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Executive Summary

The formal start of the ITER project provides a unique vantage point from which to reflect
on the present and future of the U.S. magnetic fusion energy program. The construction and
operation of ITER will represent the fulfillment of a decades-long undertaking to
demonstrate the technical feasibility of fusion power, building on a remarkable period of
progress, scientific achievement and discovery. At the same time, it is clear that ITER will
not resolve all of the scientific and technical questions that remain on the road toward
practical fusion energy. For the U.S. to exploit the knowledge gained on ITER, it is
worthwhile to consider other research activities, to be carried out in parallel with and
following the ITER project. This report summarizes a six month study of opportunities
available to the program as it considers the path from ITER, toward Demo. It seeks to
answer the charge given to FESAC by undersecretary Orbach in March 2007.

“To assist planning for the ITER era, it is critical that FESAC identify the issues arising in a
path to DEMO, with ITER as a central part of that effort
1. Identify and prioritize the broad scientific and technical questions to be answered
prior to a DEMO.
2. Assess available means (inventory), including all existing and planned facilities
around the world, as well as theory and modeling, to address these questions.
3. Identify research gaps and how they may be addressed through new facility
concepts, theory and modeling.”

The charge assumed a fusion energy development scenario with a direct path from ITER to
Demo based on the tokamak and its low-aspect ratio and advanced variants. Stellarator
issues were also reviewed, as it is the next most developed concept and operates intrinsically
steady-state and without disruptions — two critical issues for the tokamak. The charge asked
for priorities, but did not ask for a review of the entire program. In particular, it did not ask
the panel to assess the research program necessary to make ITER and U.S. participation a
success, though it is clear that this is the top priority of the U.S. program. Other elements,
such as inertial confinement, were excluded and alternate magnetic concepts were
considered only to the extent that they could influence or facilitate, in a significant way, the
main-line sequence from ITER to Demo. The charge anticipated additional planning
activities that would consider specific major facilities and programs and include parts of the
program not within the scope of this one. Comparative judgments have not been made
between the activities covered in this report and those excluded from consideration.

The scope of this report extends over several decades, but the panel’s main intent is to
inform decisions about major next steps in the U.S. program. In the report, we hope to
provide the groundwork for those decisions, to lay out options and to place the near-term



research program into the context of long-term needs and directions. Long-term plans will
certainly be reviewed and revised many times before a fusion reactor is proposed. Finally,
while the charge is placed in an international context, it seeks avenues for U.S. leadership
and challenges our community to be ready for a Demo built in the U.S. if and when that
decision is made.

The panel sought to identify the scientific questions and technical challenges likely to
remain after the successful completion of current and planned research, including ITER, and
to formulate major research initiatives that could answer those questions and confront those
challenges. Consistent with the overall mission of the Office of Fusion Energy, the aim was
to outline new program elements that are required to provide the knowledge base to enable
an eventual step to Demo. In addressing the charge, the panel:

1) Identified 15 broad scientific questions, organized into three general themes
(Findings 1 and 2).

2) Prioritized these issues as to their importance for fusion energy, urgency and
generality (Finding 3)

3) Analyzed the full breadth of the world program including specific missions and
capabilities of major facilities (Finding 4)

4) Assessed U.S. strengths and opportunities (Finding 5)

5) Summarized gaps in our knowledge on a path to Demo (Finding 6)

6) Identified research activities that could fill the gaps (Chapter 4)

A full and detailed set of findings can be found in the following chapter. Technical backup
is provided in chapters 2-4.

The panel found that remarkable progress has been made by the program. The approach has
been based on developing the underlying scientific bases and a significant predictive
capability. It is worth quoting a passage from the recent NRC report, Plasma Science:
Advancing Knowledge in the National Interest, “The scientific opportunities in magnetic
fusion science are compelling, intellectually challenging, and a direct product of the
scientific focus of the U.S. magnetic fusion program over the past decade.” At the same time,
we recognize significant challenges that remain and have outlined those in this report. And
while the issues in front of us are at least as difficult as those that have been overcome, the
panel is optimistic about the prospects for resolving remaining issues, given adequate
resources.

As such, the panel recommends:

1) A long-term and detailed strategic plan should be developed and implemented as
soon as possible to meet the challenges identified in this report. The plan should
include metrics to prioritize research, scientific milestones to judge progress, and
should identify ways to educate and train a new generation of scientists.

2) The plan should recognize and address all scientific challenges of fusion energy
including fusion engineering, materials sciences and plasma physics.



3) Such a plan should include bold steps and encourage adoption of major new
initiatives or construction of new facilities in order to resolve scientific challenges.

4) The panel has identified 9 potential initiatives, ranging from targeted research on key
topics in fusion science and engineering to large, integrated plasma experiments

exploring aspects of the fusion reactor environment.

The detailed set of recommendations can be found in the following chapter.






Summary Of Findings And Recommendations

Findings

Charge 1 requires that we identify the broad scientific and technical questions that must be
answered before we are ready to proceed to Demo. Together, these questions should define
the challenges ahead and set the long-term research agenda for the U.S. In carrying out its
work, the panel reviewed all aspects of fusion systems that would be required for Demo,
attempted to identify all of the critical issues, then organized these into logical categories.
The panel also recognized a set of overarching issues, which were entwined with almost all
of the others and which, in many cases, explicitly or implicitly drive research in other areas.
The overarching issues describe necessary characteristics of an overall fusion system and
include availability, maintainability, reliability, economics and safety.

Finding 1. Achieving the required state of knowledge

The panel found that remarkable progress has been made by the program but
recognized that formidable challenges remain. While the issues in front of us are at
least as difficult as those that have been overcome, the panel is optimistic about the
prospects for resolving remaining issues, given adequate resources.

Finding 2. Broad scientific and technical questions

The panel identified a set of scientific and technical questions organized into three
broad themes. The themes were defined in terms of knowledge required prior to
Demo. In the definitions, we insist that the knowledge gained must be based on
sound scientific principles and rigorously tested in the laboratory so that the step to a
demonstration power reactor would be taken with high confidence of success.
Similarly, each question was accompanied by a concrete definition and substantial
backup detail (which can be found in chapter 2.) The particular decomposition and
organization of issues chosen is clearly not unique, but was designed to aid in
answering subsequent parts of the charge. The themes and questions identified were:

Theme A. Creating predictable high-performance steady-state plasmas: The state of
knowledge must be sufficient for the construction, with high confidence, of a device
that permits the creation of sustained plasmas that meet simultaneously, all the
conditions required for practical production of fusion energy.

1. Measurement: Make advances in sensor hardware, procedures and
algorithms for measurements of all necessary plasma quantities with
sufficient coverage and accuracy needed for the scientific mission, especially
plasma control.



2. Integration of high-performance, steady-state, burning plasmas: Create and
conduct research, on a routine basis, of high performance core, edge and
SOL plasmas in steady-state with the combined performance characteristics
required for Demo.

3. Validated Theory and Predictive Modeling: Through developments in
theory and modeling and careful comparison with experiments, develop a set
of computational models that are capable of predicting all important plasma
behavior in the regimes and geometries relevant for practical fusion energy.

4. Control: [Investigate and establish schemes for maintaining high-
performance, burning plasmas at a desired, multivariate operating point with
a specified accuracy for long periods, without disruption or other major
excursions. (Provision for sensors is included under issue 1 and for actuators
under issue 6.)

5. Off-normal Plasma Events: Understand the underlying physics and control
of high-performance magnetically confined plasmas sufficiently so that ‘off-
normal’ plasma operation, which could cause catastrophic failure of internal
components, can be avoided with high reliability and/or develop approaches
that allow the devices to tolerate some number or frequency of these events.
(Because of their implications and importance, these ’off-normal events’ are
called out separately from the control issues listed above).

6. Plasma Modification by Auxiliary Systems: Establish the physics and
engineering science of auxiliary systems that can provide power, particles,
current and rotation at the appropriate locations in the plasma at the
appropriate intensity.

7. Magnets: Understand the engineering and materials science needed to
provide economic, robust, reliable, maintainable magnets for plasma
confinement, stability and control.

Theme B. Taming the Plasma Material Interface: The state of knowledge must be
sufficient to design and build, with high confidence, robust material components that
interface the hot plasma in the presence of very high neutron fluences.

8. Plasma-Wall Interactions: Understand and control of all processes that
couple the plasma and nearby materials.

9. Plasma Facing Components: Understand the materials and processes that
can be used to design replaceable components that can survive the enormous
heat, plasma and neutron fluxes without degrading the performance of the
plasma or compromising the fuel cycle.
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10. RF Antennas, Launching Structures and Other Internal Components:
Establish the necessary understanding of plasma interactions, neutron
loading and materials to allow design of RF antennas and launchers, control
coils, final optics and any other diagnostic equipment that can survive and
function within the plasma vessel.

Theme C. Harnessing fusion power: The state of knowledge must be sufficient to
design and build, with high confidence, robust and reliable systems that can convert
fusion products to useful forms of energy in a reactor environment, including a self-
sufficient supply of tritium fuel.

11. Fusion Fuel Cycle: Learn and test how to manage the flow of tritium
throughout the entire plant, including breeding and recovery.

12. Power Extraction: Understand how to extract fusion power at
temperatures sufficiently high for efficient production of electricity or
hydrogen.

13. Materials Science in the Fusion Environment: Understand the basic
materials science for fusion breeding blankets, structural components,
plasma diagnostics and heating components in high neutron fluence areas.

14. Safety: Demonstrate the safety and environmental potential of fusion
power to preclude the technical need for a public evacuation plan, and to
minimize the environmental burdens of radioactive waste, mixed waste, or
chemically toxic waste for future generations.

15. Reliability, Availability, Maintainability and Inspectability: Demonstrate
the productive capacity of fusion power and validate economic assumptions
about plant operations by rivaling other electrical energy production
technologies.

The first charge also asked for prioritization of the issues that had been identified. While not
defining precisely what was meant by the term, it seems clear that the charge was seeking
guidance on which areas would benefit most from additional emphasis or investment. As
the panel developed the list of issues, it was clear that none were unimportant and that all
would have to be resolved eventually. Thus it is crucial for readers to understand that the
panel’s judgments on priorities should not be taken as a recommendation to abandon certain
broad lines of research. Rather, they are meant to inform decisions concerning which areas
to stress now. Some level of research will be needed in all key areas to ensure the
knowledge required for a step toward Demo is available.

Finding 3. Priorities

All the issues listed above must be addressed and resolved before Demo. What
distinguishes them is the timeline required to obtain answers, uncertainties about
which paths would lead to success and the amount of effort that will be needed. The
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panel notes the desire of program managers to maximize the speed with which
commercial fusion energy is attained, while minimizing overall risk within a realistic
budget. The aim of the prioritization is to provide guidance on which areas to stress
and the timing for the most productive investments, noting that some ongoing effort
is required in all of the areas identified. It is also important to note that since there
are many important interactions and couplings between the issues, they cannot be
addressed in complete isolation.

The panel ranked the issues using three criteria:

1. Importance: Importance for the fusion energy mission and the degree of
extrapolation from the current state of knowledge

2. Urgency: Based on level of activity required now and in the near future.
3. Generality: Degree to which resolution of the issue would be generic
across different designs or approaches for Demo.

After evaluation, the issues were grouped into three tiers, with the tiers defined to
suggest an overall judgment on the state of knowledge and the relative requirement
and timeliness for more intense research for each issue. The results of prioritization
were:

Tier 1: solution not in hand, major extrapolation from current state of
knowledge, need for qualitative improvements and substantial development
for both short and long term

Plasma Facing Components

Materials

Tier 2: solutions foreseen but not yet achieved, major extrapolation from
current state of knowledge, need for qualitative improvements and
substantial development for long term

Off -normal events

Fuel cycle

Plasma-wall interactions

Integrated, high performance burning plasmas

Power extraction

Theory and Predictive modeling

Measurement

Tier 3: solutions foreseen but not yet achieved, moderate extrapolation from
current state of knowledge, need for quantitative improvements and
substantial development for long term

RF launchers and other internal components

Plasma modification by auxiliary systems

Control

Safety and environment

Magnets
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To answer charge 2, the panel gathered information on the missions, capabilities and
schedules for current and planned programs, then evaluated U.S. strengths and opportunities
to contribute in each of the 14 broad areas. While it was clear that the international program
is very strong and that unnecessary duplication should be avoided, the panel felt that the
U.S. should not shrink from competing where we have the ability to make strong
contributions. We evaluated the U.S. position with respect to four questions. 1. What were
areas of current and historical U.S. strength or leadership? 2. In what areas was the U.S. in
greatest danger of losing leadership or competitiveness given current trends? 3. What were
areas where the U.S. had an opportunity to sustain leadership by strategic investment? 4. In
what areas could the U.S. gain leadership by making significant new investments?

Finding 4. Scope of world program

The panel noted that the issues identified in this report were widely recognized in the
domestic and international fusion programs, providing ample opportunities to
collaborate on their resolution. However, the U.S. fraction of the world program is
decreasing and the ability to partner effectively or to compete for leadership may be
threatened in the future without adequate U.S. investment.

Finding 5. U.S. Strengths and opportunities
The panel assessed current U.S. strength and tried to identify areas where additional
investment would be most effective with respect to the international program.

a) In evaluating areas of current strength, the panel felt that the U.S. could claim
leadership in:
Measurement
Theory and Predictive modeling
Control
b) That the U.S. was strongly competitive in:
Plasma wall interactions
Integrated, sustained, high-performance plasmas
Safety/environment
c) That the U.S. was at risk of losing leadership or competitiveness in many areas,
particularly:
Measurement
Control
Antennas and launchers
Materials
Integrated, sustained, high-performance plasmas
Plasma-wall interactions and Plasma facing components
Safety
Magnets
d) That there were areas where investment could sustain strength:
Measurement
Theory and Predictive modeling
Control
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Plasma-wall interactions

e) That investment could provide new opportunities for U.S. leadership in:
Plasma facing components
Materials

f) That while there are major world research efforts to avoid off-normal plasma
events in tokamaks, U.S. strengths in three-dimensional physics and modeling
provide an opportunity for an alternate resolution of this issue via exploitation of
quasi-symmetric helical shaping.

g) That there was, nonetheless, a need to maintain core competencies in all relevant
areas. Clearly the U.S. will be working with and relying on foreign programs for the
foreseeable future, however, maintaining some level of core competency in all areas
is a prerequisite for effective partnership and a necessity if the U.S. is to build the
knowledge base for a step to Demo.

As the set of broad questions was developed in response to the first part of the charge,
considerable detail was amassed concerning the scientific and technical issues that will need
to be addressed and the extrapolation required from the current state of knowledge. To
address charge 3, these finer-scale issues were considered in light of existing and planned
programs and a fine-granularity set of gaps was compiled. This list represents gaps in our
knowledge that are likely to remain, with some reasonable probability, even after
completion of the world-wide research program that is currently underway or in the pipeline.
Success for the basic ITER mission was assumed, but it is not possible, of course, to predict
with certainty, the results of scientific research, so this assessment represents only the best
guesses and judgments of the panel.

Finding 6. Evaluation of current and planned programs and summary of gaps
By considering extrapolations in our scientific and technical understanding and in
machine performance in all of the identified areas, and comparing these against the
research plans in current and planned programs, the panel derived a set of gaps in our
knowledge base that would likely remain when all of these programs were complete.
(Details for this analysis can be found in chapters 2, 3 and 4.) The gaps were first
compiled at a fine level of granularity (section 4b) then consolidated into 15
categories. These areas are similar, but not identical, to the list of scientific
questions found in chapter 2, however there is a crucial distinction between the two
sets. The consolidated gaps have been heavily filtered by considering expected
progress, leaving a smaller subset of each original issue. This difference can only be
fully appreciated by carefully reading section 4d, which summarizes the residual
issues in each category. The most significant gaps were:

G-1. Sufficient understanding of all areas of the underlying plasma physics to
predict the performance and optimize the design and operation of future
devices.  Areas likely to require additional research include turbulent
transport and multi-scale, multi-physics coupling.
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G-2. Demonstration of integrated, steady-state, high-performance (advanced)
burning plasmas, including first wall and divertor interactions. The main
challenge is combining high fusion gain with the strategies needed for steady-
state operation.

G-3. Diagnostic techniques suitable for control of steady-state advanced
burning plasmas that are compatible with the nuclear environment of a
reactor. The principle gap here is in developing measurement techniques that
can be used in the hostile environment of a fusion reactor.

G-4. Control strategies for high-performance burning plasmas, running near
operating limits, with auxiliary systems providing only a small fraction of the
heating power and current drive. Innovative strategies will be required to
implement control in high-Q burning plasma where almost all of the power
and the current drive is generated by the plasma itself.

G-5. Ability to predict and avoid, or detect and mitigate, off-normal plasma
events that could challenge the integrity of fusion devices.

G-6. Sufficient understanding of alternative magnetic configurations that
have the ability to operate in steady-state without off-normal plasma events.
These must demonstrate, through theory and experiment, that they can meet
the performance requirements to extrapolate to a reactor and that they are free
from off-normal events or other phenomena that would lower their
availability or suitability for fusion power applications.

G-7. Integrated understanding of RF launching structures and wave coupling
for scenarios suitable for Demo and compatible with the nuclear and plasma
environment. The stresses on launching structures for ICRH or LHCD in a
high radiation, high heat-flux environment will require designs that are less
than optimal from the point of view of wave physics and that may require
development of new RF techniques, new materials and new cooling strategies.

G-8. The knowledge base required to model and build low and high-
temperature superconducting magnet systems that provide robust, cost-
effective magnets (at higher fields if required).

G-9. Sufficient understanding of all plasma-wall interactions necessary to
predict the environment for, and behavior of, plasma facing and other internal
components for Demo conditions. The science underlying the interaction of
plasma and material needs to be significantly strengthened to allow
prediction of erosion and re-deposition rates, tritium retention, dust
production and damage to the first wall.

G-10. Understanding of the use of low activation solid and liquid materials,
joining technologies and cooling strategies sufficient to design robust first-
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wall and divertor components in a high heat flux, steady-state nuclear
environment. Particularly challenging issues will include tritium permeation
and retention, embrittlement and loss of heat conduction.

G-11. Understanding the elements of the complete fuel cycle, particularly
efficient trittum breeding, retention, recovery and separation in vessel
components.

G-12. An engineering science base for the effective removal of heat at high
temperatures from first wall and breeding components in the fusion
environment.

G-13. Understanding the evolving properties of low activation materials in
the fusion environment relevant for structural and first wall components. This
will include the effects of materials chemistry and tritium permeation at high-
temperatures. Important properties like dimensional stability, phase stability,
thermal conductivity, fracture toughness, yield strength and ductility must be
characterized as a function of neutron bombardment at very high levels of
atomic displacement with concomitant high levels of transmutant helium and
hydrogen.

G-14. The knowledge base for fusion systems sufficient to guarantee safety
over the plant life cycle - including licensing and commissioning, normal
operation, off-normal events and decommissioning/disposal.

G-15. The knowledge base for efficient maintainability of in-vessel
components to guarantee the availability goals of Demo are achievable.

Finding 7. Mitigation of programmatic risks through breadth of program
including international collaboration

The principle strategy to mitigate risk is to implement a sufficiently broad program
so that alternative approaches or technologies are available at each step. Any
research program, no matter how carefully planned may not provide the information
or knowledge at the time it is needed to take the next logical step in development.
One goal of a strategic plan for fusion would be to maximize the chance that the
required information is available by providing deep scientific foundations for the
necessary disciplines and by pursuing multiple research paths where uncertainties are
greatest. It is clear that there is a direct trade-off between risks and costs and that
budgets will always require making choices about which lines of research to follow.
One important set of choices for the U.S. program involves deciding which issues to
address through international collaboration and which to take on itself.

Finding 8. Importance of maintaining support for ITER

Success on ITER must be the overall top priority for the fusion program. While
considering the recommendations in this report, the panel reiterates the importance
of maintaining support for ITER within its domestic program.
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Recommendations

The panel wanted to go on record as supporting the development of a comprehensive
strategic plan for MFE and encouraged the bold new vision that is implicit in the charge. It
was also apparent to the panel, that fundamental physical sciences research will be required
to answer the challenges contained in areas traditionally designated as “technology”. The
panel urges that these areas not be overlooked in future planning exercises. These areas are
also critical as enablers of fusion plasma research as they expand options for design of new
experiments.

Recommendation 1. A long-term strategic plan should be developed and
implemented as soon as possible to begin addressing the gaps identified in this
report.

Such a plan should include metrics to prioritize research areas, scientific milestones
to judge the progress, and should identify means to educate and train a new
generation of scientists.

Recommendation 2. Such a strategic plan should recognize and address all
scientific challenges of fusion energy including fusion engineering, materials
sciences and plasma physics.

It is clear from the identification of issues, priorities and gaps that there are many
important scientific questions that are not directly or entirely related to plasma
physics. Well before we are prepared for the step to Demo, a comprehensive
research program will be needed to answer these questions. Of particular importance
would be ongoing research to explore innovative approaches in many areas. The
fusion program can’t wait until the detailed design of new experiments has begun,
since options must be available as plans are formulated.

Recommendation 3. A long-term strategic plan needs to include bold steps

The panel encourages the adoption of new initiatives or the construction of new
facilities that are vital in filling the gaps identified in this report and that can hold
their own in the international arena.

To complete work on charge 3, the panel derived a lengthy set of “mission elements” from
the compilation of gaps. These are research activities, usually many more than one per gap,
which could provide the required knowledge base. From these, a set of major initiatives is
proposed, each representing an opportunity, with appropriate investment, for U.S. leadership
in the world program. Most could be carried out with substantial international collaboration,
or could be led by an international partner with substantial U.S. involvement. Each makes a
dominant contribution to at least one of the identified gaps and typically secondary
contributions to several others. A sense of the priority of each initiative can be gained by
considering the priorities of the issues that are addressed.

In some cases more than one initiative is listed to address a particular gap. For example, a
major effort to enhance the advanced tokamak program on ITER has a similar goal as a new
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major facility aimed at investigating the same science. Only one of these would be
necessary, in our judgment, to provide the information required to go forward with a Demo
based on AT physics. The choice between the alternatives would be based on technical,
political and economic factors. It may be also possible or desirable to combine the missions
of two or more of the facilities listed below into a single, larger initiative, though only after
careful consideration of costs and benefits. The potential for each initiative to fill identified
gaps is summarized in figure 1.

Recommendation 4. The development of a long-term strategic plan should
include careful consideration of the following nine major initiatives. [note these
are not listed in priority order]

I-1. Initiative toward predictive plasma modeling and validation
This activity describes a coordinated program that would combine major
advances in theory based plasma simulations, especially multi-scale, multi-
physics issues combined with a vigorous effort to validate these models
against large and small-scale experiments. A critical element would be the
development and deployment of new measurement techniques.

I-2. Extensions to ITER AT capabilities
This initiative would entail new or enhanced drivers (heating, current drive,
etc.), control tools and diagnostics capable of carrying out a comprehensive
AT physics program. The aim would be to achieve an understanding of
burning AT regimes sufficient to base Demo on.

I-3. Integrated advanced burning physics demonstration
This facility would be a dedicated sustained, high-performance burning
plasma experiment with a goal to achieve an understanding sufficient to base
Demo on. It is predicated on the condition that extensions to the ITER AT
program and predictive understanding from the international superconducting
tokamaks will not achieve an understanding sufficient for extrapolation to
Demo.

I-4. Integrated experiment for plasma wall interactions and plasma facing
components
This very-long pulse or steady-state confinement experiment would perform
research on plasma wall interactions and plasma facing components in a non-
DT integrated facility. It would attempt to duplicate and study, as closely as
possible, all of the issues and (non-nuclear) problems that PWI/PFCs would
face in a reactor.

I-5. Advanced experiment in disruption-free concepts
This would be a performance extension device for a concept that had
demonstrated promise for fusion applications by projecting to high
performance and efficient steady state, and which was significantly less
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susceptible to off-normal events compared to a tokamak. A stellarator would
be the mostly likely candidate for such a facility.

I-6. Engineering and materials physics modeling and experimental validation

initiative
This would be a coordinated and comprehensive research program consisting
of advanced computer modeling and laboratory testing aimed at establishing
the single-effects science for major fusion technology issues, including
materials, plasma-wall interactions, plasma-facing components, joining
technologies, super-conducting magnets, tritium breeding, RF and fueling
systems.

I-7. Materials qualification facility
This initiative would involve testing and qualification of low-activation
materials by intense neutron bombardment. The facility generally associated
with this mission is the International Fusion Materials Irradiation Facility
(IFMIF). The potential for alternative irradiation facilities to reduce or
possibly eliminate the need for the US to participate as a full partner in
IFMIF needs to be assessed.

I-8. Component development and testing program
This would entail coordinated research and development for multi-effect
issues in critical technology areas. Examples are breeding/blanket modules
and first wall components but this initiative could include other important
components like magnet systems or RF launchers. This program would most
likely be carried out as enabling research in direct preparation and support of
planned nuclear fusion facilities such as ITER, CTF or Demo.

I-9. Component qualification facility
This facility is aimed at testing and validating plasma and nuclear
technologies in a high availability, high heat flux, high neutron fluence DT
device. It would qualify components for Demo and establish the basis for
licensing. In fusion energy development plans, this machine is called a
Component Test Facility (CTF).
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Chapter 1 Introduction and Background

1.a. Discussion of Charge

With the approval of ITER, the magnetic fusion program has entered an exciting new era
in which scientific and technological progress, gained over long years of research, will be
brought to fruition. At the same time, it is understood that ITER will not resolve all of the
issues in front of us. In this context, FESAC has been charged to identify gaps still
remaining in the international program and major program elements which could
augment existing and planned activities in building the knowledge base required for
fusion energy. The relevant portion of the charge letter reads:

“To assist planning for the ITER era, it is critical that FESAC identify the issues arising
in a path to Demo, with ITER as a central part of that effort”
1. Identify and prioritize the broad scientific and technical questions to be
answered prior to a Demo.
2. Assess available means (inventory), including all existing and planned facilities
around the world, as well as theory and modeling, to address these questions.
3. Identify research gaps and how they may be addressed through new facility
concepts, theory and modeling.”

These questions ask in effect, “what do we need to learn and what do we need to do,
aside from ITER and other current programs, so that we would be prepared to take the
step to Demo?”  This is not an exercise in designing or planning Demo, but in
identifying the knowledge base that Demo would be based on and outlining the research
program necessary to obtain it. It is understood that the panel’s efforts are meant
primarily to inform near-term decisions about major next steps in the U.S. program.
Long-term plans will certainly be revisited many times before a fusion reactor is
proposed. However, in taking the next step, it is prudent to consider the entire path.
Finally, while the charge is placed in an international context, it seeks opportunities for
U.S. leadership and challenges the program to be ready for a Demo built in the U.S. if
and when that decision comes from policy makers. The panel viewed this as an
opportunity to expand our vision for the fusion program and to look toward a future
where the U.S. is at the forefront of this critical and exciting field.

1.b. Scope of the Panel’s Work

In discussions with program leaders from OFES and OSC, the scope and boundaries of
the charge were clarified. The charge was meant to cover a “mainline”, two-step
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approach to fusion with ITER followed by Demo as the major elements. In defining gaps
in the fusion research program, the panel assumes that ITER will successfully carry out
its burning plasma mission. Demo is intended as a pre-commercial, electricity-producing
reactor, demonstrating high availability and all relevant technologies and realizing the
environmental and safety features inherent in fusion. A more complete discussion of
Demo can be found below in section 1.d. The charge foresees no other reactor-scale
device intervening between ITER and Demo, though smaller, but still significant
facilities, may be required. The charge asks the panel to assume that ongoing and
planned research, including ITER, meet its basic objectives, but recognizes that these
programs, by themselves, will not provide answers to all the scientific and technological
questions that we face on the road to practical fusion energy. (Summaries of the missions,
capabilities and plans for major facilities and research projects in the international
program are detailed in chapter 3.)

While the charge asks for priorities, it does not ask for a review of the entire program. In
particular, it does not ask us to assess the research program necessary to make ITER and
U.S. participation in ITER a success, though it is clear that this is the top priority of the
U.S. program. (A committee of the Burning Plasma Organization is actively pursuing this
topic.) Other elements of the program are excluded by construction, for example inertial
confinement and alternate magnetic concepts are considered only to the extent that they
could influence or facilitate, in a significant way, the direct path from ITER to Demo.
We note that the charge anticipated additional planning activities that would cover parts
of the program not within the scope of this one. The panel carried out its prioritization in
this context and readers should not assume that any comparative judgments have been
made between the activities covered in this report and those excluded.

The charge does not request a new fusion roadmap or development plan, Where needed,
the panel assumed the program development pace to be given roughly by the FESAC
fusion development plan [1.1], modified by the delays in ITER approval and the start of
construction.  This ambitious schedule leads to an emphasis on the most developed
approaches, mainly involving the tokamak and its advanced and low-aspect ratio variants.
Stellarator issues were also reviewed, as it is the next most developed concept and
operates intrinsically steady-state and without disruptions — two critical issues for the
tokamak. Other magnetic configurations were discussed in so far as they have potential
for contributing to the main-line path, but under the assumptions of the charge, their
principle role would be to mitigate technical risk and provide possible improvements for
the next generation of fusion plants. While our attention was concentrated on more or less
conventional approaches, the panel was mindful that the program must be open to
opportunities for breakthroughs, for example in new concepts, materials or magnets,
which have the potential to change the landscape for fusion.

The charge was oriented toward “major” activities. In addition to possible new facilities,
the panel was asked to examine large-scale computational initiatives or other large
coherent programs that would be needed to answer critical questions.  The panel
restricted its attention to general missions, facility concepts and approaches and did not
review specific machine designs or proposals, neither were budgets explicitly considered.

22



1.c. Recent Planning Exercises and Reviews

The policy groundwork for the current direction of the U.S. program was set down in a
series of workshops [1.2,1.3], studies and reports from the NRC[1.4] and FESAC[1.5,1.6]
which all stressed the importance of burning-plasma research and recommended U.S.
participation in ITER. Preparing for ITER operation and carrying out its research
program will occupy a large part of the U.S. fusion community for several decades. In
this context, the major U.S. facilities have been reviewed [1.7] and found to have a solid
record of achievement, a strong foundation for our involvement in ITER and, given the
diminished budgets, a surprising level of leadership in many important areas. A
comprehensive assessment of scientific questions challenges laid out the technical
priorities and identified opportunities for future progress [1.8]. Most recently, an NRC
decadal study of plasma science heralded a “new era in magnetic fusion research”, built
on the start of ITER, and challenged the fusion program to begin long-term planning in
that circumstance [1.9]. It posed two questions for this exercise, the first concerned
preparation for the ITER research program and the second asked ‘“What science and
enabling technology must be developed to move beyond ITER to fusion-generated
electricity?”. This is precisely the question that the panel has attempted to address in this
report. In our own deliberations, we have been able to build on the solid foundation
provided by all of the previous studies noted here.

1.d Discussion of Demo and Characteristics

To answer the charge, the panel needed a working definition for Demo and an outline of
its characteristics. Given the time span, it was not possible or reasonable to try to predict
precisely how Demo would be implemented, thus we chose to use a broad definition to
ensure that the program does not foreclose options prematurely. In U.S. planning, Demo
is the last step before commercialization of fusion energy. Demo must provide power
producers with the confidence to invest in commercial fusion power plants, i.e.,
demonstrate that fusion is practical, reliable, economically competitive, and meets public
acceptance. In addition, Demo must operate reliably and safely on the power grid for
long periods of times (i.e., years) so that power producers gain operational experience.
(Further details on the U.S. vision for Demo and a comparison with the plans of our ITER
partners can be found in section 3.e of this report.)

The top level goals for the U.S. Demo were summarized in the FESAC fusion
development plan [1.1]:

Integration and Scalability to a Commercial Power Plant:
1. Use the physics and technology anticipated for the first generation of
commercial power plants as an integrated system
2. Be of sufficient size for confident scalability (>50%-75% of commercial).
Reliability
3. Demonstrate robotic or remote maintenance of fusion core.
4. Demonstrate routine operation with minimum number of unscheduled
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shutdowns per year.
5. Ultimately achieve an availability > 50% and extrapolate to commercially
desired levels.
Safety and Environmental Impact:
6. Not require an evacuation plan.
7. Generate only low-level waste.
8. Not disturb the public’s day-to-day activities.
9. Not expose workers to a higher risk than other power plants.
10. Demonstrate a closed tritium fuel cycle.
Economics:
11. Demonstrate that the cost of electricity from a commercial fusion power plant
will likely be competitive.

The panel noted that this definition of Demo is different than that used by some other
fusion programs in the world. In particular, the requirement that a U.S. Demo use and
demonstrate the same technologies that will be incorporated in a commercial power plant
is fundamental for enabling private investment. If the basic technologies are improved
following the Demo, they may require demonstration in a new Demo to reduce risk
before incorporation in a commercial plant. The differences between the U.S. and other
international fusion programs approach to Demo are discussed in Chapter 3.

1.e Approach Taken By Panel And Organization Of Report

The panel began by attempting to identify all the scientific and technical questions which
confront magnetic fusion research. We then consolidated these under three major themes
into a tractable set of high-level issues which would serve as the basis set for our
prioritization and gap analysis. We recognized that our particular organization of the
issues is not unique, but it was designed especially to be useful for the rest of our
activities. Chapter 2 carefully and concretely defines each issue, the extrapolations in
knowledge that each required and the important couplings between issues.  This
provided the common understanding for prioritization, which was carried out, in the first
place, using a well-defined set of criteria and scoring system. Further discussion was
needed to resolve discrepancies in scoring and to reach consensus. The inventory of
“available means” was straightforward. Chapter 3 presents an inventory of “available
means” to address these issues. It summarizes the mission, capabilities, schedule and
plans for each major facility as well as large computational initiatives, technology
programs, and test stands. For further perspective, it surveys the international plans for
fusion development. As far as possible we have relied on original sources. Using this
background, the anticipated gaps in our knowledge are analyzed in Chapter 4, including a
compilation of fine-scale gaps and activities or “mission-elements” which could fill the
gaps. The gaps were then combined into a smaller set of “significant” or major gaps and
the mission elements consolidated into a list of possible major initiatives facilities and
programs in chapter 5. The relationship between the gaps and initiatives is shown
graphically in figure 1. This provides, in effect, a menu from which a set of activities
which would fill all gaps could be chosen..
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Chapter 2 Scientific and Technical Questions on the
Road Toward Demo

2.a. Themes and Issues

Charge 1 requires that we identify the scientific and technical questions which must be
answered before we are ready to proceed to Demo. Together, these questions should
define the challenges ahead and set the long-term research agenda for the U.S.

The panel also recognized a set of overarching issues, which were entwined with most of
the others and which, in many cases, explicitly or implicitly drive research in other areas.
These issues describe necessary characteristics of an overall fusion system and include
availability, maintainability, reliability, economics and safety. The panel debated about
the treatment of these issues and decided, with the exception of safety, that they were best
thought of as aspects of the other issues and that treating them separately would diminish
their importance and impact. (It was felt that there were features of the safety and
environment issues that were sufficiently separable which warranted somewhat different
treatment.)

It was useful to organize the issues into three broad themes, which provided a narrative
framework into which specific issues fit and which helped to clarify the relationship
between issues. These themes have some commonality with those used by the FESAC
priorities panel but are not identical due to different emphases in the charges. The themes
were defined in terms of the knowledge that will need to be accumulated prior to Demo
and the use to which that knowledge would be put. In the definitions, we emphasize that
the knowledge gained must be based on sound scientific principles and rigorously tested
in the laboratory so that the step to a demonstration power reactor would be taken with
high confidence of success.

Theme A. Creating predictable high-performance steady-state plasmas

The state of knowledge must be sufficient for the construction, with high confidence, of a
device that permits the creation of sustained plasmas which meet simultaneously, all the
conditions required for practical production of fusion energy.

Theme B. Taming the Plasma Material Interface

The state of knowledge must be sufficient to design and build, with high confidence,
robust material components which interface the hot plasma in the presence of very high
neutron fluences.
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Theme C. Harnessing fusion power

The state of knowledge must be sufficient to design and build, with high confidence,
robust and reliable systems which can convert fusion products to useful forms of energy
in a reactor environment, including a self-sufficient supply of tritium fuel.

Identification of the issues began by compilation of a long list of outstanding questions
organized topically. After considerable discussion, these were consolidated into a shorter
list, at appropriate granularity, which could provide the basis set needed for prioritization
and gap analysis. This decomposition and organization of issues is clearly not unique, but
was designed to aid in answering subsequent parts of the charge. Concrete definitions
and detailed descriptions were written for each issue. This was crucial, since the precise
boundaries between related issues has a marked impact on the assessment of priorities.
Extrapolations from the current state of knowledge and device performance to the level
required for Demo were also identified. The detailed descriptions are included in section
2.b. below. The issues, sorted under their thematic headings are:

Theme A. Creating predictable high-performance steady-state plasmas

1. Measurement: Make advances in sensor hardware, procedures and algorithms
for measurements of all necessary plasma quantities with sufficient coverage and
accuracy needed for the scientific mission, especially plasma control.

2. Integration of high-performance, steady-state, burning plasmas: Create and
conduct research, on a routine basis, of high performance core, edge and SOL

plasmas in steady-state with the combined performance characteristics required
for Demo.

3. Validated Theory and Predictive Modeling: Through developments in theory
and modeling and careful comparison with experiments, develop a set of
computational models which are capable of predicting all important plasma
behavior in the regimes and geometries relevant for practical fusion energy.

4. Control: Investigate and establish schemes for maintaining high-performance,
burning plasmas at a desired, multivariate operating point with a specified
accuracy for long periods without disruption or other major excursions.
(Provision for sensors is included under issue 1 and for actuators under issue 6.)

5. Off-normal Plasma Events: Understand the underlying physics and control of
high-performance magnetically confined plasmas sufficiently so that ‘off-normal’
plasma operation, which could cause catastrophic failure of internal components,
can be avoided with high reliability and/or develop approaches that allow the
devices tolerate some number or frequency of these events. (Because of their
implications and importance, these ’off normal events’ are called out separately
from the control issues listed above).
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6. Plasma Modification by Auxiliary Systems: Establish the physics and
engineering science of auxiliary systems which can provide power, particles,
current and rotation at the appropriate locations in the plasma at the appropriate
intensity.

7. Magnets: Understand the engineering and materials science needed to provide
economic, robust, reliable, maintainable magnets for plasma confinement,
stability and control.

B. Taming the plasma material interface

8. Plasma-Wall Interactions: Understand and control of all processes which
couple the plasma and nearby materials.

9. Plasma Facing Components: Understand the materials and processes that can
be used to design replaceable components which can survive the enormous heat,
plasma and neutron fluxes without degrading the performance of the plasma or
compromising the fuel cycle.

10. RF Antennas, Launching Structures and Other Internal Components: Establish
the necessary understanding of plasma interactions, neutron loading and
materials to allow design of RF antennas and launchers, control coils, final optics
and any other diagnostic equipment which can survive and function within the
plasma vessel.

C. Harnessing fusion power

11. Fusion Fuel Cycle: Learn and test how to manage the flow of tritium
throughout the entire plant, including breeding and recovery.

12. Power Extraction: Understand how to extract fusion power at temperatures
sufficiently high for efficient production of electricity or hydrogen.

13. Materials Science in the Fusion Environment: Understand the basic materials
science for fusion breeding blankets, structural components, plasma diagnostics
and heating components in high neutron fluence areas.

14. Safety: Demonstrate the safety and environmental potential of fusion power:
to preclude the technical need for a public evacuation plan, and to minimize the
environmental burdens of radioactive waste, mixed waste, or chemically toxic
waste for future generations.

15. Reliability, Availability, Maintainability, Inspectability: Demonstrate the

productive capacity of fusion power and validate economic assumptions about
plant operations by rivaling other electrical energy production technologies.
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2.b. Detailed Discussion of the Issues

2.b.1. Measurement: Make advances in sensor hardware, procedures and algorithms for
measurements of all necessary plasma quantities with sufficient coverage and accuracy
needed for the scientific mission, especially plasma control.

Measurement capability is essential to the development of plasma science and fusion
power. Progress toward the development of predictive physical models and validated
computer simulations is paced by deployment of innovative plasma diagnostics. The
ability to measure quantities that characterize the plasma-material interface is also
required to help specify material properties able to withstand a fusion environment. The
long term control and stability of fusion plasmas depends on robust diagnostics that
provide a continuous stream of reliable and detailed information. Although measurement
capability is mature for existing experimental facilities, significant gaps remain in the
coverage of desired measurements and in the development of measurement capability
within a nuclear burning plasma environment. Four sub-issues describing measurement
capability are described below.

a. Diagnostic Capability (adequacy of measurements for achieving predictive
understanding and plasma control)

The understanding of fusion plasmas is advancing rapidly, building on improvements in
theory, applied math and powerful codes, combined with the development of diagnostics
able to measure a wide range of plasma quantities. A significant portion of effort and
funding, at every magnetic confinement facility, is devoted to the development and
deployment of diagnostics. Some measurements remain extremely difficult and relatively
rare, yet vital to the development of predictive fusion science. Perhaps most notable in
this category are detailed measurements of plasma fluctuations in the frequency and
wavelength range important for turbulent transport.

The science of plasma control has also advanced greatly. Many of the high performance
configurations that would maximize the attractiveness of a fusion power source have
stringent requirements on quantities such as the plasma shape and profiles for the plasma
pressure and current. Controlling such plasmas in steady-state, including avoidance and
mitigation of off-normal transients, is increasing important. The quantities that need to be
measured are mostly known, and future development needs focus more on providing a
robust, high quality data stream to interface with actuators that directly influence plasma
quantities.

Extrapolation: A reasonable understanding of the desired measurements is already in
hand. The existing and planned low-neutron facilities are or will be substantially
diagnosed. Measurements that directly identify turbulent transport mechanisms are
notably rare and challenging; most measure density fluctuations only while
measurements of other fluctuating fields, such ion or electron temperature and potential
would be invaluable in making comparison with theory. Many established diagnostic
techniques will not work in a burning plasma (nuclear) environment. Hence substantial
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development of diagnostics suitable for a Demo environment must ensue, as described
below.

b. Diagnostic compatibility in nuclear environment

Many of the diagnostics presently employed will be unavailable or much more difficult in
Demo. These issues are already exposed in the diagnostics planned for ITER. For
example, ITER (and Demo) will not have neutral beams that penetrate deeply into the
plasma. Measurements that are enabled by beam-plasma interactions will therefore be
limited or unavailable. If new techniques are not developed to provide equivalent
measurements, the advanced tokamak program on ITER could be seriously hampered by
lack of vital pressure and current profile information. This could limit the ability to
control the plasma in advanced, high performance modes of operation.

These issues are accentuated in Demo. Generally it is believed there will be less access to
the plasma, while at the same time control of profiles, monitoring of material erosion,
accounting for tritium inventory, etc. will be essential. The neutron fluence in Demo will
be several-fold larger than in ITER, restricting material choices for nearby diagnostics
components. Like many other components, diagnostics will need to be remotely
maintainable. The robustness of the measurements will need to be greater than presently
achieved in order to maintain plasma control over long periods of time.

Extrapolation: Many existing diagnostic techniques are not compatible with an intense
nuclear environment. The neutron fluence will be much larger in Demo than ITER. The
ITER diagnostic set is currently not adequate for the plasma control envisioned in
advanced tokamak regimes. New diagnostics will be required for the plasma-boundary
interface, and for monitoring tritium inventory.

c. In situ, long term calibration and testing

The continuous operation of Demo demands a degree of measurement robustness that has
not been required to date. Not only does the data need to be continually reliable, but a
gradual change in the instrumentation physical characteristics from neutron and radiation
damage must be accounted for. At the same time, the near steady-state operation of the
device will limit access to diagnostic hardware and its ability to operate during diagnostic
maintenance.

Extrapolation: There is limited experience in this area (it has not been a major issue so
far). Accounting for continual damage and degradation of optical and electrical
components will be essential. New calibration and testing approaches will be needed that
do not rely on substantial “off-line” access, both in the amount of time available and in
hands-on accessibility (remote maintenance required).

d. Interpretation and analysis
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Many plasma diagnostics are easy to interpret, while others required sophisticated
analysis to glean important measurement information. The fusion community includes
many experts in data analysis. Looking to the future, the main challenge will be providing
this information in real-time with high reliability. This may be more a technical issue as
opposed to a conceptual issue.

Coupling measurements more closely to validated predictive fusion science might enable
a reduction in diagnostic coverage and analysis requirements. This is important given the
likelihood for reduced diagnostic access in Demo.

Extrapolation: There is a great deal of established experience and expertise for data
interpretation and analysis in the fusion program. Future requirements will stress steady-
state, real-time analysis for control with an extremely high degree of reliability. There
may be a need for more sophisticated modeling as a part of measurement analysis,
particularly if diagnostic access is more limited in ITER and Demo.

Associated coupling and integration issues:
— measurement requirements for validation of predictive fusion science
— measurement requirements for robust, long-term plasma control, including off-
normal transients
— monitoring the plasma boundary interface, including materials
— compatibility with remote handling and maintenance
— requirements for safe operation of a fusion reactor

2.b.2. Integration of high-performance, steady-state, burning plasmas: Create and
conduct research, on a routine basis, of high performance core, edge and SOL plasmas
in steady-state with the combined performance characteristics required for Demo.

An essential challenge for Demo is to successfully manage the complex integration of all
the fundamental physics elements of fusion so that a stable, steadily burning plasma state
is achieved. The burning plasma core is replete with complex internal feedback loops and
non-linear couplings. The dominant (>80%) internal source of heat in the plasma will be
from alpha particles produced in the fusion reactions, and the magnitude and spatial
distribution of that heat source will depend on the magnitude and spatial distribution of
the plasma pressure. But the pressure distribution itself is determined by the dominant
alpha particle heat source and external sources of heat and particles and the spatial
profiles of the plasma transport. The plasma transport is determined largely by plasma
turbulence which is in turn determined by the gradients of the plasma temperature and
density, and is also profoundly affected by the spatial distributions of magnetic and
electric fields. The energetic alpha particles may promote or deteriorate the stability of
the plasma, perhaps causing loss of the alpha particles and their vital heating effect. An
efficient Demo plasma needs to operate at high pressures to ensure adequate fusion
power, and to sustain this power level at very high availability and preferably steady-state
for attractive economics. In addition, this complex burning plasma core must be coupled
to the edge and SOL plasma to exhaust plasma energy and particles at manageable power

32



densities under steady-state conditions while maintaining efficient confinement and
sustainment of the plasma core.

The integration of high performance, steady-state burning plasmas can be divided into
four elements;

a. High performance burning plasma core,

b. Edge and scrape-off plasmas, and

c. Sustainment of magnetic configuration and plasma.

d. Optimization of the plasma configuration

a. High Performance Burning Plasma Core

Fusion Gain — A fusion power plant plasma, and hence Demo, will require a fusion
power gain (Q = Pfysion/Pext-neat) 1n the range of Q = 25 — 50 to provide net electricity at
competitive prices. [2.b.2.1, 2.b.2.2]. At these fusion gains, the plasma is 83 —91% self-
heated. The physical requirements for the achievement of high gain, developed by
Lawson [2.b.2.3] in 1957 are summarized for a typical magnetically confined plasma in
the Lawson Diagram [Fig 2.b.2]. High fusion gain in a 50/50 DT plasma requires a
fusion fuel density (n.) times energy confinement time (tg) product of ~ 6x10*° m™s at a
fuel temperature in the 10-20 keV range. The primary challenge has been to obtain the
required temperature, density and confinement simultaneously in an integrated manner.
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