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EXECUTIVE SUMMARY

INTRODUCTION

The global utilization of nuclear energy has come along way from its humble beginningsin the
first sustained nuclear reaction at the University of Chicago in 1942. Today, there are over

440 nuclear reactorsin 31 countries producing approximately 16% of the electrical energy used
worldwide. In the United States, 104 nuclear reactors currently provide 19% of electrical energy
used nationally. The International Atomic Energy Agency projects significant growth in the
utilization of nuclear power over the next several decades due to increasing demand for energy
and environmental concerns related to emissions from fossil plants. There are 28 new nuclear
plants currently under construction including 10 in China, 8 in India, and 4 in Russia. In the
United States, there have been notifications to the Nuclear Regulatory Commission of intentions
to apply for combined construction and operating licenses for 27 new units over the next decade.

The projected growth in nuclear power has focused increasing attention on issues related to the
permanent disposal of nuclear waste, the proliferation of nuclear weapons technologies and
materials, and the sustainability of a once-through nuclear fuel cycle. In addition, the effective
utilization of nuclear power will require continued improvements in nuclear technology,
particularly related to safety and efficiency. In al of these areas, the performance of materials
and chemical processes under extreme conditionsis alimiting factor. The related basic research
challenges represent some of the most demanding tests of our fundamental understanding of
materials science and chemistry, and they provide significant opportunities for advancing basic
science with broad impacts for nuclear reactor materials, fuels, waste forms, and separations
techniques. Of particular importance is the role that new nanoscal e characterization and
computational tools can play in addressing these challenges. These tools, which include DOE
synchrotron X-ray sources, neutron sources, nanoscal e science research centers, and
supercomputers, offer the opportunity to transform and accelerate the fundamental materials and
chemical sciences that underpin technology devel opment for advanced nuclear energy systems.

The fundamental challengeis to understand and control chemical and physical phenomenain
multi-component systems from femto-seconds to millennia, at temperatures to 1000°C, and for
radiation doses to hundreds of displacements per atom (dpa). Thisis a scientific challenge of
enormous proportions, with broad implications in the materials science and chemistry of
complex systems. New understanding is required for microstructural evolution and phase
stability under relevant chemical and physical conditions, chemistry and structural evolution at
interfaces, chemical behavior of actinide and fission-product solutions, and nuclear and thermo-
mechanica phenomenain fuels and waste forms. First-principles approaches are needed to
describe f-electron systems, design molecules for separations, and explain materials failure
mechanisms. Nanoscale synthesis and characterization methods are needed to understand and
design materials and interfaces with radiation, temperature, and corrosion resistance. Dynamical
measurements are required to understand fundamental physical and chemical phenomena. New
multiscale approaches are needed to integrate this knowledge into accurate models of relevant
phenomena and complex systems across multiple length and time scales.

Executive Summary vii



WORKSHOP

The Department of Energy (DOE) Workshop on Basic Research Needs for Advanced Nuclear
Energy Systems was convened in July 2006 to identify new, emerging, and scientifically
challenging areas in materials and chemical sciences that have the potential for significant
impact on advanced nuclear energy systems. Sponsored by the DOE Office of Basic Energy
Sciences (BES), the workshop provided recommendations for priority research directions and
crosscutting research themes that underpin the development of advanced materials, fuels, waste
forms, and separations technologies for the effective utilization of nuclear power. A total of
235 invited experts from 31 universities, 11 nationa laboratories, 6 industries, 3 government
agencies, and 11 foreign countries attended the workshop.

The workshop was the sixth in a series of BES workshops focused on identifying basic research
needs to overcome short-term showstoppers and to formulate long-term grand challenges related
to energy technologies. These workshops have followed a common format that includes the
development of atechnology perspectives resource document prior to the workshop, a plenary
session including invited presentations from technology and research experts, and topical panels
to determine basic research needs and recommended research directions. Reports from the
workshops are available on the BES website at http://www.sc.doe.gov/bes/reports/list.html.

The workshop began with a plenary session of invited presentations from national and
international experts on science and technology related to nuclear energy. The presentations
included nuclear technology, industry, and international perspectives, and an overview of the
Global Nuclear Energy Partnership. Frontier research presentations were given on relevant topics
in materials science, chemistry, and computer simulation. Following the plenary session, the
workshop divided into six panels: Materials under Extreme Conditions, Chemistry under
Extreme Conditions, Separations Science, Advanced Actinide Fuels, Advanced Waste Forms,
and Predictive Modeling and Simulation. In addition, there was a crosscut panel that |ooked for
areas of synergy across the six topical panels. The panels were composed of basic research
leaders in the relevant fields from universities, national laboratories, and other institutions. In
advance of the workshop, panelists were provided with atechnology perspectives resource
document that described the technology and applied R& D needs for advanced nuclear energy
systems. In addition, technology experts were assigned to each of the panels to ensure that the
basic research discussions were informed by a current understanding of technology issues.

The panels were charged with defining the state of the art in their topical research area,
describing the related basic research challenges that must be overcome to provide breakthrough
technology opportunities, and recommending basic research directions to address these
challenges. These basic research challenges and recommended research directions were
consolidated into Scientific Grand Challenges, Priority Research Directions, and Crosscutting
Research Themes. These results are summarized below and described in detail in the full report.

SCIENTIFIC GRAND CHALLENGES

Scientific Grand Challenges represent barriers to fundamental understanding that, if overcome,
could transform the related scientific field. Historical examples of scientific grand challenges
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with far-reaching scientific and technological impacts include the structure of DNA, the
understanding of quantum behavior, and the explanation of nuclear fission. Theoretical
breakthroughs and new experimental capabilities are often key to addressing these challenges. In
advanced nuclear energy systems, scientific grand challenges focus on the fundamental materials
and chemical sciences that underpin the performance of materials and processes under extreme
conditions of radiation, temperature, and corrosive environments. Addressing these challenges
offers the potential of revolutionary new approaches to developing improved materials and
processes for nuclear applications. The workshop identified the following three Scientific Grand
Challenges.

Resolving the f-electron challenge to master the chemistry and physics of actinides and actinide-
bearing materials. The introduction of new actinide-based fuels for advanced nuclear energy
systems requires new chemical separations strategies and predictive understanding of fuel and
waste-form fabrication and performance. However, current computational electronic-structure
approaches are inadequate to describe the electronic behavior of actinide materials, and the
multiplicity of chemical forms and oxidation states for these elements complicates their behavior
in fuels, solutions, and waste forms. Advances in density functional theory aswell asin the
treatment of relativistic effects are needed in order to understand and predict the behavior of
these strongly correlated electron systems.

Developing a first-principles, multiscale description of material propertiesin complex materials
under extreme conditions. The long-term stability and mechanical integrity of structural
materials, fuels, claddings, and waste forms are governed by the kinetics of microstructure and
interface evolution under the combined influence of radiation, high temperature, and stress.
Controlling the mechanical and chemical properties of materials under these extreme conditions
will require the ability to relate phase stability and mechanical behavior to afirst-principles
understanding of defect production, diffusion, trapping, and interaction. New synthesis
techniques based on the nanoscale design of materials offer opportunities for mitigating the
effects of radiation damage through the development and control of nanostructured defect sinks.
However, a unified, predictive multiscale theory that couples all relevant time and length scales
in microstructure evolution and phase stability must be developed. In addition, fundamental
advances are needed in nanoscal e characterization, diffusion, thermodynamics, and in situ
studies of fracture and deformation.

Under standing and designing new molecular systems to gain unprecedented control of chemical
selectivity during processing. Advanced separations technologies for nuclear fuel reprocessing
will require unprecedented control of chemical selectivity in complex environments. This control
requires the ability to design, synthesize, characterize, and simulate molecular systems that
selectively trap and release target molecules and ions with high efficiency under extreme
conditions and to understand how mesoscal e phenomena such as nanophase behavior and
energetics in macromolecular systems impact partitioning. New capabilities in molecular
spectroscopy, imaging, and computational modeling offer opportunities for breakthroughsin this
area.
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PRIORITY RESEARCH DIRECTIONS

Priority Research Directions are areas of basic research that have the highest potential for impact
in a specific research or technology area. They represent opportunities that align with scientific
grand challenges, emerging research opportunities, and related technology priorities. The
workshop identified nine Priority Research Directions for basic research related to advanced
nuclear energy systems.

Nanoscale design of materials and interfaces that radically extend performance limitsin extreme
radiation environments. The fundamental understanding of the interaction of defects with
nanostructures offers the potential for the design of materials and interfaces that mitigate
radiation damage by controlling defect behavior. New research is needed in the design, synthesis,
nanoscal e characterization, and time-resolved study of nanostructured materials and interfaces
that offer the potential to control defect production, trapping, and interaction under extreme
conditions.

Physics and chemistry of actinide-bearing materials and the f-electron challenge. A robust
theory of the electronic structure of actinides will provide an improved understanding of their
physical and chemical properties and behavior, leading to opportunities for advances in fuels and
waste forms. New advances in exchange and correlation functionals in density functional theory
aswell asin the treatment of relativistic effects and in software implementation on advanced
computer architectures are needed to overcome the challenges of adequately treating the
behavior of 4f and 5f electrons, namely, strong correlation, spin-orbit coupling, and multiplet
complexity, as well as additional relativistic effects. Advances are needed in the application of
these new el ectronic structure methods for f-element-containing molecules and solids to calculate
the properties of defects in multi-component systems, and in the fundamental understanding of
related chemical and physical properties at high temperature.

Microstructure and property stability under extreme conditions. The predictive understanding of
microstructural evolution and property changes under extreme conditionsis essential for the
rational design of materials for structural, fuels, and waste-form applications. Advances are
needed to develop afirst-principles understanding of the relationship of defect properties and
microstructural evolution to mechanical behavior and phase stability. Thiswill require a closely
coupled approach of in situ studies of nanoscale and mechanical behavior with multiscal e theory.

Mastering actinide and fission product chemistry under all chemical conditions. A more accurate
understanding of the electronic structure of the complexes of actinide and fission products will
expand our ability to predict their behavior quantitatively under conditions relevant to all stages
in fuel reprocessing (separations, dissolution, and stabilization of waste forms) and in new media
that are proposed for advanced processing systems. This knowledge must be supplemented by
accurate prediction and manipulation of solvent properties and chemical reactivitiesin non-
traditional separation systems such as modern “tunable’ solvent systems. Thiswill require
guantitative, fundamental understanding of the mechanisms of solvent tunability, the factors
[imiting control over solvent properties, the forces driving chemical speciation, and modes of
controlling reactions. Basic research needs include f-element el ectronic structure and bonding,
speciation and reactivity, thermodynamics, and solution behavior.
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Exploiting organization to achieve selectivity at multiple length scales. Harnessing the
complexity of organization that occurs at the mesoscale in solution or at interfaces will lead to
new separation systems that provide for greatly increased selectivity in the recovery of target
species and reduced formation of secondary waste streams through ligand degradation. Research
directionsinclude design of ligands and other selectivity agents, expanding the range of

sel ection/rel ease mechanisms, fundamental understanding of phase phenomena and self-
assembly in separations, and separations systems employing agueous solvents.

Adaptive material-environment interfaces for extreme chemical conditions. Chemistry at
interfaces will play a crucial rolein the fabrication, performance, and stability of materialsin
amost every aspect of Advanced Nuclear Energy Systems, from fuel, claddings, and pressure
vesselsin reactors to fuel reprocessing and separations, and ultimately to long-term waste
storage. Revolutionary advances in the understanding of interfacial chemistry of materials
through devel opments in new modeling and in situ experimental techniques offer the ability to
design materia interfaces capable of providing dynamic, universal stability over awide range of
conditions and with much greater “ self-healing” capabilities. Achieving the necessary scientific
advances will require moving beyond interfacial chemistry in ultra-high-vacuum environments to
the development of in situ techniques for monitoring the chemistry at fluid/solid and solid/solid
interfaces under conditions of high pressure and temperature and harsh chemical environments.

Fundamental effects of radiation and radiolysisin chemical processes. The reprocessing of
nuclear fuel and the storage of nuclear waste present environments that include substantial
radiation fields. A predictive understanding of the chemical processes resulting from intense
radiation, high temperatures, and extremes of acidity and redox potential on chemical speciation
isrequired to enhance efficient, targeted separations processes and effective storage of nuclear
waste. In particular, the effect of radiation on the chemistries of ligands, ionic liquids, polymers,
and molten saltsis poorly understood. Thereisaneed for an improved understanding of the
fundamental processes that affect the formation of radicals and ultimately control the
accumulation of radiation-induced damage to separation systems and waste forms.

Fundamental thermodynamics and kinetic processes in multi-component systems for fuel
fabrication and performance. The fabrication and performance of advanced nuclear fuels,
particularly those containing the minor actinides, is a significant challenge that requires a
fundamental understanding of the thermodynamics, transport, and chemical behavior of complex
materials during processing and irradiation. Global thermochemica models of complex phases
that are informed by ab initio calculations of materials properties and high-throughput predictive
models of complex transport and phase segregation will be required for full fuel fabrication and
performance cal culations. These models, when coupled with appropriate experimental efforts,
will lead to significantly improved fuel performance by creating novel tailored fuel forms.

Predictive multiscale modeling of materials and chemical phenomena in multi-component
systems under extreme conditions. The advent of large-scale (petaflop) simulations will
significantly enhance the prospect of probing important molecular-level mechanisms underlying
the macroscopic phenomena of solution and interfacial chemistry in actinide-bearing systems
and of materials and fuels fabrication, performance, and failure under extreme conditions. There
isan urgent need to develop multiscale algorithms capable of efficiently treating systems whose
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time evolution is controlled by activated processes and rare events. Although satisfactory
solutions are lacking, there are promising directions, including accel erated molecular dynamics
(MD) and adaptive kinetic Monte Carlo methods, which should be pursued. Many fundamental
problems in advanced nuclear energy systemswill benefit from multi-physics, multiscale
simulation methods that can span time scales from picoseconds to seconds and longer, including
fission product transport in nuclear fuels, the evolution of microstructure of irradiated materials,
the migration of radionuclides in nuclear waste forms, and the behavior of complex separations
media.

CROSSCUTTING RESEARCH THEMES

Crosscutting Research Themes are research directions that transcend a specific research area or
discipline, providing afoundation for progressin fundamental science on a broad front. These
themes are typicaly interdisciplinary, leveraging results from multiple fields and approaches to
provide new insights and underpinning understanding. Many of the fundamental science issues
related to materials, fuels, waste forms, and separations technol ogies have crosscutting themes
and synergies. The workshop identified four crosscutting basic research themes related to
materials and chemical processes for advanced nuclear energy systems:

Tailored nanostructures for radiation-resistant functional and structural materials. Thereis
evidence that the design and control of speciaized nanostructures and defect complexes can
create sinks for radiation-induced defects and impurities, enabling the development of highly
radiation-resistant materials. New capabilities in the synthesis and characterization of materials
with controlled nanoscal e structure offer opportunities for the development of tailored
nanostructures for structural applications, fuels, and waste forms. This approach crosscuts
advanced materials synthesis and processing, radiation effects, nanoscal e characterization, and
simulation.

Solution and solid-state chemistry of 4f and 5f electron systems. Advances in the basic science of
4f and 5f electron systemsin materials and solutions offer the opportunity to extend condensed
matter physics and reaction chemistry on abroad front, including applications that impact the
development of nuclear fuels, waste forms, and separations technologies. Thisis akey enabling
science for the fundamental understanding of actinide-bearing materials and solutions.

Physics and chemistry at interfaces and in confined environments. Controlling the structure and
composition of interfacesis essentia to ensuring the long-term stability of reactor materials,
fuels, and waste forms. The fundamental understanding of interface science and related transport
and chemical phenomena in extreme environments crosscuts many science and technology areas.
New computational and nanoscal e structure and dynamics measurement tools offer significant
opportunities for advancing interface science with broad impacts on the predictive design of
advanced materials and processes for nuclear energy applications.

Physical and chemical complexity in multi-component systems. Advanced fuels, waste forms,
and separations technologies are highly interactive, multi-component systems. A fundamental
understanding of these complex systems and related structural and phase stability and chemical
reactivity under extreme conditions is needed to develop and predict the performance of
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materials and separations processes in advanced nuclear energy systems. Thisisachallenging
problem in complexity with broad implications across science and technology.

Taken together, these Scientific Grand Challenges, Priority Research Directions, and
Crosscutting Research Themes define the landscape for a science-based approach to the
development of materials and chemical processes for advanced nuclear energy systems. Building
upon new experimental tools and computational capabilities, they presage arenaissancein
fundamental science that underpins the development of materials, fuels, waste forms, and
separations technologies for nuclear energy applications. Addressing these basic research needs
offers the potential to revolutionize the science and technology of advanced nuclear energy
systems by enabling new materials, processes, and predictive modeling, with resulting
improvements in performance and reduction in development times. The fundamental research
outlined in this report offers an outstanding opportunity to advance the materials, chemical, and
computational science of complex systems at multiple length and time scales, fur