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A. Otten,1 F. Roth,1 G. Schaumann,1 D. Schumacher,1 K. Siegenthaler,1 F. Wagner,1 K. Wünsch,3,8 and M. Roth1
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We present the first direct experimental test of the complex ion structure in liquid carbon at pressures

around 100 GPa, using spectrally resolved x-ray scattering from shock-compressed graphite samples. Our

results confirm the structure predicted by ab initio quantum simulations and demonstrate the importance

of chemical bonds at extreme conditions similar to those found in the interiors of giant planets. The

evidence presented here thus provides a firmer ground for modeling the evolution and current structure of

carbon-bearing icy giants like Neptune, Uranus, and a number of extrasolar planets.
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As one of the most abundant elements, carbon plays a
crucial role in planetary physics. Liquid carbon is predicted
to exist as a pure phase in the interior of giant planets since
methane, which is highly abundant on the surface of, e.g.,
Neptune and Uranus, is believed to dissociate under pres-
sures above 100 GPa and carbon may phase separate from
hydrogen [1–4]. Moreover, the recent discovery of extra-
solar planets, which may consist of up to 50% of carbon,
further raises the need to understand carbon under extreme
conditions [5]. Carbon at even higher pressures and tem-
peratures builds the main component of many white dwarf
stars [6]. In addition, solid carbon samples are rapidly
heated during many laboratory applications and experi-
ments [7–9]. A premier example is inertial confinement
fusion experiments where carbon is one of the candidates
for the ablator material [10]. Again, melting and the equa-
tion of state at high pressures are of crucial importance for
precise modeling.

Driven by the applications in astrophysics and fusion
research, carbon at high pressure was investigated by sev-
eral theoretical approaches and simulation techniques.
However, the predictions for the phase boundaries, in
particular, the slope of the melting line, disagree between
studies. The majority of differences results from the fact
that the microscopic structures of the solid and liquid states
close to the phase transition remain poorly understood
[11–13]. To date, only a few measurements of macroscopic
melting properties exist [8,9,14] while a direct probe of the
microscopic structure in the sample that can discriminate
between models has not been performed.

Compression and heating by strong shock waves is a
standard technique to create the extreme states close to the

melting line of carbon. While the shock-induced transition
from graphite to diamond at �20 GPa is now well under-
stood [15], the subsequent melting is very difficult to
diagnose due to its relatively small volume change [16].
In fact, the shock-induced graphite-liquid transition has not
been determined reliably so far. At higher pressures, the
melting of optically transparent diamond has been
observed indirectly via changes in reflectivity and emitted
radiation of the shock front [8,14]. However, optical prop-
erties are primarily determined by electronic states and,
thus, are not necessarily connected to a new atomic struc-
ture. Other experiments, also using the shock compression
of diamond, determined the phase transition from the small
change in slope of the density-pressure curve [17,18]. In
the present study, we combine the creation of liquid carbon
by a laser-driven shock with the direct probing of the
resulting atomic structure in the sample via spectrally
resolved x-ray scattering. For the first time, the direct
measurement of the microscopic ion structure of liquid
carbon will thus allow us to discriminate between different
theoretical models.
The experiments (see Fig. 1) were carried out at the GSI

Helmholtzzentrum für Schwerionenforschung GmbH. The
nhelix laser system (65 J, 11 ns, 1064 nm, 250 �m focal
spot) was used to drive shock waves into porous, polycrys-
talline graphite with an initial density of 1:84 g=cm3. The
shock transit times were measured by an optical streak
camera recording the self-emission of the shock release
[19]. The expansion velocity of the latter can be used to
determine the particle velocity applying the doubling rule
[20]. The expansion velocity of the shock release was
measured by a multiframe shadowgraphy instrument [21].
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Density and pressure behind the shock front were then
deduced by using the Rankine-Hugoniot relations [22].
The compressed material is found to have a mass density
of 3:9� 0:2 g=cm3 and a pressure of 147� 17 GPa.
Applying a slightly larger focal spot of the driving laser,
fluid carbon with a pressure of 86� 11 GPa and a mass
density of 3:9� 0:2 g=cm3 has been achieved (see the
Supplemental Material [23] for a more detailed description
of the shock measurements).

The temporal evolution of the laser-driven sample was
simulated using the radiative-hydrodynamic code MULTI2D

[24] in combination with the SESAME equation of state.

The simulations predict a mass density of 3:8 g=cm3, a
temperature of �8000 K, and a pressure of 150 GPa
behind the shock front. These results are in very good
agreement with both velocity measurements and multi-
frame imaging of the shock release. As shown in Fig. 2,
the obtained results clearly indicate that the thermody-
namic parameters of the sample are homogeneous within
10% or better inside the channel probed by the x rays, and a
well-defined state is probed in our experiments.
The microscopic structure of the exotic states created by

the shock wave was investigated by spectrally resolved
x-ray scattering [25]. The PHELIX laser system (150 J,
1 ns, 527 nm, 70 �m focal spot) was used to illuminate a
titanium foil placed 500 �m from the rear surface of the
carbon sample. The resulting hot plasma is a source for
titanium-helium-alpha radiation at 4.75 keV and emits
around 1015 photons into the whole solid angle. The source
radiation was measured by a highly oriented pyrolytic
graphite (HOPG) spectrometer for each laser shot. To
probe the homogeneous region in the sample only, the x
rays were collimated by a 110 �m pinhole which was
incorporated into a gold cone structure to ensure sufficient
shielding. The scattered photons are collected at different
angles in backscattering geometry by two spectrometers
using curved HOPG crystals in von Hamos geometry and
image plates as detectors. The corresponding wave number

changes of the scattered photons are k ¼ 3:8 �A�1 (105�)
and k ¼ 4:3 �A�1 (126�). These wave numbers were
chosen in order to have sensitive measurements of the
predicted atomic structure in carbon and are thus very
sensitive to the phase transition.
The scattered radiation power per solid angle is given

by [26]

dP

d�
¼ I0r

2
0

1

2
½1þ cos2��NSðkÞ; (1)

FIG. 2 (color online). MULTI2D hydrodynamic simulations of the shock-compressed graphite sample. At 12.5 ns after the drive laser
impact, the shock wave reaches the sample rear side. Density, temperature, and pressure inside the shock wave are sufficiently
homogeneous within the channel, which is probed by the x rays (indicated by the dashed gray lines).

FIG. 1 (color online). Schematic of the experimental setup.
The laser which is incident from the right onto the graphite
sample drives the shock wave to create the investigated state of
matter. Another laser with a significantly smaller pulse duration
but higher energy creates a bright x-ray source of titanium-
helium-alpha radiation at 4.75 keV which is collimated by a
pinhole for probing the interesting regions of the sample. The x-
ray source radiation and scattered radiation are monitored and
spectrally resolved by HOPG spectrometers.
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where I0 is the initial probe intensity, r0 the classical
electron radius, � the scattering angle, and N the number
of atoms in the probe volume. SðkÞ denotes the frequency-
integrated electron structure factor which contains all the
information of the ion structure in the sample. For the
backscattering geometry used here and assuming low ion-
ization, it can be decomposed into two terms [27,28],

SðkÞ ¼ jfðkÞj2SiiðkÞ þ
XZwb

n¼1

½1� fnðkÞ2�: (2)

The first term describes elastic scattering which is mainly
dominated by scattering from tightly bound electrons: fðkÞ
is the atomic form factor including all bound electrons, and
SiiðkÞ is the structure factor of the nuclei. The second term
accounts for the inelastic scattering from Zwb weakly
bound electrons with the corresponding form factors
fnðkÞ of these electrons. As the form factors are known, a
measurement of the (frequency-integrated) strength of the
elastic and inelastic scattering features provides direct
information about the atomic structure,

SiiðkÞ ¼ 1

jfðkÞj2
�XZwb

n¼1

½1� f2nðkÞ�
�
xel
xinel

: (3)

Here, we introduced the intensities of elastically and
inelastically scattered radiation xel and xinel, respectively.
Since SiiðkÞ only depends on the ratio of these quantities,
no absolutely calibrated detector is required here.

A sample spectrum obtained by the HOPG spectrometer
at a 126� scattering angle is shown in Fig. 3, where
the different scattering features can clearly be identified.
The elastic feature displays the spectral distribution of the
helium-alpha line from the laser-driven titanium source.
The inelastic feature results from a convolution of the
source spectrum with the Compton profile for the weakly

bound electrons [29]. Combining the measured x-ray
source spectrum, the known bound-free Compton profile
with the weight contained in both features gives the atomic
structure SiiðkÞ via Eq. (3). For the scattering angle of 126�,
we obtain Sii ¼ 0:82� 0:07 for the structure factor.
Using the method described above, the structural

changes induced by the shock wave can be determined
for all angles or wave numbers and times where spectrally
resolved scattering spectra have been recorded. Figure 4
shows the temporal evolution of the structure factor for a
scattering angle of 126�. For cold graphite, the structure at
this angle is close to zero, as the Bragg reflection of the
(0 1 3) plane is only marginally covered by the spectrome-
ter. Contrarily, there is a strong increase of the structure
factor up to the time of shock release if the sample is driven
into the fluid phase. This behavior can be explained by
the geometry of the setup: as the probe radiation enters the
sample from the opposite side than the shock drive, the
attenuation of both the incident and the scattered photons is
less for parts of the sample that get shocked at later times.
Accordingly, the signal rises stronger than the volume of
shocked material (linear increase). Moreover, absorption
also reduces contributions from the hot plasma with direct
laser illumination to less than 5%. The recorded rise of the
atomic structure factor is thus a good representation of the
structural changes to a fluid. It can be modeled well by a
fixed ratio of the structure factors of cold solid and shocked
material. At times after the shock release, the rarefaction
creates a gaslike state which is best described by a structure
factor of Sii ¼ 1.
The obtained values for the atomic structure factor are

well suited to distinguish between different theoretical
predictions and also avoid regions where solid parts may
alter the results through Bragg reflections. As shown in
Fig. 5, the region covered by the two scattering angles is

−150 −100 −50 0 50

0

0.2

0.4

0.6

0.8

1

∆E [eV]

In
te

ns
ity

 [a
.u

.]

measured spectrum
elastic feature
inelastic feature
fit S

ii
=0.82±0.07

FIG. 3 (color online). Example of the x-ray scattering spec-
trum for � ¼ 126�=k ¼ 4:3 �A�1 used to extract the atomic
structure. The elastic feature (dashed green line) represents the
spectral distribution of the titanium-helium-alpha source radia-
tion. The inelastic feature (dash-dotted red line) is given by the
convolution of the source spectrum and a Compton profile for
the weakly bound electrons. Combining the two features yields
the structure factor as the only free parameter.
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FIG. 4 (color online). Time evolution of the extracted structure
factor at k ¼ 4:3 �A�1 (� ¼ 126�). During the shock wave
propagation, the increase can be explained by a fixed ratio of
the structure value between cold and shocked materials. After the
shock release, the rarefaction creates a gaslike state with
SiiðkÞ ¼ 1.
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free of Bragg peaks from the hexagonal and cubic diamond
phases at high pressures. To include thermal excitations,
we have investigated these phases with density functional
theory molecular dynamics (DFT-MD) simulations at finite
temperatures (see the Supplemental Material [23]). The
simulations give well-defined peaks as well as a diffusive
background which is, however, well below the measured
structure factors. In agreement with the hydrodynamics
simulations and other equation of state models, we thus
can conclude that the sample was driven into the fluid
phase. To reproduce the recorded pressure in the simula-
tions, the density was varied within the experimental
error. Moreover, different approaches for the exchange-
correlation term in DFT have been used: the generalized
gradient approximation (GGA) and the local density ap-
proximation (LDA). These variations do not change the
structure significantly but influence the resulting pressure.
For the high intensity drive, reducing the density to
3:7 g=cm3 or using LDA has the same effect and brings
the pressure in line with the experimental result. For the
low intensity drive, only the reduced density case com-
pletely matches the pressures from the experiment.

The fluid phase for carbon is far from being a simple
liquid. DFT-MD simulations predict a structure that is
complex and shows signs of short-lived chemical bonding
[30,31]. Figure 5 illustrates that simple, purely repulsive
pair interactions as known from plasma theories cannot

describe the observed data. Simple potentials from fluid
theory like that of Lennard and Jones fail as well. We have
also tested combinations of screened Coulomb interactions
and Lennard-Jones-type interactions. All of these calcu-

lations always predict a first peak around k ¼ 4:3 �A�1 or
a correlation length of 1.45 Åwhich is related to the mean
density of the sample [32]. However, the measured data do
not support such a structure factor. On the other hand, the
observed structure factors agree very well with results from
DFT-MD simulations. Such simulations include the full
quantum nature of the electrons and, thus, go far beyond
simple pair interactions between the nuclei. In particular,
they are able to describe short-time bonding. Of course,
such bonds play a larger role for colder systems, and,
indeed, our data show that the experiment using a weaker
shock (reduced drive) shows a much smaller structure
factor between two well-pronounced peaks. The simula-
tions also indicate that this case is very close to the melting
line of carbon.
There exist more sophisticated approaches of a two-

particle interaction potential for carbon which include
many-particle effects. Our comparisons using a long-range
carbon bond-order potential (LCBOP) [33] show principle
agreement of the resulting structure with DFT-MD.
However, this potential appears to be too stiff. Compared
to DFT-MD, we find a higher pressure and a more pro-
nounced structure which is not found in the experiment.
Better agreement is expected for improved versions like
LCBOPII [34,35].
Using spectrally resolved x-ray scattering from shock-

compressed carbon, we are able to provide for the first
time direct measurements of the atomic structure of liquid
carbon in the 100 GPa regime. Our measurements confirm
the complex structure predicted by quantum simulations
and rule out simple pair interactions. Moreover, the
method applied can also be used to determine phase
transitions in such extreme conditions and can be used
to constrain models of the carbon phase diagram in future
experiments.
We thank the PHELIX team at GSI for their assistance.
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