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S1. TARGETS AND LASER-DRIVEN SHOCK
COMPRESSION

Double-distilled, deionized water is encapsulated in a 1.5
mm diameter cavity within a 30um thick polyimide film,
sealed by two diamond plates without any metallic or anti-
reflection coatings. The diamonds are 2 mm diameter, single
crystal with <110> orientation and about 20-30 pm (ablator)
or 50-100 pm (window) thick. The C'/H>O/C package is
glued and centered on a 150um thick Ta foil having a 500um
diameter pinhole, and placed on the PXRDIP diagnostic box.
White-light interferometry measurements are used to deter-
mine the water layer thickness.

The water targets are shock compressed by direct-drive
laser ablation at the Omega Laser Facility, Laboratory for
Laser Energetics (LLE) of the University of Rochester, NY
(USA) using 100-200 J of 351 nm UV light delivered by 6
laser beams having a 23° angle incidence and focused with
1.8-m-focal-length, f/6 optics. A composite pulse shape of
about 15 ns of total length is obtained by firing the six beams
(having a 1 or a 3.7 ns-long pulse shape) in sequence. SG8
distributed phase plates are used to smooth the laser imprint
and to create a ~ 900 pm diameter, flat-top super-gaussian
spatial distribution at the focal spot. The focal spot being
much larger than the thickness of the target package ensures
a one-dimensional compression during the duration of the ex-
periments. Laser-driven shock compression is destructive: a
new target is necessary for each experiment or laser shot.

S2. LINE-IMAGING ULTRAFAST DOPPLER
VELOCIMETRY

We use the Velocity Interferometer System for Any Reflec-
tor (VISAR) to document the compression history for each
experiment. At the Omega Laser Facility, two VISAR chan-
nels offer a line-imaging, time-resolved record of the veloc-
ity of moving reflecting interfaces and optical properties (re-
flectivity, absorptivity) at the probe laser wavelength, 532 nm.
Fringe motion is recorded on streak cameras. The fringe phase
encodes the velocity history while the fringe amplitude con-
tains information about the reflectivity of the tracked moving
interface and the absorptivity of the medium that the probe
laser is passing through®®*. VISAR velocity per fringe (VPF)
sensitivities are 1.644 km/s/fringe and 2.732 km/s/fringe for
the two channels. Velocity uncertainties, estimated as ~ 5%
of the VPF, are 0.08 and 0.14 km/s. 2 GHz timing fiducial
combs are recorded for each image on both streak cameras,
allowing us to accurately correct timing for sweep nonlineari-
ties.

In the absence of any dielectric or metallic coatings,
the C'/H20O/C package is initially transparent and contains
several weakly reflecting interfaces that are simultaneously
tracked by the VISAR. The most intense signal comes from
the 17% Fresnel reflection at the diamond window/vacuum
interface, and allows us to monitor the free-surface velocity
urg (see Figure 1, Supplementary Figure 1, Supplementary
Figure 2 and Supplementary Figure 3). Before the compres-

sion waves exceed the diamond Hugoniot elastic limit, caus-
ing the window to lose its transparency, weaker reflections at
the ablator-sample and sample-window interfaces contribute
to beating signatures that indicate the beginning and end of
the first shock transit accross the water layer (see Supplemen-
tary Figure 1). Excellent planarity is observed on the VISAR
data over the 500um diameter view through the x-ray colli-
mating aperture.

S3. HYDRODYNAMIC SIMULATIONS
A. Settings and optimization

We carry out post-shot simulations of the laser-driven com-
pression of each experiment. HYADES is a one-dimensional,
Lagrangian, radiation-hydrodynamic code* which uses a
leapfrog time integration and artificial viscosity. The 150um
thick target package is divided into ~ 600 material zones.

We use tabular opacities from the Lawrence Livermore Na-
tional Laboratory LEOS database, and equation of state (EOS)
tables from both the LEOS and the Los Alamos National Lab-
oratory Sesame databases. For the laser-plasma interaction
at the ablation front, we use the Thomas-Fermi ionization
model and a flux-limiter equal to 3% of the free stream value,
which has been found to provide meaningful results at similar
intensities*! up to ~ 1TW/cm?.

We strive to use the most accurate models available to date
to simulate our experiments. Unfortunately, there is no multi-
phase equation of state for water that describes correctly both
the solid and superionic ices as well as the dense liquid. Of
course this is a consequence of the extreme polymorphism of
water: building such a model is a complex task. We use LEOS
2010 as well as Sesame 7154 in order to estimate the influence
of a different EOS on the final result.

LEOS 2010 is found to capture quite well the compressibil-
ity of dense H5O in the regime studied here. We show how
this model and others compare with currently available data
in the pressure-density space in Figure S4 of Ref. '°. In ad-
dition, Figure S11 of Ref.'® also shows that LEOS 2010 cap-
tures well the shock temperature along the principal Hugoniot
of liquid water. We therefore expect this model to also accu-
rately describe the temperature rise in the early stages of the
multi-shock compression that we used in the present study. Fi-
nally, Supplementary Figure 15 shows that LEOS 2010 repro-
duces the prediction of the most advanced model from Ref.!>
regarding the isentropic compression of water ice relevant for
the later stages of the multi-shock compression in the present
study. In our benchmarking tests, Sesame 7154 predictions
appears only slightly less accurate.

For diamond we use the EOS tables Sesame 7834 and
LEOS 64*?. We use a pressure hardening Steinberg-Guinan
model parameterized according to density-functional-theory
simulations to account for the yield strength of diamond*’.
The diamond shear modulus is G(P) = Go(1 + A P n~1/3)
where we use Gy = 540 GPa as the shear modulus in the
(110) direction, A = 4.3 1073 GPa~"! and 7 is the compres-
sion ratio = p/po.
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Supplementary Figure 1. Representative VISAR data for shot 75758. The C'/H>O/C target package has no metallic or anti-reflection
coatings, and is therefore transparent with small Fresnel reflections at the different interfaces, dominated by the 17% reflectivity of the diamond
window free surface. A loss of reflectivity is observed when the drive laser turns on due to the beginning of the ablation process at the C' ablator.
Intensity beatings created by the extra reflection at the moving shock front indicate the arrival time and breakout time of the leading shock
front in the water layer*. At later times, the VISAR fringe motion shows the arrival of the leading shock at the free surface, followed by the
subsequent shocks leading to the progressive acceleration of the free surface.

The yield strength is Y(P) = Yy, G(P)/Gy with Yy =
70 GPa. The H>O sample layer is considered to behave as a
fluid. The longitudinal pressure Py, continuous at the C'/ HoO
interfaces, is obtained as P;, = P — op, op being the devia-
toric stress.

The measured drive-laser pulse-shape for each shot is used
as an initial guess. Intensity multipliers are then applied in an
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Supplementary Figure 2. Free Surface velocity histories for all
shots. urs time histories obtained from the data collected with the
most sensitive VISAR channel and spatially averaged over the 500
wm diameter of the x-ray collimating aperture.

iterative way to constrain the simulated free surface velocity
uprg to match the measured upg (Figure 1 and Supplemen-
tary Figure 3) and the arrival times of the leading shock at the
ablator-sample and sample-window interfaces. Several simu-
lations are conducted for each shot to evaluate the influence of
different EOS models, as well as the use of slightly different
intensity multipliers producing equally good agreement with
the measured Urs. We find that the final pressure and tem-
perature conditions during the x-ray exposure calculated with
LEOS 2010 or Sesame 7154 do not differ by more that a few
%.

B. Pressure-temperature determination

We interrogate each simulation to determine the pressure
and temperature states of the H>O during the pulsed-x-ray
exposure. Specifically we compute pressure and temperature
histograms for the computational zones containing H2O dur-
ing the duration of the 1 ns x-ray exposure to evaluate their
statistical distribution. We calculate the average values P; and
T; and the standard deviation o(P); and ¢(T); for each sim-
ulation. The final values of P and 7T, o(P) and o(T) are
obtained by averaging the results of the different simulations

e.g. P = (P) and o(P) = o(P);. o(P) and o(T) there-
fore represent the inhomogeneity of the P-T conditions within
the H2O layer during the x-ray snapshot. For all shots, we
find that the average of the standard deviation is larger than
the standard deviation of the averages: o(P) > SD(P;) and
o(T) > SD(Ty).
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Supplementary Figure 3. Determination of the reverberation compression path using one-dimensional Lagrangian hydrodynamic
simulations constrained by velocimetry measurements. (a) Measured drive-laser pulse shape for shot 75758 (black curve) and resulting
experimental free-surface velocity Urg(red and blue curves corresponding to the two VISAR channels), overlayed with simulated u s (green
curve) matching both the arrival time and amplitude of the compression waves. (b) and (¢) Corresponding longitudinal pressure and temper-
ature space-time contour maps as obtained from hydrodynamic simulations. (d) and (e) Corresponding time histories for one zone near the
ablator (dash blue), one zone near the window (dash-dot green) and averaged over the full water layer (solid black) illustrate the step-wise
reverberation compression. Cross-timing between the drive-laser, the x-ray source laser and the VISAR diagnostic allow us to determine the
time of the XRD snapshot (white rectangle/vertical black lines). Final determination of the pressure and temperature of the H2O during the
XRD snapshot is obtained by averaging the results of several simulations.



S4. X-RAY DIFFRACTION SETUP AND DATA ANALYSIS

We use up to 16 laser beams delivering 8 kJ of 351 nm UV
lightin a 1 ns super-gaussian flat-top pulse to irradiate — with a
300 pm spot size — a 12 pm thick Fe foil positioned ~25 mm
away from the water target at ~45° angle. The laser inten-
sity is tuned to generate primarily H e-« radiation at 6.7 keV,
with lower intensities satellite emissions at lower and higher
energies (Supplementary Figure 4).

The Powder X-Ray Diffraction Image Plate (PXRDIP) di-
agnostic is a 50x50x75 mm box, containing image plate de-
tectors used to record the diffraction patterns at the Omega
Laser Facility. The diagnostic has an aperture in the front
plate to hold the target and an additional aperture in the back
plate to allow simultaneous VISAR measurements. A detailed
description is available in Ref.!8.

Raw image plate data are geometrically projected into ¢
(azimuthal angle around the direction of the direct x-ray
beam)-26 (Bragg angle) space, to obtain straight lines of con-
stant 26. The projection is done using the diffraction signal
from the Ta aperture behind the target package as a reference.

Note that the Ta XRD lines originate from the outermost
surface of the Ta pinhole collimating aperture. This is because
the absorption depth of Ta at 6.7 keV for photons incident at
~45° is 2um, therefore only the x-rays that get diffracted at
the back surface of the Ta can be transmitted, scattered and
collected on the image plate detector without being absorbed.
Because this surface is in vacuum and normal stress has to
be conserved across an interface, the pressure of the Ta that
contributes to the XRD is constrained to < 1bar to match the
surrounding medium.

One-dimensional integration of the XRD data is performed
to obtain diffraction intensity as a function of Bragg angle
(see Supplementary Figure 5 and Supplementary Figure 6
with lineouts in red). This is performed after masking out the
bright spots due to the single crystal diamond (when close to
the water ice peak), that are however shown in the projected
image for completeness. White “patches” in the raw images
visible in some of the shots are regions of the image plates
masked out before doing the one-dimensional integration be-
cause they contain spurious signal (e.g. shadowing or fluo-
rescence from different sources). These features are shown
in some of the shots to highlight that there is no assignment
ambiguity with diffraction signal.

The various diffraction peaks shown in Supplementary Fig-
ure 5 and Supplementary Figure 6 are assigned to either Ta
at ambient conditions (reference material used to calibrate the
diffraction geometry'®), compressed diamond or compressed
water ice. Because the x-ray source emission is not purely
monochromatic (Supplementary Figure 4), reflections due to
the satellite emission are also visible in the XRD patterns in
addition to the diffraction due to the main x-ray energy (6.7
keV for the He-« radiation of the Fe x-ray source).

Using the 1D lineouts, each water diffraction peak is fit to
a gaussian curve to obtain the 260 angle from which the d-
spacing and, assuming a structure, the density, can be calcu-

lated.

The uncertainty in the d-spacing is obtained from the prop-
agation of the uncertainty in 26 which we estimate by adding
in quadrature three contributions: (i) the uncertainty in find-
ing the centroid of the diffraction line with the gaussian fit, (ii)
the displacement of the observed Ta reference lines from their
ideal 26 positions, that accounts for the quality of the geomet-
rical projection, and (iii) the estimated angular broadening due
to the distribution of compression states in the water sample
during the x-ray snapshot. This contribution is estimated by
assuming that water ice strength is weak enough so that the
statistical distribution of compression states reflects the stress
distribution in the sample. Using the equation of state mod-
els found to be in good agreement with our data in Figure 3,
we infer a Apyppom. from the A P reported in Supplementary
Table 2, from which we obtain an approximated contribution
to the angular broadening A2607,,10m -

The gaussian fits of the XRD intensity lineouts as a func-
tion of 260 also provide a measure of the observed angu-
lar broadening through the determination of the full-width
at half-maximum FWHM(260) for each H2O peak (see Sup-
plementary Table 2). This broadening has several contribu-
tions including geometrical effects due to the spatial extent
of our x-ray source and collimation scheme'®, the finite spec-
tral bandwidth of the x-ray source'®, compression inhomo-
geneity throughout the sample, and grain-size effects. Us-
ing the Scherrer equation and the total observed FWHM(260)
therefore yields a lower bound for the typical grain size:
D = BX/(FWHM(26) x cos(6)) where A is the x-ray wave-
length, B a geometrical factor (we assumed B = 0.9) and 0 is
the Bragg angle®.

We show all the diffraction data with a complete peak as-
signment in Supplementary Figure 5 and Supplementary Fig-
ure 6.

He-a
6.7 keV

Intensity (arb. un.)

K-a H-a He-f
6.4 keV 6.9 keV 7.9 keV

6.0 6.5 7.0 75 8.0 8.5 9.0
Energy (keV)

Supplementary Figure 4. Iron x-ray source spectrum. Typical
experimental spectrum of the x-ray radiation generated by the irra-
diation of an iron foil with ~5 TW of laser power in a 1 ns flat-top
pulse focused on a 300 um focal spot, as measured in shot 75758.
The main line emission (He-«) is accompanied by satellite emissions
at lower and higher energies.
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Supplementary Figure 5. Diffraction data for the experiments probing the bcc structure. Image-plate detector data projected in ¢-26
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S5. INTERPRETATION OF THE XRD RESULTS
A. Evidence for the bcc to fcc phase transition

Our data evidence a solid-solid phase transition occurring
above 270 GPa along the quasi-isentrope near 2,000 K (Fig-
ure 3b). In all the diffraction data we only observe one diffrac-
tion peak from water ice. This does not allow us to perform a
structural refinement, however we can test different structures
and check for consistency in d-spacing and/or density. In par-
ticular, fitting the observed peak to a given structure should
give a density value between the principal isentrope and the
principal Hugoniot curves and should not generate large vol-
ume discontinuity across phase transitions (according to den-
sity functional theory simulations'?).

The measured d-spacings for water ice as a function of pres-
sure are reported in Figure 3b. Below 270 GPa our measure-
ments (blue circles) agree with the position of the (110) re-
flection of a bcc lattice, as shown by the comparison with
the position of the bcc(110) reflection calculated from DFT-
derived equations of state?’ (blue dotted curve). For com-
parison in Figure 3b we show also the position of the (110)
peak at room temperature inferred from the volume reported
in Ref.?® and obtained from diamond anvil cell static com-
pression experiments (black dashed curve). As expected, be-
cause of thermal expansion, we measure a larger d-spacing
than room temperature static compression experiments. If we
now calculate the density for the bcc-like water ice and com-
pare our data to the literature in pressure-density space, we
obtain good agreement with the measured stress-density pro-
file for water ices below ~200 GPa (Figure 3c). For complete-
ness additional DAC datasets from the literature are shown in
density-pressure space (Refs.?03337). Consistently with the
observation done for the d-spacing, our data are shifted to
lower density relative to room temperature DAC data at the
same pressure because of the higher temperature (~2,000 K
and ~3,000 K) in our experiments.

Above 270 GPa we observe a discontinuity in d-spacing
(red circles in Figure 3b), that is a signature for a solid-solid
phase transition. Our interpretation is that the solid lattice of
oxygens undergoes a bcc-to-fce transformation. Indeed, if we
assign the observed peak to the (111) reflection of a fcc lattice
we obtain the density values reported in Figure 3c with red
circles. The densities obtained at these pressures are reason-
able and the absence of a large density jump at the transition
further supports our assignment. The same fcc lattice is stable
along the quasi-isentrope near 3,000 K (red squares).

B. Other potential interpretations that can be ruled out

1. No phase transformation, all data correspond to a bcc
structure

Fitting the measured d-spacing to the (110) peak of a bcc
lattice for all shots induces a 8% density drop at 270 GPa
(Supplementary Figure 7), that is an extraordinary large ex-
pansion of the crystal. The temperature increase with increas-
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Supplementary Figure 7. d-spacing and density vs pressure as-
suming a bcc lattice at all pressures (i.e. no phase transition).
Fitting the d-spacings measured above 270 GPa to a bcc lattice pro-
duces an unphysical density drop, not explained by thermal expan-
sion (see text).

ing pressure along the quasi-isentrope near 2,000 K is quite
small so that — according to both the experimental and theo-
retical EOS models — thermal expansion cannot be invoked to
explain such density drop with increasing pressure along the
~ quasi-isentrope near 2,000 K (comparing the blue and the
red circles). In addition, comparison of the high temperature
isotherms calculated from the DFT simulations!® at 2,000K
and 3,000 K (red dashed and red dot-dashed lines in Supple-
mentary Figure 7) indicates that thermal expansion is unlikely
to account for a 8% density drop between 2,000K and 3,000
K (comparing the blue circles and the red squares). We can
therefore rule out this interpretation.

2. Transformation to a Pbcm structure

Theoretical calculations at T=0K predict that water will
transform to an orthorhombic structure with space group
Pbcm above 400 GPa?®2°. Considering the structural parame-
ters and their evolution as a function of pressure reported in%3,
we calculate the expected diffraction pattern for this structure
at 400 GPa (see inset in Supplementary Figure 8). The XRD
pattern for the Pbcm structure is characterized by five closely
spaced peaks in the angular region around 26=65° where we
observe the diffraction signal for water ice. The most intense
peak is the (111) reflection and the other four peaks are more
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Supplementary Figure 8. Comparison of the measured d-spacings

and density vs pressure with the Pbcm structure. Upper panel:
Our data are represented by circles and squares for data collected
along the quasi-isntropes near 2,000 K and 3,000 K respectively.
Blue symbols are used for bcec ice and red for the new phase. The red
dashed lines represent the expected d-spacings for the Pbcm struc-
ture as obtained in®®. The thickness of the lines corresponds to the
diffraction peak intensity. The horizontal gray dotted lines repre-
sent the d-spacings for of the ambient conditions Ta lines. The inset
shows the calculated diffraction pattern (intensity versus Bragg an-
gle) for the Pbcm structure at 400 GPa and 0 K as obtained in.
The calculation is done considering the wavelength used in the ac-
tual experiment (A=1.85 A) and the peak broadening accounts for
the experimental angular resolution (260 ~0.8°). Lower panel: Red
circles and squares represent the density of water ice assuming the
Pbcm is the stable structure above the phase transition. The density
is obtained by fitting the measured d-spacing to the (111) reflection.
This leads to an unphysical density discontinuity of ~13% across the
phase transition with densities lower than the density of bcc solid ice
along the Hugoniot of ice VII calculated using a DFT-MD equation
of state?’ (green dotted line).

than a factor of two less intense.

In the main plot of Supplementary Figure 8 (upper panel)
we compare the measured d-spacing with the expected po-
sitions of the reflections for the Pbcm structure (red dashed
lines, where the thickness of each line corresponds to the peak
intensity). The expected position of the (111) peak (the most
intense) does not correspond to the observed diffraction from
water. The only peak for the Pbcm structure that could fit our
data is the (002) reflection. However its intensity is more than
a factor of two lower than the (111) reflection, therefore one
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would expect to see at least two lines and not just an isolated
peak. Overlap with the Ta(200) reference peak (gray dotted
line) could potentially explain the “missing” of the (111) re-
flection only for the highest pressure shot. It would not be
a satisfactory explanation however, since at 420 GPa the two
peaks are very close, but not perfectly overlapping, so that
one would expect to see two closely spaced lines or at least
peak broadening, and these signatures are not seen in the data
(Supplementary Figure 6, shot 75763).

It is arguable that because the molecular dynamics simu-
lations in?® were performed at 0 K, thermal expansion could
shift the (111) peak to higher d-spacings so to match the ob-
served diffraction peak in our experiments. In this scenario
the water ice would undergo a 13% density drop at 270 GPa
(Supplementary Figure 8, lower panel). Such a big density
discontinuity is in contrast with the expectation of small vol-
ume change for these transitions'>?”3! and would result in
a density even lower than the density of bcc solid ice along
the Hugoniot of ice VII (green dotted line), which is unphys-
ical. In addition, a compression-driven structural change is
expected to result in a more compact structure, not a more
open one, as the density drop associated with the bcc-Pbcm
transition would imply.

We can therefore rule out this interpretation.

3. Transformation to a hcp structure

Formation of superionic ices with an hcp (hexagonal closed
packed) lattice of oxygens has been predicted by theoretical
simulations'*. Assuming ideal c/a=1.63, the corresponding
diffraction pattern would consist of three closely spaced peaks
[(100), (002) and (101)], where the (101) reflection would be
the most intense and the other two peaks would have similar
intensities. Supplementary Figure 9 shows the density of the
water ice if we were to assign the observed diffraction peak to
the (101) reflection, i.e. the most intense peak. It is clear that
this would generate a sudden large crystal expansion at the
transition and would also bring the density below the density
of bcc solid ice along the Hugoniot of ice VII (green dotted
line).

If we assume that the observed peak is due to the hcp (100)
reflection, then the calculated density would be higher than the
cold curve for bcc water ice, which again is unphysical, con-
sidering the final temperatures obtained upon ramp compres-
sion are around 2,000-3,000 K (Supplementary Figure 10).

The only assignment that would give an acceptable density
is assuming the observed peak is the hcp (002) (Supplemen-
tary Figure 11). However, as can be observed in Supplemen-
tary Figure 12, in this case we should have observed also the
(101) peak that is the most intense peak for the hcp structure.
The relative position of the hcp triplet peaks will change by
varying the c/a. However the only way the hcp structure can
satisfactorily fit our data is to have the (002) at 65° to match
the observed peak of water ice and the (101) at 68.5° to ex-
plain its absence by the overlap with the Ta(200) line. There is
no c/a value for an hcp lattice that can generate such a pattern.

We can therefore rule out this interpretation.
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Supplementary Figure 9. d-spacing and density vs pressure as-
suming the diffraction peak observed above 270 GPa is icp (101)
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cal.
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Supplementary Figure 10. d-spacing and density vs pressure as-
suming the diffraction peak observed above 270 GPa is /cp (100)
for an hexagonal closed packed lattice of oxygens. Red circles and
squares represent the density of water ice if the high pressure phase
has a hcp lattice of oxygens, fitting the measured d-spacing to the
hcp (100) reflection. The calculated density is higher than the ini-
tial density of bcc water ice at 300 K, which is unphysical for high

temperature data.
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C. X-ray diffraction signal related to the diamond
ablator and window

While single crystal diamonds are chosen as the ablator and
window to minimize their contribution to the diffraction sig-
nal, they still produce intense, localized diffraction features in
almost all the shots (see Supplementary Figure 5 and Supple-
mentary Figure 6).

To illustrate in more details the density distribution within
the diamond ablator and window during the x-ray flash, we
show the space-time contour map and distribution histograms
in Supplementary Figure 13.

It appears clearly that the portion of the ablator that is not
ablated away is significantly compressed and in a rather uni-
form state at 11 ns when the x-rays are generated. In this
particular shot 75758, the simulation shows that the density
distribution peaks at 4.31 & 0.04 g/cm?. This corresponds to
a d-spacing of 1.926 + 0.006A for the (111) (most intense)
reflection of diamond. In the same shot the d-spacing corre-
sponding to the signal assigned to the water ice is 1.813 +
0.011 A.

On the other hand, the diamond window is bounded by vac-
uum on one side, and has not reached peak compression at the
time of the x-ray probe. Most of the diamond window is there-
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Supplementary Figure 12. Comparison of the experimental
diffraction pattern measured at 420 GPa and 2,000 K with the
hcp lattice of oxygens, assuming the observed peak is the (002) re-
flection. Red pattern is the diffraction signal measured in shot 75763,
compared with the diffraction pattern for ambient conditions Ta (ref-
erence pinhole material) in black and the expected signal for an hcp
lattice of oxygens with the (002) reflection matching the position of
the observed signal from water (blue curve). Given the relative spac-
ing of the triplet characteristic of the hcp lattice with c/a=1.63 one
would have expected to observe the (101) reflection as well. A dif-
ferent c/a will change the relative spacing between the (002) and the
(101) reflection, however there is no value that will allow to fit the
peaks assigned to water ice and the one assigned to Ta(200) (assum-
ing overlap) simultaneously.

fore at lower density than the ablator, close to ambient condi-
tions. In this particular run, Fig Supplementary Figure 13 (c)
indicates that the broad density distribution is dominated by
the double-shock state near 3.7 g/ em?3, which corresponds to
~ 6% compression and a d-spacing of 2.03 A for the (111)
reflection of diamond.

This makes a first compelling case that there is no ambi-
guity between the diffraction signal originating from diamond
(both ablator and window) and from the water ice. A second
strong observation supporting our assignment is related to the
loss of the single crystal nature of compressed diamonds. In-
deed, the rapid strong compression transforms the diamonds
into highly textured polycrystals. This is apparent in the x-ray
diffraction signal shown in Figure 3, Supplementary Figure
5 and Supplementary Figure 6. In the majority of the shots,
we observe an azimuthally-localized, oval-shaped strong spot
that appears at a 26 angle slightly lower than the Bragg angle
for the signal originating from the water ice. This is evident in
the dewarped data shown for shots # 75763 and 75761 in Fig-
ure 3, as well as the data for shots # 74700, 75758, 75760 and
75762 shown in Supplementary Figure 5 and Supplementary
Figure 6

This is perhaps easier to grasp in the raw image plate data
shown in Supplementary Figure 14 where one can clearly dis-
tinguish the difference in the XRD signal between the small-
grained water ice (indicated by a red arrow in panel (a)) and
the highly textured diamond (black arrows in panels (a) and
(c)). We should stress that the location of the diamond diffrac-
tion signal along the ring (i.e. the azimuthal angle) is random,
since the clocking of the diamond ablators and windows are
not controlled during the target assembly. This explains the
variation in the ¢ angle corresponding to the diamond peak
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Supplementary Figure 13. Compression of the diamond ablator
and window. (a) Density map corresponding to Figure 3. (b) and
(c) Histograms of the density distribution in the diamond ablator and
window during the x-ray flash. For clarity we excluded the region ab-
lated away (z < 5 um, shown in magenta in (a)) from the statistical
analysis.

seen in different experiments (as shown in Supplementary
Figure 5 and Supplementary Figure 6) and also why no dia-
mond peak is seen in the image plate in Supplementary Figure
14(b).

In addition, the laser drive pulse shape has been designed
to achieve — at the x-ray probe time — a uniform pressure state
in the water layer, but not in the diamonds (as shown by the
density map and distributions in Supplementary Figure 13).
The signal from diamond can therefore extend over a broad
26 range corresponding to the different pressure (or density)
states during the x-ray flash. This is the case for shot 74710
shown in Supplementary Figure 14 where the brightest spots
assigned to diamond show a large 26 extension.

Finally, it is worth noting, that similar signatures for the dia-
monds have been consistently observed in a quite broad spec-
trum of experiments on different materials carried out with

the PXRDIP diagnostic at the Omega Laser and reported in
Refs, 18:19:46-48

D. Control experiments with a polystyrene surrogate

We performed control experiments to gain further confi-
dence in our interpretation of the diffraction from the water
ices.

Control experiments need to reproduce as much as possible
the water experiments. Because the initial density and com-
pressibility of the water sample are the main factors (together
with the laser pulse shape and the target thickness) determin-
ing the compression history in both the diamond ablator and
window, we choose to use 30um polystyrene foils with an ini-
tial density of 1.05 g/cm? as a surrogate for the water layer.
The compressibility of polystyrene under single-and multi-
shock compression is indeed quite similar to that of water (see
Supplementary Figure 15 and Refs.*3).
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Supplementary Figure 14. Control experiments. Raw image plate

data for (a) shot 75758 (standard water sample) and two control ex-
periments: (b) shot 74713 with a vacuum gap to replace the water
layer and (c) shot 74710 with a polystyrene surrogate. The three
shots used the same nominal laser pulse shape and energy. In the
three experiments the diffraction signal from the Ta collimating aper-
ture is indicated by red stars, while the arrows point to the diffraction
signal from diamond (black) and from the water ice (magenta). It is
clear that the signal we assign to water ice (rather smooth and az-
imuthally extended) is present only in the shot containing a water
sample.

In shot 74710 we compress a dia-
mond/polystyrene/diamond target with the same pulse
shape and laser energy as the water target in shot 75758.
Given the similarity between water and polystyrene, the
compression history is very similar in the two cases. In
Supplementary Figure 14 we compare the raw diffraction
images for shot 75758 (water target, (a)) and shot 74710
(polystyrene target, (c)). As can be observed, the diffraction
signal characteristic of the diamond (very intense and of
limited azimuthal extension) is present in both shots (black
arrows), but the more azimuthally-extended and weaker
diffraction signal (magenta arrow) is not, providing another
additional piece of evidence in support of the assignment of
this signal as due to the crystallization of water.

We also report the results of an experiment with a target
having a 30 pm vacuum gap between the two diamonds. Al-
though the vacuum causes the compression history of the ab-
lator and window to be quite different from the case of a wa-
ter target, no XRD signatures similar to the one we interpret
as arising from the H5O ices (in the experiments with water-
filled targets) are present in this shot (see panel (b) of Supple-
mentary Figure 14).

S6. CONSTRAINTS ON THE KINETICS OF
SOLIDIFICATION AND GRAIN GROWTH

Without observing multiple XRD lines for the ice crystal
lattice, we cannot perform a Warren-Averbach analysis to for-
mally identify the respective contributions of strain and grain
size to the angular broadening that we observe®'. However,
at the high temperatures that we explored experimentally, we
argue that it is reasonable to assume that ice is soft enough
so that the strain distribution should reflect the imposed stress
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Supplementary Figure 15. Compressibility of water and
polystyrene. (Top) Pressure-temperature phase diagram for water
with boundaries from Ref.!'. The Hugoniot and two shock-ramp
isentropic compression paths relevant for the present study and cal-
culated with the LEOS 2010 table and the DFT-MD based equation
of state model from'® are shown. Also shown are similar curves for
polystyrene used as surrogate in the control experiment shot 74710
(see Supplementary Figure 14). (Bottom) Corresponding curves in
the pressure-density space. In the region of the phase diagram in-
vestigated in this work LEOS 2010 matches very well the prediction
from state of the art DFT-MD models'>*’, given the similar pressure-
density response.

non-uniformity. In other words, we expect that there is a larger
strain inhomogeneity within the ice sample in the experiments
for which we estimate that the stress-inhomogeneity is the
largest from the statistical analysis of the hydrodynamic sim-
ulation results. If the variations of strain within the sample
during the x-ray exposure were the dominant source of an-
gular broadening for the ice peak, we would therefore expect
to observe broader peaks for the experiments with the largest
stress-inhomogeneity. However, the top panel of Supplemen-
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tary Figure 16 does not reveal such a trend: the FWHM of the
ice peak (solid circles) does not seem to significantly increase
with increasing pressure inhomogeneity.

In contrast, the bottom panel of Supplementary Figure 16
may suggest that the FWHM of the ice peak decreases with
increasing growth time delay At, where At is defined as the
delay between the instant H,O is brought below the melting
line, i.e. into the predicted stability field of ice, and the time of
the XRD snapshot (see Figure 2b). This is the expected behav-
ior if grain size effects dominate the XRD angular broadening:
longer growth delay allow larger grain to grow, reducing the
angular broadening of the XRD peaks.

In the following we assume that grain size is the main con-
tribution for the observed diffraction peak broadening. This
is justified because we estimate the contribution from other
effects, such as the experimental resolution, to be about 0.8
degree and the pressure gradient component (see Supplemen-
tary Information Section S4) to be around 1 degree (see open
diamonds in Supplementary Figure 16).

Based on these observations, we use the Scherrer equation
to infer a minimum grain size for the ice crystals from the
measured FWHM which reveals grain sizes around 5 nm in
diameter (Supplementary Information Section S4). Clearly,
deconvolving the resolution and strain component from the
total FWHM before using the Scherrer equation would pro-
duce slightly larger (~ 2 times bigger) values for the minimal
grain size.

We also plot the inferred minimum grain size against the
growth delay time At for all our experiments on Supplemen-
tary Figure 17. Because in the Scherrer equation the minimum
grain size is inversely proportional to the angular broadening,
the data in Supplementary Figure 17 are closely related to the
bottom panel of Supplementary Figure 16 and may suggest
larger grain sizes at longer growth time delay.

There is a large number of models for the kinetics of freez-
ing and grain growth®-2%_ A simple picture of nucleation
and growth of spherical particles out of a liquid suggests that
after an incubation/nucleation time 7, the grain size should
increase with time?*>*>¢ as: D = k(At — 7)(1/™) where the
exponent 1/n is determined by the grain growth mechanism.
In this framework>*, initial explosive growth leads to n = 1
while n > 3 is expected for grain growth by competitive cap-
ture and coalescence. For example, recent billion-atom MD
simulations of the sub-nanosecond solidification of an under-
cooled iron melt? suggest that grain growth by coalescence
leads to D oc (At—7)'/™ with n ~ 6, while other simulations
on the crystallization of fused silica under shock compression
indicate n ~ 3 for the coalescence phase®*.

The data shown on Supplementary Figure 17 provide an
upper bound for the nucleation time 7 ~1-2 ns.

However, our data does not allow us to unambiguously
identify the nucleation and growth mechanism in our exper-
iments: as it appears on Supplementary Figure 17, the green
and magenta fits to the data using n = 3 or n = 6 give statis-
tically equivalent results, and dedicated experiments are nec-
essary to provide more quantitative tests for kinetic models of
crystallization.

We also cannot identify a statistically significant difference
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Supplementary Figure 16. Angular broadening of the H>,O XRD

peak. Solid symbols: total measured full-width at half maximum
(FWHM), open symbols: estimated contribution from the pressure
inhomogeneity. The symbol size in both panels is proportional to
the pressure for each data point. The color is associated with the
structure with bcc in blue and fec in red. (Top) FWHM plotted as a
function of the pressure inhomogeneity inferred from the statistical
analysis of the hydrodynamic simulation results. (Bottom) FWHM
plotted as a function of the growth time delay At extracted from the
hydrodynamics simulations and defined as the delay between the in-
stant H2O is brought below the melting line, i.e. into the predicted
stability field of ice, and the time of the XRD snapshot (see Fig-
ure 2b).

in kinetics mechanism between the data for superionic and
insulating ice (i.e. between the blue and red points) which may
suggest that nucleation and growth mechanisms are similar for
the two phases.

S7. PREVIOUS STUDIES OF WATER ICE AT HIGH
PRESSURE

In Supplementary Figure 18 and Supplementary Figure 19
we show the pressure-temperature conditions and the cor-
responding pressure-density data obtained in previous x-ray
diffraction studies of water ice in the diamond anvil cell
(DAC). Given the challenges of measuring diffraction of such
a low scattering system at extreme P-T conditions in the di-
amond anvil cell, only one or two diffraction peaks are ob-
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Supplementary Figure 17. Kinetics of solidification and growth.
Estimated minimum grain size D — inferred from the width of the
XRD peaks — as a function of the growth time delay At extracted
from the hydrodynamics simulations and defined as the delay be-
tween the instant H>O is brought below the melting line, i.e. into
the predicted stability field of ice and the time of the XRD snapshot
(see Figure 2b). bcc points are in blue, fcc in red and the size of the
symbol is proportional to the peak pressure. Colored lines represent
fits to the data assuming D = k(At — 7)™ with n = 3 (green)
and n = 6 (magenta). Shaded areas represent 95% confidence bands
for these fits.

served in most studies.

Hemley et al., (orange right-pointing triangles) used energy
dispersive XRD to measure®® the room temperature compres-
sion curve of a polycrystalline sample up to 128 GPa with
ruby as the pressure reference.

Loubeyre et al,. (gray squares) performed single-crystal an-
gular dispersive XRD at room temperature, using Au as the
pressure reference. The experimental pressures revised by the
authors are reported in Ref.'® using an improved Au scale’’
yielding a maximum pressure of 184 GPa.

Frank et al., (cyan diamonds) performed® energy disper-
sive XRD in an externally heated DAC with Au as an internal
pressure calibrant up to 65 GPa and up to 900 K. Melting is
determined up to 37 GPa and 850 K and the highest P-T points
that fall in the white shaded area in Supplementary Figure 18
are in the liquid phase.

Sugimura et al., (purple down-pointing triangles)
performed?® angular dispersive XRD at room tempera-
ture up to 126 GPa using Pt as an internal pressure calibrant,
or the secondary pressure scale based on the diamond anvil
Raman signal.

A second report®® by Sugimura et al., (pink left-pointing
triangles) describes high temperature EOS measurements us-
ing angular dispersive XRD in an externally heated DAC with
Au and Pt as internal pressure calibrants up to 50 GPa at 900
K.

A third report’’ by Sugimura et al., (green up-pointing
triangles) on electrical conductivity measurements of ice in-
cludes high temperature EOS measurements using angular
dispersive XRD in an externally heated DAC with Au and Pt
as internal pressure calibrants up to 100 GPa along the 900 K
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Supplementary Figure 18. Phase diagram of H>O below 200 GPa
and 2,000 K. Calculated Pressure - Temperature conditions for our
data below 200 GPa (blue circles) are shown together with the mea-
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Supplementary Figure 19. Pressure-density of H2O ice obtained

by XRD. Previous XRD experiments using diamond anvil cells by
Hemley et al.,*®, Loubeyre et al.,** Frank et al.,*® and Sugimura
et al.,’**%¥ Isotherms calculated with the DFT-MD models from
French et al.,'>*" as shown in Figure 3.

Many simulation studies have investigated the properties
and phase boundaries of superionic water ices®1%-28:38-62,

Several studies using the density-functional-theory (DFT)
investigated the fate of ice to ultrahigh pressure beyond the
experimentally explored range and proposed that?8-30-31.63-65
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Supplementary Table 1. Most recently discovered phases of water
ice. Adapted from http://www 1.Isbu.ac.uk/water/ice_phases.html

Phase Notes Reference

68
68
69,70

Ice XIII  Proton ordered counterpart of ice V. Salzmann 2007
Ice XIV Proton ordered counterpart of ice XII Salzmann 2007
Ice XV Proton ordered counterpart of ice VI Salzmann 2009

Ice XVI Empty clathrate Falenty 2014 7
Ice XVII Porous phase DelRosso 2016 17
Ice XVIII Superionic fcc This work

H50 adopts a series of increasingly distorted and complex
structures with a Pbem phase above 300 GPa?® (at 0 K), Pbca
near 760 GPa**, P3,21 near 780 GPa®?, Pcca near 1,400
GPa® and P2, /cnear 2,000 GPa®. Metallization is predicted
at the transition into C2/m phase above 6,000 GPa®-% but
water might dissociate into H,O near 5,000 GPa® or H,0
near 1,400 GPa®’.

We compiled a brief summary of the ice phases that have
been recently discovered in Supplementary Table 1.



S8. NUMERICAL SIMULATIONS OF THE ELASTIC
PROPERTIES OF SUPERIONIC WATER ICE

We use Density Functional Theory Molecular Dynam-
ics (DFT-MD also known as QMD) to calculate the finite-
temperature elastic constants of superionic water from which
we can obtain the shear modulus.

We follow the methodology of Refs.'?7? and perform a se-
ries of QMD simulations in the canonical ensemble (NVT)
with small deformation of the simulation cells in order to ex-
tract the stress-strain relationship by finite difference for this

A. Stress-strain relations
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system at pressures relevant to the interior of planets.
The deformation of the simulation cell A is taken to be
A’ = A(1 + €) where:

e 0 O
e=|0 0 e/2
0e/2 0

and where e is a small number (we use e = + 0.01).
For cubic systems, this deformation allows for a straight-
forward evaluation of the elastic constants.

General stress-strain relations for a linear elastic material can be cast as:

011 Ciinn Crizz Cuss Crizs Ciiiz Crine €11
022 Ca22 Caa33 Cazaz Caziz Caziz €22
033 _ C3333 Cs323 C3313 Css12 €33
093 Ca323 Coz1z Chsio €23
013 symm Ci313 Ci312 €13
g12 Ci312 €12

where the symmetric 3 X 3 stress matrix o is expressed as a vector.

components:
01 Cii Ci2
o Ch
g3 _
(o} B
o5 symm
[&f§]
To be clear, a general deformation (strain) is:
€11 €12 €13
€22 €23
€33
and our particular deformation is then:
e 0 0 e
e=10 0 ¢/2]|—
0e/2 0

Ci3
Cas
C3

The tensor notation is simplified by giving indices to all the

Ciy Ci5 Cis €1
Cyy Cys Oy €2
C34 C35 Csg €3
Cus Cus Cys €4
Css Csg €5
Coee €6
€11 €1
€22 €2
€33 €3
2623 - €4
2€13 €5
2612 €6
e €1
SHHEE
e/2 | — e | = 63
0
0 €5
0 €6

For a cubic system C1o = Cy3, C11 = Cas = Cs3, Cyy = C55 = Cgg and the rest are 0 by symmetry. The stress-strain relations

reduce to:
o11 o1 Cipt Ci2 Ci2 0 0 O e
0922 lop) Ci2 Ci1 Ci2 0 0 O 0
g33 _ g3 _ 012 012 011 0 0 0 0
023 B 04 o 0 0 0 044 0 0 €
013 (o1 O 0 0 0 044 0 O
g12 06 0 0 O 0 0 C44 0



or:
Ci =o11/e (1
Cio = 022/6 ()
Ci2 = 033/e 3
Cu = 023/6 “4)

B. Computational Details

Our QMD simulations are carried out with the Vienna ab-
initio Simulation Package’® with projector augmented wave
(PAW) pseudopotentials’*”>.  We use Born-Oppenheimer
Molecular dynamics within the NVT ensemble with Nosé-
Hoover thermostat’®’” with a MD time step of 0.4 fs. We use
PAW with core radii of 0.8 Bohr for hydrogen and 1.1 Bohr for
oxygen and the generalized gradient approximation (GGA)
of DFT with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional’®. The plane-wave cutoff is set to 1000
eV. The electronic density is constructed from a single-particle
wave function by sampling at the I" point of the Brillouin zone
and using Fermi smearing according to the average ionic tem-
perature. Simulation cell sizes are 324 atoms.

The various stress components needed to evaluate Eq. 1- 4
are averaged over the MD trajectory. Supplementary Figure
20 illustrates the time variation of the stress components for
superionic water ice at 4.25 g/cm? and 4,000 K while Sup-
plementary Figure 21 shows the same for the e = —0.01 dis-
tortion for the o1, 09, 03 and o4, 05, 0g in separate plots.
Supplementary Figure 22 shows how much the value of the
average stress varies with the length of the MD trajectory over
which that average is taken. These average values are then col-
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lected and plotted as a function of the strain on the cell (see
Supplementary Figure 23). We note that a linear fit for the
various stress-strain relations appears to be sufficient given
the small distortion used. The slope of this function is then
the elastic constant according to Eq. 1- 4.

C. Bulk and shear moduli

The single-crystal isothermal bulk modulus K =
%, the tetragonal shear C; = % and the shear
Cy4 along the 4000 K isotherm are shown in Supplementary
Figure 24.

For cubic polycrystals, the average isotropic shear modulus
is determined from single-crystal elastic moduli according to
the Voigt-Reuss-Hill scheme (the arithmetic average between
a lower bound and a higher bound). In the cubic case, this
reduces to”’:

1
Gy = 5(205 + 3044)
1,2 3 17!
1
Gu = §(GV + GR)

while for face-centered or body-centered cubic crystals the av-
erage bulk modulus is:

Ci1 + 2C12

Ky =Kp=Ky = "
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Supplementary Figure 20. MD simulation results. Stress vs MD time step for different distortions of the MD supercell: e=0.01 (Left), e=0
(Center), e=-0.01 (Right).
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Supplementary Figure 21. MD simulation results. Stress versus MD time step for the e=-0.01 distortions of the MD supercell: o; in black,
o2 inred, o3 in blue (Left), o4 in green, o5 in orange, o in magenta (Right).
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Supplementary Figure 22. MD simulation results. Average stress versus number of MD time steps for the e=-0.01 distortions of the MD
supercell: ¢ in black, o2 in red, o3 in blue (Left), o4 in green, o5 in orange, o¢ in magenta (Right).
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Supplementary Figure 23. MD simulation results. Average stress vs strain. o in black, the slope of which gives C'11 (Left), o2 in red, o3 in
blue, we take the average of the slopes to get C12 (Center), o4 in green, the slope of which gives Ciy4 (Right).
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Supplementary Figure 24. Elastic moduli computed with DFT-MD. Pressure dependence of the elastic moduli of fcc superionic water ice
along the 4000 K isotherm. Isothermal bulk modulus K = K (blue). Single-crystal shear modulus Cy4 (green). Poly-crystal Voigt-Reuss-
Hill averaged shear modulus G = Gp (red). Single-crystal tetragonal shear modulus Cs (orange). Lines are fits whose parameters are:
K =63.9+42.69P,Cs =10.5+ 0.267P, C4g = —22.6 + 1.37P and Gy = 2.21 + 140/(3.87 — P) + 0.723 P (with P in GPa).

Supplementary Table 2. Experimental details and results. Diamond ablator, window and water layer thickness. Measured d-spacing,
full-width at half maximum (FWHM) of the Bragg peaks and estimated contribution of the distribution of compression states to the angular
broadening A201,10m. Density, pressure and temperature for each shot, as well as inferred phase, timing of the beginning of the 1-ns long
x-ray source (XRS) pulse and the growth time delay At (time difference between the water entering the superionic ice stability field and the
x-ray snapshot).

Shot ID Ablator Sample Window  d-spacing FWHM  A201nh0m Density Pressure Temperature Phase XRS At

um um um A degree degree g/em? GPa K ns ns
73144 185 30 102 1.902+0.011 2.45+0.21  0.33  3.072+£0.054 101 £7 1920£320 bcc 9.65 2.9
74700 36 30 56 1.848 £0.013 1.57+0.03 043  3.349+£0.072 161 £ 12 1970 +200 bcc 13.2 5.2
75758 29 30 54.5 1.813+£0.011 1.82+0.08 0.33  3.547 £0.063 195+ 11 2230 £ 280 bcc 11.15 3.6
73149  26.5 30 89 1.7874+0.010 2.13+0.24 0.29  3.707 £0.062 227 £ 11 2250+ 350 bec 11.7 3.9
75761 35 30 49  1.759+0.016 1.88+0.18 0.8  3.883 £0.104 249 £22 1670 £ 100 bec 11.7 24
73146  26.5 30 96 1.809£0.011 2.30+0.17 0.34  3.890 £0.069 278 & 13 2340 £390 fcc 11.7 4.1
75759  30.5 30 61 1.768 £0.015 2.16+0.18  0.57  4.164£0.108 309+ 24 2380 £370 fcc 7.7 2.7
75763 32 30 59.5 1.717+£0.012 1.62+0.14  0.46  4.546 £0.092 420 +24 2680 £320 fcc 10.6 2.8
75762 29 30 60 1.8884+0.025 2.39+0.14 0.82  3.419+0.138 164 £ 20 3230 +480 fcc 7.16 2.1
75760 25 30 53.5 1.778 £0.025 2.59+0.30 0.95  4.097 £0.172 323 £40 3800+ 650 fcc 7.17 2.4
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