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Exciting time in HED Science!
Novel materials and far-fromequilibrium phenomena

Planet formation

Shen et al., 2016

High-energy
density (plasma)

Courtesy, Glenzer

Planetary Interiors

Duffy, 2011
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Rapid development in Dynamic Compression Science
(DCS)/High Energy Density Physics HEDP at Light Sources
Extreme States of Matter:
• Shock driven (high pressure – multi GPa)
• High temperature (1000s of K)
• Radiation environments (X-rays, ions, etc)
• Gas gun, explosive, laser, magnetic, etc.
• Non-repeatable/non-reversible processes

Relativistic plasma
physics

High-pressure
astrophysics and
planetary physics

Slide modified from Bob Cauble LLNL/HiBEF

Dynamic materials
research

Magnetic phenomena
in condensed matter

3

Over the past 5 years the Linac Coherent Light Source (LCLS) has
demonstrated a remarkable ability to tailor the X-ray beam

From linear to controlled polarization

From 200 fs down to 200 as duration

~ 500 – 1500 eV

179 ± 58 as @ 9 keV (14.4 eV BW)

From statistical fluctuations to
controlled pulse width and spectrum

SASE spectrum

Seeded spectrum

~ 20 eV

~ 0.5 eV

From single pulse to tunable
multi-pulse and 2-color x-rays
SASE or
seeded

40x increase in spectral brightness.
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Slide Courtesy W. White

Demonstration of pulse train and dynamic XRD with Icarus
hCMOS detector

2 pulse demonstration:
Temporal evolution of X-ray
heated Cu

4 pulse demonstration:
Temporal evolution of X-ray
heated Gold
2.1ns
~3.8ns

ICARUS
Multi-frame detector

2.1ns ~3.8ns

X-ray multi-pulses
7.2 keV

Gold foil
150 nm

Collaboration: SNL, LLNL, SLAC

2-pulse: published, 2019

Matter in Extreme Conditions instrument optics
and diagnostics

Bosdedt et al., 2016

Courtesy G. Dyer
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Typical pump-probe experimental setup

Phase Contrast
Imaging diagnostics

Back/forward

LCLS as a pump:
Uniformly and rapidly heat target volumes reaching 100s eV temperature (HDM)

LCLS as a probe:
Tunability provides spectroscopic capability for the study of HED
High peak brightness provides Thomson scattering capability and Phase contrast
imaging capability
Short pulse duration can measure WDM in transient phenomena
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Innovating X-ray Diagnostics at 4th Generation
Lightsources

1. time-resolved X-ray Diffraction (XRD) of the transition to warm
dense matter (WDM), structure factor determination and
transformation kinetics
2. X-ray imaging to track particles in a flow to visualize the
development of Kelvin Helmholtz- or Rayleigh Taylor-instabilities and
turbulence
3. Inelastic X-ray scattering to measure in situ transport properties,
e.g., sound velocity, viscosity, thermal conductivity
4. X-ray correlation spectroscopy to measure dynamic structure factor
for HED & WDM viscosity
5. Synergy of imaging and diffraction diagnostics to follow damage
cascades and visualize mechanisms at plasma-material interfaces
8

Visualization of ion-ion dynamics via time-resolved
XRD

Fletcher et al., 2015

Kim et al., 2008

Fletcher et al., 2015
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Tracking phase transformation kinetics in condensed
matter: ultrafast reconstructive transitions
λ = 1.5498 Å

D = k(t-t0)1/n

Huang et al., 2003;
Zheng et al., 2009

D = particle size
k = temperature-dependent material constant
appropriate to exponent n
t0 = nucleation time

n > 4 coalescence events rather than
diffusion-related growth
Gleason et al., 2015
10

Higher fidelity kinetics measurements?

Stoffler and Langenhorst, 1994

-New constraints on impact crater
mineralogy and shock stages

Gleason et al., 2017

Gleason et al., 2017
11

First Experiments with diamond-anvil cells at FELs
Thermal
emission
→ temperature

X-ray
diffraction pattern
→ structure

EuXFEL
20-25 keV
4.5 MHz
bright pulses

-low Z materials in a DAC
-DAC, dynamic-DAC → access to low strain
rate phenomena
-melting, chemical reactions and phase
transformations of static high pressure
states
-isochoric heating at static high pressure

@ HED, ExFEL, 2019

@ XSS, PAL-XFEL, 2020

-observe reaction between H2 and S
at 0.3 GPa →synthesis of
superconductor-forming dense12
hydrides

Planetary Iron at high strain rate
Scientific Achievement
Iron was compressed at high strain rate
using short pulse laser ablation revealing
a complex shock wave structure and
phase transition dynamics.

Significance and Impact
This work opens up the way to studying
material in extreme conditions relevant to
planetary core conditions at
unprecedented strain rate.

Research Details
Upper left: Raw X-ray diffraction data at ambient
pressure.
Upper right: 250 and 500 ps XRD during and after
optical laser ablation. Elastic and plastic
deformation waves travel through the cold iron
forming the alpha phase.
Lower : At later times, when the optical laser is turned
off, the epsilon and gamma phases coexist
together with the compressed alpha phase.
Work was performed at PAL XFEL, Korea

– Iron samples are ablated by a 140 picosecond
pulse duration optical laser beam with 6 mJ of
energy.
– Femtosecond-duration X-ray laser from the PAL
XFEL facility is necessary to take a snapshot of
the atomic structure by probing the material at
various time delay via X-ray Diffraction (XRD).
– Strain rate up to ~3.0 x 109 s−1 was achieved at a
pressure of 34 GPa.
Hwang et al., Sci. Adv. 2020; 6 :
eaaz5132

Earth’s inner core is bizarre
• 1220 km radius
• Crystallization of Fe-alloy
due to Earth’s cooling
• Pressure range: 330 – 365
GPa
• Temperature: ~ 6000 K

Tkalcic, 2015
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Earth’s inner core is bizarre
Vocadlo et al. (2003), 0 K
Steinle-Neumann et al. (2001), 5000 K
Laio et al. (2000), 300 K
Steinle-Neumann et al. (1999), 0 K
Mao et al. (1998), 300 K
Soderlind et al. (1996), 0 K
Stixrude and Cohen (1995), 0K

12.6

VP (km/sec)

12.2

www4.nau.edu/meteorite/Meteorite/Book-GlossaryH.html

→ What mechanisms induce
anisotropy in the inner core?
→ How does viscous dissipation in
the outer core influence the
evolution of the geodynamo?
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W. Mao et al., 2008
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Fe at 113 GPa

Radial x-ray diffraction, a primer

100

002 101

Magnitude of waviness
-- deviatoric strain & shear strength

Magnitude dependence on hkl
-- elasticity tensor
Intensity vs. azimuthal angle
-- lattice preferred orientation
d-spacing

Sli
de
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Is high-pressure iron really weak?

hcp-iron
t(P) = 1.8(5) + 0.017(6) P
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Gleason and Mao, 2013

Dynamic strength of iron measured at MEC, LCLS
Fe 99.5%
Starting temper: Hardened
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Merkel and Gleason et al.

Time-resolved strength of iron to Earth core conditions
Raw data

• {10-12} twinning is the
dominant deformation
mechanism at high strain
rate
• Time-resolved peak in
differential stress is at 10+
GPa and then relaxes to few
GPa long-term flow strength

Deformation mechanisms

Pressure

Stress

Texture
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Merkel and Gleason et al.

Kinetics models leading to more predictive models

• Kinetics models (e.g., Johnson-Mehl-

MD simulation of Fe phase transition

Avrami-Kolmogorov)

• Nucleation mode tied to MD/DFT &
Synthetic data
- Solidification – visualize the formation
- Melting/resolidification
- Far-from-equilibrium phenomena
- Materials properties correlations
- Tuning properties at the mesoscale

• Role of impurities, defects, dislocation density
→Works toward predictive capability

Kadau et al., 2007
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X-ray imaging can be performed in several different regimes
requiring increasingly more advanced light sources
4th generation: X-ray free electron laser (XFEL)
3rd generation: synchrotrons
flash sources

Shadow/contact imaging

Phase contrast

Holography/CDI

▪ X-ray brilliance is
enabling nanometerscale to mesoscale
movies of materials
dynamics with coherent
‘lensless’ diffraction
imaging

P. Cloetens et al., J. Phys. D 32, A145 (1999)
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Synergy of datasets: looking for new materials
properties correlations

• XRD + x-ray spectroscopy
- meV-resolution inelastic X-ray scattering: transport properties + lattice structure
- X-ray emission spectroscopy: electronic- vs. lattice-structure changes

• XRD + coherent diffractive X-ray imaging
Shocked Si

Ejecta physics in Cu

Shocked CH
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Bolme et
al., in Prep

Nagler et
al., in Prep

Void collapse during a shock
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Brown et al., 2019
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Sandberg et al., in Prep

X-ray imaging to visualize instabilities and turbulence
Adapt traditional Particle
Imaging Velocimetry (PIV)

→ to X-ray PIV
or X-ray
Fluorescence
PIV

cross-correlation
performed on
interrogation areas

flow seeded with particles PIV images taken

apart

velocity fields
PI. J. Shang, Univ. Rochester

- X-ray PIV would be a new application of Phase Contrast Imagine
- Tackle hydrodynamic Instabilities:
- watch Rayleigh-Taylor / Kelvin-Helmholtz Instabilities develop
- visualize onset of turbulence
- visualize turbulence evolution
- direct measure of viscosity
23

Void Collapse Physics: Mesoscale Materials Properties Control
Functionality at Extreme Conditions
Fusion energy materials face harsh
environments:
-structural materials in a reactor
-plasma facing materials / first walls of a tokamak
-inertia confinement fusion (ICF) materials

3D simulation of ICF implosion

Impact processes between meteoritic materials
may have played a key role in the origin of life:
-porous/rocky matrix of silicates/chondrites can
‘hold’ prebiotic molecules
-unique P/T path of shockwaves enables chemistry

Biotic material formation via shock
waves
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Clark et al., 2015

Spiked perturbations due to hydrodynamic
instability growth seeded by defects in the ablator.

https://www.nasa.gov/images/content/107500main_panel1_m.jpg

Revolution in X-ray sources is enabling a revolution in
High Energy Density (HED) Science

modified from Schropp et al., 2015
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Dynamic process timeseries in a single sample for ICF
ablator physics and void collapse process
Ultrafast movie of a shock front
traversing a void
-collaboration across LANL,
LLNL, LLE, SLAC
-diamond, plastic & silicates
→time-resolved 2-dimensional
arial density, atomic structure
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Courtesy D. Montgomery, LANL using 2D xRAGE

Revealing atomic-level self-organization at the plasmamaterial interface

• Prediction and Modelling of Performance of Fission and
Fusion Reactor Materials

Damage cascades occur over a range
of timescales (BES, BRN, 2007)

Allain and Shetty, 2017
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Ultra-fast proton beams have been used to generate
warm dense matter by isochoric heating
→ Proton or charged ion beam generation possible up to ~100 MeV over several
nanoseconds

Courtesy E. McBride, L. Fletcher, M. Gauthier, C. Curry et al. in SLAC HED Div.
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Dynamic compression to lead the way in novel
materials synthesis
-Materials during their synthesis, operation,
or processing, may not reach their
thermodynamic equilibrium state but,
instead, remain trapped in a local
(metastable) free energy minimum, that
exhibits desirable properties.
-Kinetic factors have been found to be
crucial in determining (self-) assembled
structures, their functions and/or properties.
Competition between different interactions
can lead to materials landing in a kinetically
trapped state rather than a thermodynamic
equilibrium state.

Srinivasan et al., 2020
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Multi-PW short pulse & long pulse laser upgrade take
us to the frontier in HED & plasma science

Courtesy G. Dyer

• Understand how intense light couples its energy to matter
• Explore how magnetic fields control transport and influence self-organization in
plasmas across scales
• Advance understanding of plasmas far from equilibrium and at interfaces
• Advance understanding of strong coupling and quantum effects in plasmas
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• Create and explore antimatter plasmas

Exciting time in HEDP and Plasma Physics using 3rd
and 4th generation lightsources to expand the frontier

Thank you for your attention!!
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