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ARTICLE

X-ray free electron laser heating of water and
gold at high static pressure
Rachel J. Husband 1✉, R. Stewart McWilliams 2, Edward J. Pace2, Amy L. Coleman 3,

Huijeong Hwang 4,8, Jinhyuk Choi 4, Taehyun Kim 4, Gil Chan Hwang 4, Orianna B. Ball 2,

Sae Hwan Chun5, Daewoong Nam 5, Sangsoo Kim5, Hyunchae Cynn 3, Vitali B. Prakapenka 6,

Sang-Heon Shim7, Sven Toleikis1, Malcolm I. McMahon2, Yongjae Lee 4 & Hanns-Peter Liermann 1

Probing of reactive materials such as H2O ices and fluids at the high pressures and tem-

peratures of planetary interiors is limited by unwanted chemical reactions and confinement

failure. Faster experiments can mitigate such issues, but the common approach of adiabatic

compression limits the conditions achieved. This study demonstrates a fast experimental

strategy for the creation and probing of selected extreme states using static compression

coupled with ultrafast X-ray laser heating. Indirect X-ray heating of H2O through the use of a

gold absorber is evidenced by sample melting inferred from textural changes in the H2O

diffraction lines and inter-dispersion of gold and H2O melts. Coupled with numerical analysis

of femtosecond energy absorption, thermal equilibration, and heat transfer, all evidence

indicates that temperatures in excess of an electron volt have been reached in the H2O at

high pressure. Even after repeated heating, samples stayed chemically unchanged from the

starting material.
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Achieving planetary interior conditions in the laboratory is
essential for the exploration of planetary structure, evo-
lution, and dynamics, such as the generation of magnetic

fields. This is particularly difficult to simulate for planetary bodies
comprising light element fluids, including water-rich planets from
Super-Earths to Ice Giants, due to the high reactivity and the
difficulty of confining samples. Planetary ices such as H2O, and
its mixtures with molecular compounds such as ammonia (NH3)
and methane (CH4), play a crucial role in both Solar1–3 and
extrasolar icy planets4. As such, the phase transformations and
equation of state (EoS) of H2O ice and its mixtures at high
pressures (P) and temperatures (T) have received particular
attention5–13. Pure H2O displays a rich phase diagram, adopting
numerous structural polymorphs on compression at ambient T
(ice-VI, VII, VII′ and X14) and exhibiting superionic behavior at
high P–T conditions, where protons move freely within the
oxygen lattice15–17. Structural phase transitions are also observed
in the superionic state18.

A major challenge when studying the phase relations and
physical properties of such compounds at simultaneous high P
and T relates to their highly reactive nature at these conditions,
especially in the molten state. This is particularly challenging for
studies performed using diamond-anvil cells (DACs), where
reactions between H2O with the gasket material (typically Re)
introduces the possibility of cross-contamination of the sample
material. So far, these challenges have limited the conditions
accessible to static-compression studies. Similarly, studies using
dynamic compression are limited to adiabatic pathways16,17 and
very short timescales, raising the question of whether the achieved
states represent equilibrium conditions19. Hence, experimental
techniques able to achieve selected P–T conditions and timescales
are needed. While recent dynamic compression experiments have
reported the first clear evidence of the existence of superionic
H2O ice (e.g., Ref. 17), only one diffraction line was used for phase
identification in this very challenging experiment. Systematic
studies of the entire stability field by employing high-T static-
compression techniques are therefore needed, for example,
to establish equilibrium phase boundaries.

The use of optical laser heating under static compression in the
DAC has long been central in high P–T investigations. Pulsed-
laser heating, in which the sample is confined at high P–T con-
ditions for a short period of time, minimizes both the probability
of reaction between the sample and its surrounding environment,
and sample loss by diffusion, particularly for light element
(hydrogen-rich) matter20,21. Yet, optical laser techniques (typi-
cally performed in the near-IR) are susceptible to unpredictable
or limited heating, controlled by sample optical properties and
restrictions on deliverable energy (e.g., through the anvils). This
raises the prospect of utilizing pulsed X-ray laser heating from X-
ray free-electron lasers (XFELs) as a means to explore more
extreme conditions in reactive materials22,23. Unlike conventional
high-P synchrotron experiments in which the sample is exposed
to ~1011 photons per second24, each ~20 fs (femtosecond) XFEL
pulse may contain up to ~1011 photons25,26. At such high X-ray
fluence and short timescale, heating effects become significant,
and deliberate application to samples under high P potentially
offers an efficient way to heat higher-atomic number (Z) mate-
rials, as well as adjacent lower-Z matter through heat
conduction23. In Au, for example, optical heating in the IR is
complicated by mirror-like high optical reflectivity of surfaces27,
whereas H2O is transparent, leading to low laser absorption in
these substances. Indeed, Au would otherwise be an ideal coupler
for laser heating of highly reactive, low-Z matter such as H2O due
to its chemical stability, though whether this remains the case at
relevant planetary interior conditions is uncertain. The pro-
spective advantages of an Au coupler may be realized through its

high absorptivity of X-rays, given that, in the case of low-Z
materials such as H2O, the temperature increase induced by
direct X-ray heating is too low to achieve conditions of interest
due to low X-ray absorption. Meanwhile, XFEL sources enable
direct, near-instantaneous probing of sample transformations and
properties, e.g., via diffraction22. However, the stability of dia-
mond itself at high X-ray fluences may be of issue28.

Here, we report the results of XFEL irradiation and X-ray
diffraction experiments of statically compressed H2O samples
performed at the Pohang Accelerator Laboratory XFEL (PAL-
XFEL), South Korea, using an Au foil loaded along with the
sample to absorb the XFEL beam. We present clear evidence of
indirect X-ray heating of H2O, based on a combination of X-ray
diffraction of temperature-quenched samples and post-
experimental analysis of the samples. In all cases, the H2O sam-
ples show no evidence of reactivity, overcoming challenges seen
in previous experiments7,29.

Results
XFEL experiment. During the first PAL-XFEL experiment
(experiment 1), data were collected on two samples of H2O and
Au using an X-ray energy of 12 keV (samples #1 and #2, see
‘Methods’, Supplementary Methods, and Fig. 1). A schematic of
the experimental setup is shown in Fig. 2. These samples were
irradiated with single or serial X-ray pulses at 30 Hz at different
X-ray fluencies for a range of sample pressures (Fig. 3). First, the
X-ray fluence was increased incrementally until diffraction of a
sufficient quality was achieved from the Au foil to determine the
pressure. Next, the pressure of the sample was increased in steps
of 1–10 GPa to the maximum pressure (52 GPa for sample #1 and
62 GPa for sample #2) while collecting diffraction patterns from
the Au with an attenuated X-ray fluence for pressure determi-
nation. Thereafter, at the highest pressure, the sample was
exposed to single XFEL pulses with increasing fluence up to
100%, followed by exposures to multiple pulses at 30 Hz at full
fluence. Diffraction data quality was limited by the cBN seats used
on the downstream side of the DAC and low X-ray energy;
although X-ray-induced changes in the azimuthal intensity of Au
diffraction lines due to heating were visible, the quality of the
H2O lines was poor (Supplementary Fig. S1).

Data were therefore collected from two additional samples
(samples #3 and #4, see ‘Methods’ and in Supplementary Fig. S2)
during a second experimental run (experiment 2) using 14 keV
radiation. The sample pressures were adjusted so that sample #3
was in the stability field of ice-VI (2 GPa) and sample #4 was in
the stability field of ice-VII (6 GPa). During the XFEL experi-
ment, the Au in each of the samples was exposed to 5 X-ray
pulses at 30 Hz and 50% fluence, and the diffraction data
collected from samples #3 and #4 are shown in Fig. 4 and
Supplementary Fig. S3, respectively. In both cases, significant
changes in the azimuthal intensity distribution were observed in
both the Au and ice Debye-Scherrer (D-S) rings collected from
subsequent X-ray pulses, which can be clearly seen in both the 2D
diffraction images and integrated diffraction patterns. The
dramatic changes to diffraction patterns confirm that both the
Au and the H2O underwent significant recrystallization following
exposures to such high X-ray fluence22, suggesting that both
materials were heated (and possibly melted) with direct heating of
Au and indirect heating of the adjacent H2O.

Post-experimental analysis. Photomicrographs of samples #1 and
#2 collected after the XFEL experiment are shown in Fig. 1b, d.
Sample #1 showed no obvious signs of damage from the XFEL
beam exposure. However, when the pressure was released below
the melting pressure of H2O (0.9 GPa30) to recover the sample for
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further analysis, the Au foil partially disintegrated, indicating that
the integrity of the Au foil had been significantly altered during
the XFEL experiment. Secondary electron images of one of the
larger recovered Au pieces (Fig. 1g and Supplementary Fig. S4)
revealed a large number of pores in the interior and surface
formed due to intermigration of molten H2O into molten Au
during heating. Focused ion beam (FIB) sectioning shows these
pores did not only develop near the surface, but also form a 3D
network that extends deep into the interior of the Au. The pho-
tomicrographs of sample #2 showed even more pronounced
changes, with the shape of the Au foil visibly altered in situ, and
the orange color of the H2O medium suggesting that small Au
particles had dispersed into the surrounding water31 during the
heating process. These images clearly evidence melting of the Au
foil during the XFEL exposures, and melting of H2O in contact
with the Au, with rapid quenching and freezing of the multiphase
fluid mixtures in place.

A synchrotron X-ray diffraction map of these samples (at
pressures 52 and 62 GPa for samples #1 and #2, respectively)
collected using the sub-micron focusing setup at beamline P02.2
at PETRA III (Supplementary Fig. S5) prior to release showed no
evidence of chemical modifications, such as H2O dissociation
resulting from prolonged X-ray irradiation, previously shown to
cause a brown discoloration of H2O samples32,33, or from a

chemical reaction with the gasket or Au coupler such as those
observed during optical laser heating7,29. This was confirmed by
Raman scattering measurements, in which no sign of O2 and H2

vibrons or other chemical reaction products were detected.
Although areas of the Au in sample #2 remained at 62 GPa, a
pressure gradient of ~30 GPa was present in the H2O medium.
Au could not be detected in the synchrotron micro-diffraction
collected from the surrounding orange ice of sample #2
(Supplementary Fig. S5c–f), suggesting that the number of Au
particles in these regions is below the detectable limit.
Postmortem diffraction from the center of the Au foil showed
generally smooth D-S rings from the Au, resulting in sharp
diffraction peaks in the integrated diffraction patterns; however,
at the edge of the Au foil (e.g., Fig. 1e and Supplementary
Fig. S6b) pronounced diffuse scattering was observed in the
vicinity of the Au (111) and Au (200) diffraction rings, which
resulted in broad tails in the integrated profiles. In addition to a
broad diffuse background, distinct non-radial streaks were
observed between the (111) and (200) rings (Fig. 1e and
Supplementary Fig. S6b). Similar behavior has been observed
during fast quenching of molten Fe during high pressure laser-
heating experiments in DACs (Z. Konôpková, manuscript in
preparation), while strikingly similar diffuse features under
pressure in fcc Xe result from stacking disorder attributed to

Edge

Center

e

f

Sample 
1 
SEM 
(Au)

Sample 2
XRD (Au)

Au
H2O

Au
H2O

g

S
am

pl
e 

#1
S

am
pl

e 
#2

Before After
a b

c d

20 µm 20 µm

50 µm 50 µm

Fig. 1 Sample changes resulting from X-ray heating. a–d Photomicrographs of samples #1 and #2 before and after the PAL-XFEL experiment, viewed
under transmitted and reflected illumination. a Sample #1 before the experiment at 1.7 GPa and b after the experiment at 52 GPa, respectively. c Sample #2
before the experiment at 2.2 GPa and d after the experiment at 62 GPa, respectively. For (d) the intensity of transmitted light was varied in order to
enhance the color variations in the surrounding H2O medium. e, f Synchrotron X-ray diffraction collected after the experiment from the edge (e) and center
(f) of the Au foil in sample #2. g Secondary electron images showing a cross-section through the recovered Au from sample #1.
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increased stability of the hcp phase34. However, hcp Au has only
been observed above 240 GPa at 300 K35 and so may not easily
explain the disorder at 62 GPa. Meanwhile, the absence of these
features in the bulk Au, despite interpenetration of the melts,
rules out chemical contamination. We propose the observed
defects arise from fast quenching at the sample edge, producing
nanoscopic grains and stacking faults.

Visual observations of samples #1 and #2 showed no visible
damage to the diamond anvils induced by X-ray exposure.
However, secondary electron images collected from the down-
stream diamond anvil in sample #1, on which the Au initially
rested, showed small pits of ~2 μm in diameter on the diamond
surface directly beneath the original position of the Au foil
(Supplementary Fig. S7). Similar damage has previously been
attributed to diamond melting36, suggesting that the heat
transferred from the heated Au foil was sufficient to heat a small
region of the diamond surface to above its melting temperature.
More significant diamond damage is visible in the photomicro-
graphs of samples #3 and #4 collected after experiment 2
(Supplementary Fig. S2), possibly due to the much smaller beam
size used and consequently higher power density of the X-
ray beam.

Temperature calculations. While our diagnostic techniques do
not yield direct information on the temperature resulting from
XFEL exposures, they demonstrate that melting temperatures
were exceeded in both Au and H2O over broad regions of the
samples, and for diamond close to the Au coupler. More detailed
temperature information is obtained by computing the X-ray
coupling with the sample on the basis of measured X-ray fluences,
sample geometric properties, and the known physical properties
of the samples (Supplementary Methods and Supplementary
Table S1)23,37. The calculated temperature–time profile of Au and

H2O during the exposure of sample #2 to a 48.6 µJ X-ray pulse at
4.7 GPa is shown in Fig. 5. The combination of the large amount
of energy deposited in the Au foil and the short timescale of the
XFEL pulse (25 fs, shorter than the timescale of the electron-
phonon thermalization process) initially brings the irradiated
portion of the Au foil to a highly non-equilibrium state where the
electrons and ions are at different temperatures, Te and Ti,
respectively, while the H2O remains cool. At short timescales
(<100 ps), Te and Ti rapidly evolve toward local thermal
equilibrium37 (Supplementary Fig. S8). The bulk of the Au foil
expands hydrodynamically following lattice heating, which leads
to a rapid partial cooling, followed by heat diffusion from the hot
Au to the surrounding cold H2O23.

Finite element (FE) models confirm a rapid transfer of heat
from the directly heated Au foil into surrounding H2O. Indeed,
later in time, a temperature inversion occurs with the H2O sample
bulk becoming hotter than the Au foil, which cools more rapidly
due its proximity to the conductive diamonds (Supplementary
Fig. S9d, e). The lifetime and spatial extent of the H2O hot state
depends on pressure, with the heated lifetime about an order of
magnitude shorter at 50 GPa compared to 5 GPa, due to
increasing thermal transport efficiency between the hot Au and
the diamond anvil via the H2O medium (Supplementary Fig. S10).
Absorption of a single incident X-ray pulse at 21% power at 5
GPa, and resultant equilibration processes, result in an initial
equilibrium temperature of ~11,000 K for Au, whereas at 100%
power at 50 GPa the predicted peak temperature is close to
50,000 K. As a consequence of the subsequent heat transfer, the
FE calculations determined the bulk H2O should heat up to at
least several thousand K (Fig. 6), with the state persisting for
about a microsecond (Supplementary Fig. S9); however, a thin
layer of H2O around the Au would heat to significantly higher
temperature on shorter timescales (Supplementary Fig. S10), as
will the diamond tip.

Discussion
The photomicrographs collected before and after experiment
1 suggest that samples #1 and #2 responded very differently to
their respective X-ray exposure histories. While evidence of Au
melting and localized H2O melting was observed in both samples,
dispersion of Au particles was only observed for sample #2.
Although the image quality of the online optical imaging system
at PAL-XFEL was insufficient for us to identify sample changes
in situ, we can draw some conclusions based on the differences in
the X-ray exposure, pressure, and temperature histories of the two
samples. Firstly, their X-ray exposure histories differed at lower
pressures; the maximum X-ray fluence during compression of Au
in sample #1 did not exceed 5% (<13 µJ/pulse), whereas sample
#2 Au was exposed to 21% fluence (<48 µJ/pulse) from ~5 GPa.
Secondly, the Au in sample #1 was exposed to significantly higher
power (320 µJ/pulse) than the Au in sample #2 (60 µJ) at the
maximum pressure. These comparisons therefore highly suggest
that the large-scale melting of H2O in sample #2 occurred during
irradiation with moderate pulse energies at low pressures, where
the melting temperature of H2O is still relatively low6,8,29 (Fig. 6).
Both the data and models suggest that at higher pressures, where
the Au of sample #1 was exposed to high pulse energies
(including multiple pulses at 30 Hz), heating (and melting) of the
surrounding medium is suppressed in comparison to lower
pressures due to the increased thermal transport efficiency of the
H2O medium.

It can be seen that, particularly early in the simulation, water
immediately adjacent to the Au layer is subjected to very high
temperatures, well in excess of the melting point, even
approaching conditions of a dense plasma16,17,38. A bulk region

Fig. 2 Schematic showing the experimental setup at the XSS station at
PAL-XFEL. X-ray diffraction data were collected on a Rayonix MX225-HS
flat panel detector that was horizontally offset to avoid the direct X-ray
beam and positioned at an angle of ~45° with respect to the incoming
beam. The sample was viewed using a camera attached to an optical
microscope that was positioned above the sample stage, where optical
access to the sample was provided by a mirror with a small hole to allow for
transmission of the X-ray beam. The sample holder was placed on a
Hexapod stage which was used to position the sample in the beam.
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of H2O is heated on timescales of about a microsecond, sufficient
for in situ volumetric probing of the H2O sample state (e.g., by X-
ray diffraction), though the repetition rate of the source was not
fast enough to capture this excited state. After 33 ms (the
time between subsequent pulses) the sample has cooled to the
original temperature (Fig. 5), indicating that the spacing between
pulses at this facility is too large to perform pump-probe-type
heating experiments and that each exposure will probe the cold
sample.

According to the heat diffusion model23, melting tends to be
localized to above and immediately adjacent to the Au coupler;
this implies the large-scale lateral transport of Au observed in the
samples (Fig. 1d) either occurred at very low pressures where the
melting temperature of H2O is low, or that vigorous stirring of
the sample by thermo-baric disturbance allowed efficient larger
scale (convective) heat transport, which could also drive the
multiphase mixing. The improved stabilization of the Au foil and
H2O medium under strong heating observed at higher pressure is
attributed to the much faster quenching.

These experiments highlight the possibilities for both pumping
and probing samples at high static pressure using XFEL sources.
When the X-ray focal size is appropriately chosen (in this case,
~14 μm FWHM used in experiment 1), diamond anvils applying
high static pressures are able to mechanically and chemically
withstand the effects of high-intensity XFEL pulses over many
exposures, even during multiple exposures at 30 Hz, without
failure due to radiation damage or the thermal shock created by

fast heating. Assuming a threshold of 0.7 eV for non-radiative
diamond damage23,28, the peak energy density in both of our
experimental configurations are below the damage threshold,
suggesting that diamond damage observed using the small focal
size in experiment 2 was most likely caused by the extremely high
peak temperature induced by X-ray heating of the Au foil. Our
results show that indirect X-ray heating of low-Z materials
through the use of a chemically inert high-Z coupler has the
potential to access high-temperature phases and conditions at
equilibrium that are inaccessible by other techniques.

This strategy for X-ray heating of low-Z and reactive materials
to extreme temperatures at high pressure, using an Au absorber,
is shown to enable easy access to melting points and even inci-
pient plasma-like states of dense low-Z matter at pressures
approaching one million atmospheres, while stabilizing samples
via fast heating and quenching. Optical observations, XFEL and
synchrotron X-ray diffraction, and secondary electron imaging,
suggest that direct X-ray heating of Au during the XFEL
experiment resulted in the melting of both Au and the sur-
rounding H2O, resulting in inter-dispersion of phase-segregated
pure fluids at high temperature. In addition, the chemical changes
that characterize slower experiments have been eliminated, sug-
gesting a successful cycling of pure water between room and high
temperature at high-pressure conditions. Temperature calcula-
tions suggest that the samples reached very high peak tempera-
tures (>10,000 K at 4–62 GPa), with local melting of water
anticipated even at low X-ray fluences.

Fig. 3 X-ray exposure history and sample pressure during the PAL-XFEL experiment for samples #1 and #2. The shaded areas indicate whether the X-
ray beam was focused on the H2O (gray) or Au foil (yellow) in (a) sample #1 and (b) sample #2. The X-ray pulse energy incident on the sample is
corrected to account for absorption of the upstream diamond anvil. The pressure was determined from the peak position of the (111) Au reflection, as
described in the text. For exposures in which the Au reflection was not visible (i.e., when targeting the H2O), the pressure was assumed to be the same as
the previous or subsequent exposure at the same membrane pressure. The purple stars indicate the experimental conditions for which temperature
calculations were performed (Supplementary Fig. S10).
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The results from these experiments will directly benefit from
faster repetition rates of X-ray pulses increasingly available at
XFEL facilities, where direct in situ probing of these bulk hot fluid
states will be possible. In particular, the 4.5 MHz pulse train of the
EuXFEL and complementary pulse-resolved detector capabilities
offered by the AGIPD detector will allow for the performance of
X-ray pump/X-ray-probe experiments, where subsequent pulses
probe the heated state produced by the previous pulse.

Methods
Sample details. For experiment 1, two symmetric piston-cylinder-type DACs were
prepared with one c-BN and one WC standard seat and 0.2 mm standard (sample
#1) and 0.1/0.3 mm beveled (sample #2) diamonds. For sample #1 (sample #2), a
0.1 mm (0.075 mm) diameter sample chamber was laser-drilled from a pre-
compressed 0.025 mm thick Re gasket. After loading, white-light interference
measurements between the tips of the diamond anvils determined the initial
thickness of the sample chamber to be 13 µm for sample #1 and 15 µm for sample
#2, assuming the refractive index of water to be 1.539. A small piece of 0.002 mm
thick Au foil (Goodfellow, Au000070) was placed on the downstream diamond and
the sample chamber was filled with Milli-Q water. In both cases, visual observation
suggested that the Au foil was insulated from the opposing diamonds by the H2O
ice sample.

For experiment 2, two symmetric piston-cylinder-type DACs were prepared
with one standard WC seat and one WC seat of Boehler-Almax design and
diamonds with 0.3 mm culets. For sample #3 (sample #4), a 0.13 mm (0.1 mm)
diameter hole was drilled in a 0.03 mm thick pre-compressed Re gasket using an
electrical discharge machine (EDM). A 0.015 mm deep, 0.2 mm (0.15 mm)
diameter step was then EDM’d concentric to the first hole. A strip of 0.002 mm
thick, ~0.04 (0.02) mm wide Au foil was placed on the step so that it was not
touching the diamond anvils. Ruby power was sprinkled throughout the sample

chamber to enable pressure measurement, which was then filled with Milli-
Q water.

Sample characterization prior to PAL-XFEL experiment. Photomicrographs of
the samples were recorded using a Leica M165C stereomicroscope with 120×
magnification (Fig. 1a–d and Supplementary Fig. S2). For samples #1 and #2, X-ray
diffraction images were collected at the Extreme Conditions Beamline P02.2 (ECB,
Liermann2015) at PETRA III (Hamburg, Germany). These data were collected
using a 12 keV X-ray beam focused to 16 × 16 µm2 (FWHM) using compound
reflective lenses (CRL), closely matching the experimental configuration of the
PAL-XFEL setup. X-ray diffraction data were collected using a flat panel detector
XRD 1621 CT from Perkin Elmer equipped with a ScI scintillator bonded to
amorphous silicon readout chip. Sample-to-detector distance (SDD), detector tilt,
and detector rotation were calibrated based on the diffraction image from a CeO2

standard from the National Institute of Standards (NIST 674b) using DIOPTAS40.

PAL-XFEL experiment. X-ray diffraction experiments were performed at the XSS
station of the PAL-XFEL at Pohang Accelerator Laboratory (PAL) in South
Korea22. For experiment 1, the X-ray energy was tuned to 11.998 keV and focused
with CRLs to a beam size of 14 × 14 µm2 FWHM. For experiment 2, the X-ray
energy was tuned to 14,000 eV and focused to 6.5 × 7.5 µm2 using Kirkpatrick-Baez
(KB) mirrors. In both experiments, the XFEL was operated in the SASE mode. As
the X-ray absorption length of Au is very similar at both energies (2.88 µm at
12 keV and 3.14 µm at 14 keV), we expect that X-ray heating is comparable in both
experiments, with the main difference being due to focal size. PAL-XFEL provides
25 fs duration X-ray pulses with a maximum fluence of 855 μJ at the sample
position (note: this value is not corrected for absorption by the upstream diamond
in the DAC). Pulses were provided either as a single pulse, or as multiple pulses at a
repetition rate of 30 Hz. The intensity of the pulses was monitored with a Quad-
ruple Beam Position Monitor (QBPM), cross-calibrated to record reliable inten-
sities. The maximum fluency could be significantly reduced by the use of a series of
12 attenuators, which provided as low as 0.3% of the maximum fluency per pulse.

Fig. 4 In situ X-ray diffraction collected at PAL-XFEL during irradiation of sample #3 with 5 X-ray pulses at 30 Hz. The beam was attenuated to 50% of
the full X-ray fluence. Diffraction was collected from each individual X-ray pulse, as indicated by labels (i)–(v). The sample pressure was 2 GPa, where H2O
adopts the ice-VI structure. a Original and b unrolled diffraction images, and c integrated diffraction patterns. d–f Azimuthal intensity variations of the
(200), (201), and (211) ice-VI reflections, respectively. g Azimuthal intensity variations for the (111) Au reflection. Significant changes in the azimuthal
intensity distribution of both the Au and ice-VI reflections are consistent with melting and recrystallization of the H2O sample between subsequent X-ray
pulses.
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Fig. 6 Phase diagram of H2O and Au, showing the calculated temperatures determined in samples #1 (green) and #2 (red). The solid circles indicate
the peak temperature reached at the center of the Au foil. The arrows show the range of temperatures in H2O at the time of maximum melting extent
following heat conduction for selected pressures (Supplementary Fig. S10), as determined from FEA simulations. The melting lines of Au and H2O
correspond to a Simon-Glatzel fit to the data from Refs. 41 and 27, respectively; phase lines in H2O are indicated by broken lines41,42, where SI indicates the
superionic phase.

Fig. 5 Calculated temperature–time history of the Au sample. The graph shows the simulated temperature of sample #2 at 4.7 GPa after a 48.6 µJ pulse
(see Supplementary Table S1), showing sample temperature on the beam axis, at the center of the Au foil (black dotted and solid lines for electron and ion
temperature, respectively) and in the water bulk 0.5 and 2 µm upstream from the foil (blue dashed and solid lines, respectively). The XFEL pulse of 25 fs
duration strikes the sample at 10−12 s, producing a sharp jump in local electron temperature, which reaches equilibrium with the cold ions on ps
timescales37 at constant volume conditions. Following a rapid expansion cooling of the sample, heat conducts out of the sample and into the surrounding
cold diamonds at constant pressure23. The inset shows the temperature distribution and maximum extent of water melting after heating at full power (320
µJ/pulse) on sample #1 at 52 GPa (Supplementary Fig. S10d).
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Diffraction images were collected on the Rayonix MX225-HS flat panel detector.
SDD, tilt, and rotation of the detector were calibrated with either CeO2 (experiment
1) or LaB6 (experiment 2) placed in a DAC aligned to the focus of the optical
microscope. When operating with a 30 Hz pulse train, diffraction data were also
collected at 30 Hz so that each image corresponded to a single pulse exposure. In
this mode, a maximum of 60 images could be collected in a single burst at 30 Hz
due to restrictions imposed by the data transfer system. During the experiment, the
pressure was controlled remotely through a membrane that was attached to the
upstream side of the DAC, inflated through a Pace 5000 pressure controller from
General Electric.

When the X-ray focal spot was chosen to be suitably large (~14 × 14 µm2), we
found that the diamonds could withstand exposure to full power 12 keV XFEL
pulses at pressures up to 62 GPa, despite repeated heating to extreme temperatures,
melting, and mass transport.

Post-experimental analysis. Following the XFEL experiments at PAL, post-
experimental analysis was performed at the ECB (P02.2). X-ray diffraction maps
from samples #1 and #2 were collected using the standard setup (25.6 keV focused
to 8 (h) × 3 (v) µm2), and maps from samples #3 and #4 were collected using the
KB mirror setup (42.9 keV focused to 2 (h) × 2 (v) µm2) An additional X-ray
diffraction map (49 × 49 exposures, 2 μm steps) of sample #2 was collected using
the sub-micron focused setup with a 0.8 (h) × 0.8 (v) µm2 (FWHM) CRL focused
beam at 25.6 keV. Raman scattering maps of samples #1 and #2 were collected
using the offline Raman system equipped with an excitation laser wavelength of
532 nm. Secondary electron images of sample #1 were collected at the DESY
NanoLab using a SCIOS DualBeam instrument combining a scanning electron
microscope (SEM) with a focused ion beam (FIB) from Thermo Fisher (formally
FEI) which operates at 5 kV (Stierle2016).

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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