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SiO͸ is one of the most fundamental constituents in planetary bodies, being an essential building 
�����������������������������������������������������������������������������ȋͷȂͷͶ��E). Silica at depths 
�������������͹ͶͶ��������������������������������������������Ǧ����ǡ������������������������������������
(�ͺ͸/mnm) and its thermodynamic stability is of great interest for understanding the seismic and 
dynamic structure of planetary interiors. Previous studies on stishovite via static and dynamic (shock) 
������������������������������������������������������������ơ����������������������Ǧ���������������
is still not clearly understood. Here, laser-induced shock compression experiments at the LCLS- and 
SACLA XFEL light-sources elucidate the high-pressure behavior of stishovite on the lattice-level under 
in situ�����������������������������������������������͹ͶͶ�
��Ǥ����Ƥ�����������������������ȋ����ǦȌ�������
at these conditions, and does not undergo any phase transitions. This contradicts static experiments 
showing structural transformations to the CaCl͸, α-PbO͸ and pyrite-type structures. However, 
rate-limited kinetic hindrance may explain our observations. These results are important to our 
understanding into the validity of EOS data from nanosecond experiments for geophysical applications.

Stishovite, the high-pressure polymorph of silica, is of vast interest for planetary- and material science as a dom-
inant constituent material in the mantle of Earth and larger terrestrial extra-solar planets. Under equilibrium 
conditions, stishovite becomes the stable form of SiO2 at pressures above ~7 GPa and crystallizes in the rutile-type 
structure (P42/mnm), consisting of octahedrally coordinated Si atoms1–3. Static compression studies using dia-
mond anvil cell (DAC) techniques show, that stishovite undergoes a displacive phase transition to the orthorhom-
bic CaCl2-type structure (Pnnm) at ~60 GPa4–10 and a further transition to the α-PbO2 type structure (Pbcn) at 
~121 GPa10–16. To date, the highest-pressure experimentally determined SiO2 phase transformation is to the 
pyrite-type structure (Pa3̄) at around 268 GPa17.

Additionally, silica has been explored using dynamic shock compression experiments. Shock compression 
studies of fused silica and quartz up to 200 GPa indicate phase transitions to stishovite, post-stishovite phase(s) 
and melting above 120 GPa18–23. However, only few studies use stishovite as a starting material. !is is mainly 
due to the di"culty of synthesizing large specimens of stishovite without impurities or signi#cant porosity, and 
preparing these samples for shock compression experiments. Stishovite has been shock compressed in the pres-
sure regime between 193.6–235.7 GPa with the gas gun technique24, between 316–992 GPa with the $yer plate 
technique at the Z-machine25 and in the pressure regime between 1032.2–2660.4 GPa with the decaying shock 
method at the OMEGA laser facility26. All three studies resolve the stishovite continuum Hugoniot. In contrast to 
static experiments5, there is no indication of a phase transition to post-stishovite structures. !is was previously 
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explained by either sluggish kinetics as a result of the low compressibility of stishovite or the relatively small 
volume changes accompanying post-stishovite phase transitions, which cannot be readily distinguished from the 
stishovite Hugoniot24.

Until now, the highest pressures for which in-situ structural information of stishovite was obtained are 
from static compression experiments with a diamond anvil cell at 128 GPa5 and there are no structural obser-
vations from any shock-compression experiments. !e high initial density and low compressibility allowed us 
to shock-compress stishovite in the solid phase to pressures above 300 GPa. !e concurrent use of the brilliant 
and coherent X-rays at the Linac Coherent Light Source (LCLS) and SPring-8 Angstrom Compact free electron 
LAser (SACLA), enabled the determination of the structural response under shock loading on the lattice-level of 
stishovite at these conditions for the "rst time.

Results
!e experiments were carried out at the Matter at Extreme Conditions (MEC) end station of the LCLS- and the 
BL3:EH5 end station of the SACLA X-ray Free Electron Laser (XFEL). !e experimental setups are shown in 
Fig. 1. Polycrystalline stishovite was synthesized in a large volume press at the P61B end station of PETRA III 
at the German Electron-Synchrotron (DESY) with an initial density of ρ0 = 4.30 g/cm3 (Table 1, run795997). 
Stishovite samples were cut and polished to 35 µm. Targets were subsequently glued to 50 µm polyimide (kapton) 
tape and shock compressed using optical drive lasers. Derived from hydrodynamic simulations, steady uniform 
pressure conditions within the sample are achieved within a time span of ~1–5 ns for the high pressure drives (see 
Supplementary Material). !e samples were probed with an 11.2 keV (LCLS) and 11 keV (SACLA) XFEL X-ray 
pulse when the majority of it was in the compressed state. !is was determined from the shock breakout via the 
velocity interferometer system for any re#ector (VISAR). !e VISAR measured the rear free surface velocity of 
stishovite for each shot from which particle velocity (Up), shock wave velocity (Us) and pressure in the shocked 
state were determined (see Supplementary Material).

!e shock and particle velocities (Table 1) obtained in this study yield a linear "t in the high pressure regime

= . + .U km s U( / ) 1 21 9 155 (1)s p

and are in excellent agreement with literature data24. Pressures P and internal energies E were calculated using the 
Rankine-Hugoniot equations:

Figure 1. (a) Experimental setup arranged in transmission Debye-Scherrer geometry at the MEC end station 
of the LCLS. Dual drive laser beams were incident on samples at 15° and the XFEL beam at 30° from the target 
normal. (b) Experimental setup in Bragg geometry at the BL3:EH5 of SACLA. Grazing-incidence angle of the 
XFEL towards the target was 18° and drive laser beam was incident on samples at 18° from the target normal.

Run Up (km/s) Us (km/s) PVISAR (GPa) E-E0 (kJ/mol) V (Å3) ρ (g/cm3) a (Å) c (Å)
SACLA-795997 n.a. n.a. ambient n.a. 46.5 (2) 4.30 (2) 4.176 (8) 2.664 (6)
SACLA-796485 0.45 (2) 9.66 (53) 18 (2) 0.10 (1) 44.3 (3) 4.51 (5) 4.09 (1) 2.65 (1)
SACLA-796491 2.38 (4) 12.10 (25) 123 (5) 2.82 (12) 37.3 (2) 5.35 (4) 3.85 (1) 2.513 (9)
LCLS-235 4.75 (8) 14.76 (31) 301 (12) 11.28 (48) 31.8 (4) 6.3 (1) 3.69 (2) 2.33 (2)
LCLS-233* 4.90 (8) 15.04 (45) 317 (15) 12.01 (56) 31.3 (9) 6.4 (3) n.a. n.a.
LCLS-239 5.10 (9) 15.35 (31) 336 (13) 13.01 (51) 31.0 (4) 6.44 (8) 3.66 (2) 2.32 (1)

Table 1. Experimental results from this study. Particle and shock velocities Up and Us, as well as pressures and 
energies were determined with the VISAR (see Supplementary Material). Volume, density and lattice parameter 
a and c were obtained from re"ned XRD spectra. *No XRD information is available for run233. All results from 
run233 were solely determined through velocimetry data.
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Micron-scale phenomena observed in a turbulent
laser-produced plasma
G. Rigon 1✉, B. Albertazzi1, T. Pikuz 2,3, P. Mabey1, V. Bouffetier4, N. Ozaki 5,6, T. Vinci 1, F. Barbato 4,
E. Falize7, Y. Inubushi8,9, N. Kamimura5, K. Katagiri 5, S. Makarov3,10, M. J.-E. Manuel11, K. Miyanishi 9,
S. Pikuz 3,12, O. Poujade7,13, K. Sueda9, T. Togashi8,9, Y. Umeda5,14, M. Yabashi 8,9, T. Yabuuchi 8,9,
G. Gregori15, R. Kodama5, A. Casner 4,16 & M. Koenig1,5

Turbulence is ubiquitous in the universe and in fluid dynamics. It influences a wide range of

high energy density systems, from inertial confinement fusion to astrophysical-object evo-

lution. Understanding this phenomenon is crucial, however, due to limitations in experimental

and numerical methods in plasma systems, a complete description of the turbulent spectrum

is still lacking. Here, we present the measurement of a turbulent spectrum down to micron

scale in a laser-plasma experiment. We use an experimental platform, which couples a high

power optical laser, an x-ray free-electron laser and a lithium fluoride crystal, to study

the dynamics of a plasma flow with micrometric resolution (~1μm) over a large field of view

(>1 mm2). After the evolution of a Rayleigh–Taylor unstable system, we obtain spectra, which

are overall consistent with existing turbulent theory, but present unexpected features. This

work paves the way towards a better understanding of numerous systems, as it allows the

direct comparison of experimental results, theory and numerical simulations.
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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.
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In situ femtosecond x-ray diffraction measurements and ab initio molecular dynamics simulations were
performed to study the liquid structure of tantalum shock released from several hundred gigapascals (GPa)
on the nanosecond timescale. The results show that the internal negative pressure applied to the liquid
tantalum reached −5.6 ð0.8Þ GPa, suggesting the existence of a liquid-gas mixing state due to cavitation.
This is the first direct evidence to prove the classical nucleation theory which predicts that liquids with high
surface tension can support GPa regime tensile stress.

DOI: 10.1103/PhysRevLett.126.175503

The explorations of the phase diagram of most materials
are typically focused on their positive pressure part.
However, solids and liquids can also be subjected to an
internal negative pressure by applying external mechanical
tension [1–6]. This lattice stretching can lead to a phase
transformation [7] of the material or its fracture [1,2] and it
could occur in a wide range of domains including planetary
impact events [8] and industrial applications such as laser
processing [9].
Cavitation is the boiling of a liquid due to an internal

negative pressure rather than raised temperature, and it
can cause liquid failure upon shock release of liquids.
According to the classical nucleation theory [5], the
cavitation pressures of most liquid metals with high surface
tensions are predicted to be several gigapascals (GPa) [6],
but the experimental investigations to prove the theory has
been challenging. Indeed, experimental techniques exist
but are restricted to an internal negative megapascal (MPa)
range (e.g., Berthelot method [3]).
The advantages of the laser-shock compression tech-

niques are vast as the sample is initially heated and
compressed to extremely high temperature and pressure.

Since the drive laser pulse duration is typically up to several
nanoseconds, shock pressure remains in the sample only for
some nanoseconds. Then the loaded pressure is rapidly
released to the ambient pressure or even to internal negative
pressure. During the release process, a residual temperature
of up to thousands of kelvins would remain in the sample
due to the high entropy gained during the compression.
Since these compression and release processes typically
occur within the timescale of several nanoseconds, an
in situ x-ray diffraction (XRD) technique with a high
temporal resolution is required to capture the structural
change in a material under shock. The recent development
of femtosecond pulsed x-ray free electron lasers (XFELs)
[10] has enabled such studies to be performed. However,
the observations of liquid structures of materials under
shock compression by in situ XRD using an XFEL are still
challenging [11,12] and no experimental data so far exist on
liquids with internal negative pressure. This is even more
difficult for materials with high melting temperatures such
as tantalum (3270 K at 0 GPa [13]), where no experimental
observation of its liquid structure has been achieved. Here,
we report the first experimental observation of the structure

PHYSICAL REVIEW LETTERS 126, 175503 (2021)
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of a liquid (tantalum) sustaining a gigapascal regime
negative pressure using high temporal resolution XRD.
Besides, the structures of tantalum along its Hugoniot up to
222 (7) GPa have been collected as the research on high-
temperature polymorphism and melting of tantalum has
received attention in the last few decades [14–21].
The experiments have been performed at SPring-8

Angstrom Compact Free Electron Laser (SACLA)
[22,23]. Figure 1 illustrates an overview of the experiment.
Our targets consist of a 15.0 ð0.2Þ μm thick polystyrene
ablator and a 10.1 ð0.2Þ μm thick polycrystalline tantalum
(Ta) foil of 99.9% purity (Nilaco Corporation). The thick-
ness of the glue between the polystyrene and Ta is
1.2 ð0.3Þ μm. The target was shock compressed by irradi-
ating an optical drive laser (532 nm, 5 ns duration square
pulse) [24], and the shock-released state of Ta was observed
by irradiating the high intensity (∼1011 photons=pulse) and
ultrafast (<10 fs) x-ray pulse of SACLA XFEL at ∼1.0 ns
after the shock wave reaches the rear surface of the Ta.
The XFEL probe timings were set based on the results
of hydrodynamic simulations [24]. The XFEL beam
had a photon energy of 9.8 keV and was focused to
30 × 10 ðW × HÞ μm. The drive laser and the XFEL beam
were incident on the targets at angles of 20° and 70°,
respectively. Diffracted x rays were collected on a two-
dimensional x-ray detector in reflection geometry. Note that
the x-ray attenuation length of Ta at the fixed angle is
∼2 μm for 9.8 keV, meaning that only the volume near the
rear surface of the Ta sample is probed. The drive laser was
focused to the spot size of 150–250 μm on target and the
beam pattern was smoothed by using a phase plate [24].
The drive laser intensity (<10 TW=cm2) was varied to
apply different peak pressures in Ta, resulting in different
residual temperatures upon release. The time resolution of
the velocity interferometer system for any reflector
(VISAR) is ∼40 ps and the combined timing jitter of the
XFEL and the drive laser is less than 160 ps.

The measured XRD data are summarized in Fig. 2. First,
the structure of Ta along its Hugoniot (the locus of shock
state) up to 222 (7) GPa has been evaluated accurately by
in situ XRD diffraction [Fig. 2(a)]. A previous study
observed a phase transformation from bcc to hexagonal-
ω phase in a recovered sample of Ta initially shocked to
45 GPa [14]. Also, ab initio molecular dynamics (AIMD)
simulation predicted the occurrence of solid-solid phase
transformations of Ta above ∼70 GPa [15]. However, the
latest experimental results of shock compressed Ta showed
that there are no phase transitions until it finally melts at
around 300 GPa [16–19]. The shock pressures noted in
Fig. 2(a) are determined from the densities measured by the
XRD using the existing Ta Hugoniot [25]. The consistency
between the density measured by the XRD and the average
shock velocity estimated from the VISAR is checked and
described in the Supplemental Material [24]. Our results
show that shocked Ta remains the bcc phase at least to
222 (7) GPa, which is consistent with the latest in situ XRD
studies [16,17].

FIG. 1. Experimental configuration and data. Two different
types of probes: XFEL and VISAR were used to record XRD
pattern and shock breakout timing, respectively [24]. FIG. 2. (a) X-ray diffraction profiles of the shock-compressed

Ta with various pressures up to 222 (7) GPa. The peak positions
of diffraction from unshocked Ta are indicated by gray lines. The
peaks corresponding to the compressed bcc (110) and (211)
planes are highlighted by blue arrows for the 222 (7) GPa data.
The pressure uncertainty for solid data is estimated from the
broadness (FWHM) of the XRD peaks. (b) Recorded XRD image
of Ta shock compressed to 222 (7) GPa. Dotted curves and lines
indicate constant scattering angle (2θ) and azimuth angle (φ),
respectively. (c) Diffractions patterns of liquid Ta at shock
released states with different residual temperatures. Black in-
verted triangles denote peaks of back-transformed bcc phase with
a density of 15.5 ð0.2Þ g=cm3. (d) Recorded XRD image of Ta
at shock released state of −4.9 ð0.8ÞGPa and 4100 (1100) K.
Uncompressed peaks are from Ta at outside of the drive laser
focal spot. The signal intensities are lower at higher azimuthal
angles, as the absorption of diffracted x rays by the Ta sample
itself becomes more significant at higher azimuthal angles.
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Ultrafast olivine-ringwoodite transformation during
shock compression
Takuo Okuchi 1,2,3✉, Yusuke Seto4, Naotaka Tomioka 5, Takeshi Matsuoka6, Bruno Albertazzi3,7,
Nicholas J. Hartley 3,8, Yuichi Inubushi9,10, Kento Katagiri 3, Ryosuke Kodama3,11, Tatiana A. Pikuz 3,6,12,
Narangoo Purevjav2, Kohei Miyanishi 10,11, Tomoko Sato13, Toshimori Sekine3,14, Keiichi Sueda10,
Kazuo A. Tanaka3,15, Yoshinori Tange 9, Tadashi Togashi9,10, Yuhei Umeda 1,2,3,11, Toshinori Yabuuchi 9,10,
Makina Yabashi 9,10 & Norimasa Ozaki 3,11

Meteorites from interplanetary space often include high-pressure polymorphs of their con-

stituent minerals, which provide records of past hypervelocity collisions. These collisions

were expected to occur between kilometre-sized asteroids, generating transient high-

pressure states lasting for several seconds to facilitate mineral transformations across the

relevant phase boundaries. However, their mechanisms in such a short timescale were never

experimentally evaluated and remained speculative. Here, we show a nanosecond transfor-

mation mechanism yielding ringwoodite, which is the most typical high-pressure mineral in

meteorites. An olivine crystal was shock-compressed by a focused high-power laser pulse,

and the transformation was time-resolved by femtosecond diffractometry using an X-ray free

electron laser. Our results show the formation of ringwoodite through a faster, diffusionless

process, suggesting that ringwoodite can form from collisions between much smaller bodies,

such as metre to submetre-sized asteroids, at common relative velocities. Even nominally

unshocked meteorites could therefore contain signatures of high-pressure states from

past collisions.
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Primordial solid materials in the solar system, such as
interplanetary dust collected in the Earth’s stratosphere,
asteroid regolith recovered by the Hayabusa spacecraft, and

chondritic meteorites that have fallen to the Earth, commonly
have olivine [α−(Mg,Fe)2SiO4] as their major component
mineral1–4. These primordial materials are the building blocks of
planetesimals that accreted to form terrestrial planets, leaving
olivine as one of the main mineral components of the Earth. The
high-pressure polymorphs of olivine are thus expected to have
played a major role in the deep Earth5. This idea was confirmed
by static high pressure experiments and geological studies6,7,
which demonstrated that 410–660 km below the Earth’s surface,
where material is subject to pressures from 14 to 23 GPa, the
mantle mostly consists of wadsleyite [β−(Mg,Fe)2SiO4] and
ringwoodite [γ−(Mg,Fe)2SiO4]. Meanwhile, planetary scientists
have discovered these same polymorphs in shocked chondritic,
lunar and Martian meteorites, suggesting that pressures com-
parable to those in the Earth’s deep interior were generated in
space environments by impact events8,9.

The first example of such high-pressure polymorphs in extra-
terrestrial materials were granular crystals of ringwoodite found
in a chondritic meteorite named Tenham10. Assuming a chemical
diffusion model within the crystals, their growth was estimated to
have continued for approximately one second at high pressure11.
Later, sub-micrometre-thick planar crystals of ringwoodite were
repeatedly discovered from shocked olivine in other chondritic
meteorites, which were also estimated to require duration of
several seconds at high pressure for the transformation to
proceed12–14.

Most recently, a third high-pressure polymorph of olivine was
discovered in the Tenham meteorite15, and has been recognised
as a new mineral ‘poirierite’ [ε−(Mg,Fe)2SiO4] by the Interna-
tional Mineralogical Association16. Poirierite was previously
predicted to recrystallise as a transient structure when olivine
transforms into wadsleyite or ringwoodite in the solid state17.
However, the poirierite had grown as numerous parallel plates
with thicknesses on the order of nanometres, within the already-
discovered granular crystals of ringwoodite. It apparently
recrystallised just after supercooling, either at peak shock
pressure or during the subsequent pressure release after the
impact event15,16. This could result in different information about
the impact processes being retained, compared to what can be
learnt from the host ringwoodite crystals with granular
morphologies.

From the analyses of recovered natural samples, and on the
basis of static high pressure experimental results, it had been
proposed that the high pressure polymorphs were formed over
several seconds, at shock pressures up to ~25 GPa (e.g. 14–25 GPa
for ringwoodite formation, corresponding to the impact velocity
around 2 km/s12,18). Alternatively, the time and pressure scales
may be determined by conducting dynamic compression
experiments of planetary minerals in the laboratory. In a previous
experiment, post-compression sample analysis suggested a reac-
tion duration of sub-milliseconds for crystal growth of
wadsleyite19, but was not able to observe the crystal growth
during the compression. Recently, using strong laser pulses to
induce dynamic compression, thermodynamic properties of
compressed planetary minerals20–22 as well as their crystallisation
kinetics23 have been directly determined via in-situ analysis.

In this work, we use such strong laser pulses in combination
with ultrashort x-ray pulses. We find a novel, ultrafast transfor-
mation mechanism of olivine within the shock-induced high-
pressure state. An ultrafast and coherent shearing of oxygen
layers are confirmed to occur, the first time such a process is
observed within an oxide crystal, with significant implications for
shock environments in the past.

Results
A denser structure emerging within nanoseconds. Figure 1
schematically represents the experimental system for laser-driven
shock compression, which is installed and operated at the SACLA
(SPring-8 Angstrom Compact Free Electron Laser) facility. We
first determined the speed of olivine’s transformation into its
polymorph. Fig. 2a shows the time evolution of a Bragg reflection
spot (g= 200), which came from the crystal structure of olivine,
as observed in the series of XFEL diffraction images detected by a
high-space resolution multiport charge-coupled device (MPCCD,
see Methods). As the Bragg equation 2dsinθ = λ indicates, the
diffraction angle 2θ probes the separation of adjacent oxygen
layers, d200. Upon propagation of the shock wave, d200 was
compressed from its original value, d2001atm= 2.378 Å. The g=
200 reflection then consistently shifted towards the ‘a-axis com-
pression’ direction, as seen in these two-dimensional detector
images. The integrated one-dimensional diffraction patterns as a
function of d= λ/2sinθ show the time evolution of d200 in a
quantitative manner (Fig. 2b). The laser pulse begins at t= 0, and
after 4 ns the shock had passed thorough the polypropylene
ablator to arrive at the olivine sample crystal. Two diffuse
reflections, marked ‘E’ and ‘P’, simultaneously emerged at the
positions d2001atm > d200E > d200P. These reflections came from
elastic (E) and plastic (P) shock waves travelling through the
olivine. As the shock wave decays, d200E and d200P expanded and
then disappeared when they lost the reflection condition (see
Methods). At t ≥ 7 ns, another diffuse reflection, marked ‘D’,
emerged and grew at the position d200P > d200D. This distinctly
smaller d200D —compared to those from olivine in the elastic and
plastic waves—must be due to denser atomic packing of the new
crystal structure having an Mg2SiO4 composition; it is most likely
one of wadsleyite (β), ringwoodite (γ), or poirierite (ε). The
coexistence of mechanically distinct regimes within a shock-
compressed Mg2SiO4 single crystal was previously reported by
means of a conventional shock-velocity measurement
scheme24,25, where three independent shock velocities were
determined and ascribed to be those of elastic (olivine), plastic
(olivine), and plastic (denser structure) waves25. We thus gener-
ated and analysed the expected shock wave structure with

XFELb (c)

c (b)

a // Shock

2D area detector

Shock-drive
laser

bbbb (c)))

c (b)
SShoock-drive
laaseerω

polypropylene

α-Mg2SiO4

Oxygen

Fig. 1 Experimental system. The α−Mg2SiO4 single crystal was shock-
compressed along its crystallographic a-axis by irradiation of the power
laser pulse into an ablator of polypropylene film, where the crystal structure
was simultaneously analysed using the XFEL pulse. A thin polycrystalline
Al2O3 plate (not shown) was fixed on the upper surface of α−Mg2SiO4

when the shock arrival time was evaluated.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24633-4

2 NATURE COMMUNICATIONS | ��������(2021)�12:4305� | https://doi.org/10.1038/s41467-021-24633-4 | www.nature.com/naturecommunications

K. Katagiri et. al., Phys. Rev. Lett. 126, 175503 (2021). T. Okuchi et. al., Nat. Commun. 12, 4305 (2021).



Experimental platform with a high-power nanosecond laser

XFEL (BL3)
Photon energy 4-20 keV

Band width 1.3 x 10-4, ~5 x 10-3

(monochrome, pink beam)
Pulse energy ~600 μJ @10keV

Pulse duration <10 fs
Rep. rate 30 Hz

Focusing optics KB mirror for focusing
(down to 0.5 µm, 1D or 2D)

Advanced operation Self-seeding
Two color

Split-and-delay optics

High-power nanosecond laser
Pulse energy and 

duration Up to 15 J@5ns on sample

Spot size (typical) 120/170/260 um FWHM

Wavelength 532 nm
Rep. rate 0.1Hz

SACLA - SPring-8 Experimental Facility

K. Miyanishi, SACLA Users Meeting 2022, 2nd May 2022 6

Laser BayExperimental Chamber

LH5:High-power 
Nanosecond Laser

EH6: HED exp. with 
High-power 

Femtosecond Lasers

EH5: Laser compression exp. with 
High-power Nanosecond laser

Platform was upgraded in 2018



Experimental chamber is designed specifically for X-ray diffraction (XRD) 
and X-ray imaging/small-angle X-ray scattering (SAXS) experiments of 
laser-compressed materials using high-power nanosecond laser

Flat panel 
detector (FPD) 
for XRD

VISAR and SOP
(Shock wave monitors)

Sample

SAXS/
Imaging

XFEL

Nanosecond laser

Experimental chamber

K. Miyanishi, SACLA Users Meeting 2022, 2nd May 2022 7

p VISAR and SOP are installed by Prof. Ozaki of Osaka Univ
p Configurations of XFEL and optical laser are fixed

Inside chamber



Expansion of experimental configuration capability is in 
progress
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p Has been used for 
users’ experiments 
since 2018B

Reflection 
geometry

Nanosecond laser

XFELSAXS/
Imaging

FPD

Nanosecond laser

XFELSAXS/
Imaging

FPD

Nanosecond laser

Sample

XFELSAXS/
Imaging

FPD for XRD VISAR/SOP

Sample Sample

VISAR/SOP

Transmission 
geometry

Side-on 
geometry

VISAR/SOP 
(Tilted in θy)

p Has been tested p Has been used for X-ray 
imaging experiments

p VISAR compatible with side-
on geometry is under 
development with the 
cooperation of M. Koenig 
and B. Albertazzi of LULI 
Ecole polytechnique

x
y

z

θy
Side view



Reflection geometry with the FPD at the top has been used 
for users’ experiments since 2018B
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XRD pattern of corundum

p Angular range
l Scattering angle: 18–78 deg.
l Azimuthal angle: 40–140 deg.

p Resolution of ~0.1 degrees
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Transmission geometry with the FPD at the bottom has 
been tested
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XFEL only

XRD pattern of Si 
(NIST SRM 640e)

p Angular range
l Scattering angle: 14–72 deg.
l Azimuthal angle: 200–300 deg.

p Resolution of ~0.1 degrees
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Noise from laser-plasma (a few counts) degrades XRD data 
with FPD at the bottom
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Nanosecond laser

FPD

Sample
Optical laser only

10 px averaged profile

Noise from laser-plasma
Filters
(Polyimide 250 um 
+ Al 12 um)

Needs to improve filtering



Installation of additional FPD to expand detection range is 
planned
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XFEL
XFEL

Preliminary design

Additional
2theta 0-40 deg

Existing
2theta 18–78 deg

Additional
2theta 0–40 deg

Existing
2theta 14-72 deg

Sample
Sample



Combination of femtosecond bright X-ray pulse and high-
resolution camera can capture fine images of shock 
propagation   

13

Delay: 30 ns

Delay: 50 ns

Spot: 250 µm dia. with DOE
Sample: 500-µm-thick polystyrene

Shock wave propagation in plastic foil
(Objective lens: 10x)

Scintillator

Changeable 
objective Lens

Image Sensor
X-rays

*Reference of the indirect x-ray imaging camera: T. Kameshima et al., Optics Letters 44, 1403 (2019).
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500 um

1 um resolution with >1 mm field 
of view with 10x objective



Diffractive optical elements (DOEs), or phase plates, are 
available to provide smoothed quasi-flat top profiles

DOE WORKING PRINCIPLE

Developed under the SACLA basic development program 2019 and 2020
by N. Ozaki/Osaka Univ., T. Okuchi/Kyoto Univ., and M. Koenig/LULI-CNRS. K. Miyanishi, SACLA Users Meeting 2022, 2nd May 2022 14

p DOEs for diameters of 120, 170 
and 260 µm in FWHM are 
available 

Additional DOEs for other spot sizes are under consideration.
Any inputs for the spot sizes are welcome.



XFEL beam size at sample position can be adjusted 
from 0.5 µm to ~1 mm (unfocused beam) with KB mirror

Appl. Sci. 2020, 10, 2224 2 of 8

For this purpose, experimental systems for the combination of XFEL and high-power laser have
been developed at the Linac Coherent Light Source [14] and the European XFEL [15]. In the SPring-8
Angstrom Compact Free Electron Laser (SACLA), a prototypical experimental system was utilized
for observing lattice dynamics in a tantalum foil irradiated with a 1-J class sub-nanosecond laser [16].
Recently, we have installed a 100-J class nanosecond laser so as to reach a higher-pressure region. Here
we report the development of a new experimental platform for combinative use of XFEL and the 100-J
class laser in SACLA.

2. XFEL and Focusing Optics

The experimental platform was installed at BL3-EH5, which is 200-m far from the exit of the last
undulator [2,17]. At BL3, XFEL pulses are normally generated by a self-amplified spontaneous emission
(SASE) scheme [18,19]. The photon energy ranges from 4 to 20 keV with a pulse duration of around 8
fs in full width at half maximum (FWHM) in horizontal polarization [12,13]. The bandwidth (DE/E)
can be selected from two operation modes: a pink and monochromatic beam. The pink beam, which
preserves the original SASE-XFEL spectrum, has the bandwidth of ~5 ⇥ 10�3 and provides the largest
photon number in the all operation modes, which is more than 1011 photons/pulse. The spectrum
of SASE-XFEL has many spike structures which change shot-by-shot. A single-shot spectrometer
installed at EH1, which is an upstream experimental hutch of the EH5, is available for data correction
to compensate an influence caused by shot-by-shot spectral changes [20]. A monochromatic beam with
the bandwidth of ~1 ⇥ 10�4 is made by a double-crystal monochromator (DCM) using two silicon (111)
crystals. The photon number decreases proportional to the narrowing of the bandwidth. In addition to
these two basic operation modes, a self-seeded XFEL operation has been achieved for generating a
bright quasi-monochromatic beam [21]. Moreover, two-color XFEL, which produces two XFEL pulses
of di↵erent energies with a delay time up to 300 fs, is also available [22].

In order to obtain an intense signal and a high signal-to-noise ratio, an XFEL pulse with a high
photon flux should illuminate a limited area inside a pumped region by irradiation of a high-power
laser pulse. For this purpose, a Kirkpatrick-Baez (KB) optics was installed for sub-micron focusing of
XFEL. A large convergence angle of X-rays degrades a resolution of XRD measurement. Therefore, in
order to avoid the degradation, the vertical convergence angle of the focused XFEL was suppressed to
less than 1 mrad. As shown in Figure 1, the vertical and horizontal focal sizes were measured to be
480 nm and 430 nm, respectively, by a knife-edge scan method. Line-focused XFEL pulses are also
provided by using only one elliptical mirror of the KB optics. Moreover, a larger focal spot up to
several tens of microns is available by detuning the KB optics.

Appl.ȱSci.ȱ2020,ȱ10,ȱxȱFORȱPEERȱREVIEWȱ 4ȱofȱ8ȱ

theȱwideȱobservationȱrangeȱofȱtheȱFPD,ȱmultipleȱdiffractionȱlinesȱfromȱtheȱcorundumȱ(Al2O3)ȱwereȱ
observedȱ inȱaȱsingleȬshotȱmeasurement.ȱFigureȱ4cȱshowsȱ lineȱprofilesȱofȱ theȱdiffractionȱpatternȱofȱ
ambientȱandȱinȬsitu.ȱTheȱmostȱintenseȱpeakȱatȱ45.5ȱdegreesȱisȱtheȱdiffractionȱlineȱofȱtheȱAl2O3(116).ȱ
TheȱpeakȱbroadeningȱtoȱtheȱlargeȱangleȱsideȱisȱobservedȱinȱtheȱinȬsituȱdataȱthatȱisȱconsistentȱwithȱtheȱ
compressionȱofȱtheȱcorundumȱdueȱtoȱtheȱlaserȱirradiation.ȱ

6.ȱSummaryȱ

WeȱdevelopedȱaȱnewȱexperimentalȱplatformȱwhereȱoneȱcanȱuseȱbothȱanȱXFELȱandȱaȱhighȬpowerȱ
nanosecondȱlaser.ȱTheȱplatformȱisȱoptimizedȱforȱtheȱexperimentsȱtoȱprobeȱtheȱlaserȬshockedȱmatterȱ
withȱXFELsȱviaȱXRDȱandȱSAXS.ȱTheȱplatformȱhasȱadditionalȱcapabilitiesȱofȱexperimentalȱsetups,ȱforȱ
example,ȱXFELȱnanoȬfocusingȱ andȱopticalȱdiagnosticsȱ likeȱVISAR.ȱAsȱaȱdemonstrationȱofȱpumpȬ
probeȱ experiments,ȱ weȱ observedȱ theȱ laserȬcompressedȱ corundumȱ withȱ theȱ singleȬshotȱ XRDȱ
measurement.ȱTheȱexperimentalȱplatformȱsignificantlyȱextendsȱresearchȱcapabilitiesȱinȱhighȬpressureȱ
scienceȱwithȱaȱnovelȱprobeȱtechnique.ȱ

ȱ
Figureȱ1.ȱIntensityȱprofilesȱofȱfocusedȱxȬrayȱfreeȱelectronȱlaserȱ(XFEL)ȱpulsesȱinȱ(a)ȱverticalȱdirectionȱ
andȱ(b)ȱhorizontalȱdirection.ȱFocalȱspotȱsizes,ȱwhichȱareȱderivedȱfromȱGaussianȱfittingȱofȱdifferentialȱ
ofȱknifeȬedgeȱscanȱresults,ȱareȱ(a)ȱ480ȱnmȱandȱ(b)ȱ430ȱnm,ȱrespectively.ȱ

ȱ
Figureȱ 2.ȱSchematicȱofȱ theȱ experimentalȱ chamber.ȱ Inȱ theȱ chamber,ȱhighȬpowerȱnanosecondȱ laser,ȱ
whichȱisȱfocusedȱbyȱaȱlensȱwithȱaȱfocalȱlengthȱofȱ500ȱmm,ȱirradiatesȱaȱsampleȱfromȱtheȱbottomȱside.ȱ
Theȱlaserȱfocusingȱlens,ȱsampleȱsystemȱandȱaȱflatȱpanelȱdetectorȱareȱplacedȱinȱtheȱchamber.ȱAȱdualȱ
multiportȱchargedȱcoupledȱdeviceȱ(DualȬMPCCD)ȱdetectorȱlocatesȱoutsideȱtheȱchamber.ȱ

ȱ

Figure 1. Intensity profiles of focused X-ray free electron laser (XFEL) pulses in (a) vertical direction
and (b) horizontal direction. Focal spot sizes, which are derived from Gaussian fitting of di↵erential of
knife-edge scan results, are (a) 480 nm and (b) 430 nm, respectively.

1000 µm in 1/e2
600 µm in FWHM

Down to ~0.5 µm
Typical beam size at sample for X-ray diffraction 
experiments is 10s µm

480 nm in vertical 430 nm in horizontal
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The KB mirror is compatible with photon energy of up to 15 keV

Unfocused beam Focused beam



Advanced operations of BL3 are applicable to the platform
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Self-seeded XFELs Two-color XFELs

0-300 fs

T. Hara et al., Nat. Commun. 4 (2013).
I. Inoue et al., PNAS 113 (2016).I. Inoue et. al., Nat. Photonics 13, 319 (2019).
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See Poster “Overview of SACLA Beamlines (BL1, 2, 3)”



Remote-control system allows to control experimental 
instruments from outside of SACLA

Control of 
Experimental Instruments

Users or 
SACLA Staff

Control of 
Experimental
Instruments

Manual Work 
in Exp. Hutch

Users

Operation Console
@Experimental Hall

On-siteOff-site

Remote with Control

pUsers can control experimental instruments (RUN, stages, shutters,
detectors) from off-site

pOn-site participants handle on-site work, e.g., sample change

17



Users have remotely accessed to SACLA beamline instruments and HPC system 
from European XFEL, HZDR (Germany) and Imperial College London (UK).

First users’ experiments with the remote-control system 
have been performed at high-power fs laser platform

18K. Miyanishi, SACLA Users Meeting 2022, 2nd May 2022

Remotely accessed with web browser

Applicable to nanosecond laser platform



Contact beamline staff if you have any ideas, plans
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Major Developments
The SACLA/SPring-8 Basic Development Program invites proposals from a 
wide variety of users for the development of new instruments to promote 
innovative science leveraging SACLA’s unique capabilities.
[Call of the program open/close: Dec./Feb. (usually)]
[Basic Development Program 2021 session will be held tomorrow]

Minor Developments
Minor developments could be carried out for users’ experiments.
Please contact beamline staff well in advance of your proposal submission.



Summary

pExperimental platform with high-power nanosecond laser is available for 
users’ experiments at SACLA

pChamber/Configurations
l The experimental chamber is designed for X-ray diffraction, X-ray 

imaging, and small-angle X-ray scattering experiments of laser-
compressed materials

l Expansion of experimental configuration capability is in progress
l Installation of additional detector for XRD to expand detection range 

is planned
pHigh-power nanosecond laser

l Recent pulse energy is up to 15 J on sample in 5 ns quasi-square
p XFEL

l XFEL beam size at sample position can be adjusted 
from 0.5 µm to ~1 mm with KB mirror

l Advanced operations of BL3 are applicable
p First users’ experiments with the remote-control system has been 

performed
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