
n 1.6 % (std. dev.) in peak power
n 1.3 % (std. dev.) in pulse energy

Experimental platforms with high-power lasers at SACLA
Kohei MIYANISHI, Toshinori YABUUCHI, Keiichi SUEDA 

SACLA

Summary
p Two distinct experimental platforms for combinative use of high-power nanosecond and femtosecond lasers with an XFEL are available at SACLA.
p The nanosecond laser platform is dedicated to exploring the states of dynamically compressed matter, utilizing X-ray diffraction, imaging, and small-angle 

scattering.
p The nanosecond laser with improved shot-to-shot stabilities has been open to users since FY2023, and further laser improvements are ongoing.
p Various techniques have been developed and demonstrated at SACLA to diagnose matter under high-energy-density states at the femtosecond laser platform.
p A newly developed in-vacuum sample changer for the femtosecond laser platform is expected to significantly improve the efficiency of experimental workflows.

Platform for High-energy density science with high-power femtosecond laser

Platform for dynamic compression with high-power nanosecond laser

SACLA Users’ Meeting 2024, March 11–12, 2024
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Overview of two experimental platforms with high-power lasers  

High-power nanosecond laser

Pulse energy >15 J on sample

Pulse shape 5 ns quasi-square

Spot size 140/180/260/470 um FWHM

Wavelength 532 nm
Rep. rate 0.1Hz
Shot rate 1 shot / 3–10 min.

XFEL (Beamline 3)

Photon energy 4-22 keV
Band width, ∆E/E Pink: ~3 x 10-3

Seeded: ~3 x 10-4

Monochromatic: 1.3 x 10-4 
Pulse energy Pink: ~700 μJ @10keV

Pulse duration <10 fs
Rep. rate 30 Hz

Focusing optics KB mirror
 (Down to 0.5 µm from 600 µm 

unfocused beam)
Advanced operation Self-seeding

Two color
Split-and-delay optics

High-power femtosecond laser
Pulse energy ~8 J

Pulse duration ~30 fs (typ.)
Spot size 15-20 µm (typ.)

Wavelength 800 nm
Rep. rate 1Hz
Shot rate 1 shot / 3-5 min.

Timing jitter ~30 fs@RMS / 3 min.
Timing drift +/- 500 fs / day

XFEL (Beamline 2)
Photon energy 4–22 keV

Band width, 
∆E/E

Pink: ~3 x 10-3

Monochromatic: 1.3 x 10-4 
Pulse energy Pink: ~500 µJ@10 keV

Pulse duration <10 fs
Rep. rate 30 Hz

Focusing optics CRLs for focus (~a few μm)
Mirror for 1D focus

 (~a few um in vertical)

High-power nanosecond laser at EH5 on BL3 High-power femtosecond laser at EH6 on BL2

LH5

EH6

EH5

fs
fs

ns

BL2

BL3

LH6

SACLA

SACLA - SPring-8 Experimental facility“Dynamic compression” “High energy density science”

Flat panel 
detector (FPD) 
for XRD

VISAR 
Sample

SAXS/
Imaging

XFEL

Nanosecond laser

1.2 m

10 shot superimposed

Rise time: 90 ps

XFEL (BL2)

Sample

Focus: CRLs for 2D, 
Mirror for 1D

Currently, we can mount 6 plates in the chamber for a day's operation.
Consequently, a capacity of 20 plates should suffice for a few days of data 
collection.

FPD1

FPD2 
(optional)

Transmission geometry Side-on geometry

Basic instruments regularly monitor laser-matter 
interactions along with XFEL measurements

[Update] A newly developed sample changer enables quick 
sample replacement without breaking the vacuum in the 

chamber 

Sample plate stocker

Rotation disk 
holding 5 plates

EH: Experimental hutch
LH: Laser hutch

Nanosecond Laser

Experimental chamber at EH6

Femtosecond Laser

Experimental chamber at EH5

• X-ray Imaging
• X-ray Scattering incl. 

SAXS
• X-ray Absorption 

Spectroscopy
XFEL

fs laser 
(East)

Arm to replace plates

The experimental chamber is designed for X-ray diffraction 
(XRD),  X-ray imaging(XI), and small-angle X-ray scattering (SAXS)

Various techniques have been developed and 
demonstrated at SACLA to diagnose matter under 

high-energy-density states 

OAP (East)
F=1200 mm (F/10)

Crystal Imager (Cu Kα)

X-ray Emission Spec.

Electron Spec.

L. Randolph, M. Nakatsutsumi et al., Phys. Rev. Res. 4, 033038 (2022)

H. Sawada, S. Glenzer et al., Rev. Sci. Instrum. 94, 033511 (2023)

Focus Mon.

Top View of 1st Floor in Interaction Chamber

Reflection geometry

SAXS/
Imaging

SAXS/
Imaging

VISAR
VISAR

XFEL

Sample Sample

§ Sample replacement currently requires several hours due to vacuum pumping 
and the related realignment of the experimental system.

§ An in-vacuum sample changer is anticipated to streamline experimental 
workflows significantly.

§ The newly developed in-vacuum sample changer features a capacity for:
• 20 sample plates stored within the in-side-the-chamber stocker.
• 5 sample plates on the rotating disk (should be empty initially).

§ The time required to replace a single sample plate is approximately 5 minutes.
§ The sample changer is projected to be operational in Fiscal Year 2024.

Cu 20 um, HAPG 0.1 mm

Cu TEM Grid 400 lpi

Sample position

Crystal Imager (Cu Kα)

X-ray Emission Spec.

Image Area: ~2.3 mm sq.
Resolution: ~8 um

Laser 7J XFEL 9 keV/9 umf
~1.4 m

[Update] The ns laser with improved shot-to-shot 
stabilities has been open to users since FY2023

Measurement examples
INDIRECT EVIDENCE FOR ELEMENTAL HYDROGEN … PHYSICAL REVIEW RESEARCH 5, L022023 (2023)

is conserved and the observation that ∼50% of all carbon
atoms form diamond implies that there are regions in the
compressed samples that are highly enriched with hydrogen.
These spatial regions possibly contain pure hydrogen that has
fully separated from the carbon in the sample.

A direct signature from hydrogen cannot be recorded due
to the very small diffraction strength of the lightest element
and the fact that we expect the electrons to be detached from
the nuclei. Nonetheless, the existence of elemental hydrogen
is further supported by the fact that the diamond growth is
an ongoing process after the traversal of the second shock
wave. In fact, the observation that ∼50% of carbon atoms
have already formed diamond lattices is an average over the
entire sample volume. Regions close to the shock front will
exhibit a smaller percentage while regions that experienced
the second shock earlier have much longer time for diamond
formation. These regions will exhibit a much higher diamond
fraction and should be close to saturation of this process,
which suggests that carbon and hydrogen will fully separate
for longer durations of the experiment. Moreover, the 50%
estimate does not account for the hotter material in the region
with laser-heated plasma, which is too hot to allow stable dia-
monds and contributes around 10% of the mass in the volume
probed with XRD [16]. These facts indicate that demixing
of carbon and hydrogen could be complete after conditions
for diamond formation have been present in the sample for
sufficient time.

We have performed further experiments at the SACLA
XFEL that corroborate a complete C-H separation. Polyethy-
lene (CH2) samples made of 75 µm thick ultra-high-
molecular-weight foils of initial density 0.94 g/cm3 were
shockcompressed using the HERMES drive laser system pro-
viding energies of 5–22 J in 5 ns flat-top pulses. The drive
laser was focused to a spot size of 200 µm resulting in drive
intensities of 2.4–10.5 TW/cm2. An aluminum front layer
with a thickness of 100 nm was coated on the sample to pre-
vent low intensity prepulses to preheat the sample. The shock
transit time was recorded with a VISAR system showing the
impact of the drive laser on the aluminum coating as well as
the breakout at the sample rear side. Together with the well-
known sample thickness, this provides the shock velocity,
which in turn can be used to infer pressure and temperature
reached in the sample using first-principles calculations of the
polyethylene shock Hugoniot [22]. The microscopic structure
was probed in situ by the SACLA X-ray pulses with a photon
energy of 11.1 keV and ∼0.5% bandwidth. X-ray diffraction
patterns were recorded by a flat panel area detector in an
angular 2θ -range of 22–77 degrees.

Using these diagnostics, we observe the formation of
diamond in a single shock while reaching pressure and tem-
perature regimes comparable to the CH experiment at LCLS
(∼150 GPa and ∼4000 K), see Fig. 3. Therefore, mixtures
with a CH2 stoichiometry, which has been seen to resist
demixing up to at least 200 GPa at lower temperatures [20,21],
are indeed unstable at the conditions of our experiment point-
ing toward full C-H separation in agreement with the XRD
interpretation from double-shocked polystyrene discussed
above. A single shock is sufficient to reach carbon-hydrogen
phase separation for polyethylene, since the shock Hugoniot
curve for this material is predicted to result in significantly

FIG. 3. In situ X-ray diffraction data from shock-compressed
polyethylene (PE). Left: raw data detector images for ambient con-
ditions and a shock-compressed sample (same color scale). Right:
lineouts created by azimuthally integrating the detector images. The
lineouts are separated by a constant offset for better feature visibility.
Within the shock transit time of ∼5 ns, compressed diamonds are
formed. After the shock release, the lattice starts relaxing to am-
bient density. The photon energy applied for X-ray diffraction was
11.1 keV.

lower temperatures than polystyrene around ∼100 GPa [22].
This specific pressure regime on the CH2 Hugoniot was not
covered in previous in situ XRD experiments [23]. Here,
diamond formation was not found due to either the lower
or higher pressure-temperature conditions investigated. For
the SACLA experiments, the relative intensity of the di-
amond peaks is significantly lower in comparison to the
liquid diffraction than observed in the experiments using
polystyrene. This fact suggests that the kinetics of diamond
formation vary considerably depending on the initial carbon
concentration. Nonetheless, the results show that diamond for-
mation is not inhibited as the carbon concentration decreases,
although the nucleation rate is reduced.

III. DISCUSSION

Figure 4 illustrates the observed regimes of diamond
formation in polyethylene and polystyrene in context with
experiments and predictions of the hydrogen insulator-metal
transition. Indeed, we only observe rapid diamond forma-
tion in a regime where hydrogen is expected to be metallic,
similar to the low solubility of carbon in alkali metals at
lower temperatures [24]. This indicates that the C-H phase
separation reaction may be driven or at least accelerated by
hydrogen metallization, similar to the original discussion of
H-He demixing inside Saturn and Jupiter [25]. Since we do
not directly measure temperature in our experiments, the cor-
responding values for CH and CH2 presented in Fig. 4 are
obtained from EOS models benchmarked on shock experi-
ments. The error bars shown result from the uncertainties in
the measured velocities propagated through the EOS mod-
els. In case diamond formation is observed, an additional
benchmark for the inferred pressure-temperature conditions
is given by the compressed diamond densities extracted from
the XRD data [15]. It should be noted that static experiments

L022023-3

Hydrodynamic turbulence occurs in a variety of systems as
a direct consequence of the non-linearity of the fluid
equations1–4. In high-energy-density physics (HEDP), it

permeates every scale from inertial confinement fusion5–9 to
astrophysical-object evolution10–12. This chaotic phenomenon is
believed to develop when the viscosity of a flow is negligible,
which is often considered to be the case in plasma physics
(especially in HEDP). It leads to the creation of 3D eddies of
decreasing size, which, carry energy in a cascade from the large
scale of injection, to smaller ones, where dissipation occurs. These
eddies, whose distribution becomes isotropic at a small enough
spatial scale, lead to a global homogenisation of the fluid. This
mixing phenomenon plays an important role in numerous sys-
tems, either in the laboratory or in the Universe. In inertial
confinement fusion, it can hinder, or even prevent, ignition. In
astrophysics, turbulence is also believed to strongly influence
supernovae explosions12 and can be found in their remnants (see
Fig. 1a), as well as in the local non-homogeneous aspect of the
interstellar medium, thus affecting the star formation
process13–15 and the propagation of cosmic rays16,17. Although
multiple studies have already been performed, including
HEDP3,18, our understanding of turbulence, even in the classical
hydrodynamic case, remains incomplete19.

The study of turbulent plasma flows includes further com-
plexity (magnetic fields, multiples fluids...), which deviates from
the standard approach. Thus, the classical energy cascade and
dissipation microscales of the Kolmogorov theory1 may not be
fully applicable when dealing with plasma20. Usually, turbulence
theories are investigated through both numerical simulations and
experiments, each with their own limitations. Many experiments
studying turbulence in HEDP are restricted to macroscale
metrics, such as the interface mix-width, since diagnostics can not
resolve higher-order features21. This constraint severely limits the
utility of the experimental approach, since the smallest spatial
scales are often non-negligible and are a subject of interest in
turbulence studies. For these scales, simulations are often
required. Yet, controlled and well-diagnosed experiments are
nevertheless mandatory to constrain the predictions of different
theories and simulations.

Here, we show results from an experiment where a laser-
produced Rayleigh–Taylor unstable plasma flow evolves towards

a possibly turbulent state. The main diagnostic, an x-ray radio-
graphy platform, coupling an x-ray free-electron laser (XFEL) and
a lithium-fluoride crystal (LiF)22,23, allowed us to take time-
resolved images with sub-micron spatial resolution over a large
field of view (>1 mm2 corresponding to the XFEL beam size).
From the obtained radiographs, we extract intensity spatial
spectra, which can be associated to velocity spectra. These spectra
are compared to turbulence theories and unaccounted features
are discussed. To complete this study, we perform matching
simulations using the FLASH4 code24,25. They have been used to
infer experimentally unmeasured parameters such as the pressure
or the fluid velocity, which are necessary for our analysis.

Results
Experimental setup and diagnostics. The experiment was con-
ducted at the SACLA facility in Japan26,27, with the experimental
setup displayed in Fig. 1. A high-power laser beam was used to
drive multi-layer targets, whose design was tested in previous
experiments28 (See Methods for further details). They allow the
expansion and deceleration of a plasma into a low-density foam,
leading to the development of Richtmyer–Meshkov29,30 and
Rayleigh–Taylor31–34 instabilities (RTI) that evolve into turbu-
lence. The inclusion of a modulation on the surface of the pusher
layer favours the growth of a given Fourier mode via the
instability, which allows precise control of our experimental
conditions. Both mono-mode (40 μm wavelength) and bi-mode
modulations (15 and 40 μm wavelengths) were used as variations
for the initial conditions.

The unstable interface between the pusher and foam was
examined using a short-pulse (<10 fs35), nearly mono-chromatic
(7 keV), collimated XFEL beam combined with a LiF crystal, used
as a detector. The resulting x-ray radiographs36 present cutting-
edge high-resolution (see Fig. S3 in the Supplementary Informa-
tion). It should be note that this is a successful utilisation of this
diagnostic on a plasma in motion. This radiography configuration
enables a sub-micron resolution of ~0.6 μm, taking into account
the secondary electron avalanche inside the detector37,38. The
actual experimental resolution was ~1.5 μm due to the presence of
phase-contrast (PC) effects39. These effects are due to the
propagation of the highly coherent beam after its propagation
through the target (see line-out of Fig. 2c). This process enhances

Fig. 1 Experimental setup. Diagram of the overall experiment setup (a) and Chandra’s observation of RCW 86 (b). The plasma expansion inside the laser-
driven target is diagnosed using a XFEL beam (>1 mm diameter, 8 fs, centred on a 7 keV emission with a ΔE/E= 6 × 10−3) and lithium fluorine crystal. This
expansion is Rayleigh–Taylor unstable, as in the supernovae remnant.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22891-w
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X-ray diffraction

X-ray imaging

the contrast of the radiography, as it then depends on the phase in
addition to the usual absorption.

The resulting images depend on the projected complex optical
path length, the integral of the optical index along the x-ray path,
through the plasma, and hence on the material composition and
density. To enhance the contrast of the radiographs, the
expanding layer of the target, the pusher, was doped with
bromine. This element possesses a higher atomic number than
the plastic, which composes the major part of the target.
Consequently, it has a higher opacity at the XFEL beam energy.
At early times, the good contrast is a result of the difference in
density between the pusher and the foam. Whereas later in time,
when the density tends to become uniform, the bromine ensures
the observed contrast. In this way, we obtain high-contrast images
throughout the entire experiment.

Plasma evolution. The evolution of the expanding plasma was
measured up to 80 ns after the beginning of the main laser pulse.
In Fig. 2, two radiographs, characteristic of a mono-mode target,
are shown (a, b). The curvature present in the data is due to the
finite laser focal spot size (250 μm). The spike and bubble evo-
lution are clearly observed (a,c), and the RTI growth can be
studied up to ~50 ns (see Fig. S2 of the Supplementary Infor-
mation). The high resolution of our diagnostic allows the inves-
tigation of the finest morphological details of the RTI spike
extremities (see Fig. 2c). This represents a new horizon in the
validation of RTI simulations, which, depending on the models
employed, predict different spike morphologies40. At later times,
the expanding plasma appears as streaked and chaotic; the RTI
structures are lost (see Fig. 2b and d). The loss of the initial
conditions and the resulting isotropy is consistent with a turbu-
lent flow. The transition between these two phases occurs
between 50 ns and 60 ns for the mono-mode targets.

As can be seen in the dynamics shown in Fig. 3, the transition
happens at earlier times for bi-mode targets (around 40 ns). This
difference might be due to the enhancement of non-linear effects
and mode coupling of a multi-wavelength perturbations41. This
phenomenon is highlighted on the 20 ns radiograph. The more
pronounced non-linear effects can result in a quicker destabilisa-
tion of the flow, leading more rapidly to the turbulence, since the
energy injection happens at multiple wavelengths.

Simulations and dimensionless numbers. To ascertain the nat-
ure of the flow at late time, it is necessary to study not only its
spectrum, but also the actual plasma regime. One of the char-
acteristics of a turbulent flow is a high Reynolds number (Re) at
the injection scale, for instance higher than 1.5 × 106 according
to P.E. Dimotakis42. To calculate this number, the characteristic
length (L), velocity (u) and viscosity (ν) of the flow are manda-
tory. Except for L, these parameters can not be obtained from the
radiography and so simulations were performed to determine
their value at the beginning of the turbulent phase.

The 2D hydrodynamic simulations, performed with the
FLASH4 code, globally reproduce the evolution of our plasma
flow up to the beginning of the turbulent phase. In particular, the
morphology of the interface, its position and the RTI growth are
correctly reproduced up to 50 ns (see Figs. S1 and S2 of the
Supplementary). However, the observed blurry aspect is not
recreated in simulations, which make them inappropriate for the
detailed study of the turbulent-like phase. This might be due to
the coarse resolution or to the absence of direct dissipation
mechanism (Euler equations). Indeed, the simulations are limited
in resolution and do not reach the dissipation scale, thus limiting
the effective Reynolds number of the simulations (Re= (L/η)4/3,
see the following discussion or method for limitations). The
absence of the third dimension in the simulations could also
contribute (see Section II of the Supplementary).

Based on their similarities with the experiment, the simulations
were deemed sufficient to determine various physical parameters
(temperature, density, pressure, fluid velocity), which were not
determined experimentally. These values were taken at 50 ns, i.e
just prior to the beginning of the turbulent phase, to calculate the
characteristic dimensionless numbers. However, such calculations
could not be performed during the turbulent phase since this
phase was not reproduced in simulations.

The simulated values, as well as some derived parameters are
presented in Table 1. The viscosity, required for the Reynolds
number, is calculated with the multi-material formula established
by Clérouin43, which can be applied to partially ionised plasmas.
A Thomas-Fermi model is used to determine the ionisation of
each species. These values are used to estimate the Reynolds
number at the beginning of the turbulent phase, which is found to
be of the order of 107. This high value, rarely attained in
simulations due to numerical viscosity, is consistent with
turbulence theory42.

Alternative approaches can be taken to calculate the Reynolds
number at 50 ns. They mainly differ in their definition of the
characteristic velocity and length of energy injection. For
instance, an upper value of the Reynolds number can be
calculated using the actual plasma extension as well as the fluid
velocity (see Table 1). In this case, it will be equal to 6 × 107. We
can also use the mixing zone of the RTI and its growth velocity,
which is actually equivalent to the fluid velocity in the reference
frame of the interface (see Table 2). With this more common
definition, the Reynolds number drops to 1 × 107. Finally, if we
consider the spacing between RTI spikes and the variation of fluid
velocity in the lateral direction as a constraint for our system, we
find Re ~ 7 × 106 (see last column of Table 2). These choices give

Fig. 2 Experimental radiographs of the mono-mode targets. Experimental
radiographs of mono-mode targets obtained before (40 ns (a) and (c)) and
after (60 ns (b) and (d)) the transition to turbulence between 50 and 60
ns. Following the initial Rayleigh–Taylor growth and pusher expansion
(curved modulated surface of the two first radiograph), the system
becomes turbulent. The structure becomes blurry and the power spectrum
nearly isotropic, as can be observed on the zoom of the 60 ns radiograph. A
precise study was made possible thanks to the high resolution of the
radiography, which is illustrated on the zoom and line-out of the 40 ns
radiograph (c).
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µm resolution over 1 mm FOV

Further laser improvements are ongoing with Osaka 
University

Turbulent plasma flow imaged with µm resolution

Dissociation of hydrocarbon implied by diamond formation

q Arbitrary wave generation up to 20 ns
o Currently, only a 5 ns square pulse is available for 

users' experiments.
o Future work will primarily focus on generating 

square pulses with extended durations and step 
pulses.

q Control of energy drift
o The laser energy drifts by 10% in 48 hours due to 

thermal instability.
o Our current objective is to establish energy drift 

control measures in FY2024.

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)
Fast surface deformation with nm, ps-scale resolution

X-ray imaging with near absorption edge
Fast isochoric heating (ionization) in matter
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FIG. 1. Schematic concept for creating elemental hydrogen by
shock compression of polystyrene. The first shock wave results in
dissociation of the polymers while the second shock induces the
formation of diamonds and elemental hydrogen. The latter is forming
at pressure and temperature conditions where it is predicted to be
in a liquid metallic state. The short timescale of the experiment
does not allow all carbon and hydrogen to separate and thus there
are remaining mixed regions. The different states are illustrated by
snapshots from density functional theory and molecular dynamics
simulations depicting the atomic positions and isosurfaces of the
electron density.

cryogenic liquid hydrogen and large-scale facilities providing
sophisticated drive schemes. These complex sample envi-
ronments severely limit the number of experiments and the
diagnostic techniques applicable.

In this Letter, we present a different, less complex method
to create metallic hydrogen that utilizes the phase separation,
observable as diamond formation, in highly compressed
hydrocarbons [15,16]. In double-shocked CH, we observed
that about 50% of the carbon atoms inside the sample volume
have formed diamond crystal structures at the time when the
two shock waves coalesce at the sample rear side, i.e., the time
when most of the sample volume is at very similar conditions
[17,18]. This observation provides two main options: either
the remaining hydrogen is still mixed with the carbon atoms
that have not formed diamond or complementary regions
of pure hydrogen are forming alongside the diamonds. In
the latter case, regions of pure hydrogen will be metallic
and regions which are not yet demixed remain in a mixed
state with roughly the initial C:H ratio of 1:1. Figure 1
schematically illustrates this scenario that is created by
the second shock wave after the first shock has already
precompressed and dissociated the polymers of the initial
sample material.

II. EXPERIMENTAL RESULTS

We have performed experiments at the Linac coherent
light source (LCLS) and at the spring-8 Angstrom compact
free electron laser (SACLA) which provide strong evidence
for the scenario shown in Fig. 1. Using solid plastic tar-
gets, they demonstrate a considerably simplified approach to
create metallic hydrogen: at the MEC instrument of LCLS,
83.4 µm thick polystyrene foils were dynamically compressed
with high energy lasers launching two subsequent shocks that
coalesce after 7.6 ns on the sample rear side. Using in situ
X-ray diffraction of 8.2 keV photons with ∼0.5% bandwidth

FIG. 2. In situ X-ray diffraction (XRD) data at shock coalescence
in polystyrene compared to density functional theory and molecu-
lar dynamics (DFT-MD) simulations. For the inferred conditions of
150 GPa and 5000 K, the liquid diffraction can only be matched by
a C-H ratio of 1:1. From the intensity of the crystalline (111) and
(220) diffraction peaks, it can be extracted that ∼50% of all carbon
atoms are observed to form a diamond lattice [17]. This also implies
that ∼50% of the hydrogen atoms need to cluster in isolated regions
that are not mixed with carbon. The photon energy applied for X-ray
diffraction was 8.2 keV.

and a pulse duration of 50 fs, it was observed that carbon
and hydrogen phase separate on nanosecond timescales at
pressures of ∼150 GPa and temperatures of ∼5000 K. The ob-
served diffraction features show smooth powder rings where
the width and the intensity ratio of the different peaks are
compatible with diamond crystallites of few nm in size, which
has been discussed in the context of diamond precipitation
in the interiors of icy giant planets [15]. More details of the
experimental setup have been published in Ref. [16].

Figure 2 shows experimental evidence for regions of
elemental hydrogen forming in samples that clearly show dia-
mond formation after shock compression. Here, in situ X-ray
diffraction (XRD) data from CH samples probed at shock
coalescence are compared to predictions from density func-
tional theory combined with molecular dynamics (DFT-MD)
simulations of different liquid CHx mixtures at the pressure
and temperature as they were reached in the experiment (see
the Supplemental Material for technical details on the simula-
tions [19]). The data shows that the liquid diffraction below
the sharp diamond peaks is matched solely by a 1:1 C-H
ratio to result in consistent shape and intensity of the two
diamond peaks. Any smaller carbon concentration in the mix-
ture would shift the broad liquid correlation peak below the
sharper diamond (111) reflection to lower k values, which
is not compatible with the measured XRD data. Assuming
CH2 as remaining liquid would produce severely asymmetric
peak shapes and the width of the (220) reflection being ∼2x
larger than for the (111). At the same time, the relative inten-
sity of the (220) peak would be ∼70% of the (111), where
∼40% would be expected for ambient diamond, which is well
matched by assuming CH as the remaining liquid instead.
The fact that the number of atoms inside the sample volume
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