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1. EXECUTIVE SUMMARY

“Intelligent” digital twins (iDTs) [1], integrating artificial intelligence (AI) and machine
learning (ML) into traditional digital twin frameworks offer unprecedented potential to accelerate
scientific discovery and technological innovation. By creating high-fidelity virtual replicas of
complex systems, iDTs can enable rapid iteration, optimization, and testing of ideas in a low-risk
virtual environment, allowing researchers to explore vast multi-dimensional parameter spaces,
identify complex interdependencies, and make data-driven decisions at a pace and scale not
possible with traditional methods alone. As the United States seeks to maintain its leadership in
science and technology, the development of a national strategy for Al-enhanced digital twins is
crucial.

To capitalize on the rapid pace of Al innovation and evolving iDT capabilities, we recommend
the immediate initiation of domain-specific iDT pilot programs with clear objective outcomes.
These pilots should adopt a "Fail Fast" approach, prioritizing swift deployment, iterative
refinement, and continuous learning. Critically, the funding and management framework for the
pilots must seamlessly integrate the three core pillars of advanced scientific computing—models,
data, and compute—with the domain-specific expertise found at, for example, Department of
Energy (DOE) user facilities. This integration is essential given the intrinsically interconnected
nature of models, data, and compute in iDTs, where the computing spans from edge systems at the
user facility to leadership-class computing centers nationwide, and where latency requirements are
crucial for linking virtual and physical systems. This aligns with the recent DOE Advanced
Scientific Computing Research (ASCR) Advisory Committee recommendation [2] advocating for
innovative governance and funding models to prepare for a future where DOE user facilities are
intimately linked with national computing and data facilities, enabling real-time decision making
in control rooms and accelerating scientific breakthroughs.

Recent advancements in Al for both magnetic and inertial fusion energy (MFE/IFE), coupled
with successful proof of concept (POC) demonstrations, underscore the immense potential of iDTs
in fusion research. Given fusion energy's recent technical breakthroughs, its substantial economic
and societal promise, the success of early POCs, and the White House Bold Decadal Vision [3] for
fusion energy development, fusion stands out as an ideal candidate for a national iDT pilot
program. By enabling rapid, cost-effective iteration, risk mitigation, and Al-driven discovery,
iDTs could significantly accelerate timelines, reduce costs, and increase the probability of
successfully achieving commercial fusion energy. The proposed pilot would aim to develop a high-
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performing iDT, tightly integrated with facility operations, combine high-fidelity Al models with
live data streams, enabling bi-directional, low-latency interactions between the digital and physical
realms. The iDT would continuously update its models based on real-time inputs, allowing for
timely analysis, prediction, and optimization of fusion facility operations. To realize the
transformative potential of iDTs in science and technology, we recommend the following actions:
¢ Implement a domain-specific iDT pilot program prioritizing rapid prototyping, iterative
development, and continuous learning. Pilots must adopt a "Fail Fast" approach, have
clearly defined objectives and integrated management for models, compute, and data.

e Launch a national flagship initiative to develop a comprehensive fusion iDT, building
upon recent POCs in MFE and IFE, and integrated with experimental facilities to support
the White House's Bold Decadal Vision for fusion energy.

e Fund multi-disciplinary teams comprising domain science, computational, and data
science experts. These integrated teams will ensure the agile development of iDTs.

This request for information (RFI) response describes the rationale for a national strategy that
focuses on domain-specific multi-disciplinary iDT pilots for the realization of fusion energy.

2. THE FUSION ENERGY CHALLENGE AND DIGITAL TWIN OPPORTUNITY

Fusion energy stands at the forefront of humanity's quest for sustainable, clean power, offering
a potential solution to the pressing challenges of climate change and global energy demand. Recent
breakthrough achievements in both inertial and magnetic confinement fusion have reignited
enthusiasm for this transformative technology. The National Ignition Facility's (NIF’s)
demonstration of fusion ignition [4], and the sustained high-performance conditions in magnetic
confinement systems [5], mark significant milestones in the field. These advancements have
catalyzed unprecedented growth in the private fusion industry [6], with $6B invested in numerous
startups now racing to commercialize fusion energy. Recognizing the momentum, the United
States government has put forth a bold decadal vision for fusion energy development, aiming to
demonstrate commercial viability within the next decade. This ambitious goal underscores the
critical role of the government in fostering innovation, supporting basic and translational research
[7], and creating a regulatory framework for this emerging industry. As we stand on the cusp of a
new era in energy production, the development of comprehensive iDTs for fusion systems emerges
as a key enabler, promising to accelerate progress in this complex, multidisciplinary endeavor.

The National Academies of Science, Engineering, and Medicine (National Academies) study
on burning plasma science [8] highlights several critical challenges in achieving commercially
viable fusion energy. These include maintaining plasma confinement and stability, managing heat
and particle exhaust, developing fusion-compatible materials, and integrating complex systems for
continuous operation. Importantly, the report emphasizes the need for accelerated learning cycles
and improved predictive capabilities. iDTs integrated with a performant data platform (see high-
performance data facility progress [9]) and advanced computing capability (see integrated research
infrastructure development [10]) offer a powerful approach to address these challenges and
accelerate progress towards fusion energy.

The iDTs have the potential to dramatically accelerate the development of commercial fusion
energy by revolutionizing the design, testing, and optimization processes. They enable rapid, cost-
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effective iteration of reactor designs in a low-risk environment, while integrating operations,
maintenance, and control into the design process, potentially reducing cost and risk in developing
and operating physical systems. These virtual environments allow for the exploration of vast
parameter spaces and parallel testing of multiple design variants, potentially accelerating
development cycles and increasing the number of design iterations. By enabling early
identification of design and potential operational issues, iDTs mitigate risks and reduce costs
associated with developing and operating physical systems. On existing facilities, they open up
possibilities for Al-driven discoveries of novel operating conditions and fusion configurations,
which can translate to improved reactor concepts. Collectively, these advantages can compress
decades of traditional fusion development into years, significantly reducing overall costs and
increasing the probability of success. This acceleration can be highly enabling for the commercial
development of fusion energy and the realization of the ambitious timeline set forth in the United
States government's decadal vision.

3. FUSION PILOT PROGRAM

The recent convergence of multiple technological advancements presents a unique opportunity
for rapidly advancing fusion iDT pilots. These advancements include the successful integration of
Al into real-time control systems, the seamless incorporation of leadership-class computing
capabilities into facility operations, and the development of community-driven data platforms that
facilitate data curation and efficient Al and ML model creation. The synergy of these cutting-edge
technologies provides the essential foundation for the rapid development of transformative fusion
iDTs.

MFE: MFE is fundamentally a continuous process of energy production, in contrast to IFE,
which is fundamentally a discrete process of implosions occurring multiple times per second. To
fully grasp the role and impact of MFE iDTs, it is essential to consider the key stages of the MFE
lifecycle and the corresponding latency requirements for information flow between the virtual and
physical assets.

The MFE iDT must operate across multiple timescales, each with distinct latency requirements
(Fig. 1). For real-time control applications, the fastest timescale, latencies must be extremely low,
ranging from milliseconds to seconds. This enables rapid adjustments to plasma conditions and
machine parameters through edge computing, coupling sensor data with real-time inference
engines to predict future states and command actuator responses. On a longer timescale of minutes
to hours, the iDTs provide interpretive and predictive analysis to inform operations. This
intermediate timescale allows for more complex calculations and data processing at leadership-
class computing centers, guiding operational decision-making with advanced insights. For the
DIII-D National User Facility [11], this step is enabled through DOE’s Integrated Research
Infrastructure (IRI) operated by ASCR. Finally, for informing the design of future experiments or
facility upgrades, the iDTs operate on the longest timescale, with latencies of hours to days. This
extended timeframe enables comprehensive simulations and analyses to support long-term
planning and design optimization. It also allows for the development of advanced inference
engines, surrogate and “foundation models” that require significant time to optimize on high-
performance GPUs, as well as data platforms capable of processing information at scale. For the
DIII-D facility, this is enabled through the IRI and a fusion data platform (FDP) that we plan to
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integrate with DOE’s High Performance Data Facility (HPDF). This multi-tiered approach ensures
that the MFE iDT can address both immediate operational needs and long-term strategic goals in
fusion energy research and development.

Physical Twin Digital Twin latency requirements

Plasma Control

Data, Models & Al

Figure 1: Latency requirements for a fusion iDT

In the following, we illustrate key advances in each of these different time scales that form the
building blocks for integration into a performant MFE iDT.

Surrogate models for real-time control: A recent breakthrough in Al-driven real-time control
for fusion plasmas has been demonstrated on the KSTAR tokamak [12]. Researchers from
Princeton Plasma Physics Laboratory and collaborating institutions have developed an innovative
approach that combines ML with adaptive control techniques to optimize the performance of
tokamak fusion reactors. The study showcases a fully automated 3D-field optimization system that
successfully suppresses edge magnetic instabilities while significantly enhancing fusion
performance. By leveraging a ML surrogate model to rapidly calculate optimal magnetic field
configurations, the system achieves real-time adaptability at millisecond timescales (Fig. 2). This
approach led to remarkable improvements, including up to a 90% increase in fusion performance
metrics and near-complete elimination of magnetic instabilities. The research represents a
significant step towards realizing stable, high-performance fusion plasmas and demonstrates the
potential of Al-driven control systems surrogate models derived from high-fidelity simulations to
overcome long standing challenges in fusion energy development.
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Figure 2: ML based real-time optimization using 3D magnetic field surrogate model in the KSTAR
tokamak. [12]

Informing machine operations: In the minutes-to-hours timescale, the MFE iDT leverages
DOE’s IRI to rapidly perform complex calculations, such as neutral beam injection, ionization,
and their impact on material surfaces, as shown in Fig. 3 [13]. By utilizing the IRI, DIII-D—an
early IRI pathfinder—can seamlessly dispatch computations to high-performance computing
centers like the National Energy Research Scientific Computing Center, the Argonne Leadership
Computing Facility, and soon on the Oak Ridge Leadership Computing Facility, swiftly retrieve
results to support decision making in the control room. This advanced tool can be integrated with
other models, including surrogate and foundation models, to inform control room decisions on
operational issues by comparing simulations with real-time machine data. Foundation models
could provide a robust, pre-trained base for developing more specialized models for specific
fusion-related tasks, potentially accelerating the development of accurate predictive capabilities.
The combination of these capabilities with automated interpretive analysis between plasma pulses
[14] enables informed decision-making on experiments and optimization of operational plans. This
synergy of high-performance computing, advanced visualization, and Al-driven analysis
exemplifies how the iDT can revolutionize the efficiency and effectiveness of fusion
experimentation, allowing researchers to make timely data-driven decisions.
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Figure 3: Calculations of neutral beam injection (right to left), beam ionization profile (green)
and beam ion loss on tiles (red) inside the DIII-D vacuum vessel [13]

Long-term planning for experimental campaigns, upgrades, and new facilities: At the core of
a fusion iDT’s long-term planning capability is the development of a robust data platform that can
analyze experimental and simulation data at an unprecedented scale. An FDP developed for the
fusion research community is capable of handling several petabytes of data. This will expand
significantly when integrated with the DOE HPDF and coupled to leadership class computing
facilities through IRI. The platform's architecture enables the creation and refinement of AI/ML
models derived from vast simulation and experimental datasets, which can then be deployed in
real-time or between plasma pulses during operations to inform control room decisions. This could
include the development and fine-tuning of foundation models specifically for fusion applications,
leveraging the power of large-scale pre-training to enhance predictive capabilities across various
aspects of fusion research and operations. Leveraging the open science data federation for efficient
data distribution via caching, the platform maintains rigorous data provenance for all models, data,
and artifacts through the open-source Common Metadata Framework [14]. This comprehensive
approach to data management is absolutely essential for the iDT concept, as it provides a scalable
solution for managing the enormous volume of models and data inherent to iDT. These various
capabilities will form the backbone of a fusion iDT capacity for informed decision-making and
long-term strategic planning in fusion energy development.

MFE pilot: In this RFI response, we present a few of the recent advancements in fusion
research that lay a solid foundation for proceeding with confidence towards a fusion iDT pilot.
Several critical components have been successfully demonstrated: Al-driven real-time control
systems employing surrogate models of high-fidelity simulations used to suppress magnetic
instabilities and optimize plasma performance, advanced data platforms capable of managing
petabyte-scale experimental and simulation datasets, and the integration of national leadership
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class computing facilities for rapid between-pulse and long-term planning. These achievements,
coupled with progress in simulation capabilities and visualization tools, provide a strong basis for
embarking on a comprehensive iDT pilot. The fusion iDT pilot will build upon these proven
capabilities, aiming to create a scalable, integrated framework that enhances our understanding,
control and optimization of fusion systems from millisecond-scale control to campaign-level
planning. This ambitious initiative represents a crucial next step in leveraging advanced computing
and Al technologies to accelerate progress towards practical fusion energy.

IFE/IFT pilot: TFE provides a valuable complement to MFE for iDT development. IFE is
fundamentally a batch-wise operation — making use of discrete implosions at multiple times per
second. This contrasts with MFE, where operations are continuous. The complementary challenges
introduced by this mode of operation provide a fertile ground for developing additional dimensions
of iDTs and for further refining those dimensions that are shared with MFE.

IFE iDTs will make meaningful impact in three critical and interrelated stages of the IFE
lifecycle. First, an iDT will provide critical information for target manufacturing operations. iDT
of advanced and precision manufacturing processes will serve as a critical technology to reach
production rates commensurate with the operation of an IFE reactor, or about 10 hertz in most
applications. The iDT will ingest real-world metrology for targets in-situ, that is during the
production process. This will produce a living in-silico copy of the target as it is being created.
The iDT will present the in-silico target to a predictive model that can evaluate defects in real-
time. That predictive capability can then assess the impact of observed defects while designing the
mitigating “anti-defect” in real-time to be applied to the production job, such as in the next pass
of a direct ink write printer. The two-way communication enabled by the iDT in this production
example will enable high-throughput and high-quality operations required for future IFE power
production. It will also deliver extensively metrologized targets and their iDT analogs for custom
operation facilities to optimally match fusion driver execution with the particulars of the target
being imploded at the current moment, thereby adding additional robustness to the operational
cycle. Projects on iDT for in-situ metrology and real-time decision making are currently underway,
paving the way for rapid expansion of the capability in the immediate future.

Second, the IFE iDT will require a strong and reliable predictive capability. It must be able to
confidently predict what will happen to the physical twin of the system (the operating reactor and
target system) based on the iDT (the simulated operations). Models have already been developed
for inertial confinement fusion efforts at NIF. NIF researchers built Al-driven models of
implosions using the combination of high-fidelity physics models (simulation codes) and
experimental observations (actual implosion measurements). The resultant model successfully
predicted ignition (the production of more fusion energy than used in the driving laser) for the first
time and for the half-dozen subsequent successful events. Such a model is a critical component for
ensuring two-way coupling of an iDT between the digital and physical world. It allows for real-
time updating of model expectations that are both consistent with physical theory, but also accurate
about observations in complex, evolving systems. This predictive capability will allow the iDT to
“understand” the impacts of operational changes in the real-world system.

Finally, the ultimate goal of an iDT is to allow for optimal reasoning about a physical system
based on the safer, cheaper, and faster digital model. For IFE, the iDT provides a route to full
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closed-loop or “self-driving” reactor operations. As presented here, the coupling of knowledge
from an advanced target manufacturing system with a real-world-aware predictive model allows
for optimal operation of facilities. For example, an iDT could perform rapid optimization of the
fusion driver, such as a shaped laser pulse, to accommodate the particular target (and all of its
individual defects and measurements) being fired in the reactor at the current moment.

4. EMERGING PUBLIC PRIVATE ECOSYSTEM FOR FUSION ENERGY

Scientific user facilities are the flagship of the DOE Office of Science ecosystem, advancing
the frontiers of science, training the future high-tech workforce, and enhancing United States
economic competitiveness. The rapid rise of the fusion industry, with recent investments
exceeding $6 billion in MFE and IFE, and its growing engagement with national facilities like the
DIII-D tokamak [11], underscores the critical role of public-private partnerships in developing a
robust fusion ecosystem.

The creation of an iDT to support science and operations on DOE fusion facilities will provide
a crucial link in achieving the bold decadal vision for fusion energy. Established world-leading Al
companies, like Google DeepMind, are already engaged in Al research for fusion energy, along
with many early-stage companies developing the underlying technologies needed for realizing
commercial viability. Initiating a fusion iDT pilot program will further strengthen the synergy
between national research activities and industry, both in the fusion technology and IT industries.

Recent DOE initiatives, such as the FIRE collaboratives for translational research, public-
private partnerships, and the emerging public private consortia, combined with a national priority
for a fusion iDT pilot and the DOE user facilities will accelerate fusion energy development,
strengthen United States leadership in the field, and foster innovation and technology transfer. By
bringing together industry, universities, and national laboratories, this pilot program will be
instrumental in realizing the potential of commercial fusion energy.

5. DIGITAL TWIN PILOT PROGRAM ELEMENTS

To fully realize the potential of iDTs, the Office of Science and Technology Policy should

consider the following key points in formulating a national policy for iDT development.

e Establish a cross-agency initiative for rapidly identifying high-impact iDT pilots, with
fusion energy as a flagship project within the DOE. Such a cross-agency initiative will
drive innovation across multiple fields while addressing critical national priorities, such as
energy security and climate change mitigation.

e Implement an integrated funding and management model that breaks down traditional
boundaries between domain sciences, computational sciences, and data sciences. This
model should ensure that iDT pilots work efficiently towards clearly defined objective
outcomes, avoid duplication of efforts and efficiently share progress and insights.

e Establish strategic partnerships among industry, national laboratories, and universities, on
the regional and national level, integrating sector and regional strengths to accelerate iDT
innovation, and enhance United States technological leadership and economic
competitiveness. Within the DOE Office of Fusion Energy Science, these partnerships can
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be enabled through the recently initiated FIRE collaborative program [15] for translational
research and the proposed public private consortium framework [16].

e Prioritize the development of a flexible, adaptable computing and data infrastructure to
support diverse iDT needs across domains. This infrastructure should be capable of
supporting the development of large-scale foundation models tailored for iDT applications.
DOE's IRI initiative aims to integrate edge computing at experimental facilities with
leadership-class computing centers, addressing iDT latency demands. NSF's National Al
Research Resource pilot uses cloud and on-premise infrastructure for large-scale Al. These
programs should be informed by requirements to support the development of an intelligent
twin for fusion.

e Invest in workforce development programs that cultivate the interdisciplinary skills
required for effective iDT development and utilization. The traditional silos of domain
science, computational science, and data science need to be bridged by an emerging
workforce that comfortably spans these disciplines. University partnerships in these pilot
programs can play an important role in cultivating a robust workforce pipeline.

e Establish guidelines for data sharing and interoperability standards to maximize the value
of iDTs across different science domains and sectors. Within the DOE, the establishment
of the HPDF will help to enable the development of such standards.

To accelerate the development of a functional iDT, the pilot program should adopt a "Fail Fast"
management model. This approach emphasizes rapid prototyping of small-scale components
within each functional area required for a complete DT. A crucial element of this strategy is the
early deployment of a minimum viable product (MVP). By prioritizing the release of an MVP
early in the development cycle, the project team can gather vital feedback from users at major
scientific facilities. This real-world user experience provides invaluable insights, guiding
subsequent development and enabling the team to swiftly iterate and refine the iDT capabilities.
Such an approach ensures that the project's trajectory and outcomes are continuously improved
from the earliest stages, maximizing the likelihood of success and accelerating the path to fully
functional, high-impact iDTs.

6. CONCLUSION

The development of iDTs represents a critical opportunity for the United States to maintain its
global leadership in science, technology, and innovation. As demonstrated by recent advancements
in fusion energy research, iDTs have the potential to dramatically accelerate progress in complex,
multidisciplinary fields of national importance.

To fully realize the potential of iDTs, we recommend the establishment of a cross-agency
initiative for identifying high-impact iDT pilots, with fusion energy as a flagship project. This
initiative should implement an integrated funding and management model that breaks down
traditional boundaries between domain, computational, and data sciences, ensuring efficient
progress towards clearly defined outcomes. The policy should invest in workforce development
programs to cultivate interdisciplinary skills, foster public-private partnerships to accelerate the
transition from research to commercial applications, and establish guidelines for data sharing and
interoperability standards.
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By implementing a coherent well-coordinated cross-agency initiative, the United States can
create a robust ecosystem for iDT development that will drive scientific discovery, technological
innovation, and economic growth. This forward-looking approach will position the nation at the
forefront of the next wave of scientific and technological advancements, ensuring continued
leadership in an increasingly competitive global digital landscape.
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