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ABSTRACT

Understanding the behavior of matter at extreme pressures of the order of a megabar (Mbar) is essential to gain insight into various physical
phenomena at macroscales—the formation of planets, young stars, and the cores of super-Earths, and at microscales—damage to ceramic
materials and high-pressure plastic transformation and phase transitions in solids. Under dynamic compression of solids up to Mbar pres-
sures, even a solid with high strength exhibits plastic properties, causing the induced shock wave to split in two: an elastic precursor and a
plastic shock wave. This phenomenon is described by theoretical models based on indirect measurements of material response. The advent
of x-ray free-electron lasers (XFELs) has made it possible to use their ultrashort pulses for direct observations of the propagation of shock
waves in solid materials by the method of phase-contrast radiography. However, there is still a lack of comprehensive data for verification
of theoretical models of different solids. Here, we present the results of an experiment in which the evolution of the coupled elastic—plastic
wave structure in diamond was directly observed and studied with submicrometer spatial resolution, using the unique capabilities of the x-ray
free-electron laser (XFEL). The direct measurements allowed, for the first time, the fitting and validation of the 2D failure model for diamond
in the range of several Mbar. Our experimental approach opens new possibilities for the direct verification and construction of equations of
state of matter in the ultra-high-stress range, which are relevant to solving a variety of problems in high-energy-density physics.
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I. INTRODUCTION

Dynamic compression and shock loading of solid materials is a
unique tool for the experimental study of their responses to ultra-
high strain rates and pressures.”” A transition from an elastic to
a plastic response is produced with a rise in loading stress. The
pressure Pygp at the Hugoniot elastic limit, at which such a tran-
sition occurs, is presented on the shock Hugoniot sketch shown
on the left of Fig. 1. At pressures P > Pygr, the material is sub-
jected to plastic strain. At this stage, the shock wave may split into
a fast elastic wave (precursor) and a slower plastic wave that fol-
lows it.”” The study of elastic-plastic shock waves is extremely
important, especially in planetology and asteroid impacts. Indeed, all
material properties (yield strength, Poisson’s ratio, and elastic and
plastic wave structures and velocities) must be taken into account
in numerical simulations of asteroid impact based on elastoplastic
flow models. This is important to characterize the crater morphology
(depth, diameter, etc.) generated by the different waves and to pre-
dict the consequences of an asteroid impact with Earth.® Separating
and understanding the splitting mechanisms in shock-wave-induced
plastic deformation in solids is of fundamental importance for devel-
oping accurate material models. One of the major problems in this
field is the lack of accurate direct observational data to discriminate
and validate models.

The most obvious, but at the same time extremely difficult, way
to solve this problem is to directly visualize shock wave splitting
in matter and resolve the elastic and plastic components. How-
ever, the splitting occurs at submicrometer scales, and the change
in density, and hence contrast, with the waves is so low that it
is impossible to do this using the traditional method of absorp-
tion radiography. To track shock wave evolution directly in visual
observations, in particular elastic—plastic wave splitting in solids,
first, it is necessary to use lighting parallel to the wave front (see
Fig. 1) and, second, the material must be transparent to the radi-
ation used. Diamond is a common object of study in research on
material response to high pressures,” ' where the wave dynamics
are analyzed in the direction normal to the shock front. This is done
either by tracking the velocity of the diamond target boundary,” "
on which first the elastic wave and then the plastic wave sequentially
emerge from the volume of a crystal, or by determining the reflec-
tivity of the wave front."” However, in an extreme environment with
pressures exceeding several megabars (Mbar), the physical charac-
teristics of diamond are not well known, despite its common use
in high-pressure anvil cells (DACs'”'*). A shock wave with pres-
sures of several Mbar travels at speeds of a few tens of km/s, and
it is necessary to observe the stress state of the lattice and its tem-
poral changes in real time. A broad and deep understanding of
“diamond in the extreme environment” up to off-Hugoniot states
is required for improving DAC performance and for understand-
ing the internal structure of giant planets, the characteristics of
warm dense matter (WDM), and the behavior of laser fusion fuel
shells.

The methods that are conventionally used at high pres-
sures, such as the velocity interferometer system for any reflec-
tor (VISAR)""” and photon Doppler velocimetry (PDV),"”'*"" can
only probe a single surface and thus give only a limited idea of
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how shock waves behave inside a sample. Therefore, the state of
a material as the shock wave propagates inside it can only be
assessed by an indirect method. Absorption and phase-contrast x-
ray methods based on a laser-plasma source'®'"” give a low image
contrast, which is not enough to clearly resolve the regions inside
the shock wave or the plastic shock wave. Therefore, it is diffi-
cult to establish accurate equations of state and verify theoretical
models for the response of a substance under ultrahigh-pressure
conditions.

The unique parameters of pulses generated by x-ray free elec-
tron lasers (XFELs) have opened a new branch of the study of matter
under ultrahigh pressures. In particular, femtosecond XFEL pulses
have begun to be used in x-ray diffraction (XRD) methods for mea-
surement of shock-wave-driven twinning and lattice dynamics of
solids” and the dynamic fracture of tantalum under extreme ten-
sile stress.”! There are two basic schemes for imaging with an XFEL
probe using a focused and an unfocused beam. The first is a point
projection scheme in which a magnified phase-contrast image is
obtained by irradiation of the sample from the focusing point of
the XFEL beam. This scheme is implemented at SLAC (the MEC
station) and at EuXFEL (the MID station).”” > Such an approach
allows simultaneous investigation of the sample with phase-contrast
imaging and XRD techniques using a single XFEL pulse.”® In this
scheme, the spatial resolution is defined by the linear magnifica-
tion and resolution of the detector. At the same time, the field
of view depends on the distance between the focal point and the
object. At present, a high spatial resolution is achieved by apply-
ing great magnification, and consequently the distance between the
object and the detector must be increased to a few meters. The sec-
ond approach allows a more compact experimental configuration
and makes it easier to adjust the position of the object to pro-
vide optimal phase-contrast imaging conditions without changing
of the field of view.”””® In this scheme, the spatial resolution is
uniquely defined by the resolution of the detector. The first direct
imaging of a shock wave passing into a solid using an XFEL pulse
was obtained in 2015, by combining a focused x-ray beam and
a high-power laser. More recently, the first reports of visualiza-
tion of shock waves in silicon using an XFEL have appeared.””
In these works, a point projection scheme was used to probe the
material.

Here, we use an XFEL source to make comparisons between
direct observations in experiments and hydrodynamic simula-
tions of wave splitting into an elastic shock precursor and a
plastic shock wave in diamond. We used a phase-contrast imag-
ing approach with unfocused XFEL probe beam and a lithium
fluoride (LiF) fluorescent detector,”” which has been success-
fully applied in recent studies of microscale phenomena in
plasmas.”®

The remainder of this article is organized as follows. In
Sec. II, a description of the experimental scheme is given,
together with an analysis of phase-contrast images of laser-
induced shock waves produced in the target. A description of
the simulation methods used in this work, as well as a compar-
ison of numerical results with experimental data and a discus-
sion, are presented in Sec. III. Our conclusions are presented in
Sec. IV.

Matter Radiat. Extremes 8, 066601 (2023); doi: 10.1063/5.0156681
© Author(s) 2023

8, 066601-2

2e6livL €20C 1dquIBNON G|


https://pubs.aip.org/aip/mre

Matter and
Radiation at Extremes

~

Shock Hugoniot \

plastic
e
>
7]
n
e
o . (~ Mbar)
N
s,
|:’HEL __________
elastic
Py

\ ~ Volume 'v,,/

RESEARCH ARTICLE pubs.aip.org/aip/mre

______

Direction of
SW propagation

FIG. 1. Outline of pump—probe experiment for visualization of elastic—plastic shock wave (SW) evolution in diamond with submicrometer spatial resolution. A shock wave is
driven by a focused drive laser (yellow) into a target consisting of an ablator (25 um thick polystyrene) and a 210 um thick monocrystalline diamond with crystallographic
orientation (100) along the propagation direction of the laser. A 7 keV XFEL beam (green) probes the target with a delay of several nanoseconds with respect to the drive
laser to observe the dynamics of the shock wave propagating in the diamond. An LiF detector is used to resolve the morphology of the low-contrast elastic—plastic shock

waves with submicrometer spatial resolution.

Il. EXPERIMENTAL RESULTS
A. Experimental setup

The experiment was performed at the SPring-8 Angstrom
Compact Free Electron Laser (SACLA XFEL, Japan) at the exper-
imental hutch EH5. A sketch of the experimental setup is shown
in Fig. 1. The nanosecond optical driver pulse [laser wavelength
532 nm, pulse duration ~5 ns, pulse energy 10-20 J, full width at
half maximum (FWHM) on sample 250 ym] was focused in the d;
direction on a multilayer target containing a thin layer of polystyrene
ablator under the diamond sample and loaded it up to several Mbar
pressure. The spatial and temporal profiles of the optical driver laser
are shown in Fig. S1 (supplementary material).

The multilayer targets used for our experiment were composed
of a polystyrene (1 g/cm’) ablator and a monocrystalline type ITa dia-
mond sample (3.51 g/cm®) with dimensions Ax x Ay x Az = 2000
x 2000 x 25 um® and Ax x Ay x Az = 1500 x 1500 x 210 ym?’,
respectively. The diamond crystallographic orientation was (100)
along the shock direction (which also corresponds to the direction of
the driving optical laser) and (010) along the XFEL irradiation direc-
tion. The diamond samples were made by chemical vapor deposition
and both 1500 x 1500 um? surfaces were polished before the ablator
was attached.

The evolution of the shock waves in the target was tempo-
rally resolved by irradiating the parallel XFEL beam (photon energy
7 keV, pulse energy 450 yJ, pulse duration 8 fs, divergence angle
~2 prad, FWHM in the target plane 600 ym) in the d, direction,
with the delay being changed relative to the optical drive laser irradi-
ation timing (Fig. 1). An ultrashort pulse duration of the XFEL beam
provided a temporal resolution of the phase-contrast imaging plat-
form in the femtosecond range (corresponding to a pulse duration

of the probe beam ¢ ~ 8 fs). An LiF fluorescent crystal detector was
used to capture the phase-contrast pattern in the dy-d, plane with a
submicrometer spatial resolution. For this, it was placed ~110 mm
after the diamond sample, giving an optimal spatial resolution of
0.4 ym in our experimental geometry (see Fig. S1 and “Resolution
and phase contrast approach” in the supplementary material). Note
that when the shock is launched within the optical laser spot on the
sample, it propagates through the ablator like a bubble in 3D. How-
ever, the XFEL probe projects this 3D elastic-plastic regime onto the
LiF detector as a 2D image in the dx—d; plane.

B. Observation of shock wave propagation
in diamond

The evolution of shock waves in the diamond sample was traced
up to 12 ns after the beginning of the main laser pulse. In Fig. 2(a), we
present a series of phase-contrast images recorded by the LiF detec-
tor at different delay times in the range from 3 to 12 ns. Note that the
images shown here are not from a single laser shot, but rather from
exposures with the same laser drive intensity (I = 6 x 102 W/cm?).
The time at which the shock enters the diamond after the ablator
has not been determined experimentally. To find this time, we sim-
ulated the interaction of the optical laser pulse with the ablator using
the hydrodynamic code MULTI (see Sec. I1I A). We calculated that
the shock wave generated in the ablator reached the diamond sample
2.05 ns after the start of the laser pulse with I = 6 x 10" W/cm?. For
comparison with experimental data, Fig. 2(b) shows the results of
the simulation of the shock wave evolution in diamond (the details
and conditions of the simulation are presented in Sec. I1I B, together
with a discussion of the results obtained).

The phase contrast enhancement and the submicrometer res-
olution of our experimental approach allowed us to clearly resolve
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FIG. 2. Dynamics of shock wave evolution for times t = 3-12 ns after interaction of an optical laser of intensity / = 6 x 10> W/cm? with the target. (a) Phase-contrast images
of shock wave evolution in diamond taken with the LiF detector located at a distance of 110 mm from the target. (b) Results of smoothed particle hydrodynamics (SPH)
simulation in 2D geometry (the strain rate map is shown). (c) Shock wave velocities at different times revealed from the experimental LiF image (red and blue dots) and the

SPH simulation (black and orange dots).

the front of the generated shock wave, even though the difference in
absorption between the shocked and unshocked regions of the dia-
mond was less than 0.5% (more details are given under “Resolution
and phase contrast approach” in the supplementary material). In the
region behind the plastic wave, the remaining traces of the plastic
deformation are visible.

At the initial stage of shock wave evolution (¢ = 3 ns), one can
observe only a single shock wave in Fig. 2(a), which indicates that
no noticeable wave splitting has occurred. At times in the range
3 ns < t < 5 ns, the shock wave splits into a clear two-wave struc-
ture in the diamond bulk, owing to the difference between the elastic
and plastic wave speeds.” Such a regime emerges because Pugy, is
exceeded: a plastic wave appears and begins to propagate in the elas-
tically compressed material with the bulk sound speed according to
the equation of state, while the elastic precursor outruns this wave
under the effect of shear stresses. The observed shock wave is sup-
ported by the laser pulse for several nanoseconds, after which the
release wave propagating from the ablator side reduces the plas-
tic wave amplitude. As a result, the plastic wave front disappears
completely in the range 10 ns < t < 12 ns, as shown in Fig. 2(a).

Using the data on the position of the shock wave fronts
obtained from the radiographic LiF images in Fig. 2(a), the veloc-
ities of the shock waves observed in the experiment were recon-
structed as they propagated inside the diamond. In Fig. 2(c), red
and blue markers indicate the velocities obtained for elastic and plas-
tic shock waves, respectively. It can be seen that the velocity of the

precursor does not change as it passes through the diamond (Vejastic
=19.0 + 0.5 km/s), and it is in good agreement with previous results
from VISAR"'" and x-ray imaging,”* as well as the longitudinal elas-
tic sound wave speed in the (100) direction of the diamond crystal.”
At the same time, the plastic shock wave slows down (from Vpjagic
=21.0 £ 2.5t0 15.2 + 0.5 km/s) and disappears between 10 and 12 ns
[Fig. 2(a)]. This direct observation of plastic shock wave slowdown
is an important result for model validation, especially with regard
to VISAR, which only allows velocity evolution to be estimated by
varying the target thickness or calculating the velocity averaged over
the entire transit. For example, previous work'' measured the veloc-
ity of the plastic shock wave to be Vpjaic = 13.64 + 0.39 km/s for the
same loading conditions of a (100)-oriented diamond sample, but
this was limited to probing the velocity at the rear surface, and could
not see possible changes in speed as the shock wave propagated.

lll. SIMULATION RESULTS AND DISCUSSION

To comprehensively investigate the state of a material under
shock wave loading, it is necessary to know not only shock wave
velocities, but also parameters such as pressure, density, ambient
particle velocity, strain rate, and bulk and shear moduli. Although
radiographic images only allow us to measure shock wave velocities
and to obtain a linear density map, other parameters can be revealed
from simulations. For this purpose, we performed a simulation of
shock wave propagation inside the target.
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Smoothed particle hydrodynamics (SPH) is widely used to
model compressible materials with strength when they are sub-
jected to extreme conditions. Under such conditions, propagation
of shock waves may be accompanied by the development of instabil-
ities, formation of cavities, material spallation, and fracture, which
are difficult to model using conventional Eulerian or Lagrangian
methods on a mesh. Most Eulerian codes and the aforementioned
Lagrangian MULTI code do not include material strength, which
is necessary to model the splitting of elastic and plastic shock
waves. The meshless SPH approach allows such phenomena to be
modeled naturally, without the need for complex algorithms to cap-
ture interfaces and free boundaries, and its Lagrangian formulation
enables particle sizes to be adapted in accordance with the material
strain.

The main reason for the application of SPH to the problem
here is its ability to model of materials with strength when they are
subjected to intense loads. Diamond has a uniquely high Pugr of
0.5-0.8 Mbar and was subjected to loads up to several Mbar
in our experiment. However, our SPH implementation lacks
radiation transport support, and so MULTI modeling of the
polystyrene-diamond interface was first performed to set up the
appropriate boundary conditions.

A. Polystyrene response to pump laser

Modeling of laser ablation and shock wave generation in
polystyrene was performed using the 1D radiation hydrodynam-
ics code MULTIL.’' For the simulations, we used SESAME Table
No. 7590 for polystyrene [gross chemical formula (CgHs),] and
SESAME Table No. 7830 for diamond, with initial densities p; = 1.1
g/lem® and p; = 3.52 g/em?, respectively. The plastic thickness was
set to 25 ym.

Figures 3(a) and 3(b) show the z-t diagrams as colormaps for
the density and the pressure, respectively, from a particular MULTI
simulation. They reveal the hydrodynamic processes occurring in
the target at time and space intervals of 1-5 ns and 20-50 pm,
respectively. The position 0 ym corresponds to the ablator-diamond
interface, and the “front” part of the ablator at which the laser pulse
arrives at time 0 ns (1% of the maximum laser intensity) is placed at
z=-=25yum.

The laser pulse is absorbed in the polystyrene ablator, result-
ing in extreme heating and pressure growth. The ablated surface is
evaporated and ionized, producing a plasma, and so the laser pulse
continues to be absorbed in the area of the corona with a critical
density (about two orders of magnitude lower than that in the solid
ablator). A laser pulse of intensity I = 6 x 10'> W/cm® produces
a pressure in the corona of about 2 Mbar, which keeps the bulk
of the ablator from unloading until the end of the pulse. An ini-
tial shock wave propagates along the ablator to the interface with
the diamond: the ablator layer is compressed by ~3 to 3.5 times (its
thickness changes from 25 to ~6 to 8 ym) as the pressure increases
to ~2 Mbar, which is close to the pressure at the laser ablation front
as shown in Fig. 3 at 2-2.5 ns.

The shock wave reaches the interface between polystyrene and
diamond at ~2.05 ns. The main shock wave begins to propagate
through the diamond sample, while the reflected shock wave begins
to propagate through the precompressed polystyrene, moving in
the opposite direction, from the diamond boundary to the ablation
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FIG. 3. (a) Density and (b) pressure maps obtained from 1D simulation using the
radiation hydrodynamics code MULTI.

front. This reflected shock wave passes the thin layer of the shocked
ablator in 0.4 ns and reaches the ablation front. The shock wave is
then reflected by this boundary and produces a spray of rarefaction
waves, resulting in ablator expansion. The rarefaction wave reaches
the surface of the diamond at ~2.7 ns and follows the main shock
wave in the diamond bulk.

One can note a “triangle” of high density in the ablator,
formed by the aforementioned shock wave that is reflected from the
ablator-diamond interface [Fig. 3(a)]. The density in this triangle
exceeds the initial density by 4.5-5 times, producing a pressure of
~4 Mbar, which is about twice the pressure in the plasma at the
ablation front [Fig. 3(b)].

The release wave reaches the interface at ~2.7 ns, which is less
than the pulse duration (5 ns). This leads to a pressure drop from
~4 Mbar to the pressure of the laser corona (~2 Mbar), which is sus-
tained until the end of the laser pulse duration. The velocity of the
ablator-diamond interface moves according to the applied pump: it
accelerates to ~7 km/s by 2.7 ns. The end of the laser pulse is followed
by a gradual decrease of pressure in the ablated plasma. As a result,
the unburnt part of the ablator begins to be released, and it is pushed
from the interface. The pressure on the diamond surface remains for
a few tenths of a nanosecond until the “signal” indicating the end of
the laser heating of the corona and zero pressure at the edge of the
unburnt ablator reaches the diamond. The release leads to a gradual
decrease in the interface velocity to almost zero.

The above mechanism is realized for laser pulse intensities
starting from 10'> W/cm® and higher. For lower intensities of the
order 10'" W/cm®, the shock wave passing through the ablator
reaches the ablator-diamond interface only after the end of the laser
pulse.
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The above simulations only consider a 1D case, but in reality
there is spatial variation in the ablator-diamond interface velocity
vp. The laser intensity in our experiments is assumed to have a super-
Gaussian distribution:

&\
I(r) =1Io exp |:(_2R%) ], (1)

where Ry » 125 ym is the radius of the laser spot, r is the distance
from its center, and I is the peak intensity.

To reproduce the response of a multidimensional ablator, we
model the velocity vp(t) at various laser intensities I € (0, Io] in the
1D MULTI code, and the values obtained are interpolated to give
vp(t, I). The latter function is then transformed to vp(r, t) = vp(t,
I(r)) and can be applied to model a multidimensional boundary con-
dition at the ablator-diamond interface, if the transverse gradients
of material velocity are notably smaller than the inwardly directed
normal gradient along the z direction.

Figures 4(a)-4(c) show the results of MULTI simulations of
velocity profiles and their interpolation. To construct vp(t, I), we
calculated ten interface velocity profiles in MULTTI for intensities
1€[0.1,1,2,3,4,5,6,7,8,9] x 10" W/cm?, as shown in Fig. 4(a).
The interpolation vp(t, I) thereby obtained is shown in Figs. 4(b)
and 4(c). One can see that the higher-intensity pulses arrive at the
ablator-diamond interface faster owing to a dramatic change in the

Single interpolated profile
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ablator sound velocity at high compression. The arrival of the shock
from the ablator leads to an extreme growth of velocity up to several
km/s, which is followed by a small plateau and a gradual release.

Using the distribution (1), the function vp(t, I) is transformed
to vp(x, t), where the x axis is directed along the spot diameter,
and the results are presented in Fig. 4(d) for several peak intensi-
ties Ip. One can see that the most intense load is formed around
the center of the spot, which is followed by the fast release. How-
ever, one can also notice a ring at the periphery that produces some
load after the release in the center, owing to the later arrival of a
peripheric shock wave. The latter is clearly seen for Iy = 3 x 10'
W/cm? in Fig. 4(d). It is unclear whether this effect is an artifact
of the interpolation, or whether it may appear in real simulations of
2D or 3D laser radiation absorption. Nevertheless, such small distor-
tion at the periphery does not affect the propagation of a main shock
wave in diamond, as we can see from the following SPH simulation
results.

B. Failure model for diamond under shock loading

As has recently been shown,””” the available models of metal
plasticity are not suitable for describing the mechanical deformation
of shock-compressed diamond single crystals at stresses beyond the
Hugoniot elastic limit. McWilliams et al.'' noted that diamond is
a brittle material, the response of which is close to that of silicon

(C) Interpolated MULTTI profiles

(a) Original MULTT profiles (b)
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FIG. 4. (a) Velocity profiles vp (t) of the ablator-diamond interface obtained in 1D MULTI simulations for various intensities. (b) and (c) Results of the velocity profile
interpolation vp(t, /) required for further multidimensional SPH simulations with strength. (d) Velocity profiles vp(x, f), where the x axis is directed along the spot diameter,
obtained using the spatial laser intensity profile for different peak intensities Ip = 1 x 10'2, 3 x 102, and 9 x 10" W/cm?.
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carbide ceramics, whose strength degrades because of material fail-
ure at shock loads above the Hugoniot elastic limit. In our study,
we used a failure model®® developed for strong ceramic materials
such as boron carbide and silicon carbide. This model assumes that
the strength of the intact material loaded to the Hugoniot elastic
limit begins to degrade with accumulation of plastic strain until the
lower strength boundary (failed material strength) is reached. The
shapes of the intact and failed material strength curves as functions
of pressure and strain rate guide the kinetics of the failure process.
The model parameters were first calibrated using the VISAR
data on uniaxial shock compression of diamond crystal in the
(100) direction provided by McWilliams et al.'' To obtain prelim-
inary parameters of the failure model for diamond, we performed
numerical simulations of the tests dh2, dh9, and dh18 (Fig. S4,
supplementary material). It is worth noting that our failure model
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is isotropic, but, being calibrated for the (100) direction, it should
be consistent with our XFEL observations. The impact in the exper-
iments described in Ref. 11 was performed using an intense laser
pulse applied to an aluminum buffer, and so the impactor velocity
was estimated according to the velocity plateau achieved at maxi-
mum compression. The width and height of the elastic precursor
and the kinetics of failure were adjusted by varying Poisson’s ratio
and the shape of the intact and failed material strength curves
(more details can be found under “Diamond failure model” in the
supplementary material).

In the framework of the failure model, 1D and 2D simulations
were performed using an SPH code’ to model the shock propaga-
tion in the diamond induced by the ablated layer of polystyrene (the
details of the simulation can be found under “Continuum mechan-
ics simulations” in the supplementary material). A comparison of

(b) (c)

2]5 SP 7|5 'IOIO 12]5 1?0 1?5 200 2|5 5]0 7]5 1q0 12|5 1]50 1]75 200

5.0
a5l 12 ns 1 3.00p 12 ns
: 2.5}
4.0r 1 1.50F
3.5+ 0.75f
50 1 1 1 1 1 1 1 1 1 1 1 Il
45 10 ns 3.00p 10 ns
X 5F 1 2.5}
4.0t : 1.50}
10 ns Az 3.5} A _ 0.75}
(")E 5.0 1 1 1 1 1 L 1 g 1 1 L L N L
_—- g 8ns = 3000 8ns
=45 % 2.25¢
‘B 1.50f
& 40 & o7s
[am] o
X sobli i N = SR
5ns 3.00f 5ns
8 ns | V4 457 fzg
4.0t :
075
5ol T P T
3ns 3ns
45
4.0
5ns A7 3535750 75 100 125 150 175 200 25 50 75100 125 150 175 200
Z coordinate in diamond, um Z coordinate in diamond, pm
1E+10L N \I ‘ I -m-Plastic
2 e
. 7 L .
50 g .
48 © 1E+09} . ]
46 e £ i
44 8 S *n
’ o—? 5 \\
42 = 1E+08 ~
4.0 §
138 O
0 = X, pm 72-2 2 4 6 8 10 12

- i i T I ] i
-300 -250 -200 -150 -100 -50 O

time, ns
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wave revealed by the SPH simulation.
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the experimental LiF images and the 2D continuum mechanics sim-
ulation® is shown in Fig. 2. A two-wave shock structure—an elastic
precursor followed by an inelastic compression wave—is observed
under loading of single-crystal diamond compressed to peak stresses
up to ~3 Mbar. As can be seen from a comparison of Figs. 2(a) and
2(b), the calculated SPH patterns successfully reproduce both the
appearance of an elastic precursor at times 3 ns < ¢t < 5 ns and the
disappearance of the plastic shock front at times 10 ns < t < 12 ns,
in agreement with the experimental radiographic images. There is
also good agreement between the velocities of the observed waves,
as can be seen in Fig. 2(c). For convenience, the experimental shock
fronts are indicated by dashed curves superposed on the correspond-
ing SPH results in Fig. 5(a). The density and pressure distributions
along the Z direction are shown in Figs. 5(b) and 5(c).

As we saw in the experiment, the simulated elastic and plas-
tic waves have not separated at 3 ns. The observed difference in the
propagated distance at that time may be due to nonuniform heat-
ing of the ablator, which results in wave front distortion. At 5 ns,
separation of the elastic precursor is seen in both experiment and
simulation, and the observed and predicted wave speeds become
close. At 8 ns, the waves have separated further, and the positions of
the simulated shock fronts agree well with those in the experiment.
The rarefaction wave overtakes the plastic wave at about 10 ns, and
so it almost disappears: the predicted position of the remaining part
still agrees with the experiment. Finally, although the plastic wave
has disappeared at 12 ns, the elastic wave continues to propagate fur-
ther. One should note the presence of oblique lines in the calculated
density distributions in Fig. 5(a). These lines are the directions of
destruction of the diamond under its loading.

The correspondence obtained is in agreement with the exper-
iments by McWilliams et al.'' that were used to fit the failure
model of diamond. The best agreement between the experimentally
measured and simulated velocities is achieved by setting the yield
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strength to 0.7 Mbar and Poisson’s ratio to 0.1 (for more details, see
under “Diamond failure model” in the supplementary material). It
should be also noted that by directly comparing the experiment with
the simulation, it was found that the strain rate in the plastic wave
dropped from 1.5 x 10" t0 5.6 x 10 s™" [Fig. 5(d)].

The SPH simulation presented here demonstrates the possibil-
ity of reproducing the complex phenomena of wave splitting in the
bulk of a material sample. The series of experimental images can be
used to adjust the strength model precisely by tracking the positions
of the shock fronts.

C. Estimation of density gradient in shock waves

As part of our study of shock wave morphology, we estimated a
density gradient (the width of the shock wave fronts) using a method
based on analysis of monochromatic x-ray images with high spatial
resolution in phase contrast. For this, we performed a simulation
of the phase-contrast images observed in the experiment to compare
them with experimental data. The modeling of these images was per-
formed using an open-access software framework for coherent and
partially coherent x-ray wavefront propagation simulations, Wave-
PropaGator (WPG).”® The mathematical description used in WPG
for modeling the propagation of XFEL radiation through composite
targets is presented in detail in Ref. 27. As the probe, we considered
an XFEL beam with the same initial parameters as described earlier
in this article.

Images corresponding to times ¢t = 3 ns (one shock wave is
observed) and ¢ = 8 ns (two shock waves are clearly visible) were
selected for analysis. To simulate the propagation of the SACLA
beam through a shocked diamond sample, a number of independent
parameters were introduced, including the density of the com-
pressed material and the density gradients and density amplitudes
of the shock waves (further details can be found under “Estimation
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of density gradient in shock waves” in the supplementary material).
After setting up the incident beam and the transmission plane (tar-
get), we propagated the wavefront using a free-space propagator
over a distance of 110 mm to the observation plane (LiF detector).
By fixing parameters retrieved from SPH simulations [the density
distribution in the diamond sample along the propagation direc-
tion of the shock wave, as shown in Fig. 5(b)] and by varying the
density gradients of the shock waves at the fronts, we found the
solutions describing the experimental phase-contrast image profiles
for the time delays of 3 and 8 ns. We found that the width of the
elastic—plastic structure at 3 ns was 50 nm, and the widths of the
fronts at 8 ns were 40 and 70 nm for the elastic and plastic shock
waves, respectively (Fig. 6). These estimates are an order of magni-
tude higher than the values expected from theoretical considerations
(of the order of the interatomic lattice spacing), which could be due
to two reasons:

e We do not observe a flat shock wave front, but a curved one,
which blurs the experimental profile of the phase-contrast
image.

o The detector resolution obviously increases the experimen-
tally measured profile, which is then compared with the
model.

D. Discussion

Several advantages of our experimental-theoretical approach
compared with existing approaches should be mentioned, to avoid
researchers from misunderstanding their data:

e VISAR does not allow the measured velocities to be directly
associated with specific waves. This problem is even more
severe when the material under study is opaque to visible
light. Information is then transported to the rear surface of
the sample, where it is mixed, and analysis is much more dif-
ficult (see, e.g., Ref. 11). In addition, it should be noted that
the loss of stability of the surface of the test sample during
melting can lead to a strong decrease in its reflectivity due to
a strong shock wave effect, which limits the range of applica-
tion of interferometric methods in the study of shock wave
processes.

e The decrease in the plastic wave velocity observed in our
work is a crucial parameter to benchmark the experimen-
tal data against numerical simulations and help constrain
material properties (yield strength and Poisson’s ratio).

The experimental scheme presented in this study allows us to
overcome these difficulties, since the two-wave structure is clear in
our data. At first sight, the presence of a paired wave structure in
diamond pumped with a ~6 TW/cm? laser is in contradiction with
the study by Schropp et al.,”” in which an experiment was performed
with diamond at approximately twice the laser drive intensity. The
propagation of a shock wave was recorded in phase-contrast images,
but the splitting regime was not observed. To resolve this contradic-
tion, we performed further SPH modeling using the diamond model
calibrated with our experimental data, assuming the experimental
conditions of Shropp et al.”?

Figure 7 shows the results of the 1D calculations, which show
the presence of a plastic shock wave splitting from the elastic shock
front in the early stage of wave evolution. The wave splitting is vis-
ible after 0.4 ns, but the plastic wave decays by 0.6 ns, which makes
it difficult to observe this phenomenon in the study by Schropp
et al.”> Our simulation shows that the intense damage caused by
the plastic wave after the intense loading introduces density fluctua-
tions into the material. The plastic wave leaves a region of damaged
material, which corresponds to the trace of plastic deformations in
the form of a dark zone with fixed width of 13-15 ym observed in
the phase-contrast images.”” The strain produced by the elastic wave
is reversible, and so the diamond unloads to near-normal density.
It should be noted that this elastic wave gradually decays, but in the
study by Schropp et al.*” it was found to be faster owing to unloading
from the free boundaries of the sample, which was not accounted for
in our 1D simulation. Nevertheless, the wave speed observed in our
simulation agrees well with the shock velocity V' = (19.9 + 1.7) km/s
measured by Schropp et al.””

IV. CONCLUSION

In this article, we have taken a significant step in the fur-
ther implementation of the phase-contrast approach by using an
unfocused XFEL probe beam and, for the first time, directly
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resolving the splitting of a shock wave into an elastic precursor and
a plastic shock wave in diamond. We have succeeded in tracing
the evolution of the structure from the moment of appearance of
the elastic precursor up to the stage of disappearance of the plastic
shock wave at submicrometer resolution, as well as the remaining
traces of plastic deformation. A single direct measurement allows
one to validate a strength model for diamond in the range of sev-
eral Mbar. The excellent agreement achieved between experimental
data and continuum mechanics modeling shown in our work not
only paves the way for direct measurement of the dynamic yield
strength of materials as a function of strain rate, but also highlights
the usefulness of XFEL facilities for the study of high-speed crack
dynamics and unusual stress-induced solid-state phase transitions.
The combined experimental-theoretical approach presented here
opens new horizons in the development of models and the validation
of pressure-driven shock wave simulations. This goes well beyond
equation-of-state measurements using VISAR, by allowing obser-
vations of the continuous evolution of the two-wave structure and
of evolution throughout the depth of the target, thus enabling the
extraction of much more information about the processes involved,
as well as direct comparison with simulated data.

SUPPLEMENTARY MATERIAL

The supplementary material contains an extended description
of the methods used for the study presented in the article.
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