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ABSTRACT

Iron is an important metal, scientifically and technologically. It is a common metal on Earth, forming the main constituent of the planet’s
inner core, where it is believed to be in solid state at high pressure and high temperature. It is also the main component of many important
structural materials used in quasistatic and dynamic conditions. Laser-driven Rayleigh–Taylor instability provides a means of probing mate-
rial strength at high pressure and high temperature. The unavoidable phase transition in iron at relatively low pressure induces microstruc-
tural changes that ultimately affect its strength in this extreme regime. This inevitable progression can make it difficult to design
experiments and understand their results. Here, we address this challenge with the introduction of a new approach: a direct-drive design for
Rayleigh–Taylor strength experiments capable of reaching up to 400 GPa over a broad range of temperatures. We use 1D and 2D hydrody-
namic simulations to optimize target components and laser pulse shape to induce the phase transition and compress the iron to high pres-
sure and high temperature. At the simulated pressure–temperature state of 350 GPa and 4000 K, we predict a ripple growth factor of 3–10
depending on the strength with minimal sensitivity to the equation of state model used. The growth factor is the primary observable, and
the measured value will be compared to simulations to enable the extraction of the strength under these conditions. These experiments con-
ducted at high-energy laser facilities will provide a unique way to study an important metal.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0084693

I. INTRODUCTION

The study of iron strength at high pressure is a key interest to
both the geodynamic physics and materials science communities. In
geophysics, understanding the strength and constitutive behavior of
iron at the Earth’s core pressure and temperature conditions will
help to calibrate existing theories of core formation and the geody-
namo.1 The lattice preferred orientation (LPO) of the inner core is
strongly influenced by the material’s bulk properties and could have
major consequences on core rheology.2 The higher the iron strength,
the longer the time required to form the LPO, possibly altering the
timeline of Earth’s formation and biogenesis. There is no feasible
way to directly probe core conditions (360 GPa, 6000 K, 10−8 s−1).
However, laser-driven experiments are advantageous in that core
pressure and temperature can simultaneously be achieved relatively
easily. Therefore, although the experiments described herein occur at
much higher strain rates, the scarcity of benchmarks on iron strength

in general drives these investigations that can provide any additional
information on deformation behavior of iron at high pressure and
temperature. In materials science, it is known that the dependence of
iron strength on crystal orientation and polycrystalline texture is sig-
nificant.3 This type of anisotropic behavior is certainly not new to
the field but can help inform on elastic constants and plasticity
behavior at the proper pressure/temperature conditions in order to
better understand the core anisotropy and constrain core dynamic
models. Iron is also the basis for many commonly used structural
materials, such as steels and high entropy alloys, and by understand-
ing its extreme behavior, one can begin to systematically investigate
more complex ferritic materials at high pressure.

Plastic deformation of metals is a complex process that, as
stated by Cottrell, was one of the first to be studied and one of the
last to be solved.4 The stress that the material can sustain is a func-
tion of internal and external parameters. The internal ones are the
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multiple levels of the structure, from the nano- to the macro-scale.
The external ones are the thermodynamic parameters of pressure,
temperature, and the strain rate. Modeling this response is done, at
the engineering level, by simple phenomenological equations, such
as the Johnson–Cook model.5 More fundamental, physically based
approaches incorporate a daunting complex of effects, including
thermally activation dislocation motion, viscous drag, relativistic
effects, and additional contributions from grain size or other
imperfections. The Preston–Tonks–Wallace (PTW) model6 repre-
sents an apex constitutive equation that covers the range of strain
rates from 10−3 to 1012 s−1 and is well suited for shock compres-
sion. By performing these experiments at extreme conditions, this
type of commonly used constitutive equation can be validated in
this regime.

Iron poses unique challenges to the design of effective ramp
compression experiments that are sensitive to its strength. The
structural alpha–epsilon phase transformation occurs at ∼5% of the
inner core pressure and is unavoidable. It complicates the design in
several ways: (i) standard iron strength models developed for the
alpha phase cannot be expected to extrapolate well into the epsilon
phase for the purposes of design; (ii) this uncertainty is further
complicated by likely microstructural changes affecting strength
and heating associated with the significant volume collapse, both
resulting from the phase transformation; and (iii) the inability of
indirect-drive designs to produce a broad range of temperatures at
a prescribed pressure. The Rayleigh–Taylor (RT) instability induces
material deformation, enabling a method to determine the materi-
al’s strength when traditional measurement capabilities, such as
strain gauges, are inadequate under high-pressure (>100 GPa) and
high strain rate (>107 s−1) conditions. This instability occurs at the
interface of two fluids of different densities by virtue of the lighter
fluid accelerating into the heavier fluid.7,8 RT strength experiments
at state-of-the-art laser facilities, such as the Laboratory for Laser
Energetics (LLE) and the National Ignition Facility (NIF), have
been developed over many years.9–11 The growth of RT unstable
perturbations for an ideal fluid depends on the Atwood number
[A ¼ (ρ1 � ρ2)/(ρ1 þ ρ2), where ρ1, ρ2 are densities of the interface
materials], acceleration, and perturbation wavelength. This growth
can be inhibited in real fluids through a variety of mechanisms:
self-radiation,12 thermal diffusion,13–15 convection,16 ablation,17–19

“snow-plow,”20 and viscosity.21 Similar to viscosity, the strength of a
material can be inferred by comparing the difference between the
initial and final perturbation amplitudes.22 If the material has no
strength, the ripple growth will be uninhibited and grow at the classi-
cal rate; however, if the material has a finite strength, growth will be
suppressed. In the linear RT regime, the amount of RT suppression
can be used to infer a measure of strength and the ripple growth can
be measured by face-on x-ray radiography.

Experiments are being conducted at LLE (using the Omega
EP laser23) and the NIF24 to study iron strength under a variety of
conditions of pressure and temperatures using direct-drive (DD)
laser shots. For direct-drive experiments, ramp compression is
achieved by laser pulse shaping. A new RT campaign at Omega EP
is designed to investigate the temperature dependence of iron
strength at high pressure (100 GPa). Hohlraum-driven RT experi-
ments at 130 GPa and relatively low temperature found the strength
of iron to be ∼40 GPa,22 but moderate strain rate shear plate

impact experiments and static diamond anvil cell experiments yield
much lower strength.25,26 The NIF can achieve higher pressures
(P∼ 350 GPa) and temperatures (T∼ 5000 K), comparable to Earth
and exoplanet interiors. Few experimental studies exist for iron
strength at these conditions. Surprisingly, EXAFS results for the
plastic-work-induced temperature rise during ramp compression
imply an enormously high strength of 60 GPa.27 Other promising
techniques, such as in situ x-ray diffraction are not yet able to
reach suitably high pressures.28 The iron RT experiments currently
being conducted at the NIF aim to resolve discrepancies in the lit-
erature and determine the strength of iron at the Earth’s core P–T
conditions. The hohlraum-driven, or indirect-drive, platform is
well developed at the NIF29–33 and has been used for a few iron RT
experiments. Although hohlraum-driven experiments are successful
at reaching Earth core pressures, the temperature is significantly
lower than desired—about a third of the core temperature. This is
because the current hohlraum design was optimized for higher-Z
materials, such as tantalum or lead, and, therefore, does not perform
as well for iron. Intensive design work could be used to develop this
indirect-drive platform for iron, but finer control can be achieved
using direct-drive laser pulse shaping so the authors focus on that
design work instead. Furthermore, usage of a hohlraum is subject to
gold plasma filling in the space where the laser beams ablate the
inner walls, resulting in compromised radiography data for low-Z RT
experiments, such as iron. These issues have pushed the development
of the direct-drive platform in which conditions can be precisely
controlled through target design and laser pulse shaping. These DD
iron RT experiments are the first of their kind to take advantage of
the uniquely adjustable long (60 ns) pulse shape to reach hundreds
of GPa and high-temperature conditions. These experimental RT
laser campaigns rely on hydrodynamic simulations to design both
target and pulse shape for the desired conditions and predict
strength. A description of the computational methods is presented in
Sec. II. Results for the target design, pulse shape, and the subsequent
strength effects are presented in Sec. III.

II. SIMULATION METHODS

Hydrodynamic simulations are designed to solve a set of
partial differential equations, which includes the conservation laws
(mass, momentum, and energy), equation of state (EOS), radiation
transport, and other material phenomena (thermal conductivity,
ionization, magnetism, etc.).34 Hydra35 and Ares36 are two such
codes that use a structured mesh and arbitrary Lagrange–Eulerian
formulation to accurately model radiation transport for a variety of
laser experiments. One of the benefits of these codes is that mesh
motion can also be solely Lagrangian—where the coordinates of
the mesh are tied to the fluid at t = 0 and move with the fluid veloc-
ity, keeping zone mass constant throughout the simulation. This
formulation allows for better modeling of distinct, layered targets
as are used in DD shots. The numerical code Hydra35 was used to
accurately model laser interaction with an ablator material in one-
dimension to create adequate compression profile for the iron
sample. Optimizations of the target layers and pulse shape were
conducted to minimize temperature gradients while maximizing
pressure stability without melting in the iron region. Crucial
requirements are for peak pressure to reach 350 GPa, peak
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temperature 4000–6000 K, and T/Tm < 1, where Tm is the melting
temperature (at the prescribed pressure). Ares36 was used in two-
dimensions to introduce a sinusoidal pattern onto the front surface
of the iron and simulate RT ripple growth with strength. Here and in
what follows the “front” is the face from which the compressive wave
enters, i.e., the direction of the Be ablator. In each hydrodynamic
simulation, different constitutive models were used for the iron such
as Steinberg–Guinan37 (SG) and Preston–Tonks–Wallace6 (PTW) to
determine the effect of strength on ripple growth. Such simulations
will be used to compare with experimental data, inferring iron
strength at high pressure–temperature conditions.

A. Strength

Strength is a characteristic property of materials and dictates
behavior in many applications. At low levels of applied stress, the
material lattice simply distorts elastically in a reversible fashion and
can return to its original configuration. With increased stress,
however, the lattice permanently shifts, and deformation occurs
at all levels from the nano- to the macro-scale. The resistance to
that deformation is the basis of strength. At large strain rates, the
mechanics of deformation becomes complicated. Dislocations, the
primary carriers of permanent deformation, are governed by
thermal activation at slow strain rates and viscous drag and relativ-
istic effects at higher strain rates. Their collective behavior is
described by analytical models or through computations. The SG
model was first developed in 1980 for high-pressure modeling at
high strain rates37 and later (1989) expanded to include strain rate
effects and be valid for lower strain rate experiments.38 This is a
well-developed formulation that is commonly used for the plastic
behavior seen in RT experiments. This semi-empirical model
describes shear modulus (G) and yield strength (Y) as a function of
strain (ϵ), pressure (P), and temperature (T),

G(P, T) ¼ G0 1þ (G0
P/G0)Pη

�1
3 � (G0

T /G0)(T � 300K)
h i

, (1)

Y ¼ Ywh
G(P, T)

G0
, (2)

where G0 is the shear modulus at reference conditions, η ¼ ρ/ρ0 is
the compression ratio in density, and G0

P and G0
T are the pressure

and temperature dependence coefficients for the shear modulus.
The work-hardened yield strength, Ywh, is defined by

Ywh ¼ Y0[1þ β(ϵi þ ϵp)]
n, (3)

where Y0 is yield strength at reference conditions, ϵp and ϵi are the
deformed and initial equivalent plastic strain, and β and n are work
hardening parameters. If Ywh exceeds the maximum yield strength,
Ywh, max , then Ywh is reset to Ywh,max . In the simulations presented
here, multipliers of this SG model are also used to predict a range
of strength by multiplying Y0 and Ywh,max by various factors; for
example, SGx2 denotes the SG model using Y0 and Ywh,max that are
twice the nominal values. This is standard practice to provide a
range of growth predictions that can explain experimental
results.32,39

The PTW model is a more advanced analytical formulation
that has a built-in pressure and temperature dependence as well
as their effects on the melting point. It has been successfully
applied to many materials, including iron, through 14 material
parameters, many of whom are rooted in the physical processes
occurring during deformation. It is based on both thermally acti-
vated dislocation motion and drag-controlled kinetics. The consti-
tutive equation describes yield stress as a function of pressure,
temperature, and strain rate. The dependence of material strength
on applied plastic strain at low strain rates is of the Arrhenius
form; work hardening is modeled as a generalized Voce law.40

At strain rates exceeding 109 s−1, work hardening is neglected, and
the rate dependence of the flow stress is calculated using Wallace’s
theory of overdriven shocks in metals.6 The constitutive equation
for the shear flow stress (τ̂), equal to half the von Mises stress
[e.g., Eq. (2)] divided by the shear modulus, is

τ̂ ¼ τ̂s þ 1
p
(s0 � τ̂y)ln 1� 1� exp �p

τ̂s � τ̂y
s0 � τ̂y

� �� �� �
� exp

�pθϵ

(s0 � τ̂y) exp p
τ̂s � τ̂y
s0 � τ̂y

� �� �
� 1

� �
0
BBB@

1
CCCA

2
6664

3
7775, (4)

where τ̂s and τ̂y are the work hardening saturation stress and the
yield stress, which are functions of temperature, strain rate, and
shear modulus; p and θ (from the Voce relation40) are material
parameters, and s0 is the value that τ̂s takes at zero temperature.
Equation (4) is accurate for many metals in the thermal activation
regime when the strain rate is below 109 s−1. Above that strain rate,
the high temperature and large strains associated with a strong
shock causes work hardening to be saturated.6 At this condition,
τ̂s ¼ τ̂y ¼ s0( _ψ/γ _ξ)

β
, where _ψ is the plastic strain rate, γ is a

dimensionless material parameter, _ξ is the atomic vibration

frequency, and β is determined experimentally. Parameters used for
each model are listed in Table I where sx and yx are used in the cal-
culation of τ̂s and τ̂y , respectively.

B. Equation of state

The EOS of a material is required in computations to connect
the conservation laws. Iron has multiple EOS models available,
three of which are investigated here: LEOS 260,43,44 SESAME
2140,45 and LEOS 263.46 The SESAME and LEOS 263 models are
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multiphase forms that account for the high temperature and pres-
sure solid-state phase changes in iron, while LEOS 260 does not
distinguish between the various solid phases. The epsilon phase of
iron extends from ∼13 GPa to pressures well above 400 GPa;31,47 it
has been proposed that at 350 GPa, there is a high-temperature
body-centered cubic (bcc) phase of iron and it is that phase of iron
in the Earth’s inner core.48 However, many other publications, both
at low47,49–53 and high strain rates,31,54–58 find that the hcp phase is
stable at core pressures and up until melt,59 and the equations of
state used here do not include a high-pressure bcc phase. The equa-
tions of state of the proposed bcc phase and the hexagonal epsilon
phase are very similar, and the small differences have no effect on
this design. Figure 1 shows the shock Hugoniot and melt curve for
each model. There is little difference in the Hugoniots at low P–T
conditions, but the models begin to deviate around 150 GPa. The
melt temperature as a function of pressure is much lower for LEOS
263, meaning that it predicts melting at a lower temperature for a
given pressure state.

C. Computational details

The direct-drive design reported here uses shaping of a laser
pulse to drive a multilayer target, including ablator, pusher, sample,
and tamper materials. The uniquely long (60 ns) laser pulse is only
available at the NIF since it is the only facility with the capability of
stitching together 16 beams. Furthermore, the NIF has incredibly
fine control, both spatial and temporal, over the laser drives it can
produce. The models used for each layer of material are listed in
Table II where early simulations find that the thin applications of
glue, typically <3 μm, used to adhere layers together are of negligi-
ble thickness and strength. The materials in the layers around iron
have relatively low strength; therefore, no strength models are used
for Be, BrCH, epoxy, or LiF. If a thick material with significant
strength is used next to the iron ripples, then the experiment will
not produce accurate results for iron strength. Unlike the case of
pressure–shear loading experiments,65 these materials and the glue

layers that bond them do not need to be strong enough to transmit
the large shear stress that forms in the iron. Each material layer has
a 0.5 μm mesh size except for the Be ablator, which has a finer
ablative mesh to ensure that laser energy absorption is modeled
correctly. A mesh convergence study was run in Ares to ensure that
a 0.5 μm mesh is well converged—there is a <5% difference in the
growth factor for a smaller mesh; therefore, it was concluded that
this mesh size is enough to get reasonable growth factor predictions
for a long enough run time (i.e., before mesh tangling ends the
simulation). Boundary conditions are also applied to reduce

TABLE I. Parameters for iron for SG and PTW strength models.

Steinberg–Guinan41
Preston–Tonks–Wallace42

α-Fe ϵ-Fe

G0(GPa) 77 θ 0.015 0.015
G0
P(1/GPa) 226 p 3.0 3.0

G0
T (1/K) 4.55 × 10−5 s0 0.01 0.01

Y0(GPa) 0.34 s∞ 2.5 × 10−3 2.5 × 10−3

Ywh,max(GPa) 2.5 y0 6.625 × 10−3 6.625 × 10−3

β 43 y∞ 7.5 × 10−4 7.5 × 10−4

ϵi 0 y1 6.625 × 10−3 0.03
n 0.35 y2 0.265 0.25

κ 0.35 0.3
γ 1 × 10−5 1 × 10−5

β 0.265 0.25
α 0.23 0.23

Tmelt(K) 1810 2050
G0(GPa) 87.2 87.2

FIG. 1. Shock Hugoniot and melt curves for the three iron EOS models used.
The solid–solid phase boundaries (gray) correspond to the newly developed
LEOS 263 model (courtesy of Wu46). The LEOS 263 phase boundaries and
melt curves agree with data from various static60–62 and dynamic59,63,64 works.
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computational cost. The sides of the target are set such that they
act as reflecting boundaries. The front of the target is set such that
it remains fixed for the entirety of the simulation, and the back of
the target is allowed to move freely.

III. RESULTS

A. Target design

The design of the target is based on previous experiments11,39

using beryllium (Be) as the ablator material, followed by 2%–12%
brominated plastic (BrCH), which acts as the shield layer against
x-rays generated by laser ablation that can heat the iron sample.
The shield layer is followed by a low-density rippled epoxy, which

allows RT unstable ripples to grow by providing a relatively high
Atwood number at the interface. Metal foams instead of an epoxy
layer have also been postulated to be suitable, retaining a low-
density post-shock compared to fully dense transition metals, but
our simulations show that the foam’s high shock temperature and
thermal conductivity cause premature melting in the iron. The
epoxy interfaces with the rippled iron foil, which is backed by
lithium fluoride (LiF) that acts as a pressure tamper.

Since the role of the ablator is to produce a plasma that
rapidly expands, causing a pressure wave to travel into the target,
these simulations show that a thicker Be results in higher peak
pressure and lower peak temperature in the iron (Fig. 2). The
increased pressure is the result of pressure waves interacting and
growing as they travel through thicker material. The lower tempera-
ture occurs because there is physically more material, which causes
heat to dissipate more before reaching the next layer.

The x-ray/heat shield material is crucial in preventing
unwanted heating in the iron due to x-rays. This ensures that any
temperature increase is solely due to plastic work hardening and,
therefore, related to material strength and comfortably below
melting. The pressure is relatively insensitive to the BrCH thickness
and the Br doping level (Fig. 2). The temperature, however, is sensi-
tive to thicker BrCH or higher %Br. These two factors greatly
reduce the temperature at the front of the iron as well as improve
temperature stability. The higher-atomic number (Z) bromine
increases opacity and restricts the transfer of energy (heat) through-
out the material. An additional factor needs to be considered when
a thicker heat shield is used: ripple radiography backlighter x-ray
transmission for image plate data collection. A thicker heat shield

TABLE II. Materials used in the simulations.

Material
Thickness
(μm)

Density
(g/cm3) EOS

Strength
model

Be 70 1.858 LEOS 40 N/A

12.5% BrCH 75 2.0 LEOS 5128 N/A

Epoxy 20 1.185 LEOS 5030 N/A

Iron 50

7.877 LEOS 260 SG ×0, 1, 2, 5

7.85 SESAME 2140 α-PTW

7.874 LEOS 263 ϵ-PTW

LiF 500 2.64 LEOS 2240 N/A

FIG. 2. Normalized pressure and temperature as a function of material thickness where a normalized value of 1 corresponds to P = 350 GPa and T = 4000 K. Variations in
material thickness shown here are representative of all the options that were simulated for this work.
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or higher %Br has the effect of decreasing the transmission of the
backlighter x-rays—impeding the radiography signal level.

The use of thicker rippled epoxy (10–40 μm) improves the
overall pressure behavior, resulting in fewer reverberations. If a
pressure wave interacts with a boundary where the sound imped-
ance changes, wave reflections and interactions are generated. For a
thinner epoxy layer, the front and back boundaries are close to
each other, and the various pressure waves are reflected and interact
much more, causing large reverberations. A thicker version simply
allows some of the reflected waves to dissipate, lessening and delay-
ing the pressure jumps. A thicker epoxy layer also causes lower
temperature in the iron due to heat dissipation effects (Fig. 2).

B. Pulse shape design

The laser pulse shape ramps up in power to help ensure the
iron does not melt before reaching the desired P–T conditions.
Three aspects of the pulse shape were investigated—initial shock-
inducing jump, picket addition, and “hold” time. Inducing a shock
at the beginning of the pulse is an easy way to initialize the sample
into a specific P–T state along the Hugoniot to reach more extreme
conditions. Since a shock generates on-Hugoniot compression, the
temperature can be easily predicted; i.e., an initial shock of 100 GPa
should increase temperature to ∼2000 K. A picketed pulse is set by
dropping the laser power after an initial shock pulse. The picket
pulse is timed in such a way to destructively interfere with

reverberations from sample interfaces. Including a picket reduces
the severity of the pressure drop at early time as well as causing a
slight reduction of temperature at the iron front. It is important
that the picket does not cause the iron to revert to the α phase
(<13 GPa), avoiding unnecessary phase transitions. This is accom-
plished by keeping the laser power after the post-picket power drop
to above 0.03 TW. Lastly, the late time “hold,” which is a mono-
tonic increase in power, is used to create a stable region in time at
the desired pressure. A longer “hold” results in more time at peak
pressure but also causes significantly more heating (and premature
melting). By using a 60 ns pulse shape, rather than 30 ns, the peak
pressure can be held for longer time and the ramped portion can
be more gradual, allowing for more time during which T/Tm < 1.
This is the only feasible way to make a solid-state iron strength
measurement at the extremely high pressure and high temperature
of interest.

The optimized target and the pulse shape design are shown in
Fig. 3. The target consists of a 70 μm Be ablator, a 75 μm 12.5%
BrCH heat shield, 20 μm epoxy, 50 μm iron, and 500 μm LiF. The
pulse is made up of a 6 ns 0.2 TW picket, drop to ∼0.1 TW, ramp,
and “hold” to a peak power of 2 TW. In the experiments, this pulse
is delivered to the target by 16 NIF beams [Fig. 3(a)]. At a pre-
scribed delay time, a separate set of 12 NIF beams illuminates a
thin foil, which causes x-rays to be emitted and backlight the ripple
target for face-on radiography. The desired 350 GPa pressure state
is maintained for ∼10 ns [Fig. 4(a)], while the ideal 5000 K

FIG. 3. (a) Experimental configuration, where the sample is compressed by a set of NIF laser beams. The ripple growth is measured with face-on radiography from laser
illumination of a backlighter foil to produce x-rays. Backlighter energy is dependent on foil material. Optimized (b) target and (c) pulse shape designs. The epoxy is applied
directly to the iron ripples. The other layers are joined by thin (<3 μm) layers of epoxy (not shown) that have no effect on the growth factor in the RT design simulations.
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temperature condition is not quite achieved. A peak temperature of
4000 K is reached for a few nanoseconds [Fig. 4(b)]. The iron also
remains in the solid state (T/Tm < 1) for the entirety of the simula-
tion [Fig. 4(c)]. Experimentally, the measurement will be made at
peak pressure, between 50 and 60 ns.

C. Strength and EOS effects

The effect of strength on the RT instability was investigated
with 2D Ares simulations (Fig. 5). By introducing a sinusoidal
ripple pattern onto the front surface of the iron, the effect of

strength can be inferred by measuring the growth factor (GF).
The growth factor is essentially the ratio of the final and initial
ripple areal density, that is, the multiplication of amplitudes by
density. In practice, blurring of the ripple image in the experiment
due to geometry and other factors must be accounted for by divid-
ing GF by the modulation transfer function.66 The simulations
predict values for the von Mises flow stress, while experimental RT
measurements are a measure of the flow stress (half the von Mises
stress6). For a 1 μm amplitude and a 75 μm wavelength ripple
pattern, the peak growth factor for iron with different levels of
strength varies from 3 to 10 (Fig. 6). Growth factors in this range

FIG. 4. Hydra simulations of (a) pressure, (b) temperature, and (c) T/Tm in the iron at different locations. Red, green, blue, and teal curves correspond to various locations
in the iron layer: front (rippled face), 2 μm in, middle, and back, respectively.

FIG. 5. Ripple growth time sequence starting at (a) t = 0 with an initial ripple pattern of 1 μm amplitude and 75 μm wavelength. Late time ripple growth (t∼ 55 ns) for (b)
no strength and (c) high strength (SG × 5) cases assuming an LEOS 260 model. Material layers are BrCH (red), epoxy (green), Fe (blue), and LiF (aqua). BrCH and LiF
layers are cropped for a better view of ripple growth.
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will provide a robust signal to noise in the collected radiography
data. Here, SGx0,1,2,5 multipliers refer to multiplying the Y0

parameter and maximum yield strength from work hardening
(Ywh,max) by the specified scale factor essentially scaling the flow
stress. The 0 multiplier represents a no-strength case. In a
no-strength case, the iron behaves like a liquid, and the perturba-
tions exhibit classical, or uninhibited, RT growth. In this case, the
growth rate is proportional to the square root of the Atwood
number (γ ¼ ffiffiffiffiffiffiffiffi

Aka
p

, where k is the wavenumber or 1/wavelength
and a is the acceleration so that GF = eγt in classical growth). The
original SG and α-PTW strength models predict similar growth
behavior—peaking at GF∼ 10. The ϵ-PTW model42 with GF∼ 4 is
constructed to give the strength of the high-pressure phase and is
expected theoretically to best predict experimental results. 2× and
5× multipliers of the original SG model also predict less growth,
indicating even higher iron strength. The range of growth factors
predicted here corresponds to strengths ranging from 3 to 30 GPa
at a strain rate of ∼5 × 106 s−1, with the ideal ϵ-PTW model pre-
dicting strength of 5 GPa [much lower than the value found by
Huntington et al. (>40 GPa)22]. Note that those RT experiments
were carried out at lower pressure (150 GPa) and likely lower tem-
perature (not reported).

The equation of state, or more specifically the melt curve asso-
ciated with it, can also have a pronounced effect in predictions of
the growth factor because depending on the model, T/Tm can be
greater than 1 at different times. The melt curve of LEOS 263 lies
at higher pressures than that of the other EOS tables used (Fig. 1),
meaning the iron melts at lower temperature and potentially,
earlier time. If the iron sample were to melt at an earlier time, the
growth factor would follow the classical zero strength case and
be much higher. Designing the target in such a way to make sure
the sample does not melt until late in time helps to ensure we are
taking an accurate solid-state strength measurement at the desired
P–T conditions. The predicted ripple growth based on the EOS

table used does not vary greatly (Fig. 6), and the predicted yield
strength and strain rate at a given time are similar between
EOS models.

IV. CONCLUSIONS

We have described the computational design work for high-
pressure iron Rayleigh–Taylor strength experiments at the NIF.
The lack of clear experimental results on iron strength at high
pressure and temperature conditions comparable to the Earth’s
inner core motivates these direct-drive shots, which need exten-
sive design as they have never been attempted before. Design
work for the high-power direct-drive laser experiments is a com-
plicated process of carefully balancing target components and
pulse shape with the physical limitations of target fabrication and
power limitations of the laser facility. The target components
and pulse shape were optimized to produce the desired high pres-
sure and temperature conditions. These extreme conditions
require a design that induces a solid-solid phase transformation
in the iron and take it to temperatures that approach melt. The
effect of various strength models and EOS tables on ripple
growth was investigated to predict experimental results and
accommodate the large theoretical uncertainty in the iron
strength. Growth factors of 3–10 are predicted based on the
optimal target and pulse shape with minimal variation based on
the EOS used.

The desired pressure state in the iron is achieved using a
picketed pulse followed by a smooth ramp and a “hold” up to
2 TW peak power. This design is the first example of how a longer
(60 ns) pulse provides improved design options. Pressure is rela-
tively insensitive to changes in target layer thicknesses, while tem-
perature is highly variable. The P–T state of 350 GPa and 4000 K
in the iron is achieved using a beryllium ablator (70 μm), bromi-
nated plastic heat shield (75 μm), epoxy pusher (20 μm), and
lithium fluoride tamper (500 μm). Thinner layers before the iron
can help to reach even higher temperatures but with a trade-off of
the stability of the temperature state. Higher peak power in the
pulse shape can also increase temperature, but with a danger of
premature melting as well as power limitations of the NIF laser
beams. Similar principles are applied to design Omega EP RT
strength experiments where different peak temperatures can be
achieved by changing the strength of the initial shock-inducing
power jump in the pulse shape. This uniquely optimized design
will be able to provide strength measurements of iron at extreme
conditions adding to high-pressure materials science and provid-
ing iron data in a regime where the paucity of data to inform geo-
physical models is acute.
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