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Summary
p Two types of high-power laser systems are available at SACLA with designated experimental chambers for each. 
p The high-power nanosecond laser with energies around 15 J on sample can be used in EH5. It is mainly used for studies of matter under high-pressure or of 

hydrodynamics such as plasma instabilities. 
p The high-power femtosecond laser with focused peak intensities over 1019 W/cm2 is used in EH6 to study the very fast dynamics of laser irradiated matter, such as 

heating or ionization. 
p In recent years, the digital technologies have been implemented for stable operation by monitoring the system status of high-power lasers.

Platform with high-power femtosecond laser in EH6

Platform with high-power nanosecond laser in EH5
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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
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Flat panel detector 
(FPD) for XRD

VISAR 
Sample

SAXS,
Imaging

XFEL

Nanosecond laser

1.2 m

XFEL (BL2)

Sample

Focus: CRLs for 2D, 
Mirror for 1D

The sample changing system helped to reduce the number of 
chamber openings for sample replacement; from every night 
to once per 3 days (i.e. 4 times to once for typical beamtime).

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

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

Experimental chamber has designed for efficient measurements of 
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 
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§ Before the utilization of sample changing system, 
sample replacement required several hours due 
to vacuum pumping and the related realignment 
of the experimental system.

§ 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).

Cu 20 um, HAPG 0.1 mm

Cu TEM Grid 400 lpi
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

Measurement examples Ongoing Developments

[Recent Updates] Sample changing system in vacuum 
has been utilized in user experiments from 2024B

Rotation disk 
holding 5 plates

q Improve laser stability
o Due to the temperature control 

difficulties in the laser hutch, the 
laser energy varies in time during the 
experiments.

o The temperature stability is expected 
to be improved by modifying the 
laser operation scheme.

o In collaboration with Osaka 
University, the operation scheme of 
laser power supply will be modified 
to minimize the temperature 
increase. The new scheme will be 
tested in early FY2025. 

q Improvement of data handling
o The data recorded with standalone 

cameras, such as FPD, are now 
copied to a user directory on HPC for 
better accessibility.

o The file transfer scheme will be 
modified in near future to improve 
the reliability.

H. Sawada et al., Nat. Comm. 15, 7528 (2024)

X-ray imaging with near absorption edge Fast isochoric heating (ionization) in matter

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
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D. Kraus et al., 
Phys. Rev. Res. 5, L022023 (2023) 

X-ray diffraction Dissociation of hydrocarbon implied by diamond formation
D. KRAUS et al. PHYSICAL REVIEW RESEARCH 5, L022023 (2023)

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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[Recent Updates] 
Up to 3 FPDs can be used 
at once.

[Recent Updates] 
VISAR can be used in side-on 
geometry by replacing single 
component.

K. Katagiri et al., Science 382, 69 (2023)

X-ray imaging Visualized the motion of ultrafast dislocation in diamond

XFEL

Arm to replace plates

Sample 
plate stocker

Y. Inubushi et al., Rev. Sci. Instrum. 92, 053534 (2021)

Single-shot Absorption spectroscopy Single-shot GI-SAXS

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


