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ABSTRACT

The properties of materials under extreme conditions of pressure and density are of key interest to a number of fields, including planetary geophysics,
materials science, and inertial confinement fusion. In geophysics, the equations of state of planetary materials, such as hydrogen and iron, under
ultrahigh pressure and density provide a better understanding of their formation and interior structure [Celliers et al., “Insulator-metal transition in
dense fluid deuterium,” Science 361, 677–682 (2018) and Smith et al., “Equation of state of iron under core conditions of large rocky exoplanets,” Nat.
Astron. 2, 591–682 (2018)]. The processes of interest in these fields occur under conditions of high pressure (100GPa–100 TPa), high temperature
(>3000 K), and sometimes at high strain rates (>103 s�1) depending on the process. With the advent of high energy density (HED) facilities, such as
the National Ignition Facility (NIF), Linear Coherent Light Source, Omega Laser Facility, and Z, these conditions are reachable and numerous experi-
mental platforms have been developed. To measure compression under ultrahigh pressure, stepped targets are ramp-compressed and the sound veloc-
ity, measured by the velocity interferometer system for any reflector diagnostic technique, from which the stress-density of relevant materials is deduced
at pulsed power [M. D. Knudson and M. P. Desjarlais, “High-precision shock wave measurements of deuterium: Evaluation of exchange-correlation
functionals at the molecular-to-atomic transition,” Phys. Rev. Lett. 118, 035501 (2017)] and laser [Smith et al., “Equation of state of iron under core
conditions of large rocky exoplanets,” Nat. Astron. 2, 591–682 (2018)] facilities. To measure strength under high pressure and strain rates, experiment-
ers measure the growth of Rayleigh–Taylor instabilities using face-on radiography [Park et al., “Grain-size-independent plastic flow at ultrahigh pres-
sures and strain rates,” Phys. Rev. Lett. 114, 065502 (2015)]. The crystal structure of materials under high compression is measured by dynamic x-ray
diffraction [Rygg et al., “X-ray diffraction at the national ignition facility,” Rev. Sci. Instrum. 91, 043902 (2020) and McBride et al., “Phase transition
lowering in dynamically compressed silicon,” Nat. Phys. 15, 89–94 (2019)]. Medium range material temperatures (a few thousand degrees) can be mea-
sured by extended x-ray absorption fine structure techniques, Yaakobi et al., “Extended x-ray absorption fine structure measurements of laser-shocked
V and Ti and crystal phase transformation in Ti,” Phys. Rev. Lett. 92, 095504 (2004) and Ping et al., “Solid iron compressed up to 560 GPa,” Phys. Rev.
Lett. 111, 065501 (2013), whereas more extreme temperatures are measured using x-ray Thomson scattering or pyrometry. This manuscript will review
the scientific motivations, experimental techniques, and the regimes that can be probed for the study of materials under extreme HED conditions.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0046199

I. INTRODUCTION

High energy density (HED) physics is a rapidly growing field and
spans a wide range of areas, including astrophysics, materials science,
nuclear physics, and plasma physics. High energy density conditions

are found throughout the universe and defined in a number of ways.
The National Academy of Science (NAS) in early 20009 defined the
HED regime as any condition where the energy density is very high,
specifically when the internal energy/volume is greater than 1012 erg/
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cm3. In solid-state materials, this translates to conditions where the
shock strength is sufficiently large that the materials become com-
pressible which usually occurs at pressures greater than 100GPa (1
Mbar). This energy density is similar to the dissociation energy density
of a hydrogen molecule. The HED regime can also be reached by laser
irradiation at intensities IL > 1015 W/cm2, or by blackbody irradiation
at radiation temperatures greater than �75 eV. The HED regime can
be reached by objects of very low density but at high temperatures,
such as active galactic nuclei or supernova remnants. Other examples
of HED conditions are the high temperature and high density condi-
tions of igniting inertial confinement implosions and the interior of
the Sun. Still other objects that are at high density but lower tempera-
tures, such as in the cores of the Earth and Jupiter, also exist in the
HED regime, namely, P > 1012 erg/cm3¼ 1 Mbar. Thus, high pres-
sure material studies are of key interest to many fields. To understand
the relative pressures involved, note that at sea level the atmospheric
pressure is 1 atm, i.e., 1 bar. The pressure of a meteor impact is
�200 kbar; the Earth’s core is at pressure of �3.5 Mbar; Jupiter’s core
is at�70 Mbar; and an inertial confinement fusion implosion hot spot
can reach �100 Gbar or higher. These conditions can be found
throughout the universe. How materials behave under these high pres-
sure conditions is an important scientific question.

We now have many excellent facilities to study materials under
extreme conditions of pressure, temperature, and density. Examples are
the National Ignition Facility (NIF)10 in California, Z11 in New Mexico,
Linac Coherent Light Source (LCLS)12 in California, Omega Laser
Facility13 in New York, the European x-ray Free Electron Laser (X-
FEL)14 in Germany, Shenguang15 in China, and SPring-8 Angstrom
Compact free electron LAser (SACLA)16 in Japan. In addition to these
medium to large scale facilities, many university-level facilities are con-
ducting important HED experiments.

We can create ultrahigh pressures at these facilities to conduct
material studies under extreme conditions. The first example, shown
schematically in Fig. 1(a), is the direct-drive configuration at a laser
facility. The lasers irradiate the ablator material directly producing
an ablation plasma. This is like a rocket engine whose exhaust gases
push the target material in the other direction. An approximate for-
mula to calculate the ablation pressure in direct-drive laser experi-
ments is17

PDDðMbarÞ ¼ 40 I15=klm
� �2

3; (1)

where PDD is the direct-drive pressure in Mbar, I15 is the laser intensity
in units of 1015W/cm2, and klm is the laser wavelength in lm. As an
example, if one has a 351nm (k¼ 1.053/3lm) wavelength and deposits
10 kJ of laser energy onto a 1mm diameter spot in 1ns (I ¼ 2:5
� 1015W/cm2), the ablation pressure is�100 Mbar, i.e., 10 TPa.

The laser facilities also employ an indirect drive configuration,
Fig. 1(b), where the laser hits a radiation container called a hohlraum
made of relatively high-Z material, such as Au or DU, which in turn
creates soft x rays. The x-ray radiation can ablate sample material cre-
ating a high ablation pressure drive. The advantage of this method is
that the illumination is uniform over a large area. The relation between
the laser energy and the radiation temperature of the hohlraum is17

gPlaser kJ=nsð Þ ¼ 4:4AwT
3:3
r þ 6:25AhT

4
r ; (2)

PID Mbarð Þ ¼ 3T3:5
r ; (3)

where g is the laser to x-ray conversion efficiency, Plaser is the laser
power in kJ/ns, Aw is the area of the hohlraum wall in cm2, Ah is the
area of holes on the hohlraum in cm2, and Tr is the radiation tempera-
ture in units of 100 eV. The pressure is related to the radiation temper-
ature, Tr, by Eq. (3). As an example, if one has a 10mm diameter
hohlraum, 13mm long, with a 7mm laser entrance hole on top and
bottom and the sample opening diameter is 5mm, using 800 kJ of laser
heating, the hohlraum to generate radiation temperature of �190 eV
will create an ablation pressure of�28 Mbar on the sample package.

The third method of the obtaining HED conditions in the labora-
tory is via a magnetic drive, Fig. 1(c) where strong currents generated
along the outer surface of a hollow cylinder couple with the azimuthal
magnetic field generated to create an inward directed pressure. The
magnetic pressure is calculated by the formula18

PmagðMbarÞ ¼ 10�4 � B2= 8pð Þ ¼ 64
IMA=20
Rmm

� �2

; (4)

where Pmag is magnetic pressure in Mbar, B is the magnetic field in
Tesla, IMA is the current in mega amps (MA), and Rmm is the radius of
the system in mm. Applying 20 MA of current to a 1mm radius sys-
tem creates pressures of up to 64 Mbar.

To reach ultrahigh pressures without melting the sample, the
compression must be ramped up along a quasi-isentropic path. The
easiest way of compressing a sample is to apply a strong shock.
However, this method quickly reaches its limit as the sample follows
the Hugoniot curve and melts if the shock strength is too high.
Melting can be avoided by either staging the shocks or ramping the
compression following a quasi-isentropic path. In this way, as the
sample is gradually compressed to higher pressures, compression is
achieved with minimal entropy generation; thus, the sample stays in
a solid-state while reaching high pressure. Another interesting line of
study is to shock melt the sample first and then apply a ramp com-
pression. Interesting material properties are revealed when a material
is melted and then rapidly resolidified. There are several ways of cre-
ating a ramped compression: In gas gun experiments, one uses a
graded-density impactor to shape the impact pressure profile; in laser
experiments, one uses the laser pulse shape to control the pressure
profile; or one can use a reservoir-gap configuration where a strong
shock in a reservoir material releases a plasma across the gap and
then stagnates on the sample, creating a ramp compression profile
on the sample.

FIG. 1. Platforms for creating high-pressure HED experiments: (a) direct drive using
laser ablation to create ablation pressure; (b) indirect drive that produces soft x
rays in a hohlraum and the x-ray radiation produces the pressure drive; (c) mag-
netic drive from strong currents directed down the outer surface of the cylinder.
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There are many material properties that change dramatically
under high pressure. Here, we will cover five parameters, in particular
density, that is the equation of state, electrical conductivity, the
arrangement of the atomic structure (phase), and the temperature and
strength under high pressure. We will go through the methods and
diagnostics used to study these properties and present a selection of
examples below.

II. EQUATION OF STATE (DENSITY)

The equation of state (EOS) of a material is the thermo-dynamic
relation connecting pressure, volume (density), and temperature. The
EOS describes how much a sample compresses in response to an
applied stress. The compression is initially a uniaxial elastic compres-
sion but then relaxes by plastic deformation to a more 3D hydrostatic
state by the generation and transport of lattice defects, such as disloca-
tions. Phase transformations can also occur as the applied pressure is
increased. This relationship between pressure and density can be
experimentally determined under a number of conditions, including
ramp and shock Hugoniot compressions.

The compressed density can be measured by the changes in
sound speed in the compressed media. The key diagnostic for this
measurement is the Velocity Interferometer System for Any Reflector
(VISAR) that was developed in early 1970 at Sandia.19 VISAR mea-
sures the interference pattern between a probe beam reflected off of a
stationary reference surface and a coherent probe beam reflected off
the moving surface. The level of phase difference between these two
beams, as recorded in the interference pattern, allows velocity vs time
of the moving surface to be determined.20 The velocity per fringe of
this interference pattern is given by

u ¼ D/ 2pð Þk= 2sð Þ;

where D/ is the change in phase in the interferometer pattern, k is the
wavelength of the VISAR probe laser, and s is the delay interval
induced by an etalon. This technique enables measurements of very
fast-moving surfaces up to hundreds of km/s, as required in high-
pressure experiments.

There are three different moving surfaces that VISAR is fre-
quently used to measure, depending on the experimental design: (1)

the free surface, Fig. 2(b); (2) an embedded surface tamped with an
optically transparent window material, Fig. 2(c); and (3) the shock
front itself, when the material becomes optically reflective at the shock
front, Fig. 2(d). For shock compression experiments, the
Rankine–Hugoniot jump conditions can be used to relate the pre- and
post-shock material conditions from conservation of mass, momen-
tum, and energy,

q ¼ q0= 1� up=Us
� �

; (5)

P ¼ q0Usup; (6)

E ¼ 1
2
P

1
q
� 1

q0

� �
; (7)

where q is the post-shock density, q0 is the initial ambient density, P is
pressure, E is internal energy, Us is shock velocity, and up is particle
velocity. Determining the material properties along the Hugoniot
requires measuring at least two of those variables. VISAR is used in
this case to measure particle and shock velocity. In the case of ramp
compression, the compression wave is traveling through the material
at the sound velocity, and the equations are continuous instead of
discrete,

q ¼ q0= 1�
ð
dup
CL

� �
; (8)

up ¼
1
2
ufs; (9)

P ¼ q0

ð
CLdup; (10)

E ¼ q0

ð
P
dq
q2
; (11)

where CL is the Lagrangian sound speed and ufs is the free surface
velocity. Here, VISAR can be used to obtain the sound speed and the
particle velocity as a function of time to fully solve the system of
equations.

As an example of using this method to obtain information on the
material equation of state, the pressure–density relation of an iron
sample was determined from measurements of stepped targets at

FIG. 2. (a) VISAR configuration. The mov-
ing surface velocity is measured by the
phase change in the interferometer pat-
tern. The various reflecting surfaces typi-
cally measured with VISAR: (b) reflection
from the free surface; (c) reflection from
the ablator–window interface; and (d)
reflection from the shock front in the
window.
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pressures up to 1.4 TPa (14 Mbar) on NIF2 as shown in Fig. 3(a). In
this experiment, a hohlraum was illuminated by 176 laser beams with
a in particular, designed pulse shape that provided an initial shock of
60GPa to jump through the a to e phase transition of iron and then
ramped to 1.4 TPa. This pulse shape creates a ramped radiation tem-
perature, Tr, that ablatively exerts a ramped pressure profile on the tar-
get sample mounted over a diagnostic window on the side of the
hohlraum. The hohlraum provides a planar pressure drive across the
target sample that consists of 4 different thicknesses of iron at 83, 96,
106, and 115lm. The raw VISAR data are shown in Fig. 3(b) from
this experiment and the free surface velocity from these data is shown
in Fig. 3(c). A Lagrangian analysis, using equations of (8)–(11), is used
to transform the measured free surface velocity, ufsðtÞ, into a continu-
ous pressure–density (P � q) curve. The Lagrangian sound speed
CLðufsÞ is also determined, where ufs is the free surface velocity. The
final CL vs free surface velocity, ufs, is shown in the inset of Fig. 3(c),
and the pressure–density relation is shown in Fig. 3(d). The measured
iron pressure–density is compared to various theories and models.
The uncertainty in CL was obtained from the thickness measurement
errors and VISAR uncertainties. High-pressure iron data are particu-
larly valuable for studying the properties of terrestrial (rocky) exopla-
net interiors.

Shock velocity and particle velocity measurements along the
Hugoniot have been used to help constrain material pressure–density
relation for over fifty years. For this work, the most commonly used
window material is a-quartz. Precision calibration of the a-quartz
shock velocity to its shock Hugoniot pressure needed to be established
as a standard. This calibration experiment was performed on the
Sandia Z Machine using plate-impact shock wave method where alu-
minum or copper impactors created the shocks, and their velocity was
measured by the VISAR. This precise a-quartz Hugoniot relation21,22

is applied to study the molecular-to-atomic transition of liquid

deuterium along the principal Hugoniot. The schematic of the experi-
mental setup is shown in the inset of Fig. 4(a) where cryogenic D2 is
placed in between two a-quartz windows. The flyer plate velocity up
to impact and the shock velocities in a-quartz and deuterium were
measured, as shown in Fig. 4(a). Using Eqs. (5) and (6), the pressure–-
density relation is derived as shown in Fig. 4(b). The high precision
measurements were able to distinguish subtle differences between
first-principles theoretical predictions for D2.

3

III. ELECTRICAL CONDUCTIVITY

In the Jovian planets, magnetic fields are likely generated by a
dynamo process in dense metallic hydrogen fluid in the planetary inte-
rior.23 It is proposed that the pressure and temperture induced metalli-
zation of hydrogen could induce hydrogen–helium demixing which
could play an important role in the internal structure and evolutions
of these planets. Understanding the metallization of dense fluid hydro-
gen is, therefore, critical. It is also important to test quantum simula-
tions methods.24

In order to see the hydrogen insulator to metal transition, cryo-
genic ramp-compression experiments on liquid deuterium (D2) were
conducted at pressures of up to 600GPa on the NIF. The cryogenic D2

target was sandwiched between a Cu ablator and a LiF window and
driven with 300 kJ in 168 beams of 351nm wavelength into an Au
hohlraum. The target had 2 areas in the field of view of the VISAR, as
shown in Fig. 5(a). Half of the area had a LiF window coated with Al
so that the VISAR laser reflected off the Al surface. The other half
allowed the VISAR beam to be transmitted through the D2 liquid and
initially reflect off of the Cu ablator surface. As the D2 gets compressed
by the Cu pusher, the VISAR responds to changes in the index and
transmission of the D2 liquid. At the insulator to metallic transition in
D2, the D2 becomes reflective, and the VISAR probe beam reflects off
the D2 metallic surface. The raw VISAR data are shown in Fig. 5(b):

FIG. 3. Example of a ramp compression experiment studying iron on the NIF. (a) 176 laser beams illuminate a hohlraum with a ramped laser power vs time pulse shape that
creates a ramped radiation temperature profile, thus providing a ramped pressure profile in the iron sample mounted on the side of the hohlraum. The free surface velocity of
the stepped iron target is measured by the VISAR diagnostic. (b) Raw VISAR data of the stepped free surface velocity of iron. (c) Analyzed free surface velocity for the different
steps. A Lagrangian analysis was used to determine the relation between the Lagrangian sound speed and the free surface velocity (inset). (d) Resulting iron equation of state
relating pressure and density up to 1.4 TPa (thick, dark blue solid curve). The NIF data are compared to other experimental data and iron EOS theories and calculations.
Reproduced with permission from Celliers et al., Science 361, 677–682 (2018). Copyright 2018 Springer Nature.
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the top part of the image is the reflection of the Al surface, whereas the
bottom half is the signal through the D2 medium. With numerical
simulations along with iterative fitting using the standard equation of
state, the VISAR velocimetry data are analyzed to produce pressure,
density, and temperature after compensating for changes in the index
of refraction of the LiF window under high pressure. The change in
amplitude of the reflected signal in the D2 medium in the bottom half
of the area is very clear. It shows a loss of amplitude (darkening) due
to the bandgap closure in D2; then, the amplitude rises again, signaling
the metallic transition.

The analyzed reflectivity of ramp compresses D2 is shown in
Fig. 6(a) as a function of analyzed pressure. The conductivity analysis
was divided into 2 pressure regimes: P < 150GPa and P > 150GPa.
For P < 150GPa, the optical conductivity is derived from the

absorption coefficient and the real part of the index of refraction by fit-
ting to the apparent velocity of the piston and comparing with the
Lorentz model.1 For P > 150GPa, the optical conductivity is inferred
from the reflectivity model using the Smith–Drude model.1 The result-
ing conductivity is shown in the bottom of Fig. 6(a). By defining the
metallic transition in D2 to occur when the reflectivity is >30%, the
transition pressure is �200GPa and below 2000K. Figure 6(b) shows
the metallic transition in pressure–temperature space along with addi-
tional data from other experiments. These measurements show dis-
crepancies in transition pressure from insulator to metal between
static and dynamic experiments in dense fluid hydrogen isotopes.
Thus, further high-pressure high-energy-density experiments on elec-
trical conductivity will be needed to better constrain our understand-
ing of the Jovian planetary systems.

FIG. 5. (a) Experimental configuration to detect the insulator to metal transition in liquid D2 on the NIF. Half of the target is covered by an Al mirror reference surface and the
other half is transparent allowing the VISAR beam to go through the D2 and reflect off of the Cu surface or the D2 when it becomes metallic. (b) Raw VISAR data from the D2
cryogenic experiment. In the bottom, the VISAR signal reflecting off the Cu surface is visible until the signal amplitude is reduced due to the bandgap closure in D2 and then
clearly rises again, a signature of a metallic transition in the compressed D2 liquid. Reproduced with permission from P. M. Celliers, Science 2, 452 (2018). Copyright 2018 The
American Association for the Advancement of Science.

FIG. 4. Sandia Z facility experiments using VISAR measurements of shocked D2. (a) Liquid D2 experiments to understand the Hugoniot at high pressures. Liquid D2 is placed
between two quartz windows that are impacted by an aluminum flyer plate driven by the magnetic drive. Measured velocities of the flyer plate (gray), the D2 shock (blue), and
the a-quartz shock (cyan) are shown. (b) The D2 Hugoniot measurements are compared with different density functional theories. Reproduced with permission from M. D.
Knudson and M. P. Desjarlais, Phys. Rev. Lett. 118, 035501 (2017). Copyright 2017 American Physical Society. Reproduced with permission from Sinars et al., Phys. Plasmas
27, 070501 (2020). Copyright 2020 AIP Publishing.
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IV. PHASE

Time-resolved x-ray diffraction can probe the crystal structure of
materials under compression. Crystal structure dramatically affects
material properties as seen in graphite vs diamond. While they both
are composed of pure carbon, their appearance, strength, and behavior
are dramatically different due to their crystal arrangement. The atomic
lattice spacing can be measured by x-ray diffraction. Dynamic diffrac-
tion experiments can observe phase changes under compression and
time-resolved measurements probe the kinetics of the transitions.
Figure 7 shows a notional schematic of a dynamic diffraction measure-
ment. The material is compressed along one direction by the uniaxial
pressure drive forming a region of uniaxial compression, followed by a
3D relaxed state, resulting from defect generation and transport. The
atomic crystal lattice spacing is measured by observing the diffraction
pattern created from the constructive interference of monoenergetic
x rays reflecting off of the atomic layers according to Bragg’s law:
2dsin h ¼ nk, where d is the crystal lattice spacing, h is the x-ray beam

angle, k is the incident x-ray wavelength, and n is the order of the
reflection.

Polycrystalline x-ray diffraction experiments require bright
monoenergetic x-ray sources. Free-Electron Lasers (FEL) create mono-
energetic x rays by passing electrons from an accelerator through an
array of alternating magnets (called undulators) causing them to emit
monoenergetic coherent x rays by a self-amplified spontaneous emis-
sion mechanism. The resulting x-ray source can be very bright and
quasi-coherent, providing an ideal probe for x-ray diffraction experi-
ments. Using seeding techniques, FELs can demonstrate higher coher-
ence both spatially and temporally.25 Examples of such facilities are
the LCLS (US),12 the European XFEL (Germany),14 SACLA (Japan),16

and FERMI (Italy).26 These facilities typically have separate laser drives
to compress samples of interest to a moderately high-pressure state.

Laser-generated x-ray sources are commonly used in diffraction
experiments at laser facilities. A subset of the lasers is used to heat a
backlighter foil to generate helium-like, quasi-monoenergetic x
rays.5,27 These laser-generated x-ray sources convert �1% of the laser
energy into x rays and usually include different emission lines and
continuum bremsstrahlung components. The most dominant source
is the Hea line emission with the spectral resolution of: DEx/Ex
� 0.6%, where Ex is the backlighter x-ray energy. The large laser facili-
ties that use laser generated x-ray sources have the advantage of also
providing much higher energy drives that can create ultrahigh pres-
sures, P� 1 Mbar in the sample.

Three dynamic diffraction experiments will be presented here as
examples: one done at the LCLS using the x-ray FEL probe, another
performed on the NIF laser facility, and the third performed on the
Omega laser facility.

The LCLS x-ray probe has been used as an x-ray backlighter to
obtain high quality diffraction data including the one-dimensional
(1D) elastic to 3D plastically relaxed states in Cu within a few tens of
picoseconds using Debye–Scherrer geometry.28 Here, we show an
example where the laser driven dynamic phase transition occurs at dif-
ferent pressures than in the static compression case. Figure 8(a) shows
a schematic of the experimental setup at the LCLS facility.6 The 20ns
optical drive laser illuminates a polyimide ablator, shock compressing
the silicon sample to different pressures up to �30Gpa, while the x-
ray FEL probe beam creates diffraction patterns of the compressed
samples that are recorded on the CSPADs CCD detectors. This experi-
ment uses both collinear (the drive beam and x-ray probe beam com-
ing from the same side) and transverse (the drive beam and x-ray
probe being orthogonal) configurations. The transverse configuration

FIG. 6. (a) Measured D2 reflectivity and con-
ductivity as a function of the pressure from 5
shots at the NIF. (b) Phase diagram for the
D2 insulator to metal transition measured by
different experiments. The dynamic transition
occurs at higher pressure than in the static
diamond anvil cell (DAC) measurements.
The high-pressure D2 metallic transition is
important for understanding how the mag-
netic field is formed in Jovian planets.
Reproduced with permission from P. M.
Celliers, Science 2, 452 (2018). Copyright
2018 The American Association for the
Advancement of Science.

FIG. 7. Schematic of dynamic compression and diffraction geometry. The d spacing
of the compressed crystal can be measured directly by diffraction using monoener-
getic x rays. Reproduced with permission from H. E. Lorenzana, Sci. Model. Simul.
15, 159 (2008). Copyright 2008 Springer, Dordrecht.
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is to collect diffraction signal from a greater volume of material. A
selection of the resulting diffraction images of shocked silicon at differ-
ent phase and pressure states is shown in Fig. 8(b). The spacings of the
ring patterns are indications of different phases and compressions.
When the sample is shock compressed to above the melt line, the solid
crystal structure disappears, and the constructive diffraction pattern
becomes very broad and spread out, as shown in Fig. 8(b). The azi-
muthal diffraction pattern can be integrated and parameterized in
terms of the reciprocal lattice parameter, Q ¼ 4p sin h=k, where k is
the probe x-ray wavelength and h is half the scattering angle. The
resulting analysis is shown in Fig. 8(c) demonstrating clear distinctions
between the different silicon phases from the ambient diamond cubic
phase to the b-tin, imma, then the mixed state of a simple hexagonal
with liquid, and finally into the liquid state as the shock strength
increases to higher pressures and temperatures. From these high-
quality diffraction data, it was discovered that the melt line (solid-

liquid transition) occurs at the same pressures as observed in the
hydrostatic measurements, whereas the diamond cubic to beta b-tin
and the b-tin to the imma solid-solid phase transitions occur at lower
pressures than in hydrostatic experiments.

While the x-ray FEL facilities produce high-quality diffraction
data, they are limited to medium pressure experiments due to limita-
tions of the available drive lasers. High-pressure diffraction experi-
ments are performed at the large laser facilities. Figure 9(a) shows the
diffraction experimental configuration at the NIF using a detector
called TARget Diffraction In Situ (TARDIS).5 The target is typically
composed of an ablator, an x-ray shield, the diffraction sample, and a
tamper window. It is typically driven by 16 NIF beams that deliver up
to 50 kJ of laser energies to reach pressures of up to 2 TPa (20 Mbar).
Another 24 beams are used for the probe x-ray source to generate
quasi-monoenergetic Hea x-ray radiation. The diffraction patterns are
recorded on image plates mounted on the surfaces of the wedge-

FIG. 8. Example of a dynamic diffraction
experiment studying shocked silicon on
LCLS. (a) The experimental configuration
where the drive laser and the probe x-ray
free electron laser are orthogonal to col-
lect more diffraction signal from a greater
volume of material. (b) Raw diffraction
images of silicon in different phases,
including b-tin, the mixed state consisting
of liquid and solid simple hexagonal mate-
rial, and the completely liquid state. (c)
The azimuthal diffraction pattern in units
of reciprocal spacing, Q (see the text).
These phase transitions are clearly
observed as the shock strength (pressure)
is increased. Reproduced with permission
from McBride et al., Nat. Phys. 15, 89–94
(2019). Copyright 2019 Springer Nature.

FIG. 9. Example of dynamic diffraction
experiments studying platinum on the NIF.
(a) The TARDIS detector uses 16 drive
beams and 24 backlighter beams and the
diffraction patterns are recorded onto
image plates mounted on the inner sur-
face of the detector. (b) Carbon phase dia-
gram predicting BC8 phase above �1.0
TPa in earlier DFT calculations. (c) Ramp
compressed carbon diffraction data at
1.74 TPa and 2.01 TPa showing no BC8
phase likely due to the high enthalpy bar-
rier. Reproduced with permission from
Lazicki et al., Nature 589, 532–535
(2021). Copyright 2021 Springer Nature.

Physics of Plasmas TUTORIAL scitation.org/journal/php

Phys. Plasmas 28, 060901 (2021); doi: 10.1063/5.0046199 28, 060901-7

VC Author(s) 2021

https://scitation.org/journal/php


shaped detector. The backside of the detector has a window for the
VISAR laser to measure the driven target velocity providing a simulta-
neous pressure measurement. In this experiment, diamond was com-
pressed to 2.01 TPa. Early density functional theory (DFT) studies
predict that a new body-centered (BC8) phase of carbon will replace
the diamond (FC8) phase as the minimum enthalpy structure between
�1–2 TPa, as shown in the phase diagram in Fig. 9(b). NIF experi-
ments were carried out to ramp-compress carbon in the form of dia-
mond beyond 2.0 TPa. The diffraction data [examples at 1.74 TPa and
2.01 TPa are shown in Fig. 9(c)] reveal a persistent FC8 structure with
no indication of BC8 or any other of the several phases of carbon
which have been predicted to form at even higher pressures.29 The
result is consistent with a predicted high enthalpy barrier associated
with the large number of strong electronic bonds that must be broken
to transform from the FC8 into the BC8 phase. The observation that
ramp-compressed carbon is solid at 2 TPa has the potential to place
some new bounds on the strength and the melting temperature of car-
bon in a new regime, as well as the percentage of plastic work con-
verted to heat during compression, since DFT-based models and our
understanding of typical material response would have suggested that
it ought to have melted at these conditions.30 The high pressure HED
experimental platforms discussed here should enable new understand-
ing leading to newmodels and theories under extreme conditions, par-
ticularly if they could be accompanied by temperature measurements.

Another HED material study using the diffraction technique led
to the remarkable discovery of a superionic water ice phase at condi-
tions expected within the interiors of Uranus and Neptune.31,32 Based
on astronomical observations, planetary scientists determined that the
interior structure of these planets should consist of a rocky core sur-
rounded by a mantle consisting of ice mixtures (mostly water, ammo-
nia, and methane), surrounded by a H/He envelop. However, because
of the scarcity of data, it is unknown whether such layers are mixed or
separated33 as shown in Figs. 10(a)–10(d). Superionic ice, or ice XVIII,
is a phase of water that exists at extremely high P and q (density) con-
ditions where the oxygen ions crystalize into bcc or fcc structure,
depending on pressure, whereas the hydrogen ions remain liquid. The
mobile liquid hydrogen ions enhance the electrical conductivity by fac-
tors of 3–5 times that of fluid ionic water. The magnetic field of the ice
giants can be partially explained by thin shell convection in a model
where the deep ice mantle consists of superionic ice and the outer
layers of fluid water which are at the origin of the planetary dynamo.
In order to observe the superionic phase of water, experiments were
conducted using the Omega laser facilities.31,32 Multiple beams created
a multi-shock compression on the initially liquid water layer that was
compressed to pressures of 100–400GPa and reached temperatures of
2000–3000K. Additional beams were used to create an x-ray probe
near 6–7 keV which enable a collection of in situ diffraction patterns
of water ices compressed in a nano-second timescale. These experi-
ments were able to observe a phase transition in water from the bcc
state known as ice phase X [blue squares in Fig. 10(e)] to the new
superionic ice state, ice XVIII [red squares in Fig. 10(e)]. These diffrac-
tion experiments were the first direct observation of the new superi-
onic structure.32

V. TEMPERATURE

The temperature of material under high pressure is a key param-
eter for the EOS and strength measurements. For material studies, the

temperatures of interest are typically 300 � 10 000K, i.e., less than
1 eV (1 eV¼ 11 606K). At this relatively low temperature, commonly
known temperature diagnostics, such as optical Thomson scattering,
x-ray Thompson scattering, embedded micro-dot spectroscopy, and
pyrometry techniques, do not work since their threshold is typically
� tens of eV. One can use Extended x-ray Absorption Fine Structure
(EXAFS) techniques to measure temperatures <1 eV.34 Here, one
measures the oscillations in the x-ray absorption spectrum due to the
constructive and destructive interference of photoelectrons scattering
off nearby atoms. As the temperature increases, the disorder in the
crystal lattice spacing also increases, reducing scattering coherence,
and damping the EXAFS oscillations.

One of the key components of the EXAFS measurement is a
broadband white-light x-ray backlighter source. One way of creat-
ing such a source is to use the laser to an implode a capsule either
filled with gas or empty.35,36 The brightness of such sources has
been measured with various spectrometers comparing capsules
filled with H2, D2, or Kr vs empty capsules. Also, their absolute
brightness has been compared with long-pulse (�ns long) vs short-
pulse (10–100 ps long) foil backlighters. It was observed that the
capsule backlighter does produce a bright source but is limited to
low x-ray energies.37 Recently, it was demonstrated that foil back-
lighters with hundreds of kJ of laser energy can produce enough
bright x rays at higher energies38,39 to adequately perform EXAFS
experiments on high-Z samples.

FIG. 10. Laboratory experiments can help constrain models for the Ice Giants inte-
rior structure. (a)–(d) Different possible models describing the internal composition
of Uranus and Neptune. (e) Phase diagram of water ice with the new superionic
phase data shown by red squares. Reproduced with permission from Millot et al.,
Nature 569, 251–255 (2019). Copyright 2019 Springer Nature. Reproduced with
permission from Helled et al., Space Sci. Rev. 216, 38 (2020), Copyright 2020
Springer Nature.
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Another important component of EXAFS experiments is a high-
resolution x-ray spectrometer. Spectral resolution is a key for measur-
ing the absorption oscillations for small variations in temperature.
One example is the HiRAXS40 detector developed for Cu EXAFS
experiments on NIF that is built on a Rowland circle geometry41 and
tuned to see 8.9–9.5 keV x rays with better than �3eV spectral resolu-
tion. Its geometry is shown in Fig. 11(a). And the undriven (i.e., at
ambient room temperature) Cu EXAFS spectrum is shown in Fig.
11(b). The analysis shows that the spectral resolution is E/DE � 3000,
which is sufficient for EXAFS.42

The absorption measurements are characterized by the structure
function: vðkÞ ¼ lðkÞ=l0ðkÞ � 1, where l is absorption coefficient
and k is the wavenumber. The structure function vðkÞ is a function of
the nearest-neighbor distance, R, the number of neighboring atoms, N,
and the vibration amplitude, r2.

The first EXAFS experiments in a laser facility were conducted at
Omega on a Ti sample,7 and its setup is shown in Fig. 12(a). In this

experiment, an imploding capsule backlighter was used to generate a
bright x-ray continuum source. Three beams were used to drive the
sample to pressures of up to 40GPa. The initial fit produced an unex-
pectedly high temperature of 2100K (blue-line). A correction was
required due to a Ti phase transition from the a to the x phase to pro-
duce the correct temperature of �900K. In a recent experiment at the
NIF, Cu EXAFS measurement, using the HiRAXS detector, is shown
in Fig. 1(b). The experimental uncertainty in the temperature inferred
from the Cu K-edge EXAFS is estimated to be �615% at
�3000–4000 K.43 It is known that the EXAFS measurements are sensi-
tive to the dynamic material temperature relative to the Debye temper-
ature, which varies with compression. For some materials, such as
iron, the Debye temperature was measured at certain range of pres-
sures.44 For materials without Debye temperature measurements, we
employ state-of-the-art quantum molecular dynamics (QMD) to cal-
culate the Debye temperature. In addition, at extreme pressure and
temperatures, the anharmonic effect becomes non-negligible. We

FIG. 11. (a) A high-resolution spectrome-
ter is required for the EXAFS experiments
to measure temperatures. One example is
HiRAXS on the NIF that uses a toroidally
curved crystal to enhance signal collec-
tion. Reproduced with permission from
Gamboa et al., Rev. Sci. Instrum. 83,
10E108 (2012). Copyright 2012 AIP
Publishing. (b) Spectral data of an
undriven Cu sample. By comparing the
data with the synchrotron measurement
and calculations, the spectral resolution is
demonstrated to be E/DE � 3000.

FIG. 12. (a) Example of a Ti EXAFS experi-
ment on Omega. This experiment used an
imploding capsule backlighter as a bright
continuum source. The absorption spectrum
was analyzed to derive the temperature after
accounting for the phase change from the a
to x state. Reproduced with permission
from Yaakobi et al., Phys. Rev. Lett. 92,
095504 (2004). Copyright 2004 American
Physical Society. (b) Example of a Cu
EXAFS undriven experiment on the NIF.
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either use an anharmonic model8 or compare data directly with calcu-
lated EXAFS spectra using atomic positions from QMD or molecular
dynamics (MD) simulations since both of them intrinsically include
the non-linear lattice dynamics. The measured data are compared
with EXAFS spectra predicted from these simulations over a range of
temperatures until there is agreement between simulations and experi-
mental data, thus allowing temperature to be inferred without calculat-
ing a Debye temperature.

Streaked Optical Pyrometry (SOP) is another diagnostic method
that can infer the temperature of the sample by assuming the heated
sample is a gray-body emitter. The threshold temperature for SOP is
�0.3 eV (�3500K), and it is used for higher-temperature measure-
ments.45 SOP is particularly suitable to measure the shock temperature
of initially transparent samples, such as hydrogen and helium,46 and
detect phase transformations, such as melting.47,48

VI. STRENGTH

Strength is the resistance to plastic deformation. When shear
stress, rshear, is applied to a sample, the material deforms and the
amount of deformation is characterized by the shear strain,
eshear � Dx=L, where Dx is the amount of plastic shear deformation
and L is the characteristic length. In a strong material, a large shear
stress, rshear, is needed to deform a material irreversibly with the for-
mation of defects in the crystal lattice. The strength at high pressure is
important for understanding high velocity impacts, such as meteor
impacts, the implosion processes, and planetary core formation
dynamics. Strength is a function of temperature, pressure, strain, strain
rate, compression, phase, and grain size. Many constitutive strength
models have been verified at low pressures, but there is little data at
high pressures and high strain rates to test strength models at extreme
HED conditions.

One way of studying material strength is to utilize the
Rayleigh–Taylor (RT) instability at an interface between materials of
different density.4 When acceleration, or pressure, is applied from the
low-density side of the interface, perturbations at the interface will
grow via the RT instability. If the material has strength, this RT growth
will be suppressed. Using face-on x-ray radiography, the growth of a
prescribed sinusoidal ripple under acceleration can be measured; then,
the material strength can be inferred by comparing the ripple growth
with different strength models, as depicted in Fig. 14(a).

The x-ray radiographic diagnostic is a key to carrying out
strength experiments. X-ray radiography is generally performed in
two configurations: point source projection as shown in Fig. 13(a) and
area backlighting, as shown in Fig. 13(b). The former relies on a point
source of x rays to obtain the required spatial resolution. The imaging
magnification is: Mprj ¼ ðd1 þ d2Þ=d1, where Mprj is the magnifica-
tion, d1 is the distance between the x-ray source to the object, and d2 is
the distance between the object and the detector. The point projection

configuration generally provides a more uniform illumination and is
easier to have a larger field of view simply by changing the distances
for a given backlighter source. The area backlighter relies on an x-ray
source that is as large as the object and the imaging resolution is deter-
mined by the pinhole size (for pinhole imagers). The magnification for
a pinhole imager with an area backlighter is Marea ¼ d3=d1, where d1
is the distance from the object to the pinhole and d3 is the distance
from the pinhole array to the detector. The choice of backlighter con-
figurations depends on the radiographic requirements of each
experiment.

Another requirement is high x-ray energy (>20 keV) which is
needed to penetrate high-Z materials when performing face-on radi-
ography. High intensity (>1017W/cm2) short pulse (<100 ps) lasers
can generate high energy x rays efficiently.49 The x rays are generated
by hot-electrons knocked out of the bound k-shell electrons and the
resulting transition produces mainly Ka x rays in the backlighter mate-
rial. A unique feature of this mechanism is that the x-ray emission is
confined to the volume of the target where the hot electrons are
interacting. Thus, by using a thin foil (<5lm) or wire (<10lm dia),
high-resolution radiography can be achieved.50 The large area x-ray
emitting plasma plumes produced by long pulse lasers do not allow
for high resolution imaging without a sophisticated x-ray imaging
optic. High intensity (>1016W/cm2) long-pulse laser illumination with
�50 kJ laser, small laser spot of �150lm diameter, and �3ns long
can create intense bremsstrahlung emission that can be energy filtered
to generate effective high energy x-ray sources.51 The effective source
size can be decreased by a thick tapered pinhole aperture or by slits to
give high spatial resolution.

An example of a Pb strength experiment is shown in Fig. 14.52

The ramp drive is created using the reservoir-gap configuration where
800 kJ 351nm laser in 4 ns illuminates the inside of the hohlraum. The
target package is a layered reservoir with varying densities and a gap
that creates a ramped compression from the released plasma. This
configuration created up to �400GPa of peak pressure. The pressur-
e–temperature phase diagram of Pb is shown in Fig. 14(c). The initial
shock causes the material to quickly pass through the fcc and hcp
states and for the majority of the experimental time the material is in
its bcc phase. Face-on radiography of the driven Pb ripples is shown in
Fig. 14(b). The radiography data has been converted to areal density
using in situ steps. The x-ray source size and the modulation transfer
function are derived from the x-ray knife edge images. Additional cali-
bration is performed using the undriven large-amplitude reference rip-
ples. The perturbation growth factor (GF) is calculated from:
GF ¼ ðqZÞdriven=½ðqZÞinitial �MTF�, where ðqZÞdriven is the areal den-
sity of the driven ripples, ðqZÞinitial is the initial ripple areal density,
and MTF is the modulation transfer function representing the spatial
resolution of the x-ray source. The resulting GFs as a function of back-
lighter delay times are shown in Fig. 14(d) and compared with

FIG. 13. X-ray radiography techniques:
(a) point projection radiography where the
x-ray point source size determines the
spatial resolution; (b) radiography with an
area backlighter where the x-ray source
needs to be as large as the imaging object
and the resolution is determined by the
pinhole array.
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different strength models. The inferred Pb strength from this study is
�3.8GPa, which is a �250-fold increase compared to the ambient
strength.52

VII. CONCLUSION

In conclusion, modern high energy density (HED) facilities and
novel diagnostics allow theory and simulations to be tested at high
pressures and densities relevant to planetary interior conditions and
other extreme environments. HED conditions are produced by high-
energy lasers, x-ray free-electron lasers, or at magnetic pulsed power
facilities using plasma drives. Bright and coherent x-ray sources enable
the probing of atomic lattice-level material properties and deformation
mechanisms. Dynamic high-pressure experiments have revealed new
insights into equations of state, phase, temperature, and strength
behavior at extreme HED conditions relevant to hypervelocity impact
phenomena, planetary formation dynamics, planetary interiors, and
inertial confinement fusion implosion dynamics.
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