Point defect survival fraction (per NRT)
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Panel Area:
Radiation Matter Interactions for Fission and Fusion

Radiation creates a unique environment that creates microstructures and subsequent property changes
in a non-equilibrium manner

- Collision Cascades
- Radiation-induced segregation and associated phase changes
- Void Swelling

- Point defect-interface (sink) interactions

- Flow localization

- Corrosion & Crack propagation (IASCC)

- Embrittlement

- Degradation of electron and phonon transport
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Panel 1: Extreme Environment Tolerant Materials
Panel 2: Watching damage happen

The need for higher performing
materials in the extreme environments
of advanced fission and fusion reactors
is well documented. Approaches that
accelerate the transition from the
observation and validation of
performance to the prediction and
control of functionality through materials
discovery and science-based
certification remain grand challenges.

A particular challenge is the ability
to make (and model/interpret)
measurements of relevant
phenomena in irradiation
environments of interests and
thereby advance fundamental
understanding and
predictability beyond today’s
‘cook and look’ approaches.

s Todd Allen, Chair s Steve Zinkle, Chair
sMike Burke = Don Brown
mDarryl Butt = Barney Doyle
sRob Goldston = Scott HSl{
=Tom Holden = Wayne King
mRick Holt = Mark Kirk

=Stu Maloy = Meimei Li
sAmit Misra = Mike Nastasi
=Christina Trautmann = Matteo Rini
=Gary Was = Yanwen Zhang
mDieter Wolf
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changes
Dansified Region Cladding
Gig H-!I.Hil't! Residual Gap
I."!EIIII'I
Columnar i )
Grain Region Peripheral Region
Central Void Dark Ring
l.IJn!
Microstructure formation and evolution Etched
- void swelling

- fission-gas bubble formation & release
- phase behavior, grain growth, precipitation
- alloy species redistribution
- Effects on thermo-mechanical behavior
- thermal conductivity
- crack nucleation, diffusion creep, etc.
- fuel-cladding interaction
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Priority Research Directions

Thermo-Mechanical Properties Corrosion science under extreme
and Dimensional Stability during environments
Irradiation

Microstructure science under
irradiation

Understanding unit processes and
their collective behavior
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research

emperature

Domain of corrosion-radiation
interaction

Domain of mechanical
properties



PRD 7: Thermo-Mechanical Properties and
Dimensional Stability during Irradiation

Irradiation and temperature change the active
deformation systems (slip, twinning, climb) and
cause dimensional changes including creep and
swelling and loss of fracture resistance.
Understanding these changes will allow
prediction of the response of the material under
static or dynamic loading. Both average
properties and inhomogeniety are important,
especially for crack initiation.

for full-scale mechanical testing.

*Synchrotron and neutron diffraction on highly
radioactive materials: easy specimen preparation
and transfer.

*Quantified microscale testing and simultaneous
ion beam irradiation in electron microscopes.
*Scaling from nano- to macro-scopic properties
*Models to predict the full range of mechanical
behgyvior needed to design and operate reactors
over all reactor operating conditions.

" Decadal Challenges for Predicting and
Controlling Materials Performance in Extremes

December 6 - 10, 2009 = Santa Fe, New Mexico

Long term irradiations are required to develop
models for the influence of irradiation on
deformation mechanisms, fracture and fatigue.
Characterization is required using small angle
scattering, stain mapping, in situ mechanical
testing, metrology, electron microscopy, atom
probe, tomography.

Substantial improvement in understanding and
capability of modeling mechanical behavior of
materials under irradiation will lead to:
*Understand life limiting defects in nuclear plant,
test new materials for engineering suitability in
new plants or new kinds of plants (say, fusion
reactor)

* life extension of existing nuclear plants and
potential savings of billions of dollars in rebuild
costs.
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Introduce dislocation distribution into

self-consistent polycrystalline models

Single crystal properties
+

Crystallographic texture (ODF)
+

Dislocation distributions

from manufacturing
+

Crystal interactions w/matrix

\

Macroscopic properties
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to CorrOSion and Surface Damage under December 6 - 10, 2009 = Santa Fe, New Mexico
Irradiation and Extreme Environments

Observe and measure modifications in materials structure and chemical
reactions at interfaces under irradiation and extreme environments,
including both effects on the material and its environment.

Understanding and predicting how irradiation affects the
material-environment interfaces — including chemical reactions,
charged species transport, and plasma-surface interactions.

Developing more fundamental models for corrosion, erosion/redepositior

Measuring and characterizing material-environment reactions and surface gas accumulation under irradiation and in extreme
under extreme conditions including T, P, radiation. environments.
*  Point defect and chemical transport
Design of materials and microstructure with enhanced «  Chemical reactions and phase equilibria
resistance to corrosion and surface damage in extreme e Stress fields
environments *  Electrical transport

*  Localized and uniform processes

Validate models using measurements of reaction modes and kinetics.

Capabilities are needed to manipulate environments and
simultaneously observe, accelerate, control and mitigate kinetics,  Ability to treat corrosion as an integral part of materials design (physics

phase transformations and mechanisms. based models replace empirical and data based predictive approaches)
Development of experimental stations for in situ measurements Provides predictive models to support current plant life extension
in extreme environments. (employing existing materials), and guidance for the development of

A range of irradiation including high flux sources (neutrons, ions, new materials for advanced fission and fusion reactor concepts.

gammas, plasmas) and diagnostic tools will be required. Provides predictive models for stockpile stewardship.

Requires significant computational modeling tools to

simultaneously treat multiple processes in multiple phases. Improved energy storage materials, gas separation membranes.

Slide 3 Reduce infrastructure costs and broaden the operating window for
materials applications in extreme environments



Decadal Challenges for Predicting and
Controlling Materials Performance in Extremes

Variability of Materials Properties = - s
Employed in Plant Life Analyses
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PRD2: Materials Design for Resistance to Corrosion and Surface
Damage under Irradiation and Extreme Environments

Radiolysis at a Corrosion Interface
Irradiation-accelerated chemical reactions in materials

\ A 0'\*/ /
-& 0P
O.? - \ Radiation-environment =
{O O? interaction in corrosion =
1. Partlcles irradiate water 2. Radiolysis/lonization “_,,._—m-—"""‘)

Interface reactions fir —
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R. S. Lillard and D. P. Butt, “A Method for Measuring Corrosion Rates of Materials in Spallation Neutron Source Target/Blanket Cooling Loops,” Materials
Characterization, 43 [2/3] 135-145 (1999).
R. S. Lillard, G. J. Willcutt, D. L. Pile, and D. P. Butt, “The Corrosion of Alloy 718 During 800 MeV Proton Irradiation,” J. Nucl. Mater., 277 [2/3] 240-262 (2000). gz:‘ln/, »

R. S. Lillard, D. L. Pile, and D. P. Butt, “The Corrosion of Materials in Water Irradiated by 800 MeV Protons,” J. Nucl. Mater., 278 [3/4] 277-289 (2000).
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Microstructure is the critical link between material
science and materials performance

Developing an experimentally validated, multi-scale
modeling approach for microstructure evolution under
irradiation (void-, fission-gas and phase behavior,
stress development, ...) to predict how these affect,
e.g., the thermo-mechanical and thermal-chemical
behavior. Incorporation of microstructural processes
based on atomic-level mechanisms is critical towards
developing a predictive fuels- and materials-
performance capability.

*Experimental techniques, both in-situ (ion and
neutron) and ex-situ, to characterize evolving
microstructures in irradiated materials with sufficient
statistical detail including unit mechanisms

*Develop foundations for understanding ion beam (light
or heavy) correspondence to neutron irradiation effects
*Understanding of transport and defect properties, and
phase behavior in complex, heterogeneous materials
*Robust scale-bridging algorithms

*Figures of merit that describe critical properties driving
microstructural changes under irradiation

Unified meso-scale approach that combines phase field
with heat and chemical species transport theory to
predict concurrent formation and evolution of
microstructure under irradiation, high-temperature,
environment and stress

*Microstructurally-controlled properties output to
engineering-scale performance code

*Bulk and interfacial mechanisms and materials
parameters input from lower-length scale (experiment
or model, both unit mechanisms and collective effects)
Experimental validation of microstructural predictions
using in-situ tools such as ion beams, electrons, x-ray,
and neutron scattering

Microstructural processes are critical unknowns in the
development of a predictive modeling capability for
material performance

Explicit incorporation of microstructural processes based
on lower-length mechanisms enables a predictive fuels-
and materials-performance capability

Ability to design material (composition, microstructure,
phases, and interfaces) that optimize engineering
performance



Decadal Challenges for Predicting and

H | erarc h | Cal mu |t| -S Cal e s | mu I a'“ on Controlling Materials Performance in Extremes

of nuclear fuel

December 6 - 10, 2009 = Santa Fe, New Mexico

t=0

hot
cold

26 ns|
Atomic/electronic level
(Newton’s laws)

Radiation damage,
microstructural mechanisms
and materials parameters

Molecular-dynamics
simulation of radiation
| damage

linkage

Atomistically-informed
phase-field approach
for void nucleation and
growth & fission-gas
behavior
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e
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Continuum level

Continuum mechanics,
PDEs, constitutive laws

‘Mesoscale’
(viscous force laws)

Effect of microstructural processes (fission-
gas, voids, cracks, diffusion, ...) on thermo-
mechanical properties

Explicit incorporation of microstructural processes based on atomic-level mechanisms
IS critical towards establishing a predictive fuels-performance capability
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Materials Heterogeneity

Fig. 1. Top: UO, fuel
irradiated in PWR?
Bottom: Phase Field
simulation of UO,
microstructure
evolution?

IM. Stan, J. Nucl. Eng. Technology, 41 (2009) 39-52.
2|, Zacharie et. al., J. Nucl. Mater. 255 (1998), 92-104.
3S.Y. Hu et al., J. Nucl. Mater. 392 (2009) 292-300.
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collective fundamental mechanisms of
radiation effects in materials
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Key fundamental unit processes involving solute Quantify defect production characteristics

atoms and point radiation defects, and Measure and model solute and radiation point
phenomena that control the collective defect interactions with line and planar sinks
microstructural evolution, are poorly (dislocations, grain boundaries, precipitates, etc.)
understood. These represent source terms for Observe defect and solute agglomeration
long-term development of persistent processes

microstructures and accompanying physical and Understand the life cycle of microstructural
mechanical property changes due to radiation. features and their impact on material properties

Currently very limited in-situ test capabilities Development of validated physics-based multiscale
models

*Extrapolation beyond current knowledge base
*Understand flux effects (including pulsing)
*Understanding how to use accelerated testing
Capability is needed for simultaneous *Bottom-up design of materials with

measurement by multiple probes (in-situ or ex- unprecedented tolerance to extreme environments
situ) in order to firmly establish links between

microstructure and properties
Slide 17

New measurement tools capable of
simultaneous spatial and temporal resolution
approaching 0.1nm and <1ps are needed



" Decadal Challenges for Predicting and
Grain boundary Controlling Materials Performance in Extremes

December 6 - 10, 2009 = Santa Fe, New Mexico

solute trapping, enrichment,
and precipitation

I I N

A

Point defect sink

solute
segregation

Dislocation emission, absorption,
trapping, recombination
Crack propagation

Atomic transport
Surface




" Decadal Challenges for Predicting and
Controlling Materials Performance in Extremes

December 6 - 10, 2009 = Santa Fe, New Mexico

Interfaces act as obstacles to slip and sinks for radiation induced defects. Hence,
nanolayered composites provide orders of magnitude increase in strength and
enhanced radiation damage tolerance compared to bulk materials.
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Time-resolved XRD measurements during annealing
and straining in NF616 ferritic steel (Meimei Li et al,
2009)

Lattice strain and void evolution in
ferritic alloys studied by XRD and SAXS
(J. Stubbins et al 2009)
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Cross-cutting themes/issues & meta topics

*Prediction and control of the response of materials in a
nuclear environment (temperature, stress, irradiation,
corrosion) requires development of basic understanding
of property changes driven by microstructural
development informed by atomistic processes

*Tools (models, measurements, and organizational
structures) that improve our understanding at each level
must be developed

+Probes or multiple probes at multiple scales

+lon beams, photon sources, plasmas, and neutrons
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Final thoughts (work remaining to be done)

YES
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Backups
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PRD final (text) product

When translated to a text document (~ 3 pages), each PRD will follow the below format:

PRD title

Problem Statement (a few sentences describing the problem)

Executive Summary (abstract/executive summary of scientific challenge, research direction, and
capability gaps)

Research Directions (upper right of quad chart)
A few enumerated research directions described in ~ one paragraph/each

Scientific Challenges (upper left of quad chart)
Including a bulleted list of specific questions to which the answers are presently unknown and a
brief discussion of why they’re significant

Capability Gaps (lower left of quad chart)
Explicit discussion of needed new tools (both experimental and computational); gaps should be
non-facility specific — allowing multiple routes to close the gap

Potential Impact (lower right of quad chart)
Discuss how solving this problem would impact the field
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Finish PRDs

Commence writing text to support PRDs

Provide Todd text and key images

Draft 1 paragraph that supports your initial presentation
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Radiation Matter Interactions for Energy Conversion (George Crabtree, Dave
Teter, Paul Follansbee)

Panel 3: Materials discovery and processing for advanced functionality

The need for predictive design, discovery, and growth of new materials, especially
single crystals, to achieve advanced functionality is a grand challenge. Further,
exploiting the full suite of synthesis, fabrication, and processing capabilities is
essential if we are to discover by design next generation materials and enable the
transition from observation to control.

Panel 4: “Making every photon count”

Translating quantum phenomena that arise uniquely on the nanoscale to bulk
performance requires a predictive understanding of interface and microstructure
effects that limit integrated efficiency and system lifetime that are central to
achieving the full potential of advanced functional materials.
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Radiation Matter Interactions for Energy Conversion

Panel Members

Paul Follansbee, Saint Vincent College

John Hack, Bettis Atomic Power Laboratory, Bechtel

Quanxi Jia, LANL

Tom Lograsso, Ames Lab

Greg Olson, Northwestern University & Questek Innovations, LLC
lan Robertson, University of Illinois

David Teter, LANL

George Crabtree, ANL

Alan Bishop, LANL

Zachary Fisk, UC Irvine

David Singh, ORNL

Darryl Smith, LANL With help from

Toni '!'ayl-or, LANL many others
Alp Findikogllu, LANL

Sasha Balatsky, LANL
James Belak, LLNL
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Microstructure science under irradiation

Materials design for resistance to corrosion under irradiation
Mechanical properties and dimensional stability during irradiation
Understanding unit processes in radiation effects in materials
Understanding collective radiation effects phenomena in materials
Development of robust radiation effects model of radiation damage evolution

Materials design and lifetime prediction
Rapid materials discovery and synthesis <«
Corrosion science under extreme environments

Controlling functionality from complexity
Accelerating materials discovery <«
Controlling photon-matter interactions: making every photon count

Quantification of structure at extreme P-T and strain rate

Control of end state performance through predictive manipulation of process-aware structure property relations
Manipulating novel states, structures, and order-disorder beyond thermodynamic constraints

Predict characterize & control the performance of matter under conditions between condensed matter & ideal plasmas
Determine the transport of energy, momentum and mass under extreme density and temperature

Understand and control the chemistry of materials under extreme conditions

Develop statistical approaches for the analysis and modeling of extreme valued properties
Materials variability

Predict and control properties of heterogeneous materials

Atomistic simulations of slow deformation and flow of matter

Bridging time scales from nucleation to microstructure

Accurate simulations of complex materials in radiation environment

<
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Radiation Matter Interactions for Energy Conversion Panel
Four PRDs

e

Phase
A

n, P, H (control parameter)

Slide 29



PRD: Controlling nucleation phenomena
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Nucleation is fundamental in controlling many
material phenomena, yet predictive capability
remains elusive. Areas of : Phase
transformations in both solid-liquid, solid-solid,
solid-vapor, Defects and defect structures
Fatigue and fracture, corrosion pitting,

Grain structure and orientation relationships

*Development of experimental probes and models that
can probe nuclei at small length scales (10 nm) and
time scales (~ps-ns) but sampling large volumes
(microns — mm) over time scales (secs to days).

* 3D X-ray diffraction measuring lattice strain (~10 nm
res.) to detect onset of nuclei (current state 2D, 20 nm).
* Compositional and structural fluctuations can be
measured via TEM down to nm scale, but not at time
scales needed. How do we improve temporal
resolution?

* Connection of theoretical models with real
heterogeneous fluctuations.

* Develop theoretical models, models and experimental
probes aimed at understanding interfacial mechanisms:
nuclesal\'ﬁ% i%r(%terface and nucleus interface.

* Determine the form of the pre-embryo,
nucleant and nuclei and interrelationships
(structure, composition, strain)

* Determine methods to characterize these
various forms.

* Develop theories for heterogeneous nucleation
that account for multiply distributed nucleant
potency.

* Experimentally characterize and quantify
distributed heterogeneous nucleation behavior.

* Explore methods for seeding the structure with
defect controlling nucleation

» Use undercooling techniques to watch embryo
development at time scales that we can
measure.

Remove key barrier to predictive capability for
microstructural control across numerous
application areas.

Enable control of novel distribution of phases for
improved functionality.
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Crystallization of amorphous NiTi, when heated by pulsed
laser irradiation, in:

Strongly Driven Crystallization Processes in Metallic Glass,
Thomas LaGrange, David S. Grummon, Bryan W. Reed,
Nigel D. Browning, Wayne E. King,and Geoffrey H.
Campbell, Applied Physics Letters 94, 184101 2009



N
o
(S
|
y

N(e>R)/cm3

g probabl
IlllllI /

" Decadal Challenges for Predicting and
Controlling Materials Performance in Extremes

December 6 - 10, 2009 = Santa Fe, New Mexico

Analysis of SAXS/SANS data yields information
on particle size, spacing and morphology

y due to the diffuse spall interface
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PRD: Accelerating Materials Discovery
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Decadal Challenges for Predicting and
Controlling Materials Performance in Extremes

December 6 - 10, 2009 « Santa Fe, New Mexico

Discover next generation high performance
materials

Establish a new paradigm for materials
discovery, tight integration of theory, synthesis,
and characterization
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Timely integration of theory with synthesis and
characterization

Guided exploration of materials space
In situ, real time environmental characterization tools

Insufficient scale of materials synthesis capability
nationwide

Rapid methods for assessing synthesis routes includin
prediction of multi-component thermodynamics and
kinetic pathways

Process modeling to assist in identifying synthesis
routes for targeted compounds.

Rapid screening tools, including very small samples, for
assessing material functionality; e.g. multi-component
system on chip exploring properties.
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Discover guiding principles for materials
functionality, e.g., Zintl concept

Synthesis and process modeling of novel
phases from extreme conditions: pressure,
photon, electric, radiation fields. electrolytic

Exploration of unstable or metastable phases-
anomalous valence states

Morphological control of crystal growth to
include defect and impurity control
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Accelerated identification of new materials
with novel properties or order of magnitude
iImprovement of properties

Training of new generation of materials
synthesizers

Rapid introduction of new materials into the
basic research and technology streams
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Deposition Condition:

=Films deposited on cantilever array
"Magnetron Co-sputtering deposition
=Deposition temp: RT (film quenched)
"Film thickness ~.5 to .8 um

Cantilevers:
=Si/Si0, substrates
= Substrate thickness ~75 um

|. Takeuchi, U. Maryland
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Controlling Materials Performance in Extremes

High-throughput mapping--
of physical properties

A variety of rapid screening techniques are employed:
scanning SQUID, cantilever libraries, etc.

Mapping of FSMA Mapping of FSMA
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Nature Materials 2, 180 (2003) Nature Materials 5, 286 (2006)
|. Takeuchi, U. Maryland
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Controlling photon-matter interactions:
making every photon count

December 6 - 10, 2009

Decadal Challenges for Predicting and
Controlling Materials Performance in Extremes

+ Santa Fe, New Mexico

The fields of plasmonics and metamaterials have allowed rudimentary control over
classical interactions of light with matter while a combination of materials design and
coherent control enables optimization of quantum mechanisms and/or wavefunctions
for specific functionality such as reactivity, phase transformation or charge separation.
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Ultrafast coherent control of wavefunctions

1) classically through tunable photonic materials with multifunctional, broadband
electromagnetic response; ii) in the quantum regime through the development of a
predictive capability to design materials and/or pulse sequences to coherently control

the outcome of the interaction, either electronically or structurally
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December 6 - 10, 2009 « Santa Fe, New Mexico

Controlling photon-matter interactions: making every photon count

Goal: Exquisite control of photon-matter interactions: Classical regime: developing new approaches to

i) classically through tunable photonic materials with address issues of bandwidth, loss, isotropy,
multifunctional, broadband electromagnetic dispersion, inhomogeneity, bianisotropy, active
response; ii) in the quantum regime via quantum control, and nonlinearity

control of chemical reactions & material functionality. Quantum regime: develop predictive capability to
Recent efforts span nascent R&D in metamaterials design materials and/or pulse sequences to

and plasmonics to optimization of optical excitations coherently control the interaction of photons with
in materials thru empirical coherent control of electronic or structural degrees of freedom.

wavefunctions

eControlling photon-materials will be essential for
next generation renewable energy technologies,
the design of catalytic materials and
multifunctional materials for sensing, advanced
computing and communications, the
understanding of reaction mechanisms, and new
directions such as the nanomechanics of Casimir
force control.

¢20 years timescale; accurate and then predictive
simulation, synthesis, fabrication and advanced
characterization of complex materials,
measurement & control of ultrafast phenomena

e Predictive theory of nanoscale EM interactions
beyond effective medium theory and of coherent
photon-matter interactions.

e Optimization of materials for conversion of photons
to other excitations (energy conversion)

e 3D nanofabrication with ability to achieve 2D
placement of nanostructures

e Ultrafast coherent spectroscopic characterization
with far-field and near-field nanoscale imaging

e Design/implementation of ultrafast pulses to
control structural and/or electronic excitations.
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Controlling Functionality from Electronic Complexity =
spacing ~ kT, hv, eE, . . . =
S SCorFMi
erTace Phase
A
DOMt
metal magnet .. e n, P, H (control parameter)
y = o= ’ ggf}h' %E:;:;:%Ei:b & >

J.Rehren ,Science 317, 1197, 2007

biology - ultimate example

phase transition
hanophase separation sequential conformational
superconductor, insulator functionality
systems design o
) , macroscale functionality
- inorganic analogs ios / ai
flexible response hew properties / giant
spatially resolved functionality Hierarchical suscepfibilities
response to defects - self-healing I lerarchical structure  sequential/temporal functionality
positive or negative feedback hong range ->fr'obu.<ane|s.s temporal dynamics
create new state from external short range-> functionality e.g., photon-chemistry-fuel
fast switching behavior

stimulus, emergent

Understand and control the functionality of complex materials
Harness nanoscale electronic complexity for robust macroscale functionality
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PRD: Controlling electronic functionality from complexity-- -«

» Correlating structural and spectroscopic

» Understand and control the functionality of complex

. : information
materials, such as nanoscale phase separation,
quantum criticality, coupled degrees of freedom, * Range of time and length scales, e.g., pump
coupled hierarchical length and energy scales probe, fluctuation spectroscopy, multidimensional
« Harnessing nanoscale complexity for robust NMR-like
macroscale functionality « Identify and understand model systems for
* Exploiting the functionality from degeneracy of functionality, e.g., relaxor ferroelectrics, heavy
energy scale (softness) fermions, . .
é?giﬁﬁnals beyond Bloch theory, “thinking outside the + Guiding design principles for complex functional

systems
 Multi-functionality, mutuality of contra-indicated y

properties

» Engineering high functionality in nanostructured
materials

« Structure - function cycles from intrinsic
feedback (training, ageing, self-healing, . . .)

* Nonlinear, nonadiabatic, nonequilibrium,
dynamic functionality

, . _ * New materials with novel ground states
» Understanding and achieving robustness via _ _
feedback from nonlinearity * New materials with unprecedented performance,

such as 50% solar conversion efficiency,
thermoelectric figure of merit greater than 5,
superconductors for long distance power
 Theoretical framework for understanding length, transmission

time and energy scales of emergent functionality

* Tools to identify the relevant degrees of freedom
(naneseale controlling macroscopic)

» Materials for sustainable energy application



Matter Interactions in Extremes

Process-aware material certification in extremes

When solids stop being solids
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Process-aware material certification in extremes

When solids stop being solids
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Matter Interactions in Extremes

Process-aware material certification in extremes

When solids stop being solids

New physics and chemistry as one moves from near-STP to extremes of
temperature, density, and pressure, away from the comfort of well-explored
STP condensed matter and confidence of an ideal plasma. New territory,
where the matter states we can create are transient, requiring theory well
beyond present capabilities, encompassing new opportunities.



Matter Interactions in Extremes

Principal Research Directions

Predict, characterize, and control the performance of
matter between solids and plasmas

Control the transport of energy, momentum and mass under extreme
density and temperature

Exploit the chemistry of a new periodic table at extreme P, T



Predict, characterize, and control the performance of matter between solids
and plasmas

Understand and utilize state of matter - structure,
phase transitions, kinetics - as we traverse
pathways through the phase space described by
extreme density and temperature

Measure EOS, atomic and electronic structure,
opacity of WDM

Develop self-consistent theory that permits
prediction of WDM properties

Ability to treat degeneracy, strong coupling, and
quantum effects simultaneously

Creation of homogeneous WDM using arbitrary
pathways

Multi-beam sources for WDM sample and probes for
simultaneous measurements of multiple state
variables

Develop time-dependent Thomson scattering (theory
with experiment) and diffractive imaging

In situ diagnostics for atomic-to-macroscopic
structure higher fluence, higher energy light sources

Understand and quantify load-path-dependency of
properties of matter

Predict, manipulate, and control high-pressure
matter

Ability to optimize inertial fusion targets

Understand creation mechanisms, internal structure,
dynamics and evolution of astrophysical objects



PRD: Predict, characterize, and control the performance
of matter between solids and plasmas

Research direction: measure EOS, atomic and electronic structure, opacity of
WDM (illustrates capability gaps)
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PRD: Predict, characterize, and control the performance
of matter between solids and plasmas
Potential Impact: Understanding WDM advances our understanding
of the universe and enables important applications

« Understanding the
universe
— Star creation and
— Planetary physics

» Advances use-inspired research

— Inertial fusion Com
] ] : ompressed
— Weapons physics C foik, | DT fueP
— Materials damage, manufacturing —:[ Cion >
under extreme conditions (e.g., lasers laser '™
& pulsed power) “2cm

Slide 46



Control the transport of energy, momentum and mass under extreme density
and temperature

Develop a self-consistent methodology for
calculating viscosity, electrical and thermal
conduction, stopping power, and electron-ion
equilibration in extremes of density and temperature.

Develop a methodology for calculating transport
properties in a quantum system where usual order
parameters fail

In situ measurement of transport properties in WDM
before hydrodynamic disassembly, including spatial
gradients.

Measure transient processes in WDM

What are the hydrodynamic properties of extreme
matter?

How matter flows under extreme conditions is

Creation of homogeneous WDM using arbitrary significant uncertainty

pathways

Multiple beams for making WDM sample and probing
Applications of variable-density fluid flows in rapidly

transforming objects: ICF explosions, stellar
explosions, nuclear reactors, cooling devices, and
Develop time-dependent Thomson scattering (theory casting.

with experiment) and diffractive imaging

In situ diagnostics for atomic-to-macroscopic structure
higher fluence, higher energy light sources

Ability to treat degeneracy, s