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"Scientific and technological research are a high calling for any
individual. And promoting research is an important role of our
Federal government. . . . We'll continue to support science and tech-
nology because innovation makes America stronger. Innovation helps
Americans to live longer, healthier, and happier lives. Innovation
helps our economy grow, and helps people find work. Innovation
strengthens our national defense and our homeland securiy. . . ."

— President George W. Bush

June 12, 2002, at the White House presentation

of the National Medals of Science and the
National Medals of Technology

Right to left: President Bush, Secretary of Energy Spencer Abraham, Director
of the Office of Science Raymond Orbach, and Secretary of Homeland
Security Tom Ridge touring Argonne National Laboratory in July 2002.
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"The Department of Energy could well have been called the
Department of Science and Energy . . . given our contribu-
tion to American science.”

—Secretary of Energy Spencer Abraham,
June 2002, at Brookhaven National Laboratory
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Raymond L. Orbach

Director’s Message

These are extraordinary times for science.

We are learning to manipulate matter at the molecular scale. The sequenc-
ing of the human genome, a landmark achievement, is providing a founda-
tion from which to explore the most basic mechanisms of life. Computation
has become a true third pillar of scientific discovery, complementing theory
and experiment and providing insights into systems of otherwise impen-
etrable complexity. And we are probing the very structure of matter and the
beginning of time.

The Office of Science is at the center of these and many other research
frontiers, working in concert with other Federal agencies and U.S. universi-
ties to deliver the breakthroughs that will transform our future. This Strate-
gic Plan, crafted in close consultation with the U.S. research community, is
designed to deliver the scientific advances and support for our mission that
will position our Nation for scientific and economic strength and leadership
in the years to come.

When I joined the Office of Science after a career as a university scientist
and administrator, I came with an appreciation for the four key roles that the
Office plays in the U.S. research effort: We provide solutions to our Nation’s
energy challenges, contributing essential scientific foundations to the national,
energy, and economic security missions of the U.S. Department of Energy
(DOE). We are the Nation’s leading supporter of the physical sciences, investing
in research at over 280 universities, 15 national laboratories, and many
international research institutions. We deliver the premier tools of science to
our Nations science enterprise, building and operating major research facilities
for open access by the science community. We keep the U.S. at the forefront of
intellectual leadership, supporting the core capabilities, theories, experiments,
and simulations at the extreme limits of science.

This is an organization that takes scientific risks with high payoffs. We
make long-term investments in people and research programs, while
responding with agility to rapid changes at the frontiers of science. We work
in partnership with other Federal agencies and the international scientific
community. We build and maintain remarkable tools of discovery, such as
the Spallation Neutron Source now under construction, and we take great
pride in constructing and operating them on time and budget. We balance
our signature support for big science and interdisciplinary teams with a
broad portfolio of projects conducted by leading university and laboratory
investigators.

Underpinning these efforts is an uncompromising commitment to scientific
excellence and integrity, a commitment embodied by the cadre of dedicated
and highly professional managers who guide our programs. All of our
research is competitively selected and peer reviewed.

The Office of Science and its predecessors have proven over the past 50 years
that we deliver results. Our legacy includes 79 Nobel laureates associated
with DOE and its predecessor agencies since 1934. We have spawned entire
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new industries, including nuclear medicine technologies that save thousands
of lives each year, and the nuclear power industry that now contributes 20%
of the power to our Nation’s electricity grid. We have been the first to take
on new research challenges for the Nation, such as launching the Human

Highest Priorities for the
Office of Science

* [TER for Fusion Energy:

Genome Project in 1986, and we were the first Federal agency to investigate
the causes of global climate change. We are now working on the challenges
that face our Nation in the 21st Century.

At the outset of this strategic planning process, I emphasized the need to
identify a set of our highest science priorities, and through our deliberations,
we have identified seven items that top our list for the foreseeable future

(see sidebar).

Within this list, Facilities for the Future of Science crosscuts and supports all
of the other priorities while at the same time underpinning research span-
ning almost all disciplines of science. I am increasingly mindful that the
health and vitality of U.S. science and technology depends upon the avail-
ability of the most advanced research facilities—the powerful tools of
discovery. The DOE Office of Science leads the world in the conception,
design, construction, and operation of these large-scale devices. These
machines have enabled U.S. researchers to make some of the most impor-
tant scientific discoveries of the past 70 years, with spin-off technological
advances leading to entirely new industries. More than 18,000 researchers
and their students from universities, other government agencies (including
the National Science Foundation and the National Institutes of Health),
private industry, and those from abroad use our facilities each year. These
users are both growing in number and diversity.

Because of their critical role in science, in the Fall of 2002, I initiated a
process to identify and prioritize future major facilities. The results of this
complementary planning effort, complete with detailed descriptions of the
facilities, their roles, and the priority-setting process, are contained in the
companion document, Facilities for the Future of Science: A Twenty-Year
Outlook. The list of 28 large-scale facilities (see page 15) represents our view
of the projects that will help maintain U.S. scientific leadership for decades
to come. These facilities are an integral part of this Strategic Plan.

The following pages outline an ambitious agenda for science, one that will
lead us to a more secure energy future, a cleaner environment, a healthier
citizenry, and great advances in our imagination and knowledge. I trust that
the goals of this Plan will fire your imagination as they have ours, and that
you will join with us in this exciting quest for scientific discovery and

leadership.

Raymond L. Orbach

Director, Office of Science

U.S. Department of Energy
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Provide the enduring solution
to our Nation’s energy chal-
lenge, conducting the burning
plasma experiment that will
bring fusion energy within
reach as a commercial source
of clean, abundant energy.

Scientific Discovery through
Advanced Scientific Computing:
Expand the broad frontiers

of scientific discovery

through the power of

advanced computation.

Nanoscale Science for New
Materials and Processes:

Master the ability to construct
revolutionary new materials
and processes...atom-by-atom
and build upon Nature’s self-

assembling techniques.

Taming the Microbial World—
the Next Revolution in
Genomics: Harness microbial
genomes and the molecular
machines of life for energy, the
environment, and human

health.

Dark Energy and the Search for
the Genesis: Illuminate the
basic forces of creation and the
origins of matter, energy,
space, and time.

Nuclear Matter at the Extremes:
Explore new forms of nuclear
matter at high-energy densities
and at the extreme limits of

stability.

Facilities for the Future

of Science:

Deliver the high-priority
facilities over the next 20 years
that support DOE’s and the

Nation’s research.
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.-;:romising portfolio of
“research: The Office of
*'fk.‘ Science supports a wide
' range of basic research,
producing the scientific
knowledge to assure our
Nation's energy security,

improve the quality of life,
and answer age-old myster-
ies of the universe. -

In this illustration, the Sun
in the upper left represents
the promise of fusion
energy; in the lower left, two
physicists work on an
advanced detector at the
Stanford Linear Accelerator
Center, a premier facility for
the study of matter, energy
and the laws of physics; and
on the right, a chemist from
the Pacific Northwest
National Laboratory con-
ducts the science that will
create new, innovative
technologies for cleaning up
contaminated soils.

Introduction...

This Strategic Plan outlines a 20-year journey filled with enormous
potential for the American people. Contained within this Plan is the
Office of Science’s commitment to invest in some of the most exciting
and daring research that humankind has ever conceived, from explora-
tions into the origins of our universe and the constituents of life, to the
scientific knowledge that will deliver new, clean, and abundant sources of

energy to meet world needs for 10 billion people by the year 2050.

Over the next two decades, we will implement the goals and strategies
contained in this Plan, working closely with the U.S. scientific commu-
nity, Congress, the White House, and other key stakeholders. This
implementation will be grounded in sound management principles and
with an eye toward the highest possible return on taxpayer investments.
We recognize, however, that rapid changes in science and technology,
shifts in national priorities, and resources made available through the
Federal budget process all create planning uncertainties and, ultimately, a
highly dynamic planning environment. Accordingly, this Strategic Plan
should be viewed as a living document. Frequent adjustments will be

needed.

This Plan builds upon the goals and strategies found in the Department
of Energy’s (DOE) Strategic Plan, and it is organized around seven goals,
six of which correspond to the Office of Science’s primary budget catego-
ries and major science programs (see chart on page 9). The seventh goal
addresses corporate management and resource issues that crosscut all of
our programs, including a consolidated future outlook for our major
research facilities. It also reflects our commitment to the President’s
Management Agenda and overall excellence in the management of

science.

This Plan also builds on long-term measures included in the Office of
Management and Budget’s Program Assessment Rating Tool (PART).
Extending beyond the PART measures, however, are strategic milestones
contained within 20-year timelines at the end of each chapter.

The result is a Plan that provides seamless links to the main Office of
Science and DOE planning, budget, and performance assessment pro-
cesses and documents. Continuing in this tradition, our next step toward
implementing this 20-year vision will be to develop multi-year opera-
tional plans that will bridge the gap between this Strategic Plan and our
annual budget.

DOE Office of Science Strategic Plan 2004



In developing this Plan, we pursued a highly participatory process, building
on the expert advice of our Advisory Committees, vetting key decisions with
the leaders of our national laboratories and principals in the university
community, and exploring ideas with a large number of other interested
parties (see Appendix A). We considered the range of today’s most compel-
ling national challenges and priorities—with energy and security at the top
of the list—and explored the possible challenges and opportunities of
tomorrow. We reviewed key testimony, policy documents, forecasts, and
foresight studies. We also integrated the results of a major planning effort
that identified the highest priority next-generation scientific user facilities.
That report, Facilities for the Future of Science: A Twenty-Year Outlook, and

this Plan serve as companion documents.

The Executive Summary of this Plan presents a snapshot of the main ele-
ments and provides the context, vision, and essential goals and priorities
contained within the document. The individual chapters provide the
detailed discussion, including strategies and the performance timelines
mentioned above, that will serve as a blueprint for the Office of Science for

the next two decades.
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Seamless Connections: Alignment of the

DOE and Office of Science Strategic Plans

DOE Strategic Plan
(Office of Science-Relevant
Goals and Strategies)

Goal 4. Energy Security

Advance plasma and fusion science
in support of long-term fusion power

Goal 5. World-Class Scientific
Research Capacity

Advance nanoscale science built
around foundations in basic energy
sciences

Advance energy-related biological
and environmental research

Develop new therapeutic and
diagnostic tools and technology for
medicine

Advance theoretical and experimental
understanding of plasma and fusion
science

Advance high energy and nuclear S
physics

Significantly advance scientific
simulation and computation

Provide the science community
access to world-class computation
and networking facilities

Provide the science community access
to world-class research facilities

Office of Science
Strategic Plan
(Goals)

P
«

¢ 1. Advance Basic Sciences

for Energy Independence

2. Harness the Power of

/ Our Living World
/ 3. Bring the Power of the

Stars to Earth

4. Explore the Fundamental
Interactions of Energy,
Matter, Time, and Space

5. Explore Nuclear Matter—
from Quarks to Stars

6. Deliver Computing for
the Frontiers of Science

>

-—

7. Provide the Resource

Foundations that Enable
Great Science




10

Our Mission...

is to deliver the remarkable discoveries and scientific tools that transform our

understanding of energy and matter and advance the national, economic, and

energy security of the United States.

We provide solutions for our Nation’s

energy challenges in the following

research areas:

The Research Yard at the Stanford Linear Accelerator
Center (SLAC): Particle beams from the two-mile-long linear
accelerator are diverted into the various experimental facilities

fusion/plasma sciences

materials research

combustion research

hydrogen storage

energy biosciences

global climate change research
geosciences

engineering sciences

membrane and separation sciences

advanced computation and simulation.

in the research yard where quarks were discovered.

We lead the U.S. in the physical
sciences, providing support and
Federal funding (percent noted
below) at over 280 universities and
at 15 national laboratories:

* physical sciences (overall) - 43%
* plasma science - 100%
* heavy elements chemistry - 100%

* physics - 69%, with 90% of high energy
and nuclear physics

* catalysis - 60%
* materials and metallurgy - 49%

* nanoscale science research - 25%.



DOE Office of Science Strategic Plan 2004

We deliver the premier tools of science to our Nation’s research enterprise:

particle accelerators and detectors

advanced light sources

neutron beam sources

advanced computational and networking facilities
plasma science facilities

genome sequencing facilities

nanoscale science research centers

specialized centers and facilities for microcharacterization, combustion research, x-ray

optics, molecular-level environmental sciences, atmospheric measurement, and more.

We keep the U.S. at the forefront of intellectual leadership by:

* helping to prepare the scientific and technological workforce for the
21st Century

* creating centers of research that attract the world’s best scientists
* daring to take scientific risks that have enormous payoff

* sponsoring more than 2,000 graduate and postdoctoral students in research

positions at our national laboratories

* constructing major scientific facilities, such as the Spallation Neutron Source,
the premier research site for neutron science in the world when completed
in 2006

* developing five Nanoscience Research Centers, future home to the world’s

most advanced nanoscale research efforts

* initiating the Human Genome Project in 1986 and the first Federal research

program focused on global climate change in 1978
* discovering 10 of the 12 fundamental particles that constitute matter

* delivering a broad range of intellectual advances in applied mathematics that

underpin programs in the physical, biological, and environmental sciences

* sponsoring 35 Nobel laureates since DOE’s inception in 1977, and a total of
79 Nobel laureates associated with DOE and its predecessor agencies since 1934

* supporting since 1962 the basic research for 633 projects that resulted in R&D
100 Awards for promising technologies, products, or processes—among the

highest number of R&D awards for any government agency or private enterprise.

1]
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Our Goals...

The goals and strategies contained in this Strategic Plan reflect national priorities set by the President and the

Congress, our commitment to the missions of the Department of Energy, and the views of the U.S. scientific com-

munity. Our focus over the next two decades will be to ensure that the U.S. maintains scientific primacy in the key

research disciplines that we support, that our science programs are relevant and useful for identified national priori-

ties, and that we are agile enough to respond to emerging scientific challenges.

Advance the Basic
Sciences for Energy
Independence

Provide the scientific knowl-
edge and tools to achieve
energy independence, secur-
ing U.S. leadership and
essential breakthroughs in
basic energy sciences.

Much of our progress to
reduce the energy intensity of our economy has come
from advances in chemistry and materials science. We
will build on this progress as we begin to design and
assemble structures at the molecular level, learn to
precisely predict and control chemical reactivity, and
understand the behavior of complex systems. We will
deliver new science that improves the reliability of our
electric grid, makes our transportation system cleaner
and more efficient, and enables new generation tech-
nologies, from fuel cells to hydrogen power.

[ Harness the Power

of Our Living World

Provide the biological and
environmental discoveries
necessary to clean and
protect our environment,
offer new energy alternatives,
and fundamentally alter the
future of medical care and
human health.

After two decades of research leadership in genomics, we
can now search for molecular-level insights into cellular

function, beginning with the characterization of multi-
protein complexes. With that knowledge, we will
employ the extraordinary efficiency of microbes to meet
human needs and develop new approaches to medical
care. In addition, through a systems-level understanding
of our Earth’s climate system, carbon cycle, and bio-
geochemistry, we will enable regional scale prediction of
climate change and the design of mitigation and adapta-

tion measures.

Bring the Power of
the Stars to Earth

Answer the key scientific
questions and overcome
enormous technical
challenges to harness the
power that fuels a star, realiz-
ing by the middle of this
century a landmark scientific
achievement by bringing
fusion power to the U.S.
electrical grid.

We believe fusion will become a practical energy tech-
nology within three to four decades, through either
magnetic confinement of plasmas or one of several
inertial approaches. Over the next decade, we will
resolve critical scientific uncertainties and select the
most promising technical approach, including
participating in an international burning plasma

experiment called ITER.



Explore the Funda-
mental Interactions
of Energy, Matter,
Time, and Space

Understand the unification of
fundamental particles and
forces and the mysterious
forms of unseen energy and
matter that dominate the
universe, search for possible
new dimensions of space,

and investigate the nature
of time itself.

With next-generation accelerators, we will test and
extend our views of the most basic constituents of
matter, and perhaps see the validation of a grand unify-
ing theory of the fundamental forces that govern our
world—the goal of particle physics for decades. On the
cosmological scale, we hope to reveal the nature and
behavior of the enigmatic dark matter and dark energy
that we believe account for the bulk of the mass of our
universe, and that are responsible for the very startling
recent discovery that the expansion of our universe is
accelerating.

Explore Nuclear
Matter—from
Quarks to Stars

Understand the evolution and
structure of nuclear matter,
from the smallest building
blocks, quarks and gluons; to
the elements in the universe
created by stars; to unique
isotopes created in the labora-
tory that exist at the limits of
stability, possessing radically
different properties from
known matter.

Great strides in our understanding of nuclei and
nuclear reactions have led to such profound influences
on society as the discovery of fission and fusion and
the development of the now vast field of nuclear medi-
cine. With technological advances in accelerators,
instrumentation, and computing, we will explore new

forms of nuclear structure and matter, and at last unlock
the mystery of how protons and neutrons, the basic
building blocks of matter, are put together. This knowl-
edge is vital to research in energy and national security,
and to understanding the stellar processes that give rise
to the known elements in the universe.

Deliver Computing
for the Frontiers
of Science

Deliver forefront computa-
tional and networking capa-
bilities to scientists nation-
wide that enable them to
extend the frontiers of science,
answering critical questions
that range from the function
of living cells to the power of
fusion energy.

Each of the previous goals, and progress in many other
areas of science, depends critically on advances in com-
putational modeling and simulation. Crucial problems
that we can only hope to address computationally
require us to deliver orders of magnitude greater effective
computing power than we can deploy today.

Provide the Resource
Foundations that
Enable Great Science

Create and sustain the
discovery-class tools, 21st
Century scientific and techni-
cal workforce, research part-
nerships, and management
systems that support the
foundations for a highly
productive, world-class
national science enterprise.

Our Nation’s research enterprise depends upon a solid
foundation that has been built through careful invest-
ments in people, institutions and major scientific facili-
ties. Of particular note are the “discovery-class” scien-
tific tools that we construct and operate. Our goal is to
continue to provide leadership, stewardship, and balance
of this vital combined infrastructure.

DOE Office of Science Strategic Plan 2004
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Our Priorities...

The Office of Science’s research priorities flow from our long-term strategic goals and reflect our Nation’s commit-

ment to energy independence, a cleaner environment, improved health care, greater economic prosperity, and

intellectual leadership. These priorities are a critically important subset of the full range of Office of Science research

responsibilities that are more broadly defined by our major goals (pages 12 and 13). Pursuing these research priori-

ties over the next 5 to 10 years and beyond will be challenging, but they hold enormous promise for the future of

our Nation and the overall well-being of our citizens.

TEWer Fusion Energy

|2 =L <= The President has
- AR e =y, —— i= | (e ..
NI | el made achieving
R . .
| o=, 42N . commercial fusion
4 .

‘= power the highest
=M | ¢ long-term ener
s~ e 2 HELD 5 R &Y

e AT riority for our
-2 - AR p .t}’
~ & 1 ' " Naton. Our chal-

——= lenge is to develop a

science-based solu-
tion that harnesses fusion energy to power our indus-
tries and homes. We will do this by joining an interna-
tional burning plasma experiment, ITER, and exploring
other promising technologies.

Scientific Discovery through
Advanced Secientific Computing

Extra-
ordinary
advances
in computer
architecture
and software design are
making scientific computing a
true third pillar of discovery, joining theory and experi-
ment as a standard tool that researchers rely upon to
make scientific progress. Scientific computing will
enable us to model and simulate experiments that
cannot be conducted in a laboratory. This means that
biologists can learn the secrets of protein folding, which
is essential to understanding basic life processes; and
physicists can model the behavior of supernovae, which
may explain how the cosmos is ordered. The Office of
Science will bring 50 years of leadership in using

advanced computers to a multi-agency Federal partner-

ship with computer vendors and the academic community.

Nanoscale Science for New
M ,rials and Processes

f
f

( o

Nanoscale science
research—the study of
matter at the atomic
scale—will take us into a

- realm where the properties
of materials are dramatically
different from what we have today. Structures composed
of just a few atoms and molecules may be engineered to
assemble themselves into useful devices such as comput-
ers that can store trillions of bits of information on a
device no larger than the head of a pin or implantable in
vivo diagnostic monitors the size of a cell. Large and
complicated structures can be designed, one atom at a
time, for desired characteristics such as super-lightweight
and ultra-strong materials. The Office of Science will
help lead this revolution—with nanoscale research in
materials sciences, physics, chemistry, biology, and
engineering—and tools that can probe and manipulate

matter at the atomic scale.

Taming-thesdMicrobial World—the

Néxt Revolution in Genomics

Microbes are among
Nature’s most
underappreciated
resources. They thrive
in extreme environments.
They consider toxic waste

a gourmet meal, and some are



mini-factories that can produce energy supplies. Our
challenge is to learn how to get microbes to work for us,
to turn microbes into mighty engines of scientific
progress. The Office of Science will use the knowledge
and tools that we have developed over the past two
decades of research into genomics to understand how
microbes may be able to clean up chemical and radioactive

pollutants and to produce abundant and clean energy.

Dark Energy and the Search

for the Genesis
How the universe origi-
nated—its genesis—is
one of the great

mysteries of science.

Experiments at the

Office of Science’s
accelerators seek evi-
dence for unification: the blending of today’s diverse
patterns of particles and interactions into a much
simpler picture at high particle energies, like those that
prevailed in the very early universe. In one experiment,
a partnership with NASA will put a dedicated telescope
in Earth orbit to measure the emission of light through-
out supernovae explosions across the universe, providing
a historical record of its acceleration in the aftermath of
the Big Bang. These results are essential to understand
the mysterious dark energy that dominates today’s

universe and drives an accelerating expansion of space.

Nuclear Matter at the Extremes

Understanding how nuclear
matter is formed is critical to
understanding the processes
within stars and how ele-
ments are created—including
possible new elements—at
high-energy densities and the
extreme limits of stability. Experiments with colliding
gold nuclei are designed to study brief, submicroscopic
samples of hot plasma of free quarks and gluons that
filled the universe at the tender age of one microsecond.
New accelerator studies are planned to explore the
extremes of nuclear matter and the processes that form

nearly all of our chemical elements in stars and supernovae.

DOE Office of Science Strategic Plan 2004

Research Facilities for the Future
of Science
The discover-

ies of the
future will

require
powerful
next-generation scientific tools. A list of the 28 highest
priority facilities that will be needed over the next

20 years is provided below, grouped into the near-term,
midterm, and far-term. These facilities support the
Nation’s research in areas that are traditionally the
responsibility of the DOE. They are described in more
detail in the companion document, Facilities for the
Future of Science: A Twenty-Year Outlook.

Priority Program Facility
1 FES ITER
2 ASCR UltraScale Scientific Computing Capability
HEP  Joint Dark Energy Mission
Tie for BES Linac Coherent Light Source
g 3 BER  Protein Production and Tags
© NP Rare Isotope Accelerator
é BER  Characterization and Imaging
=z NP CEBAF Upgrade
Tie for ASCR Esnet Upgrade
7 ASCR NERSC Upgrade
BES  Transmission Electron Achromatic Microscope
12 HEP BTeV
13 HEP  Linear Collider
BER  Analysis and Modeling of Cellular Systems
E Tie for BES  SNS 2-4 MW Upgrade
§ 14 BES  SNS Second Target Station
= BER  Whole Proteome Analysis
Tie for { NP/HEP Double Beta Decay Underground Detector
18 FES  Next-Step Spherical Torus
NP RHIC II
Tie for f BES  National Synchrotron Light Source Upgrade
21 “.\ HEP  Super Neutrino Beam
= BES  Advanced Light Source Upgrade
,§ BES  Advanced Photon Source Upgrade
u%_s Tie for NP eRHIC
23 FES  Fusion Energy Contingency
BES HFIR Second Cold Source and Guide Hall
FES Integrated Beam Experiment
Programs:
B Near-term ASCR = Advanced Scientific Computing Research
BES = Basic Energy Sciences
B Mid-term BER = Biological and Environmental Research
FES = Fusion Energy Sciences
B Far-term HEP = High Energy Physics
NP = Nuclear Physics

15



Our Vision...

We envision a future where our contri-
butions to the physical, biological, and
environmental sciences have transformed
the world as we know it. Our discoveries
have changed forever how we provide
for life’s most basic needs—and how we
view our own existence within a com-
plex, ever-changing universe.

By 2023, our science will have helped
us achieve a large measure of energy
independence. The energy intensity of
our economy decreases, and energy
sources are now more plentiful and
clean. There is a new, more competitive
menu of renewable energy sources, a
safer generation of nuclear power, a
hydrogen-based energy storage utiliza-
tion infrastructure, and an efficient
energy distribution network that is
greatly enhanced by breakthroughs in
nano-designed materials, computation,
and other relevant fields of science.
Having completed key experiments, the
promise of fusion power—clean, almost
limitless energy—is closer than ever.

We see a world where our science
provides enduring solutions to the
environmental challenges posed by
growing world populations and energy
use. New, cost-effective approaches,
some based on the use of engineered
microbes, enable us to tackle some of
our most intractable cleanup problems.
On a global scale, we have a clearer
picture of the complex process of
climate change, and we have solutions
in hand made possible through the
biological and environmental sciences,
and in particular, through genomics.

Through 2023, our science will sustain
critical growth and strength in the U.S.
economy. During this period, entirely
new industries will be created, and
virtually all industries will benefit
through the enormously broad reach
of breakthroughs in energy and the
physical sciences. Our mastery of

catalysis, nano-assembly, self-replicating,
and complex systems will not only
increase our industrial efficiency, but

it will create entirely new opportunities
for harnessing the power of our

material world.

Science fiction will give way to science
fact as medical miracles unfold and a
new set of promises arises to fill the
void. DOE will continue to capitalize
on its strengths at the nexus of the
physical and life sciences, delivering the
nanoscience, biology, precision engi-
neering, and advanced computation
that will “close the deal” in these
developments and secure our valued
contributing role in medical science.
Restoring sight to the blind with micro-
assembled retinal implants will start the
journey, with the next stop, hope for
those with spinal cord injuries.

As the future unfolds, not only do our
citizens enjoy an improved quality of
life, but they are more secure. Our
Nation is more secure. DOE science
will have provided the science behind
innovations in monitors, sensors,
computational analysis, structures,
materials, and countless areas that help
to provide early threat detection and
protect those that we serve.

In the not-too-distant future, our
universe will seem more familiar to

us, and the mysterious properties of
matter and energy less complex.

Our pursuit of answers to some of the
most persistent questions of science will
have revealed important secrets and
assured U.S. intellectual leadership in
key areas of science and mathematics.

At the end of the day, we envision a
future where our discoveries have
resulted in improved benefits to man-
kind, whether it was to light the night,
heat a home, transport food, cure an
illness, or to see and understand the
beginning of time itself.

Hydrogen Production and Storage

Fusion Power Generation

Energy

Nanoscale science, materials cataly-
sis, and genomics are just some of the
[fertile areas of basic research that
will open the doors to more efficient
and competitive renewable energy,
the promise of fusion power, transi-
tion to a hydrogen economy, a vastly
improved electrical distribution
system, and gains in demand-side

efficiency.

Economy

The ability to create materials
atom-by-atom, to precisely control
chemical reactions, to make micro-
electromechanical (MEM) devices
the size of a human blood cell—
all foretell the scientific break-
throughs that will fuel the U.S.

economy in the decades to come.
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Global Environmental Monitoring

Environment

ol | - and Health

Understanding and protecting our global
environment, harnessing the ability of
microbes to do work, and advancing such
medical technologies as Positron Emission
Tomography (PET) and Magnetic Resonance
Imaging (MRI) will occur through effective
integration of the physical, computational,
life, and engineering sciences.

Medical Imaging

Intellectual
Leadership

Exploration of such challenging
scientific areas as high-energy
physics and astrophysics, the
essence of nuclear matter, and the
hydrodynamics of a supernovae,
will extend the frontiers of knowl-
edge and scientific capability.




Atmospheric Radiation Measurement
Program-North Slope

Alaska Idaho National Engineering and Materials Preparation Center
Environmental Laboratory Elef(l
Radiological & Environmental
Sciences Laboratory National Renewable NuMIMINOS ..,

Pacific Northwest
National Laboratory

Energy Laboratory

Environmental Molecular
Sciences Laboratory

Joint Genome Institute

National Energy Research
Scientific Computing Center

Advanced Light Source

Lawrence Berkeley
National Laboratory

Molecular Foundary (LBNL)

National Center for
Electron Microscopy

—
-~
Joint Genome Institute — =

Energy Sciences Network

Lawrence Livermore
National Laboratory

Combustion Research Facility

Stanford Linear
Accelerator Center B-Factory

(SLAC)

Stanford Synchrotron
Radiation Laboratory

Linac Coherent
Light Source (SLAC)

Los Alamos
National Laboratory

5 ff DIII-D (General Atomics) Free Air CO, Enrichment SandiaiNaycrel
Ve Research Facility Laboratories
2
@ =
R D)
@ Neutron Scatterihg Center
o Atmospheric Radiation Measurement %
L 4 Program-Tropical Western Pacific <
Hawaiian Islands Puerto Rico

Atmospheric Radiation Measurement
Program-Southern Great Plains
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Booster Neutrino (Fermilab)
New Brunswick Laboratory

ztron Microscopy Center Tevatron Collider (Fermilab)
or Materials Research

se Pulsed Argonne National Laboratory

on Source

Main Injector
.\, (Fermilab)

Fermi National
Accelerator Laboratory

Relativigtic Heavy
Argonne Tandem Linac Accelerator System lon Collider (BNL)

Advanced Photon Source

Bates Linear

Center for Microanalysis Accelerator Center (MIT)

of Materials Knolls Atomic
Power Laboratory

Alcator C-Mod

National E
APl S Tokamak Facility (MIT)

Technology Laboratory

National Synchrotron

Pulse Radiolysis

Brookhaven National Laboratory
Accelerator Test Facility (BNL)

Environmental Measurements
Laboratory

Facility Light Source
f Center for Functional
& g Nanomaterials (BNL)
TeV (FNAL)

Princeton Plasma
Physics Laboratory

Bettis Atomic National Sph.erical
Power Laboratory Torus Experiment

Continuous Electron Beam
Accelerator Facility (TJNAF)

Thomas Jefferson
National Accelerator Facility

Center for Nanophase Materials (ORNL)
Oak Ridge National Laboratory
Atmospheric Radiation Measurement Program Archive

Holifield Radioactive lon
Beam Facility (ORNL)

Savannah River Technology Center

High Flux
Isotope Reactor

Center for R
Neutron Scattering ;

« DOE National Laboratories

& Office of Science User Facilities

Center for Nanoscale
Ames Laboratory Materials (ANL) F4

e ) «» Office of Science University-Based Research

& Office of Science University Research User Facilities™

*See Appendix B for the complete list of University-Based
Research and University Research User Facilities 19
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Advance the Basic
Sciences for Energy
Independence

Provide the scientific knowledge and

tools to achieve energy indepen- The growth of our

dence, securing U.S. leadership and economy over the past half-

century has derived in
essential breakthroughs in basic substantial part from steady
energy sciences. improvements in our energy
technologies. In each subse-
quent decade, we have produced more goods and services with a given
amount of energy, and we have produced that energy more efficiently and
with less environmental impact. Much of this progress has come from
advances in the materials and chemical sciences such as new magnetic
materials; high strength, lightweight alloys and composites; novel electronic
materials; and new catalysts, with a host of energy technology applications.
We are now in the early stages of two remarkable explorations—observing
and manipulating matter at the molecular scale and understanding the
behavior of large assemblies of interacting components. Scientific discover-
ies in these two frontiers alone will accelerate our progress toward more
efficient, affordable, and cleaner energy technologies. They pose some of the
most fascinating and far-reaching scientific challenges of our time:

* What new, useful properties do materials display as we move from the
classical or macroscopic world to objects composed of a few to a few

thousands of atoms or molecules?

“
gl y

Nanoméch'nés Y - * What range of optical, mechanical, catalytic, electrical, tribological, and
ines:” This i
» ~a compliter;simufatio other properties can be achieved by designing devices and materials at

of'a fulleren€ molecul the molecular scale?
(White) moving a helium-

¢  atomyfluid (green) through * How can we efficiently assemble molecular-scale structures? How do
a carbon nanotube (blue). .. . .
This#ariPdevice.is a living organisms construct complex assemblies, and can we apply these

. "Buckyball pisten,” one of approaches to engineer useful devices and materials?
. the earliest n achines
(0]

developed. The Office of * How can we control chemical reactivitcy—the making and breaking
Seience leads a broa
program of fundame
search that applies’its eliminating unwanted byproducts?
faciliti nd tools to the
ﬁalle es of science at
€ nanoscale.

¢

of chemical bonds—to produce energy and desired materials while

LBNL
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ORNL
Hydrogen from microalgae: Hydrogen

may be one of the best resources to fuel the
future economy of America and the world.
It can be produced not only with resources
such as petroleum, coal, and natural gas, but
also from plants and organic waste. DOE’s
Office of Science, working in partnership
with the Office of Energy Efficiency, has
unlocked the secret to increasing the
hydrogen yield of a certain type of green
microalgae that shows promise of producing
hydrogen cheaply, easily, and cleanly. This
research is a collaboration among the
National Renewable Energy Laboratory,
Oak Ridge National Laboratory, and the
University of California at Berkeley.

* How can we design, model
and exploit complex systems—
systems composed of large
numbers of interacting compo-
nents and/or components
operating at different spatial or
temporal scales—such as novel
magnetic or superconducting

materials?

Our ability to answer these and
related questions depends on our
ability to observe, characterize,
manipulate, and computationally
model matter at the atomic or
molecular scale. This is a fundamen-
tally interdisciplinary effort, linking
science and engineering, and provid-
ing the foundation for a broad
spectrum of scientific and technical
advances. Essential tools for this
research include current generation
synchrotron x-ray and neutron
scattering sources, and the more
advanced sources to come, higher
resolution electron microscopes and
other atomic probes, and terascale
computers. The Office of Science
will deliver the leading-edge tools,
sustain the interdisciplinary research,

and create the knowledge necessary

Our History of Discovery...Select Examples

1960-1994

Revealed the enzymatic mecha-
nism of the molecule adenosine
triphosphate (ATP), the energy
currency of living cells.

(1997 Nobel Prize)

1974

Discovered the effect

of CFCs on the ozone
layer, providing the
scientific knowledge to
protect our living planet.

(1995 Nobel Prize)

-
@@

Cuboulatian
-

1980s

Developed synchrotron radiation
light sources, which made many
science discoveries possible such as
ultra-high density computer hard

| drives.

1981

Developed new opto-electronic
materials and devices for wireless
communications, semiconductor

lasers, supermarket scanners,
remote sensing, and medical
diagnotics.

to realize the extraordinary potential
of the basic energy sciences to meet

our energy and other critical needs.

As an integral part of this Strategic
Plan, and in Facilities for the Future
of Science: A Twenty-Year Outlook, we
have identified the need for eight
future facilities to realize our Basic
Energy Sciences vision and to meet
the science challenges described in
the following pages. Two of the
facilities are near-term priorities: the
Linac Coherent Light Source
(LCLS) and the Transmission
Electron Achromatic Microscope
(TEAM). The LCLS will provide
laser-like radiation 10 billion times
greater in power and brightness than
any existing x-ray light source,
enabling the study of matter and
chemical reactions at speeds and
levels of detail well beyond what is
currently possible. TEAM will be
the first of a new generation of
electron microscopes that, by cor-
recting for distortions in focus
inherent to all current electron
microscopes, will give much clearer
images and allow the use of much

larger experimental chambers. All

1980-2000

Achieved materials

© breakthroughs that
reduced the cost of solar
1 electricity by 100-fold.

1985

Discovered a new class of

carbon structure—the
Buckyball.
(1996 Nobel Prize)




eight facilities are included in our
Basic Energy Sciences Strategic
Timeline at the end of this chapter
and in the facilities chart in Chapter
7 (page 91), and they are discussed
in detail in the Zwenty-Year Outlook.

Our Strategies

1.1 Advance the core disciplines
of the basic energy sciences,
producing transformational
breakthroughs in materials
sciences, chemistry, geo-
sciences, energy biosciences,
and engineering,.

The Office of Science will advance

leading-edge research programs in

the natural sciences, emphasizing
fundamental research in materials
sciences, chemistry, geosciences, and
aspects of biosciences encompassed
by the DOE missions, and it will
provide world-class, peer-reviewed
research results that are responsive to
our Nation’s energy security needs as
well as the needs of the broad

scientific community. As part of a

thorough program of fundamental

research, the Office of Science

will implement a comprehensive

plan based on the findings and

2 1986

less energy-intensive to make th
conventional magnets.

1990
Developed the first purely

organic superconductors .

- Discovered organic-based magnets
that are lighter, more flexible, and

recommendations of the
Basic Energy Sciences
Advisory Committee
workshop, Basic Research
Needs to Assure a Secure

Energy Future. For

example, new materials will be
developed that impact solid-state
lighting, smart windows, vehicular
transportation, thermoelectric
conversion, hydrogen storage,
electrical storage, and improved fuel
cells, leading to significant increases
in efficiency. In addition, new
catalysts will be designed that exert
exquisite control over chemical
reactions so as to specify the reaction
products and the rates at which

they form.

1990

an lasers, solar cells, and

1990

ks it i ¥ 1993

RIS Advanced the science of magnetic
Pt 111 h""-*‘ré' materials and paved the way for
fulltt 4% 4 the manufacture of magnet
H‘Hﬁ“—*‘—t"—"ﬁH‘i% structures with greater mechanical

strength and stability.

= 40 cegrews rolalion

Developed photonic bandgap crystals
for revolutionary control of light
propagation for sensors, antennas,

telecommunications equipment.
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NREL

Nanoscience for energy applications: The
photovoltaic array on the south roof of

the Visitor Center at Zion National Park
provides a significant portion of the electricity
needs for the building as well as an uninter-
rupted power supply for use during power
outages. DOE’s Office of Science, working

in partnership with the Office of Energy
Efficiency, has provided the research that has
improved solar cell efficiency and reduced
solar energy costs 100-fold. New nanoscience
research is bringing chemists, materials
scientists, physicists, and theorists together to
create devices such as this hybrid solar cell
(offset left), which combines nanotechnology
with plastic electronics. The result is a
photovoltaic device that is cheaper and easier to
manufacture than current semiconductor
counterparts.

1996

Developed lithium
batteries with high-energy
storage capacity and
virtually no adverse
environmental impact.

1998

Discovered material to
immobilize plutonium—
gadolinium zirconate.
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“The biggest single challenge for the
next few decades: Energy for 10 billion
people! At minimum we need 10
terawatts of power from some clean
new energy source by 2050. For
worldwide peace and prosperity, we
need it to be cheap.”

—Richard Smalley, shared the 1996 Nobel
Prize in Chemistry for the discovery of
fullerenes (Buckyballs)

Advanced crystallization processes: Scientists pursuing better and cheaper crystals for

The ability to simulate accurately the
behavior of a system under many
different conditions can enhance

the effectiveness of experimental
investigation and can even replace
experiments in cases where they

are too difficult or too expensive.
There are a large number of areas

of research in the natural sciences
where simulation could have an
enormous impact. Our ability to
simulate has lagged behind what we
can see experimentally, mostly due to
major bottlenecks in the application
of theory and computation in
modeling the behavior of single
atoms and molecules within a larger,

more complex system.

laser fusion have developed a “rapid-growth” method for producing the world’s largest single
crystal optical elements—crystals that weigh 600 to 700 pounds. By understanding and
controlling the crystallization process at the molecular level, complex microstructures can be
synthesized that will affect disciplines and technologies ranging from pharmaceuticals (such
as crystallized proteins, among them human insulin) to new optical materials. This rapid-
growth method was developed by DOE’s Office of Science in partnership with the National

Nuclear Security Administration to supply the crystal plates for the giant laser in the National

Ignition Facility (NIF), which is currently under construction at Lawrence Livermore
National Laboratory. This large-scale rapid-growth crystal growing technique is expected to
save millions of dollars for both construction and later operation of the NIF, which will also
help to maintain the safety and reliability of the Nation’s nuclear weapons stockpile.

LLNL

To help realize this strategy, the
synchrotron radiation light sources,
electron-beam microcharacterization
centers, and neutron scattering
facilities will help reveal the atomic
details of metals and alloys; glasses
and ceramics; semiconductors and
superconductors; polymers and
biomaterials; proteins and enzymes;
catalysts, sieves, and filters; and
materials under extremes of tempera-
ture, pressure, strain, and stress.
Using these powerful probes of
science, we will be able to design
new materials, atom-by-atom, and
observe their creation as they unfold.
Once the province of specialists,
mostly physicists, these facilities are
now used by thousands of research-

ers annually from all disciplines.

Our strategy includes the following

emphases:

* Using the foundation of pro-
grams in materials sciences,
chemistry, geosciences, energy
biosciences, and engineering,
create new options for the
production, storage, distribution,
and conservation of energy with
basic research in areas such as
hydrogen, nano-designed
materials, nuclear fuel cycles
and actinide chemistry, heteroge-
neous catalysis, novel membrane
assemblies, and innovative

energy conversion pathways.

e Remove simulation bottlenecks
in order to accelerate the pace of
scientific discovery, for example,
bridge electronic-through-
macroscopic length and time
scales; simulate opto-magneto-

electronic properties of materials;



understand chemical reactivity in
solutions, solids, and turbulent
flows; and explore a systems
approach to molecular recogni-
tion, self-assembly, and chemical

reactivity.

* Complete construction of the
Spallation Neutron Source,
which will be the world’s most
intense pulsed neutron source,
and which will enable the study
of materials that were previously
not accessible to study. Itis

scheduled for commissioning
in 20006.

* Design and construct the revolu-
tionary x-ray light source called
the LCLS to provide laser-like
radiation in the x-ray region of
the spectrum that is 10 billion
times greater in peak power and
peak brightness than any existing
source. The high brilliance of
the ultra-short pulses from the
LCLS might make it possible to
obtain the structure of a single
molecule using only one pulse of
light, a vast improvement over

current methods.

* Explore new concepts in electron
microscopy that will allow
previously unimaginable studies
of materials structure, chemistry,
and the effect of external forces
on materials during deposition,
reaction, and deformation at the

subnanometer level.

1.2 Lead the nanoscale science
revolution, delivering the
foundations and discoveries
for a future built around
controlled chemical processes

DOE Office of Science Strategic Plan 2004

ORNL

Spallation Neutron Source (SNS): This accelerator-based neutron source facility will
provide the most intense pulsed neutron beams in the world for scientific research and

industrial development. Neutron research helps scientists and engineers improve materials

used in high-temperature superconductors; powerful lightweight magnets; aluminum bridge
decks; and stronger, lighter plastic products. The SNS is currently being built at Oak Ridge
National Laboratory in collaboration with Argonne National Laboratory, Brookhaven
National Laboratory, Lawrence Berkeley National Laboratory, Los Alamos National
Laboratory, and Thomas Jefferson National Accelerator Facility, and will be completed

in 2006.

and materials designed one
atom at a time or through
self-assembly.

The main elements of the Office

of Science nanoscale research pro-
gram are the establishment of five
Nanoscale Science Research Centers
(NSRC:s) and the support for
nanoscale research in targeted areas
addressing forefront science and
DOE mission needs. The NSRCs
are a new way of doing business for
the dispersed cottage industry of

researchers currently working on the

enormous set of problems that
together define “nanoscale science.”
The ability to fabricate complex
structures using chemical, biological,
and other synthesis techniques;
characterize them; assemble them;
integrate them into devices; and do
all this in one place will change the
way materials research is done. Our
strategy includes the following

emphases:

* Attain a fundamental under-
standing of phenomena unique

to the nanoscale.
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Center for Nanoscale Materials
Argonne National Laboratory

Molecular Foundry

Lawrence Berkeley National Laboratory Center for Functional Nanomaterials

Brookhaven National Laboratory

Center for Integrated
Nanotechnologies

Sandia National Laboratories and
Los Alamos National Laboratory

Center for Nanoscale Materials Sciences
Oak Ridge National Laboratory

Nanoscale Science Research Centers: The Office of Science will build five new Nanoscale
Science Research Centers to provide the Nation’s research community with world-class
resources for the synthesis, processing, fabrication, and analysis of materials at the nanoscale.
User programs being initiated at the Centers will give the research community immediate
access to their emerging capabilities.



* Achieve the ability to design
and synthesize materials at the
nanoscale to produce materials
with desired properties and
functions, using as necessary
the tricks and tools of Nature’s
assemblies, both living and

nonliving.

* Integrate nanoscale objects into
microscale assemblies and

macroscale devices.

* Develop experimental character-
ization tools and theory/model-
ing/simulation tools to advance

nanoscale science.

1.3 Master the control of
energy-relevant complex
systems that exhibit collective,
cooperative, and/or adaptive
behaviors, i.e., systems that
cannot be described as the
sum of their parts.

Entering this century, we find
science and technology at yet
another threshold: the study of
simplicity will give way to the study
of “complexity” as the unifying
theme. The triumphs of science in
the past century, which improved
our lives immeasurably, can be
described as elegant solutions to
problems reduced to their ultimate
simplicity. The new millennium is
taking us into the world of complex-
ity. Here, simple structures interact
to create new phenomena, assem-
bling themselves into devices that
begin to answer questions that were,
until the 21* Century, the stuff of

science fiction. Understanding

DOE Office of Science Strategic Plan 2004

SLAC

Stanford Synchrotron Radiation Laboratory: Physicists build particle accelerators to explore
the fundamental nature of matter. However, bending the particle beams produces synchrotron
radiation. First viewed as a problem, this radiation was soon recognized as an ultrapowerful
beam—a pinpoint of light 30 times brighter than the sun. Scientists use it to study a wide range
of materials at the Stanford Linear Accelerator Center (SLAC) (as depicted above) and at other
Office of Science light sources around the U.S. Now, an important tool of science, synchrotron
radiation produces leading-edge discoveries spanning many fields and disciplines within the

materials and life sciences.

collective, cooperative, and adaptive
phenomena and emergent behavior
takes many forms. Our strategy

includes the following emphases:

* Understand interactions among
individual components that lead
to coherent behavior that often
can be described only at higher
levels than those of the indi-
vidual units. This can produce
remarkably complex and yet

organized behavior.

* Explore electrons interacting
with each other and with the
host lattice in solids that can
give rise to magnetism and

superconductivity.

* Investigate chemical constituents

interacting in solution that can
give rise to complex pattern

formation and growth.

Research and learn to synthesize
and adapt the processes that
underlie living systems, whereby
they self-assemble their own
components, self-repair as
necessary, and reproduce; explore
how they sense and respond to
even subtle changes in their

environments.
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Key Indicators of Success:

* Progress in designing, model-
ing, fabricating, characteriz-
ing, analyzing, assembling,
and using a variety of new
materials and structures,
including metals, alloys,
ceramics, polymers,
biomaterials, and more—
particularly at the nanoscale—

for energy-related applications.

* Progress in understanding,

modeling, and controlling

Our Timeline and
Indicators of Success

Our commitment to the future,
and to the realization of Goal 1:
Advance the Basic Sciences for
Energy Independence, is not
only reflected in our strategies,

but also in our Key Indicators of
Success, below, and our Strategic
Timeline for Basic Energy Sciences
(BES), at the end of this chapter.

Our BES Strategic Timeline charts a
collection of important, illustrative
milestones, representing planned
progress within each strategy. These
milestones, while subject to the rapid
pace of change and uncertainties that
belie all science programs, reflect our
latest perspectives on the future—
what we hope to accomplish and
when we hope to accomplish it—
over the next 20 years and beyond.
Following the science milestones,

toward the bottom of the timeline,

chemical reactivity and energy
transfer processes in the gas
phase, in solutions, at inter-
faces, and on surfaces for
energy-related applications,
employing lessons from
inorganic, organic, self-
assembling, and biological

systems.

* Progress in developing new
concepts and improving

existing methods for solar

we have identified the required
major new facilities. These facilities,
described in greater detail in the
DOE Office of Science companion
report, Facilities for the Future of
Science: A Twenty-Year Outlook,
reflect time-sequencing that is based
on the general priority of the facility,
as well as critical-path relationships
to research and corresponding

science milestones.

Additionally, the Office of Science
has identified Key Indicators of
Success, designed to gauge our
overall progress toward achieving
Goal 1. These select indicators,
identified below, are representative
long-term measures against which
progress can be evaluated over time.
The specific features and parameters
of these indicators, as well as defini-
tions of success, can be found on the
web at www.science.doe.gov/

measures.

energy conversion and other
major energy research needs
identified in the Basic Energy
Sciences Advisory Committee
workshop report, Basic
Research Needs to Assure a
Secure Energy Future.

* Progress in conceiving, design—
ing, fabricating, and using
new instruments to character-
ize and ultimately control

materials.
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Strategic Timeline—I

The Science

Core Disc lplznes Of * Establish a program to develop computational
th e B Asic En ergy tools for_slmulatlon, virtual testing, and design « Mncrease hydrogen production
' of materials (2006) h T chern T SR
SClenceS through chemical, biochemical, an
4 biomimetic systems (2011)
* Initiate _rcsearch programs on hydrogen ¢ Realize improvements in hydrogen
production and storage methods (2005) and fuel cells through modest earlier
* Initiate research programs on materials investments in basic research (2011)

degradation in hostile environments (2005)
* Initiate expansion of materials, chemistry, and

biochem programs (2005) * Complete first draft GEN IV material
e Complete joint strategic plan and roadmap properties database in support of nuclear
with the Office of Nuclear Energy (2005) power (2010)

* Test biofilms for ability to generate electricity
from organic waste (2007)

* Identify key physical processes that help
maintain stability of materials during neutron
irradiation (2007)

Nanoscale Science

* Enable the production of new composite
materials and joining technologies with
fabrication at the nanoscale (2011)

Energy-Relevant
Complex Systems

* Develop new tools and advanced * Design various complex interactions
computers to enable scientists to of atomic and molecular species to
simulate and model materials of exhibit new physical phenomena for
much greater complexity for new use in new energy applications (2011)

energy technologies (2007)

Fu ture Fh cz. li tl. es x>k Linac Coherent Light Source (LCLS): The LCLS will provide laser-like radiation 10

billion times greater in power and brightness than any existing x-ray light source.

Transmission Electron Achromatic Microscope
(TEAM): TEAM will be the first of a new

generation of electron microscopes.

Spallation Neutron Source (SNS) 2-4
MW Upgrade: The SNS upgrade will

more than double its power.

SNS Second Target Station: The second
target station at the SNS will provide a
long wavelength neutron source.

*These strategic milestones are illustrative and depend on funds made available through the Federal budget process.
**For more detail on these facilities and the overall prioritization process, see the companion document,
Facilities for the Future of Science: A Twenty-Year Outlook.
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dasic Energy Sciences™
B 2017 2019 2021 2025 2025

* Enable hydrogen and other low-
carbon fuels to become
significant components of the
U.S. energy portfolio due to the
accomplishment of one or more

* Develop new materials that enable the BES grand challenges (2025)
widespread use of solid state lighting, improved
fuel cells, breakthroughs for materials in
radiation environments, new battery concepts,
advanced membranes, hybrid solar cells, smart
materials, and more (2015)
* Enable the practical start of the hydrogen
economy with new knowledge on hydrogen
production, storage, and use (2015)

Enable the efficient, inexpensive
conversion of sunlight to
products such as fuels (2025)

Use the complexity of matter as
an asset rather than an obstacle
by “tuning” the properties of
matter with small changes in
composition or with the
application of pressure or a

magnetic field (2025)

National Synchrotron Light Source Upgrade (NSLS II): The NSLS upgrade will

create and install the next-generation design for a synchrotron light source storage ring.

Advanced Light Source (ALS) Upgrade: The ALS upgrade will allow the facility to
expand to accommodate new instruments to explore the traditionally difficult spectral
region at the border between optics and electronics (called the “terahertz-gap”).

Advanced Photon Source (APS) Upgrade: The APS upgrade will create a “super

storage ring” of electrons that will greatly enhance the brilliance of the facility.

High-Flux Isotope Reactor (HFIR)
Second Cold Source and Guide Hall:
Construction of the cold source and guide
hall at HFIR will complete the facility,

more than doubling its capabilities.
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Naurulsta jdi-This tropical-

T R
mo-
spheric Radiation Measure-
ment (ARM) program: the
Tropical Western Pacific,
U.S. Southern Great Plains,
and the North Slope of
Alaska/Arctic Ocean. ARM
was created in 1989 as part
of the U.S. Global Change
Research Program. Scien-
tists believe that changes
in clouds may be a key
response of the climate
system. Data gathered
over the last 13 years on
the impact of clouds on
solar radiant energy reach-
ing the ground, absorbed
by the atmosphere, and
then reradiated from the
earth as heat is critical to
developing more accurate
models to understand the
intricate processes of
global climate change.
ARM is the largest ground-
based, cloud-observing
program in the U.S. and is
supported and managed by
the Office of Science.

island s one?

PNNL-ARM

Harness the Power of

Our Living World

Provide the biological and environ-

mental discoveries necessary Over billions of years of

to clean and protect our environ- evolution, Nature has created
life’s machinery—from
ment, offer new energy alterna- i
molecules, microbes, and
tives, and fundamentally alter complex organisms to the
the future of medical care and biosphere—all displaying

remarkable capacities for
human health. . .
efficiently capturing energy
and controlling precise chemical reactions. The natural, adaptive processes
of these systems offer important clues to designing solutions to some of our
greatest challenges. In the next decade, science will reveal the mechanisms
and genetic secrets by which microorganisms develop, survive, and function
in different environments. We will be able to manipulate matter at the
micro, nano, and molecular scales; and we will be able to model and predict
biological and environmental interactions on a regional and global basis.
Such capabilities will provide us unprecedented opportunities to forge new
pathways to energy production, environmental management, and medical

diagnosis and treatment.

To realize this vision, many challenging scientific questions will have to be

answered:

e What are the fundamental genetic processes, structures, and mechanisms
that living systems use to control their responses to their environment,
and how can we predict and repeat those processes to put Nature to
work for us?

* How do we design new and revolutionary technologies and processes,
using and combining principles of biological and physical systems that
offer new solutions for challenges from medicine to environmental

cleanup?

* How do clouds influence climate change, and how does human activity
affect the behavior of clouds? How sensitive is climate to different levels

of greenhouse gases and aerosols in the environment?

Answers to these and other questions will come only through effective
convergence of the physical, life, and computational sciences. We have the

DOE Office of Science Strategic Plan 2004
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track record and infrastructure to
conduct the large-scale, complex,
and interdisciplinary research to
meet the challenge. Already, the
Office of Science has delivered
genome sequencing, protein crystal-
lography, advanced tools for under-
standing the environment at the
molecular level, integrated climate
modeling, and advanced imaging
tools. With anticipated new facilities,
such as those for Genomics: GTL, as
well as high-performance computa-
tional platforms and cutting-edge
measurement tools, we are prepared
to harness the power of our living
world for a secure, environmentally

sound, and energy-rich future.

As an integral part of this Strategic
Plan, and in Facilities for the Future
of Science: A Twenty-Year Outlook, we
have identified the need for four
future facilities to realize our Biologi-
cal and Environmental Research
vision and to meet the science
challenges described in the following
pages. Two of the facilities are near-
term priorities: the Protein Produc-
tion and Tags facility and the
Characterization and Imaging of

Molecular Machines facility. The
Protein Production and Tags facility
will use highly automated processes
to mass produce and characterize
tens of thousands of proteins per
year, create “tags’ to identify these
proteins, and make these products
available to researchers nationwide.
The facility for Characterization and
Imaging of Molecular Machines will
build on capabilities provided by the
Protein Production and Tags facility
to provide researchers with the
ability to isolate, characterize, and
create images of the thousands of
molecular machines that perform the
essential functions inside a cell. All
four facilities are included in our
Biological and Environmental
Research Strategic Timeline at the
end of the chapter and in the facili-
ties chart in Chapter 7 (page 93),
and they are discussed in detail in

the Twenty-Year Outlook.

Our Strategies

2.1 Tap the power of genomics
and microbial systems for
solutions to our Nation’s
energy and environmental

challenges.

Our History of Discovery...Select Examples

1970

Discovered the complex

4 processes and interac-
tions behind acid rain.

1990

Imaged the biochemistry of
human addiction using Positron
Emission Tomography. (PET

After launching the Human
Genome Project in the 1980s, the
Office of Science was part of an
international collaboration that
recently finished sequencing the
entire human genome. Yet, we have
only begun to understand how
complex biological systems work—
going from single genes to genetic
networks to complex biological
functions and characteristics,
whether in humans or single-celled
microbes. We continue to push the
frontiers of biology, including the
complex systems interactions, by
studying microbes that can be used

to help us solve DOE mission needs.

Microbes have been found in every
conceivable environment on Earth,
from boiling deep-ocean thermal
vents to Arctic ice flows to toxic
environments. The remarkable
ability of microbes to flourish in
extreme conditions demonstrates
that they long ago developed systems
for novel energy conversion and

environmental cleanup.

Our challenge is to put those
microbes—and their systems of

molecular machines that allow them

‘_:S.‘, 1995
1_,_.»'*""Determined the structure of

{" key surface proteins in Lyme
Disease bacteria, offering
new opportunities for
detection and treatment.

-

1996

Provided fundamental research in

capillary-based DNA sequencing that
led to development of DNA sequenc-

: ; L ing machines that revolutionized
> Pioneered the quest to sequence Mycoplasma genitalium, the & .
T genome sequencing . . . and modern
the Human Genome. smallest genome that sustains life.

34 biotechnology.

1995

#1986 Sequenced the tiny pathogen,
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to survive—to work for us. Nature
has designed remarkable arrays of
multiprotein molecular machines
with exquisitely precise and efficient
functions and controls. With the
help of the DOE Joint Genome
Institute, and the future Genomics:
GTL facilities, we will uncover the
mysteries of biological systems that
will enable our Nation’s scientists to
harness the power of genomics and
microbial systems. Our strategy
includes the following emphases:

* Decode and compare the genetic
instructions of diverse microor-
ganisms by unraveling their
DNA sequences to reveal their
capabilities for energy produc-
tion, carbon sequestration, and

environmental cleanup.

* Discover the molecular machines
encoded in each microbe’s
genetic instructions, determining
what molecular machines are
present, what proteins they are
made of, where they are found in
cells, and how they do their

work.

* Produce computational models
of molecular machines in action

to understand the fundamental

1996

Verified the existence of 1998

the third branch of life Developed computa-
(Archaea)— tional tools for

Methanococcus jannaschi. discovering genes.

1996

Delivered high-resolution
ocean model for climate
simulation.

Frontiers in genomic science: Why would the Department of Energy’s Office of Science be
interested in this beautiful but peculiar fish? It turns out that the Fugu, or puffer fish, contains
essentially the same genes as the human genome but in about one-eighth the total amount of
DNA. Human gene hunters can sort through the Fugu genome much faster and easier than
the human genome because it has far less non-coding DNA. DOE’s Joint Genome Institute
(JGI), the world’s major public genome sequencing center, conducted this research as part of
the Human Genome Project, an initiative pioneered by DOE, to give scientists a powerful new
tool to help them better understand the human genome—{rom insights into diseases to the
impacts of energy and energy byproducts on human physiology and health. Under the Office
of Science Genomics: GTL program, JGI is now shifting attention to a new and equally
promising frontier. By studying the genomes of a variety of micro-organisms, scientists are
exploring the capabilities of the natural world to produce energy, clean up waste, and possibly
slow or halt climate change.

principles controlling the func- genetic circuitry in a cell that

tion of molecular machines and controls the molecular machines.

thus biological systems, provid- e Explore the biochemical capa-

ing us with knowledge to use or bilities of complex microbial

even redesign these machines. communities to fully utilize the

* Examine genetic regulatory potential found in natural

networks to understand the microbial communities.

2000

Developed mass spectrometry = 2001'

for rapid determination of 7 Published a complete draft
bacterial proteome that of the DNA sequence of

the human genome as part of

reduces analysis time from ] . |
an international consortium.

years to days.

2000

1999 2000

Improved neutron beams for " Engineered radiation-resistant
o3 . . . .

cancer treatment. *_ . bacteria for bioremediation.
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* Develop predictive models of
complete microbial communities
to anticipate how they will
behave and change in response
to various signals from their

environment.

“Simplified Global Carben,Cycle
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Carbon cycle: In the past 60 years, the amount of anthropogenic carbon dioxide emitted to
the atmosphere, primarily from use of fossil fuels, has risen from preindustrial levels of

280 parts per million to present levels of over 365. The relationship between climate change
and increasing levels of carbon dioxide is a matter of intense study. Predictions of global
energy use in the next century suggest a continued increase in carbon emissions and rising
concentrations of atmospheric carbon dioxide unless major changes are made in the way we
produce and use energy. Carbon sequestration is receiving attention as a promising solution,
and the Office of Science is performing much of the basic research. In carbon sequestration,
the gas is trapped or “fixed” in solid form in the terrestrial biosphere, underground, or in
oceans, thus slowing or halting the buildup of greenhouse gasses. Research emphases range
from the possible use of engineered geologic repositories, to enhancing Nature’s own tool kit
and sequencing the genomes of promising micro-organisms, putting them to work on this

global problem.

2.2 Unravel the mysteries of
Earth’s changing climate and
protect our living planet.

We are making progress in measuring
and modeling changes in climate.
This is no simple matter given the
complex interactions of air, land,
and ocean processes that affect
climate. Despite our progress, we
still cannot definitively distinguish
between natural and human-caused
climate changes, we do not fully
understand the effects and roles of
clouds and aerosols on climate, and
we have limited ability to predict
regional effects. More importantly,
we have only begun to explore ways
to mitigate and/or adapt to these
effects. Ultimately, we need to be
able to understand the factors that
determine Earth’s climate well
enough to predict climate and
climate impacts decades, or even
centuries, in the future. We are
developing the novel research tools,
models, and integrated experiments
and computational science to find
the answers. Our strategy includes
the following emphases:

e Determine the effects of clouds
and aerosols on climate, in
particular their interactions with
long-wave radiation, how and
where clouds form and dissipate
in the atmosphere, and how
changes in clouds and aerosol
distributions alter the Earth’s
radiation balance.

* Predict future climate at regional
scales, advancing mathematics

and computation to simulate the



dynamics, chemistry, and biol-
ogy of the Earth system on

decade to century time scales.

* Distinguish natural and human-
caused climate change based on
improved climate models that
more accurately reflect changes
in radiative forcing due to
increases in greenhouse gases and

aerosols in the atmosphere.

* Understand and enhance
Nature’s processes for sequester-
ing atmospheric carbon from
fossil fuel use, including the
capacity of terrestrial and oceanic
ecosystems and opportunities to
capitalize on the biophysical and
biochemical mechanisms that
control uptake in plants, soils,
and ocean plankton.

* Determine how ecosystems
respond to environmental
change, developing a theoretical
and empirical basis spanning
molecular interactions to whole

ecosystems.

* Predict and assess the effects of
climate change based on models
of human actions and costs and
benefits of alternatives for
mitigation and adaptation.

2.3 Understand the complex
physical, chemical, and
biological properties of
contaminated sites for new
solutions to environmental
remediation.

As a legacy of DOE’s nuclear secu-
rity mission over the last half-
century and extending through the
Cold War, large tracts of land
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surrounding DOE weapons
production and other sites became
contaminated. The magnitude

of some of these problems is
enormous, and many cannot be
addressed using current technology.
Despite progress on many fronts,
efficient, effective, and affordable
solutions to environmental contami-
nation continue to elude us, whether
the contaminants are radionuclides,
toxic metals, or organic compounds.
There is much we need to learn.
How do contaminants interact

with minerals, plant materials, and
microbes in soils? How do they
move to the groundwater or other
locations where they can adversely
affect human health?

ol
Microbes for environmental cleanup: Many of the aging waste tanks built on the
Hanford Site in Richland, Washington, contain radioactive and chemical waste, a legacy
from plutonium production. Some of the tanks are leaking into the soil and groundwater
around the sites. Research to remediate these waste sites requires a clear understanding of
both the environment and the contaminants. Microbes are being studied for their natural
or engineered abilities to assist in environmental cleanup. Individual microbes and
communities of microbes have already “found” solutions for many of our current challenges
in environmental cleanup and energy production. Shewanella oneidensis (offset left) can
convert soluble metals into insoluble forms, which could keep some contaminants from
migrating into groundwater. Other microbes use toxic or radioactive substances as energy
sources, rendering them into harmless byproducts.
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This poor understanding of how
contaminants behave in Nature
restricts the development of cost-
effective cleanup strategies and, in
some cases, our ability even to
recognize problems. Our challenge
is to understand natural cleanup
methods, put them to work, and
improve cleanup decisions in the
future. Our strategy includes the
following emphases:

* Predict the fate and transport
of contaminants with improved
tools and understanding of
interdependent biological,
chemical, and physical processes.

* Take laboratory experiments and
theory to the field, testing our

PNNL

Biotechnology teams with nanotechnology for deactivation of toxic substances:
Specially developed enzymes (green) embedded in a synthetic material, which was created
to immobilize the enzymes and enhance their activity and stability, can transform toxic
substances (purple molecule at left) to harmless byproducts (yellow and red molecules at
right). Such nanostructures could eventually be used for a broad range of enzyme-based
methods to produce energy, remove or deactivate contaminants, and store carbon to
mitigate global climate change.

theoretical predictions and
models of the complex natural
environment over considerable

distances and time scales.

* Provide the next generation of
computational and experimental
capabilities for detailed under-
standing of contaminant behav-
ior, including synchrotron light
sources and the William R.
Wiley Environmental Molecular
Sciences Laboratory at the
Pacific Northwest National
Laboratory.

* Use Nature’s own tool kit and
rely on new understanding
of the biology of microbes
and microbial communities,
geochemistry, plants and ecosys-
tems, biomimetic agents, and
nanomachines to explore innova-
tive options for cleaning up the

environment.

* Develop a basic understanding
of complex chemical behavior of
stored radioactive wastes to
enable the discovery of novel
separations and other treatment
methods that can dramatically
reduce the costs and risks of
radioactive waste treatment and

disposal.

2.4 Master the convergence
of the physical and the life
sciences to deliver revolution-
ary technologies for health
and medical applications.

The Office of Science has been at
the center of medical technology
innovations, with a focus on energy’s
impact on human health and the
powerful imaging and radioisotope



tools that have been the foundation
of nuclear medicine. The future of
technology development appears
even brighter with the availability of
micro- and nano-structured materi-
als and the emerging capability to
actually “see” genes and networks
of genes in action in living tissues.
This makes possible the ability to
track the progression of disease

as it unfolds at the genetic level.
Also, new radiotracers and imaging
concepts will explore both normal
and abnormal health, from the
development of cancer to brain
function. On a larger physical scale,
medical imaging may be possible
for patients in motion, such as
infants. Our strategy includes the

following emphases:

* Restore sight to the blind using
the microelectronics, material
science technologies, and special-
ized expertise of the national
laboratories to design and
fabricate an implantable artificial

retina.

* Enable medical imaging of
moving patients with modified
PET and MRI technology,
capitalizing on advances in
mathematics, computation, and
detectors from high-energy
physics to compensate for

motion.

* Develop highly selective, ultra-
sensitive biosensors based on the
national laboratories” expertise in
miniaturized optical systems and
single-molecule detection, for
medical, environmental, and

national security applications.
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Artificial retina: This project, funded by a $9 million, three-year grant from the Office

of Science, will build a prototype that creates 1000 points of light through 1000 tiny
microelectromechanical systems (MEMY) electrodes. The tiny electrodes may eventually be
positioned on the retinas of those blinded by diseases such as age-related macular
degeneration and retinitis pigmentosa to help them see again.

* Image genes as they are turned
on and off in any organ of the
body by forming fluorescent or
radioisotopic images, giving us
new capabilities for the diagnosis

of disease.

* Develop new radiotracers and
molecular tags to image the
chemistry of life and disease,
built around our capabilities in
structural genomics, proteomics,
radiochemistry, and more

generally, the physical sciences.

* Determine the health risks of
exposure to low doses of ionizing
radiation to adequately and
appropriately protect DOE
nuclear workers and the general
public while making effective use

of our national resources.

"Medical advances may seem like
wizardry. But pull back the curtain,
and sitting at the lever is a high-energy
physicist, a combinatorial chemist, or
an engineer. "

—Harold Varmus, president of Memorial
Sloan-Kettering Cancer Center, former
Director of the National Institutes of
Health, and 1989 Nobel laureate, in an
October 2000 Washington Post article
where he noted that the physical sciences
sponsored by the Office of Science are of
critical value to the Nation.
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Key Indicators of Success:

* Progress in characterizing
the multi-protein complexes
(or the lack thereof) that
involve a scientifically signifi-
cant fraction of a microbe’s
proteins. Develop computa-
tional models to direct the use
and design of microbial
communities to clean up
waste, sequester carbon,

or produce hydrogen.

Our Timeline and
Indicators of Success

Our commitment to the future, and
to the realization of Goal 2: Har-
ness the Power of Our Living
World, is not only reflected in our
strategies, but also in our Key
Indicators of Success, below, and our
Strategic Timeline for Biological and
Environmental Research (BER), at
the end of this chapter.

Our BER Strategic Timeline charts a
collection of important, illustrative
milestones, representing planned
progress within each strategy. These
milestones, while subject to the rapid
pace of change and uncertainties that
belie all science programs, reflect our
latest perspectives on the future—
what we hope to accomplish and
when we hope to accomplish it—
over the next 20 years and beyond.
Following the science milestones,

toward the bottom of the timeline,

* Progress in delivering
improved climate data and
models for policymakers
to determine safe levels of
greenhouse gases. By 2013,
reduce differences between
observed temperature and
model simulations at sub-
continental scales using several

decades of recent data.

we have identified the required
major new facilities. These facilities,
described in greater detail in the
DOE Office of Science companion
report, Facilities for the Future of
Science: A Twenty-Year Outlook,
reflect time-sequencing that is based
on the general priority of the facility,
as well as critical-path relationships
to research and corresponding

science milestones.

Additionally, the Office of Science
has identified Key Indicators of
Success, designed to gauge our
overall progress toward achieving
Goal 2. These select indicators,
identified below, are representative
long-term measures against which
progress can be evaluated over time.
The specific features and parameters
of these indicators, as well as defini-
tions of success, can be found on the
web at www.science.doe.gov/

measures.

* Progress in developing
science-based solutions for
cleanup and long-term moni-
toring of DOE contaminated
sites. By 2013, a significant
fraction of DOE’s long-term
stewardship sites will employ
advanced biology-based
cleanup solutions and science-

based monitors.
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Strategic Timeline

for
Biological and

Environmental Research



Strategic Timeline—Biological

The Science

Ll:fé SCienceS * Develop artificial chromosome (2006) * Develop new knowledge base for
cost-effective cleanup of environ-
* Initiate Genomics: * Complete mathematical model for mental contamination (2012)
GTL research microbial community that * Design new strategies for enhanced
program (2003) detoxifies uranium (2007) capture of atmospheric carbon

dioxide (2012)
 Complete photosynthetic microbe able to * Increase biobased sources of fuel

continuously make hydrogen (2008) and electricity (2012)
C limate Cbange * Provide a climate model that links the
o Include realistic clouds in Earth’s climate system with the Earth’s

ReseﬂVCb a climate model (2007) biological systems (2010)

* New measurements
of clouds where
observations are

* Measure ecosystem responses to climate
change, measurements never made

missing (2006) before (2008)
; * Provide new technologies for
En”l;"o,:lm.entﬂl * Develop alternative cesium in situ characterizatior% of contaminants
Remedlﬂtzon separations process for HLW  that cannot be identified today (2008)
to be deployed at SRS,  Validate bioremediation
ensuring vitrification will of metals and rads in the field (2008) ¢ Provide a suite of
remain on schedule (2006) field characteriza-
¢ Create Environmental tion techniques
Remediation Sciences * Complete work on the technical basis for for long-term
Division (2003) leaving in place cesium, technetium, monitoring of
uranium, strontium, or other radionu- closed sites (2012)

clides from soils beneath tank farm at the

Hanford Site (2007)

. . * Complete microfabrication of 1000-electrode
M edlctll SClenceS prototype artificial retina (2006)
¢ Test new biocompatible materials * Preclinical testing of radiolabeled probes for
for chip, electrodes, and hermetic imaging defective genes (2006)

seal for the artificial retina (2002)

* Complete in vitro testing of 60-
electrode artificial retina device and
implant prototype into dogs (2004)

* Complete in vitro testing and
implant 1000-electrode artificial
retina devices into dogs (2007)

* Design and microfabricate
60-electrode artificial * Implant and test 60-electrode

retina device (2003) devices in humans (2005)

¢ Radiotracer chemistry/ * Begin dCSign and fabrication
probes to detect defective  of 1000-electrode artificial
gene expression (2003) retina device (2005)

* Complete in vitro testing and
implant 1000-electrode artificial
retina devices into dogs (2009)

Fu tu re I-(h ci li ti es %K Protcin Production and Tags: This facility will use highly automated processes to mass-produce and

characterize tens of thousands of proteins per year, create “tags” to identify these proteins, and make
these products available to researchers nationwide.

Characterization and Imaging of Molecular Machines: This facility will build
on capabilities provided by the Protein Production and Tags facility to provide
researchers with the ability to isolate, characterize, and create images of the
thousands of molecular machines that perform the essential functions inside a cell.

*These strategic milestones are illustrative and depend on funds made available through the Federal budget process.
**For more detail on these facilities and the overall prioritization process, see the companion document,
Facilities for the Future of Science: A Twenty-Year Outlook.
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and Environmental Research™
2015 2017 2019 2021 2023

2052

Save billions of dollars

in toxic waste cleanup
(2032)

Stabilize atmospheric
carbon dioxide to counter
global warming (2042)
Mature bioenergy
industry established
(2052)

¢ Deliver an Earth system model

* Unambiguous detection capable of robustly predicting
of human-induced natural and human-induced climate
climate change (2015) change and its environmental

consequences (2020)

Enable determination
of a safe level of
greenhouse gases in the
atmosphere (2030)

* Deliver accurate predictive models
that eliminate unneeded
remediation strategies (2018)

Use genomic and
nanoscience capabilities
to develop remediation
strategies for individual
waste sites (2027)
Completion of high-level
waste treatment, saving
tens of billions in cost

(2029)

Analysis and Modeling of Cellular Systems: This facility will combine advanced
computational, analytical, and experimental capabilities to study how multi-cellular
systems, including microbial communities, function at the molecular level.

Whole Proteome Analysis: This facility will provide researchers with the ability to
investigate how microbes adapt to changes in their environment by turning certain portions
of their genome “on” and “off.”
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during this century have
scientists discovered that
the sun and stars produce
their energy by the fusion
process. Einstein’s theory
that mass can be converted
into energy provided the
basis for understanding
fusion. This theory was
further explored by other
physicists who discovered
two practical methods for
achieving this conversion:
fission and fusion. Fission,
in which heavy atoms such
as uranium are split, thus
releasing the internal
energy that holds the atom
together, is now being used
commercially in the U.S.
and elsewhere to produce
electricity. Fusion, in
which mass is transformed
into energy by fusing or
joining light atoms such as
those of hydrogen, holds
great promise for clean and
abundant energy produc-
tion, but has yet to be
harnessed for commercial
use. This is the subject of
intense research by the
Office of Science.

PPPL

Bring the Power of the
Stars to Earth

Answer the key scientific questions

and overcome enormous technical  When fusion power becomes

challenges to harness the power a commercial reality, current

national concerns over
that fuels a star, realizing by the imported oil, rising gasoline
middle of this century a landmark  prices, smokestack pollution,
. . . and other problems associated
scientific achievement by bringing ] p )

with our dependence on oil

fusion power to the U.S. electric and other fossil fuels will
grid. largely disappear. We will
have achieved energy inde-
pendence. Fusion power plants will provide economical and abundant
energy without greenhouse gas emissions, while creating manageable waste

and little risk to public safety and health.

Making fusion energy a part of our national energy solution is among the
most ambitious scientific and engineering challenges of our era. The follow-

ing are some of the major scientific questions we will answer:

* Can we successfully control a burning plasma that shares the characteris-
tic intensity and power of the sun?

* How can we use nanoscale science to construct radically new materials
that will withstand the temperatures and forces needed for commercial

fusion power?

* To what extent can we use scientific simulation to model the behavior of
the fusion fuel that is found at the center of the sun—or in the confines
of a functioning commercial prototype?

Our ultimate success in answering these questions requires that we under-
stand and control remarkably complex and dynamic phenomena occurring
across a broad range of temporal and spatial scales. We must also develop
materials, components, and systems that can withstand temperatures exceed-
ing those that are typical of a star. The experiments required for a commer-
cially viable fusion power technology constitute a complex scientific and

engineering enterprise that must be sustained over several decades. We can

DOE Office of Science Strategic Plan 2004
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“Everytime you look up at the sky,
every one of those points of light is a
reminder that fusion power is extract-
able from hydrogen and other light
elements, and it is an everyday reality
throughout the Milky Way Galaxy.”

—Carl Sagan, Spitzer Lecture,
October 1991

now define the specific challenges
that must be overcome, see promis-
ing approaches to addressing those
challenges, and confidently antici-
pate the availability of even more
powerful computational and experi-

mental measurement capabilities.

As an integral part of this Strategic
Plan, and in Facilities for the Future
of Science: A Twenty-Year Outlook, we
have identified the need for four
future facilities to realize our Fusion
Energy Sciences vision and to meet
the science challenges described in
the following pages. One of the
facilities, ITER, is a near-term
priority. ITER is an international
collaboration to build the first fusion
science experiment capable of
producing a self-sustaining fusion
reaction, called a “burning plasma.”
It is the next essential and critical
step on the path toward demonstrat-
ing the scientific and technological
feasibility of fusion energy. All four
facilities are included in our Fusion
Energy Sciences Strategic Timeline
at the end of this chapter and in the
facilities chart in Chapter 7 (page
93), and they are discussed in detail
in the Twenty-Year Outlook.

Our History of Discovery...Select Examples

1978

Achieved ion temperatures in excess
of 58,000,000°C—the minimum
required for a self-sustaining

fusion reaction.

1982
Started the Tokamak
Fusion Test Reactor

(TFTR).

1983

Exceeded the Lawson criterion—the
product of the plasma density and
energy confinement time required for
fusion energy breakeven—on MIT’s
Alcator-C device.

1985
Conceived the Spherical Torus—a

a given magnetic field strength.

plasma confinement device that can
confine a higher plasma pressure for

Our Strategies

Given the substantial scientific and
technological uncertainties that we
know exist, we will employ a portfo-
lio strategy that explores a variety of
magnetic and inertial confinement
approaches and leads to the most
promising commercial fusion con-
cept. Advanced computational
modeling will be central to guiding
and designing experiments that
cannot be readily investigated in

the laboratory, such as testing the
agreement between theory and
experiment and exploring innovative

designs for fusion plants.

To ensure the highest possible
scientific return on limited resources,
we will extensively engage with and
leverage other DOE programs and
the investments of other agencies in
such areas as materials science, ion
beam physics, and laser physics.
Large-scale experimental facilities
will be necessary to test approaches
for self-heated (burning) fusion
plasmas, for inertial fusion experi-
ments, and for testing materials and
components under extreme condi-

tions. Where appropriate, the

TFTR Fusion Mower
R e MY
E L £ \
: C / 1994
EdR / | TFTR achieves
“r & L 10.7 million watts
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1987
Achieved 100x
compression
on Nova laser-
fusion facility.
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rewards, risks, and costs of major
facilities will be shared through

international collaborations.

The overall Fusion Energy Sciences
effort will be organized around a set
of four broad goals.

3.1 Demonstrate with burning
plasmas the scientific and
technological feasibility of

fusion energy.

Our goal is to demonstrate a sus-
tained, self-heated fusion plasma, in
which the plasma is maintained at
fusion temperatures by the heat
generated by the fusion reaction
itself, a critical step to practical
fusion power. Our strategy includes
the following emphases:

* As decided by the President, we

will participate in negotiations

that could lead to participation
in the international magnetic ITER: The U.S. is engaging in negotiations with international partners aimed at
constructing the world’s first sustained burning plasma experiment, capable of

. . producing 500 million watts of fusion power for periods of five minutes or more. The
project, with the European Office of Science will be a primary participant in the ITER experiment.

Union, Japan, Russia, China,

fusion experiment, ITER

South Korea, and perhaps

others, as partners.

* For inertial fusion, we depend
on DOE’s National Nuclear
Safety Administration’s (NNSA’s)

2001

Theory and experiment on DIII-D show that through
plasma rotation and active control of plasma stability
using specialized coils you can increase the plasma
pressure limit above conventional limits.

2000

Successfully completed testing of the The Madison ‘Symn‘}etrlc
world’s largest pulsed superconduct- Torus at U.Wisconsin

ing magnet—Central Solenoid Model r.edqu:d magnetic ﬂuctua.—
Coil—which is the prototype for the ~ tonsin the plasma resulting

solenoid coil to be used in ITER. in a 10-fold improvement in
energy confinement. 47

1995

TFTR sets the record for highest
temperature achieved in a laboratory
plasma, more than thirty times hotter
than the center of the sun.

1995

Measurements of disruption halo currents in
Alcator C-Mod tokamak determine their
predictive scalings, asymmetric structure,
and toroidal rotation, information necessary
for establishing engineering loads.
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“The results of ITER will produce
clean, safe, renewable, and commer-
cially available fusion energy by the
middle of this century.”

—President George W. Bush,
January 2003

National Ignition Facility, which
is expected to achieve its full
energy within five years, demon-
strate target ignition in about a
decade, and, combined with
other experiments, lead to a
future inertial fusion Engineer-
ing Test Facility.

3.2 Develop a fundamental

understanding of plasma
behavior sufficient to pro-
vide a reliable predictive
capability for fusion energy
systems.

Basic research is required in turbu-
lence and transport, nonlinear
behavior and overall stability of
confined plasmas, interactions of
waves and particles in plasmas, the
physics occurring at the wall-plasma
interface, and the physics of intense
ion beam plasmas. Our strategy

includes the following emphases:

* Conduct basic research through
individual-investigator and
research-team experimental,
computational, and theoretical

investigations.

* Launch a major effort to
advance state-of-the-art compu-
tational modeling and simula-
tion of plasma behavior in
partnership with the Office of
Science’s Advanced Scientific
Computing Research program.

* Support basic plasma science,
partly with the National Science
Foundation, connecting both
experiments and theory with
related disciplines such as

astrophysics.

3.3 Determine the most promis-
ing approaches and configu-
rations to confining hot
plasmas for practical fusion
energy systems.

Both magnetic and inertial confine-
ment approaches to fusion have
potential for practical fusion-energy-
producing systems. Within each of
these two broad approaches, there
are many possible configurations and
designs for practical fusion systems,
almost certainly including some yet
to be conceived. Our strategy

includes the following emphases:

Magnetic and Inertial Confinement:
The two principal approaches for confin-
ing fusion fuel on Earth are magnetic
and inertial. Magnetic fusion relies on
magnetic forces to confine the charged
particles of the hot plasma fuel for
sustained periods of fusion energy
production. Inertial fusion relies on
intense lasers or particle beams to rapidly
compress a pellet of fuel to the point
where fusion occurs, yielding a burst of
energy that would be repeated to pro-
duce sustained energy production.

Fuel
Pellet

/'1'\

Inertial



* In line with the recommenda-
tions of the Fusion Energy
Sciences Advisory Council, we
will continue vigorous investiga-
tion of both magnetic and

inertial confinement approaches.

* Innovative magnetic confine-
ment configurations will be
explored through experiments,
such as the National Spherical
Torus Experiment at Princeton
Plasma Physics Laboratory and a
planned compact stellarator
experiment, as well as smaller
experiments at multiple sites,
and through advanced simula-
tion and modeling.

* Heavy ion beams, dense plasma
beams, lasers, or other innovative
approaches (e.g., fast ignition) to
produce high-energy density
plasmas will be explored for
potential applications to inertial
fusion energy.

* Research in high-energy density
physics will be supported in
coordination with other Federal

agencies.

* The NNSA’s National Ignition
Facility, along with other experi-
ments and simulations in the
U.S., will provide definitive data
on inertial fusion target physics.

3.4 Develop the new materials,
components, and technolo-
gies necessary to make fusion
energy a reality.

The environment created in a fusion
reactor poses great challenges to
materials and components. Materi-

als must be able to withstand high
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EFDA-JET

Joint European Torus (JET): Predecessor to ITER, the JET Joint Undertaking was
established in June 1978 to construct and operate the largest (of its time) single project
within the European nuclear fusion program. JET began operating in 1983 and was the
first fusion facility in the world to achieve a significant production of controlled fusion
power (nearly 2 MW) with a deuterium-tritium experiment in 1991. After 1991, JET was
enhanced by the installation of a divertor to handle higher levels of exhaust power.
Deuterium experiments in the ITER geometry have made essential contributions to the
ITER divertor design, and to the definition of the size, heating requirements, and operating
conditions of ITER. The Office of Science continues to collaborate in JET research to help
build diagnostics, participate in experiments, and conduct joint research.

fluxes of hot neutrons and endure
high temperatures and high thermal

gradients, with minimal degradation.

Our strategy includes the following

emphases:

* Design materials at the molecu-
lar scale to create novel materials
that posses the necessary high-
performance properties, leverag-
ing investments through our
Fusion Energy Sciences program
with the materials research of
our Basic Energy Sciences
program.

* Create additional facilities, as
may be needed, as a follow-on to
the ITER project, for testing
materials and components for
high duty-factor operation in a

fusion power plant environment.

* Explore “liquid first-wall”
materials to ameliorate first-
wall requirements for both
inertial fusion energy (IFE)
and advanced magnetic fusion
energy (MFE) concepts.
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Key Indicators of Success:

* Progress in developing a
predictive capability for key
aspects of burning plasmas,

using advances in theory and

simulation benchmarked
against a comprehensive
experimental database of
stability, transport, wave-
particle interaction, and

edge effects.
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Our Timeline and
Indicators of Success

Our commitment to the future, and
to the realization of Goal 3: Bring
the Power of the Stars to Earth, is
not only reflected in our strategies,
but also in our Key Indicators of
Success, below, and our Strategic

Timeline for Fusion Energy Sciences

(FES) at the end of this chapter.

Our FES Strategic Timeline charts a
collection of important, illustrative
milestones, representing planned
progress within each strategy. These
milestones, while subject to the rapid
pace of change and uncertainties that
belie all science programs, reflect our
latest perspectives on the future—
what we hope to accomplish and
when we hope to accomplish it—
over the next 20 years and beyond.
Following the science milestones,

toward the bottom of the timeline,

* Progress in demonstrating
enhanced fundamental
understanding of magnetic
confinement and in improv-
ing the basis for future burn-
ing plasma experiments
through research on magnetic
confinement configuration

optimization.

we have identified the required
major new facilities. These facilities,
described in greater detail in the
DOE Office of Science companion
report, Facilities for the Future of
Science: A Twenty-Year Outlook,
reflect time-sequencing that is based
on the general priority of the facility,
as well as critical-path relationships
to research and corresponding

science milestones.

Additionally, the Office of Science
has identified Key Indicators of
Success, designed to gauge our
overall progress toward achieving
Goal 3. These select indicators,
identified below, are representative
long-term measures against which
progress can be evaluated over time.
The specific features and parameters
of these indicators, as well as defini-
tions of success, can be found on the
web at www.science.doe.gov/

measures.

* Progress in developing the
fundamental understanding
and predictability of high-
energy density plasma physics,
including potential energy-

producing applications.
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Strategic Timeline

for

Fusion Energy Sciences



Strategic Timeline—F

The Science

Burning Plasma Demonstration

* Initiate experiments on the
National Ignition Facility
(NIF) to study ignition and
burn propagation in IFE-
relevant fuel pellets (2012)

Fundamentals of Plasma Behavior

* Achieve a fundamental understanding of
tokamak transport and stability in pre-
ITER plasma experiments (2009)

¢ Evaluate the ability of the compact

Plasma Confinement v p
stellarator configuration to confine a high-
temperature plasma (2012)

* Achieve long-duration, high-pressure, well-confined plasmas
in a spherical torus sufficient to design and build fusion-
power-producing Next-Step Spherical Torus (2008)

* Demonstrate use of active plasma controls and self-generated
plasma current to achieve high-pressure/well-confined
steady-state operation for ITER (2008)

* Evaluate the feasibility/attractiveness of potential drivers,
including heavy ion beams, dense plasma beams, and lasers
for fusion approaches involving high-energy density (2009)

Materials, Components, and Technologies « Deliver to ITER for

testing the blanket
test modules needed
to demonstrate the
feasibility of

. . extracting high-
e Start production of superconducting & U5

wire needed for ITER magnets (2006) Exfﬁ;ﬁ;i;wt

plasmas and for a
self-sufficient fuel
cycle (2013)

(] o o

Future Ihcz lz tle S ¥k ITER: ITER is an international collaboration to build the first fusion science experiment

capable of producing a self-sustaining fusion reaction, called a “burning plasma.”
Next-Step Spherical Torus (NSST)
Experiment: The NSST will be designed
to test the spherical torus, an innovative
concept for magnetically confining a
fusion reaction.

*These strategic milestones are illustrative and depend on funds made available through the Federal budget process.

**For more detail on these facilities and the overall prioritization process, see the companion document,

Facilities for the Future of Science: A Twenty-Year Outlook.
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usion Energy Sciences™
B 2017 2019 2021 2025 2025

* Complete experiments on NIF to advance the

» Complete ITER experiments science of ignition and burn propagation * Achieve high fuslon PO
to determine plasma needed to design optimized fuel pellets for an for long dura'tlons'on ITER
confinement in parameter Inertial Fusion Energy plant (2020) [0 de.ﬁne CRginEoTig
range required for an energy-  Complete experiments on ITER to determine ~ fequirements for fusion
producing plasma (2017) the impact of the fusion process on the power plants (2025)

stability of energy-producing plasmas (2020)

* Major aspects relevant to burning plasma behavior observed
in experiments prior to full operation of ITER are predicted : g
L * Deliver a complete integrated
with high accuracy and are understood (2015) E nulation ofa o
* Determine the physics limits that constrain the use of bl datefc)i WithEI)TER &
inertial fusion energy drivers in future key integrated P i
experiments needed to resolve the scientific issues for
inertial fusion energy and high-energy density physics
(2015)

results, that enables the design of
fusion power plants (2020)

* Determine the potential of one or more of the
promising plasma configurations (for example
a spherical torus) for use as a component test
facility or a fusion power source (2020)

* Resolve key scientific issues and determine the
confinement characteristics of a range of
attractive confinement configurations (2015)

* Complete first phase of testing in ITER of
blanket technologies needed in power-
producing fusion plants capable of extracting
high-temperature heat from burning plasmas
and having a self-sufficient fuel cycle (2024)

* Complete first round of testing in a
component test facility to validate
the performance of chamber
technologies needed for a power-
producing fusion plant (2025)

Fusion Energy Contingency: If ITER construction and operation goes forward as planned,
additional facilities to develop and test power plant components and materials will be needed to
complete the process of making fusion energy a viable commercial energy resource by mid-century.

Integrated Beam Experiment (IBX): The IBX will be an intermediate-scale

experiment to understand how to generate and transmit the focused, high-
energy ion beam needed to power an IFE reaction.
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The Collider Detector at
Fermilab (CDF): This
experimental collaboration
is committed to studying
high-energy particle
collisions at the world's
highest-energy particle
accelerator. The goal is to
discover the identity and
properties of the particles
that make up the universe
and to understand the
forces and interactions
between those particles.

SLAC
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Explore the Fundamental
Interactions of Energy,
Matter, Time, and Space

Understand the unification of funda-

mental particles and forces and the

mysterious forms of unseen energy Led by great physicists like

) ) Galileo, Einstein, and
and matter that dominate the uni- .
Heisenberg, we have learned
verse, search for possible new dimen- much about the universe. In
sions of space, and investigate the the early 20%1 'Century, we
learned that it is expanding

nature of time itself. and that space-time is curved.
We discovered the quantum
nature of matter, a profound advance with many practical benefits. We
learned that all matter is built of just 12 types of particles interacting by four

basic forces.

Nevertheless, we are continually humbled by what we do not understand.
For example, we learned recently that the expansion of the universe is
accelerating, not slowing down as we had thought. This astonishing fact is
attributed to “dark energy” that accounts for nearly three-quarters of the
energy of the universe.

Nearly a quarter of the energy is made up of another mysterious substance
dubbed “dark matter.” Only around 4% is ordinary matter.

These are a few of the basic questions yet to be answered:

* How were the patterns of particles and forces we see today unified in the

early universe?

e What is the nature of dark energy? Of dark matter? Why do they make
up most of the universe?

* Are there more than four dimensions of space-time? If so, how can we
detect them?

Answering these questions will reveal much about the creation and fate of
our universe. Computing resources that dwarf current capabilities will be
unleashed on challenging calculations of subatomic structure, while new
accelerators will be needed to investigate unification at high energies. Under-
standing unification and the cosmos is a challenge, but one that is well
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suited to the large-scale research
teams and international partnerships

that we bring together.

As an integral part of this Strategic
Plan, and in Facilities for the Future
of Science: A Twenty-Year Outlook, we
have identified the need for four
future facilities to realize our High
Energy Physics vision and to meet
the science challenges described in
the following pages. Two of the
facilities are near-term priorities: the
Joint Dark Energy Mission
(JDEM) and the BTeV. JDEM is a
space-based probe, developed in
partnership with NASA, designed to
help understand the recently discov-
ered mysterious “dark energy,” which
makes up nearly three quarters of the
universe and evidently causes its
accelerating expansion. BTeV (“B-
particle physics at the TeVatron”) is
an experiment designed to use the
Tevatron proton-antiproton collider
at the Fermi National Accelerator
Laboratory (currently the world’s
most powerful accelerator) to make
very precise measurements of several
aspects of fundamental particle
behavior that may help explain why
so little antimatter exists in the

universe. All four facilities are

included in our High Energy Physics
Strategic Timeline at the end of the
chapter and in the facilities chart in
Chapter 7 (page 93), and they are
discussed in detail in the Zwenty-Year
Outlook.

Our Strategies

In developing strategies to pursue
these exciting opportunities, the
Office of Science has been guided by
long-range planning reports: 7he
Way to Discovery (2002), High
Energy Physics Advisory Panel
(HEPAP); and Connecting Quarks
with the Cosmos (2003), National
Research Council.

4.1 Explore unification phenomena.

Unification is simplicity at the heart
of matter and energy. The complex
patterns of particles and forces we
see today emerged from a much
more symmetric universe at the
extremely high energies of its first
moments. Indications of this simpler
world must occur at energies just
beyond the reach of current accelera-
tors. A principal strategy is to find
out how our complex patterns
merge into a unified picture at
higher energies.

Our History of Discovery...Select Examples

-\\\ 19503
A . .
3 S | Discovered strange particles, nuclear
N antimatter, and nuclear resonances.

1950s

Invented strong focusing, which
led to higher energy accelerators
(synchrotrons).
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V \ 1962

Q{}.}) Discovered the

muon neutrino.

(1988 Nobel Prize)

1956
Predicted parity violation in
weak interaction.

(1957 Nobel Prize)

The Standard Model of particles and
forces asserts that all matter is made
of elementary particles called fermi-
ons. These are of two types: quarks
and leptons, each of which comes in
six “flavors.” Four fundamental
interactions are known: strong,
weak, electromagnetic, and gravita-
tional, which vary substantially in
strength and range. The first three
interactions are carried by another
class of particles called gauge bosons.
No quantum theory of gravity has
been established and gravity is not

included in the Standard Model.

At energies above one trillion elec-
tron volts (1 TeV), the electromag-
netic and weak interactions are
unified into the electroweak interac-
tion, and two of its bosons are
massless. At about 1 TeV, this
electroweak symmetry is broken and
the bosons acquire mass. The
Standard Model attributes this to a
new field called the Higgs, but the
Higgs boson has not yet been

observed.

Three of the leptons are neutrinos,
which feel only the weak interaction,
were thought to be massless, and
barely interact with matter. Recent

1969
Found first direct
N - evidence for quarks.

"~ ° (1990 Nobel Prize)

1964

Observed direct charge-parity violation,
showing that matter and antimatter do
not always behave symmetrically.

(1980 Nobel Prize)



experiments have shown that a

neutrino produced in one flavor

test supersymmetry by searching for
the lightest supersymmetric particles.
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oscillates among all three flavors as it ) . )
All string theories require several

travels. This can only happen if extra spatial dimensions beyond the

neutrinos do have mass, which has
three we now observe. These may be

important consequences for the

detected at accelerators by givi
Standard Model and for the universe. ctected at aceelerators by giving

The Standard Model explains many
observations at the energies our
particle accelerators can reach today,
but is known to have problems at
higher energies. The theory requires
18 arbitrary and independent
parameters whose values are unex-
plained. It is clear that the Standard
Model must be substantially extended.

Physicists are striving to develop a
quantum field theory for gravity,
using “string theories,” which
explain particles as vibration modes
of a tiny string-like bit of energy.

String theories involve supersymmet . , . ,
& bersy e Constituents of matter: In the instant of collision, accelerated particles

a deep connection between fermions approaching the speed of light reveal their constituent parts. Martin
Perl (above), at Stanford Linear Accelerator Center, discovered a new
type of fundamental particle—the Tau lepton. This type of particle had
not been observed prior to Perl's work and the discovery had crucial
implications, providing new evidence of the third family of fundamental
particles. His work inspired confidence in the Standard Model, the
theory developed by physicists to explain matter and the forces of
Nature, and for his efforts he was awarded the 1995 Nobel Prize in
physics. Like many before him, and the many who will follow, his
discoveries help shape our understanding about our physical universe,
press the limits of theory and experimentation, and provide the

and bosons at high energies.
Supersymmetry predicts that every
known fermion has a boson partner
and vice versa. Some of these
partners must have masses low
enough to be created at the TeV
energy scale. Thus, our highest

energy accelerators should be able to : . ) .
intellectual content for a new generation of science education.

1977 1977 D eutsing oscillations. wich
Discovered the tau lepton. Discovered the Dlscqvere neutrino osci atl’ons, wit
(1995 Nobel Prize) bottom quark. neutrinos produced in Earth’s atmosphere.

(2002 Nobel Prize)

1990 2000

1986

1974 ~ 1995 . 2000
. Began operating the Tevatron, g )
@ qDli:ilczvered the charm first accelerator with supercon- Dlscoverﬁd the : m Dlscovere.d the
. : top quark. tau neutrino.
(1976 Nobel Prize) ducting magnets. o
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* Use the B-Factory at the
Stanford Linear Accelerator
Center to improve our knowl-
edge of the weak interactions of
quarks.

* Study neutrino oscillation and
double beta decay to learn more
about lepton flavor mixing and

neutrino masses.

* Develop a string theory that
explains the observed particles
and includes a quantum theory

of gravity.

* Continue our collaboration with
the CERN laboratory in Switzer-
land to complete construction of
the Large Hadron Collider there
and then use it to study unifica-
tion. When it begins operations

FNAL in 2007, this proton-proton

Colliders and the science of matter: The Tevatron, operated by Fermi National
Accelerator Laboratory since 1986, is a proton-antiproton collider that currently offers the
world’s highest energy particle collisions. With the tau neutrino observation in 2000,

collider will extend the energy
frontier well beyond the reach of

Fermilab has discovered three of the four particles of the third generation of the Standard the Tevatron.

Model: the bottom quark, the top quark, and the tau neutrino. Fermilab physicists and . .

collaborators will now zero in on the mass of the undiscovered Higgs boson, one of the last * Part1c1pate in the development
crucial components of the theoretical framework of particle physics. of an international linear

particles enough energy that they electron-positron collider for

) ) research at the TeV energy scale.
feel the effects of extra dimensions. gy

. . - Such a facility has been recom-
A direct discovery of extra dimen- v

sions would be an epochal event. mended by HEPAP and by
expert panels in Asia and Europe
Our strategy includes the following as an essential tool for exploring
“When we try to pick out anything by ~ P hases: unification.
md]? we ﬁ”d.llt is t{f’d to everything * Use the Tevatron proton- * Pursue advanced accelerator
else in the universe. antiproton collider at the Fermi development aimed at finding
—John Muir (1838-1914), U.S. National Accelerator Laboratory better ways to accelerate par-
naturalist and explorer to make detailed studies of the ticles, with the promise of
top quark discovered there in increasing their energies beyond
1995. one TeV.

e Search for evidence of unifica- 4.2 Understand the cosmos

tion at the Tevatron, such as the

. . The universe began in an extremely
Higgs boson, supersymmetric

; ) . hot, dense condition and has
particles, and extra dimensions.
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undergone a tremendous expansion,
greatly reducing its energy density.
The early universe can be described
by a unified picture of particles and
forces. As it expanded and cooled,
however, this simpler universe
“froze out” into the complexity we

see today.

In 1998, we learned that the expan-
sion of the universe is now accelerat-
ing rather than decelerating. This
means that some unknown source is
producing an antigravity force
stronger than gravity. This mysteri-
ous dark energy now composes 73%
of the total matter and energy
content of the universe. The second
largest fraction, 23%, is called dark
matter and it has not been identified
either. Ordinary matter, including
all the stars and galaxies, amounts to
around 4%.

Since the science of the very large
and the very small are intertwined,
we will develop joint research
programs with NASA and other
partners to combine high energy
physics research with related pro-

grams in astrophysics and cosmology.

Identify dark energy.
Explaining the dark energy that is

pulling the universe apart is crucial
for understanding its evolution.
Our strategy includes the following

emphases:

* Work in partnership with NASA
to observe distant supernovae
using a dedicated telescope in
earth orbit. The JDEM will
precisely measure the emission of

light from supernovae located at

JDEM space-based
telescope

Type la Supernova

Supernovas o .

dimmed by dusL,
* Farthest
29" supernova

Expansion of universe

Big 10 billion Today

Bang years ago Rocky Kolb, FNAL and University of Chicago

Amazing discovery in 1998 in studies of distant Type Ia supernovae: The Big Bang
expansion of the universe is accelerating rather than decelerating. This expansion has been
speeding up for the past few billion years, after a long period of slowing down. The source
of the “antigravity” force pushing space outward is called “dark energy” and is still a
profound mystery. Plans are underway to launch a space telescope, the JDEM, which could
investigate the mystery by making more preci