𝑑
)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑 =
𝑑ℏ𝑑2

2𝑑𝑑

∞

−∞
,  

 (1) 

 

where (d
2
σ/ddω)Plasmon is the measured plasmon intensity 

from the free electron Langmuir oscillations. Here, Z =3 is 

the ion charge state, ℏ  is Planck’s constant, k is the 

wavenumber and me the electron mass. At peak 

compression, the intensity of the elastic scattering feature 

increases by a factor of 2.8 over the cold scattering 

amplitude. We use a model
28

 to fit the measured intensities; 

the potential and structure factors are shown in the 

supplemental information; they are in excellent agreement 

with our experimental data and simulations discussed 

further below.  For the example shown in Fig. 3 we find a 

temperature of T = 20,000 K, i.e., 1.75 eV±0.5 eV. For our 

conditions, the ultrafast x-ray pulse deposits 3,500 K or 0.3 

eV per electron into the target. A fraction of the energy can 

be expected to heat the electron fluid, but the total energy is 

small compared to shock heating and will not affect the 

plasmon shift. In addition, within the duration of the x-ray 

pulse, the ionic correlations have no time to respond to 

changes of the screening properties as demonstrated by the 

observation of solid and solid compressed states of 

aluminium. 

 

X-ray Diffraction 
Figure 4 shows the wavenumber resolved scattering data 

from which we obtain the high-pressure ion-ion structure 

factors. At t=0, before the rise of the optical laser beam 

power, the data show peaks from Debye-Scherrer rings
 

indicating the ionic lattice in the solid. The peaks at 38˚, 

45˚, and 65˚ correspond to (111), (200), and (220), 

respectively. When the shocks are launched and compress 

the solid, the lattice spacing d is reduced and we observe 

that the peaks shift to larger scattering angles as determined 

by the Bragg scattering equation nx-ray = 2d sin, here X-ray 
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= 1.55 Å the wavelength of the incident x-ray laser, and 2 

the scattering angle. 

With increasing laser energy we access higher 

pressures, the aluminium melts and transitions into the 

warm dense matter state.  We first observe a comparatively 

broad ion-ion correlation peak at an angle of 45˚ at 1.38x 

compression together with shifted Bragg scattering of solid 

compressed aluminium. For these conditions the 

comparison with simulations shows that the wave number of 

both the ion-ion correlation peak and the shifted Bragg peak 

provide the same density indicating a co-existence regime. 

With higher pressure accessed later in time and with higher 

laser intensity, we compress aluminium up to 1.9x the initial 

density and the strong ion-ion correlation peak shifts to 2 = 

51˚. At shock coalescence, the peak shifts further to 2 = 

55˚ and the data indicate 2.3x compressed aluminium 

consistent with densities inferred from the simultaneous 

measurements of the plasmon shift.  

The measured ion-ion correlation feature is sensitive to 

the ion-ion structure factor
29

. For nearly elastic scattering 

the scattering angle 2 determines the wavenumber of the 

correlations. With k = 2kX-ray sin and k = 2/ determining 

the scale length of the density fluctuations measured in this 

scattering experiment, we find 1.38 Å <SL < 5.7 Å. On 

these atomic scale lengths, the scattering amplitude is 

probing important details of the ion-ion interaction potential 

Vii.  

 

Discussions 
In Figure 4 we compare the measured ion-ion correlation 

feature with various theoretical approximations. We find 

that the data depend on both material compression and on 

the choice of the interaction potential.  Using densities and 

temperatures derived from the plasmon spectra we find 

excellent agreement of the measured wavenumber-resolved 

scattering data with DFT-MD simulations (see Methods).  

The physical picture evolves as follows: effective ion-ion 

pair potentials are directly extracted from the DFT-MD 

simulations by matching the pair correlation function g(r). 

This potential can be matched to a short-range-repulsion 

model (SRR) that modifies screened Coulomb interactions in 

ionized matter.  The potential can be described as 

 

𝑑𝑑𝑑𝑑(𝑑) =
𝑑2𝑑2

𝑑𝑑𝑑𝑑
𝑑−𝑑𝑑 +

𝑑4

𝑑4
,   

 (2) 

 

with r being the distance between ions, kB is Boltzmann’s 

constant, e the electron charge number,  =  (ne,Te) is the 

Yukawa screening function. For our conditions,  

approaches the Thomas-Fermi screening length with 

accuracy of better than 1%.  The last term in Eq. (2) 

accounts for the additional repulsion from overlapping 

bound electron wave functions, with the parameter  = 

9.4aB fitted to match DFT-MD simulations
30

. 

The interaction potential, Eq. (2), determines the shape of 

the wavenumber resolved scattering data and the angle of 

the maximum scattering amplitude; the latter is further 

sensitive to the density.  Figure 4 (top three panels) shows 

that the DFT-MD simulations, Eq. (2), and the wavenumber 

resolved scattering data agree well with each other for 

densities obtained independently from the plasmon or Bragg 

scattering data. 

 These results further provide constraints on structure 

factor models that can be applied in theoretical fitting of 

scattering spectrum and to determine temperatures from 

scattering amplitudes. Importantly, linearly screened 

Coulomb potentials, denoted here by Yukawa in Fig. 4, 

show no agreement with our results,
 

see supplementary 

information. 

Our experimental and theoretical structure factors 

further allow us to determine the material properties at high 

density and high pressures.  In particular, the measured 

wavenumber resolved scattering data W(k) yield the 

structure factor S(k) using W(k)= S(k)[f(k)+q(k)]
2
 with 

the atomic form factor f(k) and the screening function 

q(k)
31,32

 that can be integrated and which provides a novel 

method for determining the pressure.  The total pressure 

consists of ionic and electronic contributions with Ptot = Pi 

+Pe.  In nearly Fermi degenerate conditions, Pe includes 

well-known density-sensitive contributions accounting for 

Fermi pressure, degeneracy, Coulomb, and exchange 

terms
33

.  On the other hand, the ion pressure, when divided 

into an ideal gas part PG = nikBT and the correlation part Pi 

= p
x 

+ PG, is dominated by the (negative) ion excess 

pressure 

 

𝑑𝑑 =
𝑑𝑑𝑑

3𝑑
−

𝑑𝑑(𝑑𝑑)
2

12𝑑2
∫ 𝑑(𝒌)
∞

0

𝑑4

(𝑑2+𝑑2)
2𝑑𝑑  (3) 

 

with U/N being the internal energy.  In Eq. (3), we may use 

the structure factor directly obtained from the measured 

wavenumber resolved scattering data. 

Figure 5 compares the experimental pressure data with 

available empirical data
6
 and state-of-the-art simulations. In 

particular, we show previous DFT-MD simulations for 

temperatures calculated for the shock Hugoniot
34

 together 

with our DFT-MD simulations performed for temperatures 

and densities of the present experiment
35

; the latter provides 

excellent agreement with the data. Our data further show no 

indication of Bragg peaks for compressed aluminium above 

P = 1.2 Mbar consistent with previous melt line 

measurements on the Hugoniot
36

.  Our present data set 

extends further showing the disappearance of Bragg 

scattering data above 1.2 Mbar and up to densities of 4.5 

g/cc. At higher pressures, the shock coalescence data are on 

the isentrope
37,38

 slightly above the isotherm
6
 validating our 

understanding of dense aluminium utilizing pressure, 

temperatures and densities solely based on measurements. 

Our findings demonstrate that spectrally and wavenumber 

resolved x-ray scattering is applicable for thorough testing 

of radiation-hydrodynamic calculations and equation of 

state models.  Our methods present unique highly resolved 

data for dynamic high-pressure material science studies that 

require accurate knowledge of material properties at high 

densities and are applicable for future studies aimed at 

observing effects of ionization on the equation of state at 
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high compression. Only the unique properties of the seeded 

x-ray laser at LCLS provide the accuracy of data needed to 

distinguish between theories and simulations on a 

microscopic level.  

 

 

Methods 
The initial proposal for hard x-ray self-seeding at LCLS was 

described in reference 19.  The forward Bragg scattered 

beam consists of a ‘prompt’ transmitted beam and a delayed 

monochromatic wake generated from the wings of the 

Bragg diffraction profile.  The diamond (400) reflection was 

chosen as the wake monochromator for suitable crystal 

perfection, angular width and low absorption.  The approach 

to self-seeding matched the electron bunch duration of 

approximately 10 fs (20 pC) to the width of the first wake 

maxima. The operational phase, following commissioning 

of self-seeded operation, has shown that the normal 

operation of hard x-ray self-seeding performs better with the 

nominal 150 pC charge and the corresponding 50 fs pulse 

duration.  The stability is improved by roughly a factor of 

two compared to the low charge operation with a similar 

reduction in the per pulse energy fluctuations.   In this mode 

the pulse energy of the seeded beam is significantly 

improved with the longer pulse (higher charge) mode. The 

seeded beam normally gives a 2 to 4 times improvement in 

time average x-ray power compared with a post-

monochromator of similar bandwidth with similar pulse 

durations and shot-to-shot intensity fluctuations. The narrow 

seeded line, 0.4 to 1.1 eV full-width at half maximum, for a 

50 fs pulse duration typically contains an average pulse 

energy of 0.3 mJ, with occasional shots up to 1 mJ.   The 

peak brightness of 2.7x10^34 photons/s/mm^2//mrad^2 

0.1% BW is calculated from the measured pulse duration 

and a mean pulse energy of 0.3 mJ. 

The DFT-MD simulations of this study were performed 

using the code VASP
38-41

. The exchange correlation 

functional has been approximated with the generalised 

gradient approach
42,43

 and the electron-ion pseudo-potential 

was taken within the projector augmented plane wave 

formalism
44,45

. Three electrons per atom are treated as 

valence electrons using a plane wave expansion; the 10 core 

electrons are treated with the projector augmented wave 

functions formalism. The core radius is rC = 1.7aB with aB = 

0.53 Å. The Mermin functional accounts for thermal 

excitations.  The electronic cut off for the plane wave 

representation of the wave function is set to 550 eV as tested 

to provide the free energy and pressure with about 0.7 % 

accuracy. 

The simulations have been performed in a super-cell with 

constant number of particles, volume and temperature with 

periodic boundary conditions. Here, the temperature of the 

nuclei is controlled by means of a Nose thermostat
46,47

. We 

use N =256 ions for the fluid. Initial runs have been 

performed at lower temperatures starting with the ions in an 

fcc lattice at the appropriate densities of the experiment. The 

resulting ionic configurations were then used as starting 

configurations for runs at the temperatures of interest. The 

Brillouin zone sampling has been validated by running part 

of each DFT-MD run with a 2 × 2 × 2 Monkhorst-Pack k-

point grid instead of just the Γ-point
48

. Pressure differences 

of about 0.5 % have been found. We used a 0.2 fs time step 

run the simulations for 2000 to 23000 steps. An initial 

relaxation time of varying length was excluded from the 

analysis of the equation of state. 
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Figure 1 | Peak brightness.  Comparison of peak brightness of various x-ray light sources is shown.  In this study an internally seeded beam at 
high peak brightness provided the required resolution for resolving plasmons. For comparison, Fermi is an externally seeded free-electron laser. 
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Figure 2 | WDM Experiment. (Top) A schematic of experimental setup at the Matter in Extreme Conditions (MEC) instrument at LCLS is shown. 
The short (50 fs), mono-energetic (ΔE/E0 = 0.5 x 10

-4
), ultra high brightness x-ray beam is focused into the dense laser-compressed aluminium 

target. The 13˚ forward x-ray scattering spectrum shows inelastic plasmon scattering together with the elastic scattering feature at the incident x-
ray energy. The 130˚ backscattering shows no scattering feature in this energy range validating the identification of the plasmon.  A CSPAD area 
detector observes the total wavenumber-resolved x-ray scattered intensity indicating the transition from Debye-Scherrer diffraction rings (white) to 
an intense ion-ion correlation scattering feature (red). (Bottom) DFT-MD simulations of the formation of WDM indicate that the ions (blue) abandon 

their lattice positions. Whilst core electrons (grey) remain mostly unchanged the delocalized conduction electrons (represented by orange 
isosurfaces) are disturbed from the very regular structure in the lattice. 
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Figure 3 | Plasmon spectra. Comparison of the x-ray scattering spectra from compressed and solid-density aluminium showing the increase in 
plasmon frequency shift and elastic Rayleigh scattering amplitude with compression.  The experimental data (black curves) are fitted with 

theoretical dynamic structure factor calculations (red and blue curves).  The elastic scattering amplitude provides the temperature of 1.75 eV. The 

plasmon shift ℏ𝑑 is determined by the Bohm-Gross dispersion relation with the plasma frequency being the leading term, thus ℏ𝑑~ℏ𝑑𝑑𝑑 =

ℏ (
𝑑𝑑𝑑

2

𝑑0𝑑𝑑
)
1/2

 measuring the electron density 𝑑𝑑.  In this example, the plasmon shift indicates material compression of 2.3 times solid density with 

= 6.3 g/cm
3
. 
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Figure 4 | Wave-number resolved scattering data. (Bottom) Bragg peaks from Debye-Scherrer rings are shown at t = 0 ns.  (2

nd
 from bottom) 

Data from compressed solid aluminium show a shift of the (111) Bragg peak by 3˚ and compression of 1.21 0.  (Middle) Appearance of a broad 
ion-ion correlation peak is observed together with a Bragg peak shifted further to larger angles. (2

nd
 from top) At higher compression, aluminium 

melts, Bragg peaks disappear, and the ion-ion correlation peak shifts to 50˚.  (Top) The angle of the correlation peak increases further to 56˚ when 
higher densities are reached after coalescence.  The data (black curves) show excellent agreement with DFT-MD simulations (top three panels).  
The data can also be described by a model that accounts for both Yukawa screening and short-range repulsion (red, blue and green solid curves), 
but a Yukawa-screened potential alone is not sufficient (dashed curves). 
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Figure 5 | Pressure-Density diagram. Comparison of pressure data of compressed dense aluminium measured for 
varying laser intensity is shown from single shocks and during shock coalescence of two counter-propagating shock 

waves.  The single shock data follow the shock Hugoniot and DFT-MD simulations from  = 3.5 g/cm
3
 to about  = 4 g cm

-

3
 when the shock waves coalesce and the pressure values approach an isentrope (above the T=0 isotherm) to  = 7 

g/cm
3
.  The melt line (dashed) indicates the complete disappearance of shifted Bragg peaks in the wavenumber scattering 

measurements. The DFT-MD simulations of this work show excellent agreement when using the measured density and 
temperature data. 


