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Dynamic-compression experiments on geological materials are important for
understanding the composition and physical state of the deep interior of the Earth
and other planets. These experiments also provide insights into impact processes
relevant to planetary formation and evolution. Recently, new techniques for dynamic
compression using high-powered lasers and pulsed-power systems have been
developed. These methods allow for compression on timescales ranging from
nanoseconds to microseconds and can often achieve substantially higher pressure than
earlier gas-gun-based loading techniques. The capability to produce shockless (i.e.,
ramp) compression provides access to new regimes of pressure-temperature space
and new diagnostics allow for a more detailed understanding of the structure and
physical properties of materials under dynamic loading. This review summarizes these
recent advances, focusing on results for geological materials at ultra-high pressures
above 200 GPa. Implications for the structure and dynamics of planetary interiors
are discussed.
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INTRODUCTION

There is a growing interest in application of experimental studies of geological materials at ultra-
high pressure-temperature conditions to both new and long-standing problems in Earth and
planetary science (Dufly et al., 2014). Such experiments can address fundamental questions about
the structure, dynamics, and evolution of the deep Earth. In addition, the discovery of thousands
of extra-solar planets around other stars in our galaxy raises new questions about the diversity
of planetary architectures and how such planets might form and evolve. The size range between
Earth and Neptune represents the most abundant population of exoplanets detected to date
(Borucki, 2016). These planets have no direct analogs in our own solar system and potentially
represent novel planetary types. The measured densities of some of these planets are indicative
of bulk compositions comparable to those of terrestrial planets in our solar system (Howe et al.,
2014). There has been a considerable interest in the interior structure and dynamics of these
so-called “super-Earths” (Driscoll, 2018). Fundamentally different types of planets may also exist
including mini-Neptunes and water- or carbon-enriched planets (Seager, 2013). Knowledge of the
composition and mineralogy of a planet is necessary for determining its evolution, inner structure,
and thermal behavior (Unterborn et al., 2014). Currently, a lack of constraints on the physical and
chemical properties of materials at extreme conditions severely limits progress on these questions.
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The pressure and temperature range encompassed in
planetary interiors are vast (Figure 1). The Earth’s silicate mantle
extends to 2,900-km depth and reaches a pressure of 135 GPa
(1.35 Mbar) at its base. The core, which contains one-third of the
Earth’s mass, extends to 6,371-km depth and reaches a pressure
of 363 GPa. Temperatures in the Earth’s interior are less well
constrained but are expected to range from ~1,500 to 2,500 K
through the mantle and may reach as high as 6,500 K at the center
of the Earth. Ice-giant planets such as Uranus and Neptune are
estimated to achieve pressures up to 700 GPa at their centers
whereas Jupiter’s central conditions is estimated at ~7 TPa and
10,000 K. A rocky super-Earth planet of ten Earth masses in size
is expected to reach more than 1 TPa at the base of its silicate
mantle and close to 4 TPa at the center of the iron-alloy core
(Wagner et al., 2012) (Figure 1A). The plausible temperatures in
these bodies span a wide range depending on assumptions about
their formation and interior evolution (Wagner et al., 2012;
Stixrude, 2014) (Figure 1B).

Experimental studies of materials at deep planetary-interior
conditions have historically been performed mainly via static
compression using the diamond anvil cell (Dufty, 2005; Shen
and Mao, 2017). Such studies are usually restricted to less than
200 GPa although recent advances are extending this limit to
higher pressure. To experimentally reach pressures into the
terapascal range and temperatures up to 10,000 K or more,
dynamic-loading techniques — shock and ramp compression — are
the only experimental methods available. Dynamic compression
techniques, which involve loading durations from nano- to
microseconds, have undergone rapid development in the
last decade, greatly extending the accessible conditions and
types of measurements that can be performed. While the
extended pressure-temperature range is a significant advantage
of dynamic compression, the short timescales involved may
result in non-equilibrium material behavior (Duvall and
Graham, 1977; Smith et al, 2013). For example, phase
transitions may need to be overdriven in pressure or result
in transformation to a metastable phase. Careful comparisons
between static, dynamic, and theoretical results are necessary to
evaluate these effects.

There is strong interest in material behavior under extreme
conditions of pressure and temperature across many disciplines
including materials science, chemistry, and condensed matter
physics (Remington et al., 2015; Falk, 2018). The large reduction
in volume of solids at multi-megabar pressure and beyond
produces substantial changes in coordination, packing, and
bond distances. When pressure exceeds 100 GPa, the energy
changes associated with compression reach electron-volt levels
and begin to equal or exceed chemical bonding energies
(Jeanloz, 1989). This can lead to delocalization of electrons or
participation of filled valence or core shells in chemical reactions.
Existing bonds may be greatly modified and new bonds created.
Our conventional understanding of structure, electronic, and
magnetic properties based on periodic trends among the elements
at low pressures may no longer be valid (Grochala et al., 2007).
Theoretical studies predict that many materials will exhibit
unusual structural or chemical behavior at these pressures (Zurek
and Grochala, 2015).
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FIGURE 1 | (A) Schematic representation of interior structure of Earth and a
ten-Earth-mass planet showing selected expected phases in the MgO-SiO»
system. (B) Range of pressure-temperature conditions in representative
planetary interiors. Pressure-temperature range for Earth and plausible range
for a ten-Earth-mass rocky planet are shown as black curves and gray
shaded regions (Wagner et al., 2012; Stixrude, 2014). Ice giants (blue) are
represented by Neptune and exoplanet GJ1214b (Nettelmann et al., 2011).
Melting curves for SiO» (Millot et al., 2015) and Fe (Bouchet et al., 2013) are
shown as dashed green and red lines.

In this review, recent advances in dynamic compression
focusing on geological materials at ultra-high pressure of 200 GPa
and above will be summarized and applications to geophysics and
planetary science will be discussed.

HISTORICAL OVERVIEW OF
HIGH-PRESSURE TECHNIQUES

Investigations of material properties at high pressure and
temperature are conducted using a wide array of experimental
techniques. Static compression studies are most commonly based
on the use of multi-anvil or diamond anvil cell devices to
achieve sustained high-pressure states. Dynamic compression
was historically conducted primarily through the use of gas-gun
technology, but more recently high-powered lasers and pulsed-
power drivers have increasingly been adopted. Traditionally
dynamic compression was restricted to the generation of
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FIGURE 2 | Progression of pressures achieved in the laboratory as a function
of year for shock (open squares), static (red circles), and ramp-compression
techniques (purple diamonds). Nuclear refers to experiments conducted in
association with the testing of nuclear weapons.

shock-compressed states only, but ramp (shockless) dynamic
compression has developed rapidly in recent years. Dynamic-
loading techniques and the major diagnostics used to probe
material properties are described in detail below.

Figure 2 depicts the historical progression of pressures
achieved in laboratory experiments using static, ramp, and shock
compression techniques. Increases in experimental pressures
achievable under static compression have been marked during
the last century by a number of technical advances: the use by
Bridgman of tungsten carbide cells in the mid-1930s (Bridgman,
1935) and the first diamond anvil cell in the late 1950s (Weir
et al., 1959; Van Valkenburg, 1962; Bassett, 2009). Diamond cell
technology together with the development of the optical ruby
fluorescence method of pressure measurement in 1972 (Forman
et al., 1972) stimulated profound advances in high-pressure
research. In recent years, the application of microfabrication
techniques to improve conventional anvils had led to the
development of toroidal (Dewaele et al., 2018; Jenei et al., 2018)
and double-stage anvils (Dubrovinskaia et al., 2016) allowing
for static pressure approaching a terapascal (TPa) to be reached,
although restricted to room-temperature compression thus far.

Large laser facilities emerged in the 1970s with the first
demonstration of generating strong shock waves with lasers
occurring in 1979 (Trainor et al., 1979). The first high-accuracy
shock wave-profile measurements under laser compression
resulted from advances in laser interferometry diagnostics
(see discussion below) (Celliers et al, 1998). Ramp-wave
loading techniques, which access a cooler compression path
compared with shocks (Figure 3), have been demonstrated
using several drivers such as magnetic-pulse loading (Hawke
et al.,, 1972; Asay, 2000), graded-density-impactors on gas-gun
facilities (Chhabildas and Barker, 1986), chemical energy of

high explosives (Barnes et al., 1974), and high-powered lasers
(Edwards et al., 2004; Swift and Johnson, 2005). The characteristic
loading time for graded-density-impactor loading is ~1 s, for
magnetic ramp loading it is ~100 ns, and for laser-ramp-loading
it is ~10 ns. The ability to vary the ramp-compression time scales
enables the study of time-dependent material behavior associated
with structural changes and deformation in solids subjected to
extreme compressions (Smith et al., 2013). Recent advances in
laser-pulse shaping and power have enabled measurements of
material properties along a ramp compression path to as high as
5 TPa on the National Ignition Facility (Smith et al., 2014).

DYNAMIC COMPRESSION OVERVIEW

A shock wave is a large-amplitude mechanical wave across
which pressure, density, particle velocity, temperature, and other
material properties change nearly discontinuously (Asimow,
2015). Shock waves propagate with supersonic velocity relative
to unperturbed material ahead of the shock front, and the shock
velocity, Us, is amplitude dependent. A particle velocity, u,,
is imparted to material behind the shock front. The Rankine-
Hugoniot equations express conservation of mass, momentum,
and energy across the shock discontinuity:

KZ& (1)
po Us—up’

P — Py = poUstip, (2)
1 1 1

where P is pressure, p is density, E is specific internal energy,
and the subscript 0 refers to the initial unshocked state. These
equations assume fluid-like behavior. For a solid, owing to the
one-dimensional loading and intertial confinement, a uniaxial
strain state is generated. A correction is then needed to account
for deviatoric stresses to relate the measured longitudinal stress
to a corresponding hydrostatic pressure.

Shock compression is thermodynamically irreversible and
a substantial portion of the energy in a shock wave goes
into raising the entropy and temperature of the material
(Figure 3). At low pressures, the temperature rise is modest,
but temperature increases strongly at higher compression. Shock
heating ultimately leads to the melting of solids. This typically
occurs at pressures of ~100-300 GPa for silicates, oxides,
and metals of geological interest, so shock-wave experiments
at ultra-high pressures are usually probing high-temperature
liquid states (Figure 3). There is also a limiting value to the
compression achievable by shock compression as the energy
becomes increasingly partitioned into additional heating of the
sample rather than compression (Johnson, 1999).

Historically most shock-compression experiments have been
based on the use of two-stage gas guns to accelerate a disk-
shaped flyer plate to several kilometers per second. The flyer
plate impacts a target generating a shock wave that propagates
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FIGURE 3 | For laser-based compression, the temporal profile of laser intensity determines the pressure, temperature, and density states within a sample. Shock
experiments produce a single state along the Hugoniot, which at high pressure, is characterized by strong sample heating. A significantly cooler compression path is
generated in ramp compression experiments which access pressure—density close to the material’s isentrope. In ramp experiments the solid state can be maintained
to high pressure (Wicks et al., 2018) although the exact pressure-temperature path is not directly constrained in these experiments.

through the sample (Ahrens, 1987) (Figure 4). Measurement
of the shock and particle velocities in the sample enable the
thermodynamic state (P, p, E) to be constrained through
application of the Rankine-Hugoniot equations (Egs. 1-3). In
addition, a linear relationship between the shock wave velocity
and corresponding particle velocity is observed empirically over
a range of compression for many materials. This is known
as the shock wave equation of state. Deviations from a linear
Us — up relationship may be indicative of dynamic yielding or
phase transitions.

The Hugoniot curve is the locus of final states achieved
with a single shock from a given set of initial conditions (note
that it is not the thermodynamic path followed during shock
compression). Each shock experiment thus determines a single
datum on the Hugoniot curve (Figure 5A). An important
consequence of Egs. (1-3) is that an independent pressure
calibrant is not necessarily required for shock experiments as
pressure can in many cases be determined from the measured
flow variables (Us and u,) and conservation of momentum.
For this reason shock-wave data corrected for the effects of
temperature are commonly used for the calibration of pressure
standards in static diamond anvil cell experiments (Nellis,
2007). Note also that the Hugoniot equations do not constrain
temperature directly, but temperatures can be calculated using
thermodynamic relationships or by measurement of the thermal
radiation emitted by the shocked sample (Svendsen and Ahrens,
1987; Luo et al., 2004; Eggert et al., 2009).

Thermodynamic paths of interest for compressed states of
matter are compared in Figure 5. The isotherm is the pressure-
volume response of a material at constant temperature. The
300-K isotherm can be measured in a diamond anvil cell
experiment, whereas the 0-K isotherm or cold curve can be
obtained from ground-state theoretical calculations such as
those using density functional theory (DFT). The isentrope
is the thermodynamic path that corresponds to continuous
compression that is both adiabatic and reversible. In this case,
there is no heat flow out of the system and as a result a
modest temperature rise results from compression. The isentrope

thus lies above the isotherm in pressure-density and pressure-
temperature space (Figures 3, 5). The Hugoniot is the result of
adiabatic, irreversible shock compression, resulting in a high-
temperature state and a pressure offset from the isotherm and
isentrope that increases with compression. At lower pressures
where shock heating is small, the Hugoniot lies close to the
isentrope (neglecting strength effects), but the curves diverge
increasingly at higher pressure (Figure 3). Shock experiments
produce extremely high rates of loading (strain rates of ~10%-
10° s71) and thus kinetics and time-dependent material behavior
may be important. These factors, together with the different
pressure-temperature states achievable, make shock experiments
distinct from, but complementary to, static compression using
diamond anvil cells. Detailed reviews of the fundamentals of
dynamic compression with an emphasis on shock-wave studies of
geological materials are available in the literature (Ahrens, 1987;
Asimow, 2015).

An alternative dynamic-loading technique attracting
increasing interest for the study of materials under ultra-
high pressures is ramp loading (Hall et al., 2001; Reisman et al.,
2001; Edwards et al, 2004). Ramp compression is achieved
through a continuous increase in dynamic pressure rather than a
discrete jump associated with a shock wave. It can viewed as the
limit of a series of weak shocks that compress a sample in small
steps up to the final pressure. Ramp compression rise times are
typically 10-100 ns, compared with ~1 ps for shock compression
(Figure 5C). As a result the sample is compressed sufficiently
rapidly that heat flow remains negligible but slowly enough to
avoid forming a shock. In the ideal case, ramp compression thus
follows an isentropic thermodynamic path. However, due to the
presence of shear or viscous stresses, irreversible processes such
as plastic work heating result in an entropy increase and a rise in
temperature (Figure 3).

Ramp loading has a number of advantages for studying
materials at ultra-high pressures. The reduced heating
means that solids can be compressed to very high pressure
without melting. Furthermore, there is no upper limit on
compression achievable by ramp methods, in contrast to
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shock compression. The technique enables access to the wide
range of pressure-temperature states that lie between the
isotherm and the Hugoniot (Figure 3). Moreover, ramp loading
produces measurements of a continuum of pressure-density
states along the load curve, unlike traditional steady shock
compression which yields only one data point on the Hugoniot
per experiment (Figure 5). However, ramp loading can be
challenging to maintain experimentally during propagation
through a sample because the increase in sound velocity with
pressure tends to cause large-amplitude pressure waves to
steepen into shocks.

DYNAMIC LOADING TECHNIQUES

In a laser-compression experiment, a large pulse of laser
energy (~1013 — 10" W/cm?) is deposited on the surface of
an absorbing medium (Figure 4B). This rapidly heats and
ablates the material which expands outward at high velocity as
a result. Conservation of momentum results in a corresponding
compression wave being driven into the sample as the heated
material expands backward. The temperature of the ablated
material reaches to above 1 keV (1 eV = 11,600 K) resulting in
ionization and plasma formation. The following expression can
be used to estimate the ablation pressure, Py, (Drake, 2006):

I

Pah(Mbar) =8 (W

2/3
) M m),(4)
where A is the laser wavelength. Here the laser irradiance,
I = E/(At), where E is the laser energy, A is the laser focal spot
area, and f is the pulse duration. Based on this expression, the

use of a 351-nm laser focused to a 0.8-mm-diameter spot and a
4-ns pulse can generate pressures from 200 GPa to 1 TPa with
laser energies ranging from 100 J to 1 kJ. A detailed description
of the laser-matter interactions involved in generating ultra-high
pressures can be found in the literature (Drake, 2006; Falk, 2018).

Laser facilities in use for dynamic-compression experiments
on geological materials include the Omega Laser Facility at
the University of Rochester (Boehly et al.,, 1997), the GEKKO
XII laser at the University of Osaka (Ozaki et al., 2004), the
LULI2000 laser at the Ecole Polytechnique in Palaiseau, France
(Ozaki et al., 2006), and the National Ignition Facility (NIF)
at Lawrence Livermore National Laboratory (LLNL) (Hurricane
and Herrmann, 2017). Table 1 lists these and selected other major
laser facilities and some basic characteristics.

The Omega facility consists of two neodymium:glass laser
systems (Omega-60 and Omega-EP) operating at 351 nm.
Omega-60 has 60 beams, each of which can provide up to
500 J of energy. Omega-EP has four beams that can deliver as
much as 6,500 J/beam over 10-ns pulse lengths. The lasers can
be focused onto mm-sized targets at the center of a spherical
chamber with each beam capable of being individually positioned
with a pointing accuracy of 15 pm and a timing accuracy of
5 ps. Optical components known as phase plates are used to
smooth intensity variations in the beam. A key feature of laser
facilities is their flexible pulse shaping, which allow users to
design and apply a range of pulse shapes to produce controlled
loading states (Figure 5). Individual pulses at Omega-60 can
be up to 3.7 ns in duration but longer composite pulses using
multiple beams can also be designed. The independent spatial and
temporal targeting capability at multi-beam laser facilities allows
for complex experimental designs such as driving a compression
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TABLE 1 | Characteristics of representative high-powered laser facilities for dynamic-compression experiments.

Facility Energy (kJ) Beams Pulse length (ns) Wavelength (nm) Max. Reported Ramp Pressure (TPa) Location

NIF 1,800 192 30 351 5 California, United States
Omega-60 40 60 3.7 351 1.3 New York, United States
Omega-EP 26 4 10 351 1.3 New York, United States
Gekko-XII 10 12 10 351/532 - Osaka, Japan

LIL* 5 1 20 351 1.0 Bordeaux, France
LULI2000 0.4 2 5 527 0.2 Palaiseau, France
LMJ** 1,500 176 25 351 - Bordeaux, France

Pressure states listed refer to pressure reported in ramp-compression experiments. *Closed in 2014; **under commissioning. NIF, National Ignition Facility; LMJ, Laser

Mégajoule; LIL, Ligne d’Intégration Laser; LULI, Laboratoire pour I'Utilisation des Lasers Intenses.

wave into the sample with some of the beams while using others
to generate an X-ray source to probe the compressed sample

after a time delay.

The National Ignition Facility at LLNL, the world’s largest laser
system, was designed primarily for studies of inertial confinement

fusion but a portion of shot days are allocated to basic science.
NIF has 192 beams capable of delivering up to 1.8 MJ of total laser

energy at 351 nm. In addition to unprecedented high power, NIF

has the ability to deliver shaped pulses up to 30 ns in duration,
with an accuracy within 1% in power. These capabilities provide
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the energy and control necessary to ramp compress matter to
several terapascals (Smith et al., 2014).

Ultra-high pressure dynamic experiments can also be
conducted using the Z machine at Sandia National Laboratory. Z
is a pulsed-power facility that can produce currents as high as 20
MA and magnetic fields to 10 MG (Matzen et al., 2005). Discharge
of a large capacitor bank through a closely positioned anode
and cathode pair with currents flowing in opposite directions
generates a magnetic force that can rapidly accelerate materials at
high strain rates with different possible loading profiles including
both shock and ramp compression (Figure 4D). Additionally, Z
can be used to accelerate flyer plates and thus drive shock waves
through plate-impact techniques. Experiments on Z have reached
450 GPa along a ramp compression path (Kraus, 2016) and nearly
1.7 TPa along the shock Hugoniot (Knudson and Desjarlais, 2013;
Ozaki et al., 2016).

There are three major dynamic compression techniques being
used to achieve ultra-high pressure: steady shock compression,
decaying shock compression, and ramp compression. Figure 5
provides an example of how laser pulse shaping (left column)
can achieve each of these and produce different thermodynamic
compression paths within a sample under study. In Figure 5A,
a 10-ns near-flat-top laser pulse shape generates a temporally
steady-shock traveling through the sample at a pressure-
dependent shock speed, Us(P). Here, a single peak compression
state on Hugoniot (P;, p;) is generated. Alternatively, if the
laser pulse is short (~1 ns), a release wave from the drive
surface overtakes the shock front and the shock decays as
it propagates, generating a continuum of Hugoniot states
(Figure 5B). Measurements of shock velocity and temperature
as the decaying shock traverses the sample can be used to
make a series of continuous measurements along the Hugoniot
(Figure 5B) (Millot et al., 2015). If the applied laser pulse
has a ramp-like shape (Figure 5C), the compression wave
that propagates through the sample has a pressure-dependent
particle velocity, u,(P). Here the compression states generated
are close to the material’s isentrope. Other types of drivers, gas
guns and pulsed power, can also be used to access different
types of compression pathways (Chhabildas and Barker, 1986;
Knudson, 2012).

Steady Shock Compression

Both laser and pulsed-power facilities can be wused to
generate steady shock waves in samples (Figure 5A). For
laser experiments, a typical target package consists of a foil
sample sandwiched between a polyimide ablator material and a
LiF or quartz window (Figure 4B). For typical experiments at
the Omega-60 laser, a ~4-ns flat-topped laser pulse is focused
using phase plates to a diameter of ~1 mm on the surface of the
polyimide. Ablation of the polyimide produces a steady shock
wave in the target package resulting in sample compression to
100s of GPa (Wang et al., 2015).

Alternatively, the laser pulse may be used to accelerate a flyer
plate across a gap to strike a target (Swift et al., 2005). A similar
approach can be used to generate very high impact velocities at
pulsed-power facilities. The large current pulses generated by the
Z machine create a strong magnetic field and the combination of

the current and magnetic field create a Lorentz force, F =] x B
that can be used to accelerate flyer plates to as fast as 40 km/s
(Lemke et al., 2005; Knudson et al., 2008; Root et al., 2015). This
is much higher than the projectile velocities that can be achieved
with two-stage light-gas guns (<8 km/s). The current pulse
is designed so that the flyer plates are shocklessly accelerated
such that the impact side of the flyer plate remains at solid
density upon impact.

Decaying Shock Compression

In a decaying shock wave experiment, the laser pulse is designed
to produce a strong shock that decays as it propagates through
the sample (Figure 5B). That is, each successive layer in the
material is compressed from its initial condition to a different
final Hugoniot state with pressure and temperature decreasing
with shock propagation distance (Bradley et al., 2004; Eggert
et al., 2009). An advantage of this technique is that it allows for
measurements along a continuous series of Hugoniot states in
a single experiment rather than obtaining only a single datum
as in a traditional plate-impact or laser-shock experiment. The
samples used in these experiments must be initially transparent
but become ionized and partially reflecting upon shock loading
of sufficiently high amplitude (typically a few hundred GPa).
The sample reflectivity allows for continuous measurements of
the shock velocity and shock-front temperature as the shock
decays during its transit across the sample (see Diagnostics
section below). To convert the measured shock velocity to
pressure and density requires either knowledge of the Hugoniot
relationship of the sample or use of a calibrated standard.
Phase transitions such as melting can be identified in these
experiments by observation of temperature anomalies associated
with energy changes resulting from the transition (Bradley et al.,
2004; Millot et al., 2015). Relative to more traditional supported
shock experiments, the main disadvantage of decaying shocks, in
addition to restrictions on sample properties, is that the technique
may be less likely to achieve equilibrium or a phase transition to
a well-defined shock state.

Ramp Compression
The effort to develop dynamic ramp-loading techniques began in
the 1970s (Barnes et al., 1974) but made only modest progress
for many years. The advent of high-powered laser and pulsed-
power facilities reinvigorated this effort (Remington et al., 2015).
Ramp loading to ultra-high pressures typically uses temporally
shaped compression pulses of ~10-100 ns in duration (Bradley
et al., 2009; Knudson, 2012). In direct-drive experiments, a
laser directly impinges on an ablator in the target assembly
(Figure 4B). Alternatively, in indirect-drive experiments the laser
beams are directed into a small hollow gold cylinder called a
hohlraum (Figure 4C). The laser heats the hohlraum which emits
X-rays that impinge on and ablate the sample (Smith et al., 2014).
Indirect drive produces a more spatially uniform compression
wave, although some energy loss occurs during the conversion
to X-rays.

In a ramp-compression experiment, the in situ particle
velocity is measured at two or more positions within the sample
under uniaxial strain. This is accomplished using velocimetry
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measurements (described below) on a stepped target containing
multiple thicknesses (Smith et al., 2018) (Figure 4C). Data
analysis is performed using a Lagrangian approach and the
method of characteristics and involves solution of the differential
form of the Rankine-Hugoniot equations (Rothman and Maw,
2006). Measurements of the sample’s free-surface velocity are
used as initial conditions for spatial integration backward into
the interior of the sample. Wave interactions arising at the free
surface or material interfaces can strongly perturb the analysis,
and corrections for these effects must be applied. The method is
strictly applicable in the case of simple wave propagation, where
deformation is not affected by changes in compression rate, and
the presence of phase transitions and elastic-plastic behavior may
lead to non-uniqueness in the solutions.

Target Design

The target design is a key element of a successful dynamic-
compression experiment (Prencipe et al, 2017). A schematic
illustration of representative designs for different types of
dynamic-compression experiments is shown in Figure 4. For
laser experiments (Figure 4B), the target package typically
includes a low-Z ablator (~50-100 pwm thick), the sample (~10-
50 wm thick), and a window (100-500 pm thick). While in some
cases, the sample can be directly irradiated by the incident laser,
the use of separate ablator material is generally advantageous for
smoothing spatial variations in the load arising from the intensity
variations in the laser. Depending on experimental requirements,
a wide range of materials may be suitable ablators including
plastics, beryllium, and diamond. Diamond is particularly useful
in ramp-compression experiments as its low compressibility
makes it resistant to forming a shock wave.

Samples may be either single crystals or polycrystalline.
Typical dimensions range from 10 to 50 pwm in thickness and up
to several mm in lateral dimensions. The thickness of the sample
should be optimized to maintain inertially confined loading
conditions over the duration of the experiment. In some cases
a thin film of a metal such as gold will be deposited in front
of the sample as a shield to prevent pre-heating by the laser
drive (Figure 4B). A window mounted on the back surface of
the sample maintains the pressure and avoids rapid release into

the surrounding vacuum. Commonly used window materials
include single-crystal diamond, LiF, quartz, and Al,Os. In most
cases, a transparent window is desired although materials may
lose transparency under dynamic compression. For example,
diamonds becomes opaque above its elastic limit near 100 GPa.
The different layers of the target package are bonded using glue
layers that must be made as thin as possible, ideally submicron.
Additional metallic or anti-reflection coatings may need to be
applied to target layers as well. Strict tolerances on thickness,
parallelism, roughness, and optical quality are often required.

Diagnostics

Advances in ultra-high pressure experiments stem not only
from development of facilities and but also from advances
in diagnostic capabilities (Remington et al., 2015; Falk, 2018).
Laser velocimetry and pyrometry are established techniques
that provide fundamental continuum-level constraints on the
behavior of dynamically compressed materials. More recently,
development of X-ray diffraction and absorption spectroscopy
capabilities have allowed for examination of atomic-level
structural behavior with the potential to greatly enhance our
understanding of material response to extreme loading.

Laser Interferometry

Measurement of the time history of the velocity at a sample-
window interface or free surface by laser interferometry is a
primary diagnostic in dynamic-compression experiments. In this
technique, a moving target is illuminated with laser light causing
the reflected beam to return with a Doppler shift in frequency.
There are a variety of types of laser-interferometer designs
suitable for dynamic compression but for ultra-high pressure
experiments the VISAR (velocity interferometer system for any
reflector) is the most generally useful (Barker and Hollenbach,
1972; Celliers et al., 2004). In the VISAR approach, the reflected
light from the sample at a given time is combined in an
interferometer with light reflected at a slightly earlier time and the
phase difference between the two beams produces interference
fringes which are proportional to the surface or interface velocity
(Figure 6). The VISAR is typically focused along a line across
the target (~1 mm in length) and a streak camera is used to
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VISAR Interferometer
encodes Doppler shifted
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FIGURE 6 | A velocity interferometer (VISAR) is used to determine shock or particle velocity in a sample.
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to resolve fringe
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record the interference fringes as a function of time (Celliers
et al.,, 2004). An additional role of laser velocimetry is to provide
a measure of optical reflectivity of the sample at the VISAR laser
wavelength (typically at 532 nm). This is done by comparing
the intensity of the reflected VISAR beam with the intensity of
the beam prior to compression. Reflectivity measurements can
provide information on ionization and electrical conductivity
under compression (Hicks et al., 2003; Millot et al., 2018).

Pyrometry

Pyrometry involves time-resolved measurements of thermal
radiation emitted from a shocked solid and can be used to
constrain temperatures during shock compression or release
(Asimow, 2015). Temperature measurements provide a means
to determine the isochoric heat capacity (Hicks et al., 2006).
In addition, phase transformations may be revealed by thermal
changes associated with latent heat of transition in either steady
or decaying-shock experiments (Eggert et al., 2009; Millot et al.,
2015). Pyrometry techniques have long been used in gas-gun
experiments on a variety of materials with temperatures usually
determined using spectroradiometry (Asimow, 2015). In ultra-
high pressure laser-compression experiments, the total thermal
self-emission from the shock front is recorded as a function of
time using a streak camera (Miller et al., 2007). Temperatures
are extracted by comparison to a calibrated standard (a-quartz)
or against a tungsten ribbon filament lamp of known radiance
(Gregor et al.,, 2016). Ramp-compression experiments do not
lend themselves to temperature measurements by pyrometry
but alternative methods for obtaining temperature constraints
such as X-ray absorption spectroscopy (described below) are
under development.

X-Ray Diffraction

The development of X-ray diffraction techniques under in situ
dynamic loading began as early as 1970 with the first
demonstration of Bragg diffraction from pulsed X-rays on a
shocked crystal (Johnson et al., 1970). Due to the limitations of
available X-ray sources, such studies were primarily restricted
to examination of single crystals at relatively low pressure. The
application of brighter X-rays sources including laser-plasma
sources (i.e., X-ray emission by highly ionized atoms produced by
laser-matter interactions) (Wark et al., 1987, 1989), synchrotrons
(Gupta et al., 2012), and free-electron lasers (Milathianaki et al.,
2013) to dynamically compressed materials has now made it
possible to extend such studies to terapascal pressures (Wang
et al., 2016; Polsin et al., 2018; Wicks et al., 2018).

X-ray diffraction can be carried out with a multi-beam laser
source in which lasers are used to generate both the dynamically
compressed state and the X-ray pulse that probes it. The
development of such a system at the Omega laser (Rygg et al,,
2012) has enabled a number of studies of geological materials and
their analogs at ultra-high pressure (Coppari et al., 2013; Wang
et al,, 2015, 2016; Wicks et al,, 2018). A quasi-monochromatic
X-ray source is produced by irradiation of a metallic foil (e.g.,
Fe, Cu, or Ge) with a short-duration (~1 ns), high-intensity
(~10'-10'® W/cm?) laser pulse. This creates an ablation plasma
in which the atoms are ionized to a He-like state with two bound

electrons and produce K-shell emission. The experimental set-
up is shown in Figure 7. The sample is dynamically compressed
with either shock or ramp loading using a subset of the beams
from the laser. At the expected time of peak compression the
laser-plasma X-rays are generated and impinge on the sample.
A metallic foil with a pinhole positioned in the sample assembly
is used to collimate the incident X-ray beam. X-rays passing
through the sample will be diffracted if they satisfy Bragg’s Law:
= 2dsin6, where \ is the X-ray wavelength, d is the interplanar
lattice spacing and 6 is the angle between the incident beam
and the lattice plane. Diffracted X-rays are recorded on image
plates behind the sample (Figure 7). The He-a X-rays have a
bandwidth of ~60-90 eV and diffraction lines can be typically
recorded to ~0.1 degree (0.01 A in d-spacing). Diffraction from
the edges of the pinhole produces peaks that provide a reference
to calibrate the diffraction geometry. At pressures above a few
hundred GPa, the rapid increase of X-ray noise from the drive
plasma makes detection of diffracted photons from the sample
more challenging. Although laser-plasma sources are very bright,
the source is uncollimated and only a small fraction of the
generated X-rays pass through the sample. To date, this technique
has mostly been applied to high-symmetry and/or high-atomic-
number samples such as MgO, Fe-Si alloys, or other materials
that produce a few intense diffraction lines (Coppari et al., 2013;
Wang et al., 2016; Polsin et al., 2018; Wicks et al., 2018).

X-Ray Absorption Spectroscopy

X-ray absorption fine-structure (XAFS) spectroscopy probes the
local atomic environment around an absorption edge of a specific
element. The method includes XANES (X-ray absorption near
edge structure) which examines fine structure near an absorption
edge and EXAFS (extended X-ray absorption fine structure)
which examines the structure over a larger energy range above
the edge. Both methods arise from interference effects that occur
when a photoelectron ejected from an atom by incoming X-rays is
scattered by its neighbors. XAFS methods are sensitive to a variety
of atomic-level properties including electronic structure, bond
lengths, and coordination The decay of interference-produced
modulations is controlled by the Debye-Waller factor from which
constraints on temperature can be obtained.

XAFS is a widely established tool for materials under static
high pressures using synchrotron X-ray sources (Shen and Mao,
2017) and is being adapted for use in ultra-high pressure dynamic
compression. At the Omega laser, EXAFS capabilities have been
applied to iron and other materials (Ping et al., 2013b; Ping
and Coppari, 2016). Experiments are performed using a thin
sample foil embedded between two diamond layers that serve to
confine the sample. Compression is achieved using a series of 1-ns
long square laser pulses stacked in time to drive multiple shocks
into the sample. A key requirement for XAFS is a bright and
smooth X-ray source of sufficient energy range and resolution
to capture the absorption fine structure. At Omega-60, the X-ray
source is created by imploding a plastic sphere to produce short
(~120 ps), bright, and smoothly decaying X-rays from about 6.5-
10 keV with an energy resolution sufficient for EXAFS (Ping
and Coppari, 2016). The X-ray source pulses are delayed in
time relative to the loading pulses to probe the sample at peak
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FIGURE 7 | Experimental set-up for laser ramp-compression experiments with X-ray diffraction. The target package is affixed to one side of a box and illuminated by
laser-plasma X-rays from a Cu, Fe, or Ge foil. Measured X-ray emission spectra (left) demonstrate the quasi-monochromatic nature of the radiation. X-rays scattered
by the sample are recorded on image plates that line the box interior, while a VISAR laser is focused onto the rear surface of the target package through an aperture
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pressure. X-rays transmitted through the target are dispersed by a
spectrometer and recorded on image plates. A reference spectrum
of the X-ray source is recorded in a separate experiment under
identical conditions. For iron, the measured spectra showed
oscillations above the iron K edge that provided information on
density and temperature with a precision of ~10% and ~20%,
respectively, up to 560 GPa (Ping et al., 2013a). Development of
similar capabilities for EXAFS measurements are being carried
out at NIF (Coppari et al, 2017). XAFS measurements have
also been reported on laser-driven samples at pressure extending
to the multimegabar range using other X-ray sources including
laser-driven backlighter foils (Denoeud et al, 2014, 2016a),
synchrotrons (Torchio et al, 2016), and free electron lasers
(Harmand et al., 2015).

GEOLOGICAL MATERIALS AT
ULTRA-HIGH PRESSURE

Diamond
Diamond is an important material for planetary science, high-
pressure physics, and inertial confinement fusion. In ice-
giant planets such as Uranus and Neptune, decomposition of
hydrocarbons at high pressure and temperature may lead to
the formation of diamond-containing layers in the interior
(Benedetti et al., 1999). Exoplanets that form around C-rich host
stars or by local carbon enrichment of a protoplanetary disk may
also have diamond and silicon carbide bearing interior layers
(Bond et al., 2010).

Carbon is stable in the diamond structure over a wide range
of pressures and temperatures. A phase transformation to a
BC8-type structure near 1 TPa followed by a further transition

to a simple cubic structure near 3 TPa have been predicted
theoretically (Yin and Cohen, 1983; Correa et al.,, 2008). The
BC8 structure remains tetrahedrally coordinated but is 10%
denser than diamond. The coordination increases from fourfold
to sixfold in the simple cubic structure. Theoretical studies
have explored the melting behavior of diamond, predicting a
maximum in the melting curve around 500 GPa and 8,000-9,000
K (Grumbach and Martin, 1996; Correa et al., 2006; Benedict
etal., 2014) and the triple point between diamond, the BC8 phase,
and liquid at ~850 GPa and ~7,400 K (Correa et al., 2006).

A number of ultra-high pressure shock-compression
experiments on diamond have been carried out extending
to as high as 4 TPa (Bradley et al., 2004; Nagao et al., 2006;
Brygoo et al., 2007; Hicks et al., 2008; Knudson et al., 2008;
Eggert et al, 2010; Gregor et al, 2017). In decaying shock
experiments, it has been found that diamond melts to a dense
metallic fluid with a negative melting slope at 600-1,050 GPa
(Brygoo et al., 2007; Eggert et al., 2010), broadly consistent
with the theoretical predictions (Figure 8). Evidence for the
existence of a new solid phase, possibly BC8, has also been
reported in shock-compression experiments at 90-950 GPa
(Knudson et al., 2008).

A comparison of the Hugoniot behavior of single-crystal
and nanocrystalline diamond has been reported up to 2.6 TPa
in laser-shock experiments (Hicks et al., 2008; Gregor et al,
2017). From the measured shock and release data of these two
forms of diamond, the Griineisen parameter of dense liquid
carbon was constrained to be 1.0 £ 0.1 at 1.1-2.5 TPa (Gregor
et al., 2017). Diamond has also been explored under ramp
compression. The pressure-density relationship and strength
of diamond has been characterized up to 800 GPa using the
Omega laser (Bradley et al, 2009). In experiments at the
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National Ignition Facility, measurement of the stress-density
relationship of diamond was extended to 5 TPa, achieving 3.7-
fold compression at the peak pressure (Smith et al., 2014). These
are the highest pressure equation-of-state data recorded under
ramp compression and represent the first experimental data in
the high-pressure, modest-temperature regime for constraining
condensed-matter theory and planetary evolution models at
terapascal conditions.

MgO-SiO, System

MgO

MgO (periclase) is an endmember of the (Mg,Fe)O solid solution
which is expected to be a major component of the deep mantles
of terrestrial planets and exoplanets (Figure 1). Its high-pressure
behavior has long attracted widespread attention due to its simple
rocksalt (B1-type) structure, wide stability field, and geophysical
importance (Dufty et al., 1995; Wang et al., 2014). Recent interest
in the behavior of MgO at ultra-high pressure and temperature
has focused on its phase transformation to the B2 (CsCl-type)
structure, its melting behavior, and possible metallization (Boates
and Bonev, 2013; Cebulla and Redmer, 2014; Taniuchi and
Tsuchiya, 2018).

Experimental studies have been conducted using both steady
and decaying shocks but have reached conflicting conclusions
about the solid-solid phase transition and melting. The first laser-
based decaying-shock measurements identified two temperature
discontinuities interpreted as the B1-B2 transition at ~440 GPa
and 9,000 K and melting at ~650 GPa and 14,000 K (McWilliams
et al., 2012). In contrast, plate-impact experiments performed
using the Z machine (Figure 9) coupled with theoretical
calculations indicate that the B1-B2 transition occurs at lower
pressure (363 GPa) and melting initiates near 460 GPa and is
completed by 620 GPa (Root et al., 2015). More recent results
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FIGURE 9 | Comparison of ultra-high-pressure shock-compression data for
SiO» (gray) (Knudson and Desjarlais, 2013), Mgz SiOy4 (red) (Root et al., 2018),
and MgO (blue) (Miyanishi et al., 2015; Root et al., 2015).

using laser-driven steady (Miyanishi et al., 2015) and decaying-
shock techniques (Bolis et al., 2016) are generally consistent with
the Z machine results.

Optical reflectivity measurements have also been used to
place constraints on the electrical conductivity of shocked
liquid MgO. The initial decaying-shock measurements suggested
metallization occurred upon melting (McWilliams et al., 2012),
but later measurements indicate that MgO is a poorly conducting
liquid close to the Hugoniot melting point and an increase in
reflectivity consistent with metallization occurs around 550 GPa
and 13,000 K (Root et al., 2015; Bolis et al., 2016). Gas-gun shock
experiments on MgO preheated to 1,800 K report no evidence of
melting up to 250 GPa and 9,100 K, placing a lower limit on the
melting curve of the Bl phase (Fat’yanov et al., 2018).

The transformation of periclase to the B2 phase in shock-
compression experiments is inferred only indirectly through
temperature or density changes. The first direct identification of
the B2 phase was made using laser-driven ramp compression
combined with X-ray diffraction (Coppari et al, 2013). In
these experiments, diffraction peaks were recorded for MgO
compressed up to 900 GPa. Measured d-spacings were consistent
with the Bl phase up to 560 GPa whereas diffraction from
the B2 phase was observed from 570 to 900 GPa (Figure 10).
Temperature is not measured in these ramp-compression
experiments, but is expected to be significantly lower than
achieved under shock compression. The observation of a B2
peak at higher pressure in the ramp data compared with
inferences from shock measurements is consistent with a
negative Clapeyron slope for the transition, consistent with
theoretical predications. However, the experimentally measured
pressure of the transition (570 GPa) is substantially higher than
predicted along an isentrope (450 GPa) by theory (Cebulla
and Redmer, 2014). This may reflect over-pressurization of
the equilibrium phase boundary under the short timescales of
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dynamic compression. In the case of aluminum, however, phase
transitions from a face-centered-cubic structure to hexagonal-
close packed (hcp) and body-centered-cubic (bcc) phases at
~200-300 GPa under laser-based ramp loading are in good
agreement with transition pressures from static compression
data and theoretical calculations (Akahama et al., 2006; Fiquet
et al., 2018; Polsin et al., 2018). Understanding possible kinetics
factors associated with phase transformations under ultra-
high pressure-temperature conditions is an important goal for
future experiments.

The transformation to the B2 phase is expected to occur
in large rocky exoplanets (Wagner et al, 2012). Empirical
systematics and theoretical studies have suggested that the MgO
phase transformation may be accompanied by a strong change in
rheological properties with the high-pressure B2 phase exhibiting
a reduction in viscosity (Karato, 2011; Ritterbex et al., 2018). The
viscosity of the constituent minerals strongly influences dynamic
flow in the mantle and hence is important for understanding the
heat flow and the style of mantle convection (Driscoll, 2018). The

negative Clapeyron slope of the phase transition combined with
the viscosity reduction may produce mantle layering in super
Earths with strong differences in convective flow above and below
the transition which may affect the long-term thermal evolution
of these planets (Shahnas et al., 2018).

SiO,

Silica is the most abundant oxide component of terrestrial
mantles and serves as an archetype for the dense highly
coordinated silicates of planetary interiors. Based on theoretical
calculations, it is expected that silicates such as post-perovskite
will eventually dissociate at conditions of the deep interior of
super-Earths (Umemoto et al., 2017). Consequently, SiO, phases
are expected to be potentially important constituents of these
exoplanets (Figure 1).

The Hugoniot behavior of quartz at ultra-high pressure has
been extensively studied due to its role as an impedance-matching
standard for shock experiments (Hicks et al., 2005; Knudson
and Desjarlais, 2009). Quartz is a useful standard because
above its Hugoniot melting point (~90-100 GPa), it becomes a
conductive fluid with sufficient reflectivity that shock velocities
at ultra-high pressure can be measured with high precision
using standard laser velocimetry (Knudson and Desjarlais, 2009).
A large number plate impact experiments were performed on the
Z machine to tightly constrain the Hugoniot equation of state
of a-quartz from 0.1 to 1.6 TPa (Knudson and Desjarlais, 2009)
(Figure 9). A significant degree of non-linearity was found in
the shock velocity-particle velocity relationship and attributed to
disorder and dissociation in the SiO; fluid. In subsequent work,
an analytical Mie-Griineisen model for characterizing the release
isentropes of SiO, was developed by combining theoretical
calculations with experimental measurements (Knudson and
Desjarlais, 2013). The release isentropes provide a more accurate
description of the unloading path of shocked a-quartz and
thus provide improved impedance matching compared with the
standard reflected Hugoniot techniques (Knudson and Desjarlais,
2013). Recently, the a-SiO; standard has been further extended to
3 TPa based on first-principles molecular dynamics calculations
and extension of the release isentropes to as low as 200 GPa, based
on additional Hugoniot experiments and theoretical calculations
(Desjarlais et al., 2017).

Temperatures, shock velocities, and reflectivities were
reported using pyrometry and velocimetry measurements on
fused silica and quartz starting materials in decaying-shock
experiments up to 1 TPa (Hicks et al., 2006). The specific heat
derived from the temperature measurements was found to be
substantially above the classical Dulong-Petit limit and attributed
to complex polymerization and bond breaking in a melt that
evolves from a regime dominated by chemical bonding of Si-O
units (bonded liquid) to an atomic fluid consisting of separated
Si and O atoms. Electrical conductivity values derived from
measured reflectivities assuming Drude behavior indicate the
atomic fluid is highly conductive.

More recent decaying-shock measurements on quartz, fused
silica, and stishovite starting materials extend constraints on the
melting curve of SiO; to 500 GPa and 8,300 K (Millot et al.,
2015). The melting curve of SiO; (and other silicates) was found
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to be higher than that of iron at these extreme conditions.
Comparison of these results to planetary adiabats suggests that
silica (and MgO) are likely to be in a solid state in the cores of
giant planets such as Neptune and Jupiter. However, the deep
mantles of large rocky exoplanets may contain long-lived silicate
magma oceans. Electrical conductivities inferred from measured
reflectivities and a Drude model suggest the conductivity of
liquid silica approaches that of liquid iron at TPa pressure and
thus liquid silicates in a deep magma ocean could contribute to
dynamo generation of magnetic fields in large exoplanets (Millot
et al., 2015; Soubiran and Militzer, 2018).

Hugoniot equation-of-state measurements have also be
reported for fused silica samples to 1.6 TPa (McCoy et al., 2016b).
Additional thermodynamic constraints can be obtained from
measurements of bulk sound velocities that have been recorded
for fused silica and quartz samples compressed into the liquid
state to as high as 1.1 TPa in fused silica (McCoy et al., 2016a)
and 1.45 TPa in quartz (Li et al., 2018). Both studies find that
the Griineisen parameter decreases with compression reaching
a value of 0.66 at TPa pressure. The structural properties of
laser-shocked fused silica were examined using X-ray absorption
spectroscopy (XANES), which shows evidence for increasing
coordination of silicon by oxygen atoms from 4 at low pressure to
9 at a pressure of ~1.4 TPa (Denoeud et al., 2016a). The XANES
measurements were also used to explore the electronic structure
at densities up to 5 g/cm> and temperatures up to 5 eV (Denoeud
et al., 2014) suggesting that liquid silica has a significant metallic
character at these conditions.

MgSiO3; and Mg»SiO4
Magnesium  silicates dominate the Earth’s mantle and are
expected to be major phases in rocky exoplanets. Enstatite
(MgSiO3) and forsterite (Mg;SiO4) are silicates representing
different Mg/Si ratios, an important compositional parameter
for terrestrial-planet mantles. Traditional studies of these
compositions using gas-gun shock compression are summarized
in Mosenfelder et al. (2007, 2009). In recent laser-shock work
on MgSiOj; glasses and crystals, the Hugoniot pressure—density
equation of state has been measured to 950 GPa (Spaulding
et al, 2012; Fratanduono et al, 2018) and decaying shock
measurements have reached 500 GPa (Spaulding et al., 2012; Bolis
et al., 2016; Fratanduono et al., 2018). The latter measurements
on enstatite crystals indicate that melting is completed on the
Hugoniot at 227 GPa and ~5,745 K (Fratanduono et al., 2018).
Sound velocity measurements from 240 to 380 GPa using an
acoustic perturbation technique (Figure 11) place constraints
on the Griineisen parameter, yielding a value of = 0.88 to 0.97
over this range (Fratanduono et al., 2018). Shock temperatures in
MgSiO3 glass have also been measured reaching as high as 22,000
K at 500 GPa (Bolis et al., 2016). Initial reports of a liquid-liquid
phase transition above 300 GPa and 10,000 K (Spaulding et al.,
2012) have not been confirmed in subsequent experimental or
theoretical studies (Boates and Bonev, 2013; Militzer, 2013; Bolis
et al., 2016; Fratanduono et al., 2018).

The behavior of forsterite, Mg,SiO4, shocked beyond 200 GPa
has been the subject of studies using laser-driven shocks and
magnetic compression (Bolis et al., 2016; Sekine et al., 2016;
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compared with theoretical calculations and diamond anvil cell measurements.
Adapted from Fratanduono et al. (2018).

Root et al., 2018). Two studies using laser-shock techniques
reached different conclusions regarding the behavior of this
material. From measurements of Hugoniot states and shock
temperatures, Sekine et al. (2016) inferred a series of transitions
from 270 to 500 GPa including incongruent crystallization of
MgO from melt, a solid-solid phase transition in MgO, and finally
remelting at higher pressure. However, later experiments using
similar loading techniques did not observe discontinuities in
this range (Bolis et al., 2016). The shock Hugoniot of forsterite
was explored from 200 to 950 GPa using both plate-impact
experiments and laser-driven decaying shocks, complemented
by theoretical calculations (Root et al., 2018) (Figure 9). The
shock velocity — particle velocity data in these experiments
show a monotonic increase, and no evidence for any phase
transformations was detectable.

IRON AND IRON ALLOYS

Iron

Iron is one of the most cosmochemically abundant elements
and the major constituent of planetary cores. The Earth’s core
which is divided into a larger liquid outer core and a smaller
solid inner core makes up about one-third of the planet’s total
mass. In addition to iron, the core contains Ni as well as
lighter elements accounting for ~10% of its mass (Birch, 1964).
Because the pressure-temperature conditions of Earth’s core are
difficult to achieve with static high-pressure experiments (Tateno
et al., 2010), there remain fundamental uncertainties regarding
the crystal structure, density, and other properties of iron and
iron alloys that are crucial for interpreting seismic and other
geophysical data for this region of the Earth (Hirose et al., 2013).
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At even higher pressures, the nature of the expected
iron-rich cores in terrestrial-type exoplanets is important for
understanding their interior structure and evolution. Due to the
high density of iron compared with silicates, the core can strongly
influence a planet’s mass-radius relationship (Swift et al., 2012).
The size of the iron core can also affect the production of partial
melt in the mantle (due to the steepness of the internal pressure
gradient) which in turn influences atmospheric formation and
evolution through outgassing of the interior (Noack et al.,
2014). Knowledge of the nature of the core is also essential for
understanding possible dynamo-generated magnetic fields. Heat
flux from the core is important for a planets thermal evolution.
The relative size of core and mantle may affect the ability of the
planet to initiate plate tectonics (Noack et al., 2014).

In laser-shock experiments using the GEKKO-XII laser,
X-ray diffraction on iron was recorded up to 170 GPa,
demonstrating the stability of the hexagonal-close-packed (hcp)
e-phase under shock loading (Denoeud et al., 2016b). Another
study using the LULI laser showed that Hugoniot equation-of-
state measurements could be made on iron laser-shocked to as
high as 800 GPa by measurements of shock and particle velocities
on stepped targets (Benuzzi-Mounaix et al., 2002).

The behavior of iron under ramp compression was explored
with the Omega laser. Using wave-profile measurements
on mutliple-thickness iron foils compressed over serveral
nanoseconds, the sound speed and stress-density relationship
of iron was measured to 273 GPa (Wang et al., 2013). Time-
dependent effects in these experiments due to the low-pressure
iron phase transition were overdriven by an initial shock
demonstrating the feasibility of a two-stage compression path
involving shock followed by ramp compression. Initial shocks of
different amplitudes would futher allow different thermodynamic
compression paths to be explored. This method was also used in
experiments on the LIL laser in which shock pre-compression
to ~200 GPa was followed by ramp compression to achieve
off-Hugoniot conditions inferred to be ~700 GPa and 8,500 K
(Amadou et al., 2015).

Higher pressure experiments were performed at the National
Ignition Facility where the combination of higher laser power and
longer, more complex pulse shapes allowed ramp compression
of iron to be extended to 1.4 TPa (Smith et al, 2018)
(Figure 12). In addition to stress-density and sound speed, the
Griineisen parameter was constrained by comparison with shock
data. The peak pressure in these experiments approaches that
predicted at the center of a terrestrial-type exoplanet of three
to four Earth masses, representing the first absolute equation-
of-state measurements for iron at such conditions. These results
provide an experiment-based mass-radius relationship for a
hypothetical pure iron planet that can be used to evaluate
plausible compositional space for large, rocky exoplanets.

In experiments conducted using the Omega laser, the
density, temperature, and local structure of iron were explored
using multiple-shock compression combined with EXAFS
measurements (Ping et al., 2013a). The results showed that iron
remains in a close-packed structure (i.e., hcp) up to the peak
pressure of 560 GPa. A surprising result was that the temperatures
inferred from the Debye-Waller factor were higher than expected
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A fit to the Hugoniot data (gray dashed-dotted line) with uncertainties (gray
shaded region). Also plotted are previous ramp compression data (purple
curve) and static diamond anvil cell data (light blue circles). The ranges of EOS
extrapolations of low-pressure static data (orange shaded region) and
first-principles cold curve calculations (light blue shaded region) represent the
uncertainty in the EOS of Fe at TPa pressures. Central pressures for Earth and
a 3.5-4.0 Earth-mass (M) planet are shown for reference. Inset: Raw velocity
interferogram with extracted free-surface velocity profiles for each of four
sample thicknesses. Modifided after Smith et al. (2018).

and may indicate that the dynamic strength of Fe is larger than
predicted based on extrapolation of lower pressure data.

XANES was performed on laser-shocked iron (Harmand et al.,
2015) in experiments using a free electron laser X-ray source
(Linac Coherent Light Source). Shock waves were generated in
the sample using 3-ns pulses from a 532-nm laser with irradiances
of 10'2-10'*> W/cm?. Tron samples were sandwiched between
plastic and copper to maintain steady pressure conditions during
the experiment. The sample was probed with 80 fs, 7.1 keV
X-rays from the free electron laser (FEL) X-ray source. The FEL
source has a spectral bandwidth of a few percent, sufficient to
allow XANES spectra to be recorded near the Fe absorption
edge. The short timescale and high brightness of the FEL source
were advantageous for these experiments but the narrow energy
range (~25 eV) and intrinsic intensity variations of the incident
FEL beam were limiting factors. Through a series of pump-
probe experiments in which the sample was compressed and
the XANES spectrum recorded after different time delays, the
Hugoniot of iron was explored to as high as 420 GPa and during
isentropic release dowm to 12 GPa. The signature of molten
iron was observed above 260 GPa and 5,680 K, consistent with
observations of shock melting in gas-gun experiments.

Iron has also been used in a proof-of-principle experiment
to demonstrate EXAFS capabilities on laser-shocked iron using
a synchrotron X-ray source. In experiments performed at
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the European Synchrotron Radiation Facility, iron was shock
compressed to as high as 500 GPa using a 35-] laser focused
down to a 90-pm spot size (Torchio et al., 2016). Synchrotron
X-rays were dispersed and focused on the sample using a curved
crystal. The transmitted X-rays were recorded by a position
sensitive detector enabling simultaneous collection of a spectrum
extending up to 300 eV above the iron K-edge (7.112 keV).
The use of a synchrotron source for dynamic-compression
experiments has advantages of high energy resolution, large
spectral range, and small X-ray spot size, all of which can lead
to better recovery of the detailed behavior of the sample. With
improved laser drives, further advances in XAFS capability at
synchrotron and FEL facilities are likely.

Iron-Silicon Alloys

The identity of the core’s light element(s) is crucial for
constraining the bulk chemistry of the Earth and core formation
and dynamics (McDonough, 2014). It is also needed for
understanding phase relationships in the core, melting point
depression relative to pure iron, and potential reactions between
the core and mantle (Hirose et al, 2013; Morard et al,
2014). Cosmochemical considerations and planetary formation
models suggest that terrestrial-type exoplanets are also likely
to incorporate significant quantities of light elements into their
cores. However, existing models for exoplanet interiors have
generally assumed a pure iron composition (Valencia et al., 20065
Wagner et al., 2012; Dorn et al., 2015).

Silicon is one of the most promising candidates for a core light
element as it is abundant cosmochemically but not highly volatile.
Si alloys with iron over a wide range of conditions. In the Earth,
the presence of silicon in the core can provide an explanation
for the otherwise puzzling difference in silicon content between
the Earth’s mantle and the primitive chondritic meteorites which
are thought to be representative of the materials from which the
Earth accreted (Drake and Righter, 2002).

Laser-based ramp compression experiments combined with
nanosecond X-ray diffraction were recently reported up to
~1.3 TPa on two compositions of Fe-Si alloys (Fe-7wt%Si and
Fe-15wt%Si) (Wicks et al., 2018). It was found that Fe-7wt%Si
adopts the hexagonal-close-packed structure over the measured
pressure range, whereas Fe-15wt%Si was observed in a body-
centered-cubic structure. The pressure conditions achieved in
these experiments correspond to those expected near the center
of ~3 Earth-mass terrestrial planet. Current static-compression
experiments on Fe-Si alloys extend to about 400 GPa (Tateno
et al., 2015) so the laser-compression experiments extend this
range by over threefold. The measured density of Fe-Si alloys is in
the range of 17-18 g/cm? at peak pressure, yielding a compression
of 2.5 relative to ambient values.

The effect of silicon incorporation in a rocky exoplanet core
was modeled using the above results for the planet Kepler-10b
as a representative example (Wicks et al., 2018). This planet
has a radius of 1.47 (0.03) Rg and a mass of 3.72 (0.42)
Mg where Rg and Mg are the radius and mass of the Earth
(Wagner et al., 2012). A model for the planet was constructed
assuming a silicate mantle and an iron-rich core. The mantle
was assumed to have a Mg-rich composition and was divided

into layers as a result of structural phase transitions. Two cases
were considered for the core: a pure iron core and an Fe-15wt%Si
core. The interior structure was calculated by solving the coupled
differential equations for hydrostatic equilibrium, mass within
a sphere, and the equation of state of each component with
solutions constrained to reproduce the observed mass and radius
of the planet (Figure 13). The addition of 15wt%Si to the core
increases the core radius of Kepler-10b by 16% while decreasing
the central density and pressure by 20% and 14%, respectively
(Wicks et al., 2018). This illustrates that the incorporation of
light elements into exoplanetary cores should be considered in
construction of interior structure models.

SHOCK-INDUCED VAPORIZATION

According to models for early solar-system evolution, the planets
grew by successive accumulation of materials from impacting
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bodies (Stevenson, 1989). As planetary bodies grow in size, larger
and more energetic collisions occur. At late stages of accretion,
it is expected that Earth would be impacted multiple times by
Moon- and Mars-sized objects. Such giant impacts may play
a major role in determining certain characteristics of planets
such as their rotation rates and existence of satellites. The effects
of large impacts also set the initial conditions for a planet’s
subsequent thermal and chemical evolution (Stevenson, 1989).
Knowledge of the shock and unloading properties of geological
materials is an important component of modeling the effects of
large, late-stage collisions.

Accurate predictions of material behavior throughout the
shock and release process require knowledge of equations of state
over a wide range of conditions from the very high pressures
and temperatures of the shocked state to the low densities but
high temperatures of shock-released material. During isentropic
release from a shocked state, a material may melt or even
vaporize due to the entropy gained during shock loading.
For many geological materials, traditional shock-compression
experiments using gas guns are unable to reach sufficient shock
pressure to produce vaporization upon release. The higher
pressure achievable with lasers and pulsed power now allow such
experiments to be performed (Kraus et al., 2015).

Kraus et al. (2012) carried out a series of shock entropy
experiments on quartz using the Janus laser at LLNL. SiO;
samples were laser shocked and then allowed to release as a
liquid-vapor mixture across a vacuum gap and stagnate against
a window. This enabled measurements of both the temperature
and density in the shocked and released SiO,. The results were
used to constrain the entropy of the shocked state and to make
an improved determination of the liquid-vapor boundary for
SiO;. It was found that the energy required for vaporization of
silicates is much lower than assumed in standard equation-of-
state models.

Silicate vaporization was also studied using the GEKKO
XII laser (Kurosawa et al, 2010, 2012a,b). Shock-induced
irradiance from quartz, diopside, and forsterite was recorded
in decaying shocks that reached as high as 760 GPa.
Measurements performed as the samples released from the
shocked state and become vaporized revealed the presence
of ionic and atomic emission lines in the gas phase. This
was due to shock-induced ionization followed by atomic
recombination later in time in the expanding vapor. The
ionization and recombination processes affect temperatures,
energy partitioning and vapor production. These phenomena
need to be accounted for to understand the thermal and
chemical evolution of silicate vapor clouds. This has applications
to understanding such processes as the impact origin of
the Moon and atmospheric blow-off from the early Earth
(Kurosawa et al., 2012b).

Using the Sandia Z machine, the entropy of iron along the
Hugoniot was measured using shock-and-release experiments
(Kraus et al.,, 2015). The shock pressure required to vaporize
iron was found to be ~500 GPa, considerably lower than
previously thought. This means that high-velocity impacts
at the latter stages of planetary accretion would be able to
vaporize the iron cores of impacting planetesimals. This has

implications for the geochemical state of the early Earth
as the dispersal of vaporized iron over the surface of the
Earth would enhance metal-silicate mixing and chemical
equilibration. This process would be less effective on the
Moon due to its smaller size and may help to explain
differences in mantle siderophile element abundances
between the two bodies.

OUTLOOK

Ultra-high pressure experimental data on crystal structure,
equations of state, and other properties of geological materials
are essential for constraining models for the internal structure,
dynamics, and evolution of planets within and outside our solar
system. Dynamic compression experiments play a central role
in this effort as ramp and shock compression techniques can
reach to as high as several terapascal pressure, directly achieving
conditions of large impacts and the deep interior of rocky and
giant planets. Ramp and shock-compression equations of state
provide accurate constraints on density at ultra-high pressures
and provide sensitive tests of theoretical calculations at extreme
conditions. Additional properties such as sound velocities,
heat capacity, and the Griineisen parameter are important
components of thermodynamic models of deep planetary
interiors. Determination of melting curves at ultrahigh pressure is
important for evaluating the physical state of exoplanetary cores
and the possible presence of long-lived magma oceans. Transport
properties such as thermal and electrical conductivity are also
key parameters, with the measurements of the latter providing
evidence for possible contributions of the deep magma oceans to
planetary magnetic field generation.

Lack of constraints on the lattice-level crystal structure under
in situ dynamic loading has long been a major limitation of the
technique. This is especially problematic at very high pressures
where structural phase transitions often involve very small
volume changes making them difficult to detect with continuum-
level measurements. The development of pulsed X-ray diffraction
techniques for ramp and shock compression is thus a major
advance, allowing for unambiguous structure determination and
identification of phase transitions at ultrahigh pressures. This
allows for experimentally based models of interior mineralogy of
rocky exoplanets.

Shock compression and subsequent unloading behavior are
also relevant to understanding the formation and early evolution
of planets, especially the role of large-scale impacts and the
evolution of magma oceans. Shock and unloading processes have
applications to such phenomena as the impact origin of satellites,
formation of atmospheres and the initial thermal and chemical
state of planets and their satellites.

Despite the many advances outlined in this review, there
remain fundamental limitations and unanswered questions.
Better constraints on the temperatures achieved are needed from
both ramp and shock experiments. The short timescales and
high strain rates in dynamic compression may preclude the
achievement of thermodynamic equilibrium. Phase transitions
may need to be significantly overdriven in pressure or may
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produce metastable phases. It is thus important to carefully
compare the results of dynamic experiments, static experiments,
and theoretical calculations to fully understand the effects
of time scale and strain rate on material behavior at
extreme conditions.

Dynamic compression of geological materials at multi-
megabar pressure is still in its infancy, but the work
reviewed here highlights the considerable progress that
has been made in recent years. The development of new
large-scale user facilities promises to greatly expand the
opportunities for probing Earth materials over a range
of pressure, temperature, and strain-rate conditions. New
laser-compression capabilities are under development at
synchrotron  beamlines (Dynamic Compression  Sector,
Advanced Photon Source), free electron lasers (European
XFEL, Hamburg, Germany), and high-powered laser facilities
(Laser Megajoule, Bordeaux, France; SG-III, Shanghai,
China). The ability to constrain lattice-level structures
and physical properties of geological materials at extreme
pressure and temperature will provide the fundamental data
which in combination with new astronomical observations,
theoretical calculations, and geodynamical models will
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