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Charge

Letter

The Under Secretary for Science
Washington, DC 20585

March 26, 2026

Dr. Persis Drell
Chair
Office of Science Advisory Committee

Dear Dr. Drell:

The Genesis Mission was launched as a dedicated, coordinated national effort
to create a new age of artificial intelligence (Al)-accelerated innovation and discovery
that will help solve the most challenging problems of this century to the benefit of the
nation.! This will include developing AI methods that will dramatically increase
research productivity and impact, accelerate scientific discovery, strengthen national
security, and help secure energy dominance. In addition, the Genesis Mission will
build an integrated AI platform to harness Federal scientific datasets, train scientific
foundation models and create Al agents, automate research workflows, and support
acceleration of scientific breakthroughs.

I am asking the Office of Science (SC) Advisory Committee (SCAC) to form a
subcommittee to further study how best to prioritize resources across SC to accelerate the
application of Al for transformative scientific and engineering discovery focused on
pressing national science and technology challenges and to create a decadal roadmap
articulating near, mid, and long-term priorities for SC to achieve the Genesis Mission.
The roadmap will be based on a rigorous assessment of the current landscape, identifying
critical opportunities and gaps and suggesting milestone-based investments spanning
facilities, research, and workforce development. The subcommittee’s work should
consider opportunities to create federal, state, university, philanthropic, and private sector
partnerships leveraging the Department of Energy’s (DOE) capabilities, private sector
advances, and other agency resources to maximize impact.

The subcommittee should address the following questions in their deliberations:

e What should be included in the Genesis platform, and what is the refresh
plan?

e What factors should be considered to maintain a world-leading National
Science & Technology challenges portfolio that best capitalizes on the
Genesis Platform?

¢ How should DOE engage with federal, state, university, philanthropic, and
private sectors to cultivate and grow Al-ready workforce for the Nation?

! https://genesis.energy.gov/

September 2026

U.S. Department of Energy Office of Science Advisory Committee




The subcommittee shall provide an assessment of the current landscape and a
decadal roadmap to the SCAC for deliberation, by July 2026, based on the
subcommittee’s expertise and inclusive and broad stakeholder input. Further charges will
follow as the Genesis Mission moves forward. I anticipate the subcommittee’s work may
involve making recommendations about infrastructure and facilities needs relevant for the
Genesis Mission, and therefore I ask that the subcommittee coordinate closely with the
SCAC or any subcommittees thereof (i.e., the Facilities Subcommittee) that are charged
with making recommendations about the prioritization of SC’s facilities needs for the
next decade.

Sincerely,
14 B
Dach &
Dario Gil

Under Secretary for Science

U.S. Department of Energy Office of Science Advisory Committee
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Catalyzing a New Age
of Scientific Discovery

DOE's Genesis Mission Brings Together Human Ingenuity and
the Power of Al to Meet the Greatest Challenges of Our Day

Suresh Garimella, Subcommittee Chair
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Catalyzing a New Age
of Scientific Discovery

DOE's Genesis Mission Brings Together Human Ingenuity and

the Power of Al to Meet the Greatest Challenges of Our Day

Throughout history, a small number of foundational
technologies have fundamentally transformed what
humanity could accomplish. Electricity powered the
modern world. The semiconductor launched the infor-
mation age. The internet connected billions of people.
Today, we stand at the threshold of the next great tech-
nological transition—one with the potential to be even
more consequential than those that came before. Arti-
ficial intelligence (AI) is poised to become the defin-
ing enabling technology of our era. Developed and
deployed responsibly, it has the potential to shape the
next generation of scientific discovery, national secu-
rity and competitiveness, innovation and economic
growth, and human prosperity as a force for good.

Securing U.S Leadership in
Discovery and Innovation

The Genesis Mission (The White House 2025) is
founded on a core premise: If we can accelerate the
rate at which humanity discovers, tests, validates, and
deploys new knowledge, we can solve some of society’s
most consequential challenges decades sooner—and
at far lower cost—than would otherwise be possible.

September 2026

The central question is not whether AT will trans-
form science and engineering. It will. The question is
whether the United States will lead that transforma-
tion or cede it to strategic competitors. The Genesis
Mission is a national strategy to ensure American
leadership by building the scientific Al infrastructure,
computing capacity, data resources, and partnerships
needed to accelerate discovery across disciplines.

The urgency of this effort is clear. Nations such as
China are investing aggressively in Al infrastructure,
talent, and industrial deployment. Maintaining a com-
petitive edge requires sustained national capability, not
isolated breakthroughs. The U.S. Department of Energy
(DOE), with its network of world-leading laboratories,
state-of-the-art scientific user facilities, university part-
ners, computing expertise, and mission-driven culture
of innovation, is uniquely positioned to lead this effort
through the Genesis Mission. The time to act is now.

Empowering Scientists To Achieve
Transformational Breakthroughs

Artificial intelligence is not a replacement for sci-
entists, engineers, or innovators. Like the digital

U.S. Department of Energy Office of Science Advisory Committee



computer before it, Al is a powerful force-multiplier
and collaborative tool. When guided by human
ingenuity, Al amplifies researchers’ capabilities and
empowers them to address complex problems with
greater speed, precision, and creativity in a self-
reinforcing cycle. Al improves hypothesis generation,
makes new discoveries possible (particularly in data-
rich fields), enables real-time experimental control,
and supports instrumentation in laboratories that
expedite experimentation and validation. It com-
presses the timeline from basic discovery to deploy-
ment, reduces development cycles, lowers costs, and
increases the productivity of every federal and private
research dollar invested. These benefits extend across
critical fields such as materials discovery, grid reliabil-
ity, manufacturing optimization, advanced semicon-
ductors, Earth and environmental systems modeling,
quantum information science, biotechnology, and
fusion energy, and they will only deepen as our capa-
bilities mature. For example, the 2024 Nobel Prize

in Chemistry recognized the dramatic impact made
possible when massive protein structure datasets, such
as the Protein Data Bank, coupled with new Al algo-
rithms, enabled scientists to develop a highly accurate
tool for predicting protein structures where no exper-
imental data previously existed. Al will not eliminate
the need for experiments, facilities or human creativity,
yetin field after field, it can substantially shorten the
path to breakthrough by analyzing vast datasets to rap-
idly predict outcomes and generate novel hypotheses.

U.S. Department of Energy Office of Science Advisory Committee
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The Genesis Mission is a commitment to accelerating discovery;
strengthening American competitiveness; powering the economy,
securing our energy future, and building a future in which science and
technology serve the public good. The question is not whether we should
act. We must. The question is whether we will act with sufficient ambition,
urgency, and partnership to harness the full potential of this moment.

Mobilizing DOE Capabilities and
the Genesis Mission Platform for
a New Scientific Infrastructure

Realizing this vision demands a new national scien-
tific infrastructure that integrates computing, data,
experimentation, and Al into a unified ecosystem for
discovery. Agile, purpose-built, Al-optimized hardware
and platforms are needed in addition to the leadership-
class and exascale computing facilities already in

place at DOE national laboratories. Future scientific
leadership will depend on a balanced ecosystem that
combines hardware; advanced software, including
open-source Al models and industry frontier models;
specialized computing architectures; trusted data
resources; and distributed capabilities accessible to
universities, national laboratories, startups, and indus-
try. The Genesis Mission provides the national strategy
to build this ecosystem.

DOE is uniquely positioned to lead the transformation
of the national scientific infrastructure to meet the
Al needs of the nation through the Genesis Mission.
The agency has decades of experience operating the
world’s most powerful scientific computing systems,
extensive experimental capabilities and scientific
user facilities, and expertise in integrating large-scale
science and engineering. It also brings deep domain
expertise in physics, chemistry, biology, and mate-
rials science, which no commercial entity or single
university can replicate at scale. Through its national

September 2026
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laboratories, university and industry partnerships, and
mission-driven culture of innovation, DOE possesses
the capabilities necessary to create the next generation
of computational infrastructure that will underpin
American leadership in science and technology.

The American Science Cloud

The power of advanced Al depends on high-quality
data and specialized hardware. The backbone of the
Genesis Mission is the American Science Cloud,
which will act as the digital fabric linking DOE’s
computing, data, and experimental facilities, allow-
ing researchers to access Al-ready datasets and train
scalable foundation models. An essential driver of
future breakthroughs will be the ability to generate
and access unprecedented volumes of high-quality,
trusted, and interoperable data. This will require dedi-
cated data-generation campaigns and investing in data
collection, stewardship, standards, curation, sharing
frameworks, and secure repositories that allow data

to be combined across disciplines and organizations.
Simultaneously, we must build machines that are
bigger, smarter, and more agile to support the compu-
tational demands of training foundation models and
deploying Al at the scale needed to serve the nation’s
scientific enterprise. Through a series of innovative
federal-industry partnerships as part of the Genesis
Mission, DOE is building and will operate those Al
machines at its national laboratories. To serve the
whole-of-government vision of the Genesis Mission,
these capabilities should be designed and built with
interagency collaboration in mind to ensure data shar-
ing and other capabilities work smoothly across inter-
agency activities.

End-to-End Technology Innovation

The future power of advanced Al demands end-to-end
innovation, or modernization across all technology
layers, including algorithms, computing architectures,
software, data governance, and energy infrastructure.
The Genesis Mission platform is designed to meet
this need. Unlike commercial Al platforms optimized
for general-purpose tasks, this infrastructure must be
purpose-built to support the rigorous requirements
of scientific research, including physics-informed
modeling, uncertainty quantification, and validation

September 2026

against experimental data. The Genesis Mission
platform will also support the development of new
classes of AT algorithms that can reason across vast,
multimodal data streams and interact seamlessly with

physical systems.

To accelerate this innovation, the platform will
engage key international partners in the codesign

and codevelopment of advanced software frame-
works, specialized Al architectures, and interoperable
hybrid computing interfaces, enabling collective
computational assets to be leveraged efficiently across
borderless scientific frontiers. Together, these tools
will enable the scientific community to leverage Al

to accelerate the end-to-end process of science, from
hypothesis generation through computational model-
ing, experimental and observational implementation,
and data analysis—all while facilitating enhanced sci-
entific reproducibility.

Digital Twins

Using the tools developed as part of the Genesis
Mission, researchers will be able to combine Al foun-
dation models, advanced supercomputers, and feder-
ated data to provide an operating system for modern
scientific discovery by replacing traditional design-
build-test cycles with Al-driven digital twins and
rapidly accelerating the scientific discovery process.
Together, these capabilities represent a foundational
national asset for advancing scientific discovery, eco-
nomic competitiveness, energy security, and societal
well-being.

The DOE Office of Science is also well positioned
to convene and coordinate multidisciplinary teams
spanning national laboratories, universities, indus-
try, and international partners to tackle a focused set
of high-impact science and technology challenges

as part of the Genesis Mission. These ambitious,
mission-driven efforts in areas such as fusion energy,
resilient energy systems, materials design, advanced
manufacturing, quantum information science, and
national security can serve as proving grounds for
next-generation scientific Al and digital twin capa-
bilities while delivering transformative advances
that demonstrate the tangible societal benefits of AI-
enabled science.

U.S. Department of Energy Office of Science Advisory Committee



A Collaborative Ecosystem

for Al-Enabled Science

National Laboratories | Universities | Private Sector

Chapter 1 | Catalyzing a New Age of Scientific Discovery

«Open facilities
«Shared data and tools

JOINT
World-class facilities. CAPABILITIES

NATIONAL

Mission-driven science. LABS, FFRDCs )
National-scale impact. i

-Unique experimental facilities and user access

-High-performance computing and data
infrastructure

-Expertise in grand challenges
«Trusted steward of national assets
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AN
DISCOVERY

national needs
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side-by-side on
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Translation to imp

and Federa
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L IR
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-Expand pathways from laboratory to market

U.S. Department of Energy

«(Codeveloped
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Ideas. Talent. Discovery.
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«Entrepreneurship and technology translation
«Diverse perspectives and creativity

«Joint research centers
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«Startup creation

«Technology transition

act.

I Agency Partners

Fig. 1.1. Maximizing Al Impact Through Transformative Collaboration. The Genesis Mission unites the U.S. Department
of Energy, its national laboratories, other federal science agencies, industry, academia, and the private sector—both nation-
ally and internationally—to harness Al for breakthroughs that multiply advances in energy, discovery science, and national

security. [FFRDCs: Federally Funded Research and Development

Centers]

Marshaling the Expertise of
Industry, Interagency, and
International Partners

The scale of this challenge makes clear the need for
new modes of partnership across the federal gov-
ernment, DOE national laboratories, academia, and
the private sector (see Fig. 1.1, this page). With

DOE as the lead, the Genesis Mission is a whole-of-
government initiative that will unify the expertise,
scientific datasets, computing capabilities, and research

U.S. Department of Energy Office of Science Advisory Committee

facilities of all federal science agencies. The Genesis
Mission provides a new opportunity to strengthen
existing partnerships and establish new ones between
DOE and other agencies to benefit the American peo-
ple, building on a legacy that includes major advances
in human health—including the Human Genome
Project—national security, space exploration, and
scientific discovery. These interagency collabora-
tions will be essential in realizing the Genesis vision
and supporting a workforce equipped to leverage Al
for science.
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But public investment alone is insufficient. Achieving
these ambitions will also require strong partnerships
with industry to provide access to the advanced com-
puting infrastructure, specialized hardware, cloud
resources, and Al technologies needed to operate at
unprecedented scale. Public—private partnerships,
including efforts such as the Genesis Mission Consor-
tium, can accelerate innovation while ensuring that
the nation’s scientific community has access to frontier
models, Al for science tools, and the computational
resources necessary to address increasingly complex
challenges.

Federal leadership remains essential, but philanthropic
organizations and private foundations have a critical,
catalytic role: funding early-stage research, enabling
cross-disciplinary collaboration, supporting workforce
development, and advancing public-interest applica-
tions of Al that may fall outside traditional funding
timelines. Private-sector leaders are equally essential
to translating laboratory breakthroughs into real-
world industrial implementation. Cooperation with
trusted allies and democratic partner nations must be
deepened through joint research initiatives, technical
standards development, talent exchanges, and coordi-
nated infrastructure planning within a framework that
preserves transparency, security, and open scientific
inquiry. To this end, the Genesis Mission will provide
a collaborative foundation for transparent, reciprocal
governance of shared data and codeveloped computa-
tional resources, accelerating scientific breakthroughs
while preserving security and open scientific inquiry.

Inspiring and Developing the
Next-Generation Workforce

Long-term leadership in Al-driven science and engi-
neering ultimately depends on people, not just hard-
ware and software. We must build a durable talent
pipeline that expands educational and professional
pathways at every tier: inspiring curiosity during K-12
STEM education, training the next wave of researchers
through undergraduate programs and graduate fellow-
ships, and creating postdoctoral and interdisciplinary
research opportunities that combine computational
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expertise with deep domain knowledge. Preparing this
next generation of scientists, engineers, technicians,
and educators is the foundation upon which every-
thing else rests.

Leveraging Al for the Public Good

Finally, advancing this technology requires meeting
public expectations with transparency and account-
ability. Progress must deliver science and technology
breakthroughs that benefit the American people. As
with past scientific transformations enabled by new
technologies, the United States can lead in the ethical
use of Al and in setting standards that promote sci-
entific openness and discovery while respecting indi-
vidual rights and data privacy. Strengthening a trusted
open-science community is essential to achieving
national objectives.

With this framework, the Genesis Mission offers an
opportunity to integrate domain expertise with com-
puter science innovation to simultaneously advance
discovery to improve energy independence, strengthen
domestic manufacturing, support high-skilled jobs,
and deliver breakthroughs that benefit all of society.

In response to a March 2026 charge from Dario Gil,
DOE’s Under Secretary for Science (see Charge Letter,
p. ii), this report outlines a bold vision for how DOE
can prioritize its efforts to achieve such breakthroughs.
The Genesis Mission subcommittee identified three
opportunity areas that exemplify the potential of Al

to transform the U.S. scientific enterprise: biology,
fusion, and high-performance magnets. These oppor-
tunities align well with issues of national importance,
DOE'’s existing strengths, and the vision of the Genesis
Mission.

Ultimately, the Genesis Mission is a commitment

to accelerating discovery, strengthening American
competitiveness, powering the economy, securing our
energy future, and building a future in which science
and technology serve the public good. The question is
not whether we should act. We must. The question is
whether we will act with sufficient ambition, urgency,
and partnership to harness the full potential of

this moment.

U.S. Department of Energy Office of Science Advisory Committee
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Harnessing Biology
at Digital Speed

A Campaign for Al-Enabled Biology

Vision for a Biological Campaign

From energy independence to supply chain resilience,
biology is central to U.S. physical security and eco-
nomic prosperity. Advancing biology in support of
energy and manufacturing leadership also pays divi-
dends for human health, biodefense, and environmen-
tal stewardship.

The DOE Genesis Mission’s biology campaign pro-

poses to overcome a foundational challenge that has
limited all of biology and biotechnology: accurately
predicting the functions and behaviors of living sys-
tems from their genetic code alone.

For more than three decades, the ability to sequence
DNA has outpaced the ability to interpret it, limiting
efforts to understand and engineer biological systems
on demand (U.S. DOE 2021). Across sequenced
genomes, an estimated 30% or more of protein-coding
genes still lack a known function (Jeffrey 2023), and
the gap is even wider for the complex organisms most
vital to national energy and security missions.

Over the next decade, the biology campaign will make
partnering with biology as routine and dependable as
engineering with silicon or steel, giving the nation’s

September 2026

researchers and industry the power to measure biol-
ogy at scale, to model it well enough to predict what a
change will do, and to manufacture it on demand. That
capability turns biology from a slow, manual craft into
a national engine for powering and feeding the coun-
try, answering biological threats in days rather than
years, and curing disease faster. Biology-by-design,
from molecules to cells, will be one powerful demon-
stration of this capability, but will also be extended to
organisms and systems to fully realize the applications
of this technology.

To deliver these benefits across energy, agriculture,
advanced therapeutics, and national defense, biology
must move from an observational science to a pre-
dictive, engineerable one, practiced at digital speed
and amplified by AI. Making biology designable will
require fast, experimentally grounded models that
bridge molecular physics and cellular function. Until
now, that goal has been constrained by slow measure-
ment, the prohibitive computational cost of simulating
biology at meaningful scales, and the trial-and-error
involved in building and scaling living systems.

When biology becomes reliably measurable, predict-
able, and engineerable, solving problems in living

U.S. Department of Energy Office of Science Advisory Committee



systems becomes routine rather than rare. The nation
gains the ability to design a therapy, a crop, a mate-
rial, or a defense and to know that it will work before

building it.

Biology is becoming one of the world’s largest indus-
tries (McKinsey Global Institute 2020). The global
bioeconomy is worth about $4 trillion today and
could reach $30 trillion by 2050 (UNEP-CCC 2025).
The biology campaign sets a goal to lift the U.S. share
from a quarter to a third, turning a $1 trillion annual
position today (NASEM 2020) into $10 trillion by
2050. Another return on investment is reduced cost,
amounting to a roughly tenfold drop in the price

and time to engineer and optimize a target biolog-
ical process (see Fig. 2.1, p. 10). An improvement

of this magnitude is not unprecedented. The cost of
sequencing a genome fell more than a millionfold in
just two decades, outpacing even Moore’s Law for
computer chips (Wetterstrand 2022). The biology
campaign aims to drive a similar scale of improvement
for deploying biology, doing for engineering living
systems what sequencing did for reading them. Meet-
ing these goals would also help deliver the Genesis
Mission’s central aim of doubling the nation’s scientific
productivity within a decade.

Why DOE?

Turning biology into a fast, dependable engineering
discipline takes national-scale infrastructure that no
single laboratory or company can assemble or sustain,
along with the industrial-scale team science to run it.
That is DOE’s core strength. Its 17 national laborato-
ries already run the country’s most powerful exascale
computing, its brightest synchrotron and neutron
sources, and premier genomics and molecular facili-
ties such as the DOE Joint Genome Institute (JGI)
and Environmental Molecular Sciences Laboratory
(EMSL). Rebuilt around AL, DOE’s new biology mis-
sion becomes the backbone of a life-science, digital-
biology platform the rest of the country designs and
builds upon. This effort can turn the Biological and
Environmental Research (BER) program’s Bioenergy
Research Centers into hubs of predictive biodesign,
and through the Genesis Mission, run measurement,
modeling, and manufacturing as one national effort.
This is a role only DOE can fill, and one the nation
now needs it to undertake with speed and scale.

U.S. Department of Energy Office of Science Advisory Committee
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Sectors of National Impact

The campaign’s new abilities to measure, model, and
manufacture biology at scale do more than improve
vital economic sectors; they redefine what is possible.
In every arena, from manufacturing, agriculture, and
energy to human health and biodefense, biodesigned
breakthroughs are concrete and within reach.

Biomanufacturing. A secure domestic supply of bio-
logically derived advanced therapeutics, refined chem-
icals, and novel materials depends on scaling the full
read—annotate—write pipeline used to first understand
organisms and then design new and useful functions.
This involves sequencing genomes, determining gene
functions, and finally building new gene sequences

to manufacture bioproducts on an industrial scale.
Genomic data feeds Al-driven digital twins that tune
production from molecule to reactor, yielding a pre-
dictable, full-scale system that maximizes volumetric
productivity at minimum cost. Built as a distributed
national network, it can place high-value manufactur-
ing in rural communities and make the domestic sup-
ply chain resilient to disruption.

Example National Breakthrough Targets:

o An engineered microbe turns carbon dioxide into
jet fuel that is cost-competitive with the conven-
tional product, and the industrial-scale production
run meets manufacturing specifications on the

first batch.

o AU.S. plant makes a top-10 generic drug ingredi-
ent, currently sourced from China, at commercial
scale and online in 18 months, not a decade.

Agriculture and Bioenergy. Using predictive design
to improve photosynthesis would sharply increase the
chemical energy crops capture from sunlight, poten-
tially yielding terawatts of new bioenergy (Ort et al.
2015). The same design capability yields resilient, non-
food feedstock crops tuned to biorefinery outputs, and
food crops that maintain high yields under severe heat,
drought, and emerging plant disease.

Example National Breakthrough Targets:

o Soybeans with redesigned photosynthesis show
a 50% field-yield gain, the first engineered break
past a limit evolution set long ago.
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National Return

10x &)

Larger U.S. Bioeconomy

$1 trillion today to $10 trillion by
2050, as the global market grows
from $4 trillion to $30 trillion

2X &5’

Scientific Productivity

the Genesis Mission’s goal for the
nation, within a decade

Smarter and Faster

to solve a problem with hiology,
in cost and time

What's at Stake

Today - 2026 Three Scenarios by 2050
$30 Trillion “«

Global bioeconomy
estimated at
$30 trillion in 2050

$20 Trillion

Potential
indirect
benefit to U.S.

$10 Trillion

S10trllion | ¢5_7 yyijion
(33%) per year
Global bioeconomy $5 trillion at stake

~$4-5trillion  $1 trillion $3 trillion (15-20%)
(10%)

Disjointed U.S. investment Disjointed U.S. Sustained U.S.
plus biomanufacturing investment in the investment in the
U.S. Bioeconomy moves overseas hioeconomy bioeconomy

Global Bioeconomy

Fig. 2.1. Al Stands to Accelerate U.S. Bioeconomic Growth and Global Competitiveness.

The National Return, in Three Numbers: The biology campaign targets a tenfold-larger U.S. bioeconomy ($1 trillion today to
$10 trillion by 2050), a tenfold drop in the cost and time to solve a problem using biology, and a doubling of the nation’s scien-
tific productivity (a central aim of the Genesis Mission). The precedent is real: The cost of sequencing a genome fell more than
a millionfold in two decades, outpacing Moore's Law (Wetterstrand 2022). What's at Stake: The United States holds about a
quarter of today’s $4 trillion to $5 trillion global bioeconomy; That market could grow to $30 trillion by 2050 (UNEP-CCC 2025).
Without sustained investment, the U.S. share falls to 15-20% (NASEM 2020), or less than 10% if biomanufacturing also moves
overseas the way drug-ingredient manufacturing did (Duman 2025). This Al-enabled biology campaign aims to increase the
pace of U.S. bioeconomic growth, targeting a one-third share of the global bioeconomy by 2050. The potential loss to the

U.S. bioeconomy with no sustained investment is estimated at $5 trillion to $7 trillion a year (McKinsey Global Institute 2020).
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o Engineered sorghum feeds a Midwest biorefin-
ery making aviation fuel, maintaining high yield
through a drought that halves unimproved crops.

Human Health. The same predictive models DOE
builds for its bioenergy apply directly to human dis-
ease, making therapeutic discovery a high-value return
on infrastructure the United States is already building.
DOE'’s exascale computing, synchrotron light sources,
neutron facilities, and structural biology infrastructure
form a national platform for resolving the atomic struc-
ture and dynamics of disease-relevant proteins long
considered undruggable by conventional small mol-
ecules (Hopkins and Groom 2002). These proteins
resist standard therapeutics because they lack stable
binding pockets and instead shift through transient
conformational states.

Example National Breakthrough Targets:

o Drugs are designed in silico for Myc genes involved
in several cancers, and long considered undrugga-
ble, from target to candidate in nine months.

o All ~20,000 human genes get a validated function,
closing a 25-year gap and revealing hundreds of
new drug targets at once.

Biodefense. The same measurement and manufac-
turing infrastructure doubles as a defense system.
Interweaving biosecurity and public health monitoring
into the nation’s bioenergy and biomanufacturing
ecosystem creates a passive threat detection network.
Routine environmental and biological sampling
becomes an engine for novel gene discovery, feeding a
distributed biosurveillance capability that can produce
targeted countermeasures the moment an engineered
or natural threat emerges.

Example National Breakthrough Targets:

o Given a novel engineered pathogen, scientists can
sequence, characterize, and match it to a designed
antiviral drug within 48 hours of the first case.

o Abiosurveillance network catches and treats
against an unknown pathogen in wastewater
before anyone is harmed.

Competitive Urgency
Al is enabling rapid progress in biology; China has
designated biomanufacturing as a core national

U.S. Department of Energy Office of Science Advisory Committee
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industry, capturing a market share of $157 billion as
0f 2025, producing over 70% of the world’s output

of biofermentation products on roughly $4 billion in
annual state investment (Sedzro 2026). In June 2026,
the National Security Commission on Emerging Bio-
technology warned that China is already executing the
very strategies (NSCEB 2025, 2026) the Commission
had urged the previous year that the United States
should adopt (NSCEB 2025). This is the mechanism
by which the American share declines: not a sudden
loss, but the steady migration of production capacity,
scale-up expertise, and trained workforce to wherever
the infrastructure is built first. The first nation to har-
ness Al to interpret and design biological functions at
digital speed will set the global paradigm for the crops,
fuels, materials, and medicines that underpin industrial

leadership.

What Must Be Built

The biology campaign establishes three interdepen-
dent capabilities, or pillars: (1) Al-Enabled Measure-
ment, (2) Al-Enabled Modeling and Prediction, and
(3) Al-Enabled Manufacturing and Design. Together,
these pillars compress the cycle between biological
hypothesis and verified physical production to digital
speed. Rather than a distributed portfolio of isolated
projects, this campaign envisions a continuous, closed-
loop national Al-powered engine for biology, a single
Measure > Model > Manufacture loop in which each
result becomes the starting point for the next.

Pillar 1: Al-Enabled Measurement

Measurement is where the loop begins. This pil-

lar envisions an overhaul of how biological data is
acquired, shifting from destructive snapshots that
capture a single data layer at a single instant to a live,
multiomic view of systems left intact. Conventional
techniques tear cells apart, destroying the multilay-
ered spatial and temporal relationships that govern
cellular function. Conventional sequencing does the
same to DNA, fragmenting it into millions of pieces
and obscuring the long-range genomic relationships
that govern biological behavior. Capturing these rela-
tionships means observing biological systems in their
native states and at digital speed—from molecules to
whole cells, whole organisms, and communities.

September 2026

11



Genesis Mission Frameworks for Al-Accelerated National Breakthroughs

Table 2.1 Al-Enabled Measurement Implementation Path

Biology Target

Horizon

High-Throughput
Systemic Multiomics

Visual Proteomics and
Structural Dynamics

2028 Within Reach

Automated, Al-driven multiomics that
slash sequencing time and cost tenfold,
ingesting multimodal instrument outputs
into a connected data lakehouse.

2030 Uplift Capability

2035 Transformative
Outcome

DOE has along legacy of building this kind of mea-
surement infrastructure whenever classical biology
hits a wall. It launched the first federal genome initia-
tive in 1986 (U.S. DOE 1987) and built early tools

like the gene-finding algorithm GRAIL (Uberbacher
and Mural 1991). Under the Genesis Mission, that
expertise underpins two measurement capabilities (see
Table 2.1, this page).

High-Throughput Systemic Multiomics. The first
capability targets the data-scarcity gap in genomics,
proteomics, and metabolomics. Across DOE user
facilities, automated liquid-handling systems and
active-learning Al pipelines would sharply cut the time
and cost of multiomic profiling. Automated through-
put would stream genomic, transcriptomic, epigenetic,
proteomic, and metabolomic profiles straight into a
lakehouse of Al-ready data linking BER repositories
and systems such as JGI and the Systems Biology
Knowledgebase (KBase). Sample processing becomes
aroutine data-ingestion pipeline spanning health, bio-
economic, ecological, and national security domains,
continuously feeding U.S. models for predictive biology
and biomanufacturing, and enabling the detection and
characterization of novel biological threats from envi-
ronmental surveillance data. The same throughput can
close biology’s largest knowledge gap: No organism

September 2026

First complete functional gene
annotation of a single-celled microbe.

Sequence-to-function at speed, mapping
the full multiomic blueprint of any
organism within 24 hours of discovery.

First real-time, tag-free 3D imaging of
molecular machines inside a living cell.

Active-learning Al that steers non-
destructive imaging such as cryo-ET,
quantum sensors, and adaptive-optics
light-sheet microscopy in real time,
tracking thousands of molecular
conformations inside cells and 4D
dynamics across cells and tissues.

Live instrument streams build maps
spanning near-atomistic structure to
4D cell, tissue, and organoid dynamics
under physiological conditions.

yet has a complete map of every gene function. By
presenting organisms with an ensemble of physical and
environmental conditions and reading out the resulting
phenotypes, the campaign turns functional annotation
from case-by-case discovery into systematic measure-
ment. Because each annotation is a prediction, it feeds
a close-the-loop workflow, tested by synthesis and
re-measurement and sharpened with every cycle.

In-Cell Visual Proteomics and Structural Dynamics.
The second capability, visual proteomics, images the
physical mechanics of life inside intact cells without
requiring chemical tags that distort or destroy them.
Generative Al would interpret the raw, noisy, in situ
data streams from methods such as cryo-electron
tomography (cryo-ET) directly, identifying, seg-
menting, and classifying molecular structures in

real time. These molecular-scale methods pair with
emerging technologies such as quantum sensing and
quantum-enhanced microscopy to map intracellular
magnetic fields, localized temperatures, and chemical
kinetics beyond the limits of classical optics. At the
mesoscale, adaptive-optics lattice light-sheet micros-
copy (Liu et al. 2018) would follow whole cells, tis-
sues, and organoids in three dimensions over time,
giving Pillar 2 the dynamic, cell-to-tissue measure-
ments its multiscale models require.
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Al is transforming biology from a collection of special-
ized fields into an integrated science of living systems.
These capabilities are organism agnostic. The same
platforms that read microbes and crops, core BER pro-
gram priorities, extend to animal and human systems,
making human biology not a departure from DOE’s
mission but its most demanding testbed, required to
lead the era of Al-powered biological innovation.

Pillar 2: Al-Enabled Modeling
and Prediction

Modeling is the loop’s second stage, turning the data
streams Pillar 1 produces into predictive, physically
grounded simulators. Under the Genesis Mission, the
biology campaign will expand two modeling capabili-
ties (see Table 2.2, this page).

Dynamic Molecular Mechanics Modeling. Modeling
must shift from describing biology to predicting how
molecules move and work, not just as static objects,

to comprise entire living cells. Tools like AlphaFold2
already predict a protein’s folded structure from its
sequence with near-experimental accuracy (see sidebar
“Al Breaks Barriers in Understanding and Design-

ing Proteins” p. 14; Jumper et al. 2021), a milestone

Chapter 2 | Harnessing Biology at Digital Speed

showing Al can learn deep rules of molecular biol-
ogy. But such models stop at a single static snapshot
of largely natural proteins; they do not capture how

a molecule moves, how it behaves once engineered
beyond evolutionary precedent, or the physics of how
molecules bind and react.

Three advances are ripe now: extending models from
static structures to dynamics, bringing the same pre-
dictive power to RNA and mRNA, and grounding
predictions in physics so they apply to engineered
molecules that evolution never sampled. Physics-based
quantum computing offers a longer-term path to that
grounding, one that links the campaign to DOE’s
quantum mission. Blending Al for speed with phys-
ics for reach, and checking AI outputs against DOE'’s
simulators before any design is built, makes modeling
a reliable design tool. The results are direct: industrial
enzymes that work the first time; medical counter-
measures on demand; and faster, more affordable drug
development.

Whole-Cell Causal Simulation. The second chal-
lenge is modeling at scale, moving from single mole-
cules to whole cells. Deep-learning models can bridge
kinetic, atomistic, and crowded-cell scales into one

Table 2.2 Al-Enabled Modeling and Prediction Implementation Path

Biology Target

Horizon

First Al model to predict a protein’s
motion between functional states,
validated against experimentation.

2028 Within Reach

Dynamic Molecular
Mechanics Modeling

Whole-Cell Causal Simulation

First real-time, physics-grounded running
model of a single microbial cell.

A multiscale virtual-cell prototype

Physics-constrained predictive
foundation models that run inference-
time search against physical
simulators to map a molecule’s shifting
structural shapes in seconds.

2030 Uplift Capability

A unified model that maps
conformational ensembles and
cellular mechanics in seconds,
under mature scaling laws linking
compute to capability gains.

2035 Transformative
Outcome

U.S. Department of Energy Office of Science Advisory Committee

that unifies kinetic, atomistic, and
mesoscale contexts with calibrated
uncertainty, and that acts as a self-
correcting discovery engine to replace
first-pass wet-laboratory screenings.

Autonomous digital twins that design
synthetic cells in real time with high
confidence and experimental constraints,
optimizing whole-cell biological
behavior before any physical build.

September 2026
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Al Breaks Barriers in Understanding
and Designing Proteins

In 2024, the Nobel Prize in Chemistry recognized two Al-driven breakthroughs in biology (NobelPrize.org
2024). David Baker was honored for using computational protein design to create a protein called Top7
in 2003, the first protein with a structure unlike any found in nature. His group has since designed pro-
teins that serve as medicines, vaccines, and molecular sensors. Demis Hassabis and John Jumper were
honored for AlphaFold2, an Al model that largely solved a 50-year-old challenge: predicting a protein’s
three-dimensional shape from its amino-acid sequence. AlphaFold2 has now predicted structures for
over 200 million proteins, almost every protein known to science. Together, the power to predict pro-
tein structure and to design new proteins from scratch shows how Al can break seemingly impenetra-
ble barriers.

DOE resources helped make this possible. AlphaFold2 was trained on the Protein Data Bank, the global
archive of experimentally determined protein structures that DOE supports in part, alongside the vast
public sequence databases DOE has long helped build, including through its Joint Genome Institute.
Because protein structure informs protein function, these tools are already driving applications across
biotechnology, manufacturing, energy, agriculture, and medicine.

Fig. 2.2. Protein Structures Predicted by AlphaFold2. The pictured structures were previously unknown to
science: (left) part of a large molecular assembly that forms a pore in the nuclear membrane of human cells,
(middle) a natural enzyme that breaks down plastic, and (right) a bacterial enzyme that confers antibiotic resis-
tance. Such predictions can now guide new solutions in human health, waste management, and pathogen control.
[OTerezia Kovalova/The Royal Swedish Academy of Sciences]

causal simulator, with in-cell measurements from reference. The result is a virtual cell that replaces first-
Pillar 1 entering as physical Constraints, so research- pass Wet-laboratory screening, Compressing months
ers can design a cell’s core machinery in silico before of trial-and-error experimentation into hours of
building it. Because the simulator reports calibrated .

modeling.
confidence with every prediction, it becomes a
self-correcting partner that proposes experiments Holding the field to a real measure of progress is just
worth running rather than serving as a passive as important. Decades ago, the protein-structure
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community created the Critical Assessment of Struc-
ture Prediction (CASP), a shared benchmark that
scored blind predictions against experimentally solved
structures no one had seen. By turning the question
of “how good is a model” into a defined metric, CASP
made it possible to know when real progress had been
achieved, and it is where AlphaFold2 proved its accu-
racy in 2020. Biology modeling now needs equivalent
benchmarks for molecular dynamics, RNA structure
and dynamics, and whole-cell modeling; DOE is
uniquely placed to convene these fields and define the
needed metrics.

Pillar 3: Al-Enabled
Manufacturing and Design

Manufacturing closes the loop, converting designs

into physical outputs and products whose results flow
back to sharpen the next cycle. Under the Genesis
Mission, the biology campaign will expand two pri-
mary biomanufacturing and biodesign capabilities (see
Table 2.3, this page).

Next Generation Biofoundries. Manufacturing
must move from empirical, trial-and-error bioen-
gineering to automated, predictable, and scalable

Chapter 2 | Harnessing Biology at Digital Speed

biological foundries. Historically, scaling a successful
bench process up to industrial volume has foundered
on the fragility of traditional laboratory strains, which
behave unpredictably and lose resilience at larger
scales. The goal is a network of autonomous, end-
to-end design-build-test-learn (DBTL) loops that
push production beyond standard laboratory strains
into robust industrial organisms, meaning industrial
microbes naturally equipped to survive harsh pro-
cessing conditions. In these closed loops, generative
Al uncovers the constraints for transformation and
selection of functional genetic parts, designs the met-
abolic pathways, controls robotic foundries to validate
genetic parts and build the cells, and automates ana-
lytics to continuously tune performance. Rather than
treating cellular survival as an afterthought, the frame-
work uses Al to design the metabolic pathway and

the cell’s resilience at the same time. For example, the
process can design a stronger cell membrane and add

molecular efflux pumps that clear toxic bioproducts
before they kill the host.

Predictive Scale-Up. A second objective is to close
the long-standing scale-up gap by treating bioreactor
physics and cellular mechanics as one integrated com-
putational problem. That means building a predictive

Table 2.3 Al-Enabled Manufacturing and Design Implementation Path

Biology Target
Horizon

First self-driving design-build—
test-learn (DBTL) cycle in a robust
industrial microbe, with researchers
directing rather than operating it.

2028 Within Reach

Automated DBTL loops that engineer
robust industrial hosts, using Al-designed
efflux pumps and membrane changes
to improve tolerance to toxic products.

2030 Uplift Capability

2035 Transformative
Outcome

U.S. Department of Energy Office of Science Advisory Committee

Next-Generation Biofoundries

A national network of self-driving foundries
that carry out turnkey biological assembly
from high-level operational prompts.

Predictive Scale-Up

First complex bioproduct taken
from bench to 100,000+ liters
on the first attempt, including

downstream processing.

Predictive models that combine
multiomics data with bioreactor
physics to foresee scale-up
bottlenecks up to 500,000+ liters,
eliminating trial-and-error runs.

First-attempt scaling from in silico
design straight to full and distributed
scale beyond 1 million liters, a tenfold

gain in titer, rate, yield, and scale metrics
for novel materials and chemicals.

September 2026
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framework that accounts for titer (amount of prod-
uct), rate (speed of production), yield (efficiency of
conversion), and scale (performance across volume
changes)—the TRY&S metrics—from the very first
design step. Performance is engineered into the pro-
cess from the beginning rather than discovered during
scale-up. Cross-modal foundation models pair systems
biology data with real-time bioreactor physics to pre-
dict how physical forces such as fluid shear, oxygen gra-
dients, and temperature fluctuations will affect cellular
performance in full industrial-scale vats.

This predictive capacity enables scaling of complex
bioproducts on the first attempt, compressing the
translation timeline from bench to industry from
years to days. This framework spans the whole path
from bench to pilot to full commercial and distributed
scales. It also treats downstream processing, the puri-
fication and finishing steps where many bioprocesses
fail, as part of the initial design. Data from pilot and
full-scale runs feed back to the design stage, so the
biology is optimized for real-world conditions, not

September 2026

just the laboratory. The same models target volumetric
productivity, the grams per liter per hour that decide
whether a product is worth making at all. The frame-
work also introduces turnkey workflows that automat-
ically match a target molecule to its optimal metabolic
pathway, replacing bespoke, custom engineering with
standardized, programmable design rules.

A Compounding National Advantage

By 2035, this Al-enabled biology campaign can
place the United States at the center of a predictive
bioeconomy, designing crops, fuels, materials, med-
icines, and biomedical countermeasures in silico and
building them on the first attempt. The first nation to
industrialize biology at digital speed will shape this
century’s largest emerging economy. The window to
lead is now, and the infrastructure to seize it must be
built deliberately, at national scale, and under one
mission with the computational and scientific power
DOE brings.
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Al-Accelerated
Fusion Energy

Delivering Abundant Fusion Energy by 2030-2035

Vision, Urgency, and Why Now

Fusion is the power source of the sun. Humanity has
spent decades learning to replicate it on Earth. Alis a
force multiplier for the investment in fusion, speeding
the development of the complex physics modeling and

needed digital engineering of fusion systems.

The vision is concrete and near-term: a U.S. fusion
pilot plant delivering net electricity to the grid by
2030-203S5 with significant scientific and engineering
milestones demonstrated within the next one to two
years. This is not a distant aspiration. It is an achievable
national objective if the United States moves with the
urgency the moment demands.

Why fusion, why now? Energy demand is surging,
driven by the electrification of transportation, industry,
and the explosive growth of Al data centers. Fusion
offers a uniquely compelling answer:

o Fusion fuels are derived from abundant natural
resources, produce no carbon emissions, and have
no risk of meltdown or long-lived radioactive waste.

o On a per-reaction basis, fusion delivers one mil-
lion times the energy density of chemical fuels.

September 2026

o Whoever brings fusion to commercial scale
first will anchor the energy infrastructure of the
Al-driven economy and secure a durable strategic
advantage over competitors.

The urgency is geopolitical as much as scientific.
China is outspending the United States roughly two-
to-one on public fusion research and has capitalized
its national fusion company at over $2 billion (Hiller
and Hua 2024). The United States still leads overall,
but the margin is narrowing. The window for deci-
sive investment is open, and it will not remain so
indefinitely.

Recent breakthroughs reset the timeline. In Decem-
ber 2022, the National Ignition Facility (NIF) at the
U.S. Department of Energy’s (DOE) Lawrence Liver-
more National Laboratory (LLNL) achieved fusion
ignition and energy gain for the first time in history,
producing more energy out of the target than the lasers
put in. That milestone has since been repeated ten
times with a record yield of 8.6 megajoules in April
2025, which was more than four times the laser energy
input (LLNL 2026a). Alongside NIF’s advances, a
wave of private companies—pursuing tokamaks, stel-
larators, magnetic mirrors, inertial confinement, and

U.S. Department of Energy Office of Science Advisory Committee



other approaches—has attracted over $14 billion in
cumulative investment (Fusion Industry Association
2026). The landscape of fusion R&D has changed radi-
cally in the last decade.

Why DOE and the Genesis Mission? DOE remains
the essential foundation beneath this commercial
wave. DOE’s national laboratories lead the world in
high energy density and nonlinear plasma physics,
which no individual private company can replicate.
The DOE Fusion Science and Technology (FS&T) Road-
map (U.S. DOE 2026) was developed with input from
over 800 scientists and engineers across more than 15
private companies, 10 national laboratories, and 72
universities. It charts a Build-Innovate—Grow strat-
egy to deliver public infrastructure to support private
sector scale-up by the 2030s. Critically, the Genesis
Mission, launched by executive order in November
2025, places Al-accelerated fusion among the nation’s
explicit science and technology priorities. The execu-
tive order established a sovereign national platform of
supercomputers, scientific data, and foundation mod-
els in service of this goal (The White House 2025).
Fusion is not only one of 26 challenges the Genesis
Mission addresses, it is also among the most strategic.

DOE has invested billions in world-class physics codes,
exascale high-performance computing (HPC) systems,
and experimental facilities. Yet these resources operate
largely in isolation, connected by human intermediar-
ies who manually translate results from one domain to
another. The rate-limiting step is not computational
power but the time to orchestrate these resources into
coherent, intent-driven campaigns.

Now with Genesis and frontier Al systems, there is an
opportunity to accelerate fusion development by 10-
to 100-fold through ecosystem-wide orchestration—
coordinating physics codes, HPC resources, and
experimental facilities across institutional boundaries.
The transformational capability frontier Al brings

to fusion is not just faster simulation or automated
workflows, but intent-driven orchestration across the
entire fusion ecosystem. This provides the ability to
translate high-level scientific objectives into dynam-
ically reconfigured, multi-institutional, multidomain
campaigns that adapt in real time to results. This archi-
tecture extends beyond fusion to serve as a DOE-wide
Al pathfinder.

U.S. Department of Energy Office of Science Advisory Committee
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Progress in the last S years, combined with aggressive
and sustained investment in Al-fusion convergence,
make it realistic to advance the National Academies
of Sciences, Engineering, and Medicine’s 2021 target
for the first U.S. fusion pilot plant from 2035-2040 to
2030-2035 (NASEM 2021). The ambition horizon
presented here is exactly that:

o Significant Al-enabled engineering milestones
within one to two years.

 Major capability demonstrations by 2030.

e Grid-connected fusion power by 2035.

Pillar 1: Measurement and
Data—Turning Decades of
Data into Discovery

More than 100 experimental fusion machines have
operated worldwide over the past six decades. The
data they generated—including plasma diagnostics,
actuator and sensor logs, spectroscopy, physics-model
outputs, and images—represent an irreplaceable sci-
entific record. The vast majority of it sits idle, siloed
in facility-specific formats, never analyzed in aggre-
gate. This is one of the most consequential untapped
resources in the entirety of energy science. The imme-
diate opportunity is to make this data accessible, link-
able, and interoperable within a one-year horizon.

DOE’s Al-fusion Digital Convergence Platform
(DCP), a central component of the Genesis Mission
and the FS&'T Roadmap (U.S. DOE 2026), is designed
to be a single national capability that integrates novel
algorithms in high-performance computing codes,
foundation models for plasma and materials science,
neural networks, surrogate models, and digital twins
(see Fig. 3.1, p. 20). The Fusion Energy Data Eco-
system and Repository (FEDER) will provide the
data-stewardship infrastructure, built around FAIR
(Findable, Accessible, Interoperable, and Reusable)
principles, to make cross-facility learning possible for
the first time.

Big opportunities abound. Princeton Plasma Physics
Laboratory’s (PPPL) 1990s-era Tokamak Fusion Test
Reactor (TFTR) was the only deuterium-tritium-
burning tokamak ever operated in the United States
(Greenwald 2022). Rebuilding it today would cost
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Fig. 3.1. The Integrative Genesis Mission Digital Convergence Platform. This Al-fusion convergence flywheel illustrates
the feedback loop between data (simulation and theoretical data coupled with experimental data from more than 100 fusion
facilities) and Al foundation models, digital twins, real-time plasma control, materials discovery, and power plant design.

billions of dollars and take years. Its data, however, can
be recovered, linked to physics models, and embedded
in a digital twin, thereby reclaiming most of its scien-
tific value virtually and at a fraction of the cost. That is
not a hypothetical future capability; it is a near-term
deliverable (see Table 3.1, p. 21).

Measurement innovation is equally urgent. DOE’s
Fusion Energy Science Advisory Committee’s Basic
Research Needs for Measurement Innovation Report
(FESAC 2025) identified critical gaps in both mag-
netic and inertial confinement fusion. For a future
fusion power plant, diagnostics must withstand high
radiation environments and function reliably over long
operational pulses—requirements that go far beyond
anything deployed in today’s experimental devices. For

September 2026

inertial fusion, diagnostics must operate at high rep-
etition rates, approaching 10 shots per second while
surviving intense neutron and X-ray fluxes.

AI changes what is achievable. Multimodal AI
models can reconstruct missing measurements from
existing sensors, predict how plasma temperature

and density will evolve, and effectively expand the
diagnostic capability of a machine without adding
hardware. A recent result from PPPL demonstrated
this, inferring full plasma state from a subset of avail-
able diagnostics with striking fidelity (Jalalvand et al.
2025). This class of capability will be critical for oper-
ating future power plants with fewer, cheaper sensors
while maintaining the measurement precision needed
for safety and performance.

U.S. Department of Energy Office of Science Advisory Committee
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Table 3.1 Measurement and Data Implementation Path

Fusion Target

Horizon

Establish interoperability across major U.S. fusion facility datasets.

Begin training cross-facility foundation models on unified data infrastructure via
the Genesis Mission Digital Convergence Platform and American Science Cloud.

e Develop verification, validation, and uncertainty quantification (VVUQ) capabilities so they
are mature enough to support credible extrapolation to fusion pilot plant conditions.

Year 1
Deploy Al-driven diagnostic reconstruction and predictive

Year 2 measurement tools on DIII-D National Fusion Facility and NIF.
Validate against held-out experimental data to assess accuracy.
Make an operational universal data-based simulator available
to the full public—private fusion ecosystem.

2030

2035 o Qualify radiation-hardened, Al-integrated diagnostic suites

for first-generation power plant deployment.

Pillar 2: Modeling, Prediction,

and Validation—Al as

Engineering Multiplier

The deepest technical challenge in fusion engineer-
ing is multiscale physics. A fusion plasma spans six
orders of magnitude in both space and time—from
reactor-scale magnetic geometry down to the kinetic
microstructures that drive turbulence and energy loss.
No single simulation captures all scales simultaneously.
First-principles codes that resolve the smallest scales
require supercomputer runs lasting weeks. This cen-

tral bottleneck has slowed the design cycle for fusion
devices. Al breaks it open (see Table 3.2, p. 22).

Al can speed supercomputer calculations. The con-
vergence of Al with fusion simulation is already pro-
ducing historically significant results. LLNL researchers
have developed Al surrogate models of turbulence and
transport at the plasma edge that accelerate calculations
by eight orders of magnitude—compressing compu-
tations that previously required hours into fractions

of a millisecond (Li et al. 2025). This is not merely a
convenience; it is the enabling technology for real-time
control. A safety-critical plasma calculation that takes

U.S. Department of Energy Office of Science Advisory Committee

tens of seconds cannot be used to prevent an instability
that develops on millisecond timescales, but the same
calculation running in under a millisecond can.

Al provides an innovation for controlling plasma
instabilities. Al-enabled plasma control represents
perhaps the most dramatic near-term breakthrough.
A fusion plasma is held in place by magnetic fields
and is prone to violent instabilities—tearing modes,
edge-localized modes, and Rayleigh-Taylor fingers—
that can develop and destroy confinement faster than
any human can react. The challenge has been known
for decades. The solution has only recently become
achievable.

Deep reinforcement learning controllers have now
stabilized live tokamak plasmas autonomously,
commanding full magnetic coil arrays in real time
(Degrave et al. 2022). More significantly, Al models
have demonstrated the ability to forecast tearing-mode
instabilities up to 300 milliseconds before onset and
then autonomously steer the plasma away from disrup-
tion entirely, without human intervention. This result
has been demonstrated across multiple tokamaks that
the model was not trained on, establishing a degree

of generalizability that is essential for deployment

September 2026
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Table 3.2 Modeling, Prediction, and Validation Implementation Path

Fusion Target

Horizon

e Make Al disruption-avoidance controllers operational on DIII-D and
KSTAR (Korea Superconducting Tokamak Advanced Research).

Year 1

Validate cross-machine transfer.

Integrate into real-time plasma control systems at target facilities.

Train first fusion foundation model on unified cross-facility dataset.

Year 2 o Deploy the model as interactive, dynamically reconfigurable
shot-design tool for experimental campaigns.

Universal digital twin operational, encompassing data from U.S. and allied

2030 international facilities, used to down-select among highest-potential fusion
confinement approaches and guide infrastructure investment priorities.

2035

Validated Al simulation suite with verification, validation, and uncertainty quantification

(VVUQ) certification used as primary design tool for fusion plant engineering.

on future devices (see Fig. 3.2, p. 23; Seo et al. 2024;
Jalalvand et al. 2025). Physics-informed deep learning
has also been used to predict fusion ignition condi-
tions at NIF with high accuracy (Spears et al. 2025),
demonstrating that Al can close the loop between sim-
ulation and experiment even in the extreme conditions

of inertial confinement fusion.

Universal digital twins provide value, speed
progress. The universal digital twin is the strategic
infrastructure that ties these capabilities together. The
concept is straightforward and powerful: train an Al
foundation model on the combined data of multiple
fusion testbed facilities (experiment logs, physics-
model outputs, diagnostic images, and actuator
records) to produce a high-fidelity virtual simulator
that any physicist or engineer can query. PPPL, in
partnership with NVIDIA and IBM, is building this in
the STELLAR-Al initiative (Simulation, Technology,
and Experiment Leveraging Learning-Accelerated
Research), an Al-optimized, fusion-centric supercom-
puting cluster designed to train the first generation of
fusion foundation models. The prototype TokaMind

multimodal transformer foundation model, trained on
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tokamak plasma dynamics, represents the leading edge
of a rapidly advancing field (Boschi et al. 2026).

The value of a universal digital twin compounds across
the full pipeline. Fusion power plants will operate in
plasma and materials regimes that no current exper-
imental facility can reach—meaning every design
decision for a first-generation plant involves extrapo-
lation. A data-grounded digital twin with quantified
uncertainty transforms that extrapolation from expert
judgment into validated computational inference.

The LLNL team has demonstrated a multi-agent Al
system for integrated systems engineering design of
inertial fusion energy power plants—taking high-level
design goals through simulation, machine learning
model optimization and validation, to computer-aided
design—compressing what previously required
months of expert iteration into days (LLNL 2026b).

Pillar 3: Making, Manufacturing,
and Delivering—The
Physical Path to the Grid

The scientific and computational breakthroughs
described above are only as valuable as the physical

U.S. Department of Energy Office of Science Advisory Committee
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Fig. 3.2. Al Tearing-Avoidance Control at DIII-D National Fusion Facility. Researchers at the DIII-D National Fusion Facility
tested a breakthrough method, which provides real-time plasma monitoring during fusion reactions and responsive adjust-
ment of the magnetic confinement fields to avoid plasma tearing instabilities, overcoming a major hurdle to the tokamak
approach for fusion energy. This method can optimize plasma containment and stability in response to existing conditions in
real time. The algorithm is more flexible than traditional plasma control methods, eliminating the need for manual tuning and
allowing quicker iteration on designs and scenarios. [Used under a Creative Commons Attribution 4.0 International License
(CCBY 4.0) from Seo, J., et al. 2024. “Avoiding Fusion Plasma Tearing Instability with Deep Reinforcement Learning,” Nature
626, 746-51. DOI:10.1038/s41586-024-07024-9. © Nature]

infrastructure that translates them into hardware. and performance, enabling technologies, exhaust and
DOE’s Build-Innovate—Grow strategy charts a con- high-heat-flux testing, nuclear-effects testing, remote
crete infrastructure pathway across eight streams maintenance, blanket development and testing, fuel
critical for a fusion power plant: plasma confinement cycle development and testing, and high-performance

U.S. Department of Energy Office of Science Advisory Committee September 2026
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Table 3.3 Making, Manufacturing, and Delivering Implementation Path

e Begin MPEX operations at ORNL.

Year 1

e Engage allied-nation blanket and tritium test facilities under TBDP strategy.

e Finalize Nuclear Regulatory Commission fusion licensing framework.

Year 2

e Begin first SPARC (tokamak) plasma campaigns.

o Make Al-driven materials-discovery pipeline operational for
structural alloys and plasma-facing components.

e Close Fusion Prototypical Neutron Source R&D gaps.

e Complete IB-FCTF design.

2030 o Anticipate multiple private sector demonstration platforms
(SPARC, Infinity One, Eos, and others) will be operating.

e Employ universal digital twins to support power plant design decisions.

e Launch first U.S. fusion pilot plant delivering net electricity.

2035 o Make domestic fusion supply chain operational.

e Define path to nth-of-a-kind commercial deployment.

computing with advanced manufacturing and Al
The near-term horizon is ambitious and specific (see
Table 3.3, this page).

Addressing the challenge of developing materi-

als that can tolerate conditions in a fusion power
plant. The most economically significant unresolved
challenge in fusion engineering is materials. Fusion
neutrons, which are produced in abundance by a burn-
ing plasma, cause damage to structural materials at a
rate and character unlike anything in fission experi-
ence. The exceptional materials degradation caused by
fusion neutrons is, as the FS& T Roadmap states, “one
of the single largest factors limiting the economics and

safety of fusion energy””
Two knowledge gaps dominate:

o Can existing material classes survive fusion-

relevant irradiation damage levels?

o What is required for an engineering materials

database sufficient for power plant design?
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DOE is pursuing a Fusion Prototypic Neutron Source
(FPNS) as a high-priority facility with aggressive
R&D on deuterium-lithium stripping, spallation, and
true-fusion neutron source approaches. The Material
Plasma Exposure eXperiment (MPEX) at Oak Ridge
National Laboratory (ORNL), which is coming online
within two to three years, will enable testing of plasma-
material interactions under prototypic conditions

that go beyond anything currently available in the
United States.

Physics-based, multiscale computational modeling

can now simulate material evolution under complex
loading, irradiation, and tritium exposure histories,
identifying candidate materials and failure modes
before a single gram of material is irradiated. Al-guided
materials discovery—Ilearning process—property per-
formance relationships from existing experimental and
computational databases—is compressing the decades-
long development cycle for new fusion-grade structural
alloys and plasma-facing components into years.

Tritium fuel cycle and blanket technology. This
represents another foundational gap on the path to

U.S. Department of Energy Office of Science Advisory Committee



a self-sustaining fusion power plant. A fusion power
plant must breed its own tritium fuel—lithium in a
surrounding blanket absorbs fusion neutrons and pro-
duces tritium, which is then extracted, processed, and
fed back to the plasma. No fusion blanket has yet been
built and validated at scale. DOE’s Tritium-Blanket
Development Platform (TBDP) strategy coordinates
with allied-nation facilities including the LIBRTT Pro-
gramme in the UK., UNITY-1 in Japan, UNITY-2 in
Canada, and CHIMERA in the UK. to immediately
begin closing low technology-readiness-level gaps.
The long-term target is an Integrated Blanket and Fuel
Cycle Test Facility (IB-FCTF) to be delivered within a
5- to 10-year window.

Private sector scale-up and supply chain. The
DOE FS&T Roadmap explicitly identifies supply
chain development as a critical public responsibility.
Fusion power plants will require radiation-tolerant
internal components manufactured at scale—high-
temperature refractory metal-based structures,
advanced laser optical components, gyrotron heating
systems, pellet injection systems, and tritium blanket
assemblies. None of these supply chains exists today
in forms adequate for commercial deployment. DOE
public—private partnership programs cosponsor con-
struction of experimental capabilities with the private
sector, state and local governments, philanthropies,
and international partners. Eight companies are
currently in the DOE Milestone Program including
Commonwealth Fusion Systems, Xcimer Energy,
Tokamak Energy, Type One Energy, Thea Energy, Zap
Energy, Realta Fusion, and Focused Energy. Each is

U.S. Department of Energy Office of Science Advisory Committee
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developing technology roadmaps toward early-stage
fusion power plant designs.

The Investment Imperative

The convergence of proven physics, an explosion of
private investment, new Al capabilities, and renewed
federal commitment has created a genuinely historic
moment for fusion energy. The path to fusion power,
once defined by fundamental scientific uncertainty is
now a set of solvable engineering challenges. The ques-
tion is whether the United States moves with the speed
and investment the moment demands or cedes the
energy foundation of the next century to a competitor
already spending twice as much.

The DOE FS&T Roadmap provides the fusion infra-
structure strategy. The Genesis Mission provides the
accelerating Al platform. Winning this race requires
investing simultaneously in the essential physical
fusion infrastructure and in the digital AT platform
that acts as a force multiplier, transforming data into
predictive power. The talent exists, distributed across
national laboratories, universities, and a dynamic pri-
vate sector ecosystem that has already demonstrated
its capacity to move fast. What is required now is
sustained, multiyear investment in the Al-fusion
convergence infrastructure—digital twins, founda-
tion models, data platforms, physical testbeds, and
intent-driven orchestration—to compress a decade of
engineering into S years. The dividends are abundant.
Always-on power is the energy substrate of American
competitiveness for the century ahead.

September 2026
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Magnet Sovereignty

A 5-Year Al Mission To Rebuild U.S. Permanent-Magnet Capability

The Bottom Line

Critical materials are the new oil—and the United
States dangerously depends on a single foreign sup-
plier. Permanent magnets made of critical rare-earth
materials are essential to nearly every F-3S fighter

jet engine, every electric- and hybrid-vehicle motor,
every cell phone, every wind turbine, and every
advanced medical scanner. China dominates the
entire rare-earth material supply chain—from min-
ing, refining, processing, and alloying to final mag-
net manufacturing (U.S. DOE 2022). When China
restricts exports—as it has done and can do again at
any time—the United States has no credible domes-
tic or allied alternative. The four rare-earth elements
(REEs) at the heart of the most powerful commercial
magnets (neodymium, praseodymium, dysprosium,
and terbium) have no ready substitutes, are produced
in geopolitically concentrated deposits, and require
processing capabilities the United States has largely
allowed to atrophy.

“Magnet sovereignty”—or securing a domestic sup-
ply of critical magnetic materials and manufacturing
capabilities—is an urgent challenge of our day. The
goal is not to eliminate rare earths but to build multi-
ple credible domestic pathways at once:

o Magnet compositions that use REEs more
efficiently or tolerate domestic lower-purity
feedstocks.

U.S. Department of Energy Office of Science Advisory Committee

o Materials that reduce or eliminate the most
supply-constrained elements.

o Recovery of rare earths already inside U.S.
borders.

o The physical and institutional infrastructure to
convert validated compositions into manufactur-
able U.S. products.

The Genesis Mission provides the opportunity and
national strategy to achieve ambitious goals, including
magnet sovereignty. To that end, the subcommittee
suggests setting a 5-year target to identify, synthesize,
and pilot high-performance permanent-magnet com-
positions codesigned for domestic manufacturability
and end-of-life recyclability. Al and computational
resources up to the zettascale are what make that
speed achievable. The subcommittee proposes the
Genesis Mission use Al to compress the materials-
discovery and supply-chain-diversification cycles from
decades to years through self-running laboratories for
the fastest measurements, foundation models for dra-
matically improved analysis, and supply chain digital
twins for more effective manufacturing and distribu-
tion. Realizing this vision requires not just discovery
but crosscutting machine learning (ML) research as
an integrative capability, purchasing commitments
that make first-of-a-kind domestic production finance-
able, and a deliberate focus on building new supply

September 2026
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Magnet Sovereignty
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Fig. 4.1. Magnet Sovereignty Active-Learning Loop. Al enables integration of previously siloed measurement data;
multidisciplinary experiments; and material sourcing, processing, and manufacturing. The iterative learning and insight
sharing within this feedback loop holds promise for advancing the production of high-performance magnets from

domestic feedstocks.

chains rather than feeding Al into existing high-

concentration mining pipelines.

Why This Matters Now

The vulnerability is structural, not incidental.

Even when rare-earth ore is mined domestically or
by trusted partners, the separation, refining, and
magnet-manufacturing steps that determine value
can still depend on a single overseas pipeline. A dis-
ruption at that choke point ripples through defense
procurement, grid modernization, transportation,
and advanced manufacturing simultaneously. Con-
ventional programs to rebuild domestic capacity
operate on decade-long timescales. That pace is not
fast enough.

Today, decisions about mineral resources, materials

discovery, scientific ML methodology, manufacturing,
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and supply chain investment are made from discon-
nected data, siloed expertise, and models that do not
talk to each other. No one is optimizing the full system
from ore to deployed product. For example, a geolo-
gist does not know what a separations chemist needs,
a chemist does not know what a magnet manufacturer
needs in terms of material impurity tolerance and
scale-up, and a materials scientist does not have mod-
els that can draw strength from relevant data in very
different domains.

Al makes integration possible for the first time: a sin-
gle framework connecting mining, separations chem-
istry, materials science, process engineering, product
design, life cycle sustainability, and investment strat-
egy into one active-learning loop (see Fig. 4.1, this
page). Data-first decisions can be made about not just
which materials perform best, but which can actually
be manufactured at scale from domestic feedstocks

U.S. Department of Energy Office of Science Advisory Committee



and at acceptable environmental and economic cost.
The aim is not a single better magnet. The aim is a
domestic learning system that lets the United States
repeatedly discover, make, qualify, recover, and
improve magnets so that no single foreign choke point
can again hold its industrial base hostage.

What Must Be Built

Achieving magnet sovereignty requires integrating
three pillars: (1) Al-accelerated materials discovery,
(2) Al-driven manufacturing, and (3) Al-enabled
domestic materials recovery. This integration must
operate in a continuous feedback loop where new
materials need viable manufacturing processes to
reach commercial scale, materials reclamation out-
comes depend on alignment with those manufactur-
ing developments, and insights from both feed back
into materials research. At every stage, human experts
must remain in the loop as active drivers of judgment,
error correction, and capability development that Al
alone cannot supply.

Pillar 1: Al-Accelerated
Materials Discovery

The goal of the first pillar is to discover magnet com-
positions that free the United States from dependence
on the most supply-constrained rare earths (Coey
2020). These materials should approach or exceed the
performance of the best magnets available today and
activate recycling pathways that allow the recovery
and re-use of resources already captured in our domes-
tic supply chain. Crucial to the discovery effort are
three activities:

o Identifying materials that substantially reduce or
eliminate dysprosium and terbium, or utilizing
earth-abundant elements with viable domestic
processing or chemistry manipulation pathways.

o Engineering neodymium magnet variants to toler-
ate the impurity profiles of domestic feedstocks.

o Improving Al-driven purification of domestic
rare-earth feedstocks from ore, tailings, or recy-
cled magnets.

A high-risk, high-reward opportunity is the exchange-
spring magnet—a 30-year aspirational goal coupling
a high-magnetization soft phase to a hard phase

U.S. Department of Energy Office of Science Advisory Committee
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that resists demagnetization (Kneller and Hawig
1991). The barrier is not finding the composition; it

is manufacturing the required nanoscale two-phase
microstructure at bulk scale. Al offers a path to simul-
taneously co-optimize anisotropy, magnetization,
microstructure, and manufacturability, directing equal
effort at the manufacturing barrier and composition

search.

Al-accelerated materials discovery requires a shared
magnetics data foundation, linking composition,
impurity profiles, synthesis conditions, microstruc-
ture, and measured magnetic performance so that AI
models learn from the full materials pathway rather
than composition alone. Feedback-driven active learn-
ing lets experimental characterization iteratively refine
computational sampling, so that each physical experi-
ment sharpens the model rather than confirms what is

already known.

Al-approximation models make searching vastly larger
magnet compositional spaces tractable. One example
is HydraGNN, a stand-in for expensive quantum-
mechanical (DFT) calculations that speeds up mate-
rials screening nearly 1,000-fold (Lupo Pasino et al.
2025). Leveraging Al, cost-penalized optimization
algorithms rank candidate materials against supply
chain constraints, separability, manufacturability, and
performance simultaneously. Additionally, AT agents
based on multimodal large language models (LLMs)
read scientific literature and patents to generate phys-
ically grounded hypotheses and identify unexplored
design space.

Genuinely sharing the underlying physics across
separations, manufacturing, and recycling enables a
shared Al model that works across domains, drawing
statistical strength from abundant data in one domain
to make predictions in a data-poor one. Ground

truth from DOE scientific user facilities—high-field
magnetic characterization, synchrotron X-rays, and
neutron scattering—provides the atomic-scale data
on which reliable AT models depend. Tight coupling
between autonomous laboratories, user-facility sched-
uling, and novel AT methods is essential for closing the

discovery loop at speed.

September 2026
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Pillar 2: Al-Driven Manufacturing

U.S. magnet manufacturing today depends on unwrit-
ten expertise built up over decades, processes derived
from trial and error, and quality control that happens
after the fact rather than in real time. Each stage of
manufacturing—melting, strip casting, powder pro-
duction, alignment, pressing, sintering, heat treatment,
and coating—can degrade final performance, and
these effects compound at scale. The goal of this pillar
is to replace that fragile, expertise-dependent system
with Al-driven process control: manufacturing lines
that adapt in real time to feedstock variability, flag
defects before they compound, and accumulate institu-
tional knowledge in models.

Al-informed process control enables tighter composi-
tional control during melting, more consistent phase
formation during strip casting, narrower grain-size
distributions during jet milling, and more uniform
grain-boundary structure across large-format sintered
components. These advantages directly address per-
sistent challenges in getting strip casters and related
equipment to reliably produce target microstructures.
Additional advances are possible by pairing digital-
twin models of manufacturing lines with computer
vision and nondestructive evaluation for in-line defect
detection. Such capabilities provide real-time process
control for variable feedstocks rather than the post hoc

inspection common today.

The Al-driven manufacturing pillar requires a delib-
erate mix of modeling approaches rather than a
collection of narrow point solutions. For example,
domain-specific ML is useful for well-posed problems,
while cross-domain scientific foundation models can
leverage physics shared across separations, manufac-
turing, and recycling. Low-precision, hardware-aware
computing reduces the energy footprint of model
development and enables deployment directly at pro-
cessing sites. This pillar also requires pilot-scale alloy-
ing, powder-production, and magnet-manufacturing
lines instrumented for real-time learning so that lines
adjust process parameters as data arrive. The objective
is a manufacturing knowledgebase that accumulates
nationally, improves over time, and transfers to addi-
tional facilities.

September 2026

Pillar 3: Al-Enabled Domestic
Materials Recovery

The United States has billions of dollars’ worth of rare
earths locked in discarded hard drives, decommis-
sioned wind turbines, scrapped military hardware,
mine tailings, and industrial waste streams. Almost
none of it is recovered. The goal of this pillar is to build
Al-enabled recovery of domestic critical materials

that treats end-of-life magnets as a domestic ore body,
recovering and reintroducing rare earths into U.S.
production at a scale that meaningfully reduces import
dependence (see Fig. 4.2, p. 31).

The first bottleneck in magnet recycling is not sepa-
rations chemistry but the inability to rapidly identify,
sort, and assess heterogeneous end-of-life product
streams at economic scale (Zakeri and Tafaghodi
2025). Computer-vision systems can identify mag-
net-containing products automatically; predictive
models can assess REE composition from limited sen-
sor signals without destructive testing; and Al-guided
disassembly can optimize recovery yield per unit time
and cost, turning discarded products into a classified
teedstock stream. Downstream, self-driving separa-
tions laboratories replace sequential trial-and-error
with model-directed autonomous experimentation,
targeting an order-of-magnitude reduction in experi-
ments needed to reach a target recovery process.

DOEs life cycle analysis model (GREET) shows that
even mature supply chains lose half or more of a criti-
cal element between mine and finished material, with
losses concentrated at identifiable stages (Wang et al.
2026). Applying the same discipline to REE supply
chains via Al-enabled digital twins would provide
meaningful utilization-efficiency gains.

A further opportunity lies in moving separations
chemistry beyond traditional equilibrium paradigms
toward models that account for the nonequilibrium
kinetics and interfacial transport that actually govern
industrial-scale separations. Self-driving laboratories
can accelerate this work by autonomously running
experiments, collecting data, and testing Al-predicted
candidate molecules for solvent extraction, with

Al acting as an active partner in directing the next
experiment rather than only interpreting the last one.
Standardized Al-to-instrument interfaces can connect
self-driving laboratories to shared high-performance

U.S. Department of Energy Office of Science Advisory Committee
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Fig. 4.2. Rare-Earth Element Supply Chain. Al has the potential to be a powerful optimization tool for recognizing, unlock-
ing, and recovering previously unavailable rare-earth elements at economic scale from all steps of the supply chain for

reintroduction into U.S. production.

computing (HPC) resources across facilities, letting
separations efforts at different sites draw on the same
models and data rather than duplicating effort. Recov-
ered material must feed domestic alloying and magnet
manufacturing—continually and not as a one-off
demonstration—which requires pilot-scale recycling
capacity and reliable demand for domestically recov-

ered rare earths.

The Al Advantage

Without Al the search for new magnet compositions
is bound by the experiments a team can physically run
and the composition space accessible to human intu-
ition. Al breaks both constraints, enabling fast approx-
imation models that make vast composition spaces
tractable, active learning that ensures each experiment
maximally sharpens the model, and cost-penalized
optimization that embeds supply chain and manufac-
turability constraints directly into candidate ranking.
The result is a search that is simultaneously broader,

U.S. Department of Energy Office of Science Advisory Committee

faster, and more strategically targeted than any conven-
tional program.

ML -based surrogates or quantum computers coupled
with HPC may also offer a near-term path to more
accurate electronic-structure calculations for mag-
netically complex systems where standard quantum
chemistry methods struggle. In addition, specialized
quantum algorithms can refine energy landscapes that

inform AI candidate ranking.

In manufacturing, Al replaces tacit, difficult-to-trans-
fer expertise for diverse feedstocks with data-driven
process control that adapts in real time. For example,
neural digital twins ingest sensor data and update
process parameters continuously, computer-vision
systems flag defects at machine speed, and ML mod-
els trained on diverse feedstocks generalize across
input variability.

Al-driven fast approximation models can compress
qualification dataset-building from years of physical
testing to just months of model-guided prioritization,
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31



32

Genesis Mission Frameworks for Al-Accelerated National Breakthroughs

all while meeting or exceeding standards with a faster,

more transparent, and more predictive evidence base.

In reclaiming critical materials, AI converts hetero-
geneous end-of-life streams—too complex to pro-

cess economically by hand—into a data challenge.
Computer vision and predictive composition models
replace manual inspection, Al-guided disassembly
maximizes recovery yield automatically, and self-
driving laboratories reach optimized separation proto-
cols in a fraction of the conventional time. Across all
three pillars, this is not automation of existing practice,
it is replacing slow, post hoc control with fast, adaptive,
and predictive control.

Effective coordination is as important as any individual
Al capability. The full system spans geology, separa-
tions chemistry, materials science, ML, manufacturing,
product design, recycling, and economics—no single
laboratory, company, or agency can optimize it alone.
The mission should operate as an integrated network
with shared data standards, protected pathways for
proprietary information, common Al-to-instrument
interfaces, and clear ownership for moving candidates
from discovery to pilot production. Al makes that
integration achievable for the first time; realizing it
requires institutional commitment to match the tech-

nical ambition.

Table 4.1 Magnet Sovereignty Implementation Path

Magnet Target

Horizon

e Stand up a national magnetics data foundation.

e Deploy literature- and patent-mining Al agents to map the known
design space and identify underexplored compositions.

Year 1 e Connect autonomous laboratories to DOE user facilities.

e Launch pilot projects in recycling detection and manufacturing-data capture.

e Establish end-user requirements at the outset so the mission
optimizes for real products, not scientific novelty alone.

Demonstrate an impurity-tolerant neodymium magnet composition

viable with domestic-grade or recycled feedstock.

Years 1 to 2

Deploy Al-based process-control models on at least one pilot-scale strip-casting or sintering

line, demonstrating measurable improvement in grain-size or phase-uniformity consistency.

Deploy Al-based detection and sorting pilots at one or more existing

e-waste, mining, or end-of-life processing facilities.

e Integrate discovery, manufacturing, and recycling into closed loops.

e Move candidate magnets from gram-scale synthesis to pilot-scale quantities.

Years 2to 4 e Deploy digital twins on at least one pilot strip-casting, powder-production, or sintering line.

e Demonstrate a self-driving separations laboratory achieving order-of-magnitude
time reduction in experiments-to-target for at least one REE recovery process.

o Validate one or more high-performance magnet systems at pilot scale,
including at least one REE-light or REE-free candidate.

Years3to 5 ¢ Validate a full collection-to-recovered-material pipeline, with recovered REE
content feeding a domestic alloying or magnet-manufacturing line.

e Publish a replicable playbook for expanding capacity across additional facilities and regions.
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Magnet Sovereignty
Implementation Path

The roadmap for designing and manufacturing
high-performance permanent magnets at pilot scale
using domestic feedstocks includes targeted mile-
stones across S years. These milestones demonstrate
how AI can significantly accelerate solutions to open
challenges in materials discovery, manufacturing, and

recovery (see Table 4.1, p. 32).

What Success Looks Like

Magnet sovereignty is achievable if treated as a mis-
sion: integrated, measurable, Al-enabled, tied to real
manufacturing, and sustained until the first qualified

domestic magnets enter use.

By the end of S years, success should be visible in prac-
tical terms. The target is a 50-fold increase in discovery
efficiency, a 10-fold reduction in experiments needed,
model confidence exceeding 80% before physical val-
idation is prioritized, and greater than 75% autonomy

for routine experimental cycles.
The United States should have:

o Pilot-scale production of high-performance
permanent magnets designed for domestic
feedstocks.

o Al-controlled manufacturing that reduces scrap

and improves lot-to-lot consistency.

U.S. Department of Energy Office of Science Advisory Committee
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o A transformative collection-to-recovered-material
recycling pipeline.

e Qualification protocols that end users trust.

o A shared data and modeling infrastructure that
keeps improving after the first demonstration.

Broader Scientific Impact

The payoff extends well beyond magnets. The same
methods—active learning, autonomous experimen-
tation, surrogate modeling, digital twins, and supply
chain-aware optimization—apply directly to batteries,
semiconductors, catalysts, structural alloys, and many
other systems where performance must be balanced
against criticality or manufacturability. The orchestra-
tion layer connecting self-driving laboratories across
institutions establishes shared data standards, model
interfaces, and compute access that lower the barrier
for the next autonomous-laboratory effort in any
domain.

While capturing the supply chain remains strictly
domestic, engaging with cross-border open-science
initiatives in basic Al and materials modeling ensures
that the U.S. research enterprise continuously inte-
grates the world’s finest scientific insights, ultimately
sharpening our competitive edge.

Magnet sovereignty is a focused, urgent test case; the
Al methods and data infrastructure it requires are
direct investments in magnetic technology as well as
down payments on the broader U.S. Al-for-science
research enterprise.
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Acronyms and Abbreviations

BER

CASP

cryo-ET
DIII-D
DBTL
DCP
DFT
DOE
EMSL

FAIR

FEDER

FESAC

FFRDC

FPNS
ES&T
HPC
IB-FCTF

JGI

artificial intelligence

Biological and Environmental
Research program

Critical Assessment of
Structure Prediction

cryo-electron tomography
DIII-D National Fusion Facility
design-build-test-learn
Digital Convergence Platform
Density Functional Theory

U.S. Department of Energy

Environmental Molecular Sciences
Laboratory

Findable, Accessible, Interoperable,
and Reusable

Fusion Energy Data Ecosystem and
Repository

Fusion Energy Sciences Advisory
Committee

Federally Funded Research and
Development Center

Fusion Prototypic Neutron Source
Fusion Science and Technology
high-performance computing

Integrated Blanket Fuel Cycle
Test Facility

DOE Joint Genome Institute

KBase

KSTAR

LLM
LLNL

ML
MPEX

NASEM

NIF
ORNL
PPPL
REE
SC
SCAC

STELLAR-AI

TBDP

TFTR
TRY&S
vvuQ
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DOE Systems Biology
Knowledgebase

Korea Superconducting Tokamak
Advanced Research

large language model

Lawrence Livermore
National Laboratory

machine learning

Material Plasma Exposure
eXperiment

National Academies of Sciences,
Engineering, and Medicine

National Ignition Facility

Oak Ridge National Laboratory
Princeton Plasma Physics Laboratory
rare-earth element

Office of Science

Office of Science Advisory
Committee

Simulation, Technology, and
Experiment Leveraging Learning-
Accelerated Research

Tritium-Blanket Development
Platform

Tokamak Fusion Test Reactor
titer, rate, yield, and scale

verification, validation, and
uncertainty quantification
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