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PREFACE

This document has been prepared in response to a charge to the Fusion Energy Sciences
Advisory Committee (FESAC) from Dr. Martha Krebs, Director of the Department of
Energy’s Office of Science:

...  to make final a program plan for the fusion energy science program by the
end of 1999 (FY). Such a program plan needs to include paths for both
energy and science goals taking into account the expected overlap between
them. The plan must also address the needs for both magnetic and inertial
confinement options. It will have to be specific as to how the U.S. program
will address the various overlaps, as well as international collaboration and
funding constraints. Finally, this program plan must be based on a ‘working’
consensus (not unanimity) of the community, otherwise we can’t move for-
ward. Thus I am turning once again to FESAC.

I would like to ask FESAC’s help in two stages. First, please prepare a report
on the opportunities and the requirements of a fusion energy science pro-
gram, including the technical requirements of fusion energy. In preparing the
report, please consider three time-scales: near-term, e.g., 5 years; mid-term,
e.g., 20 years; and the longer term. It would also be useful to have an assess-
ment of the technical status of the various elements of the existing program.
This document should not exceed 70 pages and should be completed by the
end of December 1998, if at all possible. I would expect to use this work, as
it progresses, as input for the upcoming SEAB review of the magnetic and
Inertial Fusion Energy Programs.

A FESAC Panel was set up to prepare the document. The Panel decided to follow the
approach used in the preparation of the reports from the Yergin Task Force on Strategic
Energy Research and Development of June 1995 and from the National Laboratory Directors
on Technology Opportunities to Reduce U.S. Greenhouse Gas Emissions of October 1997.
As a first step, a two-page description of each of the main topical areas of fusion energy sci-
ences was obtained from key researchers in that area. The descriptions give the status and
prospects for each area  in the near-term, midterm, and longer term, discussing both opportu-
nities and issues. These two-pagers are published as a separate report. The two-pagers were
used as background information in the preparation of this overview, Opportunities in Fusion
Energy Sciences Program. FESAC thanks all of those who participated in this work.
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EXECUTIVE SUMMARY

Recent years have brought dramatic advances in the scientific understanding of fusion plas-
mas and in the generation of fusion power in the laboratory. Today, there is little doubt that
fusion energy production is feasible. The challenge is to make fusion energy practical. As a
result of the advances of the last few years, there are now exciting opportunities to optimize
fusion systems so that an attractive new energy source will be available when it may be
needed in the middle of the next century. The risk of conflicts arising from energy shortages
and supply cutoffs, as well as the risk of severe environmental impacts from existing meth-
ods of energy production, are among the reasons to pursue these opportunities.

Fusion is a scientific and technological grand challenge. It has required the development of
the entire field of high-temperature plasma physics, a field of science that contributes to the
description of some 99% of the visible universe. Plasma physics also provides cross-cutting
insights to related fields such as nonlinear mechanics, atomic physics, and fluid turbulence.
Quality science has always been the key to optimizing fusion systems. Throughout the his-
tory of fusion energy research, the combination of exciting, challenging science and the lofty
energy goal has attracted gifted young people into fusion research, many of whom have gone
on to make important contributions in related scientific fields and in the commercial technol-
ogy arena.

The DOE Fusion Energy Sciences program is exploring multiple paths for optimizing fusion
systems, taking advantage of both the strong international program in magnetic fusion energy
and the strong DOE Defense Programs effort in inertial confinement fusion. As in other
fields, the advancement of plasma science and technology requires facilities in a range of
sizes, from the largest devices that press the frontier of high-temperature plasmas to smaller
experiments suitable to begin the exploration of innovative ideas for fusion optimization. The
very largest facilities may require international collaboration while the smallest are natural
for university-scale investigation. Specific questions of plasma science and fusion technology
set both the required number and the required scale of the experimental facilities in the pro-
gram.

The large international magnetic fusion program, at over a billion dollars per year, is an indi-
cation of the world-wide commitment to the development of a practical magnetic fusion
power system. This global investment also provides dramatic leverage for U.S. research.
Furthermore, world-wide efforts to develop low-activation materials indicate that fusion
energy systems will be environmentally attractive. Extraordinary progress in understanding
magnetically confined plasmas, coupled with the recent achievement of over 10 MW of
fusion power production (and over 20 MJ of fusion energy), has opened up new and impor-
tant research vistas. The scientific advances made on the large tokamak facilities throughout
the world, and on the smaller alternate concept experiments, have spurred the development of
a set of promising innovative ideas for new approaches to optimizing magnetic confinement
systems. These advances have simultaneously made possible the evolutionary development
of an attractive “advanced-tokamak” concept. There are today compelling, peer-reviewed,
near-term opportunities for investment in innovative confinement experiments (at a range of
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scales), in new tools for U.S. tokamak facilities to address advanced-tokamak issues, and in
collaborations on the most powerful experimental facilities overseas. These investments will
enable a broad, coordinated attack on key scientific and technical issues associated with the
optimization of magnetic confinement systems and the achievement of the most attractive
power plant concept. In the longer term, there may also be an opportunity to undertake or
participate in a burning plasma experiment, most likely in an international context. The
science necessary to take this step confidently is already available. Key plasma technologies
are needed to support all these efforts, and technological innovation will continue to play a
critical role in ensuring the attractiveness of the ultimate fusion product.

Progress on the physics of inertial confinement fusion and construction of the National Igni-
tion Facility (NIF) in DOE Defense Programs provide the U.S. with an opportunity to
develop a complementary approach to fusion energy with some unique potential benefits.
Separation of most of the high-technology equipment from the fusion chamber will simplify
maintenance of inertial fusion systems. The driver systems, which are external to the fusion
chamber, are in some cases extensively modular so that partial redundancy could permit on-
line maintenance. Some fusion chamber concepts have solid walls that are protected from
neutron flux by thick fluid blankets (an idea now being pursued synergistically with magnetic
fusion energy), leading to long chamber lifetime (which would reduce the need for advanced
materials development) and low environmental impact. Ignition on the NIF represents a
grand scientific challenge involving integration of laser-matter interaction under extreme
conditions, control of hydrodynamic instabilities, radiation transport and atomic physics–all
under conditions similar to those at the center of stars. Exciting opportunities exist, in parallel
with the construction and operation of NIF, to demonstrate the principles for a range of
potentially attractive drivers for repetitively imploding fusion targets, to address associated
fusion target chamber technologies, and to examine techniques for the mass manufacture of
precision targets. New innovative driver and target concepts are also being developed, pro-
viding opportunities for new science and a potentially more attractive ultimate power plant.

The strengthening of basic plasma science and technology research, for which fusion has
been the single strongest driver, is another important investment opportunity. The scientific
understanding of magnetically confined plasmas has helped form much of the basis for
advances in the broad field of space plasma physics and for the understanding of solar and
stellar magnetism. Important contributions have also been made from inertial confinement
fusion to astrophysics, in particular, to the understanding of supernova explosions and the
structure of dense gas planets. Commercial technological spin-offs benefiting from plasma
research range from plasma etching of computer chips to satellite positioning with plasma
thrusters and from lithography using extreme ultraviolet light emitted by dense plasmas to
the use of lasers for non-invasive surgery.

The Department of Energy has major initiatives in advanced computational simulation both
underway and proposed. Fusion Energy Science was a pioneer in the use of nationally net-
worked supercomputing, and intends to be a major participant in these new initiatives.
Advanced computing power can open the way to much more detailed 3-D simulations of the
wide range of magnetically confined plasma configurations, of inertial fusion capsule implo-
sions, and of high-current ion beams. The DOE initiatives in advanced computing provide a
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unique opportunity to accelerate the cycle of theoretical understanding and experimental
innovation in fusion energy science.

In summary, fusion energy is one of only a few truly long-term energy options. There have
been dramatic recent advances in both the scientific understanding of fusion plasmas and in
the generation of fusion power in the laboratory. As a consequence, there are now exciting
and important opportunities for investment in magnetic fusion energy, inertial fusion energy,
plasma science and technology, and advanced simulation. These opportunities address the
scientific and technological grand challenge of making fusion a practical and attractive new
energy source for humankind.
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1.  INTRODUCTION

1.1 The Science of Fusion

Since its inception in the 1950s, the vision of the fusion energy research program has been to
develop a viable means of harnessing the virtually unlimited energy stored in the nuclei of
light atoms. This vision grew out of the recognition that the immense power radiated by the
sun is fueled by steady nuclear fusion in its hot core. The high temperatures that characterize
conditions in the core of the sun are a prerequisite for driving significant fusion reactions.

For perspective, note that at low enough temperatures nearly all materials are solids. As the
temperature is raised they become liquids and then, as molecular bonds are disrupted at fur-
ther increased temperature, they become gases. Solids, liquids, and gases are the most com-
mon forms of matter at the temperatures normally found on earth. At higher temperatures,
however—around 10,000 degrees Celsius or more—collisions in the gas begin to release
electrons from the atoms and molecules. Further collisions create a mixture of a large number
of free electrons and positively charged ions. This fascinating fourth state of matter is known
as plasma. It is only in this fourth state of matter that the nuclei of two light atoms can fuse,
releasing the excess energy that was needed to separately bind each of the original two
nuclei. Because the nuclei of atoms carry a net positive electric charge, they repel each other
and can only be induced to fuse if they are driven to sufficiently high energy to approach
each other close enough to fuse. Hydrogenic nuclei, such as deuterium and tritium, must be
heated to approximately 100 million degrees Celsius to overcome this electric repulsion and
fuse. As a result, the fundamental physics governing the dynamics of plasmas must be under-
stood to achieve the goal of realizing controlled thermonuclear fusion.

A plasma is the most pervasive form of visible matter in the universe, comprising the major
constituent of stars as well as the interstellar medium (see Fig. 1.1). Plasmas surround the
earth’s local environment, occurring in the solar wind, the Van Allen radiation belts, the
magnetosphere, and the ionosphere. Only in exceptional environments such as the surface of
a cool planet like the Earth can other forms of matter dominate. Even on earth, plasmas have
a significant impact on society. Lightning, a naturally occurring plasma in our ecosystem, can
trigger devastating fires in forests and human habitations. Laboratory-generated plasmas are
utilized in a number of diverse industrial applications ranging from fluorescent lighting fix-
tures to sterilization of certain types of medical supplies. The plasma glow discharge has
become a mainstay of the electronic chip manufacturing industry. Plasma thrusters are the
engines of choice for position control of communications satellites. The understanding and
control of our world is greatly aided by the understanding of plasma phenomena.

The physics of plasmas plays a fundamental role in the dynamics of the universe on scales
ranging from energy-saving lighting fixtures in our homes, to the aurora borealis that colors
our skies, to the sun that provides our planet with life-giving energy, and even to studies of
the behavior of matter on subatomic levels. However, it is in the pursuit of fusion energy
that plasma physics plays one of its most critical roles. The U.S. campaign for controlled
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Fig. 1.1.  Plasma regimes: density vs temperature. Source: Adapted
with permission of the Contemporary Physics Education Project from
the wall chart “Fusion—Physics of a Fundamental Energy Source”
(http://FusEdWeb.pppl.gov/CPEP/chart.html).

thermonuclear power that arose from Project Sherwood in the 1950s has produced a dramatic
flowering of the theory of plasmas—including large-scale computational simulations—as
well as a wide range of laboratory devices that can be used to create, heat, confine, and study
plasmas.

Most importantly, the plasma conditions of fusion plasmas overlap those of both astrophysi-
cal and earthbound plasmas, allowing research in the various areas to be mutually supportive.
The resulting gains in the understanding of plasmas have brought enormous benefit to a wide
range of fields of science and applied technology and have brought us many steps closer to
achieving a controlled thermonuclear burn of tremendous practical value to humankind.

1.2 The Strategic Role of Fusion Energy Research

Energy availability has always played an essential role in socioeconomic development. The
stability of each country, and of all countries together, is dependent on the continued avail-
ability of sufficient, reasonably priced energy. Per capita energy consumption in the various
regions of the world is correlated with the level of wealth, general health, and education in
each region. World energy consumption has increased dramatically over time and is pro-
jected to continue increasing, in particular to meet the need for greater per capita energy
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consumption in the developing world. The growth in energy demand will be exacerbated by
the almost doubling of the world’s population expected to occur, mainly in the developing
countries, within the next 50 years. The fraction of energy used in the form of electrical
power is also expected to grow during this time period.

While there are significant global resources of fossil and fission fuels and substantial oppor-
tunities for exploiting renewable energies, numerous countries and some of the developing
areas experiencing major population growth are not well endowed with the required
resources. Further, utilization of some resources may be limited because of environmental
impact. A sustainable development path requires that the industrialized countries develop a
range of safe and environmentally benign approaches applicable in the near, medium, and
long term. Continuing to meet the world’s long-term energy requirements raises challenges
well beyond the time horizon of market investment and hence calls for public investment.

It is becoming increasingly apparent that by continuing to burn fossil fuels even at the pre-
sent rate, without substantial mitigation of the carbon dioxide emissions, mankind is con-
ducting a major experiment with the atmosphere, the outcome of which is uncertain but
fraught with severe risks. Prudence requires having in place an energy research and devel-
opment (R&D) effort designed to expand the array of technological options available for
constraining carbon dioxide emissions without severe economic and social cost.

Fusion offers a safe, long-term source of energy with abundant resources and major envi-
ronmental advantages. The basic fuels for fusion—deuterium, and the lithium that is used to
generate tritium—are plentifully available. Even the most unlikely accident would not
require public evacuation. During operation, there would be virtually no contributions to
greenhouse gases or acidic emissions. With the successful development of appropriate mate-
rials, tailored to minimize induced radioactivity, the wastes from fusion power would not
require isolation from the environment beyond 100 years and thus could be recycled on site.

With successful progress in fusion science and with the development of the necessary tech-
nologies, fusion is expected to have costs in the same range as other long-term energy
sources, and fusion power plants could provide a substantial fraction of world electricity
needs. With appropriate research support, fusion will be able to provide an attractive energy
option to society in the middle of the next century. An important conclusion of a comparison
with other energy sources is that fusion could begin to be deployed at a time when the utili-
zation of other sources of energy is uncertain and when the climate issue is likely to have
become more critical than today. Accordingly fusion energy science and ultimately fusion
technology should be pursued vigorously in the U.S. and world programs.

1.3 Two Pathways to Fusion Energy

Two complementary pathways toward a fusion energy power plant have emerged, both of
which offer the potential basis for a viable fusion energy power plant. In one approach, Mag-
netic Fusion Energy (MFE), the tendency of the plasma charged particles to follow along
magnetic field lines, is exploited in the creation of “magnetic bottles.” Magnetic fields
restrict the outward motion of the charged particles and the plasma that they constitute. By
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curving the magnetic field lines into a closed form (making a doughnutlike toroidal
configuration), a plasma can be confined while it is heated to the temperature needed for a
self-sustaining fusion burn to be initiated (see Fig. 1.2). This approach can provide a steady
burn, like that in the core of the sun.

With the advent of high-powered lasers in the 1970s, a second approach was articulated—
Inertial Fusion Energy (IFE). In IFE, a tiny hollow sphere of fusion material is rapidly
imploded to very high density (see Fig. 1.2). A central low-density region, comprising a
small percentage of the fuel, is heated to fusion temperatures and initiates an outwardly
propagating burn wave that fuses a significant fraction of the remaining fuel, during the brief
period while the pellet is still held together by its own inertia. This approach utilizes physical
processes similar to those present in thermonuclear explosions. Steady power production is
achieved through rapid, repetitive fusion microexplosions.

At this stage in the development of fusion energy, it is premature to choose between these
two pathways to commercial fusion energy. Substantial progress has been made along both
pathways toward realizing an energy gain from fusion of deuterium and tritium at tempera-
tures around 100 million degrees. In MFE production of up to 20 MJ/pulse has been obtained
with a fusion gain of 0.6, while in IFE more modest energy production (~400 J/pulse, and
gain = 0.01) has been obtained in laboratory experiments, with higher energy production in
classified underground tests. Both may lead to attractive fusion energy options, and within
each approach specific technical implementations need to be investigated to provide the
optimal system. Indeed, a lesson can be drawn from the history of rocket science, in which
parallel development of both solid and liquid boosters was pursued.

Fig. 1.2.  Fusion plasma confinement approaches.
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Both technologies have played a critical role in the success of the space shuttle program. In
later sections of this document, the different opportunities for fusion energy research in both
the MFE and IFE programs will be summarized.

1.4 The DOE and World Fusion Programs

The Office of Fusion Energy Sciences (OFES) within the Science (SC) element of the
Department of Energy (DOE) leads the U.S. research program in fusion energy sciences and,
in collaboration with the National Science Foundation (NSF), the effort on basic research in
plasma science. The OFES program has focused primarily on MFE concepts. Inertial con-
finement fusion (ICF) research is supported primarily by the ICF program within the Defense
Programs (DP) element of DOE, for national security needs. In the late 1980s, responsibility
for scientific research into aspects of IFE that are not relevant to national security needs and
that do not involve classified information—such as heavy-ion beam IFE and IFE chamber
studies—was consolidated within OFES. Currently, in FY 1999, the OFES budget totals
$223M, with $210M spent on MFE and MFE-related basic research, about $13M on non-
defense aspects of IFE. The DP program on ICF, focused on scientific stockpile stewardship,
is funded at $508M in FY 1999, with $284M spent on the construction of the National
Ignition Facility (NIF) and $224M spent on the base ICF program, laser development, and
related basic research.

The U.S. fusion research effort is imbedded in a larger international program. The interna-
tional research program in MFE is presently supported at over $1 billion annually and repre-
sents enormous potential leverage for the U.S. domestic program. Currently Europe and
Japan each invest more than twice the resources in fusion energy research, primarily in MFE,
as does the United States. Each operate billion-dollar class tokamak experiments. Japan has
just completed construction of a similar-scale stellarator device, while Germany has such a
device under construction. Interesting, but much smaller, IFE programs exist in Japan and
Europe. The Japanese IFE program focuses on laser-driven fusion, and the German program
focuses on ion beams. The French have recently initiated construction of a laser system on
the scale of the U.S. NIF device.

1.5 The Future Program

Through the middle part of this decade, the OFES fusion energy program was focused nearly
exclusively on the fusion energy goal, with resources devoted primarily to developing the
tokamak concept to the stage at which burning plasma physics could be investigated. About 3
years ago, severe constraints on the availability of federal research funds coupled with a short
to midterm abundance of energy resources resulted in a major budget cut for the fusion
energy research funded in the DOE–OFES. The Fusion Energy Advisory Committee (FEAC)
conducted a review of the program and concluded that, as a result of the constrained budgets,
the program should be redirected away from “the expensive development path to a fusion
power plant” toward a program focused “on the less costly critical basic science and tech-
nology foundations.” The directions for the future of the DOE program, as recommended by
FEAC in “A Restructured Fusion Energy Sciences Program,” January 27, 1996, follow.
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MISSION: Advance plasma science, fusion science, and fusion technology—the knowl-
edge base needed for an economically and environmentally attractive fusion energy
source.

POLICY GOALS :

•  Advance plasma science in pursuit of national science and technology goals.
•  Develop fusion science, technology, and plasma confinement innovations as the cen-

tral theme of the domestic program.
•  Pursue fusion energy science and technology as a partner in the international effort.*

Despite the change in the program to remove a formal timescale for fusion power develop-
ment in the United States, it is necessary to retain a structure for development. Thus, while
fusion energy science is supported within the United States as a science program, it is neces-
sary to consider this program in the context of its ultimate goal, the ability to proceed to the
development of a practical energy source. This structure is provided by the roadmap, shown
in Fig. 1.3, prepared by members of the U.S. fusion community.† It includes both MFE and
IFE approaches within a unified framework, designed to build on the successes in each of
these programs. The experimental results of the last decade indicate that fusion can be
an energy source, and the challenge now is to optimize the science to make each stage
practical and affordable. This is the central focus of the roadmap.

As shown in the figure, within the fusion portfolio, concepts advance through a series of
stages of experimental development. These stages are “Concept Exploration” and the “Proof-
of-Principle,” followed by “Performance Extension.” Success in these stages then should
lead to a stage of “Fusion Energy Development” and “Fusion Energy Demonstration.” At
each stage of development the opportunities increase for developing the building blocks of a
fusion power plant and for increasing scientific understanding. The facilities have, succes-
sively, a greater range and capability (dimensional and dimensionless parameters) for
exploring plasma conditions and are more demanding on technology requirements. The typi-
cal characteristics of contributions to fusion energy and plasma science are discussed in
Appendix B. Briefly, the steps are as follows:

•  Concept Exploration is typically at <$5M/year and involves the investigation of basic
characteristics. Experiments cover a small range of plasma parameters (e.g., at <1 keV)
and have few controls and diagnostics.

•  Proof-of-Principle is the lowest cost program ($5M to $30M/year) to develop an inte-
grated understanding of the basic science of a concept. Well-diagnosed and controlled
experiments are large enough to cover a fairly wide range of plasma parameters, with   

                                                  
*“A Restructured Fusion Energy Sciences Program,” January 27, 1996.
†Taken from “A Discussion Draft of a Roadmap for Fusion Energy,” by C. Baker (UCSD), D. Baldwin (GA),
R. Bangerter (LBNL), W. Barletta (LBNL), S. Bodner (NRL), E. M. Campbell (LLNL), R. Goldston (PPPL),
M. Mauel (Columbia University), R. McCrory (University of Rochester), G. Navratil (Columbia University),
M. Porkolab (MIT), S. Prager (University of Wisconsin), J. Quintenz (SNL), M. Saltmarsh (ORNL),
K. Schoenberg (LANL), and K. Thomassen (LLNL).
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Fig. 1.3.  Roadmap for fusion energy.

temperatures of a few kiloelectron volts, and some dimensionless parameters in the power
plant range.

•  Performance Extension programs explore the physics of the concept at or near fusion-
relevant regimes. Experiments have a very large range of parameters and temperatures
>5 keV, with most dimensionless parameters in the power plant range. Diagnostics and
controls are extensive.

•  Fusion Energy Development program develops the technical basis for advancing the
concept to the power plant level in the full fusion environment. It includes ignition
devices, integrated fusion test systems, and neutron sources.

•  Demonstration Power Plant is constructed and operated to convince electric power pro-
ducers, industry, and the public that fusion is ready for commercialization.
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1.6 Outline of Report

This Opportunities Document is a continuation of the work to redefine the future program. It
provides information on the wealth of opportunities for productive R&D in the near term,
midterm, and longer term. It does not judge between these opportunities, but it does provide
information on which a portfolio analysis and prioritization of the research can be made. The
three principal thrusts of Fusion Energy Sciences Research are discussed in the following
chapters:

•  Chapter 2—Fusion Energy Science and Technology reviews the status and opportuni-
ties for both the magnetic and inertial fusion programs, with a clear focus on energy.

•  Chapter 3—Research in Plasma Science and Technology discusses the general behav-
ior of plasmas and the resulting opportunities in topical areas that have importance,
broadly, in earthbound, fusion, and astrophysical plasmas; the focus here is on multidisci-
plinary applications.

•  Chapter 4—Near-Term Applications of plasma science and technology are described
for semiconductor processing, materials production, environmental and biomedical appli-
cations, and for space propulsion systems.

The various aspects of fusion energy science and technology may be subdivided into topical
areas, as shown in Table 1.1, with a two-page description of each provided in the supporting
document, Appendix C. Each two-pager addresses the nature of the topic, the status of R&D,
the opportunities for further advancements in the near term (about 5 years), midterm (about
20 years) and longer term. Some two-pagers also discuss the crosscutting science and energy
roles of their area. Comments from advocates and critics of the value of each area are
included. This approach was used very successfully in the preparation of the reports from the
Yergin Task Force on Strategic Energy Research and Development of June 1995,* and the
National Laboratory Directors on Technology Opportunities to Reduce U.S. Greenhouse Gas
Emissions of October 1997.†

                                                  
*“Task Force on Strategic Energy Research and Development,” Daniel Yergin (chr), Secretary of Energy
Advisory Board, U.S. Department of Energy, Washington, D.C., June 1995.

†Technology Opportunities to Reduce U.S. Greenhouse Gas Emissions, prepared by National Laboratory
Directors for the U.S. Department of Energy, October 1997. (On the World Wide Web:
http://www.ornl.gov/climate_change).
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Table 1.1.  Topical areas in fusion energy sciencesa,b

No.
MFE

M-1 to M-20
IFE

I-1 to I-12
Technologies
T-1 to T-20

Plasma Science
S-1 to S-17

Near-Term
Applications
N-1 to N-5

1 Stellarator National Ignition Facility Superconductivity Hamiltonian Dynamics Semiconductors

2 Compact Stellarator
Indirect-Drive Inertial

Fusion Energy
Electromagnetic Heating

and Current Drive
Long Mean-Free

Path Physics

Advanced Materials
Processing and
Manufacturing

3 Tokamak
Direct-Drive Inertial

Fusion Energy
Neutral Beams

Wave-Particle
Interactions

Environment

4 Advanced Tokamak
Fast Ignition Approach

to Inertial Fusion Energy
Fueling and Vacuum Turbulence Medical Applications

5 Electric Tokamak
Heavy Ion Accelerators

for Fusion
Divertor

Hydrodynamics and
Turbulence

Plasma Propulsion

6 Spherical Torus
Repetition-Rate Krypton

Fluoride Laser

High Heat Flux
Components and Plasma

Materials Interactions
Dynamo and Relaxation

7
Reversed-Field-
Pinch Concept

Solid-State Laser Drivers MFE Liquid Walls Magnetic Reconnection

8 Spheromak
Laser and Plasma

Interactions
Shield/Blanket Dense Matter Physics

9
Field-Reversed
Configuration

Pulsed Power
Radiation-Resistant

Materials Development
Nonneutral Plasmas

10
Levitated Dipole
Fusion Concept

Target Design and
Simulations

International Fusion
Materials Irradiation

Facility
Electrostatic Traps

11
Open-Ended

Magnetic Fusion
Systems

Final Optics—Laser IFE Tritium Systems Atomic Physics

12 Gas Dynamic Trap
Laser-Driven Neutron

Sources
Remote Maintenance Opacity in ICE/IFE

13
Plasmas with Strong

External Drive
MFE Safety and

Environment
MFE Plasma
Diagnostics

14
Magnetized Target

Fusion
IFE Safety and
Environment

IFE Diagnostics

15
Boundary Plasma/
Wall Interactions

IFE Liquid-Wall
Chambers

Advanced Computation

16
Burning Plasma

Science
Dry Wall Chambers

Computer Modeling
of Plasma Systems

17
Burning Plasma
Experimental

Options
IFE Target Fabrication

Astrophysics Using
Fusion Facilities

18

Integrated Fusion
Science and
Engineering

Technology Research

IFE Target Injection
and Tracking

19
Volumetric Neutron

Source
IFE Power Plant

Technologies

20 Advanced Fuels Advanced Design Studies
aNote that the upper seven technologies are for MFE, the lower ones for IFE, and the middle seven and the last one can apply to both.
bNote that single-pulse laser driver development for IFE has traditionally been supported primarily by the ICF program within the DP element of

DOE. A key issue for IFE is the development of repetitively pulsed drivers.



1-10



2-1

2.  FUSION ENERGY SCIENCE AND TECHNOLOGY

2.1 Introduction

Fusion is one of only a few very long-term energy options. The mission of the fusion pro-
gram is the development of an economically and environmentally attractive energy source
that could be available in the middle of the next century. Fusion energy research also pro-
vides important near-term scientific and technological benefits to society.

This chapter begins with brief comments on fusion fuel cycles and the generic safety and
environmental aspects of fusion power plants. It then introduces the main approaches to
realizing commercial fusion power plants: magnetic and inertial fusion energy and their sub-
variants. The bulk of this chapter, Sects. 2.2 and 2.3, is then devoted to descriptions of the
opportunities for advancement in magnetic and inertial fusion energy.

2.1.1 Fusion Fuel Cycles

The rate of fusion production for deuterium (D) and tritium (T) ions starts to become sub-
stantial for temperatures above roughly 50 million degrees (~5 keV). Each fusion reaction
produces 17.6 MeV of energy per reaction—3.5 MeV associated with an alpha particle and
14.1 MeV with a neutron. The optimum ion temperature for maximizing D-T fusion produc-
tion is around 10 keV. Fusion of deuterium with deuterium and deuterium with Helium-3
(3He) has a substantially lower rate, for a given plasma pressure, and needs higher tempera-
tures of around 30 keV (Table 2.1). Therefore, to date, most studies have concentrated on the
D-T cycle, because high fusion power densities are much easier to achieve. Because tritium
is not available naturally, it will be necessary to generate it in a fusion power plant to sustain
the fusion cycle. Analysis and research indicate that adequate generation may be achieved by
absorbing the fusion neutrons in a blanket surrounding the plasma, which contains lithium.
Note that both the D-T cycle and the D-D cycle produce energetic neutrons, 80% neutron
power fraction for D-T and ~50% for D-D fuel! Because these neutrons damage the struc-
tures surrounding the plasma, an important R&D program has been devoted to developing
radiation-resistant and low-activation structural materials (Sect. 2.2.6).

Table 2.1.  Fusion reactions

Fusion reactions
Energy in ions

(MeV)
Total energy

(MeV)

D + T → 4He(3.2 MeV) + n(14.06 MeV) 3.52 17.58
D + D → 3He(0.82 MeV) + n(2.45 MeV) 0.82 3.27

D + D → T(1.01 MeV) + p(3.03 MeV) 4.04 4.04

D + 3He → 4He(3.67 MeV) + p(14.67 MeV) 18.34 18.34
3He + 3He → 2p(8.57 MeV) + 4He(4.29 MeV) 12.86 12.86
p + 11B → 34He(8.66 MeV) 8.66 8.66
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The anticipated engineering, safety, and environmental advantages of reduced neutron pro-
duction motivate research on the use of “advanced” fuel cycles, which produce fewer neu-
trons; despite the much greater physics obstacles compared to D-T, as well as the problems
of handling higher heat loads on plasma facing surfaces. The two advanced fuels generally
considered most important are D-3He (1–5% of fusion power in neutrons from D-D
reactions) and p-11B (no neutrons); see Appendix C (M-13 and M-20) and Fig. 2.1. (Note
that 50% of the tritium produced by D-D reactions is assumed to react with deuterium before
leaving the plasma.) Although p-11B and 3He-3He produce no neutrons, calculations indicate
that plasmas with comparable electron and ion temperatures produce bremsstrahlung radia-
tion power very close to the total fusion power. Energy production from p-11B, for example,
will require low charged-particle heat transport and low nonbremsstrahlung radiation losses
as well as rapid expulsion of fusion reaction products. It will be a challenge to develop more
than a heavily driven, low-gain energy amplifier.

The requirements for IFE make it unlikely that advanced fuels could be used for net energy
production, and they should only be considered for use in MFE. Sufficient 3He has been
identified on Earth to conduct a D-3He fusion research program up to and including the first
1000-MW(e) power plant. Advanced fuels such as p, D, and 11B are plentiful on Earth, but
large-scale deployment of D-3He power plants would require developing the large resource
(~109 kg) on the lunar surface.

Reaction rates Neutron power production Ignition temperature and
(Maxwellian plasmas) (Maxwellian plasmas) confinement requirements

Fig. 2.1.  Characteristics of fusion reactions.

2.1.2 Environmental and Safety Aspects of Fusion Energy Production

The environmental and safety characteristics of fusion power production offer the prospect
of significant advantages over present major sources of energy. The basic fuels for fusion—
deuterium and the lithium that is used to generate the tritium fuel—are plentifully available,
and there would be virtually no contributions to greenhouse gases or acidic emissions. How-
ever, these benefits will not come automatically. Tritium and neutron activation products in
fusion power plants, using the D-T or D-D fuel cycles, will present significant radiological
hazards. Nevertheless, as discussed in Appendix C (T-13 and T-14), the safety-conscious
choice of materials can result in minimization of activation products and tritium inventories.
The radiological inventory in a fusion power plant can be much lower than that in an equiva-
lent fission reactor, and the time-integrated biological hazard potential can be lower by
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factors approaching 100,000. The stored energy of the fusion fuel contained in the plasma,
equivalent to only a few minutes of power production, is vastly less than that in a fission
power system; its active fuel inventory is typically adequate for 1 to 2 years of operation.
Further, the use of low-activation materials (Appendix C, T-9) will allow fusion components
to be recycled or disposed of as low-level waste and not be a burden to future generations. A
promising approach using liquid walls, which surround the fusing plasma, is currently under
study and has the potential to provide an additional reduction in activation products. Detailed
design studies of both MFE and IFE fusion power plants have clearly shown the importance
of including environmental and safety features early in the power plant design process.

The comparison of the decay of the radioactive inventory in a reference fission reactor and
reference fusion power plants, using low-activation wall materials, in Fig. 2.2, shows the
potential advantage of fusion power. After a period of 100 years, the radioactivity remaining
from a fusion system can be millions of times less than that from fission. In the simplest
terms, this translates into no need for the storage of waste over the geological time periods
contemplated for repositories such as Yucca Mountain.

Fig. 2.2.  Comparison of fission and fusion radioactivity after shutdown.

2.1.3 Fusion Confinement Concepts

During the evolution of fusion research, diverse plasma confinement concepts have been
proposed and studied, and a number of these have evolved into promising approaches for
fusion energy production. Because most of the concepts fit into a small number of general
categories, each can be considered not only as a potential power plant in its own right but
also as a contributor to the general scientific knowledge base and to the building blocks
needed for developing an energy system. In MFE there has been extraordinary progress in
understanding magnetically confined plasmas that, coupled with recent achievement of over
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10 MW of fusion power production (and over 20 MJ of fusion energy), has opened up new
and important research vistas. The scientific advances made on the large tokamak facilities
throughout the world, and on the smaller alternate concept experiments, have spurred the
development of a set of promising innovative ideas for new approaches to optimizing mag-
netic confinement systems. In IFE progress on the physics of inertial confinement provides
the basis for the construction of the NIF. Ignition on the NIF represents a grand scientific
challenge involving integration of laser-matter interaction under extreme conditions, control
of hydrodynamic instabilities, radiation transport and atomic physics—all under conditions
similar to those at the center of stars. Exciting opportunities exist to demonstrate the princi-
ples for a range of potentially attractive drivers for repetitively imploding fusion targets, as
well as innovative fusion target approaches, providing opportunities for new science and a
potentially attractive fusion energy source.

There are many ways of characterizing fusion concepts—steady-state or pulsed, externally
controlled or self-ordered, symmetric or nonsymmetric, and thermal or nonthermal energy
distribution. Concepts have been conceived with various combinations of these
characteristics.

Nevertheless, in the simplest terms, there are two main approaches to fusion energy. Each
has two subcategories, as characterized in Fig. 2.3.

Fig. 2.3.  Main approaches to fusion.

Magnetic confinement fusion takes advantage of the fact that charged particles spiral tightly
around magnetic field lines. A collection of magnetic field lines that form a ring, or torus, if
cleverly arranged, can confine the charged particles of the plasma well. These closed field
lines can be generated by both external magnetic coils and internal currents. In “externally
controlled” systems, the fields are totally or mainly provided by external coils. In “self-
ordered” systems, they are generated largely by internal currents.

In ICF, a capsule of fusion fuel is imploded rapidly to very high density. A small central hot-
spot then begins to fuse, igniting the remaining fuel so quickly that its inertia prevents it
escaping the burn wave. In “direct-drive” systems, lasers beams are proposed to cause the

Inertial
Fusion

Indirect Drive

Direct Drive

Magnetic
Fusion

External Control

Self-Ordered
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capsule compression and ignition. For “indirect drive,” ion beams are to be used to create a
sea of X rays in a small cylinder, surrounding the capsule, with a temperature great enough to
lead to capsule compression and ignition.

Naturally, there are also variants around these main themes. They are described in some
detail in the following sections of this chapter.

It is important to follow a number of paths toward fusion power, as has been done in numer-
ous other areas of scientific and technological endeavor (e.g., liquid and solid fuel rockets in
space exploration, variants of fission reactors, etc.) because different approaches fit different
needs in both the development and application phases. The various confinement concepts are
discussed in more detail in Appendix C.

2.1.4 Progress in Fusion Energy Research

The status of fusion energy research is summarized in Fig. 2.4; it shows the present and his-
torical levels of achievement for D-D and D-T plasmas in overall energy gain, Q, and the
Lawson nTτ figure of merit, relative to the requirements for a fusion energy source (Q > 10).
There has been considerable progress in the past 20 years in advancing to near break-even
conditions in D-T plasmas, setting the stage for opportunities to reach the fusion energy
range of Q > 10 in the next generation of experiments in both MFE and IFE.

Q ~ 1
Q ~ 0.001

100

10

1

0.1

0.01

0.001

0.0001
0.1 1 10 100

100

10

1

0.1

0.01

0.001

0.0001
0.1 1 10 100

Tokamak  1969 (T-3)

Tokamaks  1980

Q ~ 0.1

Q ~ 0.01

Stellarator  1998

Central Ion Temperature (keV)

La
w

so
n 

F
us

io
n 

P
ar

am
et

er
, n

iT
iτ E

 (
10

20
 m

-3
ke

v 
s)

 

Central Ion Temperature (keV)

Reversed Field Pinch   1998

Tokamaks 1993-98

Laser  1996
Direct Drive

Laser  1986
Direct Drive

Q ~ 0.001

Q ~ 0.0001

Q ~ 0.00001

Laser  1986
Indirect Drive

Q ~ 0.01

Fusion Energy

Tokamaks 1998

Deuterium Plasmas

Fusion Energy

Field Reversed Configuration 1983-91

Spherical Torus  1998
Tandem Mirror 1989

Spheromak 1989

Q  = PFusion /PInput

Deuterium - Tritium Plasmas

Fig. 2.4.  Summary of progress in fusion energy gain achieved in experiments.
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2.2 Magnetic Fusion Energy

2.2.1 Introduction

Power Plant. A magnetic fusion energy (MFE) power plant, using D-T fuel, is shown sche-
matically in Fig. 2.5. It consists of five major components surrounding the magnetically con-
fined fusion plasma core including (i) a magnetic coil set for generation and control of the
confining magnetic field; (ii) plasma heating and current drive systems; (iii) a first wall and
blanket system for energy recovery and tritium fuel breeding; (iv) power and particle
exhaust/recovery system; and (v) a steam plant to convert the fusion-generated energy recov-
ered as heat in the blanket into electricity. While both pulsed and steady-state MFE plasma
core concepts exist as candidates for power plant designs, the leading approaches seek to
exploit the benefits of continuous operation coupled with acceptably low levels of recircu-
lating power (ηR < 20%). These designs build on the significant progress the MFE program
has made in meeting the challenging and unique requirements of the fusion energy
environment.

Fig. 2.5.  Schematic diagram of an MFE power plant.

Numerous studies have been made of potential fusion power plants, culminating most
recently in the series of studies by the ARIES Team.* These systems studies have matured to
the level of involving detailed, bottoms-up designs and cost estimates for a number of
approaches to MFE. The studies are valuable in identifying the critical issues in both the
plasma core and fusion technology which affect plant economics, availability and reliability,
safety, and environmental impact.

The main features of such plants are captured in the equation for the net electric power
produced.
                                                  
*F. Najmabadi et al., Starlite Study, University of California–San Diego Report UCSD-ENG-005, 1997.
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Pnet = (fbl ⋅ fte ) ⋅ Pfus [1 – ηR] MWe

Nuclear Balance Plasma Plasma
technologies of plant core technology

Here, Pnet (MWe) is the net electric power output from the power plant; fbl is the exother-
mic energy gain in the breeding blanket (typically about 1.10); fte is the thermal to electric
conversion efficiency; Pfus (MWt) is the fusion power produced by the plasma core; and ηR
is the fraction of fusion power that is recirculated to run the power plant.

Since its inception in the 1950s, the MFE program has focussed primarily on the physics of
the Plasma Core. It is in the plasma core that the interplay of plasma confinement, stability,
density, and temperature must be optimized in order to provide sufficient fusion power
production.

The recirculating power consists of two parts: the power recirculated to operate the fusion
device and its plasma; and the conventional balance of plant, cooling pump power, instru-
mentation and controls, air conditioning, etc. In the magnetic fusion case, the fusion device
requires power mainly for the magnets (generally superconducting (T-1) to reduce power
demand) and their cooling, for plasma heating and current drive (T-2, T-3), and for fueling
and exhaust gas handling systems (T-4).

Impurities . A principal issue is maintaining a nearly pure D-T plasma. For a given plasma
pressure the dilution of the D-T fuel by impurities reduces the fusion power. This requires
limiting the concentration of non-hydrogenic materials (impurities) in the plasma. A mag-
netic divertor (T-5, M-15) is the preferred option for this task.

Nuclear technologies. The tritium-breeding blanket and neutron shield (T-8) and the mate-
rial wall (T-7, T-9) that faces the plasma handle the bulk of the neutron energy and heat the
cooling fluid for electricity generation. With the tritium plant (T-11) and the equipment for
maintenance and radioactive materials handling (T-12), they represent the nuclear
technologies.

Materials. The development of radiation-resistant materials (T-9, T-10) is an important part
of fusion energy R&D. Good progress has been made in understanding the science of opti-
mizing materials to handle the intense flux of 14-MeV neutrons generated in the D-T plasma.
There is also a good understanding of which elements are preferred for making these materi-
als, in regard to minimizing induced radioactivity. However, more work is needed to develop
and demonstrate materials with the ability to handle a high fluence (>15 MW·y/m2 of
14-MeV neutrons).

Safety and environmental concerns (T-13) are a major driver for R&D and design, e.g.,
leading to an emphasis on low-activation materials and extensive tritium systems testing.
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2.2.2 Physics of Magnetic Confinement

The requirement for fusion energy production in a magnetically confined plasma in steady-
state is set by the nuclear cross-section for fusion reactions, σf, which determines the fusion
power production, and the thermal insulation provided by the confining magnetic field,
which determines in large part the power needed to sustain the plasma. The fusion power
density, pf, produced by a D-T plasma of density, nDT, is given by

pf = 1/4 [nDT]2 <σfv> Wf  ,

where <σfv> is an average over a Maxwellian distribution of the D-T fuel velocity times the
fusion cross section, and Wf is the energy release per fusion reaction (17.6 MeV for D-T).
From this expression, it is clear that the fusion power production is maximized by operating
with temperatures near the peak of the velocity-averaged fusion cross section with the high-
est possible densities, consistent with maintaining good confinement and plasma stability.
These physics issues—high density, high temperature, high confinement, and good
stability—have been the driving considerations behind the development of magnetically
confined fusion concepts throughout the history of the program.

Noting that <σfv> for D-T reactions scales like the square of the temperature in the 10-keV
to 25-keV range where the fusion reactivity is significant (see Fig. 2.1), we can rewrite pf as

pf = [nDT]2 T2[1/4<σfv>/T2 Wf] ∝  p2 ∝  β2B4 .

Since <σfv>/T2 is roughly constant within this temperature range of 10 keV to 25 keV, the
fusion power density in this temperature range depends only on the square of the plasma
pressure, p. Because equilibrium requirements limit the maximum average plasma pressure
to the level of the applied magnetic field pressure, B2/2µo, it is useful to express the fusion
power density in terms of β, which is the dimensionless ratio between the pressure in the
plasma, p = nT, and the magnetic pressure, B2/2µo. The plasma β is a measure of the effi-
ciency with which the applied field is used to confine the plasma. The fusion power density
can then be expressed as a product of the strength of the magnetic field confining the plasma
to the fourth power and the square of the fraction (or β) of that magnetic pressure that is used
to confine the plasma pressure.

The power needed to sustain this rate of fusion energy production, Ploss, can be related to the
thermal insulation provided by the confining magnetic field. The timescale for global energy
loss, τE ~ a2/χ is determined by the thermal diffusivity, χ, and a characteristic linear dimen-
sion, a, of the plasma perpendicular to the magnetic field. Hence,

Ploss = 3/2 pV/τE  ,

where V is the plasma volume.

To maintain steady-state operation in the fusion plasma core, this level of Ploss must be offset
by a combination of externally supplied heating power, Pext, and the self-heating of the
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fusion plasma due to the slowing down of the electrically charged fusion reaction products
which make up a fraction, fc, of the total fusion power. The energy gain, Q, of the fusion
plasma is then simply the ratio of Pfus/Pext. Practical magnetic fusion power plants require Q
to be large (typically > 15), which implies that Ploss ~ fc Pfus. Therefore, a minimum value of
pτE or nTτE must be achieved (~1022 m–3 keVs for D-T fuel). Since nTτE ∝ β/χ [a2B2], the
ratio of β/χ and the magnitude of B applied to confine the plasma determine both the physi-
cal size of the fusion plasma core and the total fusion power output, Pfus.

The two figures of merit which have driven scientific research in MFE have been to discover
stable plasma equilibria in the fusion temperature regime (~10 keV) where the β value is
large and the thermal conductivity χ is small since this leads to more compact configurations
and/or reduced requirements on B that satisfy the required level of nTτE. In the next section,
the key plasma science issues which determine β, χ, and overall power output, Pnet, will be
discussed.

2.2.2.1 Plasma Science Areas in MFE

The National Research Council in its 1995 report on the field of plasma science* divided the
field into four broad areas, each of which contains critical scientific issues which must be
addressed to reach the goal of practical magnetic fusion energy. These four areas are:

•  Transport and Turbulence: energy, particle, and momentum transport
•  Magnetohydrodynamics (MHD): equilibrium, stability, magnetic reconnection, dynamo

physics
•  Wave-Particle Interactions: plasma heating and current drive
•  Plasma Wall Interactions, Sheaths, and Boundary Layers

As briefly described in the sections that follow: the first plasma science area of Transport and
Turbulence is primarily concerned with the determination of energy transport, χ, and secon-
darily with related momentum and particle transport; the second area of MHD largely deter-
mines the achievable stable value of β; the third area of Wave-Particle Interactions is con-
cerned with the mechanisms to sustain the fusion temperatures in the plasma and the electric
current in the plasma needed for magnetic confinement; and the fourth area of Plasma Wall
Interactions deals with the critical issue of the interface between the fusion plasma core and
the solid wall and blanket structures which surround the plasma. Significant progress has
been made in all of these areas as experiments in MFE have advanced to the point where
Q ~ 1 has been reached using D-T fuel.

Transport and Turbulence

Major Research Challenge: What are the fundamental causes of heat loss in magnetically
confined plasmas, and how can heat losses be controlled, in order to minimize the required
size of a fusion power system?

                                                  
*Plasma Science Report, National Research Council, 1995.
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Magnetic fields constrain charged particles to execute cyclotron and drift motion in the plane
perpendicular to B while allowing them to move relatively freely along the magnetic field
lines as a consequence of the Lorentz force law of electrodynamics [F = q(E + v × B)]
(see Fig. 2.6a). This relatively unconstrained flow along the magnetic field leads to a large
thermal conductivity in the direction parallel to B (especially for the more mobile electrons in
the plasma). For this reason, configurations that allow the hot confined plasma to be con-
nected along “open” magnetic field lines to a material boundary have largely been abandoned
in favor of toroidal systems which produce a nested set of magnetic surfaces (shown sche-
matically in Fig. 2.6b) where the motion along the magnetic field is confined to a closed tor-
oidal surface.

(a) (b)

Fig. 2.6.  Schematic illustration of (a) the motion of a charged particle in a magnetic
field and (b) the nested magnetic surfaces in a toroidal configuration.

The dominant loss mechanisms from a fusion plasma core include synchrotron radiation,
bremsstrahlung, and thermal conduction and convection. While the first two are well under-
stood quantitatively, the third and fourth remain outstanding research problems in the field.
Classically, the Coulomb collisions between charged particles will lead to cross-field thermal
transport. A first-principles calculation of particle, heat, and momentum transport in a toroi-
dal magnetic confinement system (neoclassical theory) was well established in the 1970s.
Processes dominated by flow along the magnetic field lines, such as electrical resistivity and
the bootstrap current, have confirmed major elements of neoclassical theory. However, the
level of neoclassical particle and energy transport is quite small at typical fusion plasma
parameters in a toroidal system of T ~ 10 keV, n ~ 1020 m–3, and B ~ 5 T, with neoclassical
predictions for the thermal conductivity, χ < 0.1 m2/s. This low level of transport has been
rarely observed in experiments, since gyro-radius scale-length plasma turbulence typically
becomes the dominant energy loss mechanism from the plasma core, resulting in an increase
of the value of χ to the range of 1 m2/s to 10 m2/s.
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For more than 15 years now, regression analysis of the large database of confinement results
from fusion experiments around the world that span a wide range of critical plasma parame-
ters (B, n, T, etc.) has led to the development of empirical confinement scaling laws which
are predictive for moderate extensions beyond the range of the database. Models for transport
due to plasma turbulence have now become reasonably predictive as well. This area of
research is presently in transition from the use of well-established empirical scaling laws to
predictive, first-principle models of plasma transport (see Sect. 3. for more on the topic). In
magnetic fusion research theoretical understanding and experimental projection are based on
extensive and well-documented experimental databases as illustrated in Fig. 2.7 showing
range of experimental data and a projection to possible next-step fusion energy development
stage devices (ITER and reduced-cost variants LAM and IAM).
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Fig. 2.7.  Database for confinement scaling in tokamak
devices. Points for ITER and reduced-cost variants LAM
and IAM are projections to next-step devices at the Fusion
Energy Development stage.

Recent Major Scientific Advance: Strong plasma flow velocity shear can greatly suppress the
level of plasma turbulence, with a consequent reduction in the ion thermal conductivity to
about 0.1 m2/s, in line both with theoretical predictions on turbulence suppression and with
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the predictions for collisional transport as shown for results from the DIII-D tokamak in
Fig. 2.8.

A key research question being pursued in a number of toroidal configurations is how to
exploit this particular discovery to produce significantly improved global energy confinement
and pressure profiles that have improved MHD stability properties.
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Fig. 2.8.  Reduction in ion thermal conduction to
neoclassical levels by suppression of the level of
plasma turbulence.

MHD

Major Research Challenge: What are the fundamental causes and nonlinear consequences
of plasma pressure limits in magnetically confined plasma systems, and how can a fusion
system’s plasma pressure and hence power density be optimized, with minimum off-normal
events?

The theory of ideal MHD which treats the plasma as a perfect electrical conductor is now
well established and provides quantitative prediction and analysis of fusion plasma equilib-
rium and stability against global modes external to the plasma. The agreement between
experiment and theory is within 10% to 20% in toroidal equilibria which have accurate
measurements of the plasma pressure profile and the internal magnetic field distribution. The
use of ideal MHD and resistive MHD (which includes finite plasma electrical conductivity)
is reasonably predictive for analysis of stability against modes largely internal to the plasma,
but there remain some open issues (see Sects. 3.2.4 and 3.2.5). It is the MHD stability proper-
ties of the fusion plasma configuration that determine the maximum β, beyond which the
configuration becomes unstable. The achievement of this present state of maturity in the field
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of MHD was only possible through the development of large-scale two- and three-
dimensional (2- and 3-D) computational models, of highly accurate diagnostic measurement
techniques for determination of the pressure and magnetic field distribution inside a fusion
plasma, and the development and deployment of high power plasma heating systems. The
MHD modeling work drove the pioneering effort by the MFE program in the 1970s and
1980s to create the Magnetic Fusion Energy Computer Center (MFECC) and its successor,
the National Energy Research Supercomputer Center (NERSC).

The primary phenomena which limit the β of toroidal MFE configurations are: (i) long-
wavelength ( λ = R/n, where n = 0 to 3) displacements of the plasma driven by current and
pressure gradients; (ii) short-wavelength modes (n → ∞) driven by pressure gradients; and
(iii) magnetic reconnection (tearing modes) which forms magnetic island structures in toroi-
dal plasmas. Each of these phenomena are now well understood, and each has been or is
being addressed. The n = 0 mode is now routinely stabilized by combination of a resistive
wall and active feedback control. This approach is now being extended to the general class of
n = 1 modes. High-n modes can be stabilized by control of the local magnetic shear. This
shear stabilization is the basis for the phenomenon of “second stability” that was predicted in
the late 1970s and verified experimentally in the mid-1980s. Finally, magnetic reconnection
and its consequences remain important issues for toroidal plasma, with new experiments
utilizing active feedback and current profile control now being carried out. Based on this
progress, stable operation at central β values in the 20% to nearly 100% range has been
achieved in a number of toroidal systems.

Recent Major Scientific Advance: Volume averaged toroidal β of 40% and central toroidal
β  of 100% were achieved on a Concept Exploration scale Spherical Torus as summarized in
Fig. 2.9. These high values are consistent with theoretical projections for this configuration.

Wave-Particle Interactions

Major Research Challenge: What are the fundamental causes and nonlinear consequences of
wave interactions with non-thermal particles, which can be used both to minimize any nega-
tive consequences of fusion products in magnetically confined plasmas, and ultimately to
take advantage of the free energy represented by the fusion product population?

The heating of magnetically confined plasmas by ohmic dissipation, radio frequency (RF)
waves, and energetic neutral hydrogen atom beams is relatively well understood (S-5).
Systems that reliably deliver 20 MW to 40 MW of power to a fusion reactor regime plasma
for up to 10 s have been used in research for many years and are routinely used to heat plas-
mas to fusion reactor conditions (T ~ 10 keV) in many experiments around the world.

The non-inductive sustainment of the plasma electric currents needed for maintaining a
steady-state toroidal plasma equilibrium has been demonstrated at modest power and plasma
performance levels with a wide range of RF techniques. The most developed system, lower
hybrid current drive (LHCD), is based on directed momentum input from externally-
launched waves in the lower hybrid range of frequencies. The longest duration experiments
using LHCD are now able to sustain multi-kiloelectron-volt plasmas for several minutes in
large devices, while a smaller experiment with superconducting external coils has operated
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Fig. 2.9.  Volume averaged toroidal β achieved
in the Concept Exploration stage START
experiment at Culham Laboratories plotted
versus the plasma current normalized to the
minor radius, a, times the toroidal magnetic
field, BT.

continuously for more than 3 h sustained entirely by the RF waves. However, the current
drive efficiencies achieved using RF waves are limited, and power plant designs typically
limit the fraction of RF current drive to about 10% of the total electric current in the plasma
in order to minimize the fraction of recirculating power. Other options for sustaining and
controlling the distribution of the plasma electric current are (i) use the self-generated pres-
sure driven current in the plasma, which reduces the requirement for externally supplied cur-
rent drive power; (ii) injection of magnetic helicity (A⋅ B) from the outside of the system by,
for example, application of an electric field across the exterior magnetic field lines; and
(iii) application of a rotating external magnetic field to impart momentum to electrons in the
magnetically confined plasma. The first option of pressure driven current is being actively
explored with the critical challenge being the existence of a self-consistent solution of the
requirements of MHD stability and the local particle and thermal transport which determines
the plasma pressure profile. The second option is about to undergo a Proof-of-Principle test
after success in Concept Exploration scale experiments, while the third option is now being
studied at the Concept Exploration scale.
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Finally, an important fundamental area of wave-particle interactions is the effect of charged
fusion reaction products in a fusion energy producing plasma (Q > 5) or a so-called burning
plasma. The slowing-down process observed in Q < 1 experiments and simulated with ions
generated by energetic neutral particle heating beams appears generally to be classical and is
well understood. However, theory predicts that these suprathermal particles may excite
Alfven wave eigenmodes in a toroidal system, which may lead to high loss levels of the
fusion reaction products before they impart their energy to heat the plasma. These effects
have been seen in experiments. Another possibly significant loss mechanism of energetic
fusion reaction products occurs through stochastic particle orbit effects due to periodic non-
uniformities in the confining magnetic field. These effects have been quantitatively modeled
and experimentally observed. Both of these loss processes are taken into account in power
plant design and do not appear to be severely limiting, but this conclusion remains to be veri-
fied in higher Q experiments. In addition, the effects of these reaction products on the plasma
current and electric field distribution directly and through pressure gradient modification may
affect the local transport and equilibrium in significant ways. Finally, means have been pro-
posed to enhance the fusion power gain by exploiting the free energy in the population of
fusion products to, for example, drive current or heat ions to temperatures above those of the
electrons.

Recent Major Scientific Advance: Detailed internal measurements have confirmed classical
energy slowing-down and good radial confinement of α particles in a high-power D-T
plasma as shown in Fig. 2.10.

Fig. 2.10.  Measured radial distribution of fusion α particles compared with a classical
slowing-down model prediction assuming no anomalous diffusion of α particles
(Dα = 0). Assumption of a very small rate of anomalous α-particle transport is seen to be
inconsistent with the data.
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Plasma-Wall Interactions

Major Research Challenge: What are the fundamental mechanisms of parallel transport
along open magnetic field lines, and how can the heat flux along these field lines be dissi-
pated before its strikes material surfaces?

All magnetic fusion devices must deal with the power and particle handling interface at a
material surface which surrounds the fusion plasma core (M-15). The leading approach to
this interface is the use of a magnetic “divertor,” which occurs naturally in many toroidal
systems and transports particles and power out of the region of closed nested magnetic sur-
faces to open magnetic field lines that allows the plasma to flow to a cold plate. The flux of
energy to the cooled plate is reduced by spreading out the power through radiation and the
geometric expansion of the area over which the power is delivered to the plate. Predictive
2-D numerical models including plasma and atomic physics effects have been developed and
benchmarked against detailed experimental measurements. This has been a challenging
problem both in plasma science and fusion technology. The combination of improved scien-
tific understanding and significant advances in the technology of high heat flux components
now allows projections of normal heat flux levels in a power plant environment below
5 MW/m2 with allowable steady-state heat fluxes exceeding 10 MW/ m2. Critical issues
which are being addressed include the protection of metallic plasma facing components
under off-normal conditions (so-called “disruptions”), where high peak heat fluxes and ener-
getic particle generation may be produced, and provision for adequate helium ash removal to
prevent helium buildup in the fusion plasma core.

Recent Major Scientific Advance: The measured spectrum of hydrogen light from plasma on
diverted field lines confirmed the dominance of recombination as the mechanism of plasma
extinction in conditions where heat flux is dramatically reduced as shown in Fig. 2.11.
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2.2.3 Path to Magnetic Fusion Energy

The mission of the Fusion Energy Science Program is “Advance plasma science, fusion
science, and fusion technology—the knowledge base needed for an economically and
environmentally attractive fusion energy source.”*

A coordinated program advancing science and technology issues across a broad front is
needed to accomplish this mission. Development of economically and environmentally
attractive fusion energy applications will require a strong continuing research effort focused
on improved scientific and technical understanding, innovation, and optimization. Because
of the range of scientific ideas and plasma confinement configurations for fusion energy, the
path to fusion energy is best carried out through a “Portfolio Approach.”

The Portfolio Approach

The broad base of knowledge needed for an economically and environmentally attractive
fusion energy source will be acquired through a balanced distribution of research effort at all
stages of MFE concept development. This Portfolio Approach manages risk and cost, bal-
ancing the opportunities for in-depth exploration of fusion science and fusion technology in
more advanced MFE concepts, while at the same time, maintaining scientific breadth and
encouraging innovation in the magnetic confinement configurations explored. The Portfolio
Approach will produce the knowledge base needed to build and operate demonstration fusion
energy sources (DEMO stage) which take full advantage of the advances and innovations in
fusion science and technology in the near-term and midterm time frame. In this way the step
to the DEMO stage of fusion energy development is carried out with optimized configura-
tions, which minimizes the overall development cost.

A central driver behind the portfolio-management approach applied to MFE concepts is the
strong scientific synergy across the elements of the portfolio. Scientific advances made in
one concept are readily translated to others, and new ideas emerge from synergistic combi-
nations. The breadth of the portfolio pushes the development of new theory, encourages
extension and validation of existing theory and models, advances new experimental tech-
niques, and stimulates innovation. These synergistic effects drive the need for parallelism and
breadth in the program. Some recent examples of the benefits of breadth are the use of MHD
mode feedback control in the Advanced Tokamak (see Sect. 2.2.3.1), the combination of
tokamak and stellarator ideas in the Compact Stellarator (see Sect. 2.2.3.1), and the use of
helicity injection in the Spherical Torus (see Sect. 2.2.3.2). The breadth of the portfolio also
assures that attractive opportunities are not missed and that roadblocks are not likely to span
all approaches. It broadens the arena for spin-offs from fusion research to other areas of U.S.
science and technology.

The implementation of the Portfolio Approach takes account of three important factors:
(i) among the spectrum of magnetic fusion confinement approaches, some are considerably
more advanced than others; (ii) larger facilities are needed to reach fusion plasma
                                                  
*“A Restructured Fusion Energy Science Program,” DOE Fusion Energy Advisory Committee Report, January
1996.
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parameters; and (iii) the U.S. MFE program is only a part of a much larger international
effort to develop practical magnetic fusion energy.

Experiments pursued at the relatively inexpensive Concept Exploration and Proof-of-
Principle stage allow a broad range of magnetic confinement approaches and important
plasma science issues to be explored. Each magnetic confinement concept has unique aspects
in the four areas of plasma science described in Sect. 2.2.2, as well as unique requirements in
fusion technology. Decisions to initiate study of a fusion concept or to advance a concept to
the next stage of development are based primarily on scientific criteria at the lower levels,
with energy criteria becoming an increasingly important factor for the more advanced stages
of development. In particular, concepts that have no direct reactor embodiment but contribute
important advances to the science of fusion will tend to remain at the Concept Exploration
level. Important near-term opportunities exist for strengthening the Portfolio at these CE and
PoP stages of development and are described in Sects. 2.2.4.1 and 2.2.4.2.

The large international magnetic fusion program, at over a billion dollars per year, provides
important opportunities to U.S. research in MFE. The portfolio of U.S. investments is chosen
to benefit maximally from the international effort, by complementing efforts abroad. By the
same token, the more powerful foreign facilities provide important opportunities for U.S.
researchers in MFE to perform experiments collaboratively, which are not possible on
domestic facilities. Near-term and midterm opportunities exist for national and international
facilities needed to produce plasmas to explore critical fusion plasma phenomena and to
drive fusion technology development and are described in Sects. 2.2.4.3 and 2.2.4.4.

Another key element in the success of the Portfolio Approach is the application of advanced
scientific simulation, which allows new ideas to be tested extensively computationally and
allows rapid and complete analysis of experimental data. Further investment in the facilita-
tion of theory-experiment interaction will continue to accelerate the cycle of theoretical
understanding and experimental innovation.

In parallel with progress in confinement concepts, success in fusion energy will depend on
continued progress in supporting technology development and in low-activation materials
development and qualification. In the nearer term, this will focus on technology develop-
ments that enable the ongoing research programs and on the development of attractive struc-
tural materials. In the longer term, the emphasis will shift to developing those technologies
needed to optimize the attractiveness of the ultimate fusion power source.

Elements of the Portfolio

Within the Portfolio, the pathway to attractive magnetic fusion power systems is focussed on
maximizing plasma stability and confinement properties to achieve high fusion power den-
sity and high gain while minimizing the cost and complexity of the external mechanical and
electrical systems required to sustain the configuration. Based on the results of the past two
decades, the leading candidates for magnetic confinement systems are all toroidal in nature,
due to the better combination of energy confinement and stability achieved and projected
thus far in this geometry. Because the structure and methods of generating the confining
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magnetic fields control the fusion power density and gain as well as the required external
systems, the different toroidal magnetic configurations are classified by the degree to which
the magnetic field structure is externally imposed. The two extremes are

•  externally controlled systems in which the confining magnetic fields are largely supplied
by external coils, and

•  self-ordered systems in which currents flowing in the plasma provide most of the con-
fining magnetic field.

Externally controlled systems offer the potential for steady-state plasma operation by
imposing a magnetic field structure designed to prevent instabilities. Self-ordered systems,
on the other hand, allow the plasma to generate its own magnetic field structure while relax-
ing to a configuration which minimizes the amount of free energy available to drive insta-
bilities. There is, of course, a continuum between these two extremes, since all magnetically
confined configurations have some currents flowing in the plasma and external coil systems
to supply parts of the magnetic field structure.

The search for optimum combinations of magnetic field characteristics which maximize
fusion power density and gain while minimizing system cost and complexity, thereby leading
to the best possible magnetic fusion power plant, is a primary focus within the MFE Portfo-
lio. By studying a broad range of variations in detail, both experimentally and theoretically,
the scientific and technical basis for an attractive magnetic fusion power plant can be estab-
lished. The commonality of fusion science issues among this broad range of concepts allows
advances made in one configuration to be incorporated into the others. In recent years, the
scientific advances made with one class of configurations within the Portfolio—the
tokamak—have culminated in the achievement of more than 10 MW of fusion power pro-
duction and 20 MJ of fusion energy in a single pulse. This achievement provides confidence
that attractive fusion energy systems based on the principles of magnetic confinement can be
developed.

In the following sections and in Appendix C, the range of magnetic confinement configura-
tions that comprise the MFE portfolio will be discussed in detail. In addition to the toroidal
concepts considered most promising, a number of other configurations have been proposed
which offer near-term opportunities for fundamental scientific research but which are more
speculative with regard to power plant applications. All offer opportunities for advancing the
fields of fusion energy and fusion science, as well as potential pathways to a fusion reactor.

2.2.3.1 Externally Controlled Configurations

The Tokamak (M-3) is an axisymmetric toroidal system with the primary magnetic field
supplied by external magnets and with closed magnetic surfaces which are generated by a
toroidal electric current flowing in the plasma as shown in Fig. 2.12. The combination of
externally supplied toroidal magnetic field and weaker plasma generated poloidal magnetic
field creates a field pattern which twists helically, and a given field line will generally map
out a closed toroidal surface.
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Fig. 2.12.  Schematic view of tokamak configuration
showing the large toroidal field magnets, the smaller
equilibrium and shaping coils, and the toroidal
plasma.

The tokamak was the first magnetic confinement concept to sustain kiloelectron-volt-level
plasmas and is today the most advanced magnetic confinement configuration. It has been the
workhorse of the MFE program, providing all of the database on D-T burning plasmas and
much of the data on the critical scientific elements of transport, stability, wave-particle inter-
actions, and plasma-wall interactions. The result of this work has been the development and
confirmation of theory and of a computational basis for predicting plasma performance. The
scientific base built up for the tokamak supports the development of other toroidal concepts
and also provides confidence that a similar level of scientific understanding can be achieved
for these other magnetic fusion concepts.

Confinement studies in tokamaks have shown that systematic and predictable confinement
behavior can be obtained in magnetic confinement devices. Empirical confinement scaling
has been continuously refined but has remained essentially unchanged for over 15 years. The
scaling assessment of confinement in standard tokamak operating regimes made in 1982, on
the basis of an international set of Proof-of-Principle experiments, predicted the initial con-
finement performance of the much larger Performance Extension tokamaks, TFTR, JET, and
JT-60, to 10% accuracy. Also in 1982, in the ASDEX tokamak in Germany, a new regime of
plasma confinement was discovered. Dubbed the H- or High-mode (which also simultane-
ously defined the standard L- or Low-mode), this improved confinement regime’s distin-
guishing feature was the abrupt appearance of a region of very low transport only a few cen-
timeters wide, just inside the plasma edge. This first observation of a “transport barrier” in a
toroidal device produced a factor of two increase in the overall global energy confinement,
compared with the standard or Low-mode behavior. Today, the H-mode is ubiquitous in
tokamaks around the world, and empirical scaling laws for the H-mode regime have been
developed over a wide range of plasma parameters. Theoretical analyses have explained
many aspects of tokamak confinement, and direct theoretical predictive capability is begin-
ning to compete with empirical scalings. Massively parallel computation may allow direct
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numerical simulation of plasma confinement to reduce the need for extensive empirical scal-
ing studies. Nonetheless detailed experimental benchmarks, and clear demonstration of
plasma performance, will always be critical to reliable scientific understanding and
prediction.

Volume averaged β values up to 13% have been produced in tokamaks, exceeding power
plant requirements, but not yet in regimes consistent with steady-state operation. These
experimental results are in excellent quantitative agreement with theoretical predictions.
When a tokamak plasma exceeds the most important stability limit boundaries, such as the
β limit, the result is normally a disruption event where most of the plasma energy is lost
quickly, followed immediately by a rapid decay of the plasma current. Material surfaces can
be damaged from the thermal energy loss, and large structural loads can be induced from the
rapid quench of the plasma current; methods to mitigate the effects of disruptions when they
occur are being developed with good results to date. However, disruptions remain an impor-
tant issue for the implementation of a tokamak-based power plant.

The toroidal current in a tokamak is normally driven inductively, making use of a solenoid in
the core of the torus. This method of current drive is intrinsically limited in pulse length.
Methods to drive the current in steady state, injecting RF waves or beams of energetic neutral
atoms that ionize in the plasma, have been successfully employed. The efficiencies of these
methods are in agreement with theory, and reliable computational models exist to calculate
the driven currents. The calculated and measured efficiency of these current-drive schemes is
too low to allow a majority of the toroidal current to be driven externally in a power plant.
However, the theoretically predicted self-driven or neoclassical bootstrap current has been
confirmed and has opened up the prospect of efficient steady-state tokamak operation, with
the majority of the current provided internally. The discovery of the bootstrap current has
also advanced the development of two other toroidal confinement concepts, the Spherical
Torus and the Compact Stellarator, both described below.

The field lines at the edge of a tokamak plasma can be diverted away from the main configu-
ration and led into a separate region, where the outflowing heat can be handled and the
helium ash from the fusion process extracted. Theoretical analysis and experimental results
show that the plasma can be extinguished along these diverted field lines, dispersing the heat
widely. It also appears straightforward to pump the helium ash from the plasma at an accept-
able rate, taking advantage of this divertor configuration, which is broadly applicable to most
toroidal confinement concepts.

Experiments on tokamaks have brought magnetic fusion to the beginning of research involv-
ing substantial fusion energy production. The slowing-down and confinement of α particles
has been measured for the first time. Furthermore the effects of fusion plasma self-heating,
via the confined α particles, have been observed. In D-T plasmas in the U.S. TFTR device,
fusion power of 10.7 MW was produced, corresponding to Q ~ 0.3. Subsequently up to
16 MW has been produced at the Joint European Torus (JET) corresponding to Q ~ 0.6, with
a maximum fusion energy per pulse of 20 MJ. In these cases Q is defined as fusion power
divided by heating power. Since the highest fusion power experiments are transient, if the
time-derivative of the plasma stored energy, dW/dt, is subtracted from the external heating
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power, a higher value of Q would be determined as the ratio of Pfus/Ploss. By this definition,
and extrapolating from D-D to D-T fusion rates, the Japanese JT-60U device has achieved
conditions in a D-D plasma which have a projected Q = 1.25, in a D-T plasma.

Progress in tokamak plasma performance has been very substantial over the last two decades
as shown in Fig. 2.13, The tokamak concept has advanced to the point at which an integrated
fusion energy test at the Fusion Energy Development stage has been designed internationally
(ITER). This ITER device is presently being considered for construction by Europe, Japan,
and Russia and if built, will be an historic milestone: it will be the first integrated test of most
of the, generally required, physics, technologies, controls, and diagnostics with a power plant
relevant D-T fusion plasma.

Fig. 2.13.  Advances in tokamak performance have been systematic and large.
The three “generations” noted here correspond to Concept Exploration, Proof-of-
Principle, and Performance Extension. ITER would be a Fusion Energy Develop-
ment stage device.

•  The Advanced Tokamak (AT) (M-4, M-5) relaxes some of the external control of the
tokamak, depending to a large degree on the pressure-gradient-driven current to efficiently
maintain its plasma current. This provides a much better prospect for steady-state opera-
tion, but the best performance requires operation beyond the β limits predicted in the
absence of an ideally conducting wall around the plasma. This will most likely result in
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the need for active stabilization of long-wavelength MHD “kink” modes, in order for the
plasma to experience a real, resistive wall as ideal. Another issue is that slow-growing
“neoclassical tearing” modes, driven by inhomogeneities in the bootstrap current, can set
the pulse limit for high β operation. If the feedback stabilization studies for long-
wavelength kink and tearing modes now being carried out in the laboratory prove success-
ful and current and pressure profiles can be controlled adequately, the tokamak opera-
tional space is projected to support about 1.5 to 2 times the plasma β limit as found for
standard tokamak operation with the same toroidal plasma current, and true steady-state
tokamak operation should be feasible.

Advances in techniques to control the plasma and current profile in a tokamak have led to
the formation of so-called “transport barriers” in the plasma. The transport reduction
within these transport barrier regions has been shown to arise from suppression of turbu-
lence by sheared E × B plasma flows and the effects of the unusual current profiles on tur-
bulence growth rates. Experiments have demonstrated reduction of the ion thermal trans-
port to the neoclassical non-turbulent level over most of the plasma volume (see Fig. 2.8).
The fraction of the plasma current supplied by the self-generated neoclassical bootstrap
current has exceeded 80% in some experiments. The outstanding challenge in AT research
is to achieve simultaneously: high bootstrap fraction, improved confinement, and
extended β limits in long-duration plasma. This area of research is a major effort of the
U.S. and foreign tokamak experiments: DIII-D and C-Mod in the United States and JET,
JT-60U, Asdex-U, Tore Supra, and many other experiments around the world. It is also
the basis for one of the best developed power plant configurations, the ARIES-RS design.

•  The Stellarator (M-1) is a configuration in which the external coil set supplies not only
the toroidal magnetic field but also much or all of its poloidal magnetic field. The closed
magnetic flux surfaces needed for plasma confinement are created by twisting the shape of
the external coils as shown in Fig. 2.14. Because stellarators can be designed with no
externally driven plasma current, no recirculating power is needed to support the plasma
current. Since there is no externally driven plasma current to interrupt as part of a disrup-
tion event, these events have not been observed in stellarator experiments.

Fig. 2.14.  Schematic of a modular stellarator
design showing the twisting of the coils which
produce nested flux surfaces for confinement.
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In its conventional embodiment, the stellarator has a large aspect ratio (R/a ~ 10 to 20),
resulting in relatively low power density relative to the size of the system. The divertor for
power and particle control is more difficult to accommodate in a stellarator configuration
because it is no longer axisymmetric and space between the plasma and the coils is lim-
ited. The large variety of stellarator configurations and the ability to vary the magnetic
configuration within one device—change magnetic well and shear and vary the radial
electric field—lead to an improved capability to study important basic plasma phenomena
in a systematic and controlled manner. During recent years, Proof-of-Principle scale
devices have achieved, collectively, Te (0) = 4 keV, Ti (0) = 1.5 keV, n = 3 × 1020 m–3,
<β> = 1.8%, and τE = 50 ms. H-mode operation with characteristics similar to tokamaks
has also been observed.

Stellarator research is a major thrust of foreign fusion energy programs. A new Perform-
ance Extension scale device, the LHD stellarator in Japan, uses superconducting coils for
steady-state operation and is the largest operating stellarator in the world, comparable in
size to the large Performance Extension scale tokamak experiments. In its first few
months of operation, LHD achieved an impressive energy confinement time of τE =
250 ms. WVII-AS is a Proof-of-Principle device operating since the mid-1990s in
Germany, and a new German superconducting coil stellarator of comparable size to LHD,
W7-X, is now under construction. A new U.S. exploratory experiment, HSX, which will
study a new form of stellarator symmetry, quasi-helical symmetry, will soon begin
operation.

•  The Compact Stellarator (CS) (M-2) implements new ideas in stellarator symmetries
(called quasi-axisymmetry and quasi-omnigeneity), coupled with the discovery of the
bootstrap current, which open up the possibility of much lower aspect ratio stellarator con-
figurations. By employing a significant pressure-driven current, this concept begins to
move away from a purely externally controlled configuration. It relies on the self-driven
bootstrap current in the plasma to provide some of the poloidal magnetic field, thereby
relieving some of the nonsymmetry of the confining field coils. The CS is predicted to be
stable against both long- and short-wavelength MHD modes, as well as against neoclassi-
cal tearing modes, and so it should require no stabilizing conducting wall nor active feed-
back control. The stability to neoclassical tearing modes arises from the fact that the
global shear in the magnetic field is of the same sign everywhere that makes inhomogene-
ities in the bootstrap current self-healing. Theoretically, the CS should not disrupt.
Experimentally, classical stellarators are found to be completely free of disruptions, even
with significant inductively-driven plasma currents. Due to the self-driven bootstrap cur-
rent, the compact stellarator requires no significant external current drive, so power plants
based on this configuration are expected to have low recirculating power fraction, similar
to the larger aspect ratio stellarator. The quasi-axisymmetric configuration should also
exhibit transport reduction via sheared flow in much the same way as the advanced
tokamak. If these theoretical predictions can be verified by experiments, the compact
stellarator, through its low aspect ratio, should be able to achieve a fusion power density
sufficient for a power plant, while offering disruption-free operation and requiring a rela-
tively low recirculating power fraction. A proposal for a CS program has been positively
peer reviewed as a new Proof-of-Principle component of the U.S. program.
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2.2.3.2 Intermediate Configurations

•  The Spherical Torus (ST) (M-6) is an extension of the tokamak configuration to very
low aspect ratio (see Fig. 2.15) (R/a < 1.5), where the configuration benefits from some of
the characteristics of self-ordered systems—simplicity of design and very high beta.

Fig. 2.15.  Results from the exploratory ST experiment START and a schematic of
the ST low aspect ratio magnetic configuration.

To an even greater degree than the advanced tokamak, the ST concept depends on high
levels of pressure-driven bootstrap current and conducting wall stabilization of long-
wavelength MHD modes, although requirements for rotational stabilization of the kink
mode are predicted to be lower in the ST, and the neoclassical tearing mode may be sta-
ble. From the plasma science perspective, this configuration provides valuable informa-
tion on aspect ratio scaling of physics phenomena in toroidal devices. It is also predicted
to have naturally large values of plasma rotational shear flow that are responsible for the
suppression of plasma turbulence and the greatly improved confinement seen in tokamak
experiments. In exploratory scale experiments on the START device in England, the ST
has exhibited low disruptivity and has demonstrated good confinement. High average tor-
oidal field β ~ 40% and central β ∼  100% have been achieved, consistent with the most
favorable theoretical predictions.. Since the very low aspect ratio leaves little space for an
inductive transformer to drive plasma current, a critical issue for the ST concept is to
demonstrate an effective method of non-inductive start-up and an efficient combination of
current drive and bootstrap current for steady-state operation. Coaxial Helicity Injection, a
technique used to initiate and sustain the current in spheromaks (Sect. 2.2.3.3), has been
tested at the Concept Exploration level on an ST, and will be further investigated at the
Proof-of-Principle level. When used as a basis for the design of a fusion power plant, pre-
sent ST designs indicate a relatively high recirculating power fraction will be needed to
operate the copper toroidal field coils, but the offsetting lower cost of construction
leads to a projected cost of electricity comparable to the AT. Further innovations and
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optimizations are being pursued internationally. In addition to its potential as a power
plant, the ST is also a promising basis for the design of a volume neutron source (VNS)
for component testing and may offer a lower-cost development path to the Fusion Energy
Development stage. New experiments at the Proof-of-Principle level (Ip ~ 1 MA) have
started in early 1999 on the NSTX in the United States and on MAST in the United
Kingdom.

•  The Reversed-Field Pinch (RFP) (M-7) has a self-ordered plasma, and compared to the
tokamak or the stellarator, it has a much weaker toroidal magnetic field system linking the
plasma shown schematically in Fig. 2.16. The RFP provides a useful complement to the
tokamak and stellarator, whereby comparisons between the three types of plasma have
helped to clarify common physics issues. For example, the stabilizing effect of a close-
fitting conducting boundary used to the control low-n MHD modes in an RFP, has lead to
potentially key methods for improvement in the AT and ST concepts where wall stabili-
zation is now a critical issue. Other areas of common interest include studies of edge tur-
bulence, and the role of magnetic vs electrostatic fluctuations in transport. At the Proof-of-
Principle scale, RFP plasmas have achieved, separately, Te (0) = 0.7 keV, Ti (0) =
0.4 keV, n ≤ 5 × 1020 m–3,  average β ≤ 20%, and τE = 5 ms. The self-ordering effect of
helicity (A•B) conservation was first demonstrated on the RFP and has had a major effect
on the understanding of the evolution of resistively unstable magnetic configurations in
the laboratory and in space. Recent studies have shown dramatic confinement improve-
ment in the RFP through current profile control that reduces the level of the MHD plasma
turbulence, although the tearing of the magnetic field lines still leads to much greater
losses than observed in the externally controlled systems. Fusion power plant issues for
this device include the nature of confinement scaling in more collisionless plasmas near
10 keV, the embodiment of a divertor, and how to maintain the plasma current continu-
ously with low recirculating power in the absence of any significant bootstrap current. If
these problems are resolved favorably, the RFP offers a route to a higher power density

Fig. 2.16.  Schematic of the magnetic field configuration
in the RFP.
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power plant than the tokamak, ST, or stellarator. A Proof-of-Principle level proposal for
upgrades to the existing Concept Exploration MST experiment, in order to provide capa-
bilities to investigate these issues, was positively peer-reviewed in the United States. The
1-MA Proof-of-Principle level RFP device in Italy called RFX is a complementary pro-
gram for this concept.

2.2.3.3 Self-Ordered Configurations

These configurations are focused on globally simple, compact toroidal systems. The mag-
netic fields in the plasma are produced largely by the internal plasma current, with no coils
threading the toroidal plasma, thus giving them a favorable geometry as a power system. The
β range expected for these configurations ranges from 10% to as high as 80%. However,
these are all exploratory concepts, which present major questions about confinement, gross
MHD stability, and sustainment of the plasma current. Their high power density may raise
questions about plasma-wall interactions, although divertors can be accommodated in these
configurations. In particular, the complex dynamics of the self-organizational processes
which generate the magnetic field structure are not well understood. Nevertheless, if effective
control and current drive systems can be realized in this type of geometry, if transport can be
reduced, and if power handling can be demonstrated, then these self-ordered configurations
may represent an attractive approach to a fusion power plant.

•  In the Spheromak (M-8), the toroidal and poloidal fields, created by the plasma, are
approximately equal in size. The device has a simple geometry for incorporating a diver-
tor as shown schematically in Fig. 2.17. In exploratory scale devices central Te = 400 eV
and average β ~ 5% have been obtained with about a 2-T magnetic field.

Fig. 2.17.  Schematic of a self-ordered spheromak configuration
illustrating near spherical reactor geometry using liquid metal
blanket and shield.
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Experiments have shown that the spheromak is subject to continuous resistive MHD
modes, similar to those in the RFP, which tear the magnetic fields and reduce plasma con-
finement. MHD stability against the tilt mode is an issue as well as efficient sustainment
of the plasma current. While initial experiments on the use of helicity injection for non-
inductive current drive are encouraging, helicity penetration without loss of confinement
remains to be demonstrated. A new Concept Exploration experiment, SSPX, is under
construction.

•  The Field-Reversed Configuration (FRC) (M-9) is an axisymmetric toroidal plasma
with only a toroidal plasma current and only a poloidal magnetic field. The coil and diver-
tor geometry are the simplest of any configuration. FRCs typically operate at high density
n ≤ 5 × 1021 m–3, where they have achieved Ti ~ 1 keV, an nτE ~ 1018 m–3·s, and the
highest average β  of 50% to 80%. An interesting observation is that the FRC plasmas
produced in experiments are more globally stable than predicted by ideal MHD theory. It
is generally understood that this is a consequence of the large size of ion gyro-orbits rela-
tive to the overall system, ~1/4 in present experiments. Key questions for the FRC
include: at what scale (ratio of plasma radius to ion gyroradius) will the configuration suf-
fer from the ideal MHD internal tilt instability; how important are interchange instabili-
ties; and can energetic ions stabilize these instabilities at power plant scale size? The
physics of transport and confinement scaling for this configuration are not well known.
Like the AT, the ST, the RFP, and the spheromak, the FRC has the potential to self-
generate most of its plasma current. The remaining problem is how to drive the “seed”
current required with the higher plasma density typical in the FRC. A promising approach
is the rotamak method, based on the use of rotating magnetic fields in the near-field of
large antennas pioneered in Australia in a Concept Exploration scale tokamak experiment.
Use of the rotamak current drive technique in an FRC will be investigated on the Concept
Exploration stage experiment called TCS.

2.2.3.4 Other Configurations

There are a number of other configurations which are interesting as scientific research tools
and which may have the potential for some near-term applications in science and/or technol-
ogy, but which are more speculative in regard to their ability to produce net fusion power.

•  The Magnetic Dipole (M-10) fusion concept uses only a levitated conducting ring to pro-
duce an axisymmetric field. It should operate disruption free, and possibly free of signifi-
cant turbulence, potentially allowing classical confinement. The externally produced, axi-
symmetric geometry, similar to a planetary magnetosphere, makes it very appealing as a
physics experiment. Such a configuration is projected to be able to contain a plasma with
a volume average beta of β ≥ 10%. The dipole concept is based on a large body of space
plasma observations at high β and some limited laboratory results. In regard to fusion
applications, the dipole concept needs a superconducting levitated ring within the plasma,
which must handle heat and neutron loads from the fusion plasma. A dipole fusion power
source will likely require D-He3 fuel to minimize fusion-produced neutron heating of the
levitated superconducting ring. This leads to a low system fusion power density. A Con-
cept Exploration stage experiment called LDX is under construction.
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•  Strongly Driven Plasmas (M-11, M-12, M-13). The magnetic confinement configura-
tions described above have a primarily thermal particle energy distribution. Through the
use of intense particle beams and/or electromagnetic wave heating it is possible to create
plasmas with a strong high energy ion component. This leads to enhancement of the
fusion production rate over a thermal plasma of the same average energy. A concern is
how to efficiently maintain the energetic ion distribution in the face of scattering colli-
sions. Such configurations are interesting for plasma science and as a potential 14-MeV
neutron source. A gas dynamic trap has been proposed as a 14-MeV neutron source for
fusion technology development, and an energetic particle beam driven FRC has been
proposed as a power plant. The former approach is carried out in the Russian Federation at
the Proof-of-Principle level; the latter approach remains controversial and requires
detailed peer review.

•  In Magnetized Target Fusion (MTF)  (M-14) a magnetic field embedded in an FRC or
other self-organized plasma is rapidly compressed to fusion conditions by a radially-
driven metal liner. To date, separate tests have been made of translation of an FRC plasma
and of liner compression. The small scale and present availability of DP facilities could
allow a rapid, low-cost, test at the Proof-of-Principle level. The energy requirements to
achieve a fusion energy gain of ~1 are projected to be quite modest. Because of the inva-
sive magnetic coupling required in the reaction chamber, of the high fusion yield, and of
the repetition rate required for energy applications, a credible reactor design based on this
concept has not yet been formulated. The attainment of high gain without a “hot spot”
ignition region as in IFE is problematic. Rapid, repetitive replacement of the liner and
removal of the waste materials remaining from the previous implosion are critical con-
cerns for fusion power applications. A Proof-of-Principle stage experiment has been pro-
posed, and positively peer reviewed, with the goal of testing the basic physics of the for-
mation, injection, and implosion elements of this concept.

•  Inertial-Electrostatic Confinement (IEC)  (S-10) systems make a spherical electrostatic
potential well using very energetic magnetically confined electrons. Ions are injected into
this large potential well and execute oscillating orbits that are repeatedly focused to the
center of the spherically symmetric potential. The defining feature of IEC is the central
ion focus with its large ion density due to geometric convergence. Concept Exploration
stage experiments in the PFX-1 experiment at LANL using a magneto-electrostatic exten-
sion of the Penning trap have shown that electron focusing occurs, with electron confine-
ment times of about 1 ms and central densities up to 1019 m–3. For fusion applications,
there are several outstanding physics and technical issues: theory shows fundamental lim-
its to fusion energy gain, Q < 1, in static systems, but oscillating fields such as the periodi-
cally oscillating plasma sphere (POPS) approach may be able to overcome these limita-
tions; the voltages are high and the electrode spacing small; and space charge effects are a
significant problem. Most experiments thus far have been done with electrons. The next
step in these concept exploration studies is to confine ions and demonstrate significant
energetic ion lifetime.
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2.2.3.5 Common Issues in Toroidal Magnetic Confinement

As outlined in the individual concept descriptions of the previous section, there is a signifi-
cant commonality in key physics issues among the spectrum of magnetic confinement
devices, and the field of magnetic fusion energy science has made progress through explora-
tion of these issues on a broad front. Since the tokamak concept is the most highly developed
at this time, experiments conducted on these facilities have provided many valuable detailed
measurements. Tokamak experiments provide high-temperature plasmas, advanced diagnos-
tic tools, and very sophisticated numerical analysis tools for the study of transport and turbu-
lence, MHD stability, wave-particle interactions, and plasma-wall interactions. Furthermore,
design and analysis tools developed for tokamaks can now be applied to the entire class of
toroidal concepts. Conversely, a number of discoveries and innovative techniques have come
from the concepts at the more exploratory stage of development and applied to the more
developed concepts such as the tokamak. Some of the key common issues are summarized in
Fig. 2.18.
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2.2.3.6 The MFE Portfolio

Within the MFE program, the Portfolio of toroidal concepts is at varying stages of develop-
ment and scientific understanding. To compare the relative level of development between
concepts, the development path of any concept in the portfolio can be mapped through a
series of distinct stages [Concept Exploration (CE), Proof-of-Principle (PoP), Performance
Extension (PE), and Fusion Energy Development (FED)], each one moving closer to its
adoption as a design configuration for the pre-commercial level of fusion power demonstra-
tion (DEMO) as discussed in Sect. 1.5, Appendix B, and shown schematically in Fig. 1.3.

At the Concept Exploration stage, after careful competitive scientific peer review, a promis-
ing new idea is typically first tested in a low-cost exploratory experiment, designed to vali-
date the most basic aspects of the concept. The range of experiments being pursued at this
relatively inexpensive Concept Exploration stage allows a broad range of magnetic confine-
ment approaches and important plasma science issues to be explored.

Each magnetic confinement concept has unique aspects in the four areas of plasma science
described in Sect. 2.2.2, as well as unique requirements in fusion technology. If the scientific
merit and power-plant attractiveness of a concept proves favorable through these exploration
tests, after further detailed review it will be considered for study at the Proof-of-Principle
stage. This stage includes more complete experimental tests of a range of key scientific and
technical principles, although typically still with plasma conditions at a considerable distance
from those of a fusion power source. Currently only one concept, the ST, is being explored
at this level in the U.S. program, while three others, the CS (Sect. 2.2.3.1) the RFP
(Sect. 2.2.3.2), and MTF (Sect. 2.2.3.4) have been positively peer reviewed and await
funding.

After peer review of scientific progress at the Proof-of-Principle stage and, with greater
emphasis, of promise for an attractive power-plant implementation, a successful concept may
be advanced to the Performance Extension stage, with plasmas closer to fusion parameters, in
more powerful devices, for more rigorous testing. At this stage the extension of the basic
concept toward fusion parameters is verified, and in many cases new physics issues can be
examined. Since such experiments are often expensive, the impact on the overall portfolio of
the decision to advance a concept to the Performance Extension stage must be carefully taken
into account. This stage may also require more than one major facility per concept, for
example, extending fusion gain and pulse length (or time-average power for pulsed systems)
in separate devices. Currently only the tokamak is being investigated at this level in the U.S.
program.

Validated success at the Performance Extension level provides the basis to make a decision
to proceed to the construction of full-scale Fusion Energy Development facilities, among
which are devices to produce fusion-relevant plasmas integrating a fusion plasma core with
the technologies for fusion power plants. This stage may also includes devices such as high Q
and ignition experiments, volume neutron sources, and pilot plants.

Success at the Fusion Energy Development stage, together with advances made in concepts
at the lower stages in the Portfolio, will produce the knowledge base needed to build and
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operate demonstration fusion energy sources (DEMO stage) which take full advantage of the
advances and innovations in fusion science and technology in the near-term and midterm
time frame. In this way the decision to advance to the DEMO stage is carried out with opti-
mized configurations minimizing the overall development cost.

An overview of the distribution of present U.S. MFE experimental facilities in relation to the
world program in fusion is given in Fig. 2.19.

The summary in Fig 2.19, provides a comprehensive overview of the relative stage of devel-
opment of each concept in the MFE program today. It also indicates the three recently pro-
posed and positively peer-reviewed Proof-of-Principle experiments. Furthermore, at the
Proof-of-Principle level and above, the figure shows the distribution of international facilities
in these concept lines, including some of the devices being designed or proposed for the first
MFE facility at the Fusion Energy Development stage discussed in more detail in
Sect. 2.2.4.4.

The distribution balance within the Portfolio manages the inverse relation between the facil-
ity cost and the degree of risk, characterized by the level of scientific and technical uncer-
tainty. Very roughly, the typical cost of a facility at each stage of development is increased
by an order of magnitude over the stage below. Concept Exploration facilities are valued in
the few million dollar range, Proof-of-Principle facilities cost tens of millions of dollars,
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Performance Extension facilities require hundreds of millions of dollars of investment, and a
Fusion Energy Development step, which produces a D-T fusion gain Q > 10, would cost at or
above $1 billion.

Consequently, the program can mount many efforts at the Concept Exploration level for the
cost of a single Performance Extension facility. In general, during the development phase of
a technology such as fusion, a proper risk/benefit analysis leads to fewer facilities at the more
expensive higher levels and more facilities at the less expensive lower levels, where risky,
but potentially very beneficial ideas can be explored. An examination of Fig. 2.19 clearly
shows that the middle, Proof-of-Principle, level is weakly populated in the U.S. program
(only one experiment) in comparison with the levels above and below it. This is what has led
to the present set of Proof-of-Principle experimental proposals. It is important to recognize in
considering the balance of the portfolio that Performance Extension facilities based on the
more developed concepts are also essential to investigate phenomena at conditions approach-
ing those expected in a fusion power plant, to develop fusion technology, and to move the
entire program “state-of-the-art” closer to the Fusion Energy step which necessarily precedes
DEMO. It is also important to note that when a concept (e.g., the tokamak) is advanced to
higher stages of development, smaller scale supporting exploratory experiments continue to
be needed to develop and test innovative ideas which can have significant impact on the
direction of research at the larger facility and on the optimization of toroidal concepts.

Because of the high cost of the Performance Extension and Fusion Energy Development
stages, leverage against the large international program in fusion energy research is essential.
As shown in the figure, there is very significant foreign activity by the European Union and
Japan at the PoP stage in the stellarator, ST, and RFP lines, and at the PE stage in the stella-
rator and advanced tokamak. The interactions with comparable facilities abroad at the PoP
and PE level is substantial and plays a major role in determining the optimal investments for
the United States to make. For example, the existence of superconducting stellarators in
Europe and Japan means that long-pulse stellarator issues associated with divertor operation
can be addressed abroad, while an opportunity exists for a U.S. Proof-of-Principle CS experi-
ment to investigate shorter pulse issues, such as confinement and stability, in an innovative
stellarator configuration.

Finally, while the focus on the Portfolio tends to be on the confinement facilities developing
individual magnetic confinement concepts, and on the scientific links between these con-
cepts, progress toward the fusion energy goal requires that fusion technology advance as
well. Historically, enabling technology development has paced the movement of the tokamak
concept from one stage to the next. Critical fusion technology issues for MFE are discussed
in Sect. 2.2.6.

2.2.4 Opportunities in MFE

There are a number of important opportunities for the MFE program, in both the near term
(~5 years) and the midterm (~20 years) which would substantially advance the program
toward the goals of fusion energy and plasma science. These opportunities exist at all stages
of concept development, as discussed below and summarized in Table 2.2. Long-term
opportunities are summarized in Sect. 2.2.5.
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Table 2.2.  Opportunities for confinement concept improvement

Configuration Near term ~5 years
Midterm ~20 years (assuming
success with near-term goals)

Externally Controlled Systems

M-2
Compact
Stellarator

Build a PoP experiment to test pre-
dicted absence of disruptions, high
beta limits, and good confinement,
and to develop methods of turbulence
control. Test alternative optimization
in CE device.

Build a Performance Extension
experiment based on the
compact stellarator, likely
with moderate-pulse D-T
operation.

M-4
Advanced
Tokamak

Demonstrate the integrated plasma
capabilities for improved beta and
confinement, with current and pres-
sure profile control, feedback sys-
tems, and a divertor in existing
experiments with modest upgrades.

Demonstrate the full range of
capabilities at very long pulse,
understand burning plasmas at
Q ≥ 10, or do both in the
single ITER-RC.

Intermediate Systems

M-6
Spherical
Torus

In PoP experiments, demonstrate the
physics performance needed for the
design of a D-T burning spherical
torus.

Build a DTST PE experiment
to support the next step of a
Volume Neutron Source
and/or Fusion Pilot Plant.

M-7
Reversed-
Field
Pinch

Use auxiliary RF and neutral beam
heating to study beta limits, and pro-
vide precise non-transient current
profile control for magnetic turbu-
lence suppression by upgrading
existing device. Test oscillating field
current drive. Explore non-circular
plasmas in CE device.

Advance to a PE stage experi-
ment in a ~10-MA device
possibly with D-T fuel
capability.

Self-Ordered Systems

M-8
Spheromak

Concept Exploration of confinement,
reconnection physics, beta limits,
feedback control, and divertor
operation. Design a long-pulse
experiment.

Build a long-pulse PoP experi-
ment to address spheromak
physics in the kiloelectron-volt
range. Develop advanced
helicity injection and other
current drives. Develop inno-
vative power plant technolo-
gies e.g., liquid walls.

M-9
Field-
Reversed
Configuration

Develop an improved flux buildup and
sustainment system. Study the influ-
ence of sheared flow and fast parti-
cles on stability. Develop a better
understanding of confinement.

Build a PoP experiment for
testing steady-state operation
at multi-kiloelectron-volt
temperatures.
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Table 2.2.  (continued)

Other Systems

M-10
Levitated
Dipole

Do concept exploration, comparing the-
ory and experiment, using ECRH to
produce a hot electron beta ~100%
locally. Use deuterium gas and lithium
pellet injection to obtain high density.

Design and construct a PoP
experiment.

M-12, M-13
Strongly
Driven
Plasmas

Concept exploration. Conduct follow-on PoP
experiments.

M-14
Magnetic
Target
Fusion

Build a PoP experiment to test the per-
formance of the concept. If successful,
start preparation for a proof-of-
performance experiment on the
ATLAS facility.

Capitalize on success of proof-
of-performance experiment to
carry out PE experiment using
ATLAS facility.

2.2.4.1 Concept Exploration Experiments

Within the U.S. MFE program, a number of less developed confinement concepts, which
offer potentially significant improvements in plasma and device characteristics, are presently
under experimental study at the earliest, and least expensive, Concept Exploration stage (in
some cases in more than one small experimental device). Each of these concepts supports a
“vision” for an improved fusion system, while supporting a broadening of plasma science
understanding. Numerous opportunities exist in the Concept Exploration area to explore new
concepts and/or to enhance the capabilities of existing experiments by adding plasma control
and diagnostic systems. Both the proposed Compact Stellarator Proof-of-Principle program,
and the proposed RFP Proof-of-Principle program, include Concept Exploration experiments
as key elements. Since it is anticipated that innovative ideas will be generated continuously,
this is an ongoing opportunity in both the near-term and midterm.

2.2.4.2 Proof-of-Principle Experiments

Proof-of-Principle class experiments provide the first integrated tests of the basic scientific
aspects of each concept. Only one Proof-of-Principle experiment is under construction or
operating in the U.S. MFE program, the NSTX Spherical Torus, a national user facility.
Exciting new results from the small START spherical torus experiment in England showed
both good energy confinement and very high plasma β. The Fusion Energy Development
path for the Spherical Torus is potentially highly cost-effective, and if its physics basis can be
established, the power-plant implementation has been found to be attractive.
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Near-Term Opportunities

An important near-term opportunity exists to expand the Proof-of-Principle Portfolio ele-
ments in the MFE program. Three interesting confinement concepts have been positively
peer reviewed for advancement to the Proof-of-Principle stage: the CS, RFP, and MTF (see
Sects. 2.2.3.1, 2.2.3.2, and 2.3.2.4).

The CS promises stable, disruption-free operation and very low recirculating power, at high
power density, and so a potentially very attractive fusion system. It will also allow the exten-
sion of fusion science to fully 3-D systems, which are more characteristic of natural plasmas,
and provide stringent tests of much of the theory of fusion plasmas developed on tokamaks
and conventional stellarators.

A fusion power plant based on the RFP, would have a much lower toroidal magnetic field
than the tokamak or stellarator, which offers the possibility of reduced cost for magnetic field
coils, also making its power plant implementation attractive. Its physics is closely related to
that of the solar corona and near-surface regions, making it particularly interesting as a para-
digm for understanding the physics of magnetic field generation in astrophysical and labo-
ratory fusion plasmas.

These two systems represent one rather strongly externally controlled concept (CS) and one
intermediate or largely self-organized concept (RFP). As such these approaches complement
each other and strengthen the fusion portfolio. MTF—which is intermediate between MFE
and IFE—was positively peer reviewed with the CS and RFP Proof-of-Principle proposals. It
may offer an inexpensive new opportunity for achieving significant fusion energy release and
the scientific investigation of a unique plasma regime.

Midterm Opportunities

It is important to recognize that experiments currently at the Concept Exploration scale will
continue to mature, and there will be further opportunities for investment at the Proof-of-
Principle level in the midterm timescale. Which specific concepts would be considered for
advancement in the midterm time frame will depend on the success achieved at the Concept
Exploration stage as well as applicable science and technology advances made in other MFE
concepts.

2.2.4.3 Performance Extension Experiments

Performance Extension experiments encompass mature concepts with a wide range of proven
performance levels extending nearly to burning plasma conditions. Within the U.S. MFE
program, only the tokamak is at the Performance Extension stage. Tokamak research has
provided scientific understanding of macroscopic stability and microscopic transport in
fusion regime plasmas, wave-particle physics, and plasma-wall interaction. Excellent quan-
titative predictability of many aspects of high-temperature plasma physics has now been
achieved, on the basis of complex numerical simulations. Tokamaks have also been the test
beds, producing most of the information on the building blocks needed for an attractive MFE
fusion energy system: divertors, plasma-wall interactions, heating, fueling, and current drive.
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These tokamak scientific results have also strongly supported concept development in other
plasma configurations (e.g., the ST, CS, and RFP). In essence these tokamak results show
that toroidal magnetic confinement systems can be used to produce fusion power, and the
challenge is to make progress in the near term and midterm to optimize these toroidal sys-
tems for a practical energy source.

Near-Term Opportunities

Advanced Tokamak: As compared with the conventional, pulsed tokamak, the AT operating
regime offers the potential for fully steady-state operation, and for higher fusion power den-
sity, leading to an attractive reactor concept. This is the focus of a strong domestic and inter-
national research program, which has already shown dramatic improvements in plasma con-
finement in AT regimes. The AT concept is now beginning to be tested at the Performance
Extension stage in two tokamak devices in the U.S.: DIII-D and Alcator C-MOD, which are
operated as national user facilities. An important cost-effective investment opportunity would
be to provide the key profile-control tools needed for full tests of AT regimes at the
Performance Extension level in the United States. The strong investment in Performance
Extension advanced tokamak experiments in Europe and Japan provides a scientific context
for this research, leading to accelerated discovery and innovation.

International Collaboration: Within MFE there is a near-term opportunity to pursue a more
aggressive program of research collaboration on high-performance plasmas, using the power-
ful scientific facilities abroad. This international research program in MFE is presently sup-
ported at over $1 billion annually and represents enormous potential leverage for the U.S.
domestic program. Attractive billion-dollar-class magnetic fusion facilities operating or
under construction abroad include the major tokamaks JET in England, JT-60U in Japan, and
KSTAR in Korea, as well as the major stellarators LHD in Japan and W7-X in Germany.
These facilities permit advanced ideas developed in the United States to be tested at larger
scale, with more powerful facilities. Such international activities can maintain a strong col-
laborative presence for the U.S. fusion program abroad, consistent with DOE goals articu-
lated by Secretary Richardson, despite termination of U.S. involvement in the ITER design
effort.

Midterm Opportunities

Success of some of the Proof-of-Principle experiments initiated in the near term will provide
opportunities for the advancement of one or more of these concepts to the Performance
Extension stage of development.

Spherical Torus: The Spherical Torus may provide a midterm opportunity for a D-T Per-
formance Extension experiment. The Proof-of-Principle experiments at the 1-MA level in
D-D plasmas on the NSTX experiment in the United States and on the MAST experiment in
the European Union should provide key results in the 2003–2004 time frame and, if success-
ful, would prepare this concept to advance to the Performance Extension stage at the
~10-MA level using D-T fuel. The Q and fusion power production of such a device are
difficult to estimate without data from the Proof-of-Principle experiments, but the possibility
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that it may reach Q ~ 5 cannot be ruled out. Success with such a device could lead to a vol-
ume neutron source or fusion pilot plant, in order to provide direct experience with fusion
technologies.

Reversed-Field Pinch: Using the information provided from the Proof-of-Principle 2-MA
RFX experiment in Italy and additional information from a successful Proof-of-Principle
experiment in the United States, the scientific and technical basis will be in hand in the
midterm time frame to make a decision of the advancement of the RFP to the Performance
Extension stage of development at the ~10-MA level possibly using D-T fuel.

Compact Stellarator: The data base provided by a successful Proof-of-Principle experiment
on the CS, together with advances in both the AT and conventional stellarator Performance
Extension stage experiments, should prove the basis for a decision to advance the CS to the
Performance Extension stage of development likely capable of using D-T fuel.

Magnetized Target Fusion: If successful at the Proof-of-Principle stage in the near term, the
opportunity will exist to extend these results to the Performance Extension stage on a larger
experiment on the ATLAS facility.

2.2.4.4 Fusion Energy Development Experiments

This is the stage of Fusion Energy Development which precedes DEMO where plasmas with
significant fusion energy gain (Q > 5) in near steady-state conditions are produced and during
which the critical fusion technology systems are integrated with a power plant regime fusion
plasma core. Because of the timescale needed to design and construct such a facility, all
opportunities at this stage of development are in the midterm time frame, although there are
critical near-term opportunities to define and assess steps at this level.

International Thermonuclear Fusion Reactor (ITER) (M-18)

There is an important near-term opportunity to define and assess next international MFE
steps at the advanced Performance Extension or Fusion Energy Development stages. The
tokamak concept is presently at the stage of readiness to pursue burning plasma physics
(Q > 5). Fusion scientists both in the United States and abroad support moving forward either
with the reduced-cost/reduced technical objectives version of ITER under design by Europe,
Japan, and Russia, or with an alternative “modular” strategy discussed below. However, this
is a large and expensive step, which has been the subject of world activity through the ITER
project since 1987. The timing for a construction decision on ITER could come as early as
2001, but more likely a firm commitment from Japan, the European Union, and the Russian
Federation will not come before early 2003, making U.S. participation in a reduced-cost
ITER, or an alternative burning plasma facility, a midterm opportunity. However the need for
definition and assessment of options is a near-term one.

While the U.S. has withdrawn in FY 1999 from active participation in the extension of the
ITER Engineering Design Activity which began in 1992, the other three parties (European
Union, Japan, and Russia) remain committed to the project, and new designs have been
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developed that are expected to have construction costs in the range of half the construction
cost of the initial ITER design. This reduced-cost ITER device would accomplish most, per-
haps all, of the ITER mission in a less costly experimental facility combining in a single
major facility:

•  the creation and experimental investigation of self-heated plasmas;
•  the demonstration of a long-pulse advanced tokamak with Q > 10;
•  the integrated exploration of related tokamak physics issues;
•  the integration of fusion-relevant technologies; and
•  the integrated testing of fusion reactor components in a single major facility.

If such a step is taken, it will be a major advance in MFE, and the U.S. fusion program can
expect to benefit substantially both in fusion science and in fusion technology. The science
and particularly fusion technologies developed in ITER would be of generic benefit to most
if not all fusion concepts. ITER would represent an attractive opportunity for the United
States to participate as a research partner, in the spirit of U.S. participation in the Large
Hadron Collider at CERN.

Modular Strategy

If the reduced-cost ITER is not constructed, it is also possible to move magnetic fusion for-
ward, in the midterm, by the construction of two facilities which divide the mission of ITER
into two separate experiments. One would be a D-T fueled small, high-field, limited-pulse
Q > 10 device at the Fusion Energy Development stage (M-16, M-17), and the other would
be an advanced Performance Extension stage D-D fueled steady-state AT experiment (M-4).
The cost of these two experiments would still be high enough (~$2 billion total) that interna-
tional collaboration would be essential.

Shown in Table 2.3 are three examples of the range in size and performance being considered
for a Fusion Energy Development stage tokamak experiment. The modular strategy would
employ a smaller device like Ignitor or FIRE (whose cost is at the $1 billion level) to
achieve, understand, and optimize strongly burning plasmas in a toroidal magnetic configu-
ration for limited pulse lengths. The generic toroidal burning plasma physics information
from this device would provide a foundation for understanding burning plasmas in ATs, CSs,
and ST, although it would not completely eliminate the need for such a step in the non-
tokamak lines, if it were decided in the long-term that they were more promising to advance
to the DEMO stage.

Table 2.3.  Designs of Fusion Energy Development experiments

R(m) B(T) Ip(MA) Gain Pfus(MW)
Burn time

(s)

Ignitor 1.32 13 12 >10 200 ~5
FIRE ~2 10 ~7 ~10 200 ≥10
ITER-RC 6.2 5.5 13 >10 500 >400



2-40

2.2.5 Longer Term Opportunities (T-20)

The long-term goal is the development of optimized MFE configurations as the basis for a
decision to advance to the DEMO stage of Fusion Energy Development (T-20). The contri-
butions of advances and innovations in fusion science and technology in the near term and
midterm time frame from elements of the MFE Portfolio will consist of scientific under-
standing, building blocks for such a step, and, for the most successful concepts, the primary
basis for the plasma core configuration. This step to the DEMO stage would necessarily fol-
low experiments at the Fusion Energy Development stage and hence would take place in the
long term (>20 years). If the international effort in MFE R&D is maintained, a demonstration
magnetic fusion power plant could begin producing electricity by the middle of the next
century.

To help guide program decisions on the key scientific and technology issues which must be
addressed among the Portfolio of MFE configurations to prepare the basis for a DEMO step
in MFE, an extensive set of design studies have been carried out by the ARIES Team for a
range of potential power plants including the tokamak (D-T fueled and D-He3 fueled), the
RFP, the stellarator, and the ST. These studies have identified the principal development
needs for such power plants, for the confinement configurations, and for the commonly
needed building blocks, enabling technologies, and the materials required (see Sect. 2.2.6).
These studies are the most complete ever carried out for prospective fusion power systems:
they provide a fully integrated analysis of power plant options including plasma physics,
fusion technology, economics, and safety.

In taking the step from the Fusion Energy Development stage to DEMO, a design must be
developed which if built and operated successfully will demonstrate “…that fusion power is
a secure, safe, licensable, and environmentally attractive power source that is ready for com-
mercialization*…” The long-term step to a DEMO will therefore be similar in most respects
to the commercial power plants that are based on it. Illustrated here are two recent examples
of MFE power plant designs that project to competitive costs of electricity and are based on
the advanced tokamak, ARIES-RS, and the Spherical Torus, ARIES-ST, concepts. Of course,
the actual optimized MFE configurations which will be candidates for a DEMO decision on
the long-term timescale can be expected to continue to evolve based on advances and inno-
vations in the near-term and midterm time frame.

Shown in Fig. 2.20 is a schematic of the ARIES-RS power plant design producing a net
1000 MW of electric power. The ARIES-RS plasma is optimized to achieve a high plasma
pressure and a high bootstrap current fraction (90%) which is very well aligned with the
required equilibrium current-density profile. The current-drive analysis showed that about
80 MW of current-drive power is necessary for steady-state operation. This design utilizes a
lithium-cooled blanket with a vanadium structure which achieves a high thermal conversion
efficiency of 46% (using 610°C coolant outlet temperature and a Rankine steam cycle). Use
of vanadium in the high-temperature zones provides sufficiently low levels of afterheat
that worst-case loss-of-coolant accidents can be shown to result in a small release of

                                                  
*F. Najmabadi et al., Starlite Study, University of California–San Diego Report UCSD-ENG-005, 1997.
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Fig. 2.20.  Schematic of the fusion power core of the ARIES-RS
advanced tokamak power plant design.

radionuclides (below 1 rem at site boundary), well below the values specified by standards
and regulations. The blanket is made of sectors, and rapid removal of full sectors is provided
through large horizontal ports followed by disassembly in the hot cells during plant opera-
tion. The simple blanket design with a small number of cooling channels and low mechanical
stresses in the structure provides a good basis for high reliability.

The basic parameters of the ARIES-RS design are shown in Table 2.4 and are seen to differ
only modestly in size and current from those of the ITER-RC, but it has a larger toroidal
magnetic field supporting its higher fusion power density.

The ARIES-ST study was undertaken as a national U.S. effort to provide a preliminary
investigation of the potential of the ST concept as a fusion power plant. Similar studies are
presently underway in the United Kingdom. The ARIES-ST power plant design (see
Fig. 2.21) produces 1000 MW electric power and has an aspect ratio of 1.6 and a major
radius of 3.2 m.

Table 2.4.  Parameters of the ARIES-RS and ARIES-ST
power plant designs

R(m) Bt(T) Ip(MA) Gain Pfus(MW)
Bootstrap

fraction (%)

ARIES-RS 5.5 8 11.3 ~30 2,170 88
ARIES-ST* 3.3 2 29.5 100 2,851 95
*Interim design values.
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Fig. 2.21.  Schematic of the fusion power core
of the ARIES-ST power plant design.

This configuration attains an average toroidal β of 54% that drives 95% of the plasma current
by the neoclassical bootstrap current. While the plasma current is ~30 MA, the almost perfect
alignment of bootstrap current density and equilibrium current density profiles results in a
current-drive power of only ~30 MW. The on-axis toroidal field is 2 T, and the peak field at
the toroidal field coil is only 7.6 T.

A relatively high recirculating power fraction (33% versus 17% in the ARIES-RS design) is
required to drive the normal conductor toroidal field coil. This may be reduced by moving to
a larger unit size, but the present design effort was constrained to 1000-MW electric output.
The ST configuration allows a very attractive vertical maintenance scheme in which the cen-
tral column and/or the blanket assembly can be removed for maintenance in a single opera-
tion, and then replaced with spares, minimizing downtime. The ARIES-ST study has shown
that 1000-MW electric power output designs based on the ST project to comparable size and
cost power plants as those based on the AT.

2.2.6 Technology Opportunities

2.2.6.1 Overview and Recent Progress

Technology R&D activities are an essential element in the development of the knowledge
base for an attractive fusion power source. These activities also advance many aspects of
materials and engineering science and will lead to practical, economic, and environmentally
attractive fusion power sources. This R&D has had a direct impact on the enormous progress
made in the development of plasma science in general, and fusion science in particular. See
Table 2.5 for recent successes.
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Table 2.5.  Examples of recent technology achievements
MFE
•  Participation in the design and analysis of ITER—the most comprehensive effort to date

on a fusion power source.
•  Construction of the world’s most powerful pulsed superconducting magnet.
•  Pellet injection systems with speeds of 2.5 km/s and production of 10-mm tritium pellets.
•  Antenna advances for ion cyclotron RF systems such as folded waveguides and comb

lines.
•  Operation of 1-MW, 110-GHz gyrotrons and development of 170-GHz tubes.
•  Demonstration of Be/Cu and W/Cu high heat flux components operating at up to

10 MW/m2 and identification of W as a possible erosion-resistant plasma-facing material
under detached plasma conditions at the divertor.

•  Characterization of carbon and metallic particulate generated in tokamaks and plasma
guns (i.e., tokamak dust).

MFE & IFE
•  Study of helium cooling of high heat flux components and conceptual design of helium-

cooled blankets coupled to closed-cycle gas turbine energy conversion systems.
•  Study of the thermomechanical behavior of solid breeder blanket concepts.
•  Experiments and modeling to verify performance of liquid metal blanket concepts.
•  Significant contributions in understanding radiation effects in materials, using molecular

dynamic simulations.
•  Determination of irradiation effects on the toughness of vanadium and ferritic steel alloys.
•  Study of response of basic material properties of low-activation ceramics (e.g., SiC com-

posite) to neutron radiation.
•  Understanding of tritium retention characteristics of Be, W, and mixed materials.
•  Invention and development of the palladium membrane reactor for efficient tritium

recovery.
•  Experimental verification, using 14-MeV neutron sources, of shielding, decay heat, and

activation nuclear data and codes.
•  Development of a database and understanding of the chemical reactivity and volatilization

behavior of fusion materials in steam and air at high temperature.
•  Demonstration that a D-T burning plasma facility can meet no-evacuation safety criteria.
•  Development of attractive tokamak, alternate MFE, heavy-ion and laser-driven IFE con-

cept power plant conceptual designs.
•  Development of physics and engineering solutions to several major design problems for

next-generation devices.

IFE
•  Integrated testing of full-size induction modules for IFE heavy ion drivers.
•  Successful operation of the Nike KrF laser.
•  Gas cooling of diode-pumped solid-state lasers up to 25 Hz.
•  Development of long-optical storage-time crystalline solid-state lasers.
•  Annealing of light transmission losses in neutron- and gamma-irradiated fused silica final

optics.
•  Development of smooth cryo-D-T layers by beta-layering in inertial fusion targets.
•  Development of smooth liquid jets for protection of IFE chamber walls.
•  Experiments on free surface flows for IFE chamber protection using films and jets.
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Experimental advances in plasma performance and progress in theoretical understanding of
plasmas places the world fusion program on the threshold of developing systems that gener-
ate substantial amounts of fusion energy. Exciting first steps have been taken in TFTR and
JET. Next-step devices, for example, the proposed ITER-RC and the NIF, present major
challenges in terms of component performance and reliability, fuel handling systems
including tritium technology, and maintenance concepts. Moreover, the choice of materials
and design concepts for “in-vessel” components (e.g., divertor, first wall, blanket, shield,
final optics, and vacuum vessel) will more than anything else determine the safety and envi-
ronmental characteristics of both magnetic and inertial fusion energy.

Systems design activities, such as those carried out in the ARIES, Prometheus, and
SOMBRERO studies, are an important element of the Technology Program because they
help to provide the essential framework to construct the overall strategy of the U.S. program.
This element motivates the future directions of the Fusion Energy Sciences Program: by
examining the potential of specific confinement and driver-target-chamber concepts as power
and neutron sources; defining R&D needs to guide present experimental and theoretical
studies; incorporating plasma and target physics R&D into design methods; analyzing
potential pathways to fusion development; carrying out systems analysis of economic and
environmental performance; and designing next-step devices.

Near-term emphasis is on developing better tools for the production and control of high-
temperature MFE plasmas and, thus, the further development of plasma science. For IFE,
research on chamber-target technologies is focused on key feasibility issues that bear on the
high-pulse-rate application of candidate drivers for IFE (see Sect. 2.3). An important technol-
ogy R&D benefit in the near term is a wide variety of spin-offs that impact our daily lives in
many significant ways (see Chap. 4). Examples include development of superconducting
magnet technology, microwave technology including micro-impulse radar, precision laser
cutting, plasma processing, and EUV lithography of computer chips and circuits, coating of
materials, waste processing, plasma electronics, new and improved materials, and biomedical
applications.

The longer term emphasis is on resolving key feasibility issues for the development of
fusion energy. These include extraction and utilization of heat from fusion reactions, breed-
ing and handling of fuel (tritium) in a self-sufficient system, demonstration of remote main-
tenance systems and reliable operation, and realization of the safety and environmental
potential of fusion energy. Incorporation of improved materials and technology concepts is a
crucial element. Here the development of reduced-activation materials is particularly impor-
tant to realize the environmental potential of fusion energy.

The Technology Program depends on, and has fostered, a highly integrated approach involv-
ing broad systems assessments, design studies on a wide variety of specific concepts, materi-
als R&D, component engineering and development, and safety analysis. Such an integrated
approach is essential to the successful development of the knowledge base for attractive
fusion energy sources because of the complex nature of fusion systems and the multidiscipli-
nary aspects of the underlying science and engineering.
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Fusion technology R&D results in innovative concepts and increased understanding in mate-
rials and engineering sciences. Examples include fundamental understanding of radiation
effects in materials, nuclear data for important nuclides, structure/property relationships in
alloy design, corrosion science, liquid metal MHD phenomena, mechanics of materials,
material volatilization in air and steam, radiation cooling, condensation, and redeposition of
ablation-produced plasmas, thermomechanics, and thermal hydraulics.

The development of economically and environmentally attractive fusion energy sources is a
tremendous challenge that requires the best intellectual and facility resources world wide.
International collaboration has been a hallmark of fusion research since its earliest days, and
this is particularly true of the technology activities. Essentially, all aspects of fusion technol-
ogy R&D in the United States have a strong international component. The largest is the ITER
program, but there has also been a significant international cooperative development of
ignition-class lasers (NIF and LMJ) between the United States and France, including final
optics protection. With constrained budgets in the United States and larger fusion technology
programs in Europe and Japan, it is essential to maintain and even enhance international
collaboration.

2.2.6.2 The Role of Technology in Enabling Fusion Science and Energy

The dramatic progress in fusion science seen in the last few decades has been possible, in
part, due to equally dramatic progress in technology in general and plasma technologies in
particular. These include the technologies to confine the plasma (magnet coil sets, plasma
facing components) and those which are used to manipulate the plasma parameters and their
spatial and temporal profiles (plasma heating and current drive, and plasma fueling systems).
These essential tools have contributed to the performance milestones mentioned earlier in
this chapter and many others including the following:

•  Record plasma temperatures (40 keV) and fusion power (>10 MW) through neutral beam
injection and tritium processing systems.

•  nτE values exceeding the Lawson criterion through pellet injection (plasma fueling).
•  The attainment of reversed shear through pellet injection and RF heating on JET and the

resulting generation of internal transport barriers.
•  H-mode as a result of wall conditioning techniques and PMI understanding.
•  The production of low-impurity-containing plasmas through plasma facing component

(PFC) development and plasma wall conditioning techniques.
•  The demonstration of noninductive current drive by RF heating and neutral beam

injection.
•  Stabilization of MHD modes via RF current drive techniques.
•  Sustained operation above the empirical density limit with pellet injection.
•  Disruption mitigation using fueling technologies for rapid plasma quench.

The importance of technology to the development of an economically and environmentally
attractive fusion energy source and in contributing to the four major challenges described in
Sect. 2.2.2.1 can be captured by considering some of the physics concepts introduced in
Sects. 2.2.1 and 2.2.2 along with an expression for the cost of electricity (COE).
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Net electrical power produced:

Pnet = (fbl ⋅ fte ) ⋅ Pfus [1 – ηR] MWe  .

Fusion power density:

pf = nDT2 T2[1/4<σfv>/T2 Wf] ∝  p2 ∝  β2B4  .

Lawson fusion parameter:

nTτE ∝ β/χ [a2B2]  .

Cost of electricity (¢/kWh):

COE
P Anet

= ⋅ + +
⋅

C fi component replacement operations and maintenance
 .

The terms in the first three expressions have been defined earlier. In the cost of electricity,
C is the capital cost of the plant, fi is the cost of borrowing money, A is the plant availability
(hours of operation per year related to reliability and maintenance methods) and component
replacement refers to nonroutine maintenance usually associated with replacement of in ves-
sel components subject to high erosion rates/heat fluxes (plasma facing components in the
divertor for example) and radiation damage (structural materials, insulators, blanket and
shield components).

A more attractive reactor embodiment of any MFE concept would obviously result from
reducing the capital cost, increasing reliability (A), reducing in-vessel component failure rates,
and/or increasing the net fusion power. Reduced capital costs could be achieved with smaller
fusion cores resulting from higher performance plasmas; that is, higher fusion power densities
achievable through higher confining magnetic field strengths and high plasma β. Higher field
strength superconducting Magnet Technology, RF Heating and Current Drive systems
operated in a manner to stabilize MHD activity, and Plasma Facing Component technology
aimed at facilitating edge transport barriers would be the three principal technology program
elements directly applicable to increasing the fusion power density.

Technologies that can manipulate plasma parameters in such a way as to meet the minimum
conditions for ignition/high Q (nTτE = 1022 m–3 keVs for D-T fuel from Fig. 2.4) can also
have a beneficial effect on the cost and performance of next-step or Fusion Energy Develop-
ment class devices (Fig. 2.19). One way to interpret the expression for nTτE is that increased
MHD stability limits (β) and/or reduced transport (χ) will project to smaller plasma core size
(a) and/or reduced performance requirements on the confining magnetic field coils (B); both
of which would reduce capital cost. The power and hence cost of auxiliary heating systems
would also decrease. For example, plasma heating systems can be used to generate gradients
in the plasma flow velocity and pressure profiles that are conducive to reducing turbulence or
generating internal transport barriers. Manipulating the plasma current density profile via
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noninductive RF current drive techniques has been shown to increase MHD stability margins
and hence β in a wide variety of tokamak experiments. Peaked density profiles as produced
from advanced plasma fueling systems have also been shown to dramatically reduce χ  to
near neoclassical levels in the central plasma region leading to higher reactivity plasmas.
Understanding of plasma materials interaction (PMI) and development of improved plasma
facing components has been instrumental in achieving conditions in the plasma edge region
that have led to the reduction in χ  associated with the  H-mode.

The remaining elements of the technology portfolio also play a central role in lowering the
cost and increasing the environmental acceptance of fusion energy. For example, net fusion
power can be maximized not only by reducing the recirculating power fraction, ηR, which
implies superconducting magnet technology and more efficient heating and noninductive cur-
rent drive systems, but also by extracting heat at higher temperature for improved thermo-
dynamic efficiency. The latter is being addressed in the PFC, Fusion Technology, and Mate-
rials program elements (i.e., high-temperature radiation-resistant structural materials, thick
flowing “liquid wall” heat extraction, and tritium breeding concepts). Similarly innovative
research in the Fusion Technology program aimed at developing thick liquid walls to absorb
the bulk of the neutron energy may offer a promising solution to reduce in-vessel component
and structural material failure rates (reduced component replacement costs and higher avail-
ability, A). Improved techniques for Remote Handling and Maintenance are also essential for
fusion power systems in general and figure heavily in increasing availability. The Tritium
System and Fusion Safety elements of the portfolio speak directly to the environmental
attractiveness of fusion power in general and licensing issues of next-step burning plasma
devices in particular. Finally, a self-consistent integration of the technology and science pro-
gram elements, as embodied by reactor designs and projections of COE for the various mag-
netic confinement pathways, takes place in the Systems Design element. This activity pro-
vides an important yardstick with which to measure the promise and potential of existing and
emerging confinement approaches against the metric of an economically and environmen-
tally attractive fusion product and steers the science and technology programs in directions
that are consistent with that goal.

Within the context of the fusion program’s goals to develop a low-cost, next-step device
and the knowledge base for a more attractive fusion energy source, the likely reduction in the
size and complexity envisioned to accomplish these objectives coupled with the requirement
of long-pulse advanced physics operation will require new and improved technologies to
handle higher heat loads for energy extraction, produce lower cost, higher performance
superconducting magnet designs, develop safe and efficient tritium processing systems, and
develop more efficient and flexible heating, current drive, and fueling systems and associated
techniques to mitigate against major disruptions (see Table 2.6).

2.2.6.3 The Technology Portfolio

In the following we briefly describe opportunities for technology development starting with
the plasma technologies which enable existing and near-term plasma experiments to achieve
their performance goals and research potential and progressing to the longer term nuclear
technologies (Plasma Chamber Technologies, Fusion Materials, Systems Design) that
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Table 2.6.  Technology portfolio contributions to fusion science and energy
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address issues such as power extraction, tritium breeding, radiation-resistant and low-
activation materials, and attractive reactor designs.

Plasma Heating and Current Drive (T-2, T-3)

Heating and current drive technologies are essential for heating plasma to fusion-relevant
betas and temperatures and manipulating plasma properties to access advanced operating
scenarios (reversed shear, MHD stabilization, turbulence suppression). Significant progress
has been made in developing and deploying high-power gyrotrons in the ~1-MW level at
110 GHz (see Fig. 2.22) and the development of 170-GHz prototype units for electron
cyclotron heating/current drive (ECH/ECCD) and fast-wave (FW) antenna arrays in the
>1-MW unit size for Ion Cyclotron Heating (ICH) and current drive (via direct electron
heating). Progress is also being made in other countries on the development of
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Fig. 2.22.  Prototype
1-MW gyrotron.

negative-ion-based, high-power neutral beams (0.5–1.0 MeV).
With the present program emphasis on increasing plasma per-
formance and reducing next-step option costs, the emphasis of the
development of these heating and current drive technologies will
concentrate on improving power density (higher voltage limits for
ICRF launchers), higher gyrotron unit power (2 to 3 MW),
increased efficiency gyrotrons featuring multistage depressed
collectors, ICRF tuning and matching systems that are tolerant to
rapid load changes, and steady-state gyrotrons and actively cooled
ICRF launchers for long-pulse/burning-plasma, next-step options.

Fueling (T-4)

Fueling is another technology that is essential for achieving
fusion-relevant plasma parameters and manipulating plasma
parameters to achieve improved performance (peaking of the
density profile for higher reactivity and reducing transport via
turbulence suppression). Recent successes include sustained
operation above the density limit on DIII-D, high-field side
launch with improved density profile peaking, internal transport
barrier generation, the development of steady-state pellet injectors
operating in the 1.5-km/s speed range, and the demonstration of
core fueling in Proof-of-Principle experiments using accelerated compact toroids (CTs).
Pellet fueling technology has also been used recently to ameliorate the effects of major
disruptions (a potentially serious off-normal event) in tokamaks by delivering massive
amounts of low- and high-Z material that rapidly quench the current in vertically unstable
plasmas. It has been estimated that eliminating disruptions in tokamaks in the fusion energy
development class would increase the lifetime of divertor plasma facing components by a
factor of two. Reducing the severity of disruptions could allow the AT to operate nearer its
ultimate β potential. A critical issue for fueling in next-step device plasma regimes is the
degree to which profile peaking is needed (for higher density operation and improved
reactivity and confinement) and the technological requirements to meet that need (pellet
speed, CT density, and the physics of CT deposition).

Plasma Facing Components and Plasma Materials Interactions (T-5, T-6, T-7)

The successful development of high-performance (high heat flux, low-erosion) PFCs and the
understanding of plasma materials interactions is central to the development of fusion
energy. The understanding and the control of the interaction of the plasma material surfaces
is important in creating edge plasma conditions that are conducive to developing an edge
transport barrier (H-mode), and the development of low-erosion plasma facing components
will have a strong impact on component lifetimes and hence the cost of fusion power. Sig-
nificant progress has been made recently in (1) the understanding of net divertor erosion
pointing to refractory high atomic number materials, (2) mixed materials and co-deposited
carbon-tritium films, (3) the development of innovative wall conditioning techniques, and
(4) water-cooled PFCs (Be/Cu and W/Cu) with steady-state heat removal rates at the 10- to
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Fig. 2.23.  ALPS—Advanced
limiter-divertor plasma-facing
systems.

Fig. 2.24.  Central solenoid model coil.

30-MW/m2 level. A free surface liquid divertor
project (ALPS) has recently been initiated to inves-
tigate the potential of active heat removal without
concern for PFC lifetime limits (see Fig. 2.23).
Critical issues that need to be addressed in this are
the development of even higher surface heat flux
PFCs (50-MW/m2 goal) that do not require periodic
maintenance to renew the plasma-facing material
(i.e., liquid surfaces or helium-cooled nonsputtering
refractory metals). In concert with tokamak experi-
ments, investigations are underway to distribute the
heat flux more evenly via radiation without
confinement degradation.

Magnet Technology (T-1)

Superconducting magnet systems which provide the confining magnetic fields represent a
major cost element for long-pulse or burning-plasma next-step MFE options. Dramatic pro-
gress has been made recently in development of large-scale DC and pulsed Nb3Sn magnets
for ITER at a field strength of up to 13 T. Further reductions in cost for superconducting
magnets could be realized by development of a
higher performance (higher current density and
increased quench protection capability) super-
conductor strand, higher strength structural
materials, and higher radiation-resistant magnet
insulators (which presently limit the life cycle of
magnet systems). Dramatic progress has been
made with the development of high-temperature
superconductors which can be applied to certain
fusion problems (e.g., leads for magnets) (see
Fig. 2.24). Quadrupole focusing magnets for
heavy ion beam fusion are also a major con-
tributor to the cost of the heavy ion driver. The
development of large, warm bore quadrupole
arrays has been identified as a key element in developing an affordable next-step Heavy Ion
Fusion system.

Tritium Processing and Fusion Safety (T-11, T-13)

The safe handling of tritium fuel and tritiated exhaust streams, the minimization of tritium
holdup and inventory in in-vessel components, and the understanding (and mitigation) of trit-
ium and activation product mobilization and release are critical to the goal of demonstrating
fusion power with attractive safety and environmental characteristics. Significant progress
has been made in the development of cryogenic distillation systems for isotope separation
and the demonstration of a novel once-through exhaust gas cleanup system (Palladium
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CMOD

DIII-D

TFTR

Fig. 2.25.  Characteri-
zation of the hazard
associated with plasma-
facing materials dust.

Membrane Reactor) that efficiently processes tritiated water and
has the potential to eliminate tritiated water altogether in fuel
processing systems.

From data generated on the mechanisms for mobilization and
migration of radiologically hazardous materials (see Fig. 2.25)
and the development of state-of-the-art safety analysis tools, ITER
was designed with the confidence that public evacuation would
not be required under worst case accident scenarios.
Critical/development issues in this area are the minimization or
elimination of waste streams (such as tritiated water from fuel
cleanup systems) and demonstration of the feasibility of recycle
and reuse of fusion materials, minimization (and removal and
processing) of tritium in first-wall materials and codeposited lay-
ers and understanding the interaction between energy sources and
the mobilization of tritium and other radiological hazards, and
safety R&D and development of techniques for removal of tritium
from advanced coolants (i.e., liquid walls) now being considered
for future MFE and IFE reactor-class devices.

Remote Handling and Maintenance (T-12)

In eventual MFE and IFE fusion reactors, all in-vessel mainte-
nance will need to be performed remotely because of activation of
materials in the intense radiation environment. Rapid in situ repair
operations are important from the perspective of achieving ade-
quate power plant availability levels. Recent successes include
limited remote-handling operations performed on Joint European Torus, the development of
precision in-vessel metrology systems, and demonstration of ITER blanket and divertor
remote-handling concepts. Significant additional development will be required to reduce
costs, improve reliability and human interfaces, develop dexterous servo manipulation of
heavy payloads, and techniques for remote welding and refurbishment of in-vessel
components.

Plasma Chamber Technologies (T-7, T-8, T-20)

The goal of plasma chamber technology research is to extend the engineering science knowl-
edge base, provide innovative concepts, and resolve key feasibility issues for the practical,
economic, and safe utilization of fusion energy. This effort will identify and explore novel,
possibly revolutionary, concepts for the in-vessel components that can substantially improve
the vision for an attractive fusion energy system. The R&D will focus on concepts that can
have high power density, high power conversion efficiency, low failure rates, faster mainte-
nance, and simpler technological and material requirements. R&D will be carried out to
establish the knowledge base necessary to evaluate the most promising innovative concepts.
This R&D includes theory, modeling, experiments, and analysis in key areas of engineering
sciences (e.g., fluid mechanics, MHD, heat transfer, thermomechanics, plasma-material
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interaction, nuclear physics, and particle transport) and materials, engineering, safety and
other technical disciplines. R&D will also be done to understand and extend the techno-
logical limits of those concepts that are currently employed in system studies primarily
through international collaboration. Also, an assessment will be made of the need for a
Plasma-Based Neutron-Producing Facility for testing and demon-
strating engineering feasibility of advanced technology concepts
(testing of heat extraction technology at high power density, data
on failure rate, data on maintainability).

The near-term effort on innovative concepts will identify, analyze
and evaluate novel, possibly revolutionary, high-performance
advanced technology concepts within the APEX program
(emphasis on high power density heat removal technology) (see
Fig. 2.26). This will consider all magnetic confinement concepts
(not limited to tokamak) and will involve a close interaction and
coordination with the plasma science community. Examples of
near-term activities include the following:

•  experimental study of free laminar and turbulent jets under the
effect of magnetic field and external heating,

•  stability of laminar and turbulent fluid layers flowing on con-
cave surfaces,

•  feasibility of forming void penetrations in liquids,
•  feasibility of insulator coating in liquid metal flows,
•  sputtering and basic surface properties of candidate plasma-

facing liquids, and
•  helium-cooled refractory metal fusion power core

components.

Fusion Materials (T-9, T-10)

The long-term goal of the Fusion Materials Program is to develop structural materials that
will permit fusion to be developed as a safe, environmentally acceptable, and economically
competitive energy source. This will be accomplished through a science-based program of
theory, experiments, and modeling that provides an understanding of the behavior of candi-
date material systems in the fusion environment and identifies limiting properties and
approaches to improve performance, undertakes the development of alloys and ceramics with
acceptable properties for service in the fusion environment through the control of composi-
tion and microstructure, and provides the materials technology required for production, fab-
rication, and power system design.

Selection of material systems for development as a fusion power system blanket structural
material is based upon key performance targets. The determination of which material systems
have potential to meet these performance targets is made through an interaction between the
Systems Design Studies and Fusion Materials Program tasks. Three material systems have
been judged to have potential for being developed as fusion power system structural
materials: SiC composites, V-based alloys, and advanced ferritic steels. High-temperature
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Fig. 2.28.  Bonded into unirradiated disk to
reduce radioactivity levels and waste genera-
tion in evaluation of microchemistry and
microstructures.

Fig. 2.27.  Computer simulation
of displacement cascades. The
peak damage state of a 50-keV
cascade in iron is shown.

refractory alloys have been recently added to conceptual design evaluation. Copper alloys,
because of their excellent thermal and electrical conductivity, are critically important in near-
term applications and will most likely find special applications in fusion power systems
including normal conducting coil options. Opportunities for consideration of new material
systems may arise in the future as a result of advances
within the broad field of materials science, or new design
concepts that permit additional choices of materials sys-
tems that have potential to meet performance goals.

Fusion materials for MFE and IFE must operate in a very
demanding environment which includes various combi-
nations of high temperatures, chemical interactions,
time-dependent thermal and mechanical loads, and
intense neutron fluxes. One of the major materials issues
to be faced in developing attractive fusion power is the
effect of the intense neutron fluxes. The first-wall
neutron spectrum from a D-T reacting plasma contains a
large 14-MeV component. This not only results in high
displacement rates (~20 dpa/year at a neutron wall load-
ing of 2 MW/m2) but also causes higher transmutation
rates than are experienced in fission reactors (see
Fig. 2.27).

The transmutation products He and H are
of particular concern, but other impurities
can also be important. The influence of
transmutations on property changes has
been very well established, the most well-
known example being the role of He in
swelling behavior. Thus neutron irradia-
tion is a particularly important issue, due
both to its effects on physical and mechan-
ical properties, as well as the production of
radioactive materials, and is the most diffi-
cult to investigate with currently available
facilities (see Fig. 2.28).

At present, fission reactors are the primary means to investigate the effects of irradiation on
fusion materials. However, the response of materials to a fission radiation field can be sig-
nificantly different from that due to a fusion neutron spectrum. Various techniques have been
used to more nearly reproduce the fusion environment, but an intense source of 14-MeV neu-
trons will ultimately be needed to develop and qualify fusion materials. The international
community has proposed a Point Neutron Source, an accelerator facility based on the D-Li
interaction to fill this role. A key programmatic issue which remains to be resolved is the role
of such a point neutron source vis-á-vis a “Volume Neutron Source” (M-12, M-19, I-12)



2-54

which could provide an experience database with a fusion system at moderate availability, as
well as component testing and some materials testing capability.

Systems Design (T-20)

Systems Design activities guide fusion R&D toward an attractive and achievable end product
and provide necessary technical information for major program decision points. This is
achieved through design of fusion facilities, development of visions of attractive fusion prod-
ucts, and strategic planning and forecasting.

Conceptual design of commercial fusion facilities is essential in guiding fusion R&D and pro-
viding a focus for the fusion program—namely development of useful products. Conceptual
design studies ensure that all physics and technology aspects can be integrated within con-
straints imposed by physics, materials, and technologies to produce a system that is economi-
cally and environmentally attractive and technologically feasible (see Figs. 2.20 and 2.21).
Through investigation of the interactions among physics and technology constraints, optimum
goals are set and high-leverage areas identified which in turn guide the R&D effort. These
studies also provide a forum for roll-back planning.

Design of fusion test facilities such as burning plasma experiments and technology and mate-
rial testing facilities provide data to support program decisions. This program element pro-
vides for ongoing analysis of critical issues, maintenance of necessary physics and technol-
ogy databases and identification of their limitations, development of engineering and physics
design analysis capability, and assessment of systems issues arising from physics-technology
interfaces. This program element links broad national and international interests in fusion
development and explores options with substantial variation in performance, cost, and tech-
nology requirements. These studies also provide a forum for “roll-forward” planning and
help to identify the appropriate balance between near scientific investigation and the neces-
sary technology development.

Development of fusion as a commercial product is a great challenge, in part for technical rea-
sons, in part due to limited resources, and in part due to competition from other options. Stra-
tegic planning and forecasting studies help develop criteria describing what fusion must do to
be successful in the market place. Socioeconomic studies of fusion's role in a sustainable
global energy strategy address the potential of fusion to resolve global energy issues such as
greenhouse gases and sustainable economic development, as highlighted in the Rio and
Kyoto Agreements. Studies of fusion non-electric applications (or co-generation) help
develop new clients and new products for fusion. The Systems Design activity also contrib-
utes to the search for development paths for fusion with test-facility requirements that mini-
mize the cost and risk of fusion development and compress the schedule.
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2.3 The Inertial Fusion Pathway to Fusion Energy

2.3.1 Introduction

Power Plant. An inertial fusion energy (IFE) power plant (see Fig. 2.29) would consist of
four major components including a target factory to produce about 108 low-cost targets per
year, a driver to heat and compress the targets to ignition, a fusion chamber to recover the
fusion energy pulses from the targets, and the steam plant to convert fusion heat into elec-
tricity. These elements of IFE have some unique potential benefits for fusion energy and
some unique challenges.

1. Target factory
To produce many low-cost targets

2. Driver
To heat and compress the

target to fusion ignition

3. Fusion chamber
To recover the fusion energy
pulses from the targets

4. Steam plant
To convert fusion heat into electricity

Focusing
element

Many
beams

Fig. 2.29.  Schematic of an IFE power plant.

Benefits include the fact that most of the high technology equipment (driver and target fac-
tory) are well separated from the fusion chamber, leading to ease of maintenance. The major
driver candidates (ion accelerators and lasers) are modular so that partial redundancy would
allow for on-line maintenance and reduced development cost. A laser driver would consist of
numerous parallel and identical beam lines. Only one of these beam lines would need to be
developed. For a standard heavy ion induction accelerator, the stages are serial, not parallel,
but most of the stages are identical, and the greatest scientific uncertainty is in the earlier
stages. Thus building a limited number of accelerator stages would again provide the basis
for constructing an IFE driver. Some fusion chamber concepts, such as those that incorporate
thick liquid layers, have chamber walls that are protected from the neutron flux. These pro-
tected wall chambers can have a long lifetime and low environmental impact, potentially
greatly reducing the need for advanced materials development. Laser or ion driver beams can
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be transported to multiple fusion chambers. This can lead to benefits in both the development
of IFE and in the cost of electricity at commercial scale. To realize these benefits, IFE must
meet several challenges.

Targets. Current ICF targets are made by hand and require about 2 weeks of technician time
to fabricate. Targets are individually machined, coated, characterized and assembled. Targets
for IFE must be ignited about 5 times per second. To keep the target contribution to the cost
of electricity below 1 ¢/kWeh, targets must be produced for less than about $0.50 each at 1
GWe output. An IFE target mass is less than 1 g, and the cost of materials is minimal. The
challenge for IFE is the development of manufacturing techniques that can achieve the
required cost and precision.

Fusion Chamber. A wide variety of fusion chamber concepts has been developed for IFE.
These can be divided into those which protect the structural wall from neutrons and those
which do not. Those chambers which have structural materials that are not protected from
neutrons, both dry wall and thin film wetted walls, have first wall neutron damage issues and
associated R&D needs which are similar to those of MFE. Chambers of this type allow a
wide variety of irradiation geometries and concepts exist for all the driver types being con-
sidered for IFE. There are IFE chamber concepts which utilize thick layers of liquids or
granules inside the solid structural walls. These chambers require targets with driver beam
access limited to a narrow range of directions. In general, such targets have reduced gain
relative to targets which have uniform irradiation and hence require more efficient drivers.
Because of this, current concepts for protected wall chambers are only feasible with ion beam
drivers. Inertial fusion is inherently pulsed and all IFE fusion chambers must deal with the
effects of pulsed bursts of neutrons, X rays and debris. This includes establishing conditions
between shots which are suitable for driver beam propagation and target injection. The
effects of the chamber on targets, particularly the cryogenic fuel, injected into the chamber
between shots is also a challenge that must be dealt with.

Drivers for IFE  must achieve an efficiency which depends on the target gain. Central to the
economics of any inertial fusion power plant is the fusion cycle gain. The fusion cycle gain is
the product of the driver efficiency η (the ratio of the energy delivered to the target and the
energy supplied to the driver), the target gain G (the ratio of the thermonuclear yield and the
driver energy), the nuclear energy multiplier M (the energy change due to neutron reactions,
principally in the lithium-bearing blanket used to produce tritium), and the thermal-to-electric
energy conversion efficiency ε . Ιn any inertial fusion power plant, the net electricity Pn is
related to the gross electricity Pg through the power balance equation:

Pn = Pg – Pa – Pd = Pg (1 – fa – 1/ηGMε)  ,

where Pa is the power used for auxiliary equipment, and fa = Pa/Pg is typically a few percent
of the gross electricity. Pd is the driver power, and the driver’s recirculating power fraction
Pd/Pg is the reciprocal of the fusion cycle gain ηGMε. If the recirculating power fraction
becomes large, the cost of electricity escalates rapidly.
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The nuclear energy multiplier M is typically 1.05 to 1.15, and the conversion efficiency ε is
typically 0.35 to 0.50. If the product ηG = 7 for example, the recirculating power would
range from 25% to near 40%. Lasers currently being developed have projected efficiencies of
6–10%, while heavy ion accelerators have projected efficiencies of 25–40%. Hence laser
drivers will require targets with higher gain than ion beam drivers for a given recirculating
power fraction or driver cost.

The cost of electricity (COE) is given by:

COE
An g a

= ≈
− −

dC
dt
A

dC
dt

fP P
GM

( )1
1

η ε

  .

The factor “A” is the plant availability, and dC/dt includes the operating and maintenance
cost as well as the capital cost per unit time. For fusion power plant designs which are capital
intensive, typically 80% or more of the COE is the capital cost which includes cost for the
driver, reactor plant equipment, and balance of plant. In the various IFE designs that have
been carried out, the driver costs range from less than 30% to almost 50% of the capital cost.
There is a driver size and target gain combination that minimizes the COE. Target gain typi-
cally increases for larger driver energy resulting in a higher fusion cycle gain and lower
recirculating power. However, the larger driver costs more and increases the capital and
operating costs. This results in an optimal driver size and recirculating power which varies
with the driver type. Lower cost drivers can afford a larger recirculating power for the same
COE.

In addition to efficiency, IFE drivers must have adequate repetition rate and durability. In the
typical IFE chamber, targets would be injected 5–10 times per second. Over the 30-year life
of a fusion plant, the driver would need to produce nearly 1010 pulses. A driver must be able
to deliver a sufficiently high fraction of this number of pulses between maintenance cycles so
that plant availability remains high.

A summary of ICF target physics is presented below. Following the target physics summary
is a proposed IFE development path and the status and proposed research program for driv-
ers, target design, chambers, target fabrication, target injection, and safety and environment.

2.3.2 ICF Target Physics

2.3.2.1 Introduction

Inertial confinement fusion (ICF) is an approach to fusion that relies on the inertia of the fuel
mass to provide confinement. To achieve conditions under which inertial confinement is suf-
ficient for efficient thermonuclear burn, high-gain ICF targets have features similar to those
shown in Fig. 2.30. A fusion capsule generally is a spherical shell filled with low-density gas
(≤1.0 mg/cm3). The shell is composed of an outer region, which forms the ablator, and an
inner region of frozen or liquid deuterium-tritium (D-T), which forms the main fuel.
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Fig. 2.30.  Schematic of ICF imploding capsule with requirements on driver coupling,
drive symmetry, hydrodynamic instability, and ignition.

Energy from a driver is delivered rapidly to the ablator, which heats up and expands. As the
ablator expands outward, conservation of momentum requires that the rest of the shell move
inward. The capsule behaves as a spherical, ablation-driven rocket. The efficiency with
which the fusion fuel is imploded typically lies in the range of 5 to 15%. The work that can
be done on the imploding fuel is the product of the pressure generated by the ablation process
times the volume enclosed by the shell. Hence, for a given pressure, a larger, thinner shell
that encloses more volume can be accelerated to a higher velocity than can a thicker shell of
the same mass. The peak achievable implosion velocity determines the minimum energy (and
mass) required for ignition of the fusion fuel in the shell.

In its final configuration, the fuel is nearly isobaric at pressures up to ~200 Gbar but consists
of two effectively distinct regions—a central hot spot, containing ~2 to 10% of the fuel, and
a dense main fuel region, comprising the remaining mass. Fusion initiates in this central
region, and a thermonuclear burn front propagates radially outward into the main fuel, pro-
ducing high gain. The efficient assembly of the fuel into this configuration places stringent
requirements on the details of the driver coupling, including the time history of the irradiance
and the hydrodynamics of the implosion.

In the implosion process, several features are important. The in-flight aspect ratio (IFAR) is
defined as the ratio of the shell radius R as it implodes to its thickness ∆R, which is less than
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the initial thickness because the shell is compressed as it implodes. Hydrodynamic instabili-
ties, similar to the classical Rayleigh-Taylor (RT) fluid instability, impose an upper limit on
this ratio, which results in a minimum pressure or absorbed driver irradiance. Control of RT-
induced mix of hot and cold fuel is crucial to the successful formation of the central hot spot.

The convergence ratio Cr as defined in Fig. 2.30 is the ratio of the initial outer radius of the
ablator to the final compressed radius of the hot spot. Typical convergence ratios to the hot
spot for an ignition or high-gain target design are 30–40. An asymmetric implosion results in
enhanced thermal conduction from the hot spot to the cold surrounding fuel and a reduced
conversion of the available kinetic energy into compression and heating of the fuel. The tol-
erable degree of asymmetry depends on the excess of available kinetic energy above the
ignition threshold. If we require that this deviation δR be less than rh 4 where rh is the final
compressed radius, we have:

δv

v C
<

−
1

4 1( )
  ,

r

where v is the implosion velocity. Since 30 ≤ Cr ≤ 40 is typical, we require accelerations and
velocities that are uniform to about 1%.

2.3.2.2 Direct and Indirect Drive

As shown in Fig. 2.31, two principal approaches are used to generate the energy flux and
pressure required to drive an ICF implosion.

In the direct-drive approach, the driver beams are aimed directly at the target which in this
case consists of just the fusion capsule. The beam energy is absorbed by electrons in the tar-
get’s outer corona. With short wavelength lasers, absorption can exceed 80%. Electrons
transport that energy to the denser shell material to drive the ablation and the resulting implo-
sion. The most highly developed direct-drive targets use laser drivers although direct-drive
targets using ion beams may also be feasible.

In the indirect-drive approach, the driver energy is absorbed and converted to X rays by
material inside the hohlraum that surrounds the fusion capsule. The beam and hohlraum
geometry are determined by the requirement for X-ray flux uniformity on the capsule. The
most highly developed indirect-drive target designs use laser or ion beam drivers. Recent tar-
get concepts utilizing z-pinch driven X-ray sources may also prove to be a viable approach to
igniting ICF fuel capsules.

Because of the X-ray conversion and transport step, i ndi r e c t  dr ive  i s  l e s s  e f f i c i e nt  t han di r e c t 
dr i ve . T he  f r a c t i on of  t he  dr i ve r  e ne r gy a bs or be d by t he  f uel  c a ps ul e  va r i e s  f r om  a bout  1/ 10 t o 1/ 3
i n t ypi c a l  indi r e c t - dr i ve  de s i gns . H ow e ve r , ablation driven by electron conduction is in general
about a factor of 2 less efficient than ablation driven by X rays. Direct-drive capsules are
more hydrodynamically unstable than capsules driven by X rays. Direct-drive targets a r e  ve r y
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Advantages:
•  Relaxed beam uniformity
•  Reduced hydrodynamic instability
•  Significant commonality for lasers and ion beams

Advantage:
•  Higher coupling efficiency
•  Reduced laser-plasma instability
•  Conceptually simpler control of
   low-mode asymmetry
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Fig. 2.31.  The two principal approaches to ICF are direct drive and indirect drive.

s e ns i t i ve  t o i nt e ns i t y va r i a t i ons  w it hi n i ndi vi dua l  beams because these variations imprint per-
turbations on the target that are then amplified by hydrodynamic instability. Measures taken
to mitigate hydrodynamic instability in direct-drive targets further offset the efficiency
advantage. If adequate beam uniformity can be achieved, calculations for current laser target
designs indicate that direct-drive targets have about the same ignition threshold as indirect-
drive targets, but that they can have up to a factor of 2–3 higher gain, depending on the level
of driver beam imprint and hydrodynamic instability growth that is tolerable. As discussed
below, some ion beam driven indirect-drive calculations have higher hohlraum efficiency
than laser-driven hohlraums and achieve gain similar to that predicted for laser direct-drive
targets.

Reduced coupling efficiency and adverse effects from laser-plasma interaction limit laser-
driven direct-drive and indirect-drive targets to I ~ 1015 W/cm2 for laser wavelengths of 1/4
to 1/2 µm. Because of ion beam emittance limitations, ion-driven targets are also typically
limited to I ~ 1014–1015 W/cm2.

Exploration of the target physics of inertial fusion has been carried out predominantly by the
DOE Defense Programs. Because of the ease with which lasers can achieve the required irra-
diance, almost all ICF experiments have been carried out with lasers. Preliminary experi-
ments at ~1012 W/cm2 were carried out as part of the DP program in light ion fusion. ICF
relevant experiments have begun on z-pinch driven X-ray sources within the past 2 years,
because of advances in the intensity achieved. Since the hohlraum wall physics and the
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capsule physics are essentially the same for any X-ray source indirect-drive experiments on
lasers provide much of the target physics basis for ion-driven targets.

Driver technology advances may make other ICF target concepts possible. One speculative
concept currently being evaluated is the fast ignitor. In the conventional ICF approach dis-
cussed above, a shell of dense fuel compresses a central hot spot to ignition condition. Burn
from the hot spot propagates to the surrounding cold fuel. In the fast ignitor approach, the
fuel is compressed to high density without a hot spot. A separate beam is then used to ignite a
spot on the surface of the compressed fuel. Because lower fuel density is required, more fuel
can be compressed for a given amount of energy in the fast ignitor approach than in the hot
spot ignition approach. If the fuel can be ignited with reasonable efficiency, higher gains and
smaller driver requirements would result. Because it is not necessary to produce the central
hot spot, this approach may also have somewhat relaxed symmetry and target fabrication
finish requirements. To ignite the fuel in this approach, the fast ignitor beam must achieve
intensities of 1019–1020 W/cm2. The energy must be delivered in a time of about 10 ps into a
spot of a few tens of microns in diameter, timed to a few tens of picoseconds with the peak
target compression. From a target physics perspective, either lasers or ion beams are potential
drivers for this type target. A hybrid scheme, for example using an ion driver for compres-
sion and a laser for ignition, is also possible The development of chirped pulse amplification
in laser systems over the past 10 years has opened up worldwide interest in research into this
type of ICF target. However, the interaction of lasers with matter at the intensities required
for fast ignition are quite complex. Electrons interacting with the laser beam reach mega-
electron-volt energies in one light cycle, and there is a wide range of collective phenomena
that are excited. Understanding the issues of electron production and transport to the hot spot
for fast ignition are at a very early stage and significant work remains before this concept can
be properly evaluated.

2.3.2.3 Experimental Progress

Nova. Since its completion in 1985, the ten beam Nova laser at LLNL has been the primary
U.S. laboratory facility for radiation-driven experiments. Nova can deliver 30 to 40 kJ in 1 ns
or over longer periods with a wide variety of temporal pulse shapes at an output wavelength
of 0.35 µm.

Nova has been used for a wide variety of experiments on laser-plasma interaction, hohlraum
symmetry, hydrodynamic instability, and implosions. Over a 6-year period from 1990–1996,
Scientists from LLNL and LANL achieved the Nova Technical Contract goals established by
the National Academy of Science as a prerequisite for proceeding with the National Ignition
Facility (NIF). Results from Nova and since 1996 from the Omega laser, approach the NIF
requirements for most of the important ignition capsule parameters as shown in Table 2.7.

However, in hohlraums scaled to have a NIF-like ratio of hohlraum size to capsule size,
implosions on Nova and Omega have not yet achieved NIF-level convergence with adequate
performance. This is a result of the limited number of beams and beam power control on
these facilities compared to NIF. NIF targets  are designed with an ignition margin so the tar-
gets will tolerate the degrading effects of asymmetry and hydrodynamic instability. Without
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Table 2.7.  The results from Nova and Omega experiments approach the NIF
requirements for most of the important ignition capsule parameters

Physical parameter NIF Nova (Omega)

Drive temperature (eV) 250–300 >300 eV
for 1-ns pulse
~250 eV for 

shaped pulse in
gas-filled hahlraum

Drive symmetry
— Number of beams 192 10 (60)
— r.m.s. capsule drive asymmetry (all modes) 1% 4% (2%)
— Implosion averaged (P2) ~1% ~1%

Capsule convergence ratio (C.R.)
— Capsule hydrotest only 25–35 24
— NIF-like hohlraum/capsule ratio 25–35 10 (17–20)

Hydro-instability e-foldings
— Acceleration, deceleration 6–7 spherical 4–5 planar

     4–5 spherical

alpha deposition, the performance of an NIF capsule with the maximum acceptable level of
asymmetry and instability has about 1/2 the yield that a 1-D implosion would produce. Most
of that degradation is due to hydrodynamic instability, which causes a mix region of cold
material to penetrate the hot spot. At failure, the mix region has penetrated about 1/3 of the
hot spot radius. The goal of the Nova and Omega implosion experiments has been to test the
effects of instability on capsule degradation in the NIF relevant regime for mix penetration.
From the point of view of the physics involved, there are no identifiable issues that arise
between a convergence of 10 and a convergence of 20–40. However, the higher convergence
clearly tests the limits of what can be achieved on any of today’s lasers. On Nova, the effects
of  asymmetry are sufficiently large, even for convergence 10 , that asymmetry is a much
larger effect on yield than for NIF. Yields are reduced from 1-D by a factor of 2 to 3  from
asymmetry alone. To experimentally see the effects of hydrodynamic instability in this situa-
tion requires fairly large capsule perturbations. Although we were able to quantitatively
model the yields of these experiments using the 3-D implosion code Hydra, the hydro-
dynamic instabilities are further into the nonlinear regime and are less sensitive to initial
perturbations than NIF capsules. On Omega, which has better symmetry than Nova because
of its 60 beams, the experiments at convergence 10 achieve about 80% of the calculated 1-D
yield. The calculated degradation was about equal for the effects of asymmetry and instabil-
ity and is in an NIF relevant regime for the effects of instability and mix. On preliminary
Omega experiments at  a nominal convergence of 20, the best capsules gave about 1/2 of the
1-D yield, but there were capsules a factor of 2 to 3 below this. Improvements in laser control
and in target fabrication needed for more consistent capsule performance and higher yields at
these higher convergences are being pursued for a future experimental series. The capsules in
these implosion experiments have been fabricated with 200–300 Å surface finish. This is
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comparable to the surface finish required for NIF capsules. Since Nova capsules are about
1/4 of the size of the NIF capsules, the effects of hydrodynamic instabilities for capsules with
5 e-foldings of growth are comparable to that for NIF capsules with 6 or more e-foldings of
growth and the same surface finish. The performance of capsules on Nova and Omega with
4–5 e-foldings of RT growth and a surface finish which was varied from 200–300 Å to more
than 1 µm is in agreement with 3-D calculations. In addition to the results indicated in Table
2.7, Nova plasmas designed to emulate NIF plasma conditions, using NIF-like smoothing,
have absorption of 90–95%, which meets the NIF goal.

 The primary modeling tool for indirect drive has been the LASNEX code system. This code
is a 2-D integrated model of the physics processes important for ICF. It includes hydrody-
namics, electron and ion transport, radiation transport, atomic physics and material proper-
ties, thermonuclear burn products, and laser and ion beam transport. LASNEX does not cal-
culate the collective effects that can result from high intensity laser-plasma interaction (LPI).
These effects are calculated separately. When the LPI effects are small, as expected for the
NIF ignition regime, LASNEX has demonstrated a quantitative predictive capability across a
wide range of experiments. Shown as an example in Fig. 2.32 are the experimental and cal-
culated results for a radiation driven hydrodynamic instability experiment on Nova. In the
experiment shown in Fig. 2.32, a foil of plastic material to be accelerated is placed on the
side of a hohlraum. X rays to drive the foil are generated inside the hohlraum with 8 of
Nova’s 10 beams. A separate Nova beam is used to generate an X-ray backlighter source.
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These X rays are viewed through the foil. By looking at the foil face-on using a 1-D X-ray
streak camera, the growth of sinusoidal grooves can be measured as a change in the X-ray
contrast between thick and thin regions as a function of time. By looking at the foil edge on
with an X-ray framing camera, the 2-D shape of the grooves is obtained. The position of the
foil versus time is obtained from a 1-D streaked image looking at the foil edge on. For all
three types of data, the calculations are in good agreement with the data.

Over the past several years, 3-D codes have been developed as part of the Accelerated Strate-
gic Computing Initiative (ASCI) in defense program. These codes, which have also been
validated on Nova experiments, are currently being used extensively to model the 3-D effects
of RT instability on fusion capsules.

Indirect-drive ICF began as a classified program in DOE DP. However, since 1993, almost
all of the laboratory ICF Program has been unclassified. This has significantly increased the
opportunity for international collaboration in IFE.

Z-Accelerator. Since 1997, the Z-accelerator at Sandia National Laboratory has made sig-
nificant progress in X-ray production. The Z-accelerator has produced up to 2 MJ of X rays,
which have been used to heat hohlraums to temperatures in excess of 150 eV. Preliminary
radiation-driven target designs indicate that a z-pinch driver with about ten times the power
and energy of the Z-accelerator could drive high yield ICF targets. Experiments on Z to test
the physics basis of these targets have recently been initiated. Initial experiments to examine
radiation symmetry in z-pinch driven hohlraums are in agreement with calculations. An
assessment of possible rep-rated Z-pinch concepts is just beginning. However, even in the
absence of a z-pinch approach to IFE, experiments on Z and any follow-on machine (such as
the ZX or X-1 machines proposed for DP) add to the data base for X-ray driven target
concepts. The ignition physics program preparing for the NIF includes experiments on Z to
examine shock timing issues.

The OMEGA laser at the University of Rochester and the NIKE laser at the Naval
Research Laboratory are the principal direct-drive facilities in the United States.

The direct-drive experiments on the 60-beam, 30-kJ OMEGA laser system (λ = 0.35 µm)
have yielded the highest neutron yields obtained in any laboratory ICF experiments (~2 ×
1014 neutrons/shot). Recent OMEGA experiments have investigated various details of laser
imprinting and the Rayleigh-Taylor instability in planar and spherical geometries. This work
has significantly improved the understanding of these hydrodynamic instabilities, which are
crucial for direct-drive ICF. It has also resulted in a better definition of the irradiation
requirements for direct drive culminating in a number of improvements in irradiation uni-
formity, from smoothing by spectral dispersion in two dimensions (2-D-SSD) to broadband
frequency conversion to polarization smoothing. In addition, OMEGA will be equipped for
cryogenic D-T implosion experiments by the end of FY 1999. Previous cryogenic compres-
sion experiments on the initial 24-beam, 3-kJ OMEGA laser system demonstrated core den-
sities of ~200 times D-T liquid density.
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Although designed for direct drive, OMEGA has also been used extensively by LLNL and
LANL for indirect-drive ICF. These experiments have allowed testing and verification of
NIF hohlraum design characteristics such as beam phasing. Because of its larger number of
beams, Omega provides improved X-ray drive uniformity compared to Nova. As mentioned
above, with further improvements to power balance and pulse shaping, experiments on
OMEGA capsules may approach NIF convergence ratios with good performance.

NIKE is a KrF laser system with excellent beam uniformity producing 2–4 kJ of energy at a
wavelength of 0.26 µm. in a 4- to 8-ns pulse onto planar targets. This laser system has been
used extensively for the study of hydrodynamic instabilities and laser imprinting of concern
to direct-drive laser fusion. NIKE is also used for the study of imprint-resistant target shell
designs such as foams and deuterium-wicked foams. In addition, NIKE is being used to
determine the EOS of deuterium ice. The data obtained with NIKE are crucial for the proper
design of direct-drive NIF targets.

Outside of the United States. the Gekko XII laser at ILE in Osaka is the principal ICF
experimental facility. This laser is capable of producing 8–10 kJ of energy in 12 beams at
either 0.53 or 0.35 µm. Gekko has been used for both direct-drive and indirect-drive experi-
ments. The Phebus laser at Limeil, the equivalent of two beams of Nova, has been used
extensively for indirect-drive experiments. Both Gekko and Phebus have been used with a
variety of hohlraum geometries at about one-half the Nova hohlraum dimensions. In Russia,
the ISKRA-5 laser, an iodine laser operating at a laser wavelength of 1.315 µm at Arzamus-
16 has been used for indirect-drive experiments in spherical hohlraums. In typical experi-
ments, this facility can focus 10–15 kJ in a 0.25-ns pulse into a spherical cavity with six laser
entrance holes. Other smaller facilities which have been used for indirect-drive target phys-
ics, include the Asterix III laser at Garching and the Shengguang laser facility at Shanghai.

Halite-Centurion. The ICF program has also used data from underground nuclear experi-
ments. The Halite/Centurion (H/C) Program, a joint program between Livermore and
Los Alamos, demonstrated excellent performance, putting to rest certain fundamental ques-
tions about the feasibility of achieving high gain. This program carried out inertial fusion
experiments using nuclear explosives at the Nevada Test Site at higher energies than those
available in the laboratory. This is the principle area in which results in the DP activities in
ICF remain classified.

2.3.2.4 National Ignition Facility

Results from Nova experiments and modeling, as well as results from the Halite/Centurion
Program provided the technical basis for proceeding with the National Ignition Facility
(NIF), which is now under construction at LLNL. The ultimate goal of NIF is to achieve gain
in the range of ten, where the gain is defined as the ratio of the thermonuclear yield to the
laser energy delivered to the target. The NIF, shown in Fig. 2.33, is a key element in the
DOE DP Stockpile Stewardship Program. It is a $1.2B project scheduled for completion in
2003. NIF is a 192-beam, frequency-tripled (λ =  0.35 µm) Nd:glass laser system designed to
achieve routine on-target energy of 1.8 MJ and power of 500 TW, appropriately pulse-
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Fig. 2.33.  The National Ignition Facility will play a critical role in addressing IFE
feasibility.

shaped. The NIF laser is being designed to carry out three target shots per day. The laser and
target area building is approximately 550 ft. long and 360 ft. wide. The 192 beams are deliv-
ered to the target chamber in 48 clusters of 4 beams. The technology for NIF was jointly
developed with the French CEA which is planning to construct the LMJ, a 240-beam laser
with goals very similar to those of NIF.

Indirect-drive targets of the type shown in Fig. 2.34 have been the most thoroughly explored
for testing on the NIF. However, the NIF target chamber is being constructed with additional
beam ports so that both direct-drive and indirect-drive targets can be tested. NIF will be able
to map out the ignition and burn propagation threshold for both target types and begin to map
out the ICF gain curves shown in Fig. 2.35. If warranted by results of current research, the
NIF could be modified to test fast ignition as well.
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The fuel conditions that must be achieved for efficient burn are similar to those of a mag-
netically confined plasma. In the equation below, φ is the fuel burnup fraction, τ is the con-
finement time, N0 is the particle number density, ρ is the matter density in the fuel, and r is
the compressed fuel radius. In inertial confinement, burn of an ignited fuel mass typically is
quenched by hydrodynamic expansion. From the outside of the fuel, a rarefaction wave
moves inward at the speed of sound, Cs. By the time this rarefaction has moved a fraction of
the radius r, the fuel density in most of the fuel mass has dropped significantly, and the fuel
no longer burns efficiently. Because of this, the confinement time is proportional to the com-
pressed fuel radius r.

φ ρ
ρ

τ

τ
=

+
≈

+ ×
r

r
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N6 5 102
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15 3( / ) ( )g cm s/cm

  .

Both direct-drive and indirect-drive targets rely on central ignition followed by propagation
of the burn via alpha deposition and electron conduction into the surrounding cold fuel. Once
the hot central region of the fuel reaches 10 keV with an ρr equal to the range of the alpha
particles (~0.3 g/cm2 at 10 keV), the burn will propagate into and ignite an indefinite amount
of surrounding cold fuel. These ignition and burn propagation conditions are nearly inde-
pendent of fuel mass over a wide range of sizes. After ignition occurs, the burn wave propa-
gates in ρr and temperature space in a way that is essentially independent of size. NIF fuel
capsules are designed to absorb 0.1–0.2 MJ of X rays while capsules envisioned for energy
production typically absorb 1–2 MJ of X rays. Figure 2.36 shows the temperature versus ρr 
conditions for a 0.2-MJ NIF capsule and a larger 2.0-MJ capsule as the burn wave propagates
into the fuel. The two capsules track each other until the smaller capsule starts to
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Fig. 2.36.  Burn propagation in NIF capsules tracks that
in larger capsules until decompression begins.
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decompress. Thus information for NIF capsules is widely applicable to capsules with larger
yield, and can be used to design the higher yield capsules generally appropriate for energy
production.

The DOE Defense Program in ICF includes an ongoing assessment of approaches that could
result in higher yields than those that can be obtained  with the NIF baseline targets.  Direct-
drive targets on NIF have the potential for yields on the order of 100 MJ if very high quality
beam smoothing and target quality can be achieved. There are exploratory designs for NIF
hohlraums that could increase the coupling efficiency by a factor of 2 or more, and capsules
in these hohlraums have yields approaching 100 MJ. In addition, there are designs for targets
using advanced z-pinches, such as the proposed X-1 machine, that could have yields of 200–
1000 MJ.

2.3.3 An IFE Development Pathway for Lasers and Ion Beams

Recent progress in target physics and target design for high energy gain in the U.S. inertial
fusion research programs supports the possibility of developing an attractive fusion power
plant, using either laser or ion drivers. Success of the NIF ignition program, expected within
the next decade, together with advanced numerical models, will give us confidence that the
gains needed in future IFE plants can be achieved. Based on these expected target gains, IFE
power plant studies show the promise of an acceptable cost of electricity and environmen-
tally attractive plant designs for both ion and laser-driven IFE.

The NIF in DOE DP is being constructed to demonstrate the ignition and burn propagation
threshold for both indirect-drive and direct-drive targets. The near-term program in IFE can
therefore focus on the development of efficient, reliable, and affordable drivers with high
pulse rate capability, and associated high pulse rate fusion chambers, target fabrication,
injection, and tracking. The IFE program can use a phased approach as shown in Fig. 2.37,
with a set of near-term evaluation points, leading to a high average-power Engineering Test
Facility (ETF) and a DEMO following the NIF. Figure 2.37 focuses on the ion beam and
laser approaches to IFE that are the most developed and have the greatest probability of
meeting the IFE requirements in the near term. Because of their relative maturity, the devel-
opment pathway for these approaches shown in Fig. 2.37 begins at the Proof-of-Principle
level. The IFE development pathway also includes some more speculative and less developed
concepts in drivers and targets. These concepts provide opportunities for new science and a
potentially more attractive ultimate power plants. They are appropriate for Concept
Exploration level research.

Progression through each of the four development steps shown in Fig. 2.37 is determined by
meeting criteria for success of the previous step. The criteria start with top level requirements
for an attractive, competitive final power plant, and work back through each step.

The proposed IFE program in Phase I, at the Proof-of-Principle level, is sufficiently broad
that the candidacy of ion accelerators with indirect-drive, and both solid state and KrF lasers
with direct drive, can be adequately assessed for a major Phase II decision, a Performance
Extension level. This IFE program would leverage the Defense Programs’ large investments
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in laser and pulsed power facilities, target design capabilities, and experimental infrastructure
including target fabrication and diagnostics. Phase I would involve modest-size ion accel-
erator experiments and the development of 100-J class high repetition rate lasers, along with
driver scaling studies and further improvements in chamber design, target fabrication, and
target design. Concepts which meet the requirements for capital cost, efficiency, durability,
chamber wall protection, final optic protection, low cost target fabrication, target injection,
driver propagation through the chamber, and projected target gain could move to Phase II.
An approach which fails the Phase II criteria could be considered for further exploratory
R&D if appropriate.

The Phase I research must provide the scientific and technical basis for proceeding to an
Integrated Research Experiment (IRE) which is the major facility proposed for Phase II.
There is also an expectation that progress toward an ignition experiment on NIF will continue
as expected in Defense Programs.

The IRE objective for the heavy ion approach is a completely integrated ion accelerator from
ion source to beam focus in target chamber center. Goals include demonstration of the beam
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quality required to focus the beams to high intensity and experiments to study beam propa-
gation in the fusion chamber. The purpose of the beam propagation experiments is to validate
the physics of the relatively simple ballistic propagation mode and to explore more complex
modes of transport in plasma channels. If the channel modes can be made to work, they will
lead to improved chambers and reduced cost drivers. Finally, the heavy ion IRE could enable
exploration of target physics issues unique to ions, e.g., fluid instabilities in ion direct drive.
For both lasers and ions, the size of the IRE will be large enough that the cost for the
Phase III ETF, a Fusion Energy Development level facility, can be accurately projected.

For lasers, the plan is to develop and optimize one complete laser beam line that could in
principle be used directly in a power plant. If appropriate, it could then be duplicated in par-
allel to produce the needed total driver energy for an ETF. While one could also follow this
parallel approach with ions, it does not lead to an optimal accelerator in terms of efficiency
and cost. If the ion IRE is successful, it would be more appropriate to add acceleration mod-
ules in series to produce the needed energy for an ETF. The cost effectiveness of this strategy
will depend on how rapidly the technology evolves between the IRE and construction of an
ETF.

Results from the IRE(s), together with results from chamber and target fabrication R&D and
ignition results from NIF, must be sufficient to justify the ETF, a high average fusion power
IFE facility in Phase III. At a total construction cost goal of $2B–$3B, the ETF would be
capable of testing several candidate fusion chamber approaches to determine which type of
chamber and final optics would last sufficiently long for the next step, an IFE DEMO. The
goal of Phase III is an integrated demonstration of the driver, targets and the fusion chamber.
Neutron irradiation materials development would have to proceed in parallel on the ETF or
on a separate facility, particularly for IFE concepts with unprotected walls.

In the final step DEMO, net electrical power, tritium fuel self-sufficiency, and reliability
would be demonstrated at a level sufficient for commercialization to be undertaken by
industry. The IFE DEMO would complete the federal investment in IFE fusion energy devel-
opment. For the DEMO, it may be possible to simply add the “balance of plant” and an
appropriate chamber selected from the Phase III project, to the ETF Phase III driver.

IFE Research and Development for Phase I and Phase II

As discussed below, the proposed IFE program in Phase I and II would be distributed in the
following areas:

•  ion and laser driver development,
•  target design and optimization,
•  IFE fusion chamber R&D including protection for walls and final optics,
•  injection of targets into fusion chambers,
•  experiments on methods to mass-manufacture low-cost targets, and
•  safety and environmental R&D.
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In addition, IFE power plant studies would be carried out to explore the compatibility and
optimization of all these areas, including definition of appropriate high average fusion power
IFE development facilities for Phase III.

2.3.4 IFE Drivers

2.3.4.1 Ion Accelerators

The goal of the Heavy Ion Fusion Program is to apply accelerator technology to inertial
fusion power production. As shown in Fig. 2.38, ions with kinetic energies of 10 MeV to
10 GeV, depending on the ion mass, have an ion penetration depth appropriate for inertial
fusion targets.

Ion accelerators can readily produce such energies. Since fusion targets require beam powers
of 100–1000 TW, the accelerators must deliver 10 kA–100 MA of beam current, depending
on the ion energy. At the upper end of the ion energy and mass, the currents and space charge
effects are small enough that vacuum focusing without charge or current neutralization may
be adequate. At the lower energy range, adequate focusing requires a very high degree of
current and charge neutralization. Since projected accelerator cost for a given number of
joules generally increases for higher particle energies, there is a tradeoff between the
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difficulty of achieving adequate focusing and accelerator cost. Current expectations are that
an intermediate mass ion, in a range between K and Cs will prove to be optimal.

High energy accelerators are well suited to many of the requirements of inertial fusion power
production. They are reliable and durable. They can be efficient and they can easily produce
the needed repetition rates. The beams are focused by magnetic fields. The magnets that pro-
duce these fields can be shielded from neutrons, gamma rays, and other fusion products. This
possibility provides a plausible solution to the problem of developing optical elements that
can survive in the fusion environment.

Several types of accelerators are being developed. Single gap accelerators, using pulsed
power, have been developed for accelerating light ions such as H and Li to the required parti-
cle energy. For heavier ions, RF linacs (followed by storage rings) are the principal approach
being developed in Europe and Japan. The major program outside the United States is at
GSI in Garching, Germany. Induction linacs (without storage rings) are the principal
approach being developed in the United States. Existing proton and electron accelerators are
comparable to power plant drivers in terms of size, cost, total beam energy, focusing, average
beam power, pulse repetition rate, reliability, and durability. High peak power with adequate
brightness is the new requirement for inertial fusion. Use of multiple (~100) beams and pulse
compression after acceleration (10× or more) implies a power of ~0.1–1 TW/beam out of the
accelerator. At ~3 GeV, this is 30–300 A. In addition to the current increase obtained by the
increased ion energy, typical driver designs compress the pulse a factor of several during
acceleration, so they require injected currents of ~1 A/beam or less from a 2-MeV injector.
For comparison, the ISR at CERN had a beam power of 1 TW at 30 GeV. Most ion beam
experiments for IFE have been scaled, using beams of 10–20 mA, but they have tested
crucial beam physics in the right dimensionless regime, e.g., with driver-relevant dimension-
less perveance of up to ~4 × 10–4. (Perveance is essentially the squared reciprocal of the dis-
tance in beam radii that an unconfined beam can travel before expanding by one beam
radius.) It is also the ratio of the electrostatic potential in the beam to the ion kinetic energy.
Experiments have also been done with driver scale “tune depression” on the order of 0.2.
(Tune depression is the ratio of transverse betatron frequency in the beam focusing lenses in
the presence of space charge to that in the external field alone.) Current amplification by a
factor of a few has been achieved, and peak beam powers are in the megawatt range.

The heavy ion fusion program evaluating induction linacs has emphasized theory, numerical
simulation, and small-scale experiments to address the key issue of focusing high-intensity
heavy ion beams. Small-scale experiments which address all beam manipulations and sys-
tems required in a full-scale driver have been completed or are near completion. These
include a scale focusing experiment that produces millimeter focal spots, an experiment that
combines four beams transversely while retaining good beam quality, experiments on beam
bending, a target injection experiment that demonstrated adequate accuracy for indirect drive,
and experiments on beam physics and injector physics. The small accelerators for the scaled
experiments can operate continuously at repetition rates of the order of 1 Hz, but the beam
currents are approximately two orders of magnitude smaller than those required in a full-
scale driver. A 3-D numerical simulation capability has been developed, which has been very
successful in modeling these experiments, showing agreement with theory and simulation,
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suggesting that it will be possible to achieve adequate focusing for accelerators using the
vacuum focusing approach. Preliminary simulations indicate that a low-density plasma can
be used to neutralize the beams in the chamber. Beam neutralization enables the use of lower
ion kinetic energy leading to lower accelerator cost. The degree of neutralization and beam
plasma instabilities are the issues that will determine the effectiveness of this approach to
beam focusing. It is not possible to do definitive experiments on neutralization using existing
U.S. heavy ion accelerators. However, intense beams of light ions are available. These beams
may offer the best near-term opportunity for experiments in an IFE relevant parameter
regime.  The heavy ion beams at the GSI nuclear physics research center in Germany may
also provide important information.

A development program has the potential to significantly reduce the cost of key accelerator
components including insulators, ferromagnetic materials, and pulsers. Initial results from
industrial contracts predict that with development, large reductions from current costs are
possible for some key components. Using advanced components and recent target design
advances, current studies indicate that the direct cost for a DEMO scale driver of <$0.5B
may be feasible. This meets the driver cost goals for production of electricity at $0.05/KweH.

Goals for Phase I development include the following elements: (a) Complete the present
scaled experiments including the study of various possible ion focusing modes; (b) Develop
an end-to-end simulation capability; (c) Complete beam physics and injector experiments at
driver scale. This means increasing the current in beam physics experiments from the present
10 mA to 1 A and increasing injector currents from the present 1 A to 100 A; (d) Develop
inexpensive quadrupole arrays, pulsers, insulators, and ferromagnetic materials for induction
cores.

The goal for Phase II is to design and build a multi-kilojoule IRE accelerator facility. Results
from this facility in accelerator science, beam focusing, chamber physics, and those aspects
of ion target physics that cannot be done on a laser facility, such as the NIF, must be suffi-
cient to justify a high average fusion power IFE facility in Phase III.

At the Concept Exploration level, source development for light ions could have high lever-
age. A light ion pulsed power driver would have the lowest cost of proposed ion drivers. The
DOE DP program in light ions achieved a Li beam intensity ~1012 W/cm2 but was unable to
exceed this intensity. Significantly higher intensities might be feasible if an ion source with
adequate brightness and beam quality could be developed.

2.3.4.2 Lasers

The Krypton Fluoride (KrF) laser  is an   exc  ited di    mer   (excimer) laser that produces broad-
band light (2 THz) centered at 0.248 µm. For the high energy systems required for IFE the
gas is pumped by large area electron beams. All the large KrF lasers (energies of 1 kJ or
greater) are single shot devices developed for the ICF program or for basic science experi-
ments. The NIKE laser at the Naval Research Laboratory (NRL) has been in operation for
3 years and has demonstrated that a KrF laser can be a reliable target shooter (over 600 shots
per year). NIKE has the best beam uniformity of any high-power UV laser. It appears to meet



2-75

the beam uniformity requirements for IFE. The challenge for a KrF laser is to demonstrate
that it can meet the fusion energy requirements for repetition rate, reliability, efficiency and
cost. The key issues are (a) the efficiency, durability, and cost of the pulsed power driver;
(b) the lifetime of the electron beam emitter; (c) the durability and efficiency of the pressure
foil support structure (“hibachi”) in the electron beam pumped amplifiers; (d) the ability to
clear the laser gas between pulses without degrading the beam quality, and (e) the lifetime of
the amplifier windows and optics in the laser cell. Technologies have been identified that can
address these issues. Most have been partially developed elsewhere, but they have been
developed separately from each other and not necessarily in a parameter range appropriate
for IFE. A leading candidate for the KrF pulsed power is based on the Repetitive High
Energy Pulsed Power (RHEPP) developed at Sandia. RHEPP II has achieved a broad area
electron beam (2 MV, 25 kA, 60 ns, and 1000 cm2) at up to 100 Hz and up to 30-kW average
power. NRL is now developing the Electra KrF laser as a step toward developing the capa-
bilities required for IFE.

The KrF goals for Phase I include: (a) Complete design and construction of Electra with a
goal of ~400 J/pulse, 5-Hz repetition rate, 105 shots durability (as a first step in the goal of
>108 shots), 5% total efficiency. Electra will demonstrate that it is possible to repetitively
amplify a laser beam that meets the requirements for bandwidth and beam quality;
(b) Develop technology to meet the requirements for pulsed power cost; (c) On NIKE (60-cm
amplifier, single shot), demonstrate intrinsic efficiency (laser energy out divided by depos-
ited energy in the gas) and electron beam transmission through the hibachi with a large sys-
tem that is directly scalable to an IFE laser beam line; (d) In separate, off-line, experiments,
develop new window coatings for the amplifiers.

The Phase II goals for KrF are: (a) Develop a full-scale KrF amplifier that meets all the
requirements for IFE. The laser output of this amplifier will be in the range of 30–100 kJ,
with an optical aperture ~2 m2. The amplifier will run at 5 Hz and would be the prototype for
an IFE beam line; (b) Incorporate this prototype into an IRE that is designed to demonstrate
the requirements for IFE including beam propagation under required chamber conditions and
an ability to track and hit an injected target; (c) Identify final optic materials and system
designs to withstand megaelectron-volt neutrons, gamma rays, and contamination in an IFE
power plant.

Solid-State Lasers. Since the earliest days of inertial fusion research, solid-state lasers have
served as the main workhorse for unraveling crucial target physics issues. First generation
solid-state lasers, initially at the 100-J level in early 1970s based on flashlamp-pumped
Nd:glass, will culminate with the 1.8-MJ NIF. To attain the objectives of fusion energy, sec-
ond generation solid-state lasers will employ diodes in place of flashlamps, Yb-doped crys-
tals instead of Nd:glass, and near-sonic helium cooling of optical elements. A diode-pumped
solid-state laser (DPSSL) should have the reliability and efficiency needed for a fusion power
plant. The largest risks are believed to be the optical smoothing and the cost of the diodes.
Extensive ongoing research in glass lasers will help provide the technical basis for dem-
onstrating that the beam uniformity and overall system design can be improved to meet IFE
target requirements. LLNL has concepts that could lead to a large reduction in the current
cost of the diodes and achieve the required beam uniformity. LLNL is currently developing
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the 100-J Mercury DPSSL to demonstrate these and other capabilities. Previous work at
LLNL demonstrated a diode-pumped gas-cooled Yb:crystal laser at the joule-level, extracted
the stored energy at 70% efficiency with nanosecond pulses in a separate experiment, and
developed a laser diode package with 107–108 shot lifetime at 100 W/cm. Yb:S-FAP crystals
have continued to progress although instabilities in growth are not yet completely under
control.

The DPSSL goals for Phase I include: (a) Complete design, assembly, and testing of Mercury
Laser operating at 1.05 µm; achieve 10% efficiency with 100 J/pulse, 10-Hz repetition rate,
2-ns pulse width, 5× diffraction-limited beam quality, and 108 shots; (b) Perform and validate
system-level analysis of achievable beam-smoothness on-target in power plant scenario for
solid-state laser; (c) Upgrade Mercury Laser to incorporate average-power frequency-
conversion, deformable mirror, and beam smoothing technology; (d) Develop the technology
approach for future kilojoule-class DPSSLs.

The DPSSL goals for Phase II include: (a) Develop technologies to construct ~4-kJ beam line
using low-cost diode arrays ($0.50/peak-W), operating with 10% efficiency and 109 shot life-
time at 0.35-µm wavelength. At least two independent apertures will be integrated to form
this beam line, using very high-quality gain media at full size; (b) Incorporate the 4-kJ beam
line into an IRE that is designed to demonstrate the requirements for IFE including beam
propagation under required chamber conditions and an ability to track and hit an injected tar-
get; (c) Identify final optic materials and system designs to withstand megaelectron-volt
neutrons, gamma rays, and contamination in an IFE power plant; (d) Define a pathway to
achieve a diode pump cost of $0.07/W-peak or less in a fusion economy.

2.3.5 IFE Fusion Target Concepts and Design

The DOE DP ICF has made significant progress in understanding the physics of inertial
fusion, and NIF will be able to explore ignition and propagating fusion burn for both direct
and indirect drive. However, significant additional target design work must be performed to
achieve higher gain, consistency of the target design with various IFE driver capabilities, and
consistency of the target design with the illumination requirements of various power plant
chamber concepts, as discussed below.

2.3.5.1 Ion-Beam-Driven Targets

Indirect-drive target designs which meet the gain requirements of fusion energy have been
developed at a variety of driver energies (down to as low as 1.7 MJ). Further theoretical and
experimental work is needed to validate various aspects of the simulations and to better
evaluate the sensitivity of targets to issues such as beam pointing. Also, new designs which
relax accelerator phase space requirements and/or lower system costs have high leverage.

The best modeled current target designs rely on radiation which is generated from the ion
beams absorbed in a radiator distributed through the hohlraum volume as shown in Fig. 2.39.
Implosion symmetry depends on the details of the mass distribution inside the hohlraum, the
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Indirect-drive target for ion beam fusion energy
using distributed radiator foam radiation case

Ion target gain and spot size

Fig. 2.39.  Distributed radiator ion target design. The fuel capsules in these targets have
a radius of 2–3 mm.

beam pointing, and the energy loss rate of the ions as they traverse the plasma. Two gain
curves are given in Fig. 2.39. One gain curve gives gains for targets which have a ratio of the
hohlraum radius to the capsule radius comparable to that of NIF indirect-drive targets shown
in Fig. 2.34. By using materials which are in near pressure equilibrium throughout the
hohlraum volume in this distributed radiator target, detailed calculations predict that it will be
possible to use hohlraums smaller than those needed for laser drivers on the NIF. The gain
curve from these smaller “close-coupled” designs is also given. The higher gain of the close-
coupled designs will have to be balanced against the more severe requirements on the beam
spot size indicated in Fig. 2.39.

The simulations for the designs of the type in Fig. 2.39 are comparable in complexity to cal-
culations carried out for targets planned for the NIF. Although many aspects of the computa-
tional methods used in these calculations have been tested in a wide variety of laser experi-
ments, there are some aspects of these calculations which are unique to ion beam drivers.
There is a need for continuing improvement in the physics algorithms and in the detail incor-
porated in these calculations. Code development to improve the ion deposition models is
needed. A true 3-D radiation-hydrodynamics capability including 3-D ion beam ray tracing is
needed so that one can do a better job of assessing the effects of pointing errors on symmetry.
Although 3-D codes are being developed under the Accelerated Strategic Computing Initia-
tive (ASCI) for DP, modeling ion beam deposition is an energy specific requirement.

In order to validate the calculations for ion beam targets, some experimental tests are needed
beyond those which will be carried out by the DP ICF Program. For the target above, some
possible experiments are: (1) laser or z-pinch driven hohlraums using very-low-density low-
Z foams in pressure balance with low-density hohlraum walls; (2) ion-driven hohlraums, in
collaboration with European laboratories, which achieve modest temperatures and pressures
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and test ion deposition and radiation generation; and (3) radiation-driven RT experiments
which include the effect of low-density foams in order to investigate the stability of closely
coupled targets.

Many target designs with potential advantages for energy production with ion beams have
not yet been adequately evaluated. Some possibilities include: (1) an ignition target with sub-
stantially less than 1 MJ of beam energy; (2) designs with increased coupling efficiency
which produce increased yield at fixed input energy; (3) larger spot/lower intensity
hohlraums for relaxed accelerator requirements; (4) alternative radiator designs which have
reduced pointing and spot size requirements; (5) large spot size targets in which the beam
enters through the sides of the hohlraum not the ends; (6) targets which accept beam illumi-
nation from one side.

In spherically symmetric 1-D calculations direct-drive targets for ion beams have the highest
gains. However, there is limited experience and significant uncertainty concerning the sym-
metry and hydrodynamic stability of these targets. Recent improvements in numerical models
may allow calculations that will result in improved understanding of these implosion designs.
In addition, light ion RT experiments at the KALIF accelerator at Karlsruhe may be able to
provide benchmark data for important aspects of these calculations.

2.3.5.2 Laser-Driven Targets

With our current understanding, the high energy gains required for laser-driven IFE require
that the laser beams directly illuminate the target. The DP-sponsored activity in direct drive
is currently centered at the University of Rochester and the NRL.

The gain achievable with direct-drive targets is critically sensitive to laser beam smoothing,
and a variety of beam smoothing techniques have been developed. The most uniform beams
have been produced by a technique called ISI, invented and developed by scientists at NRL.
In 1995 NRL completed the NIKE krypton fluoride gas laser with ISI and measured an inten-
sity nonuniformity at the focus of each laser beam of only 1%. This nonuniformity was an
order of magnitude lower than previous UV lasers and is calculated to meet the IFE require-
ments. Direct-drive target acceleration experiments throughout the 1990s on Nova, Omega,
Gekko XII, and NIKE have mimicked the early-time behavior of a fusion target implosion.
The level of agreement between the computer modeling and the experiments provides some
confidence that computer modeling can be used to design high gain direct-drive fusion tar-
gets for IFE. Using these computer models, NRL scientists have designed direct-drive targets
using low-density plastic foam ablators with calculated energy gains above 100 as indicated
in Fig. 2.35. These designs require additional assessment with 2-D implosion codes in order
to determine if they provide sufficient control of fluid instabilities. Eventually, 3-D calcula-
tions will have to be used to correctly model random incoherence that is inherent in the laser
beams. Earlier high gain direct-drive design efforts at the University of Rochester achieved
similar calculated gain, using pulse shape variations to control hydrodynamic instability
growth. Further work will determine the optimal direct-drive capsule design for controlling
laser beam imprinting and instability growth as well as for such requirements as injection
into a fusion chamber.
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In the current National Ignition Plan, direct-drive targets will be tested in NIF in FY 2008 or
2009, following completion of the indirect-drive ignition experiments. Much of the direct-
drive target design will be done as part of the DP ICF Program. However, there are aspects of
these designs which are unique to IFE and are included in the IFE development plan. The
lasers being proposed for IFE will have different opportunities and limitations compared to
the NIF. Direct drive for IFE will also require targets with higher yield and gain than those
for NIF, and these will require additional calculations. We require 2-D and 3-D calculations
which incorporate the smoothing techniques appropriate for KrF or DPSSL lasers for the dif-
ferent direct-drive target designs. Since high gain is essential for IFE, calculations will
examine physics effects which could increase the gain, including a search for new techniques
to reduce the Rayleigh-Taylor instability. To accurately assess the achievable gain, improved
physics models may be necessary for effects such as X-ray production and transport in the
low-density target corona, equation of state for foams, and nonlocal electron transport.
Implosion techniques which do not require symmetric illumination would increase the range
of chamber options and perhaps open up the possibility of protected wall designs.

Indirect drive with lasers is the best understood ICF target concept. It has received the bulk
of the DP ICF funding. However, a gain curve based on the NIF point design is too low for
economic energy production unless laser driver efficiency can be increased to about 20%.
However, it may be possible to increase the efficiency of laser-driven hohlraums. IFE spe-
cific calculations would explore the feasibility of using a variety of techniques, including
those developed in the heavy ion design, to substantially raise the gain curve.

Because of their potential for higher gain and reduced driver size, fast ignition targets should
be further evaluated. These types of targets are at the Concept Exploration Level. An ongoing
program of experiments, theory, and numerical calculations will be required to evaluate this
potential approach to IFE. Integrated target designs in 2-D and 3-D are needed, which incor-
porate the results of experiments in coupling and electron transport. For example, it is impor-
tant to evaluate asymmetric implosions and cone focus geometries which minimize the path
length of plasma through which the high-intensity ignition beam must pass. The Fast Ignitor
concept requires accurate calculation of relativistic electron currents of about 109 A with a
return current of approximately equal magnitude. To model these conditions, improved
electron transport models will be necessary.

2.3.6 IFE Chamber and Target Technology R&D

Fusion chamber characteristics and lifetime, target fabrication methods, and target injection
techniques play a critical role in determining the optimal driver and target combinations for
IFE. Proposed R&D in these areas is presented below.

Chamber Approaches

Many concepts for chamber components have been advanced in design studies during the
past 20 years. These include chambers with neutronically-thick layers of liquid or granules
which protect the structural wall from neutrons, X rays, and target debris. There have also
been chamber designs with first walls that are protected from X rays and target debris by a
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thin liquid layer, and dry wall chambers which are gas filled to protect the first wall from
X rays and target debris. The last two types, the wetted wall and dry wall chambers, have
structural first walls that must withstand the neutron flux. These three types of chamber are
discussed below. The currently favored approaches are (1) heavy ion drivers with indirect-
drive targets and neutronically-thick liquid chambers and (2) laser drivers with direct-drive
targets and gas-protected, dry-wall chambers.

Although the specific issues for any particular chamber depend on the choice of driver and
target, as well as the choice of wall protection concept, there is a set of issues which is
generic to all concepts. These issues include: (a) wall protection, which involves hydraulics
and flow control for liquids and includes ablation damage and lifetime for solids; (b) cham-
ber dynamics and achievable clearing rate following capsule ignition and burn; (c) injection
of targets into the chamber environment; (d) propagation of beams to the target; (e) final-
focus shielding and magnet/optics thermal and neutron response; (f) coolant chemistry, cor-
rosion, wetting, and tritium recovery; (g) neutron damage to solid materials; (h) safety and
environmental impacts of first wall, hohlraum, and coolant choices.

2.3.6.1 Neutronically-thick liquid walls

Current designs for neutronically-thick liquid walls, such as the HYLIFE-II chamber
(Fig. 2.40) are only compatible with targets which can accept driver beams limited to a nar-
row range of directions. Other examples of protected wall chamber concepts include thick

Fig. 2.40.  HYLIFE-II liquid-jet protected chamber.
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liquid vortex designs and designs which use a layer of lithium bearing ceramic granules. A
dramatic reduction in neutron damage to structures results if the liquid layer is several neu-
tron mean free paths thick. A variety of ion beam indirect-drive targets meet the geometric
requirements of wetted wall chambers. If successful, some fast ignitor target designs could
meet the geometric requirements. Because of the materials damage advantage, protected wall
chambers are the currently favored approach for ion drivers. In HYLIFE II, the use of a
regenerative thick liquid, which recreates the fusion-pocket after disruption by each shot,
allows the smallest fusion pocket size permitting the shortest final focus standoff. For heavy-
ion drivers, minimizing final-focus magnet standoff reduces the focus spot radius by reduc-
ing the chromatic aberration and quadrupole fringe field aberration, reducing the required
driver energy. With the limited development funds to date, thick liquid wall chambers such
as HYLIFE-II for heavy-ions have received the most effort, since the number and severity of
materials development issues are much reduced compared to wetted wall and dry wall
chambers.

As discussed below, the major technical uncertainties for thick-liquid jet protection are:
(1) creating acceptable pocket configurations using turbulent-free liquid jets in a tightly
packed geometry; (2) controlling momentum transfer to the liquid from neutron isochoric
(constant-volume) heating, X-ray ablation, and debris pressure loading to prevent damage to
outlying structures by high-velocity liquid slugs; (3) rapidly clearing target injection and
beam paths of vapor and liquid droplets.

Numerous phenomena govern the response and performance of thick-liquid-wall target
chambers. Continued experiments and model development have improved abilities to predict
target chamber response. Prototypical, fully integrated chamber response experiments will
not be possible until the ETF driver becomes available in Phase III of the IFE development
plan. Efforts to demonstrate the technical viability of HIF fusion chambers, and then to pro-
duce fully integrated designs, must therefore use experiments scaled in energy and geometry,
coupled with models that integrate phenomena studied in separate-effects experiments. Many
of the hydrodynamic phenomena can be studied in relatively small scale laboratory facilities
without the need for a fusion source. X-ray exposure tests can be carried out on a variety of
ICF facilities. The Z-machine with 2 MJ of X-ray output can be used to expose relatively
large objects.

For thick liquid jet chamber concepts, experiments have approached the scaled conditions
required to demonstrate vertical high-velocity, stationary-nozzle rectangular and cylindrical
jets without spray generation and with sufficiently smooth surfaces to form the shielding
grids. But prototypical parameter ranges in Reynold’s number, Weber number, and nozzle
contraction must be explored to address issues related to primary droplet ejection, smooth-
ness, bending (horizontal jets), and acceleration (vertical jets) in order to be confident that
these relatively precise jets behave as required in the sensitive beam line area. Oscillating jets
are substantially more prone to rapid breakup, and smooth oscillating jets remain to be dem-
onstrated; however smoothness requirements on these jets are less stringent than the station-
ary grid jets, and alternate pocket geometries are available which are even less sensitive to
oscillating jet roughness. Ongoing experiments will provide the basis for selecting optimal
pocket and grid geometries.
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X-ray ablation and pocket pressurization create substantial outward momentum that must be
uniformly distributed through the bulk of the liquid to avoid generation of high-velocity liq-
uid droplets and slugs. Because the pressure loading from gas dynamics is brief, the inte-
grated effect, the impulse loading, can be simulated using shock tubes and pulsed plasma
guns, by detonating fuel-air mixtures charges, or by using pulsed EM fields (for the case of
electrically conducting liquids). Neutron isochoric heating effects will be difficult to repro-
duce experimentally until after an ignition-class HIF ETF becomes available, although sim-
ple experiments may ultimately be possible on NIF following ignition. However the liquid
expansion resulting from isochoric heating can be modeled relatively well provided there is
data available on the dynamic fracture strength of the liquid jet material. With a proper distri-
bution of voids in the liquid, the expansion can be accommodated without generating high-
velocity liquid slugs that could damage structures.

The economic benefit of reducing final-focus magnet standoff distance provides motivation
for achieving the most compact target-chamber possible. While for dry, refractory (metal or
low-activation composites) walls, selecting sufficiently large target-chamber radius could
prevent X-ray ablation, a low-vapor-pressure, high-temperature liquid can provide a close-in
renewable target-facing surface. As the liquid standoff distance decreases, the mass of
ablated material increases, reaching kilograms for the 0.5-m radius pocket of the HYLIFE-II
target chamber. The impulse loading generated by the ablation, and any subsequent pressuri-
zation by ablation and target debris, must be predicted and controlled to prevent damage to
structures. Subsequently the ablation and target debris must be rapidly condensed to restore
vacuum conditions for a subsequent shot. Due to the high temperature and low density of the
venting debris, venting occurs quite rapidly in calculations, for example, taking only 0.3 ms
to clear the liquid pocket of the HYLIFE-II target chamber, from the over 100 ms available
for condensation. By using small-diameter droplet sprays in strategic areas outside the liquid
pocket, the surface area available for condensation can be made arbitrarily large.

Beam propagation and focusing must be understood to identify the maximum gas densities
permitted in the chamber. This sets the maximum coolant temperature and vapor pressure
and the maximum liquid droplet densities permitted at various distances from targets. Final-
focus magnet shielding studies must provide a better understanding of the detailed shielding
requirements and thermal response of superconducting final-focus magnets. In HYLIFE II,
special crossing jets are used to protect structures around the beam ports so that all structures
are protected from radiation damage.

The objective for Phase I is to assess the feasibility, through computer simulations and scaled
experiments, of chamber clearing and vacuum recovery for thick-liquid protected chamber
concepts for indirect-drive targets. The goal for Phase II is to test beam chamber transport,
debris protection, and vacuum recovery in IRE chambers which are designed to simulate
future ETF chambers. Phase II will also involve larger-scale ETF model chambers using NIF
and other large X-ray sources such as z-pinches.
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2.3.6.2 Wetted walls

Wetted-wall chamber concepts are relevant for both heavy ion and laser drivers. The thin liq-
uid layers in these concepts provides protection against damage by X rays and target debris.
Several subvariants exist which use rigid or flexible woven substrates in various geometries.
Wetted walls offer different technical risk than thick-liquid walls, including the need for low-
activation fabric or solid structures that can withstand neutron damage. For heavy ions, cur-
rent wetted-wall chamber concepts require larger final-focus standoff than liquid wall cham-
bers. Figure 2.41 illustrates an example of a wetted-wall chamber from the Prometheus
design study.

For wetted-wall chambers, mechanical structures guide the coolant flow. The primary hydro-
dynamics problems involve creating and regenerating a protective target-facing liquid film
and estimating the minimum permissible target chamber radius to accommodate stresses
from neutron isochoric heating and control vapor evaporation from the liquid film. These
issues can be resolved with relatively high certainty, but will require fundamental data on
fracture strengths of liquid films subjected to fast tensile strain pulses. Even without an
available intense neutron source capable of inducing liquid breakup by isochoric heating, this
important data can be obtained by using a small laser to induce transient rarefaction shocks
sufficient to fracture liquids. For wetted walls, creation of droplets must be avoided by
having a combination of liquid surface distance and surface tension sufficient that the liquid
is not broken up into droplets by isochoric neutron heating and ablation-driven shock reflec-
tions. Generally, this will lead to larger first wall radii than for liquid-protected chambers.

Fig. 2.41.  Prometheus wetted wall chamber.
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2.3.6.3 Dry walls

Dry-wall chambers are potentially applicable to both ion beam and laser drivers. However,
because of their geometric flexibility, and potential for low debris generation, they are cur-
rently the design of choice for lasers using direct-drive targets. Dry-wall chambers typically
rely upon a high-Z gas such as xenon or krypton to attenuate X rays and debris, so that the
first wall experiences a lower re-radiated flux of X rays over a longer time. In that way, the
surface temperature excursions can be low enough to prevent surface loss. For example, the
SOMBRERO design uses dry carbon/carbon composite walls with 0.5 torr of xenon in the
chamber (Fig. 2.42). Recent NIF design studies suggest that alternative materials for plasma
facing components, such as boron carbide, may have even better X-ray response and that
louvered first wall configurations may help further control ablation debris mobilization.
Some preliminary calculations suggest that it may be possible to use magnetic fields to divert
debris from the first wall and optics in both wetted-wall and dry-wall concepts.

Bare unprotected walls require the target chamber surfaces to be far enough from the target
that there is no melting of vaporization of material. For materials most resistant to melting
and vaporization, the X ray and debris fluences must be below about 1 J/cm2. For typical ICF
targets, this would lead to a very low power density in the breeding blanket and to an eco-
nomically unattractive power plant. With gas protection, the target X rays and debris ions are
stopped in a high atomic number gas that fills the target chamber. The energy so deposited is
re-radiated to the target chamber walls over a time that is long enough that the walls can con-
duct the heat sufficiently to avoid melting and vaporization. The fill gas must be able to stop
all of the target X rays and debris ions. For direct-drive targets with plastic ablators, the range

KrF or DPSSL laser direct drive 
direct-drive target 
hot-spot or fast-ignition

First wall : carbon/carbon composite 
Breeding material : Li 2O granules 
X-ray & debris protection : 3 torr-m of Xe 
Tritium breeding ratio : 1.25

Dry wall7/22/98

Fig. 2.42.  SOMBRERO dry wall direct-drive chamber.
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of multi-megaelectron-volt carbon ions sets the minimum size and density of the fill gas. The
re-radiation of energy, on which gas protection relies, is a highly non-linear process that
depends on target emission spectra and the opacity of the gas.

Laser beam propagation and target injection set upper limits on the gas density. The target
chamber gas must be consistent with transport of the driver laser. The target chamber fill gas
is not pristine after the target explosion, but is heated, turbulent, and mixed with vaporized
target material, and possibly dust from the first wall material. This will limit the shot repeti-
tion rate.

The target chamber gas must be consistent with target injection and survival during injection.
The gas and wall apply a heat load to the target through radiation and friction with the gas.
This is an issue for unprotected direct-drive targets in particular. Again, tests of many of
these phenomena can be studied at small scale on a variety of ICF facilities. The Z-machine
facility, besides having 2 MJ of X-ray output will have a multi-kilojoule 0.35-µm laser that
could be used for propagation studies through simulated fusion chamber environments.

Neutron damage to target chamber wall materials is an unavoidable issue in gas-protected
target chambers. The radiation damage lifetime of carbon/carbon-composites is uncertain and
will require a materials development program. The inner portion of the chamber wall for dry
wall chambers will probably have to be replaced several times during a 30-year power plant
lifetime.

Tritium retention in the target chamber wall will increase the tritium inventory in the target
chamber. However, in gas-protected target chambers, energetic tritium ions from the target
do not reach the wall, so retention occurs through adsorption on the surface and diffusion into
the bulk material. The resulting tritium inventory in the carbon is uncertain.

Final laser optics are susceptible to damage by target emissions and chamber gas conditions.
Dust and vapor from the fill gas could stick to the final optics, leading to damage when the
depositions are vaporized by the laser beams. The radiation from the target explosion is a
threat to the final optics, as is the shock generated in the chamber gas fill. Heating and swel-
ling from neutron damage to the optics can cause geometrical changes in the surface that can
lead to degraded focusing. Sound waves in the chamber gas fill can cause vibrations in the
final optics that also lead to defocusing. The importance of these issues needs further assess-
ment, and potential solutions need to be investigated. For example, it may be possible to
address the issue of debris collection on final optics with gas dynamic windows.

A goal for Phase I is to assess the feasibility, through computer simulations and scaled
experiments, of dry-wall chamber first wall and final optic ablation and debris protection for
laser drivers. Another goal for Phase I is to assess IFE chamber and final optic materials
development requirements and the potential role of a laser-driven micro-neutron source to
support the materials science. The goal for Phase II is to test beam chamber transport, as well
as ablation and debris protection in IRE chambers which are designed to simulate future
average fusion power ETF chambers. Larger-scale ETF model chambers using NIF and other
large X-ray sources including z-pinches will also be tested.
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2.3.7 Target Injection and Tracking

Current ICF experiments shoot fewer than one target per hour. The targets are manually
inserted into the chamber, supported by a stalk or suspended on spider webs. An IFE cham-
ber requires 1–2 × 108 cryogenic targets each year at a rate of up to 10 Hz injected into the
center of a target chamber operating at a temperature of 500–1500°C, possibly with liquid
walls. The targets must be injected into the target chamber at high speed, optically tracked,
and then hit on the fly with the driver beams.

Preliminary design studies of target injection for both direct-drive and indirect-drive IFE
power plants were done as part of all major IFE design studies, the most recent being
the SOMBRERO and OSIRIS studies completed in early 1992. Concepts were designed
and analyzed for cryogenic target handling, injection, and tracking. The direct-drive
SOMBRERO design used a light gas gun to accelerate the cryogenic target capsules enclosed
in a protective sabot. After separation of the sabot by centrifugal force, the capsule was
tracked using cross-axis light sources and detectors, and the laser beams were steered by
movable mirrors to hit the target when it reached chamber center. Target steering after injec-
tion was not proposed. The indirect-drive OSIRIS design used a similar gas gun system
without a sabot for injection and crossed dipole steering magnets to direct the beams. These
designs assumed that a several degrees Kelvin temperature rise in the fuel was acceptable.
Current experiments on cryogenic layer formation done in the DP ICF Program indicate that
fuel temperature changes during injection might have to be limited to fractions of a degree
Kelvin. This limitation would require changes to the approach for injecting direct-drive
targets.

Detailed analysis of target injection and tracking systems carried out at LLNL for indirect
drive predict that IFE targets can be made sufficiently robust to survive the mechanical and
thermal environment during the injection process. A gas gun indirect-drive target injection
experiment carried out at LBNL showed that relatively simple gas gun technology could
repetitively inject a non-cryogenic simulated indirect-drive target to within about 5 mm of
the driver focus point, easily within the range of laser or beam steering mechanisms, but not
sufficient to avoid the need for beam steering. Photodiode detector technology is adequate to
detect the target position with the ~±200-µm accuracy needed for the driver beam position-
ing. With this position’s accuracy, target calculations predict that gain is unaffected by ion
beam asymmetry A next logical step in demonstrating the feasibility of IFE target injection
and tracking is to couple the indirect-drive target injection and tracking experiment to a beam
steering system for an integrated Proof-of-Principle experiment.

It is important to carry out a similar development and demonstration for direct-drive target
injection. The positioning accuracy required for direct drive depends on the focusing strategy
employed for the targets. By overfilling the target with the driver beams, a positioning accu-
racy similar to that required for indirect targets is predicted. However overfilling results
in a reduced coupling efficiency and reduced target gain. There will be a tradeoff between
target positioning accuracy and achievable target gain. Different injection technology may
be better suited for direct drive than the gas gun. Both these systems must be successfully
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demonstrated with prototypical cryogenic IFE targets. Finally, these systems must be made to
operate reliably on a ~5–10 Hz repetition-rated basis.

2.3.8 Target Fabrication

The fabrication techniques used for the DP ICF targets meet exacting product specifications,
have maximum flexibility to accommodate changes in target designs and specifications, and
provide a thorough characterization “pedigree” for each target. However, current ICF targets
are individually assembled by hand, and the fabrication techniques are in general not well-
suited to economical mass production. Because of the labor intensive fabrication, the small
number of any one design that are made, and because of the thorough characterization
required of each target, a completed target can cost up to $2000. To keep the target produc-
tion contribution to the cost of electricity below 1 ¢/kWeh, targets must be produced for less
than about $0.50 for a 5-Hz repetition rate fusion power plant producing 1 GWe. Even lower
target costs are, of course, desirable, and appear feasible based on the cost of equipment for
the mass manufacture of similar sized complex objects such as those produced in the elec-
tronics industry. For example, a target factory costing $90M amortized at 10%/year with an
operating and maintenance budget of $9M/year could produce 108 targets/year for
$0.18/target. Fabrication techniques have been proposed that are well suited for economic
mass production and promise the precision, reliability, and economy needed; however little
work has been done to actually develop these techniques.

The heart of an inertial fusion target is the spherical capsule that contains the D-T fuel. ICF
capsules are currently made using a process which may not extrapolate well to IFE. The
microencapsulation process previously used for ICF appears well-suited to IFE target pro-
duction if sphericity and uniformity can be improved and capsule size increased. Micro-
encapsulation is also well-suited to production of foam shells which may be needed for
several IFE target designs.

ICF hohlraums are currently made by electroplating the hohlraum material onto a mandrel
which is dissolved, leaving the empty hohlraum shell. This technique does not extrapolate to
mass production. Stamping, die-casting, and injection molding, however, do hold promise for
IFE hohlraum production.

ICF targets are assembled manually using micro-manipulators under a microscope. For IFE
this process must be fully automated, which appears possible. For IFE, additional target com-
ponents may be required for thermal protection and handling during injection into the cham-
ber. Precise characterization of every target is needed to prepare the complete “pedigree”
demanded by current ICF experiments. Characterization is largely done manually and is
laborious. For IFE the target production processes must be sufficiently repeatable and accu-
rate that characterization can be fully automated and used only with statistical sampling of
key parameters for process control.

Targets for ICF experiments are diffusion filled. By use of very precise temperature control,
excellent layer thickness uniformity and surface smoothness can be achieved. These pro-
cesses are suited to IFE although the long fill and layering times needed may result in large
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(up to ~10 kg) tritium inventories. Alternate techniques such as injection filling could, if suc-
cessful, greatly reduce this inventory.

The goal for Phase I is to assess potential methods for low-cost mass-manufacture of IFE
targets, both for indirect and direct drive, including the development of suitable low-density
foams for each type of target. In Phase II, the goal is to test performance of candidate
indirect- and direct-drive IFE targets in both non-yield experimental chambers (like IRE)
and in NIF.

2.3.9 Safety and Environment

Safety and environment (S&E) issues will be some of the key factors in the success of fusion
energy. Issues include routine releases of radioactive materials (e.g. tritium), health conse-
quences resulting from accidental large releases, and radioactive waste management. Issues
for IFE fall into three main categories: modeling and analysis, mobilization R&D, and neu-
tron damage R&D.

Improved modeling and analysis has high leverage for IFE. The most recent IFE chamber
designs were completed in the early 1990s and can benefit greatly from advances in codes
and nuclear data that have been adopted since then by the S&E community. There are new
activation cross section libraries which provide a significant improvement in detail and accu-
racy. Radionuclide codes have been updated to allow pulsing to be accurately represented,
and 3-D neutron and photon transport calculations are now readily feasible. Analysis of acci-
dent consequences, including doses to individual organs, has also advanced significantly.

The accurate estimation of accident consequences requires knowledge of radionuclide release
fractions. An understanding of the time-temperature history during an accident is essential to
the accurate calculation of accident consequences. More detailed scenarios need to be devel-
oped for IFE power plant concepts and target fabrication facilities. Recent oxidation-driven
mobilization experiments at INEEL have produced data that can be used to obtain better
estimates of radionuclide release fractions during an accident. Although only a limited num-
ber of materials (primarily those of greatest interest to ITER) have been thoroughly investi-
gated, the facilities are readily adaptable to consideration of materials of interest to IFE, such
as carbon composites, FLIBE, and SiC.

Fundamental not only to the economics of IFE but also to many waste management scenarios
is the survivability of structural materials under intense neutron fluxes. In addition to irradia-
tion experiments, it may be possible to estimate material lifetimes using molecular dynamics
simulations (MDS). To include materials and neutron spectra of interest for the range of IFE
chamber designs, further development of MDS codes will be required.

The goal in Phase I is to improve candidate IFE power-plant chamber designs and materials
data bases to meet no-public-evacuation safety-limits and to minimize waste volumes. The
goal in Phase II is to qualify materials for candidate ETF chambers that can meet safety and
environmental, as well as performance goals.
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3.  SCIENTIFIC CONTEXT OF FUSION RESEARCH

3.1 Introduction

The fusion energy quest demands excellent science—it will fail without the nourishment of
scientific advance and deep scientific understanding. At the same time, the fusion program
has an extraordinary record in generating excellent science—bringing crucial insights as well
as conceptual innovations to such disciplines as fluid mechanics, astrophysics, and nonlinear
dynamics. Most of the scientific advances engendered by fusion research have begun as dis-
coveries about the behavior of that most complex state of matter, plasma.

3.1.1 Plasma Science

A plasma is a gas or fluid in which the two charged atomic constituents—positive nuclei and
negative electrons—are not bound together but able to move independently: the atoms have
been ionized. (The term plasma was first used by Langmuir in 1928 to describe the ionized
state found in an arc discharge.) Because of the strength and long range of the Coulomb
interaction between such particles, plasmas exhibit motions of extraordinary force and com-
plexity. Even in the most common “quasineutral” case, where the net charge density nearly
vanishes, small, local charge imbalances and local electric currents lead to collective motions
of the fluid, including a huge variety of electromagnetic waves, turbulent motions, and non-
linear coherent processes.

Plasma is the stuff of stars as well as interstellar space; it is the cosmic medium. Plasma also
provides the earth’s local environment, in the form of the solar wind and the magnetosphere.
It is in some sense the natural, untamed state of matter: only in such exceptional environ-
ments as the surface of a cool planet can other forms of matter dominate. Moreover, terres-
trial plasmas are not hard to find. They occur in, among other places, lightning, fluorescent
lights, a variety of laboratory experiments, and a growing array industrial processes. Thus the
glow discharge has become a mainstay of the electronic chip industry. The campaign for
fusion power has produced a large number of devices that create, heat, and confine
plasma—while bringing enormous gains in plasma understanding.

The high electrical conductivity in quasineutral plasmas short-circuits electric fields over
length scales larger than the so-called Debye length, λD = 69 [T(°K)/n (m–3)]1/2 meters,
where T is the temperature and n the density. (A similar effect, involving plasma rotation,
occurs in magnetized non-neutral plasmas.) The collective effects most characteristic of
plasma behavior are seen only on longer length scales, L >> λD. An important categorization
of plasma processes involves the so-called plasma parameter, Λ = 4 3π λn D,  measuring the
number of particles in a “Debye sphere.” Note that Λ decreases with increasing density. Most
terrestrial and space plasmas have Λ >> 1, while the extremely dense plasmas occurring in
certain stellar and inertial-fusion environments can have Λ < 1. The latter are called strongly
coupled plasmas.
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3.1.2 Conceptual Tools

The central intellectual challenge posed by plasma physics is to find a tractable description
of a many-body system, involving long-range interactions, collective processes, and strong
departures from equilibrium. This challenge has stimulated a remarkable series of scientific
advances, including the concept of collisionless (Landau) damping, the discovery of solitons,
and the enrichment of research in chaos. It is deep enough and difficult enough to remain a
challenge of the highest level for many years—even with the huge increases in computational
power that it has helped to stimulate. It has been addressed so far by a combination of several
approaches.

The simplest route to insight is to track the motion of individual charge particles in external
prescribed magnetic and electric fields. In a non-uniform magnetic field, the orbit of a
charged particle consists not only of the basic helical motion around a field line but also of
the guiding-center drifts arising from gradients and curvature of the magnetic fields.

Kinetic theory, using an appropriate version of the Boltzmann collision operator, provides a
more generally reliable, if not always tractable, approach. In the case of a stable (nonturbu-
lent) plasma, the kinetic approach reduces to a plasma version of collisional transport theory
and provides useful expressions for the particle and heat fluxes. If the plasma is magnetized,
transport processes perpendicular to the magnetic field are accessible even when the colli-
sional mean free path is very long—even, that is, when guiding-center drift motion between
collisions must be taken into account. Such transport is termed classical or, when it is
affected by guiding-center motion, neoclassical.

Fluid descriptions of plasma dynamics make sense in certain circumstances; they are almost
always used to describe turbulence. Sufficiently fast motions of a magnetized plasma are
accurately characterized by a relatively simple fluid theory, call magnetohydrodynamics or
MHD. MHD and it variants remain the major tools for studying plasma instability. Instabili-
ties lead generally to turbulence and to the increase of transport far above classical or neo-
classical levels.

Other, slower instabilities require a more complicated description, essentially because their
timescales are comparable to those of the guiding-center drifts, collisions, or other processes
omitted by MHD. Drift waves, which can be destabilized by fluid gradients, are a character-
istic example; a drift-wave instability driven by temperature gradients is believed to dominate
transport in many tokamak experiments. Such phenomena are studied using kinetic theory or
by means of a variety of fluid models, all approximate.

3.1.3 Evolution of Fusion Science

The success that has been achieved using these approaches has accelerated in the past few
decades. Increasingly, the combination of experiment, analysis, and computation has led to
scientific understanding with both explanatory and predictive power. Among the plasma
phenomena that are now understood are whistler waves emanating from the ionosphere,
Alfvén waves in a magnetized plasma, instabilities in novas, instabilities in magnetized
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plasmas, and even, to a growing extent, the transport resulting from magnetized plasma tur-
bulence. In particular, recent computer models of MFE and IFE plasma systems now allow
analysis and prediction of their performance.

Underlying this scientific advance is a change in the intellectual atmosphere of plasma and
fusion physics: a growing sense that the behavior of a hot plasma can be understood as thor-
oughly and effectively as, for example, a superconductor. Thus close agreement between
detailed theoretical stability predictions and experimental fluctuation levels, not always pre-
sented using logarithmic scales, is becoming routine. What is striking is not only the broad
agreement between theory and experiment, but the continued tracking of experimental
behavior over wide ranges of parameters and operating conditions.

The same broadly ranging fit is even seen in one of the most daunting areas of plasma
behavior: turbulent transport. New simulations based strictly on Maxwell’s and Newton’s
laws fit tokamak confinement results with at least qualitative accuracy, again over an impres-
sively wide range of conditions. The effectiveness of velocity shear in controlling this turbu-
lence is similarly reflected in the data. Thus progress has occurred in achieving a predictive
understanding of plasma turbulence and its effects. A key to this success, and a theme of sev-
eral recent confinement physics advances, is close interplay between analytic theory, com-
putation, and experimental physics.

Such interplay is now appreciated as the key to progress in another central area of magnetic
fusion physics: the interaction between confined plasma and the structure bounding it. The
need to control particle and heat exchange at the boundary apparently requires the use of a
divertor, bringing in a host of issues—radiation, atomic processes, transport, and supersonic
flow—involving the relatively cool plasma that makes contact with the divertor plate. Diver-
tor research has led to a better understanding of the physics of low-temperature plasmas
(some divertor configurations have regions in which the plasma temperature is no more a
than a few electron volts); one result is enhanced contact with the physics of industrial
plasma applications.

Indeed, wider and more fruitful contact with related disciplines increasingly characterizes
magnetic fusion research. Some recently proposed confinement schemes, for example, are
inspired by astrophysical plasma phenomena. Similarly, advances in understanding plasma
turbulence owe much to research in such areas as organized criticality and hydrodynamics.
Perhaps most important is the growing community appreciation that improved contact with
other areas of physics and science is essential to the continued progress of magnetic con-
finement research.

The following sections consider in more detail specific opportunities for fusion science—
avenues directly affecting progress of fusion, as well as gateways between fusion research
and the broad arena of scientific and technological endeavor. The advancement of fusion
energy requires the coordinated efforts of plasma physics and engineering sciences. Thus it
is convenient to view the various scientific topics under two headings, plasma science
(Sect. 3.2 and see the two-pagers S-1 to S-17) and engineering science (Sect. 3.3).
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3.2 Major Topical Areas in Plasma Science

3.2.1 Hamiltonian Dynamics

Hamiltonian dynamics is defined by the ordinary differential equations dq/dt = ∂H(p,q,t)/∂p
and dp/dt = –∂H/∂q. The variables are the canonical momentum (p), coordinate (q) and time,
and the Hamiltonian (H). Continuum Hamiltonian dynamics is an analogous set of equations
but with p and q generalized from being variables to functions of position, momentum, and
time. The magnetic fusion program has provided many widely recognized developments,
such as determining the threshold of chaotic dynamics, techniques for removing chaos, non-
Hamiltonian dynamical methods, and electromagnetic ray-tracing. Some of the methods
developed for toroidal plasmas are now used in astrophysics.

Discrete Hamiltonian dynamics has a number of areas of application in complex magnetic
field geometries, including mapping the trajectories of magnetic field lines generated by a set
of coils, calculating the trajectories of charged particles in a magnetic field, tracing the prop-
agation of electromagnetic waves, and simulating plasma transport properties by means of
Monte Carlo techniques. Rapid progress in the application of Hamiltonian dynamics is being
made in each of these areas. Indeed, the applications of Hamiltonian dynamics in plasma
physics research have become so pervasive that they define a way of thinking as much as the
techniques of calculus define methodology in classroom physics.

3.2.2 Long Mean-Free Path Plasmas

In a plasma (or neutral gas) dominated by collisions, particle motion is randomized on a spa-
tial scale short compared to the scale for change in the temperature or density. As a result, the
plasma flows of mass and heat are linearly related to the local pressure and temperature gra-
dients, and a tractable fluid description—exemplified by the equations of Spitzer, Chapman-
Cowling, or Braginskii—is possible. Fluid equations have the key advantage of being in
three-dimensional (3-D) coordinate space, rather than the six-dimensional phase space of the
kinetic equation. On the other hand, for small collisionality or when gradients become very
steep (as in the vicinity of a material surface), closure of fluid equations is not obviously pos-
sible, and the traditional approach has been to revert to kinetic theory. The primary goal of
long mean-free path research is to find a reduced description that attains some of the sim-
plicity of the fluid description.

Long mean-free path physics affects many phenomena—such as plasma stability, laser-
plasma interaction, and particle edge physics—in which the gradients can become steep. In
fusion science it has three overriding goals: understanding the dynamics of the edge region of
a confined plasma; characterizing heat transport due to high-energy electrons in laser-
irradiated plasmas used in inertial fusion research; and efficiently describing stability, low-
collisionality relaxation, and turbulence in the interior region of a magnetically confined
plasma, where mean-free paths usually far exceed the parallel connection lengths. Long
mean-free path research involves fundamental questions of particle motion and fluid closure
that bear significantly on research in other areas, including rarefied gas dynamics, astro-
physics, short-pulse laser physics, and space physics (the mean-free path in key regions of
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the earth’s magnetosphere is approximately the same as the distance from the Earth to
Jupiter).

3.2.3 Turbulence

Plasmas provide a versatile platform for research on nearly all manifestations of turbulent
phenomena. Probabilistic behaviors in space and time are a consequence of the nonlinearities
in plasma dynamics. They produce unique turbulence-driven transport (see Fig. 3.1), anoma-
lous mixing, unexpected laser-induced capsule implosions, and a host of other poorly under-
stood important features in astrophysics, geophysics, and fusion energy systems. In turbulent
plasmas, a full range of interesting temperatures and densities can be investigated. The inves-
tigations of turbulent plasmas can take advantage of plasma diagnostics with their exploita-
tion of a sensitivity to electromagnetic effects as well as the standard diagnostics of gas and
liquid flow. Thus, through research on turbulence in plasmas, opportunities are available for
the discovery and evolution of new turbulence physics far beyond those found in ordinary
fluid dynamics.

In fusion energy sciences, our understanding of turbulence and fluctuations has increased
substantially in recent years. There is an improved understanding of the linear and “quasi-to-
near” nonlinear Rayleigh-Taylor instabilities in ablatively driven systems. There has been
progress in gyrokinetics and gyrofluid modeling of electrostatic turbulence for a limited
range of plasma conditions. Turbulence can provide plasma heating by energy transfer, and it
can result in the self-organization of a plasma and magnetic field. Under special circum-
stances, turbulence can transfer energy/momentum from small scales to large scales and even
lead to a new state with restored symmetry. Examples are the dynamo effect, shear flow
amplification, and zonal flows.

Fig. 3.1.  Simulations showing turbulent-like eddies disrupted by
strongly sheared plasma flow.
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Nonetheless, space and time resolution are still issues for further advances. The role of per-
turbations at plasma-surface interfaces, their sources, and the evolution of the consequences
of these nonuniformities remain as challenges in laser-induced implosions. Present-day com-
puters remain challenged by the needs of computational turbulent fluid dynamics for direct
numerical simulations. Present-day diagnostics remain challenged by the needs for localiza-
tion in unfriendly systems where turbulent electromagnetic, atomic, and molecular processes
may dominate in efforts at turbulence-based fusion control.

3.2.4 Dynamo and Relaxation

The dynamo in a magnetically confined plasma is the process which leads to the generation
and sustainment of large-scale magnetic fields, generally by turbulent fluid motions. Dynamo
studies originated in astrophysics to explain the existence of some cosmic magnetic fields
associated with planets, stars, and galaxies, where the existence of magnetic fields is incon-
sistent with simple predictions using a resistive Ohm’s Law. Dynamo processes are believed
to play an important role in sustaining the magnetic configurations of some magnetic con-
finement devices. However, no experiment has convincingly demonstrated the existence of
kinematic dynamos, with their spontaneous growth of magnetic fields from fluid motions.

A related topic is plasma relaxation, in which the plasma self-organizes into a preferred state.
In decaying turbulence, described by 3-D MHD, energy decays relative to magnetic helicity
to a static configuration in which the magnetic field and plasma current are aligned. In fusion
science, Bryan Taylor predicted the preferred minimum energy state seen in a reversed-field
pinch device. A similar observation of a fluctuation-induced dynamo, seen in a spheromak,
also leads to a sustainment of the configuration for longer than a resistive diffusion time.
Other successes include the development of two-fluid generalizations of MHD models and
state-of-the-art computer simulations.

Major goals for dynamo research include the experimental validation of decay processes,
including the dynamics of spectral cascade; the identification of different dynamo mecha-
nisms (for example, MHD vs two-fluid effects); and the elucidation of the relationship
between astrophysical, geophysical, and laboratory dynamo phenomena.

3.2.5 Magnetic Reconnection

In plasma systems in which a component of the magnetic field reverses direction, magnetic
free energy is liberated by cross connecting the reversed-field components. The reversed
magnetic field is effectively annihilated, converting the released energy to heat and high
speed flows. Magnetic reconnection provides the free energy for many phenomena, including
solar flares, magnetospheric substorms, and sawteeth in tokamaks.

Usually the release of energy during magnetic reconnection is nearly explosive, after a slow
buildup of the magnetic energy in the system. Research tries to understand the sudden onset
and accompanying fast release. The essential problem is that a change in magnetic topology
usually requires a dissipative process to break the MHD constraint freezing magnetic flux to
the plasma fluid. In the systems of interest, however, the plasma is essentially collisionless.
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The scientific challenge is therefore to understand how the frozen-in condition is broken in
collisionless plasma in a way that will yield the fast rates of magnetic reconnection seen in
the observations.

The solution will require a concerted effort, combining theory, experiment, and computation.
Even the 2-D models lead to spatially localized regions of intense current carried by both
species of particles in the dissipation region. These current layers are very likely to develop
instabilities driven by the locally large gradients and become fully turbulent. There is obser-
vational evidence that this is the case from laboratory experiments, satellite measurements
and some of the recent 3-D simulations. Whether one can characterize this turbulence as an
anomalous resistivity or an anomalous viscosity remains to be determined.

Magnetic reconnection affects confinement of fusion plasmas in crucial ways; but it also
matters in such areas as space physics, magnetospheric physics (dynamics of the magneto-
pause and the magnetotail), and in the solar atmosphere (flares and coronal mass ejections)
(see Fig. 3.2).

Fig. 3.2.  Photograph of the sun, showing coronal activity.
Source: Courtesy of NASA.

3.2.6 Wave Propagation

The dynamical evolution of a plasma is often governed by collective phenomena involving
exchange of energy and momenta between the plasma constituents and various electromag-
netic waves—wave-particle or wave-plasma interactions. Early studies of radio wave propa-
gation in the ionosphere spurred the development of the theory of waves in plasmas. Today,
complicated models involving mode conversion, power absorption, and generation of
energetic particles are used in magnetospheric physics and astrophysics to describe such
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phenomena as solar coronal heating, interactions of the solar wind with the magnetosphere,
and cyclotron emission observed in the Jovian system.

The application of electromagnetic waves for control of magnetically confined plasmas has
been a major part of the fusion program since its inception. External means of plasma heating
and noninductive current generation have evolved into tools for increased plasma perform-
ance through control and modification of plasma density, temperature, rotation, current, and
pressure profiles. The localized nature of wave-particle interactions provides a pathway for
the development of optimization and control techniques, allowing long-timescale mainte-
nance of high confinement, stable operating regimes in toroidal magnetic confinement sys-
tems. The fundamental models describing these wave-particle interactions are common to all
plasmas, both laboratory-based and those that occur naturally throughout the universe (see
Fig. 3.3).

Electromagnetic Wave Propagation and Mode Conversion
is Common to Space and Laboratory Plasmas
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Fig. 3.3.  Electromagnetic wave propagation and mode conversion is common to space
and laboratory plasmas.

3.2.7 Nonneutral Plasmas

Nonneutral plasmas are many-body collections of charged particles in which there is not
overall charge neutrality. Such systems are characterized by intense self-electric fields and, in
high-current configurations, by intense self-magnetic fields. Single-species plasmas are an
important class of nonneutral plasmas. Examples include pure ion or pure electron plasmas
confined in traps, and charged particle beams in high-intensity accelerators and storage rings.

They can be confined for hours or even days, so that controlled departures from thermal
equilibrium can be readily studied. Such plasmas are an excellent test-bed for fundamental
studies, such as transport induced by like-particle collisions, nonlinear dynamics and sto-
chastic effects, vortex formation and merger, plasma turbulence, and phase transitions to
liquid-like and crystalline states in strongly coupled pure ion plasmas.
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The many diverse applications of nonneutral plasmas have resulted in synergies of research
efforts in several subfields, including plasma physics, atomic physics, chemistry, fusion
research, and high energy and nuclear physics. Applications of single-species plasmas
include accumulation and storage of antimatter in traps; development of a new generation of
precision atomic clocks using laser-cooled pure ion plasmas; precision mass spectrometry of
chemical species using ion cyclotron resonance; coherent electromagnetic wave generation in
free electron devices (magnetrons, cyclotron masers, free electron lasers); high-intensity
accelerators and storage rings, with applications including heavy ion fusion, spallation neu-
tron sources, tritium production, and nuclear waste treatment; and advanced accelerator con-
cepts for next-generation colliders, to mention a few examples.

Key issues in nonneutral plasma research include the transport induced by collisions in
trapped single-species plasmas; vortex dynamics, relaxation of turbulence, and simulation of
2-D Euler flows in trapped single-species plasmas; storage of positron and antiproton plas-
mas, and the formation of neutral antimatter (antihydrogen); Coulomb crystals and strongly
coupled pure ion plasmas; laser cooling of one-component plasmas in storage rings; and
ordered structures in dusty plasmas. Applications of nonneutral plasmas include high-
intensity charged particle beam propagation in accelerators and storage rings for heavy ion
fusion, spallation neutron sources, tritium production, and fusion of dense nonneutral
plasmas.

3.2.8 Electrostatic Traps

Commercial Inertial Electrostatic Confinement (IEC)
neutron generators from electrostatic traps use either a
physical grid (Fig. 3.4) or a virtual cathode formed by
primary electrons in a Penning-type trap to confine,
accelerate, and focus ions toward a focus, usually in a
spherical geometry. Ions are formed by glow-discharge
operation, by electron impact on neutral fill, or in an
external ion source. To produce fusion-relevant condi-
tions, high voltages (>100 kV) and relatively small sizes
(few millimeters to few centimeters) are required, making
electrical breakdown a critical technology and science
issue. The small size and relative simplicity of these systems make them useful as portable
sources of D-D or D-T fusion neutrons. A unique fusion reactor concept uses a massively
modular array of such sources operating at high Q to solve fusion engineering problems of
high wall load, high activation, and tritium production.

Traps using a physical grid (usually called IEC machines) have demonstrated useful neutron
outputs to the point where assay system and even commercial applications are now under-
way. Daimler-Benz Aerospace has developed a commercial D-D unit which is virtually ready
for market. Virtual cathode machines (usually called Penning Fusion or PF machines) have
demonstrated required physics goals of maintaining required nonthermal electron distribu-
tions, spherical focussing, and excellent electron energy confinement, and they are poised to
attempt to study ion physics.

Fig. 3.4.  Commercial IEC
neutron generator.
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3.2.9 Atomic Physics

Atomic collision and radiation processes critically influence the dynamics of heating, cool-
ing, confinement, particle transport, and stability of high-temperature core plasmas, as well
as low-temperature edge and divertor plasmas of magnetically confined fusion devices. In the
core plasma, electron collisions with multicharged impurity species determine ionization bal-
ance and excited state distributions. Spectroscopic measurement of these parameters provides
information on plasma temperature and impurity density. Since power/particle exhaust and
plasma diagnostics will be central issues of any reactor design, atomic physics processes
have pervasive importance.

Good progress has been made in characterizing atomic-collision cross sections and atomic
structure data pertinent to low-density high-temperature core fusion plasmas. This has been
achieved by close coordination between experiment and theory, while seeking to identify
benchmark systems for testing critical theoretical approximations, and discovering useful
scalings, and trends along isoelectronic sequences. Efforts are underway to compile compre-
hensive databases of low-energy elastic scattering, momentum transfer, and viscosity cross
sections for interactions involving the various atoms and ions in fusion plasmas.

Current key goals in atomic physics research are the characterization of electron and heavy-
particle collisions with molecules or molecular-ions; the determination of electron-impact
excitation cross sections, electron-capture cross sections, and electron and heavy-particle col-
lision cross sections for high-Z metallic ions. Such development will require systematic,
retrievable storage and evaluation that is well integrated with other areas of fusion research.

3.2.10 Opacity in ICE/IFE

The physics of atoms and ions in dense, high-temperature plasmas is very interdisciplinary.
Its first component consists of atomic structure theory up to very heavy and multiply ionized
atoms, for which relativistic and QED effects must be included. Interactions between such
ions and the rest of the plasma are important not only for the equations of state (EOSs) and
dynamical properties of dense matter, but also for the radiative properties of ICF/IFE (and
astrophysical) plasmas. Specific ICF applications are radiation-hydrodynamics of pellets and
X-ray hohlraums, spectroscopic diagnostics, and z-pinch X-ray sources.

A central concern of radiation physics is the kinetic modeling of charge-state and level
populations. For time-dependent and inhomogeneous plasmas in a non-Planckian radiation
field, this modeling requires numerical solutions of large sets of collisional-radiative rate
equations coupled with many photon-bins radiative transfer equations and with (magneto-)
hydrodynamics equations. The task of atomic physics in this challenging computational
physics problem is to provide realistic collisional rate coefficients (cross sections in the case
of non-Maxwellian electron distributions), transition energies and probabilities, photon cross
sections, and line profiles.

For computational reasons, such large kinetic models are normally replaced by reduced
models, that is, omission of detailed atomic structure and of highly excited states. At high
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densities the first simplification may be physically justified by line broadening, and the sec-
ond by continuum lowering which is closely related to line broadening. An even more desir-
able replacement is possible if densities are high enough and effects of non-Planckian radia-
tion fields are not too important, such that local thermodynamic equilibrium (LTE) is
approached. For such situations, non-equilibrium thermodynamic, linear-response theory
can be used to calculate even surprisingly large deviations from LTE with good accuracy.

3.2.11 Plasma Diagnostics

Plasma diagnostics are the instruments used to make measurements in a wide variety of
plasma devices. They use electromagnetic radiation, magnetic fields, atomic and subatomic
particles, and metallic probes, in both active and passive operation.

Diagnostic data are normally integrated with analysis codes to provide the fundamental prop-
erties of the plasma. An increasing use of this data is to provide active feedback control of
some plasma parameters, including their spatial profiles to improve performance and lifetime
of the plasma. Improved theoretical modeling and simulation capability, together with the
improved measurement capability has led to a much better interaction between the experi-
ments and theories.

There has been major progress in the capability of plasma diagnostics over the last few years,
particularly on tokamaks. New technological developments have allowed many observational
sightlines (required because of the presence of steep gradients) and systems with fast time
resolution necessary to fully understand turbulence. Such improvements are closely coupled
with rapidly improving theoretical modeling. Much of the success in achieving the necessary
measurement quality has come from the rapid advances in technology, particularly in the
computer power for data-processing and storage. Most of the measurement capability on cur-
rent tokamaks can be applied to alternate devices, and this application should be a major
component of new developments.

3.2.12 Computer Modeling of Plasma Systems

Computational modeling of the plasma and auxiliary systems has been an important compo-
nent of both the magnetic fusion energy (MFE) and inertial confinement fusion (ICF) pro-
grams since at least the early 1970s. These codes integrate the plasma physics with external
sources and are used to interpret and predict macroscopic plasma behavior. Present MFE
transport simulation codes couple MHD equilibria with fluid transport equations for particles,
momentum, and energy. In ICF, simulations are usually performed with hydrodynamic codes
that incorporate the processes relevant to the target design being investigated. In both MFE
and ICF, the modules or algorithms use the best physics understanding that can be supported
by available computer systems.

In MFE there are several fluid transport codes in use that differ in the component physics
they emphasize and, therefore, in the types of applications they address. Interpretive codes
make maximum use of experimental data to deduce confinement properties, while predic-
tive codes make maximum use of models for experimental validation and design of new
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experiments (see Figs. 3.5 and 2.31). The simulation codes presently in use for ICF are 1-D
and 2-D hydrodynamic codes funded predominately by the DOE/DP. The existing 1-D and
2-D hydrodynamics codes used for ICF research have been heavily checked and validated
against experimental data obtained on existing ICF facilities.

Transport modeling codes have played a crucial role in interpreting and predicting plasma
behavior, even when many aspects of the component models are empirical. The clear success
of multidimensional simulation codes has served as a model for other programs to follow.

Fig. 3.5.  Time evolution of the fusion power, the TRANSP
calculation of the fusion power, and the TRANSP calculation
of the central alpha density for the TFTR plasmas that had the
highest fusion power.

3.2.13 Advanced Computation

The U.S. fusion community has a history of enthusiastic support for advanced computation
and modeling capabilities which can be traced back to the establishment of the predecessor to
NERSC over 20 years ago. This support has been rewarded by impressive advances in simu-
lation and modeling capabilities in the areas of large-scale macroscopic phenomena, fine-
scale transport physics, the interaction of the plasma with its surroundings, and the dynamics
of intense beams in heavy ion accelerators. For example, in the turbulent transport area, the
full power of the half-teraop SGI/Cray T3E at NERSC has been used to produce fully 3-D
general geometry nonlinear particle simulations of turbulence suppression by sheared flows.

The restructured fusion energy sciences program, with its focus on scientific foundations,
requires greatly enhanced simulation and modeling capabilities to make optimum use of new
national experiments and to leverage large-scale, international facilities. Effectively
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predicting the properties of these systems depends on the integration of many complex
phenomena that cannot be deduced from empirical scaling and extrapolation alone. An
enhanced modeling effort, benchmarked against experimental results, will foster rapid, cost-
effective exploration and assessment of alternate approaches in both magnetic and inertial
confinement and will be the catalyst for a rapid cycle of innovation and scientific
understanding.

Plasma science shares with other fields the challenge to develop realistic integrated models
encompassing physical processes spanning many orders of magnitude in temporal and spatial
scales. In general, a computing initiative in plasma science will require the tera- and peta-
scale computational capabilities targeted by high-performance computing initiatives such as
the new DOE Scientific Simulation Plan (SSP) and the established Accelerated Strategic
Computing Initiative (ASCI).

3.2.14 Dense Matter

An accurate EOS for many materials at extreme conditions is vital to any credible ICF/IFE
target design. Currently very few materials have their high pressure (greater than a few
megabars) EOS experimentally validated and even then, only on the Principal Hugoniot.
Compressing matter to extreme densities also provides a testing ground for planetary science
and astrophysics, creates new avenues for producing super hard, superconducting or ener-
getic materials, and may lead to new technologies. For planetary and stellar interiors, com-
pression is gravitational and isentropic (ignoring phase separation). On Earth, high densities
are achieved with either static compression techniques (i.e., diamond anvil cells) or dynamic
compression techniques using large laser facilities, pulse power machines, gas guns, or
explosives.

Dynamic compression experiments have made great strides in recreating material states that
exist in the outer 25% (in radius) of the Jovian planets, near the core of earth, and at the exte-
rior of low-mass stars. Large laser facilities have recently shown success at producing and
characterizing material EOS at significantly higher pressures than gas guns. Both direct and
indirect drive have been used to generate well-characterized shocks. Several experimental
techniques have also recently been developed. Radiography (to determine opacity), optical
conductivity, temperature, displacement, X-ray diffraction, and velocity/displacement sensi-
tive interferometry are some of the diagnostics currently used in laser-generated shock EOS
experiments. While gas gun drivers currently produce the most accurate shock EOS data,
they are limited to relatively low pressures. As laser technology improves, the accuracy and
statistics will likely exceed gas gun technology even at lower pressures. Pulsed power facili-
ties (like the Z accelerator at Sandia National Laboratory) have demonstrated shock pressures
of about one-tenth those from lasers (though still higher than conventional gas guns) but with
a larger spatial scale (though much smaller than gas guns). Continuing effort is being made
toward characterizing drives for compression measurements.
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3.2.15 Laboratory Astrophysics

Astrophysical models are routinely tested against observational results, rather than against
experiments with controlled initial conditions. Creating a surrogate astrophysical environ-
ment in the laboratory has heretofore been impossible because of the high energy density
required. Fusion facilities offer the capability to perform controlled experiments in a realm of
plasma temperatures and densities approaching astrophysical regimes in several important
parameters. Furthermore the physics of the problems studied may be scaled over many orders
of magnitude in spatial scale. Examples include strong shocks in ionized media; high Mach
number supersonic jets; material flow in strongly coupled, Fermi degenerate matter; hydro-
dynamic instabilities in hot, compressible matter with low viscosity; radiation transport dom-
inated by X rays; photoevaporation front, coupled radiative hydrodynamics; and material
properties such as EOSs at high pressure.

Experiments have been performed on the Nova (U.S., LLNL) and Gekko (Japan, ILE) lasers
and reported extensively in the literature. Current experiments are also underway on the
Omega (U.S., LLE) laser. Experiments on the Nova, Omega, and Gekko lasers have concen-
trated on hydrodynamics studies (of turbulence, mixing, material flow, and supersonic jets),
material properties at high pressure, and opacity of ionized elements.

Measuring compressible turbulent mixing structures requires great precision to validate astro-
physical models. Extending hydrodynamics experiments to the many-layer systems inferred
in supernovae will require material density changes of orders of magnitude in one target.
This is achieved through the extensive use of low-density foams in laser targets and will con-
tinue to require research in foam chemistry.

3.3 Major Topical Areas in Engineering Science

3.3.1 Bulk Materials Science

There are numerous examples where fusion materials science research has had a positive
impact on the broader engineering/materials science fields. For example, a bainitic
(Fe-3Cr-W-Ta) steel with superior toughness and strength to existing steels was developed
by fusion researchers which has potential applications in numerous commercial systems (e.g.,
fossil energy). Fusion research has led to improved interphases in SiC/SiC composites which
have higher oxidation resistance. This has potential applications in chemical processing sys-
tems, as well as defense and aerospace systems. Fundamental research on ceramics by fusion
researchers has led to the first known experimental measurements of point defect (interstitial)
migration energies in SiC, alumina, and spinel.

Experimental and theoretical analysis of neutron-irradiated metals is providing an improved
understanding of the fundamentals of mechanical deformation, which has far-reaching
impact on numerous engineering disciplines. For example, it appears possible to obtain the
constitutive equations for twinning (which is one of the six possible deformation mechanisms
in solids) from an analysis of neutron-irradiated metals. Most of the present-day understand-
ing of fracture mechanics (essential for all advanced engineering structural applications) is
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derived from early studies on neutron-irradiated metals. Further fundamental research is
needed on the physical mechanisms of flow and fracture of deformed metals and can be
readily provided from appropriate analyses of neutron-irradiated materials which are being
studied in fusion research. Significant advances in the science of mechanical deformation of
refractory metals are being provided by fusion research on vanadium alloys and other refract-
ory metals.

3.3.2 Surface Materials Science and Atomic Physics

Improved control of edge density and impurity influx have been largely responsible for the
improvement in confinement device performance in the last 15 years. Improved control has
been achieved through better understanding of the complex interactions between plasma
physics, surface science, and solid state physics that occur at the plasma-to-material inter-
face. This understanding has been achieved through a combination of laboratory experi-
ments, experiments and measurements on confinement, devices and modeling of the
observed phenomena.

Plasma particle fluxes to the surface of plasma facing materials are very large. The fraction
of particles that are trapped in the surface or bulk material has a strong influence on the den-
sity of the edge plasma since recycled particles fuel the plasma. Extensive surface science
experiments are being conducted to understand the mechanisms controlling the release of
particles from surfaces. Techniques for cleaning surfaces and coatings that can reduce gas
release are being investigated. A combination of chemistry and solid state physics is needed
to understand the transport of plasma particles in plasma facing materials.

There are several mechanisms of fundamental importance to surface science that take place
in an operating fusion device, such as sputtering and evaporation chemical erosion. Several
techniques have been developed for controlling either the amount of erosion or the transport
of the eroded particles back to the main plasma. Furthermore, extensive laboratory measure-
ments of the energy and angle dependence of sputtering process have led to fundamental
understanding of the process and physical models of the phenomena.

At elevated temperatures the vapor pressure of any material can become very large. Labora-
tory measurements of such effects have led to a physical model of the temperature, energy,
and flux dependence of this effect. In some cases (e.g., hydrogen and carbon), the plasma
particles may chemically interact with the plasma facing material to form a volatile species
that is easily removed from the surface. Laboratory measurements of such phenomena have
led to improved understanding of the dependence on temperature, flux, and material.

Eroded material may be transported through the edge plasma to the core plasma and cause a
reduction of reactivity. Electron or ion impact ionization of the eroded atoms will cause the
atoms to follow field lines to a nearby surface. A combination of plasma physics and atomic
physics is needed to understand these effects, and there have been extensive laboratory and
fusion device studies of these phenomena. In some cases, there is a lack of fundamental
atomic physics data in the relevant temperature and density range. Also, molecular physics
must be added to understand the penetration of molecules.
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The edge plasma is strongly influenced by the material emitted from the plasma facing mate-
rial. Existing devices are influenced by plasma materials interactions and see improvement in
performance when surface effects are better controlled. Modeling of these effects requires a
combination of fluid transport, plasma physics, gas transport and atomic physics. An inte-
grated material surface, plasma edge and plasma core model is the next step and will require
science input from many disciplines.

3.3.3 Heat Transfer at Liquid/Vacuum Interfaces

The temperature at the free liquid surface facing the plasma in a liquid wall system is the
critical parameter governing the amount of liquid that evaporates into the plasma chamber.
The heat transfer at the free surface of a non-conducting liquid wall is dominated by phe-
nomena of rapid surface renewal by turbulent eddy structures generated either near the free
surface due to temperature gradient driven viscosity variations, or near the back wall or noz-
zle surfaces by frictional shear stresses. The intensity of these turbulent structures and their
effectiveness in cycling energy from the free surface into the bulk flow of the liquid wall will
depend heavily on the velocity of the main flow, the stability of the free surface, the distance
from back wall and nozzle surfaces, the degree of damping by the magnetic field, and even
the magnitude and distribution of the surface heat flux itself. This is a challenging interdisci-
plinary scientific problem, with relevance to fields such as oceanography, meteorology, met-
allurgy, and other high heat flux applications like rocket engines.

The picture is different for a liquid metal, which may be fully laminarized by the magnetic
field, but is still likely to be highly wavy or possess two-dimensional (2-D) turbulence-like
structures with vorticity oriented along the field lines. Surface waves and 2-D turbulence
increase the area for heat transfer and have motion that helps to convect heat into the bulk
flow. Understanding the relative importance of these terms to the dominant conduction and
radiation transport effects and judging the effectiveness of using turbulence promoters such
as coarse screens are required to assess the feasibility of liquid metal walls from the heat
transfer point of view. The complicated hydrodynamics is now heavily coupled to the applied
magnetic fields and the motion of the plasma through Ohm’s law and Maxwell’s Equations.
The solution to these systems is of similar complexity to the MHD fluid motions in the
plasma.

3.3.4 Ablation, Radiation Gas Dynamics, and Condensation

Determination of the inertial fusion chamber environment following a target explosion is
another example of complicated, interdisciplinary scientific exploration. The X rays, neu-
trons, and debris emanating from the exploded target must be absorbed by the chamber, and a
reasonably quiescent condition must be reestablished before the next shot can take place. The
phenomena that must be understood include photon transport in gases and condensed matter,
time-dependent neutron transport, ionized gas dynamics and radiation hydrodynamics, abla-
tion and thermo-physics of rapidly heated surfaces, dynamics of large-scale free liquid flows,
and the condensation heat and mass transfer. Simulation tools have been developed or
adapted to model these different processes, and work proceeds toward integration into a code
that can simulate all relevant physics of the chamber.
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3.3.5 Neutron and Photon Transport in Materials

Understanding the physics of neutron and photon interactions with matter is fundamental for
many applications of nuclear science. The high-energy neutrons (~14 MeV) emerging from
the D-T reaction intercept and penetrate the chamber wall, resulting in several reactions.
Photons generated from neutron interactions as well as X rays in inertial fusion undergo vari-
ous types of interactions with materials. Monte Carlo and deterministic methods are used to
determine the fluxes of neutrons and gamma-ray whose accuracy depends on the numerical
approximations involved in the underlying transport equation and the adequacy of the nuclear
data. Neutron and photon cross section data rely heavily on nuclear science. Models for two-,
three-, and N-body reactions are still developing to evaluate accurate representation of the
energy and angular distribution of the emerging reaction products. Representation of this
information in useable files with format and procedures that are easy to process is still an
active area in nuclear data development.

3.3.6 Pebble Bed Thermomechanics

Thermomechanics of materials has been identified as one of the key critical issues for solid
breeder blanket designs, particularly for materials in the form of pebble beds. Fundamental
thermal physical property data have to be quantified accurately, and changes of the packed
states through pebble and bed/clad interactions during operation need to be well understood
because of their dominating effects on performance.

The thermomechanical behavior of a particulate bed made of contacting solid particles mate-
rial is a complex phenomenon. The existence of the contacts restricts the freedom of motion
of the individual particles and, thus, conditions the strength and the rigidity of the bed. This
depends on the number and strength of the contact bonds which are themselves a conse-
quence of the size, shape, and roughness of the particles, of the nature of the thermal and/or
mechanical interaction between various phases, and of the state of the particle material in
question. Such research leads to fundamental thermal-physical-mechanical property data and
to advancing the engineering science knowledge base necessary for understanding and
extending the thermomechanical performance of particulate bed material systems.
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4.  NEAR-TERM APPLICATIONS

4.1 Introduction

The practical application of plasmas and associated technologies are of growing importance
to the government and national economy.*,†,‡ Chemical engineers have long recognized the
utility of plasmas in performing “high-temperature” chemistry at low temperatures. Fusion
energy R&D has resulted in the better understanding of plasma processes and in the ability to
manipulate plasmas for many purposes. The technologies, theoretical models, and computa-
tional tools developed in the fusion program are being used in a variety of market segments
including electronics, manufacturing, health care, environmental protection, aerospace, and
textiles. Most of the institutions participating in the fusion energy sciences are investigating
near-term applications. This programmatic mixture has led to an effective transfer out of and
into the fusion program.

There are several high-impact opportunities for applying the plasma expertise developed
within the fusion research program to near-term industrial and government needs. These
opportunities provide high visibility to the fusion program based on the interest of the public,
Congress, and the media in new technological “spin-offs.” They also enable “spin-on” of
new technologies into the fusion program from other communities. In virtually all applica-
tions, an interdisciplinary approach is required, where plasma science must be integrated with
chemistry, atomic physics, surface and materials science, thermodynamics, mechanical engi-
neering, and economics. Some processes, such as the thermochemical heat treatment of met-
als, the activation of polymers, thermal spraying of ceramic coatings, and etching of semi-
conductors, are well-established in industry, while others belong to new and emerging tech-
nologies, such as plasma immersion ion implantation and intense ion beam processing.

OFES and the NSF are major government sponsors of plasma R&D. The NSF has funded
near-term application programs. In addition to sponsoring many single-investigator led pro-
jects, the NSF supports three engineering research centers: (1) Advanced Electronic Materi-
als Processing at North Carolina State University ($28.6M between 1988 and 2000—plasma
processing is one of five thrusts); (2) Plasma Aided Manufacturing at the University of
Wisconsin ($25.7M between 1988 and 1998); and (3) Environmentally Benign Semicon-
ductor Manufacturing at the University of Arizona ($3.1M between 1996 and 2001—plasma
processing is one of six thrusts). Applications are discussed in the two-pagers N-1 to N-5.

4.2 Opportunities

4.2.1 Microelectronics and Flat Panel Displays

To date, the highest-impact application opportunity for plasma science is the $1T micro-
electronics industry. Plasma technologies are ubiquitous in semiconductor manufacturing

                                                
*Plasma Science: From Fundamental Research to Technological Applications, National Research Council,
Washington, D.C., 1995.

†Plasma Processing of Materials: Scientific Opportunities and Technology Challenges, National Research
Council, Washington, D.C., 1991.

‡S. O. Dean, “Applications of Plasma and Fusion Research,” J. Fusion Energy, 14 (2), 251–279 (June 1995).
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(Fig. 4.1). The capital equipment is replaced frequently, consistent with the 18-month
performance-doubling period of Moore’s Law. At present, plasma technologies are used in
25%–30% of the steps required to process a wafer from bare silicon to a finished integrated
circuit. This fraction is projected to increase over the next decade.

The semiconductor tooling market is of the order $100B and focused around a number of key
steps illustrated in Fig. 4.2. Plasmas are effective in etching, cleaning, and deposition.

Fig. 4.1.  The global electronic food chain (courtesy of R. A. Gottscho, LAM Research
Corp., 1998).

Fig. 4.2.  Distribution of the semiconductor manufacturing equipment market.
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Fig. 4.3.  Plasma source for semiconduc-
tor processing from a fusion spin-off
company.

Most technologies have been developed by able chemical engineers employed by the private
sector outside the fusion program; however, they have benefited from fusion technologies
such as rf and microwaves, plasma and wafer process control diagnostics, beam and laser
sources, theoretical models and algorithms.
Many scientists have left the fusion program to
develop technologies, such as high-density,
large-area rf and microwave plasma sources
(Fig. 4.3) and tools capable of etching wafer
features as small as 100 nm. Two companies,
each with annual sales exceeding $100M, have
spun out of the fusion program. Furthermore,
there have been many joint cooperative R&D
agreements (CRADAs) between the private
sector and OFES centers. CRADAs involve
activities ranging from fundamental under-
standing of rf field penetration into the plasma
(to optimize throughput and yield), to rf sys-
tems, to advanced high-heat flux materials for
heat sinks, to an entirely new class of extreme
ultraviolet lithography source. Further oppor-
tunities for plasma science and technology in
semiconductor manufacturing are projected
over the coming decade. For example, the need
to pattern 100-nm feature sizes has placed new
requirements on lithography that extend beyond
the limitations of present day light sources.
Plasma sources can meet these requirements. A privately funded, 3-year, $250M consortium
between major manufacturers and three DOE laboratories is underway to develop laser-
produced and discharge plasmas to meet this requirement. A complementary DARPA pro-
gram is examining the efficacy of electron beam lithography.

New requirements for ion implantation represent another opportunity. Advanced VLSI semi-
conductor devices will utilize ultra-shallow junctions, often less than 100 nm, produced with
low-energy implantation (1 to 10 keV) at high throughput and at low cost. Conventional
beamline implanters produce relatively low currents at these energies and may not meet the
throughput requirement. Plasma immersion methods are an attractive alternative to beamline
processing in semiconductor applications that require a high dose over a large one. The pro-
cessing timescale is independent of implant area, and the relatively simple plasma immersion
equipment can be readily incorporated into the cluster tools currently employed in semicon-
ductor fabrication.

Given the complex interdisciplinary nature of plasma processing, there is a strong need for
theoretical modeling and simulation.* Supercomputer Monte Carlo codes containing

                                                
*Database Needs for Modeling and Simulation of Plasma Processing, National Research Council, Washington,
D.C., 1996.
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comprehensive ionization and collision databases, originally developed to study transport and
heat flow in tokamak divertors, are being adapted to do similar simulations of plasma tools.

Flat panel displays (FPDs) are enabling a wide range of applications of information technol-
ogy. Worldwide demand for FPDs is projected to approach $40B in 2000. Applications
include computer and vehicle displays, personal digital assistants, video telephones, medical
systems, and high-definition, full-motion video. Plasmas are needed to perform etching,
cleaning, deposition, and implantation over large surface areas in thin film transistor FPDs.
Plasmas also enable new classes of display technologies such as field emission displays and
plasma displays.

4.2.2 Materials and Manufacturing

The last decade has witnessed a remarkable growth in the application of plasmas to industrial
processing and manufacturing in non-semiconductor markets. Applications include hard
coatings for wear and corrosion treatment of tools and components and thin film deposition
for optical devices. Processes include plasma spraying, nitriding, polymerization and cross-
linking, plasma-enhanced chemical vapor deposition (PECVD), physical vapor deposition
(PVD) with magnetron sputtering sources and metal vapor vacuum arc (MEVVA), and ion
implantation.

There is a need to refine and improve existing surface engineering techniques and to develop
new techniques to serve an explosive growth of applications such as nanoscale devices, high-
performance materials for aerospace, medical, traditional large-scale heavy manufacturing,
and emerging high-tech manufacturing. An important component of this need relates to the
environmental impact of the processing. The market for surface engineering techniques has
been growing rapidly for the last three decades. It has been estimated* that by 1994 more
than $40B has been collectively invested in surface engineering R&D by North America,
Japan, and Western Europe, and that in Germany alone, more than 1000 new surface engi-
neering companies were established during the period 1990 to 1994.

Plasma spray technology is a relatively mature technology that is beginning to benefit from
fusion science and technology. Spray technology used to generate high-heat flux materials
for PFCs has been spun off for advanced coatings for automotive components and manu-
facturing. Conversely, state-of-the-art spray techniques have been adapted by the fusion pro-
gram to generate beryllium first-wall materials for tokamaks.

Plasma nitriding, also a relatively mature technology, has its roots in the gas nitriding pro-
cesses developed by the chemical engineering community. Although up to now there has not
been a great deal of interaction between the plasma nitriding and fusion community, indus-
trial nitriders are interested in joint R&D with the fusion community, particularly in the area
of PECVD. PECVD enables high deposition rates at reduced processing temperatures.
Experimental and modeling techniques developed in fusion science programs are having a
large impact on the deposition of diamond and diamondlike carbon (DLC) coatings on

                                                
*Chem. Eng., p. 35 (April 1994).
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manufactured and machine tool components (Fig. 4.4), biomaterials, sensors, heat sinks,
X-ray windows, and many other areas.

Plasma Immersion Ion Implantation (PIII) is a nonline-of-sight technique for industrial sur-
face engineering that was developed as a direct outgrowth of fusion technology research.
First developed in 1986, this process has spawned more than 55 groups to date worldwide. A
key factor in the development of PIII involved collaboration between industry and fusion sci-
entists, which was formalized initially by a DOE–DP CRADA, followed by support from the
DOC NIST Advanced Technology Program and 12 private companies. A related spin-off of
the fusion program is the MEVVA technology, which enables high-throughput ion implanta-
tion of targets with ion species that include most of the periodic table elements.

4.2.3 Environmental Applications

One of the most pressing concerns of our times is safeguarding the quality of our environ-
ment for present and future generations. Past practices have left a legacy of accumulated haz-
ardous waste and pollution that must be remedied. In addition, a critical challenge exists to
prevent or reduce generation of waste and pollution. Some examples include the cleanup

Fig. 4.4.  Plasma cleaning, ion implantation, and DLC deposition of 1000 automotive
pistons in a former OFES facility.
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of DOE nuclear weapons production and EPA superfund sites, reduction of landfills and
water pollution from industrial and municipal sources, and reduction or elimination of harm-
ful emissions into the atmosphere.

Plasma science can make a significant contribution to environmental needs. A physics per-
spective is needed in cleanup efforts, which are currently dominated by chemical engineers.
The ultimate development of fusion energy will reduce or eliminate waste streams and pollu-
tion currently associated with fossil fuel and nuclear fission power plants. However, in the
interim much of the knowledge gained in plasmas and the associated technologies developed
to generate, control, and monitor plasmas can have a significant beneficial impact on our
environmental needs.

Much of the present expenditure on environmental cleanup and pollution prevention is for
application of currently available methods and technologies. However, an increasing invest-
ment is beginning to be made in R&D to find innovative new solutions. Two applied research
programs are the DOE-OBER Environmental Management Science Program with a current
budget of $191M and the joint DOE/DOD Strategic Environmental Research and Develop-
ment Program with $61M in FY 1998. DOE Environmental Management also supports
technology development, including thermal plasma arcs, nonthermal plasmas, plasma-aided
waste characterization and pollution monitoring, and advanced diagnostics for process con-
trol and monitoring. The DOE-EE Office of Industrial Technology has roadmaps for several
industries including aluminum, steel, glass, and chemicals primarily to improve energy effi-
ciencies but also, as a consequence, to reduce pollution. The automobile manufacturers have
major efforts to develop environmentally cleaner cars. Spin-off fusion energy technologies
can contribute to all these efforts.

Current R&D opportunities include (1) mixed radioactive waste remediation; (2) faster
throughput, reduced emissions, and lower cost waste processing; (3) destruction of hazardous
air pollutants (HAPs) such as volatile organic compounds (VOCs); (4) nondestructive
decontamination of surfaces; (5) cleaning fine particulate emissions and other HAPs from
current thermal processes in industry, power production, and burning of wastes; (6) elimina-
tion of SOx and NOx emissions from vehicle and stationary sources; (7) sensitive and accu-
rate continuous emission monitors of pollution (e.g., metals, dioxins, furans); and (8) reduc-
tion and elimination of CO2 and other greenhouse gas emissions and research of possible
CO2 sequestering technologies.

Recent successes include (1) the initial demonstration of plasma arc technology for vitrifica-
tion of DOE mixed waste; (2) electron beam plasmas demonstrated for efficient destruction
of dilute VOCs; (3) initial demonstration of compact plasma arc devices for reforming hydro-
carbon fuels to cleaner burning hydrogen gas; (4) new robust temperature measurement capa-
bility achieved inside harsh furnace environments with the application of OFES developed
millimeter-wave receivers; and (5) microwave plasmas developed for continuous emissions
monitoring of hazardous metals.

There are numerous future opportunities. Over the near term, incremental improvements will
be made in arc processes, plasma devices, plasma-aided monitoring technologies, and
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application of advanced diagnostics to environmental processes. Conventional processes will
benefit from improved monitoring and control technologies. Over the longer term, advanced
applications of plasmas to waste remediation will be developed. Plasmas will be used more
to destroy hazardous materials rather than just as a source of heat as in near-term arc pro-
cesses. New atmospheric plasma generation technologies (Fig. 4.5) will be developed with
high throughput and efficient operation. Portable units and in-situ vitrification technologies
will be commercialized. More universal plasma waste processing capability will be achieved.

Despite the long-term needs, the reality is that government and private companies tend to be
focused on environmental remedies that are needed now. Few sponsors would be willing to
accept novel new plasma technologies with unknown track records. Consequently, it is
important that the two leading government sponsors of plasma science, OFES and NSF,
recognize this reality and develop a strategy to build the requisite science and technology
base that could yield cost-effective solutions to serious environmental problems.

4.2.4 Biomedical Applications

Diverse medical diagnosis and treatment applications can trace their origins to magnetic and
inertial fusion research. For example, recent advances in magnetic resonance imaging (MRI)

Fig. 4.5.  Inductively coupled atmospheric plasma torch for destroying chemical waste.
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magnet technology have taken advantage of superconducting coils developed by the fusion
program. A joint venture has been established to supply MRI magnets with present annual
sales of the order $100M. Entirely new medical imaging systems have also been invented.
For example, a micro-impulse radar (MIR) diagnostic has been developed enabling one to
rapidly and noninvasively detect trauma, strokes, and hematoma. These portable microwave
devices transmit electromagnetic pulses that are recorded in time by fast pulse technology
developed for the laser fusion. MIR is a complementary alternative to traditional MRI and
CT scans in that it allows low-cost prescreening in emergency rooms and ambulances. The
anticipated instrument market for MIR has been projected to be about $200M per year.

Medical treatment methods that have emerged from the fusion program include laser surgery
and tissue welding and their associated computerized controls. Ultra-short (~10-ps) lasers
developed in the fusion program offer a breakthrough by enabling precision cuts without
damaging surrounding issue. This has made make a difference in dental, spinal, and
neurosurgery.

Laser treatment of stroke victims is another area of commercialization. Each year approxi-
mately 700,000 strokes occur in the United States, accounting for over $26B/year for treat-
ment and rehabilitation. A minimally invasive technique called endovascular photo-acoustic
recanalization has been developed. Laser light is coupled through an optical fiber and deliv-
ered to an occlusion, causing a mechanical disruption of the occlusion and reestablishing
blood flow. Cerebral arteries as small as 3 mm in diameter can be treated. In vitro studies
have indicated that clots could be emulsified into particles that should pass unobstructed
through the vasculature. This technology has been licensed from the fusion program to the
private sector since 1996.

A related heart disease treatment technology from the fusion program is a soft X-ray catheter
that is used in conjunction with traditional balloon angioplasty as a treatment to prevent arte-
rial restenosis (reclogging of the arteries due to scar tissue remnants from the angioplasty
treatment). Restenosis affects 250,000 patients in the United States annually with medical
costs for treatment now running $2.5B. The X-ray catheter is a miniature X-ray tube attached
to the tip of a shielded electric cable, which is inserted into the artery following the angio-
plasty. Ionizing radiation applied to the arterial wall immediately after angioplasty can help
prevent restenosis and help insure recovery of the patient.

4.2.5 Plasma Propulsion

Plasma-based propulsion systems for spacecraft are receiving increased and considerable
interest. Thrust is generated by using electrical energy to accelerate a propellant. The accel-
erated species is generally ions, with plasma neutralization subsequent to acceleration.
Plasma propulsion technologies include arc jets, ion thrusters, Hall thrusters, magneto-
plasma-dynamic thrusters, and rf-driven plasma thrusters, with concepts incorporating the
possibilities for either pulsed or continuous operation. Plasma propulsion can provide higher
specific impulse (thrust/mass flow) than conventional chemical propulsion because of the
high speeds attainable by plasma. Applications include “station keeping” for geosynchronous
earth orbit (GEO), drag compensation for low earth orbit (LEO), and high-specific-impulse
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Fig. 4.6.  Ion engine for
Deep Space 1.

thrust for interplanetary and deep space missions. High specific impulse means that a space-
craft can perform a mission with less propellant mass than with conventional chemical pro-
pulsion. The number of satellites is rapidly growing, particularly for LEO, which is driven by
the worldwide needs for communication. There is strong overlap between the fusion and
propulsion research such as collisionless plasma flow in crossed electric and magnetic fields.
These systems also use many of the same technologies that are required for fusion, with
many common diagnostic techniques.

Several plasma-based systems are in use or planned for future missions. The Russian space
program has used Hall thrusters for more than 25 years. Hall thrusters are now in limited use
on U.S. and European satellites, but it is anticipated that the planned 288-satellite Teledesic
commercial satellite system will employ Hall thrusters. In 1998,
a Russian-made electron propulsion demonstration module Hall
thruster was used to boost the orbit of the U.S. STEX satellite.
A ion engine is in use on the Deep Space 1 probe (Fig. 4.6)
launched in 1998. A novel rf-driven plasma propulsion system,
VASIMR, based on a magnetic mirror configuration has been
proposed for use in human exploration of the solar system.

Current opportunities range from basic to applied R&D. Detailed
diagnostic measurements and model development for today’s
Hall thrusters can lead to optimized designs for immediate
applications. Theoretical and experimental work can provide important groundwork for new
concepts such as VASIMR. Technology advances are required to provide compact rf power
supplies and reduced-weight high-temperature superconducting magnets.

NASA has supported electric propulsion for space applications, but research has been highly
performance and mission driven. Compared with OFES programs, there is less emphasis on
diagnostics and basic science, which are the building blocks for understanding and innova-
tion. Applying plasma expertise developed within the fusion research program to space pro-
pulsion, fusion researchers should be poised to contribute importantly to plasma-based
thruster programs in government and industry. This is already happening, as scientists within
the fusion program are proposing propulsion concepts, such as the VASIMR and segmented
Hall thrusters.
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LIST OF ACRONYMS

ANL Argonne National Laboratory
APEX Advanced Power Extraction
APT accelerator production of tritium
ARIES Advanced Reactor Innovation and Evaluation Studies
ASCI Advanced Strategic Computing Initiative
AT Advanced Tokamak
BES Office of Basic Energy Sciences (DOE)
BINF Budker Institute of Nuclear Physics
BNCT Boron Neutron Capture Therapy
BPX Burning Plasma Experiment
BPX-AT Burning Plasma Experiment–Advanced Tokamak
CAT Compact Auburn Torsatron
CDX-U Current Drive Experiment–Upgrade
CEX charge exchange
CFD computational fluid dynamics
CHERS charge exchange recombination spectroscopy
CICC cable-in-conduit conductor
CIT Compact Ignition Tokamak
CLR coherent laser radar
COE cost of electricity
CRADA Cooperative Research and Development Agreement
CSMC CS model coil
CT compact toroid
CT computerized tomography
CTX compact toroid experiment
CW continuous wave
D&D decontamination and decommissioning
DARPA Defense Advanced Research Projects Agency
D-D deuterium-deuterium
DEMO demonstration reactor
DIF-CEA DIF–Commissariat a l’Energie Atomique
DIII-D Doublet III-D tokamak experiment at General Atomics
DLC diamondlike carbon
DN double null
DOD Department of Defense
DOE Department of Energy
DP Office of Defense Programs (DOE)
DPSSL diode-pumped solid-state laser
DS dispersion strengthened
D-T deuterium-tritium
DTST deuterium-tritium spherical tokamak
EC electron cyclotron
ECRH electron cyclotron resonance heating
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ECW electron cyclotron wave
EDA engineering design activity
EDM electrodischarge machine
ELM edge-localized mode
EOS equation of state
EMSP Environmental Management Science Program
EPDM Electron Propulsion Demonstration Module
ER Office of Energy Research (DOE)
ET electric tokamak
ETF engineering test facility
ETR engineering test reactor
EUV extreme ultraviolet
FDA U.S. Food and Drug Administration
FESAC Fusion Energy Sciences Advisory Committee
FIRE Fusion Ignition Research Experiment
Flibe fluorine-lithium-beryllium molten salts (Li2BeF4)
FM frequency modulated
FPD flat panel display
FRC field-reversed configuration
FW first wall
FY fiscal year
GA General Atomics
GDT Gas Dynamic Trap
GDTNS Gas Dynamic Trap Neutron Source
GEO geosynchronus earth orbit
GILMM grazing incidence liquid metal mirrors
GIMM grazing incident metal mirrors
HAP hazardous air pollutant
HED high energy density
HID heavy ion driver
HIF heavy ion fusion
HIT Helicity Injected Torus
HMO health maintenance organization
HSX Helically Symmetric Experiment
HTS high-temperature superconductor
IAEA International Atomic Energy Agency
ICF inertial confinement fusion
ICH ion cyclotron heating
ICP inductively coupled plasma
ICRF ion cyclotron range of frequency
ICRH ion cyclotron resonance heating
IEA International Energy Agency
IFE inertial fusion energy
IFMIF International Fusion Materials Irradiation Facility
INEEL Idaho National Engineering and Environmental Laboratory
IRE Integrated Research Experiment
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IRE internal relaxation event
ISX-B Impurities Study Experiment-B
ITER International Thermonuclear Experimental Reactor
JAERI Japan Atomic Energy Research Institute
JET Joint European Torus
JPL Jet Propulsion Laboratory
KSTAR tokamak in Korea
LBNL Lawrence Berkeley National Laboratory
LDX Levitated Dipole Experiment
LEO low earth orbit
L-H low-to-high confinement transition in a tokamak
LHCD lower hybrid current drive
LHD Large Helical Device
LLE Laboratory for Laser Energetics
LLNL Lawrence Livermore National Laboratory
LLUMC Loma Linda University Medical Center
LMJ laser megajoule
LSX Large S Experiment
LTE local thermodynamic equilibrium
LTS low-temperature superconductor
MAST Mega-Amp Spherical Tokamak
MCF magnetic confinement fusion
MEVVA metal vapor vacuum arc
MFE magnetic fusion energy
MHD magnetohydrodynamic
MIR micro-impulse radar
MPP massively parallel processing
MIT Massachusetts Institute of Technology
MRI magnetic resonance imaging
MSE motional stark effect
MST Madison Symmetric Torus
MTF magnetized target fusion
NASA National Aeronautics and Space Administration
NBI neutral beam injection
NCS negative central shear
NCSX National Compact Stellarator Experiment
ND naturally diverted
NIF National Ignition Facility
NIFS Nagoya Institute for Fusion Science
NIH National Institutes of Health
NRC National Research Council
NRL Naval Research Laboratory
NSF National Science Foundation
NSO next-step option
NSTE National Spherical Tokamak Experiment
NSTX National Spherical Torus Experiment
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NTC Nova Technical Contract
OFES Office of Fusion Energy Sciences (DOE)
ORNL Oak Ridge National Laboratory
PBFA Plasma Beam Facility-A
PCAST President’s Committee of Advisors on Science and Technology
PECVD plasma-enhanced chemical vapor deposition
PEP pellet-enhanced performance
PET positron-emission tomography
PF poloidal field
PFC plasma-facing component
PIC particle-in-cell
PIII plasma immersion ion implantation
PMI plasma-materials interaction
PMR palladium membrane reactor
PNNL Pacific Northwest National Laboratory
PoP proof of principle
PPPL Princeton Plasma Physics Laboratory
PVD physical vapor deposition
QA quasi-axisymmetry
QHS quasi-helically symmetry
QO quasi-omnigeneity
QOS quasi-omnigenous stellarator
RC reduced cost (ITER)
rf radio frequency
RFP reversed-field-pinch
RFX (facility in Italy)
RH remote handling
RHEPP repetitive high-energy pulsed power
RIE reactive ion etching
RIM robotics and intelligent machines
RM Richtmyer-Meshkov
RMF rotating magnetic fields
RS reversed shear
RT Rayleigh-Taylor
S/B shield/blanket
SAGBO strain accelerated grain boundary oxidation
SBIR Small Business Innovation Research
SBS stimulated Brillouin scattering
SERDP Strategic Environmental Research and Development Program
SLCC superconductor laced copper conductor
SNL Sandia National Laboratories
SNS Spallation Neutron Source
SOL scrape-off layer
SRS stimulated Raman scattering
SSP Scientific Simulation Plan
SSPX Sustained Spheromak Physics Experiment
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SSTR steady-state tokamak reactor
SSX Swarthmore Spheromak Experiment
ST spherical tokamak
STAR Science and Technology Advanced Reactor
START Small Tight Aspect Ratio Tokamak
STEX U.S. satellite
TCS translation, confinement, and sustainment
TEXTOR Tokamak Experiment for Technology Oriented Research
TF toroidal field
TFTR Tokamak Fusion Test Reactor
TPE-RX (facility in Japan)
TPL Tritium Processing Laboratory
TRAP tokamak refueling by accelerated plasmoids
TSTA Tritium Systems Test Assembly
UCSD University of California–San Diego
UCSF University of California–San Francisco
UKAEA United Kingdom Atomic Energy Authority
UV ultraviolet
UW University of Wisconsin
V&V verified and validated
VASIMIR rf-driven plasma propulsion system
VNS volumetric neutron source
VOC volatile organic compound
W7–AS German Wendelstein 7–AS stellarator experiment
W7-X Wendelstein 7-X
WFO Work for Others
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Appendix B
STAGES OF CONCEPT DEVELOPMENT

The stages of concept development are defined in the report on Alternative Concepts of the
SciCom Review Panel of the Fusion Energy Sciences Advisory Committee, July 1996. The
stages are:

1. Concept Exploration (mainly single institutions);
2. Proof-of-Principle (national endeavors, drawing expertise from many institutions);

National and international endeavors, drawing expertise from many institutions;
3. Proof-of-Performance Extension and Optimization;
4. Fusion Energy Development; and
5. Fusion Demonstration Power Plant.

Scientifically, these stages of development of a concept represent points on a continuous
scale towards the realization of fusion power. In the framework of the Opportunities Docu-
ment, they should also be considered in regard to their capabilities to provide valuable infor-
mation for the more general fusion line to which they contribute (building blocks) and to
fundamental plasma science. Their definitions, from the original report, are given below
along with the typical characteristics expected for their other capabilities.

Concept Exploration
Main Characteristics Building Blocks Science
Innovation and basic
understanding of sci-
entific phenomena.
Experiment and/or
theory at typically
<$5M per year.

Basic feasibility of concept e.g., in
MFE, existence of basic equilib-
rium and gross stability, rough
characterization of confinement,
initial demonstration of heating,
existence of magnetic topology for
power and particle control etc.
Power plants coping should be
limited to identification of potential
advantages/disadvantages.

Modest plasma radius rela-
tive to wall-interaction dis-
tance. Small range of
plasma parameters e.g.,
<1 keV temperatures, and
limited range of dimen-
sionless plasma parame-
ters. Limited range of
controls. Diagnostic set to
answer key questions only.

Proof-of-Principle
Main Characteristics Building Blocks Science

Lowest cost program to
develop an integrated and
broad understanding of
basic scientific aspects of
the concept, which can be
scaled with great confi-
dence to and provide a
basis for evaluating the
potential of this concept

The plasma should be hot and
large enough to generate reli-
able plasma confinement data,
explore MHD stability,
examine methods for plasma
sustainment, and explore
means of particle and power
exhaust. Theory, modeling,
and benchmarking with

Plasma radius much larger
than wall interaction
region. Fairly large range
of plasma parameters,
with temperatures of a
few keV. Some dimen-
sionless parameters,
entering, separately, the
power plant range.



B-4

Proof-of-Principle (continued)
Main Characteristics Building Blocks Science

for fusion energy applica-
tions. Experiments require
at least one device with a
plasma of sufficient size
and performance ($5 to
$30M/year) to examine a
range of physics issues,
providing initial scaling
relationships.

experiments should be vigor-
ously pursued to provide theo-
retical basis for physics and
concept potential. Power-plant
studies, including in-depth
physics and engineering
analysis, should be carried out
to identify key physics and
technological issues and help
define the research program.

Diagnostic set compre-
hensive enough to mea-
sure the relevant profiles
and quantities needed to
confront the physics.
Overall, a significant
ability to study funda-
mental plasma science.

Proof-of-Performance Extension and Optimization
Main Characteristics Building Blocks Science

The programs explore the
physics of the concept at or
near the fusion-relevant regime
in absolute parameters, albeit
without a burning plasma. This
stage aims at generating suffi-
cient confidence so that abso-
lute parameters needed for a
fusion development device can
be achieved and a fusion
development program with a
reasonable cost can be
attempted. Because of the
demand on absolute perform-
ance, usually, a large single
device ($50–$100M per year)
is needed. Studies should
evaluate the potential of the
concept for fusion develop-
ment and power plants.

At this stage, the physics of
the concept and the scaling
information is refined fur-
ther, new physics in fusion-
relevant regimes is exam-
ined, and the performance
of the concept is optimized.
The experiment is equipped
with a wide variety of aux-
iliary systems for control
and operational flexibility.
Both power-plant and
design studies, including in-
depth physics and engi-
neering analyses, should be
carried out to focus on criti-
cal issues, and help in opti-
mizing the physics regimes.

Plasma radius much larger
than wall interaction region.
Very large range of plasma
parameters, up to power
plant levels, including a
temperature ≥5 keV. Most
dimensionless parameters in
the power plant range.
Extensive diagnostics, pro-
vide complete coverage in
space and time, offering
significant opportunities to
study fundamental plasma
science.

B.1 Fusion Energy Development

This program is aimed at developing the technical basis for advancing the concept to the
power plant level in the full fusion environment. It includes devices such as ignition experi-
ments, (engineering test reactor?), volume neutron sources, or pilot plants. The physics
research is mainly connected with charged fusion products and the production of substantial
fusion power (high stored energy, disruptions, high-power exhaust, steady-state particle and
power control, etc.). Fusion technology issues (blankets, activation, maintenance, to name a
few) should be resolved by this program in a way that is directly applicable to a power plant.
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These devices must also develop the data base on operational reliability and maintainability,
safety and licensing, and costing to justify a demonstration power plant.

B.2 Fusion Demonstration Power Plant

The device(s) at this stage is constructed to convince the electric power producers, industry,
and the public that fusion is ready for commercialization. These are effectively scaleable
power plants with the same physics and technology as envisioned for a commercial power
plant. There should be no remaining physics issues to be addressed in these devices and their
operation should demonstrate that technological development of previous stages has been
successful.
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PREFACE

This document has been prepared in response to a charge to the Fusion Energy Sciences Advisory Com-
mittee (FESAC) from Dr. Martha Krebs, Director of the Department of Energy’s Office of Science:

...  to make final a program plan for the fusion energy science program by the end of 1999
(FY). Such a program plan needs to include paths for both energy and science goals taking
into account the expected overlap between them. The plan must also address the needs for
both magnetic and inertial confinement options. It will have to be specific as to how the U.S.
program will address the various overlaps, as well as international collaboration and funding
constraints. Finally, this program plan must be based on a ‘working’ consensus (not unanim-
ity) of the community, otherwise we can’t move forward. Thus I am turning once again to
FESAC.

I would like to ask FESAC’s help in two stages. First, please prepare a report on the
opportunities and the requirements of a fusion energy science program, including the tech-
nical requirements of fusion energy. In preparing the report, please consider three time-scales:
near-term, e.g., 5 years; mid-term, e.g., 20 years; and the longer term. It would also be useful
to have an assessment of the technical status of the various elements of the existing program.
This document should not exceed 70 pages and should be completed by the end of December
1998, if at all possible. I would expect to use this work, as it progresses, as input for the
upcoming SEAB review of the magnetic and Inertial Fusion Energy Programs.

A FESAC Panel was set up to prepare the document. The Panel decided to follow the approach used in the
preparation of the reports from the Yergin Task Force on Strategic Energy Research and Development of June
1995 and from the National Laboratory Directors on Technology Opportunities to Reduce U.S. Greenhouse Gas
Emissions of October 1997. As a first step, a two-page description of each of the main topical areas of fusion
energy sciences was obtained from key researchers in that area. The descriptions give the status and prospects
for each area  in the near-term, midterm, and longer term, discussing both opportunities and issues. These two-
pagers are published as a separate report. The two-pagers were used as background information in the prepara-
tion of this overview, Opportunities in Fusion Energy Sciences Program. FESAC thanks all of those who par-
ticipated in this work.
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Table C.1.  Topical areas in fusion energy sciencesa,b

No.
MFE

M-1 to M-20
IFE

I-1 to I-12
Technologies
T-1 to T-20

Plasma Science
S-1 to S-17

Near-Term
Applications
N-1 to N-5

1 Stellarator National Ignition Facility Superconductivity Hamiltonian Dynamics Semiconductors

2 Compact Stellarator
Indirect-Drive Inertial

Fusion Energy
Electromagnetic Heating

and Current Drive
Long Mean-Free

Path Physics

Advanced Materials
Processing and
Manufacturing

3 Tokamak
Direct-Drive Inertial

Fusion Energy
Neutral Beams

Wave-Particle
Interactions

Environment

4 Advanced Tokamak
Fast Ignition Approach

to Inertial Fusion Energy
Fueling and Vacuum Turbulence Medical Applications

5 Electric Tokamak
Heavy Ion Accelerators

for Fusion
Divertor

Hydrodynamics and
Turbulence

Plasma Propulsion

6 Spherical Torus
Repetition-Rate Krypton

Fluoride Laser

High Heat Flux
Components and Plasma

Materials Interactions
Dynamo and Relaxation

7
Reversed-Field-
Pinch Concept

Solid-State Laser Drivers MFE Liquid Walls Magnetic Reconnection

8 Spheromak
Laser and Plasma

Interactions
Shield/Blanket Dense Matter Physics

9
Field-Reversed
Configuration

Pulsed Power
Radiation-Resistant

Materials Development
Nonneutral Plasmas

10
Levitated Dipole
Fusion Concept

Target Design and
Simulations

International Fusion
Materials Irradiation

Facility
Electrostatic Traps

11
Open-Ended

Magnetic Fusion
Systems

Final Optics—Laser IFE Tritium Systems Atomic Physics

12 Gas Dynamic Trap
Laser-Driven Neutron

Sources
Remote Maintenance Opacity in ICE/IFE

13
Plasmas with Strong

External Drive
MFE Safety and

Environment
MFE Plasma
Diagnostics

14
Magnetized Target

Fusion
IFE Safety and
Environment

IFE Diagnostics

15
Boundary Plasma/
Wall Interactions

IFE Liquid-Wall
Chambers

Advanced Computation

16
Burning Plasma

Science
Dry Wall Chambers

Computer Modeling
of Plasma Systems

17
Burning Plasma
Experimental

Options
IFE Target Fabrication

Astrophysics Using
Fusion Facilities

18

Integrated Fusion
Science and
Engineering

Technology Research

IFE Target Injection
and Tracking

19
Volumetric Neutron

Source
IFE Power Plant

Technologies

20 Advanced Fuels Advanced Design Studies
aNote that the upper seven technologies are for MFE, the lower ones for IFE, and the middle seven and the last one can apply to both.
bNote that single-pulse laser driver development for IFE has traditionally been supported primarily by the ICF program within the DP element

of DOE. A key issue for IFE is the development of repetitively pulsed drivers.
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Fig. C.2.  Toroidal and poloidal fields.

Fig. C.1.  Representative tokamak.

C.2 MAGNETIC FUSION ENERGY (MFE)

The diagram of a reference tokamak power plant
in Fig. C.1 shows the key components of a typical
magnetic fusion power plant.

•  The characteristics of potential magnetic configu-
rations are given in M-1 through M-14. As dis-
cussed in Sect. 2.2 of the main document, these
configurations fall into two main categories:
externally controlled and self-ordered plasmas.

•  Plasma wall interactions and divertors to handle
particle and heat removal and impurity control are
discussed in M-15 and T-5, respectively.

•  Burning plasma physics and opportunities for
burning plasma experiments are discussed in
M-16 and M-17, respectively. International
Thermonuclear Experimental Reactor (ITER)
scale facilities are discussed in M-18.

The plasma, nuclear, and safety technologies are
shown, respectively, in T-1 to T-6, T-7 to T-12, and
T-13 and T-14. Power plants are discussed in T-20.

A power plant that burns plasma will need to
achieve a value of the product (density) × (ion tem-
perature) × (energy confinement time) of 〈nDTTi〉 τ  ≈
2 × 1024 (m–3·eV·s) for a deuterium-tritium (D-T)
plasma, at an ion temperature of ~10 keV, and 〈nDTTi〉 τ  > 2 ×
1025 (m–3·eV·s) for a D-D or D-3He plasma of 30 keV. A
temperature of 1 eV ≈  10,000 K.

The energy confinement time (τ) is defined as the energy
in the plasma divided by the power required to keep it hot.
Another commonly used parameter is beta (β), the ratio of the
plasma pressure to the magnetic pressure β ∝  nT/B2, where B
is the magnetic field.

The magnetic field of most of the configurations being
studied has two main components: a toroidal field (Bt) (going
the long way around the torus) and a poloidal field (Bp) (going
the short way around the torus), as shown in Fig. C.2. The
safety factor, q, is the amount of twist of the helical magnetic
field lines (the number of toroidal field-line transits per poloi-
dal field-line transit), and q = r Bt/R Bp, if β << 1, a/R << 1,
where r and R are the minor and major radii of the torus,
respectively [the outer plasma minor radius is denoted by (a)].
For the case of stellarators, it is convention to use the param-
eter iota bar, ι /2π = 1/q to describe the twist in the total field.
The parameters (κ) and (δ) are used, respectively, to describe
the ellipticity and triangularity of noncircular plasma cross
sections.
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Table C.2.  MFE experiments, operational or construction (major international)

Experiment R (m) a (m) [κ]
Pulse
length

(s)

Bt (T)
[Bp (T)]

I
(MA)

Pheat
(MW)

Div-
ertor?

Ti(0)
(keV)

[Te (0)]

<n>

1020

m–3
τ  (s)

β 
(%)

External control Stellarator (1)

HSX (Wisconsin) 1.2 0.15 0.2 1.37 N.A. 0.2 No Operate 1999
W7-AS (Germany) 2.0 0.18 3 2.5 N.A. 3 Yes 1.5 3 0.05 2
TJ-II (Spain) 1.5 0.22 0.5 1.2 N.A. 2 No Start of operation
LHD (Japan) 3.9 0.6 St. St. 4 N.A. 40 Yes Start of operation
CHS (Japan) 1.0 0.2 0.74 2 N.A. 1.7 Yes 1 0.8 0.01 2.1
Heliotron J (Japan) 1.2 0.17 0.2 1.5 N.A. 2 No Construction
W7-X (Germany) 5.5 0.52 St. St. 3 N.A. 30 Yes Construction
External control Advanced tokamak (AT)
Alcator C-Mod 0.67 0.22

[1.8]
2 (7) 9 1.5

(2.5)
8 Yes 6 (10) 10 0.09

(0.2)
1.5 (5)

D-IIID 1.67 0.67
[2.5]

10 2.2 3 27 Yes 27 3 0.5 13

HBT-EP 0.92 0.15
[1.0]

0.02 0.4 0.02 0.2 No 0.2 0.2 0.001 1.5–3

ET 5 1
[1.5]

0.1 0.5 0.2 2 No 2 0.1 0.1 3

ASDEX-U (Germany) 1.65 0.5
[1.6]

3 1.6 27 Yes

FT-U (Italy) 0.93 0.3
[1.0]

8 1.3 7 No

JET (ECC) 3 1.25
[1.8]

60 40 7 42 Yes 40 0.8 1.8 4

Textor (Germany) 1.75 0.46
[1.0]

3 0.8 8 No

Tore Supra (France) 2.47 0.8
[1.0]

4.5 1.7 9 No

JRT2-M (Japan) 1.31 0.35
[1.7]

2.2 0.25 Yes

JT-60 (Japan) 3.3 0.8
[1.8]

10 4.4 5 55 Yes 45 1 1 1.7

Triam-1M (Japan) 0.8 0.12
[1.5]

7200 8 0.4 0.2 Yes 5 0.1 0.01

K-Star (Korea) 1.8 0.5
[2]

20–300 3.5 2 15–40 Yes
Design/Construction

Intermediate Spherical torus (ST)
HIT-I
(Shutdown)

0.3 0.2
[1.85]

0.01 0.5 0.25 Yes 0.6

START (UK)
(Shutdown)

0.32 0.25
[1.8–3]

0.05 0.3 0.31 1 Yes 0.35 1 0.005 40

TS-3 (Japan) 0.25 0.15
[1.5]

0.001 0–0.2 0.1 OH No 0.1 0.5 5–70

HIT-II 0.3 0.2
[1.85]

0.035 0.5 0.2 OH No

HIST (Japan) 0.3 0.24
[2]

0.005 0.2 0.15 OH No 0.03 0.5 10

CDX-U 0.34 0.22
[1.6]

0.05 0.2 0.2 0.3 Yes 0.1 0.5 0.001 5

TST-M (Japan) 0.35 0.25
[1.5]

0.01 0.3 0.1 OH No 0.1

ETE (Brazil) 0.3 0.2
[1.8]

0.02 0.6 0.4 OH No
Construction

TST-2 (Japan) 0.37 0.23
[1.5]

0.1 0.4 0.2 OH No
Construction

TS-4 (Japan) 0.5 0.4
[1.5]

0.01 0–0.4 0.4 OH No
Construction
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Table C.2.  (continued)

Experiment R (m) a (m) [κ]
Pulse
length

(s)

Bt (T)
[Bp (T)]

I
(MA)

Pheat
(MW)

Div-
ertor?

Ti(0)
(keV)

[Te (0)]

<n>

1020

m–3
τ  (s)

β 
(%)

Intermediate Spherical torus (ST)
Pegasus 0.45 0.4

[3.7]
0.08 0.15 0.4 2 No

First plasma 1999

Globus-M (Russia) 0.5 0.35
[1.6]

0.2 0.6 0.4 1 No
First plasma 1999

MAST (UK) 0.75 0.55
[2.3]

5 0.5 2 5 Yes Commissioning, first
plasma 1999

NSTX 0.86 0.68
[2]

5 0.3 1 11 Yes
First plasma 1999

Intermediate Reversed-field pinch (RFP)
MST 1.5 0.50 0.08 0.1 0.5 OH +

(2 RF)
No 0.2

(0.8)
0.3 0.006 10

RFX (Italy) 2.0 0.46 0.25 0.4 1 (2) OH No 0.3 0.5 0.002 10
TPERX (Japan) 1.7 0.45 0.10 0.2 1 OH No Commissioning in 1999
TPE-RX

Self-ordered Field-reversed configuration (FRC)
U. Washington

Magnetic dipole
LDX (MIT) 1 1 >10 [0.25] 0 Yes Construction

Notes: (1) For stellarators, a is average plasma radius <a>. Plasma parameters are maximum achieved values, not simultaneous
sets of parameters. (2) Numbers in parentheses are projected for Alcator C-Mod.

Fig. C.3.  3-D shaping of stellarator magnetic surfaces that provides flexibility to address a wide range of toroidal physics
issues.
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M-1.  STELLARATOR

Description
Stellarators are toroidal confinement devices with helical magnetic field lines similar

to those in a tokamak, but the confining poloidal magnetic field is created by currents in
non-axisymmetric coils outside the plasma, rather than by a toroidal current within the
plasma. The three-dimensional (3-D) plasma shaping in stellarators allows inherent
steady-state operation with low recirculating power and avoids damaging disruptions. The
flexibility of the externally generated poloidal field allows exploration of a wide range of
magnetic configurations with different degrees of helical excursions of the toroidal mag-
netic axis, rotation and shear in the field lines, magnetic well depth, and plasma cross
section shaping and aspect ratio, the essential building blocks of toroidal confinement
systems. In the large stellarator program outside the United States, three lines of current-
less stellarators with large-to-medium aspect ratios are being pursued. Stellarators are
second only to the related tokamaks in investment, performance, and degree of physics
understanding.

Status
The technical basis for the design, fabrication, and projected performance of stellarators is well advanced. A confinement scaling

(ISS95) based on data sets from all the world’s stellarators also fits the tokamak L-mode database.

•  Experiments. The main existing experiments are the $1B-class superconducting-coil Large Helical Device (LHD) with R = 3.9 m,
<a> = 0.65 m, B ≤ 4 T, and P ≤ 40 MW in Japan; the Wendelstein 7-X (W7-X) with R = 5.5 m, <a> = 0.52 m, B = 3 T, P = 30 MW
under construction in Germany; the Japanese Compact Helical System (CHS) with R = 1 m, <a> = 0.2 m, B ≤ 2 T, and P ≤ 2 MW;
the German W7-AS with R = 2 m, <a> = 0.18 m, B ≤ 2.5 T, and P ≤ 3 MW; and the smaller helical-axis stellarators (heliacs) in
Australia (H-1), Spain (TJ-II), and Japan (Heliotron J).

•  Theory and computational tools. The 3-D codes for calculations of magnetohydrodynamic (MHD) equilibrium and stability, mag-
netic configuration optimization, coil optimization, and divertor topology are well developed. The 3-D neoclassical transport,
including the bootstrap current, energetic orbit confinement, and ambipolar electric fields, is well understood. Stellarators are now
designed to meet a set of physics criteria by optimizing the shape of the plasma boundary, given the plasma pressure and current
profiles, and a set of coils can then be generated to produce the desired boundary shape.

•  Engineering capabilities. Computer-aided design and fabrication of complex vacuum vessels and coils is now routine as demon-
strated by the successful fabrication of W7-AS, TJ-II, LHD, and the W7-X test coil. Manufacturing and assembly accuracies of <1
part in 1000 are routinely obtained. Large superconducting coils are in use on LHD and are under construction for W7-X.

Current Research and Development (R&D)
R&D Goals and Challenges

The key issues are (1) demonstrating reduced neoclassical transport, (2) further improvement in confinement over the ISS95
scaling, (3) understanding what limits the beta in a stellarator and obtaining <β> > 5%, (4) obtaining parameters (Te, Ti, <β>, τE)
comparable to those in the mainline tokamak, and (5) developing practical particle and power handling techniques. The non-U.S.
stellarator program is addressing these issues in large-aspect-ratio systems with very low bootstrap currents. Theoretical studies have
recently identified promising concepts for “compact stellarators” that have relatively low aspect ratios and use bootstrap currents to
advantage, but which are not currently being studied experimentally. A U.S. proof-of-principle (PoP) program is proposed to attack
the stellarator R&D issues using these new configurations as a complementary part of the world stellarator program.

Related R&D Activities
Stellarators share many physics features with tokamaks, so many of the theory and modeling tools, plasma heating systems, and

results from reactor studies are useful for both. The inherently 3-D nature of stellarators allows fundamental studies relevant to a vari-
ety of 3-D plasma applications: the magnetosphere, free electron lasers, accelerator transport lattices, and nonaxisymmetric perturba-
tions to tokamaks and other toroidal confinement systems.

Recent Successes
•  W7-AS: τE up to 2.5 times ISS95 scaling, demonstration of access to the electron root of the electric field ambipolarity condition,

ion cyclotron range of frequency (ICRF) heating and plasma sustainment with no increase in density or impurities, and significant
plasma parameters of Te = 5.7 keV, Ti = 1.5 keV, ne = 3 × 1020 m–3, <β> = 1.8%, and τE = 55 ms (not simultaneously).

•  LHD: τE up to 0.17 s, 1.5 times ISS95 scaling, and quasi-steady-state operation up to 22 s with neutral beam injection (NBI) in
initial experiments.

•  CHS: <β> = 2.1% and demonstrated large parallel viscous damping in a nonsymmetric configuration, radial electric field control,
ICRF heating of the bulk plasma, and demonstration of enhanced pumping with a local magnetic island divertor.

Budget
The world stellarator program is funded at $100M–200M/year. DOE–OFES funded activities (≈$0.8M/year) on conventional

stellarators principally involve collaborations on LHD, CHS, and W7-AS.

The LHD plasma and coil configuration.
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Anticipated Contributions Relative to Metrics

Metrics
•  The W7-X-based Helias Stellarator Reactor (HSR, with R = 22–24 m and B = 5 T) study indicates that a stellarator reactor can be

built with present superconductors (NbTi) and present physics understanding. The key measures of necessary performance follow:

  Neoclassical transport much less than ISS95 scaling and losses of energetic particles ~< 5%.
  Thermal plasma confinement better than two times ISS95 scaling.
  Plasma parameters competitive with tokamaks (Ti > 10 keV, <β> > 5%, τE > 0.3 s, and nτET > 1020 keV·s·m–3).
  Bootstrap current <10% of that in a comparable tokamak at high β and low collisionality.
  True steady-state operation (~1 h) without current drive and without disruptions at <β> > 5%.
  Superconducting coils with B = 5 T and fabrication and assembly accuracies <1 part in 1000.
  Practical power and particle handling schemes that are extrapolatable to a reactor-relevant configuration.

Near Term ≤≤≤≤5 years
•  LHD will extend stellarator plasma parameters to more relevant regimes (Ti ~ 10 keV, <β> ≥ 5%, τE > 0.2 s, nτET >

1020 keV·s·m–3 with P ~ 40 MW) and study improved confinement modes, steady-state (30-min) operation with P ~ 3 MW,
simulated alpha-particle confinement, and particle control with a local island divertor.

•  W7-AS will operate through 2001 and test a W7-X-relevant magnetic island divertor, operate at full power for 3-s pulses, use par-
ticle control (with the divertor and pellet injection) to test the effect on H-mode and confinement improvement and verify the den-
sity scaling of confinement, and study control of the electric field with perpendicular neutral beam injection.

•  Helical-axis stellarators in Spain, Australia, and Japan will test the advantages of higher rotational transform, larger helical axis
excursions, and beam cross-sectional shaping of the plasma with multimegawatt plasma heating for a range of heliac
configurations.

•  Reactor studies in Germany and Japan will assess the reactor potential of the W7-X and LHD approaches.

Midterm ~20 years
•  The superconducting-coil LHD will extend operation to B = 4 T and operate with a full helical divertor in Phase II of the LHD

program starting in 2001.
•  The superconducting modular coil stellarator W7-X will begin operation in 2005–2006 and demonstrate low neoclassical transport,

low equilibrium and bootstrap currents, a practical magnetic-island-based divertor, and more reactor-relevant plasma parameters:
T > 10 keV, <β> ≥ 5%, and nτET > 1020 keV·s·m–3.

•  If results from the world stellarator programs meet expectations, a deuterium-tritium (D-T) stellarator in which a large part of the
power is produced by fusion reactions would be constructed at the end of this period to study the key reactor issues of thermal con-
finement, energetic and alpha-particle losses, MHD stability and beta limits, and steady-state particle and power handling where a
significant fraction of the heating power is from fusion-generated alpha particles.

Long Term >20 years
Depending on results from D-T stellarator operation and the status of the world fusion program, a superconducting-coil stellarator

in the demonstration reactor (DEMO) class would be constructed. If successful, this would open up an inherently steady-state
disruption-free route to a fusion power plant with good confinement and beta and low recycled power.

Proponents’ and Critics’ Claims

Proponents claim that (1) stellarators can have good performance (confinement, beta) with no disruptions in true steady-state
operation without the need for current drive or a potentially unstable bootstrap-current-dominated equilibrium; (2) decades of experi-
ence demonstrate that stellarators can be built with the desired accuracy; (3) the key issues for the viability of the stellarator approach
will be addressed in the large superconducting-coil stellarators LHD and W7-X; (4) the wide range of stellarator configurations
extends our scientific understanding of toroidal confinement; and (5) stellarators could lead to a reactor that is more reliable than an
advanced tokamak reactor and would have low recycled power.

Critics claim that (1) conventional stellarators lead to very large reactors; (2) helical coils are risky because they cannot be tested
before the whole device is completed; (3) nonplanar coils are difficult to manufacture, are costly, and lead to too high a ratio of field
on the coils to that in the plasma; and (4) stellarators have not yet demonstrated the improved confinement regimes and the particle
and power handling of tokamaks.
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M-2.  COMPACT STELLARATOR
Description

Compact stellarators, with one-half to one-third plasma aspect ratios of conventional stellarators, are nonaxisymmetric toroidal
confinement devices that have helical magnetic field lines similar to those in tokamaks and conventional stellarators, but the con-
fining poloidal magnetic field is created by both the plasma-generated internal “bootstrap” current and currents in external coils. This
additional flexibility allows exploration of magnetic configurations that could combine the low aspect ratio and good performance of
advanced tokamaks (ATs) with the disruption immunity and low recycled power of stellarators. Two new approaches are proposed:
quasi-axisymmetry (QA), which uses the bootstrap current to produce about half of the confining poloidal field and has tokamaklike
symmetry properties, and quasi-omnigeneity (QO), which approximately aligns bounce-averaged drift orbits with magnetic surfaces
and aims at a smaller bootstrap current. The edge magnetic shear can be opposite to that of the AT, stabilizing neoclassical magnetic
islands and permitting higher external kink stability limits without a nearby conducting wall. Complementing this is the quasi-helically
symmetric (QH) approach, which produces configurations with high effective rotational transform, small deviations from a magnetic
surface, and little bootstrap current. The main element of the proposed U.S. compact stellarator proof-of-principle (PoP) program is
the QA National Compact Stellarator Experiment (NCSX).
Status

The technical basis for design, fabrication, and projected performance of compact stellarators is well advanced. The stellarator
confinement scaling ISS95 also fits the tokamak L-mode data base. Experiments on low-beta high-aspect-ratio stellarators with
plasma current showed that disruptions were suppressed when the fraction of the rotational transform generated externally exceeded
20%. Control (and even reversal) of the bootstrap current and its agreement with theory have been demonstrated.

•  The Helically Symmetric Experiment (HSX, with R = 1.2 m, <a> = 0.15 m, B ≤ 1.3 T, and P = 0.2 MW) at the University of
Wisconsin will begin operation in May 1999. It will be the world’s first quasi-symmetric (QH) stellarator.

•  The Compact Auburn Torsatron (CAT, with R = 0.5 m, and <a> = 0.1 m) at Auburn University studies field errors, plasma flow,
and ion cyclotron range of frequency (ICRF) heating. It is being upgraded to B = 0.5 T, P = 0.2 MW, and 25-kA ohmic current in
order to study kink stability.

•  Theory and computational tools. The shape of the last closed flux surface determines the magnetic configuration properties. It is
used to design the coils that create optimized configurations. Three-dimensional (3-D) codes for calculations of magnetohydro-
dynamic (MHD) equilibrium and stability, configuration and coil optimization, and divertor geometry are well developed. Neo-
classical transport, the bootstrap current, energetic orbit confinement, and ambipolar electric fields are well understood.

•  Engineering capabilities. Computer-aided design and fabrication of accurate, complex vacuum vessels and coils are now routine.
•  Concept design. The NCSX PoP facility is being designed based on a QA plasma configuration with an outer boundary shaped to

satisfy physics goals: stability to ballooning and kink modes at <β> = 4% without a conducting wall, >50% of the poloidal field
from external coils, and profiles consistent with the bootstrap current. Scoping studies for a QO concept exploration experiment
with higher rotational transform are focusing on optimizing energetic particle confinement and β.

Current Research and Development (R&D)
R&D Goals and Challenges

The key issues for compact stellarator configurations are (1) demonstrating improved neoclassical transport, (2) improving con-
finement over the ISS95 scaling, (3) understanding what determines the limiting beta and obtaining <β> ≥ 5%, (4) demonstrating
disruption-free operation at high beta, and (5) developing practical particle and power handling approaches.
Related R&D Activities

Compact stellarators combine stellarator and AT features in the same device and thus share many physics features with stellara-
tors and tokamaks. Many of the physics results, theory and modeling tools, plasma heating systems, and reactor studies are useful to
all three approaches. The U.S. compact stellarator program complements the large world stellarator program in which large-to-
medium aspect ratio and low bootstrap current are emphasized. The inherently 3-D nature of compact stellarators allows fundamental
studies relevant to a variety of 3-D plasma applications.
Recent Successes
•  Configuration optimization codes now generate plasma configurations with specified physics properties such as drift surface

alignment with magnetic surfaces, magnetic symmetry, plasma current profile, total current, rotational transform profile, magnetic
well, plasma aspect ratio, magnetic field ripple, outer surface curvature, and ballooning and kink stability limits.

•  Coil optimization codes now include desired engineering properties such as coil type (nonplanar, saddle, or helical); distance
between the last closed flux surface and the coil winding surface; and degree of harmonic content in the coils.

•  QA and QO configurations have been found that should be free of disruptions with good neoclassical confinement, attractive beta
limits, and practical modular coils that can take advantage of existing toroidal facilities to minimize cost.

Budget
DOE–OFES: FY 1998 = $5.9M; and FY 1999 = $8.3M. The total PoP program budget [covering HSX, CAT, theory,

international collaboration, and the proposed NCSX and quasi-omnigeneity symmetry (QOS) experiments] for FY 2000 is $15.7M,
increasing to $30M/year in later years. The largest part ($20M/year) of this is for the NCSX program. The proposed Compact
Stellarator PoP program was reviewed favorably by a DOE review panel for PoP programs, and FESAC recommended funding to
maintain the program momentum.
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Anticipated Contributions Relative to Metrics
Metrics
•  The 1994 Stellarator Power Plant Study indicated that a modular stellarator with R = 14 m and B = 5 T would be competitive with

the second-stability Advanced Reactor Innovation and Evaluation Studies (ARIES)-IV tokamak reactor for the same costing and
materials assumptions if <β> = 5% and τE ≥ 2 times τE (ISS95). Compact stellarators offer the possibility of reducing R by a factor
~2 and higher (more economical) wall loading. Measures of the required performance follow:

  Neoclassical transport much less than ISS95 scaling and losses of energetic particles ~< 10%.
  Thermal plasma confinement better than two times the ISS95 scaling.
  Plasma parameters competitive with tokamaks (Ti > 10 keV, <β> > 5%, τE > 0.3 s, and nτEΤ > 1020 keV⋅s⋅m–3).
  Compatibility of the bootstrap current (and its control) with operation at high β and low collisionality.
  Immunity to disruptions with a large bootstrap current contribution to the rotational transform in true steady-state operation.
  Superconducting coils with B = 5 T and fabrication and assembly accuracies <1 part in 1000.
  Practical steady-state power and particle handling schemes that can be extrapolated to a reactor-relevant configuration.
  Reactor designs with good plasma-coil spacing ∆(R/∆ < 4) and coil utilization (Bmax/B0) < 3.

Near Term ≤≤≤≤5 years
•  A coordinated U.S. PoP program is proposed to attack key issues in combination with the world program.
•  Two complementary compact stellarators will be built and start operation in 2003–2005: NCSX, a QA PoP experiment, and QOS,

a concept-exploration-level experiment—the new elements in the U.S. compact stellarator PoP program.
•  HSX will explore the QH approach with coils that allow the degree of symmetry, neoclassical transport, magnetic well depth, sta-

bility, rotational transform, and parallel viscosity to be varied. HSX will (1) demonstrate the reduction in particle drifts from flux
surface due to large effective rotational transform; (2) test reduction of neoclassical electron thermal conductivity and direct orbit
losses; (3) demonstrate whether reduction of parallel viscosity in symmetry direction decreases the momentum damping rate; and
(4) explore whether large E × B shear can be obtained due to quasi-symmetry or the ambipolarity constraint.

•  CAT-upgrade will investigate the disruptivity of current-carrying helical plasmas over a wide range of rotational transform profiles
and test different ICRF heating scenarios for application to other stellarators.

•  Scoping and ARIES studies will assess the reactor potential of compact stellarators and help define the critical issues.
•  The Large Helical Device (LHD) will study improved confinement modes, steady-state operation, and particle control with a local

island divertor.
•  The German Wendelstein 7-AS (W7-AS) will test a compact-stellarator-relevant island divertor, study H-mode and confinement

improvement, study operation with a net plasma current and control of the electric field with perpendicular neutral beam injection.
Midterm ~20 years
•  The NCSX PoP facility (R = 1.5 m, <a> = 0.45 m, B = 1–2 T, and P = 6–12 MW) will explore the QA optimization approach and

address key compact stellarator issues: (1) operation at high β with bootstrap currents and external transform without disruptions;
(2) understanding of β limits and the limiting mechanisms; (3) reduction of neoclassical transport to a low level by proper configu-
ration design; (4) control of turbulent transport (e.g., by flow shear), leading to enhanced global confinement; and (5) suppression
of neoclassical islands and tearing modes by bootstrap current and stellarator magnetic shear.

•  The QOS concept-exploration device (R ≤ 1 m, <a> < 0.28 m, B = 1–2 T, and P ≤ 4 MW) would test reduction of (1) neoclassical
transport via nonsymmetric QO and the effect of electric fields on confinement; (2) energetic orbit losses in nonsymmetric low-
aspect-ratio stellarators; (3) the bootstrap current, its control, and the configuration dependence on β; and (4) anomalous transport
by methods such as sheared E × B flow, and understand flow damping in nonsymmetric configurations.

•  W7-X will extend our understanding of reduction of neoclassical and anomalous transport, reduction of equilibrium and bootstrap
currents, scaling of beta limits, and optimization of island-based divertors for steady-state particle and power handling.

Long Term >20 years
•  If results from the total U.S. stellarator PoP, LHD, and W7-X programs meet expectations, a proof-of-performance

superconducting-coil and/or D-T Compact Stellarator could be used to study key issues of confinement, MHD stability, particle
and power handling, and possibly D-T physics at Τ  > 10 keV, <β> > 5%, and nτET > 1020 keV⋅s⋅m–3 with P > 30 MW and
B > 3 T.

•  If results from the above experiments prove favorable, then the next step would be a Compact Stellarator Experimental Test
Reactor.

Proponents’ and Critics’ Claims
Proponents claim that compact stellarators could combine the low aspect ratio and good performance of tokamaks (confinement,

beta) with the disruption immunity and low recycled power of stellarators. Compact stellarator configurations, stellarator-tokamak
hybrids, that use the bootstrap current and quasi-symmetry or QO, would extend our scientific understanding of toroidal confinement
and could lead to a reactor that is economically competitive with, but more reliable than, the AT.

Critics claim that (1) nonplanar stellarator coils are difficult to manufacture, are costly, and lead to a higher ratio of field on the
coils to that in the plasma, so the beta limit needs to be higher to be more attractive than in tokamaks; and (2) stellarators have not yet
demonstrated the improved confinement regimes and the particle and power handling of tokamaks.
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M-3.  TOKAMAK

Description
The tokamak is an axisymmetric toroidal magnetic configuration that combines a strong toroidal magnetic field with toroidal

plasma current to produce a helical field, having a safety factor >1 at the edge of the plasma. Within this definition, there is consider-
able freedom in further specifying the configuration, its properties, and ultimately, its potential as a fusion power system. Because of
its demonstrated superiority in confining plasmas at high pressure and temperature, the tokamak has played the dominant role in the
remarkable progress over the last three decades in the quest to understand and harness fusion energy.

Status
Recent progress in worldwide tokamak fusion research includes groundbreaking physics experiments with deuterium-tritium

 (D-T) plasmas, which have produced substantial fusion power, to study confinement of energetic fusion alpha particles and energy
transfer from them to the thermal plasma; developing fundamental understanding and demonstrating the suppression of turbulence-
driven energy transport; producing plasmas with significant self-generated bootstrap plasma currents, a key step on the route to energy
efficient steady-state operation; and demonstrating practical methods to disperse plasma power exhaust and control particle exhaust, a
synergy between plasma and atomic physics. These advances have validated tokamak power plant concepts, generated a new research
strategy (the advanced tokamak program), stimulated further innovation, and broadened the fusion science base.

The tokamak is ready to progress to the next crucial step in the development of fusion, the study of the nuclear self-heating
regime (Q > 10). Tokamaks capable of achieving this goal have been designed and proposed. They span a range of sizes and magnetic
fields, from the compact high-field copper coil of the Compact Ignition Tokamak (CIT), Ignitor, and Burning Plasma Experimental
Reactor (BPX) class, up to the full-size International Thermonuclear Experimental Reactor (ITER) as embodied in the engineering
design activity (EDA), which seeks to combine the goal of studying ignited plasmas with a comprehensive technology development
mission. Recent international activity is focusing on a reduced-scale (and cost) superconducting reactor, which might incorporate
some of the advanced features being developed in the research and development (R&D) programs; domestically, refinements of the
high-field burning plasma tokamak options are being pursued.

Power plant system studies show the possibility of a tokamak power plant with competitive cost of electricity, steady-state opera-
tion, maintainability, low-level waste, and public and worker safety. Examples include the American Advanced Reactor Innovation
and Evaluation Studies (ARIES)-RS and Japanese SSTR studies.

Current Research and Development
Crucial tokamak issues are pursued in a vigorous, worldwide tokamak program of experiments, fundamental theory, and theory-

based simulations. Cross-field plasma transport in toroidal devices has been dominated by the almost universal presence of turbulence;
indeed, the electromagnetic interaction has made the plasma medium ideal for studies of turbulence, allowing detailed diagnosis and
even control. The discovery of high confinement operating regimes in the tokamak has revolutionized expectations for plasma per-
formance. Transport barriers (influenced by magnetic shear and momentum input), regions of reduced low turbulence, and therefore
slow diffusion, have been discovered, with H-Mode edge and pellet-enhanced performance (PEP) mode and supershot core barriers
being long-standing examples. A unifying interpretation, based on the paradigm that sheared plasma flow decorrelates and stabilizes
the important turbulent modes, has shown a remarkable and robust ability to explain the observations. Many aspects of tokamak trans-
port physics are generic to all magnetic confinement; tokamaks have the simplicity of configuration, long pulse length, low collision-
ality plasmas, and the detailed diagnostics needed to study them and obtain improved confinement for fusion.

Maximizing the fusion power density by increasing the plasma pressure is crucial for a reactor. A major program is devoted to
understanding beta limits and increasing plasma stability, through current, pressure, and rotation profile control. Many aspects of
tokamak magnetohydrodynamic (MHD) stability are well understood theoretically, and a good capability to predict global limits in
standard confinement regimes has been developed. A critical area of intensive research is that of the sudden disruption of plasma cur-
rent due to MHD instabilities. There are engineering consequences of disruptions for the design of burning plasma tokamak experi-
ments and ultimately power plants. Experiments on mitigation and avoidance, coupled with the development of a fundamental under-
standing of the physics mechanisms, have significant priority. The important effects of nonideal MHD behavior on stability is another
area of active research.

To minimize recirculating power in a reactor, maximum use must be made of the bootstrap-driven current, a major thrust of the
advanced tokamak program. To increase stability, localized plasma current can be driven by ion cyclotron range of frequencies
(ICRF), lower hybrid, electron cyclotron, and mode conversion techniques. Wave–plasma interactions may also prove to be key in
controlling transport in a burning plasma. The radio frequency (rf) approaches have been proposed to control plasma rotation and thus
transport barrier evolution.

The temperature and density just inside the edge transport barrier are governed by plasma stability and transport and have a pro-
found influence over core confinement and therefore over accessibility of self-heating and ignition. Determining the dependence of
these pedestal characteristics on other plasma parameters will allow more reliable understanding of fusion ignition requirements, more
detailed comparisons to stability predictions and better general understanding of high-confinement physics. In most current tokamaks,
heat and particle outflux are handled with a poloidal divertor configuration, in which the plasma edge is diverted magnetically into a
chamber for helium ash removal and control of plasma-wall interactions by atomic processes. Divertor experiments need to establish a
practical and preferably fundamental basis for predicting cross-field energy and particle transport in the scrape-off layer.

Budget
For FY 1999, the Office of Fusion Energy Sciences (OFES) support in the tokamak science area, including international collabo-

rations and Small Business Innovation Research (SBIR)/STTR grants, is $49.1M; in addition, $38.9M supports major facility
operations.
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Anticipated Contributions Relative to Metrics

Metrics

Parameters nττττ nττττT <pressure> Q Pulse length Pfusion Pin/Splasma

Achieved 1.4 × 1020 s/m3 1.5 × 1021 s-keV/m3 1.6 × 105 Pa ~1 102 s 2 × 107 W 0.5 MW/m2

Reactor 2 × 1020 s/m3 2 × 1021 s-keV/m3 5 × 105 Pa >20 >104 s 109 W ~1 MW/m2

   Note: not all parameters achieved simultaneously.

Near Term ~5 years
The world program is technically ready to move to the next step in fusion development, the construction of a tokamak to produce

and study burning plasma with dominant nuclear self-heating. This step can start within the next 5 years. Europe, Japan, and the
Russian Federation are continuing the ITER EDA, now focused on a reduced-cost, reduced technical objectives version of ITER.
When and if a firm commitment is made by the ITER parties for construction and a site is selected, the United States could request the
opportunity to rejoin as a research partner. If, on the other hand, ITER does not go forward, other approaches to addressing burning
plasma physics issues, most likely on an international basis, could be pursued. In parallel, the tokamak program is moving aggres-
sively to develop solutions to the challenges that must be met for subsequent steps, including disruption control, long-pulse/steady-
state operation, current, particle and momentum profile control, active control of MHD instabilities, and advanced divertor dissipation
of ultra-high heat flux.

Midterm ~20 years
The construction of ITER would occur over the next 10 years, and its operation period could be 10 to 20 years. If ITER is not

constructed, then burning plasma science could be studied on a next-generation tokamak, and an advanced integrated experimental
reactor could be designed and construction begun by about 2015. Assuming continued success of the tokamak, which is likely with
advanced control features and enhanced performance, this device will incorporate reactor prototypical features (superconducting mag-
nets, including the possibility of high-field/high-temperature technology, steady-state operation), which will be close to a demonstra-
tion reactor. Even if some alternate to the tokamak is chosen for this device, the knowledge gained from the burning plasma tokamak
experiment is a required prerequisite for moving forward in the development of magnetic fusion energy on this time scale.

Long Term >20 years
We can anticipate that the operation of the Advanced Integrated Experimental Reactor could commence as early as 2025, to be

followed by the demonstration of a commercial reactor prototype by the middle of the century.

Proponents’ and Critics’ Claims
Proponents think that the world MFE program is ready to move forward to a burning plasma experiment; the tokamak is the vehi-

cle with which to do so. Compared to its nearest fusion competitor (the stellarator), the tokamak has demonstrated 100 times larger
ntE Ti, 30 times higher plasma pressure, >40 times higher first-wall neutron load, and >10 times higher duty cycle. With advanced
confinement, current drive and MHD features, the tokamak has the promise to be an economically viable, environmentally attractive
fusion power producer.

Critics note that major disruptions are unacceptable for a power plant. Low recirculating power solutions must be demonstrated
for steady-state current maintenance.
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M-4.  ADVANCED TOKAMAK
Description

Advanced tokamak (AT) research seeks to determine the ultimate potential of the tokamak as a magnetic confinement system by
pursuing innovation and optimization and by raising the upper limits to performance. The technical gains have the potential to reduce
the cost of fusion development steps and power plants. The physics base built using the tokamak is sufficiently well developed to
define theoretically the expected ultimate potential of the tokamak.

•      Stability   . Theory experiments have established a beta limit given by βN (= βT/(I/aB) ~ 3 for free boundary equilibria with standard
tokamak profiles and no wall stabilization. With optimized current and pressure profiles and assuming wall stabilization of low-
order kink modes, stability calculations show a capability of βN < 6 in the conventional aspect ratio range.

•      Confinement  . The theoretical minimum in cross-field transport is the rate set by charged particle collisions, neoclassical transport.
Turbulence in the plasma raises the transport above the neoclassical level. It now appears possible to attain the theoretical mini-
mum transport level in the ion transport by suppression of turbulence by sheared E × B flows in the plasma.

•      Steady state   . The theoretically predicted and experimentally confirmed bootstrap effect is the basis for steady-state operation of a
tokamak. In principle, all the plasma current can be self-generated by the bootstrap effect. Methods of noninductive current drive
are well developed. With research on noninductive startup, the AT thrust seeks to define fully transformerless operation.

•      Power and particle control  . The high beta states sought in the AT thrust lead to high power density systems that call for advanced
methods to exhaust power, fuel, and ash without impairing the advanced core plasma performance. The leading candidate
approach is the divertor in which the edge plasma is guided into a separate (divertor) chamber for power and particle exhaust.

Status
The advanced state of scientific maturity of plasma measurements and available theory for comparison on tokamaks has enabled

the AT thrust. Current effort is on improved plasma control methods and hardware.

•      Stability   . Target stability levels have been produced transiently. Wall stabilization has a physics basis in the reversed-field-pinch
(RFP) and spheromak; preliminary investigations in the tokamak have begun.

•      Confinement  . The discovery and physics principle of turbulence suppression by sheared E × B flow (generating a transport barrier)
has been shown to be active in a variety of magnetic confinement devices: tokamaks, stellarators, mirrors, and perhaps even the
RFP. Plasmas have been made with a transport barrier across most of the discharge, resulting in neoclassical ion transport rates and
almost no detected turbulence in the ion gyroradius wavelength range across the plasma. Transport barriers in the electron channel
have been seen, but reductions in transport have been less than for the ions. Improved confinement, gauged by a multiplier over
nominal confinement, has been produced transiently.

•      Steady state   . Current and pressure profiles consistent with such operation and stability and transport barriers have been calculated.
Methods of noninductive current drive are well developed. Bootstrap fractions up to 80% have been measured.

•      Power and particle control  . From experimental work and modeling, it appears possible to push toward states in which the plasma
nearly completely recombines before the hot plasma can touch the material wall.

Current Research and Development (R&D)
R&D Goals and Challenges
•      Stability   . Two paths appear possible to realize the optimized current and pressure profiles and wall stabilization. Current profiles

that have a magnetic shear reversal [negative central shear (NCS)] put a current peak closer to the wall for wall stabilization. The
high internal inductance (li) path seeks to move the current as far away from the edge as possible to allow operation at perhaps
βN ~ 4 without wall stabilization. Wall stabilization is sought by maintaining plasma rotation and by feedback control of low-order
kink modes. Neoclassical tearing modes must be dealt with in positive shear regions.

•      Confinement  . R&D seeks to expand the radius of transport barriers to raise the overall confinement and to sustain them in steady
state. Progress in the electron transport channel is sought.

•      Steady state   . Off-axis current drive is needed for the NCS scenario. Sawtooth stabilization or axial safety factor control is needed
for the high li  scenario.

•      Power and particle control  . Further work is needed on recombining plasmas, the use of impurity ions on plasma edge to radiate
power, and the use of the parallel flow of impurities to store ions in the divertor region and radiate power.

Related R&D Activities
AT issues are being pursued in all the major tokamaks in the world. Worldwide, the DIII-D tokamak pioneered and defined the

AT research thrust. DIII-D is seeking to develop the reversed shear (RS) scenario at high beta and at low magnetic field using
110-GHz electron cyclotron current drive and a divertor for highly triangular plasmas. The Alcator C-mod tokamak, which operates at
high magnetic field and density, is pursuing AT scenarios using lower hybrid wave current drive. The required AT performance levels
have been attained transiently (see Fig. 1) and need to be extended to steady state.
Recent Successes

Recent advances in the AT performance gauge, the product of βN and the H-factor, from the DIII-D tokamak are shown in Fig. 1.
The JT-60U tokamak has reported the world record QDT equivalent = 1.25 using an AT mode.

Budget
See M-3.
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Anticipated Contributions Relative to Metrics
Metrics

Metrics have been quantitatively and qualitatively derived from predictive theory. Overall, the main metric will be the degree to
which theoretical expectations can be achieved. The stability targets are calculated by accurate codes; a numerical target is to push βN
up toward 6, which requires wall stabilization. Attainment of ion transport near, at, or even below the neoclassical minimum has been
shown in many tokamaks. Transport barriers in the electron channel have been seen, but it is probably not possible to reduce electron
transport to its very small neoclassical minimum. A reasonable metric would be electron transport rates as low as ion neoclassical,
which will suffice for future tokamak power systems. Achieving full self-generated current is the correct goal for steady state; but for
control purposes, it will probably be desirable to drive some of the plasma current with external systems. Power and particle control
progress can be gaged by the fraction of recombination and the fraction of radiated power that can be produced in the plasma mantle
and divertor.
Near Term ≤≤≤≤5 years

In 5 years, it should be possible to sufficiently flesh out the ultimate potential of the tokamak to enable future tokamak designs to
be based on AT approaches. The two tokamaks in the United States, DIII-D and Alcator C-mod, will carry out the bulk of this
research if they are able to complete their necessary plasma control upgrades [ECCD and divertor on DIII-D, lower hybrid current
drive (LHCD) and core diagnostics on Alcator C-mod]. Programs are in place to implement the required current profile control and
divertor systems. A feedback system for wall stabilization is being implemented on DIII-D. While great progress is being made in
transport barrier physics, transport barrier control methods are only just emerging. The JT-60U tokamak is working to extend AT
modes to very long duration. The Joint European Torus (JET) tokamak expects to produce a record fusion power output using the
“optimized shear” mode in its next D-T campaign.
Midterm ~20 years

A number of future devices that can take advantage of the AT physics can be demonstrated in the near term. The superconducting
tokamaks KSTAR in Korea and HT-7U in China will take AT physics into very long pulse demonstrations. The JT-60SU supercon-
ducting tokamak in Japan predicates its D-T phase on AT operating modes. The reduced-cost (RC) ITER design has moved to the
kinds of plasma shapes optimal for AT performance. RC-ITER will be a good development facility for the AT approach and may
recover full ITER performance levels through AT operation. Compact, pulsed ignition experiments might be able to achieve high
thermonuclear performance at lower machine parameters (7 MA and 7 T instead of 11 MA and 11 T) and for longer pulse lengths. We
also note that the basic AT physics approaches (high βN through hollow current profiles and wall stabilization, transport barriers
through radial E-fields, high bootstrap fractions, and radiative mantles) are important elements of the spherical torus approach. The
wall stabilization techniques developed in the AT program will be necessary in future long pulse spheromaks, and RFP and possibly in
the field-reversed configuration (FRC). Suppression of turbulence by sheared ExB flow can be expected to appear in any device domi-
nated by electrostatic turbulence.
Long Term >20 years

From the AT work done to date, the physics potential of the tokamak appears to exceed what is necessary to define a minimum-
sized power plant based on technology limitations alone (stress levels on magnets, neutron fluxes at the blanket). For the super-
conducting tokamak, the minimum size is set by inboard radial build constraints to be over 5-m major radius. Using elements of AT
physics at low aspect ratio, spherical tokamak (ST) pilot plants in the 1.5-m major radius range and power plants in the 3- to 4-m
major radius range might be possible.

Proponents’ and Critics’ Claims
Proponents stress that “What is the ultimate potential of the tokamak configuration?” is the kind of basic scientific question the

fusion science program should address (and for all configurations to be brought forward). Critics cite the uncertainty in achieving the
AT objectives and the undesirability of delays in committing to construction of new devices while waiting for AT results. Proponents
argue that higher performance and less costly devices may be built once the ultimate potential of the tokamak is known.

Recent Progress
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Fig. 1.  Tokamak performance levels.
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M-5.  ELECTRIC TOKAMAK

Description
The electric tokamak (ET) differs from the advanced tokamak (AT) because it proposes to use the electric shear-flow stability not

for improving confinement but for reaching deep second stability as its principal regime of operation. The goal is to approach unity
beta in the plasma core at a high aspect ratio (A ~ 5). Strong radio frequency (rf) driven fast ion loss will be used for stability control.
Because of the resulting rapid poloidal rotation, the usual thermal ion bananas do not have a chance to develop. In fact, the thermal ion
drift surfaces become “omnigenous” for the ions, that is, locked to the magnetic surfaces. This is referred to as “electric omnigeneity,”
which is in effect when Vpoloidal > εvti. The resulting orbit level ion control should result in a low level of turbulence and in
“classical” not just neoclassical ion confinement. Present-day tokamaks can only achieve neoclassical ion confinement. In addition
to removing the ion bananas electrically, researchers will try to remove the electron bananas through developing magnetic omnigene-
ity in a deep magnetic well, where the mod-B surfaces tend to align themselves with the magnetic surfaces. In this high-pressure limit,
expectations are that CLASSICAL electron thermal confinement can be approached as well. ET is now producing discharge cleaning
type plasmas and 100-kA reversed-field-pinch (RFP) currents at only 70-gauss toroidal fields. Tokamak operation is expected to start
in the summer of 1999. The initial physics research needed will be conducted in an R = 5 m, a = 1 m, b = 1.5 m torus at 0.25-T mag-
netic fields. If the physics exploration phase bears fruit the next 2 years, then a proof-of-principle experiment could be conducted in
the same device, at 1 T, with minor upgrades. At 1-T fields, ignition-grade hydrogen plasma could be confined with the required
Lawson parameters. This strictly requires near unity beta and near classical ion confinement. The electron channel can still remain
below neoclassical.

Status
•  The chamber is completed, and toroidal field coils will be completed by May 1999 at University of California–Los Angeles (UCLA).
•  Conventional tokamak operation is scheduled to begin in the summer of 1999.

Current Research & Development (R&D)

R&D Goals and Challenges
Ion cyclotron range of frequency (ICRF) control for current drive, heat, and rotation control involves the development of codes

and hardware. The code development is approached through a connection to numeric tokamak programs in the United States. The
challenge will be to provide high-grade rf heating to the ET plasma.

Related R&D Activities
A low-cost chamber, magnet, and rf system development has been undertaken, so university-size resources can be used for fabri-

cation of an International Thermonuclear Experimental Reactor (ITER) sized tokamak at low magnetic fields.

Recent Successes
Fabrication and checkout of the chamber and magnet systems has been more successful than anticipated. This can be attributed to

the wide use of in situ chamber fabrication using computer-guided plasma torches and to the low magnetic field stress environment of
this high-beta tokamak. The rf input is tested in one port, and 100-kA type RFPs have been produced for low-cost pulsed discharge
cleaning.

Budget
$1.5 M/year or more is needed for the physics test.
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Anticipated Contributions Relative to Metrics

Metrics
•  High beta stability and control code development using low-cost parallel computing.
•  Removal of the density limit in the tokamak using ET’s high field heat input (MARFE control).
•  Electron physics understanding using omnigenous magnetic surfaces (this is the only option).
•  Development of techniques for reducing the cost of the tokamak reactor.

Near Term ≤≤≤≤5 years
Demonstration of reaching classical confinement and unity beta in a large torus with a minimum of 1-s energy confinement at

T(0) = 5 kV, n(0) = 5 × 1013/cm3.

Midterm ~20 years
Ignition and burn could be demonstrated using long pulses in an ITER-like chamber at near unity beta and at 2-T magnetic fields,

using low-cost magnets. This requires a new facility with deuterium-tritium.

Long Term >20 years
With higher cost magnets, operated at 5 T, advanced fuels could be burned, if near unity beta and near classical confinement

could be maintained. This would reduce “nuclear” costs.

Proponents’ and Critics’ Claims

Proponents note that classical confinement for ions and near unity beta in the core can be reached through active plasma control,
requiring rapid poloidal rotation of the ions. Present-day tokamaks tend to be limited to slow poloidal rotation. Then we will be able to
study the stability properties of magnetic wells at high aspect ratio.

Critics claim that there is not solid theoretical evidence that strong poloidal rotation will stabilize ideal MHD modes at near-unity
beta. Critics also say that the power requirements for the proposed level of plasma rotation may result in a very high (likely greater
than unity) power recirculation fraction in a reactor. But here the critics refer to their own reactor that they know so well.
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M-6.  SPHERICAL TORUS
Description
•  The aspect ratio (A = R0/a) of the spherical torus (ST) plasma approaches unity (1.1−1.6 typically)

compared to A = 2.5−5.0 so far for the tokamak and advanced tokamak (AT). As a result, the ST
uses a modest applied toroidal field (TF) and has large Ip/aB and Ip/Itfc values.

•  Its magnetic surfaces combine a short field line of bad curvature and high pitch angle (relative to
the horizontal plane) toward the outboard plasma edge with a long field line of good curvature and
low pitch angle toward the inboard plasma edge. The dominance of good field line curvature leads
to magnetohydrodynamic (MHD) stability at high plasma pressure, giving the potential for order-
unity average toroidal and central plasma betas (β = 2µ0p/B2). High beta and the magnetic config-
uration combine to widen the parameter domain for magnetic fusion plasmas, the investigation of
which will strengthen the scientific basis for attractive magnetic fusion energy (MFE) and other
applications.

•  The wider domain promises high-performance fusion plasmas possessing large trapped particle
fraction (up to 90% near edge), Pfirsch-Schlüter current (~Ip), and toward the outboard, a mag-
netic well (~30%) with nearly omnigenous particle trajectories, dielectric constant ~ω ωpe ce2 2 1>>( ) , normalized gyroradius
(ρ* = ρ/a ~ 0.03−0.01), supra-Alfvén fast ions (vfast > vA), gradient-driven flow shearing rate (~106 s–1), magnetic mirror ratio
(~4), and flux tube expansion (≥10) in the naturally diverted (ND) outboard scrape-off layer (SOL) of inboard limited plasmas.

•  The ST configuration also requires certain features in engineering and technology to maximize the potential ST benefits. These
include single-turn demountable, normal-conducting toroidal field coil (TFC) center leg and vertical replacement and assembly
of fusion core components in toroidally symmetric sections, anticipated to simplify remote maintenance.

Status
•  The small concept exploration experiments (R0 ≤ 35 cm), Small Tight Aspect Ratio Tokamak (START) in the United Kingdom,

the Helicity Injected Tokamak (HIT) at the University of Washington, and the Current Drive Experiment-Upgrade (CDX-U) at
Princeton Plasma Physics Laboratory (PPPL) have recently produced very encouraging results. These include average toroidal
betas up to 40%, central local betas ~100%, H-mode confinement, a large range in operating density (≤2 × 1020 m–3) and q (1−30),
a small and nearly symmetric halo current (~5% of Ip) during plasma disruptions, and helicity injection startup of Ip (up to
200 kA).

•   New or upgraded ST experiments include the National Spherical Torus Experiment (NSTX) at PPPL with R0 ~ 0.8 m, Ip ~
1−2 MA; and smaller experiments Pegasus (University of Wisconsin), HIT-II (University of Washington), CDX-U (PPPL), to
explore ST physics boundaries in extreme low A, noninductive startup, and radio frequency (rf).

•  NSTX is a national proof-of-principle (PoP) research facility at PPPL. Construction is expected to be completed in April 1999.

Current Research and Development (R&D)
R&D Goals and Challenges
•  The NSTX R&D goals are to investigate noninductive startup and maintenance of plasma current to eliminate the central induction

solenoid; efficient plasma heating and current drive; turbulence suppression to improve confinement; stability at high toroidal
average beta (up to 45%) with large well-aligned pressure-gradient-driven (thermoelectric) current (up to 80−90% of Ip); and
dispersion of plasma exhausts over large wall and tile areas.

•  The NSTX with other ST experiments aim to establish a database in 4–5 years for a performance extension ST device, which in
turn aims to produce a database for an energy development ST device (see Metrics).

Related R&D Activities
•  Foreign ST experiments, such as the Mega-Amp Spherical Tokamak (MAST) in the United Kingdom; Globus-M (Russian

Federation); TS-3&4, TST-M, and HIST (Japan); and ETE (Brazil) are complementary to the domestic ST experiments in goals
and capabilities (e.g., MAST has poloidal field coils inside a large chamber and no stabilizing shell near the plasma).

•  Advanced computational simulation is needed to account for the strongly toroidal ST geometry and physics features.
•  Enabling technologies are of particular importance to ST due to the anticipated high power densities in its small size.
•  Power plant conceptual studies identify innovative approaches for near-term R&D to maximize the ST advantage.
Recent Successes
•  ST experimental results are very encouraging; several new ST experiments are approaching completion (see Status).
•  Under recent Small Business Innovation Research (SBIR) funding, feasible design concepts were developed for ST-based volu-

metric neutron source (VNS) and ST-driven transmutation power plants to burn fission actinides, requiring only ST plasmas of
modest-Q in the first-stability regime.

•  Feasible ST reactor plasma operation scenarios, assuming the advanced physics regime, and simplified maintenance concepts were
developed by the Advanced Reactor Innovation and Evaluation Studies (ARIES) group, the United States, and the United King-
dom Atomic Energy Authority (UKAEA) Culham Fusion, United Kingdom.

Budget
For NSTX in FY 1999, PPPL receives $5.5M to complete the project, $3.5M to prepare neutral beam injection (NBI), $0.9M for

a laser scattering system, and $7.9M to operate the national facility; scientists from PPPL and 13 collaborating institutions receive
$5.4M and $2.8M, respectively, to begin research. Collaborators’ research funding for FY 2000 will hopefully grow toward $5M.

ST plasma magnetic
configuration with A ~ 1.25,
elongation κκκκ = 2, and edge

safety factor q = 12.
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Anticipated Contributions Relative to Metrics
Metrics

R&D targets and opportunities estimated for the ST-based VNS (R0 ~ 1.1 m) and power plant (R0 ~ 3 m):

Energy metrics VNS Power Physics metrics VNS Power
TF center leg material DS-Cua DS-Cua Full noninductive Ip ramp up Yes Yes
Q-engineering ~0 ~4−6 Thermoelectric current fraction ~0.5 ~0.9
Accessibility Ampleb Ampleb Maximum β limit (%)/required β (%) 50/25 75/60
Maintenance approach Easedc Easedc Required Hf  (ITER98-H) ~1 ~2
Environment and safety d d Plasma power/wall area (MW/m2) ~1 ~1.6
Development path Power and particle handling ND DNh

Modularity e e Plasma/applied magnetic energy ~0.1 ~0.1
Commonality of physics f f B at R0/B at TF coil ~0.25 ~0.25

Unit capital cost ($B) ~1 ~3 Uncontrolled shutdown frequency →0 →0
Cost of electricity (mills/kW-h) ~70 Neutron wall loading (MW/m2) ~1 ~5
Near-term nonelectric applications g

aDispersion-strengthened copper, which is estimated to be adequate for the VNS and could be improved for the reactor.
bThe modest TF permits ample space between the TF return legs for access to the fusion plasma and core.
cDemountable center leg for the TF coil and compact fusion core enable vertical access to axisymmetric core components.
dEnvironment and safety issues, such as due to the juxtaposition of actively cooled normal, current-carrying conductors and high-

performance power handling and conversion components, need to be investigated and resolved in the ST VNS.
eST offers a modular low-cost path beyond NSTX: the deuterium-tritium spherical torus (DTST) for performance extension (R0 ~

1.1 m), VNS for energy development (R0 ~ 1.1 m, Qeng = 0), pilot plant (R0 ~ 1.4 m, Qeng ~ 1), and power demonstration plant (R0 ~
3 m, Qeng ~ 4−6).

fThe electron cyclotron wave effects on the ST plasma outboard resemble rf wave experimentation of the earth ionosphere.
gSuccess of ST VNS could enable viable nearer-term nonelectricity applications such as source for neutron science, transmutation

of nuclear waste, and production of tritium and isotopes for fusion, industrial, and medical uses. The fusion physics and technology met-
rics for such applications are significantly less than those required for fusion power.

hDouble-null (DN) divertors may be needed to ensure advanced physics regime operation assumed in an ST power plant.

    Near Term ~5 years
•  NSTX and MAST research programs plan to verify the physics metrics for the first-stability regime for DTST and VNS, which do

not require active profile and mode control. The programs further plan to clarify the physics metrics for the advanced physics
regime for a power plant, which requires detailed control and optimization of ST plasma properties.

•  Design studies for the DTST and the ST VNS can be carried out, incorporating technologies already available or developed for the
International Thermonuclear Experimental Reactor (ITER) Engineering Design Activity (EDA). Existing U.S. R&D facilities can
be used to reduce costs for DTST and VNS.

•  To improve Q-engineering for ST reactors, compact toroid (CT)-like approaches should be explored to minimize the applied TF
via edge current drive (e.g., CHI and Rotamak current drive) while maintaining the desirable ST plasma properties.

    Midterm ~20 years
•  A DTST would verify the physics metrics for VNS and the reactor in fusion-relevant regimes at very high average plasma pres-

sures (∝  βB2 ≥ 100% T2). Early verification of the advanced physics regime would enable integrated testing of ignited burn and
energy technologies, which is the mission of an engineering test reactor (ETR), in a single VNS-size device.

•  An ST VNS would be built to extend DTST results to steady state and begin R&D toward establishing the energy metrics, includ-
ing TFC conductors to resist neutron damage and activation, and fusion blanket and core components.

•  Equally important would be progress in theory and computation, fusion technologies and materials, environmental and safety tech-
niques, and advanced systems design to ensure readiness to embark on an ETR.

    Long Term >20 years
•  An ST ETR (or pilot plant) would be built to demonstrate all metrics for fusion power, including scientific and technological feasi-

bility, energy technology qualification, and safety and environmental soundness.
•  The ST configuration would offer for a demonstration reactor (DEMO) a range of unit powers, from the small pilot plant (PDT ~

300 MW, Qeng ~ 1) for zero net electricity, to the full-size power plant (PDT ~ 3000 MW, Qeng ~ 4−6) for 1000 MW in net
electricity.

Proponents’ and Critics’ Claims
Proponents claim that the ST will provide an innovative, low-cost development path to an attractive fusion power source, with

relatively simple technology and device maintenance. Disruptions may be less of a problem in the ST relative to the tokamak due to
(1) lower magnetic field, (2) the absence of a delicate zero-magnetic-shear point in the plasma, and (3) high q operation. Neoclassical
tearing modes may be stabilized by Pfirsch-Schlüter effects, and only very modest rotation is required for shear-flow stabilization of
turbulence and rotational stabilization of MHD wall mode.

Critics claim that the modest engineering Q of a 1-GW(e) ST, largely due to the need to drive current in the copper center column,
will push it to larger unit size. This may not be attractive in the energy market of the future. The ST could also suffer from disruptions
and may have nearly the same size and complexity as a tokamak.
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M-7.  REVERSED-FIELD-PINCH CONCEPT

Description
The reversed-field-pinch (RFP) is a toroidal, axisymmetric, magnetically confined plasma. At first glance, the RFP looks much

like a tokamak, but its substantial differences could lead to lower cost fusion. As in a tokamak, the RFP fusion plasma is confined by a
helical magnetic field composed of both toroidal and poloidal components. Unlike a tokamak, plasma current generates most of the
field, and the toroidal component is small and points in opposite directions in the edge and center of the plasma. This reversal of the
toroidal field within the plasma leads to unique behavior and gives the RFP its name. The RFP’s advantages, which could lower the
cost of a fusion power plant, stem from the smaller toroidal magnetic field: (1) nonsuperconducting magnet construction, (2) lower
field and forces at the magnet coils, (3) naturally large beta value, (4) high power density, and (5) possibility for Ohmic heating to
ignition, and (6) simple assembly. Studies that project RFP plasmas to fusion conditions confirm that these features could reduce the
cost of a fusion power plant, but such projections are relatively uncertain because the RFP is not as developed as the tokamak. RFP
contributions to plasma science are especially important in topics such as magnetic relaxation, reconnection, dynamo, nonlinear
coupling of magnetohydrodynamic (MHD) modes, inertial range MHD turbulence, and transport from magnetic stochasticity.

Status
Recent advancements in the scientific understanding of the RFP have led to an identi-

fication of possible solutions to many of the challenges confronting the RFP as a reactor
concept. In the laboratory, multifold improvement in the heating and confinement perform-
ance of RFP plasmas is being realized in new experiments motivated by this understanding.
In particular, the RFP’s smaller magnetic field has greater susceptibility to magnetic tur-
bulence. RFP research is providing a wealth of information on the behavior of plasmas with
strong magnetic turbulence, from which new strategies for controlling plasma turbulence
are being formulated and tested. Fundamental turbulence-related phenomena, such as mag-
netic relaxation and dynamo field generation, connect the RFP’s unique terrestrial labora-
tory to similar processes occurring in stellar and planetary magnetic fields.

The RFP program is one of three under consideration for proof-of-principle (PoP) status in the United States. Experimental
research is undertaken at the Madison Symmetric Torus (MST) facility (1.5-m major radius, 0.52-m minor radius) at the University of
Wisconsin–Madison. A small, low-aspect-ratio experiment is proposed to be constructed at the Princeton Plasma Physics Laboratory
(PPPL). A small theoretical research effort (~3 person-years per year) is distributed in three to four laboratories.

Current Research and Development (R&D)

R&D Goals and Challenges
The key outstanding scientific and technical issues in RFP research are (1) understanding and improving confinement using

advanced techniques such as current, pressure, and flow profile control; (2) determining the beta limit; (3) developing efficient current
sustainment; (4) controlling resistive shell MHD instabilities; (5) power and particle handling; and (6) maximizing performance
through configurational modifications, such as optimizing shape and aspect ratio. The proposed, favorably peer-reviewed, PoP pro-
gram addresses most of these issues.

Related R&D Activities
In addition to MST in the United States, similar sized RFP experiments operate in Italy (RFX facility) and in Japan (TPE-RX

facility). A smaller, resistive-shell RFP experiment operates in Sweden (Extrap-T2 facility). This worldwide RFP program is reasona-
bly well coordinated through an International Energy Agency (IEA) working agreement.

Recent Successes
•  Well-developed resistive MHD theory of the RFP, including the MHD dynamo (self-generation of current).
•  Experimental confirmation of the MHD dynamo active in the RFP core and collisionless edge.
•  Experimental determination that magnetic turbulence drives energy and particle flux in the core.
•  Fivefold energy confinement improvement by halving magnetic turbulence using current profile control.
•  Confinement improvement associated with induced and spontaneous changes in plasma flow and flow shear.

Budget
DOE–OFES: FY 1998 = $2.83M, FY 1999 = $3.53M; proposed PoP budget = ~$l0M/year.

Conducting 
Shell
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B   Small & Reversed at EdgeT

B

Magnetic field structure of the RFP.
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Anticipated Contributions Relative to Metrics

Metrics
•  All RFP experiments operate routinely with beta ~10%, and in best cases up to ~20%. The RFP is one of a few configurations that

support the plasma pressure gradient by large magnetic shear, yielding theoretical ideal MHD interchange stability for beta <50%.
Attractive reactor scenarios require beta ~20%.

•  The minimum global heat conductivity achieved to date is χ ~ 10 m2/s (energy confinement time τE ~ 5 ms) in plasmas with
reduced magnetic turbulence through transient current profile control, a roughly fivefold improvement relative to a conventional
RFP. Cases with up to threefold improved confinement associated with plasma flow changes occur spontaneously and with plasma
biasing. The most recent RFP reactor study (TITAN) assumed an energy confinement time of 200 ms, smaller than typical
tokamak reactor studies because a large plasma density is believed possible in the RFP.

•  The magnetic field utilization efficiency in the RFP is high because most of the confining magnetic field is produced by plasma
current. The field is maximum at the plasma center, with a value about 2.5 times larger than at the plasma boundary. The external
magnet force and field requirements are therefore relatively small. The TITAN reactor study assumed a current of 18 MA (Bcoil ~
5 T), and ≤1-MA experiments are under way (Bcoil ≤ 0.5 T).

•  To take full advantage of the RFP’s compact reactor potential, first walls capable of withstanding large heat flux (~5 MW/m2) and
deuterium-tritium (D-T) neutron flux (~20 MW/m2) must be developed. Pioneering ideas for highly radiating plasma boundaries
to symmetrize the heat flux evolved from RFP reactor studies.

•  Empirically, RFP plasmas do not suffer current disruptions as observed in tokamaks. This could result from the larger magnetic
turbulence in the RFP. With progress in turbulence suppression, disruptions could appear.

Near Term ≤≤≤≤5–10 years
•  The observed beta in experiments is not believed to be limited by pressure-driven instability; rather, it reflects large transport in

Ohmic-only heated plasmas. Auxiliary neutral beam and radio frequency (rf) heating are proposed to control directly the plasma
pressure and to determine the beta-limiting physics.

•  To minimize magnetic turbulent transport, precise, nontransient current profile control using electrostatic and rf current drive
schemes are being developed and tested. The influence of plasma flow on turbulence and transport in the RFP is a new research
topic that will be developed theoretically and exploited experimentally.

•  Oscillating field current drive, a potentially highly efficient steady-state current sustainment technique, will be tested. This tech-
nique may not be consistent with requirements to reduce magnetic turbulence, so additional ideas are being sought for testing.

•  Almost all RFP experiments have been circular in cross section with an aspect ratio R/a ≥ 3. Optimization of the cross-sectional
shape and aspect ratio will be explored theoretically and tested experimentally, most likely with new, smaller devices.

•  MHD kink modes are expected to grow on the flux diffusion time scale of the conducting shell surrounding the plasma. If such
modes arise, control techniques will be devised using plasma rotation, active feedback, or smart shell techniques. This effort
should be cooperative with R&D for the control of similar instabilities in advanced tokamaks, spherical tokamaks, and other high-
beta configurations.

Midterm ≤≤≤≤10–20 years
•  A successful PoP program warrants a next step, high-current, long-pulse, proof-of-performance facility with the necessary systems

integrated to assess fully the scientific and technological readiness of the RFP reactor concept. Key technologies in power and
particle handling, which do not limit existing device operation or the proposed PoP program, would be developed at this stage, as
has occurred in tokamak research.

•  As the optimization of the RFP proceeds, reactor studies will be updated to assess the impact of added system complexity on reac-
tor cost. This will help guide the future of RFP research. The reduced Lorentz force stresses implied by the RFP’s smaller field
requirements could make a pulsed reactor scenario economical and reduce the demands on current sustainment. Advanced liquid-
metal blanket concepts are well-suited to the RFP.

Proponents’ and Critics’ Claims

Proponents claim that the RFP’s smaller toroidal magnetic field requirement could lead to an easily assembled, compact, high-
power-density reactor. These cost-saving features have been verified in reactor system studies based on to-be-verified extrapolations
of RFP results.

Critics claim that the RFP’s small toroidal field permits inherently larger turbulence and transport, which could prevent achieving
high power density RFP plasmas. Steady-state current sustainment is more difficult in an RFP because the required current is large
and the plasma pressure-driven (bootstrap) current is small when the dominant magnetic field component is poloidal.



20

M-8.  SPHEROMAK
Description
•  The spheromak is a compact magnetofluid configuration of simple geometry with attractive reactor attributes, including no

material center post, high engineering beta, and sustained steady-state operation through helicity injection. It is a candidate for
liquid walls in a high-power-density reactor.

•  It has a toroidally symmetric equilibrium with toroidal and poloidal fields of comparable strengths. The simplicity and compact
size provide good diagnostic access, and spheromaks are relatively inexpensive to build.

•  Magnetic helicity (linked magnetic fluxes) plays an important role in forming and sustaining spheromaks. An initial configuration
with sufficient helicity and energy will spontaneously relax to a spheromak given appropriate boundary conditions.

•  Electrostatic helicity injection has been demonstrated to sustain the spheromak current efficiently via a magnetic dynamo involving
flux conversion and has been implemented in several experiments.

Status
•  Previous experiments have demonstrated the basic tenets of the spheromak: self-organization at constant helicity; control of the tilt

and shift modes by shaped flux conservers; and sustainment by helicity injection, including the role of magnetic fluctuations and
reconnection in current drive via the magnetic dynamo.

•  Spheromaks were inductively formed without close-fitting walls in S-1 and their global stability maintained by passive figure-eight
walls. The relationship of relaxation phenomena and confinement was studied on S-1 and CTX.

•  Several groups attained electron temperatures above 100 eV in decaying plasmas, with CTX reaching 400 eV. This experiment had
a high magnetic field (>1 T on the edge and ~3 T near the symmetry axis).

•  Analysis of CTX found the energy confinement in the plasma core to be consistent with Rechester-Rosenbluth transport in a fluc-
tuating magnetic field, potentially scaling to good confinement at higher electron temperatures.

•  The SPHEX group (Manchester, England) studied the dynamo in sustained spheromaks in a cold plasma.
•  The Sustained Spheromak Physics Experiment (SSPX) at Lawrence Livermore National Laboratory (LLNL) is addressing the

physics of a midscale sustained spheromak with tokamak-quality vacuum conditions and no diagnostics internal to the plasma.
•  Supporting spheromak experiments are the Swarthmore Spheromak Experiment (SSX) (reconnection) and the Caltech Helicity

Experiment (spheromak formation issues). The fundamental physics of reconnection is being studied in MRX at Princeton Plasma
Physics Laboratory (PPPL). The Helicity Injected Torus (HIT) at University of Washington studies coaxial helicity injection in a
tokamak.

Current Research and Development (R&D)
R&D Goals and Challenges
•  Improve understanding of the coupling of the helicity injector to the spheromak and how to sustain it with minimum perturbation

to the axisymmetric configuration, optimizing helicity current-drive efficiency.
•  Achieve Te of several hundred electron volts in a sustained spheromak, and understand the physics of energy confinement in the

presence of the magnetic dynamo during sustainment; use this understanding to improve confinement.
•  Determine the beta-limiting processes in the spheromak plasma, and maximize the beta.
•  Understand and control the processes that determine the properties of the edge/boundary plasma, including the role of edge current

density in helicity injection into the core plasma, atomic and molecular processes, instabilities, impurity generation, and other
effects due to wall interactions.

Related R&D Activities
•  The reversed-field-pinch (RFP) depends on much of the same physics as the spheromak (e.g., magnetic dynamo), but with an

applied toroidal magnetic field and different unstable magnetic modes due to the different safety factor profile.
•  Compact tori used in fueling experiments for tokamaks are small spheromaks accelerated to high velocity.
•  Magnetic reconnection, studied in spheromak experiments and modeling, is a fundamental physics issue applicable to astrophysics

as well as to helicity current drive in fusion confinement configurations.
•  The spheromak is a possible target plasma for magnetized target fusion.
Recent Successes
•  MRX and SSX merged spheromaks and studied the magnetic reconnection and generation of energetic plasma flows. On MRX, the

three-dimensional (3-D) structure of the reconnection layer has been extensively studied. SSX is examining the 3-D structure of
the reconnection layer and the generation of energetic ions.

•  The 3-D movies of the Caltech Helicity Experiment show very clearly the time evolution of the twisted magnetic flux tubes ema-
nating from the muzzle of the coaxial spheromak gun.

•  Initial spheromak modeling using the NIMROD resistive magnetohydrodynamic (MHD) code has demonstrated buildup of closed
time-averaged magnetic surfaces from a current column in a cylindrical flux conserver.

Budget
DOE–OFES: FY 1998, 1999 = $1.5M/year for SSPX. Los Alamos National Laboratory (LANL) is funded ($0.1M) to collaborate

on SSPX. An LLNL project on spheromak physics is funded at $1.05M this year with internal R&D funds; this money needs to be
replaced by additional Office of Fusion Energy Sciences (OFES) funds for the project to progress at a reasonable rate. There is pres-
ently no funding of theoretical support for spheromak research.



21

Anticipated Contributions Relative to Metrics

Metrics
•  Confinement parameter/required level (power plant): Values similar to other magnetic con-

finement configurations are required for a power plant. In previous experiments, confinement
has been poor due to magnetic fluctuations. Theory indicates that the dynamo can be sustained
at very low magnetic fluctuation levels for reactor conditions. If achieved, confinement may
be determined by electrostatic fluctuations, not yet studied in spheromaks.

•  Reactors require beta ~10%. Peak beta >20% was demonstrated in CTX, and spheromak con-
figurations stable to the Mercier criterion have been modeled with βp = 1. However, the
lowest energy configurations (Taylor state) generally have low beta (few percent), and the
consistency of high-beta configurations with low magnetic fluctuation levels remains to be
demonstrated.

•  B(plasma)/B(max coil) ≈ 1.
•  P(heat-wall)/area: In spheromaks with conventional walls, this condition is similar to other

magnetic confinement devices. The simple geometry may allow liquid walls and a much more
compact reactor.

•  Beta(%) × [Bplasma(T)]2 is potentially high, but difficult to evaluate given physics
uncertainties.

•  Uncontrolled shutdown frequency: No plasma-driven shutdown mechanisms have been identified.
•  Power and particle handling: A divertor is naturally formed in spheromaks, allowing handling of power and particles. The close-

fitting wall may limit power handling at a level not presently quantified.
•  Fundamental physics: Extend understanding of helicity, reconnection, and magnetic dynamo current drive.

Near Term ≤≤≤≤5 years
•  The SSPX experiment is in the final stages of construction. SSPX is designed to study the confinement in a short-pulsed, sustained

device; to relate this confinement to magnetic fluctuation physics; and to extrapolate confinement to larger, long-pulse spheromaks
and to possible reactors.

•  Understanding of reconnection physics explored in smaller devices (e.g., SSX) will be applied to the confinement experiment, and
results from the confinement experiment will be applied to space plasmas. Close collaborations with RFPs and spherical tokamaks
(STs) should yield synergistic advances in common physics.

•  Beta limits will be studied as a function of the current profile and other parameters in SSPX.
•  A divertor will be used in SSPX to evaluate power and particle handling requirements and techniques.
•  The need for feedback control of the tilt and shift instabilities in long-pulse experiments and reactors will be evaluated and the

development of any needed feedback system started.
•  A long-pulse experiment will be designed and proposed before the end of the 5-year period to build on successful results. It will

study instability control, beta limits, and use of external poloidal-field coils to evaluate B(plasma)/B(max coil).

Midterm ~20 years
•  A long-pulse experiment will extend performance and address spheromak physics in the kiloelectron-volt temperature range. Issues

will include confinement scaling, beta limits.
•  Advanced helicity drive techniques will be developed. Other current drive techniques will be evaluated.
•  Technology needs for innovative spheromak reactors will be developed. Possible options include liquid walls of lithium and

fluorine-lithium-beryllium (Flibe). βp ~ 1 may be possible in a repetitively pulsed reactor.
Long Term >20 years
•  A proof-of-performance experiment will be conducted.
•  Innovative reactor concepts (e.g., pulsed, high-beta reactors with liquid walls) could lead to early deployment of a power reactor

based on the spheromak concept.

Proponents’ and Critics’ Claims

Proponents claim that the spheromak leads to a potentially compact and simple reactor, with a potentially efficient current drive
using coaxial (or other) helicity injection. The physics studied in the spheromak may also contribute to other concepts such as the RFP
and is pertinent to studies of interstellar plasmas.

Critics claim that the spheromak may not have adequate confinement for a power plant and that there is no fully demonstrated
way to sustain the plasma current for long pulses.
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M-9.  FIELD-REVERSED CONFIGURATION

Description
A field-reversed configuration (FRC) is a compact toroidal plasma with negligible

toroidal magnetic field. It is usually fairly elongated, contained in a solenoidal
magnetic field, and possesses a simple, unobstructed divertor. The plasma beta is close
to unity, and an FRC is thus both extremely compact and geometrically simple. The
essentially diamagnetic current can be primarily sustained by central fueling, but some
augmentation will be required at the field null. The observed stability in present
experiments is thought to be due to kinetic effects, which have been characterized by a
parameter s, equal to the number of ion gyro-radii between the field null R and the
separatrix rs. The utility of the concept depends on demonstrating stability as s is
increased from present values of about 4 to the 20–30 levels thought needed to provide reactor level confinement. The enhancement of
kinetic stabilization, either through addition of energetic particles (e.g., ion ring merging or neutral beam current drive) or naturally
occurring fusion reaction particles, may be an essential component of the concept, although there is some theoretical and experimental
evidence that FRCs may be naturally occurring minimum energy states stabilized by sheared rotation akin to spheromaks and
reversed-field-pinch (RFP) devices when total helicity (including angular momentum) is conserved.

Status
The FRCs have been formed with high plasma pressures in theta-pinch devices. Without an external current drive, these current

rings decay on sub-millisecond L/R times. Due to typical densities of 5 × 1021 m–3, nτ products of close to 1018 m–3s have been
achieved in FRCs with major radii of 15 cm at several 100-eV temperatures. Lifetime has been observed to increase with density:
shorter lived FRCs are easily produced at n ~ 1021 m–3 with kiloelectron volt temperatures. Stable FRCs with s values of up to 4 and
poloidal fluxes of 10 mWb were produced in a Large s Experiment (LSX), which was built from 1986–1990, but only operated for
1 year due to reductions in funding for alternate concepts at that time. Rotating magnetic fields (RMFs) have formed and sustained
FRCs in small rotamak experiments in Australia and will be applied to a modified version of LSX [Translation, Confinement, and
Sustainment (TCS) experiment] to attempt to increase the flux and sustain the configuration in quasi steady state.

Current Research and Development (R&D)

R&D Goals and Challenges
The principal R&D goal is to develop an understanding of the highly unique physics of this extremely attractive reactor configu-

ration. The principal technological challenge is to produce hot, higher s FRCs and sustain them for sufficient time to study their prop-
erties. A list of specific goals and challenges follows:

•  Form large, low-density FRCs by translating and expanding theta-pinch-formed FRCs.
•  Increase the flux and produce higher s FRCs by applying high-power RMF.
•  Develop fueling and heating methods to go along with RMF current drive.
•  Sustain hot FRCs with moderate s values for millisecond timescales.
•  Develop specialized diagnostics for internal profile measurements.
•  Develop an efficient technology for both forming and sustaining hot, high flux FRCs.
•  Develop a theoretical understanding of FRC stability in its unique kinetic regime, and develop sufficient understanding of FRC

confinement to allow confident extrapolation to larger devices.

Related R&D Activities
•  RMF theory in Japan and possible RMF current drive on spherical torus.
•  U.S.–Japan FRC research coordination and low-density confinement studies at Osaka University.
•  U.S.–Japan studies on D-3He reactor—ARTEMIS beam-driven design with direct conversion.
•  NASA-sponsored studies of simpler formation techniques for space propulsion.
•  Ion ring generation studies at Cornell University.
•  Merging spheromak experiments at Princeton Plasma Physics Laboratory (PPPL).

Recent Successes
•  Production of stable s = 4 FRCs in LSX.
•  Production of low-density FRCs with enhanced confinement in Osaka FIX experiment.
•  Translation and acceleration of FRCs in Tokamak Refueling by Accelerated Plasmoids (TRAP).
•  Steady state (40-ms) RMF formation and sustainment of FRCs and spherical torus in Australia.
•  Formation of hot FRCs through merging of opposite helicity cold spheromaks at PPPL and Tokyo University.

Budget
•  DOE–OFES: FY 1998 = $1.5M, and FY 1999 = $1.5M.
•  NASA: FY 1998 = $100K, and FY 1999 = $75K.
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Anticipated Contributions Relative to Metrics

Metrics
The FRC is extremely compact, has near unity beta, plus a simple solenoidal magnet system. To realize its high reactor promise,

stability must be demonstrated at high s, and the present empirical confinement scaling must be improved at low densities. The tech-
nology must also be developed to produce higher flux FRCs and to sustain them. This includes heating and fueling in addition to cur-
rent drive.

Near Term ~5 years
The theta-pinch-formation technique is capable of forming somewhat higher flux FRCs than the 10 mWb presently demonstrated

in LSX, but the method is technologically limited to the tens of milliweber level. Several weber will be required for a reactor. Some
method of both flux buildup and sustainment is needed for the continued development of the concept. The RMF approach is not tech-
nologically limited for either flux buildup or sustainment, and high-power RMF will be applied to hot, theta-pinch-formed FRCs in a
collaboration (TCS experiment) between the University of Washington and Los Alamos National Laboratory.

The FRC stability theory has advanced to the point where combinations of profile shaping and gyro-viscous effects can account
for the presently observed stability. Progress is also being made on understanding the tendency of counter-helicity spheromaks to
merge into a higher temperature FRC. Sheared flow may perform the same stabilizing function as magnetic shear in more conven-
tional magnetic confinement schemes. Ponderomotive forces due to the RMF are also thought to provide stabilizing properties,
although the theoretical understanding of this exciting technique, as applied to hot FRCs, is only in its infancy. A coordinated
approach to the development of stability theory for the unique FRC confinement scheme is now underway in a multi-institutional
effort led by PPPL.

 Empirical scaling laws have been developed to reflect experimental FRC confinement times in high-density experiments, but no
theory exists to adequately explain this scaling. The empirical diffusivity, D ~ 5 m2/s, is adequate for high-density pulsed reactors but
must be reduced by about an order of magnitude to realize more desirable, low-density, small compact reactors. There is some evi-
dence of better low-density confinement in Japanese experiments (FIX), and this will be explored in the TCS program where lower
densities are reached through translation and expansion.

As currently funded, most of the experimental burden for FRC development will fall on the newly constructed TCS facility. It is
particularly important that facilities other than TCS alone should undertake FRC research to fully explore the many facets of its unique
physics. PPPL has proposed the SPIRIT facility to form FRCs by merging opposite helicity spheromaks. This facility would allow
modification of the FRC shape (from prolate to oblate) and eventually provide for neutral beam fueling that could both sustain the
configuration and increase the kinetic ion component. It would also be useful if the technology for producing field-reversing ion rings
at Cornell was further developed, in case it was needed for stabilization.

Midterm ~20 years
If RMF current drive were successful, very rapid progress could be made because reactor level magnetic fields are only on the

order of a few tesla in simple solenoidal magnets, and the required RMF power is not expected to increase significantly with device
size. The 80-cm-diam TCS facility could be extended somewhat to the s ~10 levels by extending the pulse length of the RMF power
supplies and developing fueling methods. A larger ~$50M facility should be built at a national laboratory to produce steady-state
FRCs with thermonuclear temperatures. With success, capabilities could be rapidly increased to the level of those proposed for the
International Thermonuclear Experimental Reactor.

Long Term >20 years
The remaining technologies relevant to any deuterium-tritium fusion device, mainly a first wall and tritium-producing blanket,

would need to be developed. To realize the ultimate potential of the FRC concept, the use of more aneutronic fuels should be investi-
gated. The principal technology here would be an efficient direct converter.

Proponents’ and Critics’ Claims

Proponents claim that FRCs are the most attractive of all magnetic confinement schemes and that their unique physics is largely
unexplored. Many nonideal magnetohydrodynamic (MHD) effects are present that could lead to maintenance of stability even at large
s. It is hoped that if the RMF current drive scheme is successful, FRCs will no longer be regarded as mere pulsed curiosities by other
fusion researchers. Critics claim that that FRCs are mere pulsed curiosities lacking basic MHD stability and that they are only stable
due to their present small size and low s number.
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M-10.  LEVITATED DIPOLE FUSION CONCEPT

Description
The dipole magnetic field is the magnetic field far from a single, circular current loop. The use of a dipole magnetic field to con-

fine a hot plasma for fusion power generation was first considered by Hasegawa (Comm. Plasma Physics, 1987). In this configuration,
a relatively small superconducting ring floats within a large vacuum chamber. The dipole confinement concept is based on the idea of
generating pressure profiles having gentle gradients and being stable to all low-frequency magnetic and electrostatic fluctuations.
From ideal magnetohydrodynamic (MHD) conditions, marginal stability results when the pressure profile satisfies the adiabaticity
condition, δ(pVγ ) ≥  0, where V is the flux tube volume and γ  = 5/3. For usual magnetic confinement devices, this constraint can not
be satisfied, and MHD stability must be provided by field-line averaging and magnetic shear. In contrast, because of the large dimen-
sions of the dipole plasma on the outer radius of the levitated coil, the pressure profile can scale with radius as rapidly as R–20/3 and
still remain absolutely MHD stable to beta of order 100%. Because the coil set for a possible dipole fusion power source is very low
weight and axisymmetric, operation is inherently steady state, easy to maintain, and potentially of low unit cost. Because the dipole
concept permits high beta without magnetic shear, the concept may allow removal of fusion products without degrading energy con-
finement and thus be appropriate to advanced fusion fuels, such as D-3He. Conceptual reactor studies have supported the possibility of
an attractive fusion power source using a levitated dipole.

Status
•  The scientific literature for dipole confinement includes space-based observations and theory, laboratory experiments, and fusion

theory. This understanding establishes a bridge from the high-beta confinement observed in planetary magnetospheres to the con-
finement expected in levitated dipoles—where hot plasma will be confined for many collision times. The understanding gained
from decades of space plasma research supports the levitated dipoles as a fusion confinement device. Approximately a dozen
studies have been published specifically addressing the use of dipole-confined plasmas for energy production or space propulsion.
Finally, the CTX device at Columbia University has illustrated the stability properties of collisionless energetic electrons confined
by a dipole magnetic field.

•  The first experiment to investigate the levitated dipole concept is presently under construction at the Massachusetts Institute of
Technology (MIT) as a joint project between Columbia University and MIT. First plasma is expected in the year 2000.

Current Research and Development (R&D)

R&D Goals and Challenges
An essential first step for the understanding of the scientific feasibility of a levitated dipole is a laboratory test of confinement

properties of such a device. The Levitated Dipole Experiment (or LDX) has been designed to test the scientific feasibility of levitated
dipole confinement at high beta. Construction of the experiment began in July 1998. A major technical challenge has been met
through the collaboration between superconducting magnet technology experts and innovative experiment design: a large current
(1.3 MA) must be sustained in a ring having low mass. Another challenge is to complete more detailed modeling of dipole power
sources. Limited reactor engineering studies are now under way.

Related Research Activities
The conceptual development of the dipole fusion power source has been inspired by space plasma studies and planetary explora-

tion. Continued exploration of magnetospheric plasmas (e.g., the exploration of the Io plasma torus that surrounds Jupiter and the
development of physics-based models of space weather) will add to the cross-fertilization of this area of plasma science. Although the
dipole plasma confinement concept is a radical departure from the better known toroidal-based magnetic confinement concepts, a sci-
entific investigation of magnetized plasma confinement with high compressibility will add insight to these other more traditional con-
finement concepts. In the technology area, the development of advanced and high-temperature superconductors will aid significantly
in the reactor conceptualization of a dipole power source. Experiments to investigate low-density, nonneutral plasma confinement with
a levitated dipole device are planned for the University of Tokyo.

Recent Successes
The engineering design of the LDX facility is almost complete. The major fabrication items, including the vacuum chamber and

the floating coil, are either under construction or awaiting final selection of the vendor. Theoretical research supporting the possibility
of classical confinement in a dipole-confined plasma was recently published.

Budget
The LDX project budget in FY 1999 is $1.2M, which is divided between Columbia University and MIT.
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Anticipated Contributions Relative to Metrics

Metrics
The levitated dipole confinement concept has the potential to be an attractive fusion power source while at the same time contrib-

uting to the understanding of magnetospheric physics. The relative simplicity of the magnetic field structure and the good under-
standing of plasma confined in planetary magnetospheres indicate that plasmas confined by levitated dipole magnets will have
(1) high peak beta (≥50%) and volume-averaged engineering beta (≥10%), (2) excellent field utilization (≥90%), and (3) possibly suf-
ficient confinement to ignite D-3He fuel. Because the plasma equilibrium and magnetic geometry are essentially determined by sus-
tainable current in superconducting magnets, the dipole fusion concept is disruption free and promises to be highly reliable. Because
(1) the particle flux to the floating ring is 100% recycled, (2) the shear-free magnetic field allows convection of fusion ash without
energy confinement degradation, and (3) the outer plasma surface is open, accessible, and naturally diverted, power and particle han-
dling should be superior to other magnetic confinement concepts. The dipole is best suited for D-3He fusion fuel, and this may lead to
a reduction in fusion’s adverse impact on the environment.

Near Term ≤≤≤≤5 years
For the first time in the laboratory, high-beta plasma having near

classical energy confinement scaling for time scales long compared
with particle and energy confinement times will be investigated.
Experimental observations will be compared with theory. For this
purpose, the LDX has been conceived and designed as the lowest cost
approach for investigating the key physics issues while simultane-
ously maintaining high confidence of its technical success. The
experimental approach takes two stages. First, multiple-frequency
electron cyclotron resonance heating (ECRH) (with frequencies
between 6 and 28 GHz) will be used to produce a population of ener-
getic electrons at high β ~ 1. This technique has been proven effec-
tive in magnetic mirror experiments (e.g., Constance and Tara).
Based on experience generating hot electrons within mirrors and
within CTX, the creation and maintenance of high-beta plasmas using
a few tens of kilowatts of ECRH power is expected. Secondly, after
formation of the high-beta hot electron plasma, fast deuterium gas
puff techniques or the injection of lithium pellets will be used to
thermalize the energy stored in the hot electrons and to raise the plasma density. The resulting thermal plasma will provide a test of the
MHD limits and of the confinement of a thermal plasma in a levitated dipole.

Midterm ~20 years
Proof-of-principle dipole confinement experiments that operate with plasma parameters resembling those which might be found

in fusion power sources need to be designed and constructed. Better understanding of the possibility of practical sources of 3He fuel
need to be achieved.

Long Term >20 years
Successful operation of a fusion power source and an assessment of the applicability of D-3He dipole fusion for commercial

energy and for spacecraft power and propulsion are long-term objectives.

Proponents’ and Critics’ Claims

A dipole power source has the possibility of being steady state with classical confinement and high beta. Compared with a
tokamak it would not require current drive; it is disruption free; and it has a natural divertor. The dipole has a relatively simple mag-
netic configuration that does not have interlocking coils. Critics challenge the practicality of a floating ring within a fusion plasma. In
a reactor embodiment, the large diameter of the outer wall may result in an undesirable small power flux (although a number of design
options could ameliorate this problem). Convective cells could lead to enhanced transport; however, at marginal profiles they may
provide a means to fuel and to remove ash. The dipole concept is most compatible with the burning of advanced fuels, such as
D-3He, and this fuel simplifies some of the technologies required for dipole fusion power sources. Critics argue that the need for lunar
mining or 3He breeders to provide adequate supplies of fusion fuel will add significantly to the cost of commercial dipole fusion
power systems.
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M-11.  OPEN-ENDED MAGNETIC FUSION SYSTEMS

Description
•  Open-ended magnetic fusion systems are a generalization of the classic magnetic mirror. In the “classic” system, plasma is con-

fined radially by the magnetic field and axially by the reflection from regions of high magnetic field due to the constancy of the
magnetic moment. Magnetohydrodynamic (MHD) stability to interchange modes is provided by quadrupole (or higher) magnetic
fields, which generate a minimum in the magnetic field.

•  To enhance axial confinement, the tandem mirror generates electric potentials, which traps ions and/or electrons. The potentials are
essentially ambipolar in nature, with one or both particle species having a non-Maxwellian component.

•  An approach that has been investigated is the multimirror system, in which end losses are limited by coupling a series of short mir-
ror cells at each end of a longer central cell. To escape from confinement, the particles must diffuse from cell to cell so that if cer-
tain conditions are satisfied, the confinement time increases at least as the square of the number of end cells.

•  Another approach is the gas dynamic trap (GDT), in which the bulk plasma is collisional. This plasma is confined in an axisym-
metric magnetic field, with MHD stability generated by the flow of plasma in the good-curvature region where the field expands
outside the mirror. One possible application of the GDT is to a neutron source (see M-19. Volumetric Neutron Source and
M-12. Gas Dynamic Trap for details).

•  New concepts could also provide enhanced axial confinement, for example, the kinetic tandem concept, which uses energetic ion
beams injected into the magnetic field from the ends with sufficient perpendicular energy to provide high-density, high-potential
regions where the ions reflect from regions of strong magnetic field. In a sufficiently long linear system, net power could be
produced.

Status
•  Tandem mirror research is being conducted on Gamma-10 in Tsukuba, Japan, using both ion cyclotron resonance heating (ICRH)

and electron cyclotron resonance heating (ECRH) to heat the plasma and provide the non-Maxwellian distributions necessary to
enhance confinement. The plasma density is typically about 2 × 1019 m–3, central-cell Ti  ~ 3 keV, and Te ~ 100 eV.

•  An experiment operating at the Budker Institute of Nuclear Physics, Novosibirsk, Russia, has demonstrated much of the GDT
neutron source physics with a pulse length of 3–5 ms: stability against MHD modes, stability against ion velocity–space modes so
that the ions decay and scatter classically, and Te = 130 eV (equal to classical predictions for the available neutral beam
power—3.5 MW at 15 keV). The device is routinely operated at plasma beta of 30%, without any signs of gross MHD instabilities.
Electron energy balance has been shown to be classical within the parameter regime explored to date.

•  Several experiments have reported similar confinement parameters. The tandem mirror, TMX-U, had a global energy confinement
of nτ = 2 × 1016 s/m3. The ion perpendicular energy (“temperature”) was 2 keV (parallel was about 0.4 keV). Thus, nτTi was 4 ×
1016 keV-s/m3. Drag on the electrons limited energy confinement in several devices: Gamma-10 has a central cell density of
1018 m–3 and Ti  up to 7 keV (also perpendicular). The energy confinement is limited by drag on electrons, so τ ~ 2 ms. Thus,
nτTi = 1.4 × 1016 s/m3. The GDT at Novosibirsk has n = 1019 m–3, Ti = 7 keV, and is also limited by drag on relatively cold elec-
trons so that τ = 0.4 ms. Thus, nτTi = 2.8 × 1016 s/m3.

Current Research and Development (R&D)

R&D Goals and Challenges
•  The U.S. has no operating open confinement experiments.
•  Research on the GDT is being carried out on the GDT physics and its application to a neutron source at the Budker Institute.
•  Research on tandem mirror physics is being conducted at Tsukuba in the Gamma-10 experiment and in the AMBAL experiment at

the Budker Institute.
•  The Hanbit tandem mirror experiment is being put into operation in Korea.

Budget
There are presently no U.S. funds being spent on open systems.
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Anticipated Contributions Relative to Metrics

Metrics
Open-ended systems have demonstrated the possibility of confining plasmas in a near-quiescent state, one where the confinement

time approaches the “classical” value, that is, value calculated from collisional processes alone. Until larger facilities are constructed,
the metric for subscale open-ended experiments should be the degree to which the confinement time is found to scale in a classical
manner. If this scaling is convincingly demonstrated, the extrapolation of small-scale experiments to fusion-relevant scale can be done
with a high degree of confidence.

Near Term ≤≤≤≤5 years
The most important short-term experiments are those in confinement physics and scaling. The GDT experiments have shown

classical confinement in axially symmetric confinement fields. The GDT results could, therefore, be a starting point for the design of
a small-scale U.S. experiment. In addition, university-scale experiments could investigate the new approaches and the plasma physics
issues that they involve. Because there has been a hiatus in open-ended research in the U.S. program, it will be necessary to rebuild
aspects of the intellectual infrastructure that was in place before that hiatus. In parallel with the confinement physics investigations
should be work on critical technological issues for open-ended fusion systems, such as direct conversion.

Midterm ~20 years
If the near-term experiments verify the predictability of confinement of the new breeds of open-ended systems, scale-up to

achieve fusion-relevant conditions would be justified.

Long Term >20 years
Success at fusion scale in the achievement of classically confined plasmas implies fusion power systems that could be much

smaller and less complex than present closed systems.

Proponents’ and Critics’ Claims

Proponents believe that open-ended systems, with their flexibility for innovation, their theoretical tractability, and their demon-
strated ability to achieve near-classical (turbulence-free) confinement time, offer the best possibility for overcoming the widely recog-
nized limitations of main-line closed-geometry systems, such as the tokamak.

Critics claim that the electron physics concepts have not been demonstrated at the required temperature, that the Q is small and
results in low-power efficiency, and that the mirror physics and technology are deadend developments for fusion power.
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Schematic of GDT based on neutron source:
(1) expander vacuum chamber; (2) plasma
absorber; (3) superconducting part of the
mirror coil; (4) water-cooled part of the mir-
ror coil; (5) one of the coils of superconduct-
ing solenoid; (6) shield; (7) vacuum chamber
of a mirror coil; (8) zone of a moderate neu-
tron flux; (9) zone of a high neutron flux;
(10) neutron reflector. The plots above show
the relative magnetic field ββββ and the relative
dependence of neutron flux FN, on the posi-
tion. Source: D. D. Ryutov, Plasma Phys. Con-
trolled Fusion.

M-12.  GAS DYNAMIC TRAP
Description
•  The Gas Dynamic Trap (GDT) Neutron Source (GDTNS) is a volumetric

plasma (14-MeV) source with a neutron spectrum and intensity very close to
that predicted for International Thermonuclear Experimental Reactor (ITER)
and fusion reactor designs.

•  Neutrons are produced by a neutral beam injected at 30°–45° to the mag-
netic field in an axisymmetric mirror machine, with most of the neutrons
produced at the sloshing-ion turning points near the mirrors (see figure).

•  Magnetohydrodynamic (MHD) stability is produced by the outflow of dense
plasma through one of the mirrors into a magnetic cusp, with the flow
momentum in the good-curvature part of the field dominating the plasma
instability drive in the bad-curvature part of the confined volume.

•  Calculations and extrapolation of experiments indicate that 1–2 MW/m2 of
uncollided 14-MeV neutrons can be produced in a 100-L volume with small
tritium consumption (<150 g/year at 100% availability) and intrinsically
steady-state operation.

•  Positive-ion-based neutral beams (<65 keV, 60 MW) can be used at mirror
fields of 13 T (mirror ratio 10); upgrades to 20 T and 250-keV negative-ion-
based neutral beams could produce as much as 4 MW/m2 of 14-MeV
neutrons.

Status
•  An experiment operating at the Budker Institute of Nuclear Physics

(BINP), Novosibirsk, Russia, has demonstrated much of the GDTNS
physics with a pulse length of 3–5 ms: stability against MHD modes, sta-
bility against ion velocity-space modes so that the ions decay and scatter
classically, and Te =130 eV (equal to classical predictions for the available
neutral beam power; 3.5 MW at 15 keV).

•  The device is routinely operated at plasma beta of 30%, without any signs
of gross MHD instabilities. The cross-field transport is nonclassical, but
the diffusion coefficient is sufficiently small (for the neutron source appli-
cations), less than 5 × 10–3(cTe/eB).

•  A hydrogen prototype of the neutron source has been designed, the experimental hall has been prepared at the BINP (Novosibirsk),
and approximately 50% of hardware has been manufactured in the years 1993–1997. A decline in funding has stopped this activ-
ity. With $2M annual funding, this device could be brought into operation by the year 2001. A hydrogen prototype is a full-scale
copy of a real neutron source. Its low cost is determined by two factors: the pulsed (0.2–0.5 s) mode of operation and the absence
of radioactivity.

•  A preconceptual design of the neutron source has been carried out by BINP in collaboration with the Efremov Institute (St. Peters-
burg, Russia), All-Russian Institute of Technical Physics (Snezhinsk, Russia), and Forshungszentrum Rossendorf (Germany).
Issues of tritium handling and neutron shielding have been studied in great detail. The systems for installing and removing the
samples from the test zone have been designed.

Current Research & Development (R&D)
R&D Goals and Challenges
•  Research on the GDTNS is being carried out on GDT physics and its application to a neutron source at BINP. This work builds on

previous results from there and elsewhere in the world, including on past mirror machines in the United States. The experiment has
a mirror-to-mirror length of 7 m, a plasma radius at the midplane of 0.1 m, a magnetic field at the coils of 15 T, and a plasma den-
sity up to 1020 m–3.

•  The increase of the magnetic field in the midplane from the present level of 0.22 to 0.5 T has been planned. This would allow con-
siderably improved performance of the device and would broaden the domain for deriving necessary scaling laws. However, the
lack of funding (~$300K for the upgrade) has stopped this activity.

Budget
There are presently no U.S. funds being spent on the GDTNS. The funding to the BINP is low, allowing slow progress on the

experiment.



29

Anticipated Contributions Relative to Metrics

Metrics
Plasma experiments need to demonstrate the full operating regime; magnetic field strength in the mirrors at 13 T, magnetic field

ratio of 10, plasma density at >1020 m–3, electron temperature at >0.5 keV, and neutral beam injection at 65 keV at 30°–45° to the
magnetic field at powers extrapolatable to 60 MW. The sloshing-ion distribution must remain stable in the high power system, as
predicted by theory.

Near Term ≤≤≤≤5 years
Complete the construction of the “Budker hydrogen prototype.” Assistance from the United States in equipment, personnel, or

construction funds would greatly speed construction and give the United States a relatively inexpensive opening to explore the devel-
opment of this neutron source. An international collaboration could draw on the extensive experience at the BINP; together with the
U.S. construction capabilities, this would provide a strong basis to evaluate this option for fusion testing.

Midterm ~20 years
Build a GDTNS and apply it to the neutron testing and development of materials, components, and reactor systems.

Long Term >20 years
Use GDTNS to test and develop advanced reactor materials and reactor systems, for example, for a DEMO or power reactor.

Proponents’ and Critics’ Claims

Proponents claim that most of the physics has been demonstrated for the GDTNS, although experiments at higher power are
required to verify the extrapolation of the electron temperature to the neutron source regime. The proposed neutron source can test
materials, reactor components, and many of the blanket systems and subsystems needed for a reactor. Tritium usage is low enough to
be supported from supplies elsewhere in the world, without local production. Construction is relatively straightforward, and the cost
is reasonable (~$500M) for a large 14-MeV neutron source. This appears to be one (perhaps the only) path to a true plasma-based
14-MeV neutron source that can be developed in the near future. The resulting neutron flux could also be used in spin-off applications,
which would benefit from a 14-MeV primary energy.

Critics claim that the electron physics has not been demonstrated at the required temperature, that the Q is small resulting in low
power efficiency, and that the mirror physics and technology are deadend developments for fusion power.
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M-13.  PLASMAS WITH STRONG EXTERNAL DRIVE

Description
Particle distributions driven, for example, by beams and including the effects of nuclear polarization can provide certain benefits

in magnetic fusion devices. Beams of ions, colliding at energies near the peak in their fusion cross section, lead to a higher Q than a
thermal distribution of the same mean energy (see Fig. 1 opposite). One important gain is an increase in fusion reactivity at higher
energies. This increase may be in the form of a nuclear resonance; hence, such distributions are far better than simply hotter plasmas.
The dramatic success of the Tokamak Fusion Test Reactor’s (TFTR’s) two-component supershot program is one concrete experimen-
tal example, displaying not only enhanced reactivity but also improved confinement. Other benefits have been predicted, such as the
conversion of fusion products’ energy into plasma current, the “alpha channeling process.” However, it has also been long recognized
that such strongly driven systems may be prone to instabilities or that there may be practical or fundamental difficulties in producing
or maintaining the desired distribution. Determining what precise departures from simple thermal distributions are desirable and
maintainable merits an extensive research program because of the large magnitude of the potential benefits. The benefits and needs are
greatest for high-beta magnetic fusion energy (MFE) devices, for example, the field-reversed configuration (FRC), spheromak, and
spherical tokamak (ST). Because of its demonstrated very high beta and potential for direct electrical conversion of the exhaust, the
FRC is particularly interesting as a candidate to burn aneutronic fuels (see Fig. 2 and M-20. Alternate Fuels).

Status
In beam-heated tokamaks, the fuel ions are Maxwellian, the electrons are a drifted Maxwellian, and the beam particles have a

slowing down distribution. It is an experimental fact that operational modes can be found where the beam particles slow down and dif-
fuse classically while the thermal particles experience anomalous transport. Other energetic particles, such as runaway electrons and
radio-frequency (rf)-heated ions, typically strongly non-Maxwellian, have significantly better confinement than the Maxwellian parti-
cles in the thermal range of energies. The experimental data base on improved confinement for non-Maxwellian particles is solid and
attractive, but the fundamental understanding needs improving for optimization in other configurations.

No similar experiments have been performed on FRCs or spheromaks because of the short-duration pulsed nature of their opera-
tion, previous heating methods, relatively high collisionality, and the more limited research programs. First theoretical analyses of
colliding beam distributions in FRCs have been carried out, including stability studies. Beam- (and rf-) heating experiments on STs
are only now commencing. The theoretical underpinnings of alpha channeling theory are strong. Preliminary alpha channeling experi-
ments were performed on TFTR with mixed results. Definitive comparisons between experiments and theory are still lacking.

Current Research and Development (R&D)

R&D Goals and Challenges
In the United States, there is only a vestigial theoretical research program on alpha channeling and no experimental program

whatsoever. There is no Department of Energy (DOE)-supported experimental or theoretical research program on enhancing reactivity
by maintaining strongly driven ion distributions.

If an R&D program were to be funded, the major goals would include understanding of the four following issues:

•  the fundamental limitations to producing and sustaining non-Maxwellian distribution,
•  the stability limits of allowed distributions in the high-beta devices,
•  the enhancements to reactivity possible with the attainable distributions, and
•  the efficiency for converting non-Maxwellian energy distributions into driven currents.

In Russia, there is research on a beam-driven mirror system for use as a 14-MeV neutron source for materials irradiation testing
(see M-12. Gas Dynamic Trap).
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Anticipated Contributions Relative to Metrics

Metrics
The principal goals are to develop and test the basic concepts that will allow the most benefit to be derived from non-Maxwellian

distributions.

Fig. 1.  Various fusion reactivities.

Near Term ~5 years
•  Develop and test techniques to divert alpha power of an ST reactor into current drive.
•  Develop and test concepts and methods to maintain non-Maxwellian distributions, including beam and rf approaches.
•  Perform pulsed experiments in an FRC to test colliding-beam concepts.
•  Perform pulsed experiments in an FRC to test rf concepts.

Fig. 2.  FRC with typical particle orbits.

Midterm ~5–20 years
Research with periodic state experiments at low power levels and development of a 100-MW prototype.

Proponents’ and Critics’ Claims
Proponents claim that the benefits of strongly driven plasmas are essential to clean and economic fusion and that the basic aspects

of maintaining strongly driven distributions have not been properly examined. Critics claim that a rapid Coulomb scattering rate will
not allow such plasma systems to be maintained long enough for benefits to accrue and that technologies to provide the drive are too
large, expensive, unreliable, and cumbersome to be practical.
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M-14.  MAGNETIZED TARGET FUSION

Description
In the magnetized target fusion (MTF) approach to fusion,

deuterium-tritium (D-T) fuel in a preheated magnetized target plasma is
rapidly compressed to thermonuclear temperatures by pdV heating. For
example, the figure shows compression using a metal liner imploded
with high velocity (typically a few kilometers per second), resulting
from the self-pinching of megampere currents. Operating in a fuel den-
sity and time scale regime intermediate between magnetic confinement
fusion and inertial confinement fusion has the advantage of allowing
orders of magnitude smaller system size compared with conventional
magnetic fusion. Magnetic insulation has the potential for orders of
magnitude reductions in power requirements compared with conven-
tional inertial confinement fusion. If this avenue to low-cost energy-
producing plasmas is successful, MTF permits fusion development
without billion-dollar facilities, thus circumventing one of the most
serious obstacles to fusion development.

Status
A number of promising target plasma configurations have been identified. Current emphasis on the field-reversed configuration

(FRC) derives from 20 years of compact torus research, which provides a good understanding of FRC equilibrium, compressional
heating, and confinement scaling. Present understanding projects to near break-even parameters with available pulsed-power facilities.
In recent years liner implosion technology, with the required ~10-MJ energy and ~10-km/s velocity needed for MTF, has been devel-
oped by Defense Programs (DP) in the Department of Energy (DOE) and the Department of Defense (DOD), and facilities are avail-
able to allow very cost-effective tests of the MTF concept. In May 1998 a national team of six institutions led by Los Alamos National
Laboratory (LANL) proposed a 3-year, $6.6M/year proof-of-principle (PoP) test of MTF to DOE. The proposal received favorable
peer review, and the Fusion Energy Sciences Advisory Council (FESAC) recommended the team be kept in place while FESAC con-
ducted a review of overall program balance. Since the proposal, the team has grown and now includes LANL, Air Force Research
Laboratory, Lawrence Livermore National Laboratory, General Atomics, University of Washington, Westinghouse, Massachusetts
Institute of Technology, University of California—San Diego, and University of California—Berkeley.

Current Research and Development (R&D)

R&D Goals and Challenges
The main PoP goal is to establish whether heating to thermonuclear temperature is possible with liner compression. Scientific

issues include (1) achieving the relatively high initial density (~1017 cm–3) and sufficient temperature (~300 eV) needed for a target
plasma, (2) stability of liner and plasma during compression, and (3) wall-plasma interactions throughout the process. For practical
generation of electricity, the major issue is cost of material that must be processed for each pulse (the “kopeck” problem). Low-cost
refabrication of electrical leads or methods of stand-off power delivery are being studied.

Related R&D Activities
Research complements and depends upon ongoing compact torus research, pulsed-power liner implosion work, and development

of inertial fusion energy (IFE) power-plant energy technology. Both inertial confinement fusion (ICF) and MTF involve containment
of pulsed fusion energy (multi-megajoule to gigajoule) with plasma-facing liquid walls of fluorine-lithium-beryllium molten salts
(Flibe) or lithium.

Recent Successes
In recent years liner implosion experiments have demonstrated the symmetry, kinetic energy, and velocity needed for MTF. Inte-

grated plasma formation and liner-on-plasma experiments have not been done since the 1970s. Compact torus research in the 1980s
and 1990s has developed improved methods for plasma formation and preheating.

Budget
FY 1998: $115K; FY 1999: $1M; and FY 2000 (needed): $6.6M.

Elements of MTF

Thin imploding liner

Megampere current

10 keV plasma 

Magnetic
guide field

Typical parameters:
Initial Final

    n 1017 cm-3 1020 cm-3

    T 100 eV 10 keV
    B 35  kG 10 MG

Guide-field coils

Plasma preheater and injector Liner implosion system 

FRC

Conical theta pinch
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Anticipated Contributions Relative to Metrics

Metrics
•  Energy concepts—The long-term application of MTF to energy production has not been examined as extensively as for conven-

tional magnetic or inertial fusion, and metrics are less well defined. For pulsed systems like MTF and ICF, the product of gain and
efficiency enters strongly into economics. MTF is expected to operate with smaller gain but higher efficiency than ICF, and the
product will be an important metric for the research program. With MTF, yields in the gigajoule range would allow advantages at a
lower repetition rate than conventional ICF. Several energy approaches are being studied. Pulsed compression with circulating liq-
uid metal similar to the early LINUS concept is one approach. Low-cost refabrication of electrical leads that deliver power through
a liquid blanket as proposed in the 1978 Conceptual Fast Liner Reactor Study is another. Stand-off delivery of power by efficient
lasers, ion beams, or electron beams is a third. A completely different approach to power conversion might be possible if neutron
energy were used to flash vaporize the blanket and the 1- to 2-eV vapor were then used for magnetohydrodynamic (MHD) gen-
eration of electricity.

•  Science—The intermediate density regime, which differs by 5 to 6 orders of magnitude from both MTF and ICF, allows many
tests of scientific understanding. New insights into the physics of FRCs should result from MTF compression experiments that
seek kiloelectron-volt temperatures and much higher density but still work with similar values of dimensionless parameters, such
as size relative to ion gyroradius compared with present and most previous FRC experiments. Bohmlike turbulence is observed in
solar wind studies of an FRC-like field-reversed current sheath, and MTF is expected to work with a comparable level of turbu-
lence. Generation of magnetic fields and magnetic reconnection at high temperature and high beta is expected in MTF experiments
and is also seen in astrophysics. Improved understanding of wall-plasma interactions through theory, computational modeling, and
experiment is a major goal for MTF. This understanding may have application to tokamak divertors, plasma processing, and
radiative-condensation instabilities in beta »1 astrophysical plasma.

Near Term ≤≤≤≤5 years
A PoP test appears possible in less than 5 years if funding is made available. Assuming success with the PoP and an increased

level of funding, a near break-even test could be done in about 2003–2005 using the Los Alamos ATLAS pulsed-power facility being
constructed by DOE–DP. An interesting aspect to MTF is that university-scale experiments can fully test MTF targets, and the
community-based MTF research program assumes a multi-institutional campaign of testing targets developed on small-scale experi-
ments in the large-scale defense program facilities. Success in the laboratory would give strong incentive for expanded work on tech-
nologies needed for economic energy production.

Midterm ~20 years
From a development perspective, MTF can be viewed as a broad class of possibilities that are characterized by low cost and

pulsed operation. Possible MTF embodiments range from FRC or spheromak target plasmas to a class of Z-pinch-like wall-confined
plasmas as represented by the Russian MAGO configuration. Heating is possible with liner-driven implosions or stand-off laser-beam
or particle-beam drivers with reduced power and intensity requirements compared with ICF. Development can proceed rapidly
because the necessary scientific studies (including burning plasma physics) require no billion-dollar-class facilities.

Long Term >20 years
If MTF is successful, the development phase for fusion energy should be significantly accelerated, and the ultimate cost of elec-

tricity should be reduced in accord with reduced development costs.

Proponents’ and Critics’ Claims

Proponents are excited because MTF offers an affordable path to burning plasma experiments and an intriguing and generally
unexplored possibility for practical fusion energy. In the restructured fusion program that emphasizes finding low-cost development
paths for fusion, MTF is a logical new element. In addition, MTF strengthens the fusion portfolio because it represents a qualitatively
different approach compared with conventional magnetic and ICF approaches. So far no physical limitation has been identified that
precludes developing MTF as a practical fusion energy system, and several promising development paths have been identified.

Critics argue that pulsed systems like ICF and MTF are unlikely to meet the practical requirements for pulse repetition rate and
cost per target, especially in the case of MTF if it involves replacement of liner hardware on every pulse. There are also technical con-
cerns that high-Z liner material will mix rapidly with the relatively low-density fusion fuel, leading to unacceptably large radiation
losses. Some have expressed concern that pulsed fusion approaches like MTF might lead to new types of nuclear weapons. However,
scientists who analyzed this possibility say, “We see no immediate danger of a militarily attractive new type of weapon being devel-
oped from the current unclassified research programs on pure-fusion explosions.” [S. Jones, R. Kidder, and F. Von Hippel, Physics
Today, September 1998, p. 57.]
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M-15.  BOUNDARY PLASMA/WALL INTERACTIONS

Description
The boundary plasma is the interface between the hot core plasma and the mate-

rial walls of the surrounding vacuum vessel. It constitutes a buffer zone that pro-
tects the walls from the hot plasma and shields the plasma core from impurities
originating at the walls. Access to most of the improved plasma confinement
modes has been achieved through the application of wall conditioning techniques
as depicted in Fig. 1, which shows the effect of lithium wall conditioning on
plasma performance in the Tokamak Fusion Test Reactor (TFTR). The so-called
Supershot regime, depicted in this figure, is attained through reduction in
hydrogen and carbon recycling from the first wall in TFTR. Inside the separatrix,
the plasma processes involve transport phenomena, magnetohydrodynamic
(MHD) effects, transition physics, and atomic physics. Between the separatrix
and the wall, the scrape-off layer (SOL) is dominated by atomic physics and by
perpendicular and parallel transport processes. The wall surface plays an important
role in the recycling of hydrogen isotopes, determining plasma fueling and wall
inventory (of tritium). Plasma-surface interactions lead to impurity generation and to wall erosion. Transport of particles and energy
from the plasma core to the divertors or limiters is discussed separately.

Status
Much progress has been made in characterizing the plasma boundary properties under a variety of conditions. Inside the sepa-

ratrix, transport processes and their transition due to the formation of transport barriers (i.e., from L-mode to H-mode) have been char-
acterized and correlated with changes in boundary plasma parameters. We are beginning to understand the interplay of parallel trans-
port phenomena such as convection, conduction, and plasma flows in the SOL. A very prominent part in the plasma boundary pro-
gram has been the development of wall conditioning methods to control plasma-surface interactions for optimum plasma performance.
Experience with tritium retention in the walls of existing devices and the development of models such as REDEP and BBQ have
increased our understanding of the underlying processes and highlighted the urgent need to develop efficient tritium removal methods.
Transport processes in the boundary plasma have been characterized and described with complex models such as B2-EIRENE,
DEGAS, or UEDGE. These models include the main working gas, hydrogen, as well as the prominent intrinsic or extrinsic impurities.
However, currently there is no reliable physics-based model for the turbulent cross-field transport rates of heat and particles. Instead,
these codes employ adjustable transport coefficients that are fitted to match experiments. Deliberately introduced impurities, such as
neon, radiate predominantly in the plasma edge and are being used to create a stable radiating boundary for even distribution of
exhaust power.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Establish detailed causal correlations between edge transport barriers and plasma edge parameters.
•  Investigate stable radiating boundary plasmas as a mode of operation for fusion reactors.
•  Provide an experimental database for further developing and coupling materials codes and plasma edge codes.
•  Develop new wall conditioning techniques for high-performance plasmas applicable to long-pulse devices.
•  Develop ways to avoid peaking of heat flux in space and time [edge-localized modes (ELMs) and disruptions] to permit the use of

noncarbon materials, a necessary step for a tritium self-sufficient reactor.
•  Develop empirical scaling relations between cross-field transport and local/global transport parameters.
•  Apply knowledge base of plasma-surface interactions to materials processing and other nonfusion activities.

Related R&D Activities
•  Strong international collaborations exist in all areas of boundary plasma physics. For example, wall conditioning techniques devel-

oped at TEXTOR are being applied and tested on most major machines.
•  The Virtual Laboratory for Technology is developing high heat flux materials for plasma-facing components.
Recent Successes
•  Stable radiating edge layers have been sustained with good confinement and low core impurity content.
•  The role of neutrals in the plasma edge of the Doublet III-D (DIII-D) has been shown to play a role in the L-H transition.
•  Tritium retention in beryllium has been shown to be much lower than expected at reactor conditions.
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Anticipated Contributions Relative to Metrics

Metrics
The boundary plasma has to provide the buffer between core plasma and wall. In this capacity, it must fulfill a variety of tasks:

(1) maintain strong gradients just inside the separatrix to support transport barriers, (2) maintain a stable radiating mantle with low
core impurity concentrations, (3) shield the main plasma from wall impurities, (4) provide sufficient parallel transport for particle and
power removal in the divertors or limiters, and (5) provide adequate perpendicular transport for sufficient radial power flux distribu-
tion. The plasma-surface interface has to be designed, with respect to materials choice and plasma parameters, for (1) minimum impu-
rity production and erosion, (2) controllable wall recycling for plasma fueling and inventory control, and (3) minimum tritium
inventory.

Near Term ≤≤≤≤5 years
It is known that wall conditions play an important role in establishing transport barriers and improving plasma performance, but

the underlying physics phenomena that connect wall conditions with transport barrier formation are not well understood. Therefore,
additional efforts are needed:

•  Investigate the detailed atomic and molecular physics of hydrogen and impurities in the plasma boundary inside and outside the
separatrix.

•  Study techniques for establishing stable radiating boundary plasmas.
•  Establish clear causal correlations between edge plasma parameters and transport barriers.
•  Investigate the effects of impurities and neutrals on the formation of edge transport barriers.
•  Develop and implement with dedicated machine time in-situ time-dependent diagnostics to provide the detailed database necessary

for understanding plasma material interactions.

The database and modeling tools developed in the area of plasma-surface interactions should be adapted for broader use in nonfu-
sion applications. Examples of nonfusion applications include materials processing, flat panel plasma display, and plasma spray
coating.

Midterm ~20 years
•  Build a new long-pulse machine with detailed wall/edge diagnostics dedicated to exploring long-pulse issues such as wall satura-

tion, erosion, codeposition, and dust generation that are not significant in existing machines but pose challenges that will have to
be solved for a high-duty-cycle fusion reactor.

•  Develop predictive understanding of physical and chemical properties of mixed materials generated by plasma-surface interactions.
•  Develop techniques to control wall erosion.
•  Develop procedures for sustainable tritium inventory.

Long Term >20 years
•  Develop boundary plasma control techniques for minimum wall erosion, manageable tritium inventory, control of transport barrier

properties, and good helium exhaust.
•  Build on the scientific and engineering understanding gained in the previous 20 years to design and build an attractive fusion reac-

tor that incorporates solutions to the long-standing issues of the first wall.

Proponents’ and Critics’ Claims

Proponents claim that the advances made in boundary plasma control over the past two decades have been a key contribution to
the success of magnetic fusion energy research. Further accomplishments, needed for the full realization of magnetic confinement, can
be predicted from reasonable extrapolation of past success.

Critics claim that the boundary plasma has traditionally been viewed in the realm of “kitchen physics,” that is, governed by the
application of purely empirical techniques that lack a firm scientific foundation. Extending high-performance discharges from the pre-
sent second time scale to hours or days poses insuperable materials problems.
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M-16.  BURNING PLASMA SCIENCE

Description
Fusion energy is released by burning light elements using nuclear reactions that consume mass and release large amounts of

energy in the form of extremely energetic charged particles or neutrons. The most reactive fusion fuel is a 50/50 mix of deuterium (D)
and tritium (T) that requires fuel temperatures of ~100,000,000°K and the product of the fuel density n and energy confinement τE
such that the Lawson product nτE > 2 × 1020 m–3 s. The energetic charged particles (3.5-MeV alphas for the D-T reaction) are con-
fined by the magnetic field and deposit their energy in the plasma. Other reactions are possible, but higher temperatures and better
confinement are required, ultimately resulting in much lower fusion power density for a given plasma pressure. In magnetic fusion,
plasmas are heated to reaction conditions using external auxiliary power (Paux) and produce fusion power (Pfusion). The most
fundamental metric is the fusion gain, Q = Pfusion/Paux. Magnetic fusion reactors will require Q ≥ 25 to be economically attractive.
With Lawson product only ~20% higher, “ignition” is obtained, where the plasma is self-sustained purely by its alpha particle heating.
The science of burning plasmas consists of (1) the physics of magnetic confinement in the “dimensionlessly large” reactor regime
[transport, magnetohydrodynamic (MHD) stability and edge plasma parameters]; (2) the behavior of the plasma in the presence of
energetic alpha particles (alpha confinement, induced instabilities, and energy transfer to the bulk plasma); (3) dynamic control of the
self-heated plasma; and (4) power and particle exhaust, especially, removal of helium ash.

Status
Burning plasma science has been studied initially with deuterium plasmas that have provided understanding of plasma behavior

near burning conditions and have allowed the first studies of energetic particle behavior at near burning plasma conditions. A series of
experiments using 50/50 D-T fuel has been carried out on the Tokamak Fusion Test Reactor (TFTR) and the Joint European Torus
(JET), which have produced fusion powers of 11 to 16 MW and Q values of 0.3 to 0.6 for durations of about 1 s. These experiments
have confirmed many of the physics models for burning plasmas, but experiments are needed to study the science of a strongly burn-
ing plasma (Q ≥ 10) for longer time durations.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Obtain and explore controlled fusion burning plasmas.
•  Investigate plasma confinement phenomena in the reactor regime of a large size relative to gyro radius, in an experiment that inte-

grates confinement and stability in the core and edge plasma.
•  Explore and understand the phenomena associated with reactor levels of fusion alpha-particles in a magnetically confined plasma,

especially the instabilities that may be excited by their presence.
•  Establish the practical feasibility of controlled burn in a self-heated burning plasma through passive and active influences on the

overall power balance.
•  Explore the compatibility of self-heating with the pressure and current profiles required for optimal stability, transport, and steady-

state (long-pulse high-duty cycle) sustainment.
•  Establish the practical feasibility of power and particle (especially helium) exhaust.

These goals reflect the progress that has been achieved in many topical areas during the past. However, no existing facility pos-
sesses sufficient confinement to take this next step to a burning plasma experiment that addresses these goals.

Related R&D Activities
•  Inertial fusion burning plasma studies such as those proposed for the National Ignition Facility (NIF).
•  Stellar dynamics (e.g., the marginal stability model for the sun).
•  Fusion program research and technology in support of obtaining a burning plasma.

Recent Successes
•  Theory, modeling, and experiments on energetic particle-induced instabilities.
•  Theory, modeling, and experiments on transport and MHD (e.g., disruptions).
•  Development of comprehensive diagnostics ( J, Er, alphas, ...) for burning plasma experiments.
•  Confirmation of the physics of a weakly burning D-T plasma and production of significant fusion power.

Budget
The next step to an experimental burning plasma requires a capital construction project at least of the magnitude of one of the

major fusion facilities (TFTR, JET, JT-60) built in the 1970s. However, the U.S. fusion budget at its current level is insufficient to
support such a project domestically. Refer to M-17. Burning Plasma Experimental Options for more details.
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Anticipated Contributions Relative to Metrics

Metrics
•  Science

  Enter and diagnose the regime where alpha heating dominates the power balance and defines the plasma pressure profile
Q ≥ 10 and preferably Q → ∞.

  Determine the transport properties, MHD stability, and edge-plasma characteristics of a reactor-size plasma.
  Demonstrate quantitative predictive understanding of alpha particle dynamics, both single particle and collective effects,

in the strongly burning plasma regime.
  Demonstrate global thermal stability at high Q.
  Demonstrate high bootstrap-fraction burning plasma operation.
  Demonstrate power exhaust and alpha ash removal for at least ten energy confinement times.

•  Energy
  Demonstrate scientific feasibility of high-Q D-T controlled fusion reactions using magnetic confinement.

•  Technology
  Integrate safe handling of tritium into a burning plasma environment.
  Demonstrate fueling and heating technologies for a reactor-scale plasma.
  Establish plasma-facing component technologies for reactors.
  Demonstrate remote handling technologies.

Near Term ≤≤≤≤5 years
•  Possibly further (Q ∼  1) experiments on JET briefly in 2002.
•  No alpha-dominated experiments are possible using the existing magnetic fusion energy (MFE) facilities.
•  Carry out design activities and related experimental investigations on prototypical facilities to establish optimal configurations

and expectations for a next step burning plasma experiment.
•  Develop the engineering basis for a next step burning plasma experiment.
•  Develop a scientific consensus worldwide in support of the burning plasma physics mission.

Midterm ~5 to 20 years (2004 to 2019)
•  Explore burning plasma physics on an alpha-heated magnetically confined plasma.
•  Demonstrate efficient alpha energy transfer to bulk plasma with alphas providing at least 65% of heating power (Q > 10).
•  Demonstrate sustained burn for at least five energy confinement times.
•  Respond appropriately to a decision in ~2000 by the international participants on the construction of the International Thermo-

nuclear Experimental Reactor (ITER).

Long Term >20 years
•  Demonstrate steady state burning plasma at Q > 25 and provide the burning plasma science basis for an MFE reactor.

Proponents’ and Critics’ Claims

Critics claim that present MFE concepts, especially the tokamak, do not project to reactor systems with economics competitive
with natural gas, fossil fuels, and fission. High Q plasmas based on today’s most advanced magnetic configuration cannot be con-
trolled at advanced performance levels, and the plasma may constantly disrupt and result in a reactor concept with low reliability. The
science of the final MFE reactor may be quite different from the concepts investigated during the last 50 years, and the burning plasma
science developed in today’s magnetic concepts may not be generic.

Proponents state that the leading MFE configurations (tokamak, stellarators and spherical torus) project a power plant cost of
electricity within a factor of 2 of existing fission power plants if a high Q plasma can be sustained with high reliability. Tokamaks are
sufficiently advanced that burning plasma physics can be accessed with a modest extension of existing science and facilities. Thus far,
there appear to be no technical showstoppers; therefore, the burning plasma physics step can be taken with reasonable assurance.
Burning plasma physics should first be demonstrated to establish scientific feasibility and to understand the scientific issues of a
strongly burning plasma, many of which are generic to all MFE reactor concepts. Subsequently, the magnetic configuration can be
optimized to develop an attractive MFE reactor with favorable economics and high reliability.
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M-17.  BURNING PLASMA EXPERIMENTAL OPTIONS

Description
The options for a next step burning plasma experiment are defined by the overall strategic pathways available for the development

of magnetic fusion energy (MFE) as shown in Fig. 1. The one step to demonstration reactor (DEMO) would be undertaken by a single
large facility, such as the International Thermonuclear Experimental Reactor (ITER), with multiple missions of developing and
integrating burning plasma physics, long-pulse physics and technology, and
fusion technologies. The enhanced concept innovation pathway would delay
burning plasma experiments to emphasize first, experimentation on, for example,
stellarators, spherical tori, reversed field pinches, spheromaks, and multipoles.
However, none of these configurations could be ready for a burning plasma test
at Q ≥ 10 in less than a decade. The modular pathway employs multiple facilities
each focused on resolving a key MFE issue at conditions approaching those
expected in an MFE system. The modular pathway addresses the key technical
issues, high-Q burning plasmas and steady-state operation, separately.

Status
The burning plasma issues for MFE are discussed in M-16. The status of the

leading magnetic configurations to address MFE burning plasma issues is given
in terms of the extrapolation required from parameters achieved in laboratory
experiments to those required in that concept’s reactor assessment by the
Advanced Reactor Innovation and Evaluation Studies (ARIES) (Table 1).

Table 1.  Required extrapolation

Tokamak Stellarator Spherical torus ARIES

nτETi 10 1,000 100,000 1
Plasma pressure 3 100 >100 1
Neutron wall load (MW/m–2) 50 >1,000 >1,000 1
Duty cycle 50 >1,000 >10,000 1

Only the tokamak is sufficiently advanced to address the burning plasma physics issues of MFE within the next decade. The
crucial issues of understanding the science of plasma transport and magnetohydrodynamic (MHD) stability in advanced configurations
where the profiles are defined by alpha heating can be studied thoroughly in the tokamak configuration, and this knowledge can be
used to understand and predict burning plasma physics phenomena in other magnetic configurations. A next step MFE experiment
capable of achieving Q ≥ 10 in deuterium-tritium (D-T) plasmas would serve both as proof of performance and as a facility to explore,
understand, and optimize burning plasmas for MFE in parallel with the National Ignition Facility (NIF)/LMJ experiments for IFE.

Current Research and Development (R&D)
R&D Goals and Challenges

Previous design studies of next step burning plasma experiments (TFCX, CIT, BPX, and ITER) have all produced technically
credible designs but have not garnered the required scientific and financial support to proceed with construction. The challenge is to
develop a design proposal with a more focused mission that will address the critical burning plasma issues within a constrained budget
profile.

Related R&D Activities
The base theory, modeling, and confinement program will interact closely with the burning plasma experiment. Enabling technol-

ogy development in plasma heating, current drive, and fueling (pellet injection) will be needed for the burning plasma experiment.
Fusion technology development (especially tritium handling and remote handling) will be integrated with the experiment.

IFE burning plasma experiments on NIF/LMJ will be complementary to the MFE burning plasma experiment(s).

Recent Successes
Recent experiments and the ITER design study have produced a well-documented physics basis for analyzing burning plasma

performance.

Budget
IGNITOR is viewed as an Italian project with potential European Community (EC) support. ITER-RC is viewed as a Japanese,

European, and Russian project with potential U.S. support. FIRE is viewed as a U.S. project with potential international support
(Table 2). The construction budgets for the representative next-step options are estimated in Table 3.

One Step to
 DEMO

Modular

Enhance 

Concept In
novation

Technical 
Integration

Concept Improvement Emphasis

Attract ive
Fusion
System

Fig. 1.  Pathways for the Development of Magnetic Fusion
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Anticipated Contributions Relative to Metrics

Metrics
Table 2.  Extrapolation required

IGNITOR FIRE ITER-RC ARIES

nτETi ~1 ~1.5 <1.5 1
Plasma pressure ~0.6 ~0.8 2 1
Neutron wall load (MW/m–2) ~1 ~1 8 1
Duty cycle >1000 >1000 ~10 1

In the modular pathway the duty cycle metric will be addressed in a separate steady-state advanced toroidal facility.

Near Term ≤≤≤≤5 years
•  Comprehensive technical assessment of all approaches to fusion and identification of key metrics (1999).
•  Performance optimization and cost reduction, design activities with supporting physics, and technology R&D.
•  Proposal ready for technical review and decision by end of 2000 in concert with international decision on ITER.

Several representative options for a next step burning plasma experiment in MFE have been identified during the next step
options study that followed the Madison Forum with parameters in the ranges illustrated in Table 3.

Table 3.  Options with parameters

R(m) B(T) Coils Ip (MA) Gain Pfusion (MW) Exhaust Burn time (s) Cost ($M)

IGNITOR 1.32 13 30°K Cu 12 >10 ~200  Limiter 5 <500
FIRE ~2.0 ~10 70°K BeCu ~7 ~10 ~200  DND ≥10 <1000
ITER-RC 6.2 5.5 NbSn S/C 13 10 ~500  S-DND ≥400 <6000

ITER-Reduced Cost (RC) is very similar to the ITER EDA with the same overall program objective—to establish the scientific
and technological feasibility of magnetic fusion—but with slightly reduced size and performance to reduce the construction cost by
50%. ITER-RC would have superconducting coils capable of allowing up to steady state under driven plasma conditions. IGNITOR is
a very compact high-field moderately shaped tokamak with cryogenically cooled copper coils. The plasma is heated to high Q by
ohmic and ion cyclotron range of frequencies (ICRF), and the plasma power and particles are exhausted using the first wall as a
limiter. The Fusion Ignition Research Experiment (FIRE) is based on previous U.S. compact copper-conductor burning plasma
experiment designs (CIT, BPX, BPX-AT), but responds to recent tokamak physics developments. FIRE is a compact high-field
tokamak similar to IGNITOR but with higher triangularity and a double-null closed-divertor configuration.

Midterm ~20 years
•  Initiate construction of next step burning plasma experiment by 2002 with first operation by 2009 with high-Q D-T plasmas by

2012 (if compact high field) or first plasma by 2012 and high-Q D-T by 2016 (if ITER-RC).
•  Make a major programmatic decision in 2015 to 2020 time frame on the selection of potential concept(s) for further development

as an Advanced Integrated Experimental Reactor or for burning plasma tests of additional concepts.

Long Term >20 years
If successful, the key burning plasma issues would be addressed and resolved by 2020.

Proponents’ and Critics’ Claims

The tokamak is favored by a vast majority of the world MFE programs for a next step burning plasma experiment; the issue is
whether the tokamak will lead directly to an economical reactor. The JA, EC, and Russian Federation fusion programs favor the one
step to DEMO strategy, and it has been central to their official program plans. A majority of the U.S. fusion community (e.g., the
Madison Forum) favor the modular pathway, which was the MFE pathway prior to the ITER initiative and is similar to the IFE path-
way. The enhanced concept innovation pathway would delay initiation of a burning plasma experiment to develop the optimum mag-
netic configuration at small size and cost prior to large-scale testing. This approach will extend the time scale and possibly the cost if
difficulties arise at the proof of performance and burning plasma phase with dominant alpha heating.

Critics claim that the cost of ITER and even ITER-RC is too high, indicating that the tokamak will not be a cost-effective power
plant. They further dispute the general applicability of burning plasma science from the tokamak, particularly to the more self-
organized plasma systems.
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M-18.  INTEGRATED FUSION SCIENCE AND ENGINEERING TECHNOLOGY RESEARCH

Description
Integrated Fusion Science and Engineering Technology Research integrates the physics of burning plasmas with engineering

technologies needed to design a commercial demonstration fusion power plant, often called the demonstration reactor (DEMO). Inte-
grating research in a single facility is often called one-step-to-DEMO strategy. This approach, with international collaboration, is the
fastest and least expensive route to a commercial fusion power plant; it is also the most reliable because the physics data returned will
require little extrapolation to DEMO. Several variations are now under active study, ranging from the Reduced Technical Objectives/
Reduced Cost International Thermonuclear Experimental Reactor (ITER-RC), to the less capable JT-60 Super Upgrade. These devices
all support an operational deuterium-tritium (D-T) burning capability. Their superconducting magnets are essential to developing the
plasma physics of burning steady-state tokamaks and will assure that investments in magnet technology will benefit DEMO. A second
common feature, shown in Fig. 1, is a poloidal field coil set outside the toroidal field magnets with a segmented central solenoid. This
coil arrangement offers flexibility consistent with the tokamak reactor concept and can support both single-null and double-null
divertor operation as well as Advanced Tokamak (AT) research. Much of the technology data, such as high-heat-flux components,
magnet fabrication, tritium breeding, neutral beam and gyrotron auxiliary power systems, as well as erosion of plasma-facing compo-
nents, will be generic to all toroidal magnetic fusion energy approaches.

The broad international tokamak database serves as the baseline design for ITER-RC. This will project, with margin, to nominal
D-T burning with Q ≥ 10 and will permit investigations of fusion science issues such as β-
and density-limits and their control as well as provide helium exhaust data and neutrons for
technology assessments. The flexibility inherent in the PF system, the fueling system, and
the auxiliary heating will support operation in advanced modes now foreseen as reactor
compatible and provide AT design data for DEMO. With contemporary tokamak devices, it
is impossible to simultaneously achieve reactor-like core plasmas and reactor-like edge plas-
mas. Thus, in any tokamak strategy, a ITER-RC class device is required to obtain the
robustly reliable data needed for a steady-state AT with a D-T energy source to qualify as the
design basis for DEMO/Advanced Reactor Innovation and Evaluation Studies (ARIES)-RS.

Status
The July 1998 ITER Final Design Report (FDR) established the engineering feasibility

of a ITER-RC-class facility with detailed, disruption-tolerant engineering solutions for all
design elements: first wall, divertor, magnets, poloidal field control, and tritium inventory.
The engineering design is supported by $800M of international engineering research and
development (R&D) over 6 years with prototype testing. Key successes of the ITER/
engineering design activity (EDA) physics program were to establish common, scaleable
physics and simulation codes for the critical physical processes: divertors, disruptions,
β-limits, power thresholds, and confinement scaling. A 400-page issue of Nuclear Fusion
documenting the physics basis for both ITER/FDR and ITER-RC will appear in June 1999.
Now, an ITER-RC design program, incorporating staged construction and operation to level
cash flow, is being developed by the Three-Party Joint Central Team. Cost reductions
(~50%) are achieved by ~50% reductions in the fusion power, inductive pulse length, and plasma volume. The new designs have
higher triangularity plasma shapes, achieve Q ≥ 10 with conventional ELMy H-mode physics, and are capable of full ignition with AT
operation.

Current Research and Development (R&D)

R&D Goals and Challenges
Demonstration of self-consistent profiles of α-heating, pressure, and bootstrap/driven current density as well as active control of

n = 1 magnetohydrodynamic (MHD) modes are seen as crucial for steady-state operations at reactor β-values. For ELMy H-modes,
increases in long-pulse βΝ-values and operation at densities above the Greenwald value will increase the tokamak fusion power. Neo-
classical tearing mode control by electron-cyclotron current drive and inside pellet launch fueling are respective proposed control
techniques.

X

X

Fig. 1.  A candidate ITER-RC
design with AT capabilities.
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Anticipated Contributions Relative to Metrics

Energy Concept Metrics
The ITER-RC approach fulfills reactor-level metrics and also serves as a flexible test bed to improve β, density, reliability, fusion

power, and wall-loading metrics, thus optimizing both the standard tokamak and ARIES-RS-like AT approaches to fusion power.
Fusion power exceeding 500 MW for durations exceeding 500 s will enable nuclear testing.

Science Metrics
The tokamak science established by ITER-RC experiments will provide reactor-scale physics data not accessible to present

machines. More generally, tokamak physics played a major motivating role in the development of the science of magnetized plasmas,
which underlies all toroidal fusion concepts, as well as space, solar, and astrophysical plasma dynamics. Interdisciplinary examples
include current sheets in reconnection and particle energization by Alfven waves in space and the galaxy. The science concepts are
shared, but each field develops its own simulation codes and facilities. Computationally, tokamaks will remain the principal quantita-
tive comparison between five-dimensional turbulence simulation codes and experiment. Tokamak MHD codes will be at the frontiers
of simulating current sheets and other examples of spatial intermittency.

Nonfusion Applications
ITER/EDA technology development has already produced state-of-the-art advances. Model test coils will make available large-

volume, high-field test facilities for superconducting magnet technology. High heat flux components are important to many high-
temperature processes. Gyrotrons have applications in plasma and materials processing, and potentially in radars.

Near Term ≤≤≤≤5 years
Already the ITER/EDA project, through physics expert groups, has been very effective at determining the key areas where phys-

ics research will define the design basis and requirements for a reactor-scale facility. This has identified conceptually new processes
such as the role of recombination in divertors. But much remains to be done, and the discipline associated with a design project is
needed to assure that nominal performance requirements are met and flexibility is retained.

Midterm ~20 years
This time frame will see operation of the ITER-RC facility and attainment of reliable fusion burn at the 500–1000 MW level over

pulses of at least 500-s duration. The case for the reality of a fusion energy option will be made! Experimental fusion physics will
enter reactor-scale experiments where the balance between different physical processes will differ from that of present experiments,
leading to original tokamak physics data. Reactor blanket technology demonstrations will benefit from the neutron fluxes with initial
blanket testing.

Long Term ≥≥≥≥20 years
The operational data acquired from ITER-RC in this period will form the basis of reactor utilization of advanced and/or steady-

state tokamak operations with internal transport barriers. The required robust demonstrations for DEMO will be carried out by staged
upgrades of the ITER-RC facility, based on reactor-scale data from its initial operations. Tritium breeding and other blanket
technologies will be tested at moderate neutron fluences in test modules that fit into ITER-RC ports. Within 30 years, design of a
DEMO will be nearly complete, and fusion power will be at the threshold of commercial realization.

Proponents’ and Critics’ Claims

Proponents claim that the ITER-RC approach employs a single facility for the necessary integrated physics and technology
investigations at a minimum integrated cost. Since tokamak science at the reactor scale differs from that of present devices, ITER-RC
will provide the relevant science basis for fusion energy. ITER-RC is no higher risk than modular approaches because all the
technological goals must be met in any event. It further provides for reactor-scale development of advanced and steady-state burning
plasma scenarios with as much flexibility as a tokamak can implement. At the present time, it is the only next-step tokamak for which
international collaboration on construction can be foreseen and can lead to a commercial fusion power by ~2050. A large advantage is
derived by international cost sharing.

Critics claim that the ITER-RC facility cost places it out of reach for an energy technology demonstration. Moreover, ITER-RC
specializes to the tokamak concept too early in the development of fusion energy; researchers should wait for the possible devel-
opment of an alternative approach before moving to reactor-scale research. Science carried out in present tokamak facilities may
permit a more judicious and optimized choice of reactor configuration.
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M-19.  VOLUMETRIC NEUTRON SOURCE

Description
•  A Volumetric Neutron Source (VNS) is a deuterium-tritium (D-T) plasma-based facility that simulates the fusion environment and

produces neutrons at a neutron wall load (~1 MW/m2) and on a surface area (~10 m2) sufficient to test in-vessel components: first
wall, blanket, divertor, and vacuum vessel. The facility is designed so that the in-vessel components of the basic device are also
part of the tests, especially for identifying failure modes, obtaining data on failure rates, testing remote maintenance, and deter-
mining shutdown times required to recover from failures.

•  The D-T plasma is highly driven (Q ~ 1) and operated at steady state or long pulse.
•  Several designs have been proposed including high aspect ratio tokamak, spherical torus (ST), and mirrors. In general, they have

resistive copper magnets and a fusion power <150 MW to minimize cost and tritium consumption (in some options, the facility
breeds its own tritium).

•  The purpose of tests in VNS are (1) to examine experimentally the scientific and engineering feasibility and attractiveness issues
for various design and material system options for the first wall/blanket/divertor/vacuum vessel (e.g., solid and liquid walls); (2) to
obtain critical data on basic phenomena and performance of in-vessel components concerning power and particle extraction, trit-
ium self-sufficiency, failure modes and rates, maintainability, and other key issues; (3) to advance the engineering sciences nec-
essary to conduct powerful D-T plasma physics experiments; and (4) to provide the engineering science knowledge base for the
 in-vessel system, which is a necessary element in the fusion program mission to identify an attractive fusion product.

Status
•  The VENUS study at the University of California Los Angeles (UCLA) (1994) and the International Energy Agency (IEA) study

on HVPNS (1995) have made progress in defining the major requirements on VNS parameters and design features [see M. Abdou
et al., Fusion Technology, 29 (1996)]. These include (1) neutron wall load ~1 MW/m2; (2) total test area at the first wall ~10 m2;
(3) steady-state or long-pulse plasma operation; (4) configuration, remote maintenance, and other design features to emphasize
the reliability of the basic device and rapid replacement of device components and test articles; (5) device availability >25%;
(6) cumulative fluence (in sequential test articles) >6 MW year/m2; and (7) fusion power <150 MW.

•  Two Small Business Innovation Research (SBIR) studies [e.g., E. T. Cheng et al., “Progress of the ST-VNS Study,” Fusion Tech-
nology, in press) and other studies [e.g., Ho and Abdou, Fusion Eng. & Design, 31 (1996)] have identified two classes of possible
VNS facilities. One is based on high A (~3.5), and the other is based on ST. Both satisfy the VNS requirements and are cost-
effective. Some researchers in Japan and Russia proposed mirror-based facilities.

Current Research & Development (R&D)

R&D Goals and Challenges
•  Identify the best design option for VNS that (1) is cost-effective, (2) can meet the testing requirements, and (3) requires modest

extrapolation of current database.
•  Perform the physics and engineering R&D necessary to build VNS by ~2015–2020. Establish the physics and engineering bases

for steady-state/long-pulse-driven (Q ~ 1) D-T plasma operation with high device availability (~25%) and rapid insertion and
removal of test articles.

•  Establish close interaction and coordination between the physics and technology community.
•  Develop international framework for collaboration on VNS.

Related R&D Activities
•  The National Spherical Torus (NSTX) program for establishing the physics database for ST plasmas.
•  SBIR projects on design of VNS.
•  Considerable experience relevant to VNS gained from the International Thermonuclear Experimental Reactor (ITER) Test

Program.
•  Several international workshops and an IEA study on VNS.

Recent Success
•  Results of the IEA study on High Volume Plasma-Based Neutron Source have shown clear consensus among international tech-

nology experts of the critical need for VNS and have identified the mission for and major requirements on VNS.
•  SBIR and other studies have identified attractive and cost-effective options for VNS.

Budget
Currently, only one company is funded through the SBIR program at $750K for 3 years. Some activities are being carried out on

VNS-ST under the NSTX program.
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Anticipated Contributions Relative to Metrics

Metrics
•  Neutron wall loading ~1–2 MW/m2.
•  Steady-state D-T plasma operation or long burn length (>1000 s) with a duty cycle >80%.
•  Cumulative neutron fluence in successive test article ≥6 MW year/m2.
•  Total test area at the first wall ≥10 m2, a minimum test area per test article of ~0.36 m2.
•  Device availability >25%.
•  Capability for continuous operation during test campaigns of >1–2 weeks.
•  Magnetic field in the test region >2 T.

Other metrics related to cost-effectiveness and experimental flexibility include fusion power <150 MW; configuration, remote
maintenance, and other features that emphasize device reliability and rapid insertion and replacement (days) of test articles; relatively
low power consumption (for normal copper coils, current drive) <400 MW; and safe operation.

Near Term ≤≤≤≤5 years
•  Conceptual design of a VNS to meet its mission requirements at reasonably low cost, modest risk, and minimum extrapolation of

physics and technology database.
•  Physics database from the NSTX program for VNS-ST and from other world facilities for standard aspect ratio tokamaks.
•  Engineering interface solutions for test article integration including instrumentation and remote maintenance. Examples of con-

ceptual designs of test articles based on engineering scaling rules.

Midterm ~20 years
•  Progress in physics database for VNS (plasma-driven) facility.
•  Progress in establishing the engineering database for VNS.
•  Database from nonfusion facilities for first wall/blanket/divertor options to be tested on VNS.
•  Engineering design of VNS (most likely with international collaboration).
•  Construction of VNS (around the year 2015?).

Long Term >20 years
•  Use VNS to obtain database on first wall/blanket/shield, remote maintenance, and other systems.
•  Identify the most attractive options of in-vessel components for an attractive and competitive fusion product.

Proponents’ and Critics’ Claims

Proponents see a VNS as the most practical and cost-effective option for obtaining critical data on in-vessel components and
material systems. Proponents see VNS as a critical element in establishing the engineering feasibility of fusion systems (especially for
key issues such as heat and particle removal capability, tritium self-sufficiency, failure rates and modes, maintainability, and safety
and environmental features). Proponents also claim that conducting (nuclear technology) testing and plasma ignition in two separate
facilities is the most cost-effective pathway because nuclear testing requires small power but high fluence while ignition requires large
power and low fluence.

Critics claim that combining the mission of VNS with plasma ignition in a single facility such as ITER is a more desirable
approach because it focuses world attention on one facility and provides full integration of all systems. [Proponents of VNS counter
that VNS will still be needed prior to a demonstration reactor (DEMO) even if ITER is built. The IEA study on VNS calculates that
the maximum availability achievable in DEMO is ~4% with the ITER-alone scenario; testing in-vessel components in VNS will
allow the DEMO to reach its availability goal of 50%.] Critics also voice concern that VNS cannot achieve 25% availability and
6 MW·year/m2 fluence because of the lack of an adequate engineering database. [Proponents of VNS counter that generating the engi-
neering database is part of the mission of VNS. They say that engineering tests are expensive, complex, and time-consuming and that
the only cost-effective approach is to perform these engineering tests on a small device (driven plasma Q ~ 1, small fusion power).]
Proponents also argue that what matters is the cumulative fluence experience in sequential test articles, not only the fluence on a given
test article. Proponents also ask that if building the small-size, small-power VNS with availability of 25% is high risk because of lack
of engineering database, how can we assume that the much larger (20 times the volume), more expensive (10 times higher cost), and
much more demanding (50% availability) DEMO could be built without VNS?
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M-20.  ADVANCED FUELS

Description
All important advanced fusion fuels produce their energy mainly as charged particles, in contrast to the 80% neutron power frac-

tion produced by deuterium-tritium (D-T) fuel and ~50% produced by deuterium-deuterium (D-D) fuel. Anticipated engineering,
safety, and environmental advantages of reduced neutron production motivate advanced-fuel research, despite greater physics obsta-
cles compared to D-T (see following page). The two advanced fuels generally considered most important are D-3He (1–5% of fusion
power in neutrons from D-D reactions) and p-11B (no neutrons). Although p-11B and 3He-3He produce no neutrons, calculations
indicate that Maxwellian (thermal) plasmas will produce bremsstrahlung radiation power less than or equal to fusion power. Burning
of p-11B, therefore, would require non-Maxwellian fusion concepts (e.g., inertial-electrostatic confinement or colliding-beam fusion)
or very low charged-particle transport and other radiation losses. Fusion gain, even under these circumstances, is projected to be
modest, requiring a large recirculating power fraction.

Status
Researchers have pursued advanced fuels since the earliest days of fusion energy because D-T fusion carries the liabilities of high

radiation damage, large induced radioactivity and afterheat, a large radioactive waste volume, complex tritium-breeding blankets, and
extensive tritium handling. Conceptual design studies show the following:

•  Radiation damage in advanced-fuel power plant structures would be sufficiently low for them to be full-lifetime components,
whereas tritium-breeding blankets and part of the shield must be replaced every few years for D-T.

•  Induced radioactivity in advanced-fuel power plants would be sufficiently low for the waste to qualify at worst as low-level,
essentially similar to hospital radioactive waste, and for the power plant to qualify as inherently safe (no possibility of significant
radioactivity release or a meltdown).

•  Fueling and exhaust handling systems in advanced-fuel power plants should be relatively simple in comparison to the complex
safety and processing equipment required for the large D-T power plant tritium throughput.

•  Surface heat fluxes on D-3He first walls are manageable, particularly in geometries where the charged particle transport losses
flow along magnetic fields outside the fusion core into a separate chamber.

•  Sufficient 3He has been identified on earth to conduct a D-3He fusion research program up to and including the first 1000-MW(e)
power plant.

•  Advanced fuels such as p, D, and 11B are plentiful on earth, but large-scale deployment of D-3He power plants would require use
of the large 3He resource (~109 kg) on the lunar surface.

Current Research & Development (R&D)

R&D Goals and Challenges
•  Develop fusion concepts for advanced fuels. Several presently funded innovative magnetic fusion concepts would satisfy this

challenge for D-3He, while p-11B would require a non-Maxwellian plasma approach.
•  Quantify the safety, environmental, and economic attributes of advanced-fuel power plants. The importance of energy for the

global environment and marketplace makes careful evaluation of all fusion options necessary.
•  Demonstrate the feasibility of lunar 3He acquisition or terrestrial breeding. The Apollo program developed much of the required

rocket technology 30-years ago, but the use of terrestrial mining technology and its reliability on the moon remain unproven.
Attractive 3He breeding methods have not yet been identified.

Related R&D Activities
•  A very small experimental and theoretical research program exists for the high-β (plasma pressure/magnetic field pressure) con-

figurations best suited to burning advanced fusion fuels.
•  Lunar 3He geologic, economic, environmental, and legal characteristics have been analyzed and found to be favorable, although

this activity is presently unfunded and dormant.
•  Direct conversion of charged particle energy to electricity at high efficiency (>60%) was shown at Lawrence Livermore National

Laboratory in the 1970s.

Recent Successes
•  Innovative concept research resurfaced several years ago after a decade that virtually eliminated all advanced configurations. The

reinvigorated program has been producing encouraging theoretical results for the high-β concepts of primary interest for advanced
fuels. Innovative concept experiments presently are coming on-line.

•  The Joint European Torus (JET) produced 200 kW of D-3He fusion power in 1993.
•  Fusion power plant conceptual design analyses support the attractiveness of advanced-fuel fusion. Although the funding level of

these studies is low, they give qualitatively encouraging results.
•  National Aeronautics and Space Administration (NASA), NASDA (Japan), and other space agencies are seriously assessing the

near-term return of humans to the moon, including the assessment of 3He resources and mining technology.

Budget
The present worldwide budget for advanced-fuel research is less than $1M.
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Anticipated Contributions Relative to Metrics

Metrics
•  β. Innovative confinement concepts must demonstrate sufficiently high values (>0.2) of this ratio of plasma pressure to magnetic-

field pressure for advanced-fuel operation. The β value is fundamental to achieving high fusion power density, which strongly
relates to cost and scales as β2B4, where B ≡ magnetic field magnitude.

•  nτ. Sufficient values (>1021 m–3 s) of this “confinement parameter,” the product of plasma fuel–ion density and energy confine-
ment time, must be demonstrated for plasma charged-particle energy losses to be manageable.

•  Projected cost of electricity (COE). New power plant concepts must achieve competitive COE values to break into the anticipated
future energy marketplace. Detailed conceptual design analyses for the high-β innovative concepts remain to be performed at the
level required for confident COE projections.

Near Term <5 years
•  Demonstration of proof-of-principle (PoP) for a high-β innovative concept would be a major step along the path of advanced-fuel

fusion.
•  Detailed conceptual designs could lay a firmer foundation for the anticipated benefits and challenges of coupling advanced fuels

with innovative confinement concepts.

Midterm ~20 years
•  PoP D-3He operation in an innovative confinement concept appears likely given the pace of concept progress.
•  A suitable non-Maxwellian fusion concept for third-generation fuels, such as p-11B, might reach the PoP stage.
•  Burning D-3He in an integrated test facility could be accomplished with a concerted effort.
•  Demonstration of the feasibility of returning 3He economically from the moon to earth will be necessary for D-3He power plants.

Because of the modularity of the mining process, the required scale should be modest.

Long Term >20 years
•  Because advanced fuels substantially relax engineering constraints, a physics PoP demonstration during the midterm research

phase could lead to operating commercial power plants in this time frame.
•  Solar system exploration and development will be in progress, and lunar operations for science and 3He acquisition will most

likely have begun.

Proponents’ and Critics’ Claims

Proponents claim that (1) the decades of testing required for developing reliable, low-activation materials will keep D-T fusion
from entering the marketplace on any relevant time scale; (2) D-3He plasmas can have higher fusion power densities than D-T
plasmas, because neutron damage limits D-T neutron wall loads more than surface heat loads limit D-3He plasmas; and (3) lunar 3He
acquisition requires essentially developed technology.

Critics claim that (1) advanced materials can mitigate the D-T neutron damage, activation, and afterheat problems; (2) D-T power
plants can also make use of progress in β or nτ by the innovative concepts; and (3) the procurement of 3He from the Moon is too
speculative.
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C.3 INERTIAL FUSION ENERGY (IFE)

An inertial fusion energy (IFE) power plant, Fig. C.4, would consist of four major components including a
target factory to produce about 108 low-cost targets per year, a driver to heat and compress the targets to igni-
tion, a fusion chamber to recover the fusion energy pulses from the targets, and the steam plant to convert
fusion heat into electricity. These IFE elements have some unique potential benefits for fusion energy and some
unique challenges.

1. Target factory
To produce many low-cost targets

2. Driver
To heat and compress the

target to fusion ignition

3. Fusion chamber
To recover the fusion energy
pulses from the targets

4. Steam plant
To convert fusion heat into electricity

Focusing
element

Many
beams

Fig. C.4.  Schematic of an IFE power plant.

•  The characteristics of the National Ignition Facility and potential inertial configurations and drivers are dis-
cussed in I-1 through I-9.

•  Target matters are discussed in I-10.
•  The final optics are discussed in I-11.
•  Other IFE technologies are discussed in I-12 and T-15 through T-19.
•  Technologies common to MFE and IFE are discussed in T-8 through T-12.

Drivers for IFE  must achieve an efficiency that depends on the target gain. Central to the economics of
any IFE power plant is the fusion cycle gain. The fusion cycle gain is the product of the driver efficiency η (the
ratio of the energy delivered to the target and the energy supplied to the driver), the target gain G (the ratio of
the thermonuclear yield and the driver energy), the nuclear energy multiplier M (the energy change due to
neutron reactions, principally in the lithium-bearing blanket used to produce tritium), and the thermal-to-electric
energy conversion efficiency ε. Ιn any inertial fusion power plant, the net electricity Pn is related to the gross
electricity Pg through the power balance equation:

Pn = Pg – Pa – Pd = Pg (1 – fa – 1/ηGMε)  ,

where Pa is the power used for auxiliary equipment, and fa = Pa/Pg is typically a few percent of the gross elec-
tricity. Pd is the driver power, and the driver’s recirculating power fraction Pd/Pg is the reciprocal of the fusion
cycle gain ηGMε. If the recirculating power fraction becomes large, the cost of electricity (COE) escalates
rapidly.



48

The nuclear energy multiplier M is typically 1.05 to 1.15, and the conversion efficiency ε is typically 0.35
to 0.50. If the product ηG = 7 for example, the recirculating power would range from 25% to near 40%. Lasers
currently being developed have projected efficiencies of 6–10%, while heavy ion accelerators have projected
efficiencies of 25–40%. Hence laser drivers will require targets with higher gain than ion beam drivers for a
given recirculating power fraction or driver cost.

The COE is given by:
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The factor “A” is the plant availability, and dC/dt includes the operating and maintenance cost as well as
the capital cost per unit time. For fusion power plant designs that are capital intensive, typically 80% or more of
the COE is the capital cost, which includes cost for the driver, reactor plant equipment, and balance of plant. In
the various IFE designs that have been carried out, the driver costs range from less than 30% to almost 50% of
the capital cost. There is a driver size and target gain combination that minimizes the COE. Target gain typi-
cally increases for larger driver energy resulting in a higher fusion cycle gain and lower recirculating power.
However, the larger driver costs more and increases the capital and operating costs. This results in an optimal
driver size and recirculating power that varies with the driver type. Lower cost drivers can afford a larger
recirculating power for the same COE.

In addition to efficiency, IFE drivers must have adequate repetition rate and durability. In the typical IFE
chamber, targets would be injected 5–10 times per second. Over the 30-year life of a fusion plant, the driver
would need to produce nearly 1010 pulses. A driver must be able to deliver a sufficiently high fraction of this
number of pulses between maintenance cycles so that plant availability remains high.

Two principal approaches are used to generate the energy flux and pressure required to drive an ICF implo-
sion (see Fig. C.5).

 In the direct-drive approach, the driver beams are aimed directly at the target, which in this case consists
of just the fusion capsule. The beam energy is absorbed by electrons in the target’s outer corona. With short
wavelength lasers, absorption can exceed 80%. Electrons transport that energy to the denser shell material to
drive the ablation and the resulting implosion. The most highly developed direct-drive targets use laser drivers
although direct-drive targets using ion beams may also be feasible.

Concepts utilizing z-pinch driven X-ray sources may also prove to be a viable approach to igniting ICF fuel
capsules. In the indirect-drive approach, the driver energy is absorbed and converted to X rays by material
inside the hohlraum that surrounds the fusion capsule. The beam and hohlraum geometry are determined by the
requirement for X-ray flux uniformity on the capsule. The most highly developed indirect-drive target designs
use laser or ion beam drivers.
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Advantages:
•  Relaxed beam uniformity
•  Reduced hydrodynamic instability
•  Significant commonality for lasers and ion beams

Advantage:
•  Higher coupling efficiency
•  Reduced laser-plasma instability
•  Conceptually simpler control of
   low-mode asymmetry
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Fig. C.5.  The two principal approaches to ICF are direct drive and indirect drive.
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I-1.  NATIONAL IGNITION FACILITY

Description
The National Ignition Facility (NIF), a key element of the

Department of Energy–Defense Program (DOE–DP) Stockpile
Stewardship Program, is a $1.2B project scheduled for completion
in FY 2003. It is a 192-beam, frequency-tripled (λ = 0.35 µm) neo-
dymium:glass laser system being designed for routine on-target
energy of 1.8 MJ and 500 TW of power, appropriately shaped in
time. The powers of the beams will be balanced to 8% RMS, and
each beam has a 50-µm pointing accuracy. The NIF laser is being
designed to carry out three target shots per day. The laser and target
area building is ~550 ft long and 360 ft wide. The 192 beams are
delivered to the target chamber in 48 clusters of 4 beams. Indirect-
drive targets of the type shown below have been the most thor-
oughly explored for testing on the NIF. However, the NIF target
chamber is being constructed with additional beam ports so that
both direct- and indirect-drive targets can be tested. NIF will be
able to map out the ignition and burn propagation threshold for
both target types and begin to map out the inertial confinement
fusion (ICF) gain curves shown. If warranted by results of current
research, the NIF could be modified to test fast ignition as well.

NIF ignition targets utilize precise laser beam place-
ment for implosion symmetry and accurate thermal

control for cryogenic fuel layer uniformity. The
hohlraum for this target is about 1 cm in length.

NIF will map out ignition thresholds and regions of the gain
curve for multiple target concepts.

Status
Groundbreaking occurred in May 1997, and the project is scheduled for completion at the end of FY 2003. The first bundle of

eight beams is scheduled for completion at the end of FY 2001, and initial experiments will begin at that time. Activation of the facil-
ity will continue through FY 2004, and experiments using all 192 beams are scheduled to begin in FY 2005.

Current Research and Development (R&D)
R&D Goals and Challenges

The fuel capsules for the NIF targets have exacting specifications. The shell containing the fuel must have surfaces smooth to a
few hundred angstroms. CH shells for the Nova laser achieved this surface uniformity. However, shells for the NIF, made of CH,
polyimide, or beryllium, are about a factor of 4 larger and have not yet been fabricated. The cryogenic fuel layer must be uniform to
about 1 µm. This quality has been achieved in surrogate experiments, but tests are just beginning in NIF hohlraums.

Related R&D Activities
The French Commissariat a l’Energie Atomique (CEA) is constructing the Laser Megajoule (LMJ), which will use largely the

same technology as NIF. The LMJ has 240 beams and has goals very similar to those of NIF.

Budget
Congress has allocated $790M of the $1.2B total project cost. FY 1999 funding is $291M.
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NIF illustrates many of the features of IFE development
and will play a critical role in addressing IFE feasibilityNIF illustrates many of the features of inertial fusion

energy (IFE) development and will play a critical role
in addressing IFE feasibility.
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Anticipated Contributions Relative to Metrics

Metrics
Both direct- and indirect-drive targets for IFE rely on central ignition followed by propagation of the burn via alpha deposition

and electron conduction into the surrounding cold fuel. Once the hot central region of the fuel reaches 10 keV with a ρr equal to the
range of the alpha particles (~0.3 g/cm2 at 10 keV), the burn will propagate into and ignite an indefinite amount of surrounding cold
fuel. These ignition and burn propagation conditions are nearly independent of fuel mass over a wide range of sizes. After ignition
occurs, the burn wave propagates in ρr and temperature space in a way that is essentially independent of size. NIF fuel capsules are
designed to absorb 0.1–0.2 MJ of X rays, while capsules envisioned for energy production typically absorb 1–2 MJ of X rays. Burn
propagation into capsules throughout this size range track each other until the smaller capsules start to decompress. Thus, information
for NIF capsules is widely applicable to capsules with larger yield and can be used to design the higher yield capsules generally
appropriate for energy production.

Near Term <5 years
The NIF project is scheduled for completion in FY 2003 with full facility operation expected at the end of FY 2004. A National

Ignition Plan is being developed. The goals of this plan are to develop the targets, diagnostics, and modeling tools that will be required
for the ignition experiments.

Midterm ~20 years
Initial experiments on the NIF will concentrate on indirect-drive targets. Full activation of the NIF in FY 2004 will be followed

by experiments to optimize the hohlraum drive and radiation symmetry. The start of ignition experiments is currently planned for
FY 2006. Ignition experiments with indirect drive are expected to take 2–3 years for successful completion. Following the indirect-
drive ignition experiments, the NIF beam geometry can be converted to the direct-drive configuration to begin direct-drive ignition
experiments.

Following completion of the DOE–DP sponsored ignition experiments, tests of targets being evaluated for energy production
could be conducted on the NIF. This could include, for example, tests of targets produced using fabrication techniques appropriate for
mass manufacture. It will also be possible to use NIF for exposure tests of materials being considered for IFE chambers.

Proponents’ and Critics’ Claims

The NIF has the potential to test essentially all of the critical target physics issues for both indirect- and direct-drive targets being
considered for IFE. Because the hohlraum wall physics and the fuel capsule physics issues are essentially the same for any X-ray
source, indirect-drive experiments on lasers provide much of the target physics basis for ion-driven targets as well as laser-driven tar-
gets. A successful NIF target will demonstrate both ignition and the burn propagation required for high-gain IFE targets. Although
success on the NIF cannot be guaranteed, 10 years of detailed experiments on the Nova and Omega lasers, along with underground
nuclear experiments at the Nevada Test Site, have convinced external review committees that the potential for success on NIF justifies
proceeding with the project.

Critics claim that laser-driven hohlraums for indirect drive are complex and are subject to failure because of laser-plasma interac-
tions that are not yet completely understood. For direct drive, the laser beam smoothing requirements are not yet fully understood. It
may turn out that the glass laser technology used in NIF will be unable to produce sufficient smoothing to achieve ignition with direct
drive. Thus, both principal approaches to IFE could be unsuccessful on NIF. Although targets with ion beams or other laser technol-
ogy might not be subject to the failure mechanisms that could occur on NIF, failure on the NIF would be a major setback for the IFE
program.
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I-2.  INDIRECT-DRIVE INERTIAL FUSION ENERGY

Description
•  The indirect-drive target consists of a spherical frozen deuterium-tritium (D-T) fuel capsule, imploded by thermal X rays absorbed

in an ablator layer, inside a radiation case called a “hohlraum.” Intense beams of ions or lasers enter the hohlraum from two ends
to heat the converters, generating soft X rays that in turn drive the capsule (indirect drive).

•  Heavy-ion beams are the primary approach for indirect-drive inertial fusion energy (IFE), but lasers might be used for indirect
drive if either laser efficiency or indirect-drive target gain can be improved by factors of 2–3. Pulsed power or light ion drivers
might be used if stand-off or beam intensity requirements can be satisfied.

•  Indirect-drive targets for IFE require total ion beam energies of less than 5 MJ for fusion yields of several hundred megajoules, a
sufficient number of beams for symmetry, and a means to provide a shaped input pulse. Indirect drive can also be used to precom-
press fuel for subsequent fast ignition (see I-4).

•  Chamber concepts for indirect-drive targets with two-sided illumination allow use of thick liquid flows to protect the permanent
structural vessel and reduce activation.

Status
•  Cylindrical target designs for two-sided heavy-ion beam illumination with distributed

X-ray converters (see figure) produce 430 MJ of yield with total beam energies of 3.1
to 5.9 MJ, and designs for spherical hohlraums/illumination have been calculated to
produce a 600-MJ fusion yield with a 12-MJ beam energy.

•  Nova results for hohlraum laser plasma and hydrodynamic-equivalent physics have
led to a reasonable expectation of achieving fusion gain >1 in the U.S. National Igni-
tion Facility (NIF).

•  Underground Halite/Centurion tests confirmed key indirect-drive concepts.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Current heavy-ion target designs seek larger spot size, simplified pulse shape and symmetry with single ion energy beams,

improved tolerance for beam-to-target misalignments (requires development of 3-D codes), and simplified construction with recy-
clable hohlraum materials for low-cost hohlraum fabrication.

•  Reduced ion range in current indirect-drive target designs and use of ions with increased charge-to-mass ratio can both reduce
accelerator beam voltage and capital cost, but both require some degree of space-charge neutralization in the target chamber to
meet indirect-drive target focus spot size requirements.

•  Current designs to improve laser indirect drive seek to increase target gain by use of hohlraum metal mixtures to reduce wall
losses, smaller laser entrance holes, noncylindrical hohlraum geometries, lower hohlraum drive temperatures, and reduced
hohlraum case-to-capsule ratios.

Related R&D Activities
•  The United States leads world research in indirect-drive inertial fusion energy (IFE). There are smaller efforts in Japan, Russia,

France, England, and Germany.
•  The Department of Energy (DOE)–Defense Program (DP) in inertial confinement fusion (ICF) funds major efforts in indirect-

drive target design, fabrication, experimental evaluation in the Nova and Omega Upgrade facilities, and the NIF to include
indirect-drive ignition tests.

•  Existing heavy-ion particle accelerators at GSI (Germany) are used to study heavy-ion target interaction physics relevant to
indirect-drive IFE, but at single beam currents 10–4 of that required for a power plant. Upgrades to the GSI storage ring by 2000
will boost the peak current by 100 times or more.

Recent Successes
•  Smaller versions of distributed radiator target designs suitable for a small IFE Engineering Test Facility (ETF) or demonstration

reactor (DEMO) have recently produced 165 MJ of yield for 1.75-MJ beam input. Smaller 1.3-mm-radius beam spots may require
shorter focal lengths for these reduced yield targets.

•  Combinations of high-Z hohlraum materials show increased X-ray opacity and lower hohlraum wall loss.

Budget
•  DOE–OFES: FY 1999 = ~$9M (includes $1M in heavy-ion target design and related liquid wall chamber R&D).
•  DOE–DP (ICF): FY 1999 = ~$500M (includes NIF construction).

D-T fuel capsule with X-ray-heated ablator

Heavy-ion beams heat X-ray converters
inside hohlraum case (symmetric—one

end shown).
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Anticipated Contributions Relative to Metrics

Metrics
•  For IFE with indirect drive to be attractive in the context of future energy competition, it is desirable to achieve a product of driver

efficiency and target gain ηG > 20 (a target gain >100 for a driver efficiency of 20%), a driver direct capital cost less than $1B,
and a driver continuous service life >3 × 109 pulses. A sufficient number of beams and hohlraum smoothing of X rays must keep
capsule X-ray flux uniform to within 1% during most of the pulse.

•  Chambers with thick liquid walls must be developed that can be cleared for 5- to 6-Hz pulse rates.
•  A target factory must be capable of producing 108 indirect-drive targets per year for a cost less than $0.30 each. This implies a

capital cost of equipment for mass production of targets less than $100M.
•  Hohlraum targets must be injected at velocities of ~100 m/s at >5 Hz, with stability of capsule mounts inside the hohlraum and

beam-to-target tracking errors less than 150 µm rms.

Near Term <5 years
•  The robustness of indirect-drive targets to manufacturing imperfections and to beam-target alignment errors during injection needs

to be assessed with three-dimensional (3-D) target design codes that also need further development.
•  Scaled experiments on chamber plasma neutralization of space-charge-dominated ion beams are needed to validate 2-D and 3-D

PIC code simulations of focusing to indirect-drive target spot sizes.
•  Designs need to establish consistency between indirect-drive target designs for IFE with the required number of beams, target spot

size, final focus distance (stand-off), and driver-chamber interface neutron shielding.

Midterm ~20 years
•  The NIF will use a 1.8-MJ laser to test indirect-drive fusion ignition and gain by ~2007. NIF will test much of the physics con-

cerning indirect drive with heavy ions, including hohlraum radiation transport and capsule symmetry, pulse shape, and ablator
optimization.

•  In parallel with the NIF, prototypes of candidate drivers for indirect-drive need integrated tests of beam quality and pulse shape
sufficient to meet indirect-drive target requirements for a few individual beams, with several meters stand-off distance from final
focus to the target, and at IFE-relevant pulse rates.

•  Models for chamber clearing need to be validated for candidate target chamber designs for indirect-drive, using scaled chamber
clearing experiments and from high-energy experiments on the NIF or other single-shot high-energy ICF facilities.

Long Term >20 years
•  Following the NIF, an ETF is needed to generate sufficient average fusion power to test candidate IFE chambers; tritium fuels

cycle, and high-pulse-rate target fabrication and injection. Indirect drive facilitates the possibility of using a beam switchyard for
one driver to test multiple chambers.

•  After a suitable chamber for IFE power plants is developed in the ETF, a small electricity-producing IFE pilot plant or DEMO may
follow either as a new higher-fusion power facility or as a chamber upgrade re-using the ETF driver. Indirect-drive beam transport
geometry can facilitate chamber upgrades.

•  Advanced indirect-drive IFE approaches may be explored in the long term, including use of outer hohlraum shells to reduce X-ray
ablation and enhance plasma direct conversion, hohlraums driven from a single end, and indirect drive hybrids for fast ignition,
driving large ρr capsules capable of self-tritium breeding.

Proponents’ and Critics’ Claims

•  Proponents claim that indirect drive with X-ray-driven ablation reduces the risk of hydrodynamic instabilities quenching ignition
due to fuel-hot-spot mix during implosions and that the majority of DP-ICF target physics supports this conclusion. Proponents
further claim that two-sided beam illumination with indirect-drive facilitates the use of liquid-walled chambers to increase cham-
ber lifetime and reduce long-term waste generation. Proponents claim that hohlraums are low precision compared to the capsule
and that radiation smoothing in the hohlraum allows a greater tolerance for beam-target alignment errors. The hohlraum can pro-
tect the capsule during injection into hot chambers.

•  Critics claim that indirect drive will prove to have lower target gain than direct drive, increasing the driver recirculating power for
a given driver efficiency; in particular, this could be a real obstacle to laser-driven indirect drive. Critics believe that the cost of
IFE targets will be higher for indirect drive because of the added hohlraum cost. The potential buildup of activated high-Z
hohlraum materials in the fusion chamber may pose a significant safety and waste hazard.
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I-3.  DIRECT-DRIVE INERTIAL FUSION ENERGY

Description
In the direct-drive inertial fusion concept, the target is a spherical shell, ~5 mm in

diameter, consisting of frozen deuterium (D)-tritium (T) surrounded by an ablator. The
target ablator is symmetrically heated by about 60 laser beams, generating pressures of
50–100 Mbar that then implodes the cold D-T fuel to densities of ~400 g/cm3, with a cen-
tral hot spot of 5–10 keV for fuel ignition. Specific ablator materials are chosen to avoid,
or minimize, laser-plasma and hydrodynamic instabilities.

•  The laser specifications include a temporally tailored pulse shape, a short wavelength,
optical beam smoothing with a broad bandwidth, sufficiently low capital and mainte-
nance costs, and sufficiently high efficiency.

•  Chamber concepts may be environmentally attractive, with low radioactivity, if a sim-
ple dry carbon wall can be employed.

•  The direct-drive approach has the potential for high target gains that are necessary to compensate for the inefficiency of the laser.
Direct-drive targets may also be possible with heavy ion beams; this would reduce the requirements on the total ion energy and
thus on the capital cost of the accelerator.

Status
•  Preliminary laser fusion target designs exist with energy gains above 100, which is sufficient for economic electric power.
•  Laser fusion power plant studies predict environmentally benign systems with a cost of electricity ~$0.06/kWh.
•  Spherical multibeam irradiation experiments on the Omega glass lasers achieved convergence ratios of 28. Gekko implosions

achieved compressions of 600 times solid density.
•  On planar targets, the Nike krypton fluoride (KrF) laser has demonstrated a laser nonuniformity of 1% rms in each laser beam and

accelerated targets with 37 beams with a mass imprinting equivalent to ~100 Å.
•  The Nike KrF laser and the Omega glass laser evaluated the laser-target coupling and hydrodynamics of the direct-drive target

designs; results are in good agreement with the theoretical modeling.
•  The National Ignition Facility (NIF) now under construction by Department of Energy (DOE)–Defense Programs (DP); could be

modified in 2008 to produce uniform illumination of direct-drive targets, thereby providing a proof-of-performance for fusion
energy.

Current Research and Development (R&D)

R&D Goals and Challenges
•  The “Mercury” diode-pumped solid-state laser (DPSSL) and the “Electra” KrF laser are modest-size, 5- to 10-Hz (100- and 400-J)

facilities now under development. Both must demonstrate sufficient durability, total efficiencies of 5–10%, cost reductions, and
sufficient beam uniformity.

•  Solid state lasers do not currently meet the beam uniformity requirements for high gain targets. Design improvements in the laser
and target are being developed that may meet the final fusion symmetry requirements.

•  Laser-target experiments are continuing the evaluation of the sensitivity of the target designs to laser beam nonuniformities,
hydrodynamic instabilities, and laser-plasma instabilities.

•  Uncertainties need to be resolved in the chamber wall lifetime, the final optics protection, and the target injection technique.
Because there has been very limited research in these topics, significant improvements are possible.

Related R&D Activities
•  DOE–DP funds the computational and experimental evaluation of direct-drive target designs using the Omega and Nike lasers.
•  The United States is the dominant player in direct-drive laser fusion. There are smaller efforts in Japan and Europe.
•  The mainline effort in DOE–DP emphasizes the “indirect-drive” target design using lasers; there is substantial scientific overlap in

the target concepts and in the various laser technologies. The British and French nuclear weapons laboratories also have large
investments in the indirect-drive laser fusion concept.

Recent Successes
•  Acceleration of flat foils with Nike had 100 Å imprinting by the laser nonuniformities. The measured hydrodynamic instability

growth was in reasonable agreement with computer simulations. The foils have consisted of both solid plastic and low-density
plastic foams filled with cryogenic D-D.

•  Initial Omega measurements of laser-plasma instability thresholds with optically smoothed laser beams indicates that the direct-
drive target designs will have negligible laser-plasma instabilities.

•  Diodes for pumping of solid state lasers have reached 50% efficiency.

Budgets
•  DOE–DP, KrF lasers: FY 1999 = $9.5M for Nike laser-target studies; $7.7M to initiate repetition-rated Electra laser.
•  DOE–DP, glass lasers: FY 1999 = $27.6M for Omega laser-target studies; $2.3M to enhance repetition-rated Mercury laser.
•  Japanese laser fusion energy program = ~$10M.
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Anticipated Contributions Relative to Metrics

Metrics
•  Laser: Wavelength ≤0.35 µm; bandwidth >1 THz with optical smoothing; low-mode distortion <2%/beam; wall plug efficiency

≥5%; capital cost <$400/J; and durability ~3 × 108 shots between major maintenance.
•  Target: Energy gains above 100 with laser energy ~3 MJ; ~$0.20/target cost; inner surface D-T nonuniformities <0.5 µm; outer

surface ablator nonuniformities 100–500 Å; withstand 10–100 g acceleration into chamber; withstand the infrared heating of cryo-
genic D-T during flight through the chamber.

•  Chamber: First wall does not melt from target explosion, resulting in approximately 3 years of chamber life; laser beam can
propagate to target without distortion or ionization; final optic can survive neutron, X-ray, and particle debris; optical aiming
precision onto pellet for each shot ~10 µrad; less than 200 g of tritium inventory.

Near Term ≤≤≤≤5 years
•  Laser: Demonstrate KrF laser (Electra) and DPSSL (Mercury) that meet all of the laser requirements except durability and capital

cost. The lasers will demonstrate 105 shots between maintenance and provide a reasonable basis for estimating cost. Demonstrate
that a glass laser (NIF and/or Omega) can meet the laser beam uniformity requirements of direct-drive targets.

•  Target: Complete initial computational and experimental evaluation of all of the critical physics elements of high-gain direct-drive
targets, except for actual demonstration of high-gain implosions. Demonstrate target fabrication that meets smoothness criteria.
Demonstrate acceleration of simplified targets into simplified chamber. Successfully implode scaled-down fusion target using
Omega glass laser.

•  Chamber: Theoretically evaluate remaining uncertainties in baseline chamber concept along with some experimental tests.

Midterm ~20 years
•  Laser: Build and optimize just one beam line of a KrF laser and/or DPSSL that would meet all of the requirements for a fusion

power plant, providing detailed justification of costing and 108 shots between major maintenance. This laser could then be dupli-
cated many times at fixed and known cost for a demonstration power plant.

•  Target: Direct-drive target will be imploded using the NIF, with energy gains consistent with modeling; they would scale to gains
above 100 in a fusion power plant. Demonstration that the targets can be built for ~$0.20 each. Acceleration of fusion cryogenic
target into a hot chamber that simulated the fusion chamber.

•  Chamber: Experimental evaluation of all major uncertainties in chamber system, other than sufficient neutron irradiation. Neutron
irradiation that may scale to a fusion power plant.

Long Term >20 years
•  Laser: Construct few-megajoule laser, by replicating the single beam line described above.
•  Target: Build prototype target factory. Inject targets into chamber, implode them, and produce gains above 100.
•  Chamber: Build scaled-down version of chamber. Reduce yield of target. Concentrate research on engineering optimization of

chamber, then build full-size chamber, and add balance of power plant. Produce useful electric power.

Proponents’ and Critics’ Claims

•  Proponents claim that the inertial fusion option can produce electricity in 2025 at a cost comparable to advanced fission and coal,
the other two long-term competitors. They claim that the environmental impact is low because the first wall can be made with
low–Z materials. They claim that the development path is inexpensive because only one beam line of the laser has to be developed
to determine the driver costs, the time duration to a demonstration power plant is relatively short, and the program can take advan-
tage of the large investments in laser fusion by DOE–DP. Proponents of KrF emphasize their laser beam quality, and the possible
solutions for the durability uncertainties. Proponents of the DPSSL emphasize their potential for higher laser efficiency and the
durability of solid-state devices.

•  Critics note that the major efforts by DP have been in the areas of target design and laser-target interaction, not chamber design,
and they question whether the chamber can ever be built reliably at acceptable cost with acceptable lifetime against neutron
irradiation and acceptable tritium inventory. They question whether low-cost targets can be built and still meet the stringent
surface smoothness criteria and whether the targets can be successfully injected into a hot chamber. They also question whether the
final optic can withstand the fusion output. For KrF lasers, they question the efficiency, the reliability, and cost of megavolt pulsed
power and cost of risks of a laser cell with corrosive fluorine gas. For the DPSSL, they question whether the capital cost of the
diodes can be sufficiently reduced, whether the laser beam can meet the uniformity requirements of direct drive, and whether the
advanced crystalline medium can be made into a practical laser medium.

•  Proponents note that very little effort has been devoted to designing symmetric illumination targets with a heavy ion driver. Propo-
nents suggest that by combining symmetric illumination with a radiation tamper, it may be possible to reach gains above 100 with
less than 2 MJ of ion energy.

•  Critics question whether heavy ions can produce sufficiently smooth and symmetric illumination for direct-drive targets.
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I-4.  FAST IGNITION APPROACH TO INERTIAL FUSION ENERGY

Description
The fast igniter is an exploratory inertial fusion energy (IFE) concept in

which ignition is accomplished by rapid injection of external heat after the
fuel has been compressed to the required density (200–900 g/cm3). The igni-
tion is so fast that the ignition region and main fuel can be far from pressure
equilibrium. The ignition region by itself is inertially confined in this con-
cept. For a given hot ignition zone ρrhot ~ alpha range, the energy in the
smaller, high-density isochoric ignition zone is smaller than in the larger low-
density isobaric ignition zone by a factor ofρ ρ

hot cold
2 2 ,  and thus the target

gain can be higher using fast ignition. Because the kinetic energy of the
imploding shell can all go into fuel compression in the fast igniter case, fast
ignition supports either higher final ρr for a given implosion velocity vimp
and fuel mass MDT or allows lower ρ with larger r and MDT for a given final ρr. The scheme is divided into three phases. First, the
fuel is compressed conventionally. The driver can, in principle, be either a laser or an ion beam, and the energy can be deposited either
directly or indirectly via X rays. Second, a path through the coronal plasma remaining from the implosion is bored with a laser beam
with intensity about 1018 W/cm2. Finally, a laser beam with intensity in the range 5 × 1019–5 × 1020 W/cm2 couples 20–100 kJ to the
compressed fuel, heating it to ignition. If an ion beam with the proper range can focus to this intensity, it would be an ideal ignition
driver. After ignition, burn propagation and high gain follow. Simple models give the gain (driver energy) curve a factor of 5–20
higher than the conventional inertial confinement fusion (ICF) gain curves. Gain that is adequate for energy applications occurs with
driver energy a factor of 3–10 lower than the conventional schemes. These estimates are highly uncertain.

Status
The Nova petawatt laser has delivered 700 J in less than a picosecond with peak focused intensity in excess of 1020 W/cm2. There

are schemes (chirped pulse amplification using dielectric transmission gratings) that may increase the delivered energy to tens of kilo-
joules affordably. A number of calculations have been performed in the United States, Europe, and Japan, indicating energies of
10–100 kJ required to be coupled to the fuel for ignition in equimolar deuterium-tritium (D-T) mixtures and even in tritium-lean fuel
mixtures. It remains uncertain if hot electrons from high-intensity lasers can be delivered to a compressed core. Minimizing the
amount of coronal plasma in the beam path is key. Asymmetric implosion systems may help in this regard. After the hot electrons are
created at critical density, they must propagate up a density gradient to the ignition region. Magnetohydrodynamic calculations sug-
gest that the electrons form a warm beam, while particle-in-cell (PIC) calculations suggest some jet formation in the electron current.
There is experimental support for both of these theoretical claims.

Current Research and Development (R&D)
R&D Goals and Challenges
•  Temperature measurements are needed of solid-density material heated with a short-pulse laser. The Nova petawatt has a goal of

reaching 2 keV at solid density.
•  Integrated design calculations are needed for the implosion phase, hole-boring phase, and high-intensity heating phase, using the

best available computational tools.

Related R&D Activities
•  The Gekko XII laser facility at ILE has a thirteenth beam line for fast ignition experiments, but short-pulse energies have been lim-

ited to less than 100 J due to grating limitations. The system can be upgraded to the kilojoule level in the future. The Osaka group
has managed to achieve an adequate laser alignment and timing accuracy to couple to an imploded direct-drive target core.

•  There are significant fast- igniter research efforts at the Rutherford-Appleton Laboratory in England and numerous university
experiments at the 1-J laser level at intensities above 1018 W/cm2.

Recent Successes
•  Detailed PIC simulations indicate that up to 30–100% of the laser energy can be coupled to the plasma at sufficiently high

intensities.
•  Recent experiments at 1019 W/cm2 show coupling to hot electrons in excess of 40%.

Budget
Department of Energy–Defense Programs (DOE–DP) funded an ICF university research grant at Princeton Plasma Physics Labo-

ratory and internal laboratory support at Lawrence Livermore National Laboratory  and General Atomics.
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Anticipated Contributions Relative to Metrics

Metrics
•  Drive uniformity. Compression: unknown requirement, but less stringent than for conventional targets. Ignition: igniter beam must

hit the precompressed core anywhere the density exceeds about 300 g/cm2.
•  Drive intensity. Required 5 × 1019—5 × 1020 and achieved 2 × 1020.
•  Short-pulse energy. Required 20–200 kJ and achieved 700 J.
•  Repetition rate. Required 3–10 Hz and achieved petawatt 2 Hz/d and diode-pumped solid-state laser (DPSSL) 10 Hz.
•  Spot size. Required 10–60 µm and achieved 30% of energy in 10 µm.
•  Pointing accuracy. Required 10–100 µm and achieved 50 µm.
•  Relative timing between ignition and compression pulses. Requirement <75 ps and demonstrated <10 ps in laser timing. Uncer-

tainty in implosion timing is larger than this. Improved implosion timing predictions will be obtained in the conventional ICF
programs.

•  Target gain /driver efficiency. Gain theoretically in range of 300–1000. Tolerates driver efficiency in 1–3% range. Fusion pellet
fabrication tolerances—unknown.

•  Optical material requirements. High-pulse-rate DPSSL. High (2-J/cm2) damage limit for diffraction gratings. Demonstrated
10-Hz DPSSL in small system, 6 J/cm2 in SiO2 flats in 60-ps pulse, and 0.3-J/cm2 gold grating for 0.5 ps.

Chamber geometry. Possibly consistent with liquid-protected chamber designs and one- or two-sided illumination. Modularity:
High intensity has already been achieved. Future hardware must maintain intensity in larger spot and for longer times.

Science. New area of relativistic plasma physics, gigagauss magnetic fields, high current beams (one-way current ~109 A). At
higher intensities it an create copious electron-positron pairs. Some evidence exists that currents form filamentary structures. The
interaction of these structures may be related to currents in solar atmospheres.

Nonfusion applications. The short-pulse technology has numerous spin-offs for material processing and machining, laser sur-
gery, and dentistry. At high intensities, there is a DOE–DP application to produce high-intensity X rays that might also be used for
treatment of cancer.

Near Term <5 years
•  An integrated target design for the National Ignition Facility (NIF).
•  Electron transport theory improvements to better predict experiments.
•  Design of laser implementation for NIF with cost of ~$50M.

Midterm ~20 years
•  Demonstration of high gain on the NIF using fast ignition.
•  Identification of a long-lasting or disposable final optic for the fast igniter beam (e.g., plasma mirrors).

Long Term >20 years
•  Following the NIF, an engineering test facility and then a small electricity-producing demonstration reactor are needed. Fast igni-

tion, if successful, might lower the cost of such facilities.
•  Advanced fast ignition IFE approaches may be explored in the long term, including fast ignition driving large ρr capsules capable

of self-tritium breeding (no breeding blankets) and high yields with use of outer hohlraum shells to enhance plasma direct
conversion.

Proponents’ and Critics’ Claims

Proponents claim that this is the most attractive way to achieve competitive fusion energy with lasers. Critics claim that there has
been insufficient concept development, that it will be impossible to localize the energy deposition in space and time required for igni-
tion, that the laser beam will be scattered by various plasma processes, that electron transport will be inhibited, and that the electrons
will not efficiently carry energy from the critical surface to the ignition region. Neutron damage problems associated with all laser
schemes persist. With improvements in optics, sufficient standoff may be possible even for the short-pulse laser (the diffraction-
limited spot would be 60 µm at 1-µm wavelength with a final optic of 1-m diameter at 50 m). It may be impossible to adequately pro-
tect igniter final optics from target debris and X-ray and neutron damage so that disposable plasma mirrors may have to be employed.
A proponent might respond that an aggressive design and experiment program would resolve the physics issues and that current
experiments have more optimistic results than the worries of the critics.



58

I-5.  HEAVY ION ACCELERATORS FOR FUSION

Description
•  The goal of the Heavy Ion Fusion (HIF) Program is to apply high energy and induction accelerator technology to inertial fusion

power production. Heavy ions (A > 80) at ion kinetic energies of 1–10 GeV have an ion penetration depth appropriate for inertial
fusion targets. Multistage accelerators can readily produce such energies.

•  Several types of accelerators are being developed. Radio frequency (rf) linacs (followed by storage rings) and induction linacs
(without storage rings) are currently the favored approaches. The differences between these two approaches are comparable to the
differences between gas lasers and solid-state lasers. All heavy ion approaches are, in the United States, considered to be a single
option, whereas for historical and institutional reasons, the different types of lasers are often considered to be different options.

•  For ions there is a continuum of targets ranging from full direct drive to full indirect drive. The high efficiency of accelerators
allows consideration of the full range, including indirect drive, the baseline approach for the National Ignition Facility (NIF).
Moreover, indirect drive allows two-sided illumination, a geometry well matched to chambers with thick liquid wall protection.
Such walls endow deuterium-tritium (D-T) fusion with many of the attributes of advanced aneutronic systems. Most U.S. studies
of power plants for heavy ion fusion have assumed indirect drive and thick liquid wall protection, but there are other options.

Status
•  Existing proton and electron accelerators are comparable to power plant drivers in terms of size, cost, total beam energy, focusing,

average beam power, pulse repetition rate, reliability, and durability. High peak power (or current) is the new requirement.
Because fusion targets require beam powers of 100–1000 TW, 10 kA–1 MA of total beam current is required on target. Use of
multiple (~100) beams and pulse compression after acceleration (10X or more) implies a power of ~0.1–1 TW/beam out of the
accelerator; at ~3 GeV this is 30–300 A. Typical driver designs compress the pulse length and so require injected currents of
~1A/beam or less from a 2-MeV injector. For comparison, the ISR at CERN had a beam power of 1 TW at 30 GeV. Most experi-
ments to date have been scaled, using beams of 10–20 mA, but they have tested critical beam physics in the right dimensionless
regime, for example, with driver-relevant dimensionless perveance (essentially the squared reciprocal of the distance in beam radii
that an unconfined beam can travel before expanding by one beam radius) of up to ~4 × 10–4, and driver scale “tune depressions”
(the ratio of transverse betatron frequency in the presence of space charge to that in the external field alone) of order 0.2. Current
amplification by a factor of a few has been achieved.

•  Lasers are well suited to near-term target physics experiments and to the needs of the Department of Energy’s (DOE’s) Defense
Programs, so there has been no need to develop large accelerators for these purposes. Consequently, the HIF Program has empha-
sized theory, numerical simulation, and small scaled experiments to address the key issue of focusing high current heavy ion
beams. Scaled experiments addressing all systems and beam manipulations in a full-scale driver have been completed or are near-
ing completion and, in agreement with theory and simulation, suggest that it will be possible to achieve adequate focusing.

•  Studies of heavy ion power plants predict favorable cost of electricity compared to most other fusion options. These studies assume
that it will be possible to fabricate targets inexpensively, that liquid-wall target chambers can be cleared rapidly, and that cost-
effective drivers can be built; all of which must be validated.

Current Research and Development (R&D)
R&D Goals and Challenges
•  More completely validate beam focusing at high current. Pursue a low-cost development program leading to low cost of electricity.

Contribute to fusion science, plasma science, and accelerator science and technology.
•  In the near term, increase the current in beam physics experiments to full driver scale.
•  Develop an end-to-end numerical simulation capability for heavy ion fusion.
•  Work with industry to develop and reduce the cost of accelerator components, for example, superconducting quadrupole arrays,

ferromagnetic materials, cast insulators, and pulsers.

Related R&D Activities
•  The large worldwide research programs in accelerators for high energy and nuclear physics, biology, materials science, other basic

sciences, and defense.
•  The research programs in heavy ion fusion in Western Europe, Russia, and Japan.
•  The light ion fusion programs, particularly with respect to chamber transport and beam-target interaction physics.
•  The Defense inertial confinement fusion (ICF) program in targets and the magnetic fusion energy (MFE) programs in simulation,

materials, and magnet technology.

Recent Successes
•  Completion or near completion of small scaled experiments addressing all systems required in a full-scale driver, including a

focusing experiment that produces millimeter focal spots, an experiment that combines four beams transversely while retaining
good beam quality, experiments on beam bending, a target injection experiment that demonstrated adequate accuracy for indirect
drive, and injector experiments.

•  Substantial progress toward an end-to-end simulation capability, for example, a three-dimensional (3-D) PIC code for heavy ion
fusion.

•  Establishment of industrial contracts to reduce the cost of key components by large factors.

Budget
DOE–OFES: FY 1999 = ~$8M for accelerators and ~$2M additional for related chamber research and target design.
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Anticipated Contributions Relative to Metrics

Metrics
•  An inertial fusion energy (IFE) driver must deliver 1–10 MJ of energy at a peak power ≥100 TW. The beams must be focused to a

radius of a few millimeters from a distance of several meters. The focusing system must survive in a fusion environment. The
pulse must be properly shaped, and the beams must be accurately aimed. The driver must be efficient, reliable, and durable. It must
have a high pulse repetition rate and good environmental characteristics.

•  The near-term development path must be affordable—a modest fraction of the total OFES budget—and the cost of electricity must
be competitive. Studies show that meeting a cost-of-electricity price goal of $0.05/kWh requires a driver direct cost of $0.50/W(e)
($500M, for a 1-GW power plant).

•  The beams are focused onto the target by magnetic fields, and the conductors that produce these fields must be shielded adequately
from neutrons, gamma rays, and other fusion products so that the final optical elements can survive in the fusion environment; this
is believed possible based on preliminary calculations.

•  The new scientific issue in adapting accelerator technology to inertial fusion is to produce the high beam currents required to ignite
targets while retaining the well-established ability of accelerators to deliver beams that can be extremely well focused, particularly
in the fusion chamber environment. Control of pulse shape and cost are the other metrics that require particular attention.

Near Term <5 years
•  Complete the present scaled experiments.
•  Develop an end-to-end simulation capability.
•  Complete beam physics and injector experiments at driver scale.
•  Develop inexpensive quadrupole arrays, pulsers, insulators, and ferromagnetic materials for induction cores.
•  Design and begin to build a multi-kilojoule accelerator facility [an integrated research experiment (IRE)] that will do definitive

experiments in accelerator science, beam focusing, chamber physics, and those aspects of ion target physics that cannot be done on
laser facilities such as the NIF.

•  Work closely with target designers to develop targets that are optimized for heavy ion accelerators.

Midterm ~20 years
•  Build the IRE and use it for beam physics, target physics, focusing, and chamber experiments.
•  After completing the IRE program, develop and build a full-scale driver. This driver may use much of the IRE hardware. (Because

of their long life, upgrading and reuse of components are the norm for accelerators.)
•  Begin full-scale chamber experiments.

Long Term >20 years
•  Complete full-scale chamber experiments and build a demonstration power plant using the existing driver to minimize cost.

Proponents’ and Critics’ Claims
Proponents claim that the reliability, durability, high repetition rates, and high efficiency of accelerators are important advantages

for the heavy ion approach to inertial fusion. High efficiency enables the use of indirect drive and chambers with thick fluid walls, a
chamber option that appears highly advantageous. Proponents believe that the existence of a plausible solution to the survivability of
final optics is particularly important. They believe that the heavy ion approach has low development cost because much of the target
physics will be done by Defense Programs and because of the synergism with high energy physics, nuclear physics, and magnetic
fusion. Moreover, because of their modular nature and long life, accelerators can be upgraded. The first accelerator capable of driving
a target to high gain can be used as the driver for a demonstration power plant.

In addition to concerns (e.g., target fabrication costs) that are common to all IFE approaches, critics claim that the heavy ion
approach is expensive, and they question whether intense beams can be focused, particularly in a fusion environment. Critics question
the practicality of a fluid-walled chamber with a 5- to 10-Hz repetition rate. Evidently, the critics and the proponents agree on the
issues, but differ in their optimism.
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I-6.  REPETITION-RATE KRYPTON FLUORIDE LASER

Description
The krypton fluoride (KrF) laser is an excited dimer (excimer) laser that produces broadband light (2 THz) centered at 248 nm.

For the high-energy systems required for inertial fusion energy (IFE), the gas is pumped by large-area electron beams. The electron
beams are formed in a rectangular cross-section diode and transported into the laser cell from opposite sides and in a direction perpen-
dicular to the laser beam. Magnetic fields are usually used to guide the beams and prevent self-pinching. The decay time for the
excited dimer is ∼ 6 ns, whereas the typical pump time for the electron beam is a few hundred nanoseconds. The mismatch in time
scales is resolved with angular multiplexing: a train of laser pulses, typically a few nanoseconds long, is sequentially passed through
the amplifier and then recombined on target. Thus, KrF systems tend to have many mirrors and few amplifiers. One distinguishing
feature of KrF is its outstanding beam quality: KrF has the best target illumination uniformity of any high-power ultraviolet (UV)
laser.
 Status

All the large KrF lasers (energies of 1 kJ or greater) are single-shot devices developed for the ICF program or for basic science
experiments. The Nike laser at the Naval Research Laboratory (NRL) has been in operation for 3 years and has demonstrated that a
KrF laser can be a reliable target shooter (over 600 shots per year). Nike has demonstrated the technology for aligning a large number
of laser beams. It has also shown that laser energy and spatial profile are in good agreement with the design codes. In fact, target
experiments show that the laser imprint with the very uniform Nike beam is less than the anticipated manufacturing defects on the tar-
get surface. It appears that KrF meets the target physics requirements for IFE.

Current Research and Development (R&D)

R&D Goals and Challenges
The R&D goal and challenge is to demonstrate that a KrF laser can meet the fusion energy requirements for repetition-rate, reli-

ability, efficiency, and cost. The key issues are the efficiency, durability, and cost of the pulsed power driver; the lifetime of the elec-
tron beam emitter; the durability and efficiency of the pressure foil support structure (“hibachi”) in the electron-beam-pumped ampli-
fiers; the ability to clear the laser gas between pulses without degrading the beam quality; and the lifetime of the amplifier windows
and optics in the laser cell. Technologies have been identified that can address these issues. Most have been partially developed
elsewhere, but they have been developed separately from each other and not necessarily in a parameter range appropriate for IFE.
NRL has generated a conceptual design for a modest-size repetition-rate KrF laser that will allow the development and integration of
these technologies specifically for IFE. The laser would have an optical aperture of 30 cm, an output of around 600 J, and would run at
5 Hz. This laser is called Electra.

Budget
In the Department of Energy–Defense Programs (DOE–DP), a new program should be started to deliver a spark-gap-based pulsed

power supply with the parameters required for Electra. This power supply will not have the durability or efficiency required for IFE,
but it will be sufficient to develop the other technologies, that is, emitter, pressure foil, and gas recirculator. An appropriate power
supply will be added later.
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Anticipated Contributions Relative to Metrics

Metrics
The requirements identified for IFE are based on the SOMBRERO Reactor study, which showed that a fusion power plant based

on a KrF laser can be economically competitive, on target experiments with Nike, and on the NRL target designs, which show that an
implosion driven by a laser with the smoothness of KrF could likely achieve the high gain required for IFE:

Overall system efficiency 6–7%
Repetition rate 5 Hz
Durability (shots between major maintenance) 5 × 108 (3 years)
Cost of entire driver $170.00/J
Total driver energy 3.4 MJ
Beam quality for high-mode fluctuations 0.2%
Optical bandwidth (based on current target designs) 2.0 THz
Beam quality for low-mode distortion 1–2%

Near Term ∼ 5 years
•  On Electra (30-cm aperture, 5-Hz, repetition-rate laser): (1) Demonstrate durability

and efficiency of repetition-rate pulsed power system from prime power to the
energy deposited into the gas. (2) Demonstrate ability to repetitively amplify a high-quality laser beam that meets the requirements
for bandwidth and beam quality. (3) Develop technology to meet requirements for pulsed power cost.

•  On Nike (60-cm amplifier, single shot): Demonstrate intrinsic efficiency (laser energy out divided by laser energy in the gas) and
electron beam transmission through the hibachi with a large system that is directly scalable to an IFE laser beam line.

•  In separate, off-line, experiments: Develop new window coatings for the amplifiers.

Midterm ∼∼∼∼ 20 years
•  Develop a full-scale KrF amplifier that meets all the requirements for IFE. The laser output of this amplifier will be in the range of

30–100 kJ, with an optical aperture around 2 m2. The amplifier will run at 5 Hz and should be the prototype for an IFE beam line.
•  Incorporate this prototype into an Integrated Test Facility, that is, a laser that meets the requirements for IFE.

Long Term >20 years
•  Build an IFE engineering test facility based on a KrF driver.

Proponents’ and Critics’ Claims

Proponents claim that only KrF has the beam uniformity required for high gain; that it is entirely feasible to build a laser that
meets the fusion energy requirements for durability, efficiency, and cost; and that the favorable target physics make this an excellent
approach for fusion energy. Critics claim that KrF will never achieve the required efficiency and that it will be difficult to meet the
durability requirements.
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I-7.  SOLID-STATE LASER DRIVERS

Description
•  Since the earliest days of inertial fusion research, solid-state lasers have served as the main workhorses for unraveling crucial target

physics issues.
•  First-generation solid-state lasers, initially at the 100-J level in early 1970s and based on flashlamp-pumped neodymium

(Nd):glass, will culminate with the 1.8-MJ National Ignition Facility (NIF).
•  To attain the objectives of fusion energy, second-generation solid-state lasers will employ diodes in place of flashlamps, ytterbium

(Yb)-doped crystals instead of Nd:glass, and near-sonic helium cooling of optical elements.

Status
•  Researchers completed an inertial fusion energy (IFE) power plant study based on diode-pumped solid-state lasers (DPSSLs); dis-

covered Yb:sulfur (S)-FAP laser material with long storage time; demonstrated 1-J integrated test bed of gas-cooled diode-pumped
Yb:S-FAP crystal laser; and radiation-tested proposed final optic material at 0.1 dpa.

•  Lawrence Livermore National Laboratory scientists are building the first major technology step toward a viable solid-state laser
driver for IFE, referred to as the Mercury Laser. Performance goal is 10% efficiency with 10-Hz repetition rate, 100 J/pulse, 2-ns
pulse width, 5X diffraction-limited beam, and 1.05-µm wavelength.

•  Laser diode pump arrays with up to 50% efficiency are commercially available and being used in DPSSLs for many applications.
•  NIF employs a diode-pumped oscillator and regenerative amplifier for compactness and stability.
•  Japanese researchers at Osaka University have initiated development of DPSSLs as IFE drivers.

Current Research and Development (R&D)
R&D Goals and Challenges
•  Ultimate goals for solid-state lasers are 5–20% efficiency, 1% low spatial-mode uniformity on target, 1010 shot lifetime, 0.35-µm

wavelength, and $350 /J cost. The requirements depend on achievable fusion gain.
•  Beam smoothing techniques are needed for direct drive IFE with DPSSLs. Similar techniques are currently being developed with

flashlamp-pumped Nd:glass lasers (Omega and NIF) for direct-drive target experiments.
•  R&D is needed in pump diodes, optimized laser architectures, damage thresholds, crystals, coatings, deformable mirrors, and sur-

vivable final optics.

Related R&D Activities
•  Research areas are directed at higher power DPSSLs, new wavelengths, shorter pulses, and higher brightness.
•  DPSSLs are utilized in commercial and military applications such as materials processing, illuminators, remote sensing, and preci-

sion machining—all demanding high-to-average power, although relatively low energy per pulse.
•  Telecommunications and information industries require low-power, highly reliable diodes, providing strong motivation for devel-

opment of robust epitaxial semiconductor structures and processing.

Recent Successes
•  In support of the Mercury Laser project, high-quality Yb:S-FAP crystals have been grown in a few-centimeter size, high-peak-

power diode array tiles (4 kW) have been fabricated, the first multivane gas-cooled head has been constructed, and a 100-J laser
design has been completed.

Budget
FY 1996 = $1.0M; FY 1997 = $1.9M; FY 1998 = $2.7M; and FY 1999 = $4.6M.
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Anticipated Contributions Relative to Metrics

Metrics
•  Meet driver requirements demand for enhancements in efficiency, reliability, and beam smoothness with reductions in diode cost

and 10- to 20-cm crystals.
•  Develop and demonstrate IFE laser requirements in a staged series of scientific and engineering prototype test beds.

Near Term <5 years
•  Complete design, assembly, and testing of Mercury Laser operating at 1.05 µm; achieve 10% efficiency with 100 J/pulse, 10-Hz

repetitive rate, 2-ns pulse width, 5X diffraction-limited beam quality, and 108 shots.
•  Perform and validate system-level analysis of achievable beam smoothness on target in power plant scenario for solid-state laser.
•  Upgrade Mercury Laser to incorporate average-power frequency conversion, deformable mirror, and beam smoothing technology.
•  Develop technology approach for future kilojoule-class DPSSLs.
•  Employ Mercury Laser for a broad range of laser-based experiments, in support of IFE, stockpile stewardship, and basic plasma

science—enabled by the availability of “cheap shots” on a high-energy laser for the first time.

Midterm ~20 years
•  Develop technologies to construct ~4-kJ beam line using low-cost diode arrays ($0.50/peak-W), operating with 10% efficiency and

109 shot lifetime at 0.35-µm wavelength. At least two independent apertures will be integrated to form this beam line, using very
high-quality gain media at full size.

•  Utilize 4-kJ beam line to drive X-ray source in average-power chamber, testing first-wall survivability, demonstrating beam uni-
formity, and protecting final optic from X-rays and debris.

•  Utilize 4-kJ beam line to create an average power microfusion neutron source for materials studies.
•  Identify final optic materials and system designs to withstand megaelectron volt neutrons, gamma rays, and contamination in an

IFE power plant.

Long Term >20 years
•  Following demonstration of fusion ignition on NIF, survivable first wall and final optic, and functionality of integrated kilojoule-

class beam lines, proceed to deployment of megajoule-class facility capable of sustaining repetitive-rated average-power fusion
core.

•  Achieve minimum diode array cost (<$0.07/peak-W) based on materials, large sustained market, and full automation of processes.

Proponents’ and Critics’ Claims

•  Proponents might say that solid-state laser technology is naturally matched to inertial confinement fusion target requirements,
which is responsible for its preferred status since 1970s. Second-generation solid-state lasers offer the same advantages and flexi-
bility and together with modern technology enhancements will be able to meet future demands of IFE production.

•  Critics might say that diodes are too expensive and unlikely to meet required cost reduction; beam smoothing for direct-drive has
not yet been adequately demonstrated for solid-state lasers and particularly for Yb-doped crystalline lasers; and final optic and first
wall are at risk of not being survivable in a target chamber.
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I-8.  LASER AND PLASMA INTERACTIONS

Description
The coupling of intense laser light with plasmas is a very important topic for the applications of high-power lasers. The coupling

mechanisms span the gamut from inverse bremssthralung and linear mode conversion to many nonlinear optical processes. These
include stimulated Raman scattering (SRS) from electron plasma waves, stimulated Brillouin scattering (SBS) from ion sound waves,
and laser beam self-focusing and filamentation. These processes depend on laser intensity and produce effects such as changes in the
efficiency and location of the absorption and generation of very energetic electrons. Depending on the application, one wishes to
either minimize or maximize various nonlinear processes. Laser plasma coupling is an important constraint for inertial fusion. The
interaction physics determines the acceptable laser wavelength and beam smoothing and restricts the laser intensity and plasma condi-
tions allowed in the target designs.

Status
Good progress has been made in understanding and controlling the laser plasma coupling for both direct- and indirect-drive inertial

fusion.

•  The predicted beneficial effects of shorter wavelength laser light have been demonstrated in numerous experiments.
•  Laser beam smoothing has been implemented via several different techniques and shown to strongly reduce undesirable plasma

effects, such as stimulated scattering and nonlinear beam bending.
•  Sophisticated diagnostics have been developed and implemented. For example, electron plasma waves and ion acoustic waves have

been simultaneously measured in space and time via Thomson scattering. Likewise, the electron and ion temperatures are directly
measured.

•  Nonlinear interaction regimes have been identified, such as the saturation of SRS by secondary decay processes and anticorrelation
between SBS and SRS.

•  New computational models have been developed and run on parallel computers. These include three-dimensional (3-D) codes for
laser propagation in plasmas including the effects of filamentation and realistic beam smoothing, 3-D particle-in-cell (PIC) codes,
and 3-D hybrid PIC codes to study low-frequency kinetic phenomena. Various reduced descriptions have also been developed to
facilitate simulation over disparate time and space scales.

•  Reduction of SBS when more than one interaction beam is present in the interaction region.
•  Thomson scattering has proven to be an indispensable diagnostic for the study of plasma interactions.

Current Research and Development (R&D)
R&D Goals and Challenges
•  Characterize and understand the nonlinear scaling of the interaction processes with plasma size, intensity, and degree of beam

smoothing.
•  Develop theoretical and computational models for quantitative simulations of coupling processes on experimental time and space

scales.
•  Improve understanding of the effects of crossing and overlapped laser beam configurations characteristic of reactor targets.
•  Develop new control techniques to increase the options for ICF target design and driver choice.

Related R&D Activities
•  The stockpile stewardship of the Department of Energy–Defense Programs (DOE–DP) supports related research on strongly driven

laser plasma coupling for advanced applications, such as laser radiography and the generation of high-temperature hohlraums and
other X-ray sources.

•  DOE supports research on laser plasma accelerators to study some common interaction processes.

Recent Successes
•  Laser-induced plasma fluctuations diagnosed in unprecedented detail: simultaneous measurement in space and time of both elec-

tron plasma and ion sound waves.
•  Nonlinear beam bending characterized in both experiments and calculations and controlled by laser beam smoothing.
•  Significant reductions of stimulated scattering in hohlraum and gas bag targets demonstrated in Nova experiments using laser beam

smoothing via SSD.
•  Development and application of a spectrum of 3-D, massively parallel processing (MPP) codes for modeling laser plasma

interactions. These include F3D, a wave propagation code including the effects of filamentation and laser beam smoothing; 3-D
PIC codes for fully kinetic phenomena; and 3-D hybrid PIC codes for low-frequency kinetic effects.

•  Characterization and modeling of nonlinear regimes of laser plasma interaction, such as dependences of SRS on ion wave damp-
ing, anticorrelations between SBS and SRS, and laser beam spraying by filamentation.
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Anticipated Contributions Relative to Metrics

Metrics
For direct-drive laser fusion, one desires efficient absorption (>90%) and requires that less than 1% of the laser energy be depos-

ited into high-energy, preheating electrons. These are electrons with an effective temperature >30 keV. For the indirect-drive
approach, one desires less than 10% stimulated scattering, less than 10% of the laser energy into preheating electrons, and reproduci-
ble laser beam propagation. For fast ignition, one needs reasonable conversion (>50%) of the ultra-intense beam into electrons with
energy in the megaelectron-volt range.

Near Term <5 years
In the near term, the emphasis is on

•  Testing and modeling the interaction physics in regimes as close as possible to future National Ignition Facility (NIF) and reactor
targets

•  Improved understanding of control mechanisms, such as the effects of laser beam smoothing
•  Testing and understanding effects associated with crossing and overlapped laser beams
•  Multiplasmas

Midterm to Long Term >20 years
Develop quantitative, experimentally tested models of the interaction processes to optimize target design, guide the choice of

reactor drivers, and identify new applications. This will require the development and routine application of detailed diagnostics for the
scattered light, the plasma conditions, and the plasma fluctuations. It will also be necessary to develop improved plasma models for
input into advanced codes on parallel computers.

Proponents’ and Critics’ Claims

Proponents point out the importance of improved understanding of the coupling physics for optimal target design and for more
timely and cost-effective achievement of goals, especially as the facilities become larger and more expensive. Small-scale experiments
are still the main source of data on the interaction until there will be more time with NIF.

Critics advocate that we avoid deleterious plasma effects on the laser plasma coupling by conservative choices of laser and irradia-
tion conditions and that we engineer our way around any difficulty by experimental iteration.
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I-9.  PULSED POWER

Description
Pulsed power is a versatile approach to initial fusion that has been used at Sandia National Laboratories (SNL) to (1) drive

z-pinch radiation sources for inertial fusion, (2) generate light ion beams for inertial fusion, and (3) provide a repetition-rated pulsed
power capability that can be used for z-pinches, ions (light ions/heavy ions), and/or lasers [KrF/diode-pumped solid-state lasers
(DPSSLs)] for inertial fusion energy (IFE). The three figures show considerable progress in achieving high X-ray energies with
z-pinches, hohlraum temperatures with light-ion-driven targets, and the first commercial application of Repetitive High Energy Pulsed
Power (RHEPP) technology for ion beam surface treatment at QM Technologies, Inc.

Status
•  Z-pinches have demonstrated phenomenal successes in the last few years, producing very high total X-ray energy (1.8 MJ), peak

X-ray power (290 TW), and dynamic hohlraum temperatures (180 eV) with shot-to-shot reproducibility better than 90% and very
high efficiency (15% wall plug to X rays).

•  Light ions have demonstrated high-power lithium ion beams (10 MeV, 300 kA, 3 TW, 15 ns, 50 kJ, 22-mrad microdivergence, and
0.6-kA/cm2 anode ion current density).

•  Ion-driven target experiments have demonstrated 63-eV hohlraum temperatures at 1400 TW/g, radiation-dominated and optically
thin hohlraums, foam tamping of gold hohlraum walls, radiation smoothing by a foam hohlraum system, and a measured radiation
thermal spectrum with no preheat identified.

•  Repetition-rated pulsed power has achieved on the RHEPP I facility a proton, C, Xe, or Ar ion beam (500 kV, 20 kA, 60 ns, and
100 cm2) at up to 4 Hz and up to 10-kW average power; RHEPP II has achieved a broad area electron beam (2 MV, 25 kA, 60 ns,
and 1000 cm2) at up to 100 Hz and up to 300-kW average power.

•  An all solid-state test bed (Dos Lineas) has demonstrated synchronization techniques for parallel modulator systems and continues
development of long lifetime magnetic switches and voltage adders at a shot rate exceeding 3 ×106 shots per day.

Current Research and Development (R&D)

R&D Goals and Challenges
•  A goal of the z-pinch program is to achieve a reproducible, temporally pulse-shaped hohlraum radiation temperature reaching

225–300 eV (depending on target design concept) with adequate coupling efficiency, symmetry, and preheat levels to drive high-
yield (200–1000 MJ) inertial confinement fusion (ICF) capsules.

•  Goals for the light ion approach (presently unfunded) are to (1) develop an adequate high brightness, uniform ion source at the sci-
ence level and (2) study final transport of ion beams in the reactor chamber at the science level.

•  Near-term goals for the RHEPP program  include reducing the number of magnetic switching stages to reduce driver costs and
evaluating next-generation solid-state concepts. Experiments to characterize turn-on of metal/ceramic cathodes in the presence of
an external B-field are being planned with the Naval Research Laboratory (NRL) to support its KrF fusion program. If successful,
the RHEPP cathode surface is likely to be installed in an amplifier stage at NRL’s NIKE laser.

Related R&D Activities
Z-pinch research and RHEPP research is presently funded by Department of Energy–Defense Programs (DOE–DP). The light ion

program, supported previously by DOE–DP, is currently unfunded. The ICF program of DOE–DP undertakes important related work
in the science-based stockpile stewardship program.

Recent Successes
•  The z-pinch program has recently achieved a dynamic hohlraum temperature of 180 eV, demonstrated a long-pulse drive (150-ns

current pulse) that produces a short X-ray pulse (sub-10 ns), and imaged kiloelectron-volt radiation from compressed fuel capsules.
•  The figure of merit for light ion sources has increased from 0.8 to 7.3 during 1993–1998; a value of 23–50 is needed for IFE. Evi-

dence of self-pinched transport of a proton beam that scales to HIF parameters was recently achieved at NRL [supported by
DOE–Office of Energy Research (ER)].

•  RHEPP technology moved from a laboratory environment into its first commercial application in 1997 as a driver for a pulsed ion
beam surface treatment system at QM Technologies, Inc.

Budget

FY 1998 FY 1999 Funding

Z-pinches $23M $29M DOE–DP
LiF $3M 0 DOE–DP
RHEPP $2.1M $2.2M DOE–DP (non-ICF)
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Fig. 1.  Z-pinch X-ray power.
Fig. 2.  Lithium-beam-driven hohlraum T.

Fig. 3.  RHEPP commercial application.

Anticipated Contributions Relative to Metrics

Metrics
•  Metrics for z-pinches are to develop and demonstrate scaling in energy and temperature to get to high yield. For IFE, a repetition-

rated z-pinch reactor concept should be developed.
•  For light ions for IFE, science-level metrics are to develop an ion source with adequate brightness and beam quality, and under-

stand final beam transport and stability.
•  For RHEPP for IFE, unique requirements for various IFE drivers (e.g., ions, KrF, DPSSL, etc.) need to be assessed.

Near Term 5 years
•  For z-pinches, demonstrate energetics, capsule implosions, pulse shape, symmetry, and preheat acceptable for high yield. For IFE,

develop a repetition-rated z-pinch reactor concept.
•  For ion fusion, develop adequate ion sources and understand final transport and stability.
•  For RHEPP, apply to KrF, DPSSL, and HIF.

Midterm 20 years
•  For z-pinches, achieve high yield on X-1 (i.e., 200–1000-MJ yield) and demonstrate key physics requirements for a z-pinch

reactor.
•  For ion beams, establish the best ion driver scenario (light, heavy, or middle weight) and demonstrate a convincing, scaled, inter-

mediate experiment.
•  For RHEPP, develop an operating system for the preferred IFE driver.

Long term >20 years
•  Develop an IFE fusion power plant using the high efficiency and low cost of pulsed power.

Proponents’ and Critics’ Claims

•  Proponents claim that z-pinches offer the fastest, lowest cost path to high yield, which is needed for all IFE scenarios. Critics claim
that the concept can not be repetition-rated.

•  Proponents claim that ion beams offer the best path to IFE based on efficiency, standoff, repetitive operation, and cost. Critics
claim that the LiF ion source is too difficult. Proponents claim that existing ion beam transverse temperatures are within reach of
the focusing required for IFE; critics claim that focusing is too difficult.

•  Proponents claim that RHEPP technology could be used for all IFE drivers; critics claim the cost will be too high.
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I-10.  TARGET DESIGN AND SIMULATIONS
Description

Target design/simulation involves the concepts, processes, and tools to obtain a desired goal for a particular driver (e.g., high
gain). In inertial confinement fusion (ICF), simulations are usually performed with one-dimensional (1-D) or multidimensional hydro-
dynamic codes that incorporate the physics in “modules or algorithms.” Inertial fusion target design and simulations are in many ways
interdependent because simulations are required to arrive at a given target design. With existing laser systems [later National Ignition
Facility (NIF)], designers are able to test and verify their design concepts against experimental results and data. However, subtleties of
a design will still depend on the individual designer’s creativity, imagination, and understanding of the complicated interplay in the
physics.
Status

In ICF/inertial fusion energy (IFE), a number of potential drivers are considered, with two broad categories of target designs for
almost every driver: indirect  and direct drive. The majority of the accomplishments in the ICF target area have been a part of the
Department of Energy–Defense Programs (DOE–DP) ICF Program, focused on both target categories for laser-driven fusion. To a
lesser extent, DOE–DP funded target designs for light ion fusion design, but recently this effort was substantially reduced. There
has also been OFES funding for indirect-drive target designs for heavy ion drivers. The most mature target designs are indirect-
drive designs proposed for ignition and moderate gain on the NIF. The simulation tools (codes) presently in use are 1-D and two-
dimensional (2-D) hydrodynamic codes funded predominately by the DOE–DP. Presently advanced 2-D and three-dimensional (3-D)
code development is being funded by the DOE–DP Advanced Strategic Computing Initiative (ASCI) Program and to a much lesser
extent the DOE–DP ICF Program.
•  Targets Driven with Lasers

Indirect drive for achieving ignition and burn has received the bulk of the DOE–DP ICF funding and is the baseline approach for
achieving ignition on the NIF. However, the gain curve based on the NIF point design is too low to produce economic energy with
even a 10% efficient laser. There are design concepts that could result in improved gain performance.
Direct-drive laser-driven designs are currently the back-up approach for ignition on the NIF. The DOE–DP activity is centered at
the University of Rochester and the Naval Research Laboratory. Experimental data necessary to judge their credibility are now
being obtained on the Omega and Nike laser systems. DOE–DP will continue to fund NIF-related ignition target designs in this
area. Direct-drive designs are considered a viable potential for IFE, but there is no DOE–DP funding.
Fast ignition is a target design concept in which fuel is first compressed to high density by one driver and then ignited with a very
intense injection of energy from another driver, offering the possibility of significantly reduced driver energy, relaxed symmetry,
and target fabrication finish requirements. It is primarily a laser approach, although a hybrid where compression is accomplished
with ion beams and ignition with a laser is possible. There is limited experimental evidence that can be interpreted as supporting
the concept. However, there is no clear evidence that the concept will succeed.

•  Targets Driven with Ions
Indirect-drive designs, based on laser research, exist at a variety of heavy ion driver energies that meet the gain requirements of
fusion energy. Knowledge about these designs is limited because data supporting heavy ion target interaction experimental are
limited. Further experimental work is required, some with international collaboration, to qualify and then improve designs.
Direct Drive. In spherically symmetric 1-D calculations; this approach produces very high gains, but uncertainty remains about the
hydrodynamic stability. Recent code improvements may help settle this issue for these implosion designs, but additional target
design work will be required.

Current Research and Development (R&D)
R&D Goals and Challenges

Under the DOE–DP, the primary goal is obtaining indirect- and direct-drive ignition on the NIF. DOE–DP IFE-related indirect-
and direct-drive target design will continue, but at a low level. Under the DOE–OFES, the program remains focused on the design of
heavy ion fusion (HIF) targets but with a growing effort in the area of laser-driven target designs. In these two areas it is increasingly
important to begin detailed interactions with the drive and reactor system designers. A level of effort will be continued on the fast
ignitor concept. It is a significant scientific challenge due to the computational/theoretical complexities of the problem and the novelty
of the laser intensity and pulse length regime required. As part of the DOE–DP ASCI Program new 3-D codes will be developed. The
challenges surrounding this effort are many. Software development required for efficient use of massively parallel machines will be
important.
Related R&D Activities
•  Target design efforts in Europe and Japan on direct-drive laser designs, indirect-drive heavy ion designs, and the fast ignitor.
•  Laser radiography in the DOE–DP program, with physics is similar to the fast ignitor concept.
•  Code development in the DOE–DP ASCI Program.
Recent Successes
•  The completion of the Nova Technical Contract, important for proceeding with NIF.
•  Considerable progress in laser beam smoothing.
•  New integrated design simulations showing that credible HIF designs can be obtained which meet IFE requirements.
•  Development of modern 3-D hydrodynamic codes as part of the DOE–DP ASCI Program.
Budget
•  DOE–OFES: FY 1999 = ~$9M (~$0.5M for target design).
•  DOE–DP-ICF: ~$500M including NIF (~$7–10M for target physics/design-related activities).
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Anticipated Contributions Relative to Metrics

Metrics
Identification of target designs coupled with reactor systems that meet the requirements for the competitive cost of electricity for

commercial power. This will require increased experimental data in a number of critical areas as well as integrated multidimensional
design simulations.

Near Term ≤≤≤≤5 years
•  Important experimental results are expected in the area of direct-drive laser-driven target performance from the Omega and Nike

laser systems. Limited planar foil direct-drive experimental data may be available from early NIF operations.
•  For indirect-drive with heavy ions, two main areas of continuing work are required. These experiments are needed: (1) laser-driven

hohlraums to examine closely coupled (pressure balanced) laser designs similar to those proposed for HIF; (2) in collaboration
with European laboratories, ion-driven hohlraums with modest temperatures and pressures; and (3) radiation-driven Rayleigh-
Taylor experiments where there is some tamping effect due to low-density foams for investigating the stability of closely coupled
targets. The second area of work will be new designs that incorporate information learned from the experiments.

•  Important experimental results are expected in the area of indirect-drive laser-driven targets from Omega and the initial operations
of the NIF.

•  During this time period initial “iterations” with individuals designing reactor and driver will take place. This work will center on
arriving at driver-target design concepts that are optimized for overall performance. In addition work will take place to examine
the reactor chamber concepts with respect to target outputs. Because each target design concept has subtle, but potentially impor-
tant differences, with respect to target outputs, this work will be important toward designing and optimizing reactor chamber
designs.

•  Continued exploration of the fast ignitor concept will require both experimental and theoretical/simulation efforts.
•  Improved 2- and 3-D hydrodynamic codes will become available for use in this time period, but these new codes will not be fully

validated against experimental data and “benchmark” simulation results. This process will continue beyond the 5-year time period.
These codes will be funded entirely by the DOE–DP ASCI.

Midterm ~20 years
•  Of major importance during this time period will be the experiments to obtain ignition using both indirect- and direct-drive laser-

driven targets on the NIF. These experiments will help define the feasibility of the indirect- and direct-drive approaches for fusion
energy.

•  Once ignition was achieved on the NIF, IFE-relevant target design concepts could be tested during this time period.
•  Expected down-selection of IFE drive concepts during this time period will result in a more focused design and iteration cycle for

the remaining reactor/drive concepts. Depending on the results from the NIF (and other experiments worldwide), the design and
construction of an engineering test facility is a possibility during this time period.

•  Use of mature and validated 3-D codes for IFE target designs.

Long Term >20 years
Development of an IFE fusion power plant.

Proponents’ and Critics’ Claims
Proponents claim that indirect-drive ICF work carried out as part of the DOE–DP effort shows that this approach to IFE is viable.
Currently the criticisms surrounding the use of the ICF concept for fusion energy range from “it will not work at energy scales

relevant to fusion applications” to “it will not be possible to be cost competitive with other approaches for producing energy in the
future.” With the NIF coming on-line in the near future the community will be in a much better position to answer the first criticism
with respect to driver energies. With respect to the second the success of the NIF coupled with continued research in the area of IFE
target and reactor design will answer the concerns about cost.
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I-11.  FINAL OPTICS—LASER IFE

Description
The final optics for laser inertial fusion energy (IFE) (mirrors, diffraction gratings, or refractive wedges) are in the direct line of

sight of the target. The final optics must, therefore, be protected from or be able to withstand the damaging effects of X rays, debris,
and neutrons emitted by the fusion pulse. Fast-closing shutters (closure time of about 0.1 ms) can stop slow moving debris (such as
liquid droplets). A few torr-m of gas, such as krypton or xenon, can stop fast vapor and very small droplets from reaching the final
optics and will strongly attenuate X rays, preventing surface damage. Two main alternatives for IFE final optics have been proposed:
hot fused silica (gratings or wedges) and grazing incident metal mirrors (GIMMs). Both approaches put a dogleg in the beam path and
thus remove optics further upstream from direct line of sight of the target. Final optics made of fused silica would be operated warm
(~400°C) to allow continuous annealing of radiation-induced color centers. Predictions are that the fused silica could remain ade-
quately transparent indefinitely under these conditions. GIMMs and grazing incidence liquid metal mirrors (GILMMs) are also
expected to be robust (i.e., long lasting) against neutron damage and to some extent X-ray damage. The GILMM flows a self-healing
thin film (100 µm thick) of liquid metal such as sodium along a flat inclined plane.

Development and demonstration of an adequate life of final optics is a critical issue for laser IFE. If the lifetime is too short
(perhaps less than a year), the change-out costs could be prohibitively high, and the resulting downtime could significantly reduce the
plant availability.

Status
•  During the past several years there has been some experimentation on fused silica final optics. Neutron and gamma exposure indi-

cate that they are adequate for National Ignition Facility (NIF) operation. Theoretical modeling of the radiation damage mecha-
nisms provides an estimate of the required operating temperature to allow continuous annealing. Because of strong absorption
peaks near 240 nm, fused silica is not suitable for use with the KrF laser.

•  The idea of GILMM is new and needs analysis and proof-of-principle experiments. The slow-flowing viscous film is predicted to
be stable and sufficiently smooth to focus light into a spot of accuracy of ±0.25 mm at a 30-m distance.

•  Shutter development seems like a necessary component of a power plant, but one which is likely to work. It is not a high research
and development (R&D) priority for demonstrating the feasibility of laser IFE in the next 5 years.

•  Gas stopping of X rays and debris is an important topic for the feasibility of laser IFE. Experiments are needed to prove the
concept. The final optics can be destroyed by a single burst of X rays. With enough gas to attenuate X rays (10 torr-m), the laser
light can be deflected by the variable index of refraction if the gas is turbulent. In the case of xenon gas, the index of refraction is
enhanced at 1/4-µm light due to the presence of a resonance for two photons simultaneously interacting. The presence of turbulent

gas can prevent focusing of the light to ±0.25 mm at 30 m just like a star “twinkling.” Experiments are needed to prove the concept
of gas protection of optics.

Current Research and Development

R&D Goals and Challenges
•  Determine feasibility of fused silica or other optical materials for gratings or wedges.
•  Identify and acquire attractive optical materials for radiation testing as potential final optics.
•  Develop Monte Carlo atomic damage models for candidate final optic materials.
•  Develop model to predict optical effects of megaelectron volts of gamma radiation to suggest final optic candidates.
•  Conduct irradiation experiments at LANSCE to evaluate radiation hardness.
•  Analyze run results; evaluate optical and mechanical properties to identify suitable final optic material.
•  Determine feasibility of GILMM concept. Currently, analysis and design of a GILMM experiment is under way and needs to be

continued. A thorough survey of literature in related film flow fields needs to be carried out. Low-cost but fairly sophisticated
experiments (<$100,000 in hardware) and about a full-time equivalent ($200K/year) over several years should be adequate to
prove or disqualify the idea.

Related R&D Activities
•  Radiation damage modeling for first-wall materials will be applicable to final optics.
•  Some promising work was carried out at Lawrence Livermore National Laboratory (LLNL) on laser light propagation through gas.

Recent Successes
•  Conceptual design of final optics systems.
•  Modeling of damage mechanism in fused silica and prediction of high-temperature annealing.

Budget
Requires ~$800K/year for optical material R&D tasks and ~$200K/year for GILMM research.
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Anticipated Contributions Relative to Metrics

Metrics
Metrics for final optics include (1) the ability to focus beams to the required spot size from a distance compatible with long-life

operation, (2) the ability to operate at a reasonably high laser beam energy fluence (J/cm2), and (3) acceptable operating life before
required replacement or refurbishment. Typical values for these metrics would be the ability to focus to a few-millimeters spot size
(direct drive targets) from greater than 20 m, ability to operate with a laser fluence of a few to 10 J/cm2 (equivalent normal incident),
and lifetime of at least 6 months to a year unless a rapid, remote replacement scheme can be devised.

•  For GILMM, can the surface over sizes of about 1 m be sufficiently smooth and controlled? Can the surface recover from prior
shots at 6 Hz or so pulse rate?

•  For all optics systems, can adequate performance be maintained after months of accumulated radiation damage?

Near Term <5 years
•  Experiments in the first years should determine if sufficiently smooth and controlled liquid surfaces can be achieved and main-

tained on GILMM of sizes of 10 cm or so. Testing high-energy and repetitive pulses of 10 J/cm2 (over a small area) would be the
next step. The GILMM apparatus would be built and taken to the powerful lasers for testing.

•  Experiments in the next few years, possibly next year at the Naval Research Laboratory (NRL), might prove that gas attenuation of
X rays works and laser light passage through the gas is possible. If laser light will not propagate through enough gas to allow
optics protection, a backup idea is that the gas is held as a low-density fog of droplets. The droplet density is so low that 90% of
the laser light passes on to the target, but by the time the X rays return from the target, the droplets have vaporized and formed a
uniform gas that can stop X rays. If necessary, this idea could be experimentally verified.

•  Additional radiation damage testing of candidate optical material will begin in the near term using LANSCE. Analysis of previ-
ously irradiated samples will also be completed.

•  Radiation damage modeling effort will be accelerated.

Midterm ~20 years
•  For GIMM, if tests were successful at modest sizes of ~10 cm on a side, then scale up to full size and test the optics, perhaps in

facilities such as the Integrated Research Experiment (IRE).
•  For refractive or diffractive optics, scale up to full-size components and conduct single-shot testing on facilities such as NIF at the

appropriate laser fluence.
•  Test final optics concepts in an Equipment Test Facility (ETF) at prototypical fusion plant conditions.

Long Term >20 years
•  Integrate final optics systems in a demonstration power plant.

Proponents’ and Critics’ Claims

Proponents claim that protection schemes and damage management processes currently proposed provide a credible story that
adequate performance of a final focus system for laser IFE can be developed and implemented. The availability of various design
approaches and possible materials and the ability to operate with a large standoff increase the likelihood that an attractive solution can
be developed.

Critics claim that this is a showstopper issue for IFE. They point out the great difficulty of protecting optics from X rays and
debris in current and planned inertial confinement fusion facilities (Nova, Omega, NIF) even at extremely low shot rates (several per
day). They doubt that schemes to prevent contamination of final optics by vaporized target material and possibly by chamber wall
materials can be 100% effective, and any contamination will lead to catastrophic failure for subsequent pulses. They suspect that
frequent replacement will be required and result in unacceptably high cost of electricity.
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I-12.  LASER-DRIVEN NEUTRON SOURCES

Description
Modern fast-pulse, high-intensity lasers have the potential to drive low-cost, deuterium-tritium (D-T) point neutron sources for

fusion materials testing at high flux/fluence. Such a neutron source would partially fill the void in developing materials for fusion
without a high-flux (and high-cost) volumetric fusion neutron source. Compared with conventional beam-target neutron sources, the
small source volumes and heat removal by sacrificial vaporization could provide a high-flux source of 14-MeV neutrons at close-
coupled, microtest specimens of characteristic dimensions ~1 mm at modest cost. In particular, a laser-driven target with ~100 J to
1 kJ/pulse at 10 to 100 Hz (i.e., ~10 kW average power) and laser irradiances in the range Iλ2 ≅  1017  to 1020 W-µm2/cm2 could pro-
duce primary, uncollided, 14-MeV neutron fluxes at the test specimen in the 1014 to 1015 neutron·cm–2/s–2 range (i.e., equivalent
neutron wall loadings of ~2 to 20 MW/m2). Irradiation volumes would be ~1 cm3, and the total facility cost would likely be less than
$100M.

The figure shows a conceptual design of such a laser-driven neutron source facility. Three distinct target concepts are presently
under evaluation—a hot ion, a solid beam-target concept, an exploding-pusher target concept, and a cluster-ion gas target concept. For
the first two designs, neutron-producing targets of a few tens of micrometers in diameter would be mounted, as shown, ~1 to 10 cm
apart on a continuous foil strip, which moves each target into the firing position at speeds of ~0.1 to 10 m/s. A sacrificial foil debris
shield moving with the targets protects the material test specimen matrix, which is coupled as closely as running clearances permit.

Relative to other candidate neutron sources, both beam-target and volumetric plasma-based, the laser-driven concepts could pro-
vide high 14-MeV neutron fluxes at an order of magnitude lower cost. This is a consequence of the high laser intensities, low total
fusion power, heat removal by sacrificial vaporization rather than by steady-state liquid cooling, and of the opportunity to close-couple
irradiation specimens. This offers the possibility of a near-term realization of a high flux/fluence neutron test facility for fusion mate-
rial research with modest capital outlay.

Status
The last decade has witnessed an explosion in the field of short-pulse, high-intensity lasers. Pulse lengths have reduced from tens

of picoseconds in the mid-1980s to state-of-the-art ~10 fs today. Second, the ability to generate light pulses that are 3 orders of mag-
nitude shorter means that for the same energy and same approximate cost, intensities have increased by the same factor. Thus today
intensities of 1018 W/cm2 are routinely available from tabletop lasers, and systems capable of ~1021 W/cm2 are now starting to come
on-line. In particular, access to high-temperature states of matter capable of thermonuclear fusion and/or the efficient production of
hot ions for beam-target fusion is now within reach using small-scale, benchtop lasers.

Initial experimental results have been obtained using a 0.1-J, 30-fs laser at an intensity of 2 × 1017 W/cm2 incident on an unopti-
mized, atomic cluster, deuterium gas jet target; ~105 D-D neutrons were measured (T. Dittmire et al., Nature, to be published, 1999).

Initial one-dimensional modeling of laser-plasma interactions in extrapolated, production-level, neutron-producing targets has
been performed, and neutron fluxes of ~1014 to 1015 neutron·cm–2/s–2 were indicated (L. J. Perkins et al., Lawrence Livermore
National Laboratory, Report UCRL-JC-132334, submitted to Nucl. Fusion, 1999).

Current Research and Development (R&D)

R&D Goals and Challenges
•  Quantitative experimental data on the interaction of fast-pulse, high-intensity lasers with targets, particularly the mechanisms for

high-efficiency, fast ion production from both solid deuterated targets and atomic cluster targets.
•  Computational modeling with particle-in-cell and hydrodynamic codes and experiments with candidate targets to project neutron

yields and fluxes attainable with affordable laser energies of ~100 J to ~1 kJ and repetition rates of ~10 to 100 Hz (i.e., average
power levels of ~10 kW).

•  Engineering designs of practical laser-target systems for the standoff and protection of close-coupled micromaterials specimens.
•  A materials science/computational effort to couple the evaluation of postirradiation, microspecimen assays to multiscale, predic-

tive modeling codes.
•  Conceptual engineering design and costing of a production-level, irradiation test facility.

Related R&D Activities
•  The Department of Energy–Defense Programs stockpile stewardship activities support many related activities in the field of high-

intensity lasers and plasma interactions.
•  Because of the introduction of laser pulse compression by chirped-pulse amplification, short-pulse, high-intensity lasers at the

~1018 to 1021 W/cm2 intensity level are becoming common worldwide.

Budget
A successful program will require outlays of the following order:

•  Near term, 1–3 years: ~$600K/year for experiments, modeling, and design studies.
•  Midterm, 3–6 years: ~$6M/year for a proof-of-principle (PoP) facility (repetition-rate laser and deuterium targets).
•  Longer term, >6 years: ~$25M/year for a production-level irradiation facility (<$100M facility cost plus scientific program).
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Schematic of a laser-driven neutron source. The first of the
three target options are shown.

Anticipated Contributions Relative to Metrics

Metrics
•  Flux at test specimen of 1014 to 1015 neutron·cm–2/s–2 (equiva-

lent neutron wall loadings of ~2 to 20 MW/m2).
•  Production-level irradiation facility cost <$100M.
•  Test specimen size of ~0.1 to 1 mm in a temperature-controlled

specimen matrix of ~1-cm3 volume.
•  Cumulative neutron fluence at the test specimens of

≤20 MW-year/m2 (~200 dpa).
•  Repetition-rate 100-J to 1-kJ laser operation at ~10 to 100 Hz

with annual capacity factors of ~90%.
•  Facility tritium inventory <13 g (qualifies as a Class III facility).

Near Term ≤≤≤≤5 years
•  Definitive experimental data on the conversion of laser energy to

fast ion energy with high efficiency and optimization of the laser-
target conditions.

•  Definitive computational modeling results for a range of target
candidates that demonstrate the attainability of neutron fluxes of
1014 to 1015 neutron·cm2/s for laser energies of ~100 J to ~1 kJ
at ~10 to 100 Hz.

•  Engineering design of a PoP facility (repetition-rate lasers at the
100-J level with deuterium targets with facility costs of ≤$15M).
Initial construction of this facility.

•  A conceptual engineering design of a production-level, irradiation test facility to demonstrate facility costs of ≤$100M.
•  Establishment of a parallel materials science/computational effort to couple the evaluation of postirradiation, microspecimen

assays to multiscale, predictive modeling codes.

Midterm ~5–20 years
•  Operation of a PoP facility with repetition-rate lasers at the 100-J to 1-kJ level and deuterium targets. Demonstration of plasma

conditions and neutron yields that would extrapolate to fluxes of 1014 to 1015 neutron·cm–2/s–2 under equivalent D-T conditions.
•  Engineering design of a production-level, irradiation test facility with attention to laser system, target design, tritium inventory, hot

cells, and conventional facilities, for a facility cost of ≤$100M. Construction of such facility.
•  Operation of the irradiation test facility and end-of-life fluence accumulation for a variety of candidate fusion materials.

Proponents’ and Critics’ Claims

Proponents claim the following:

•  Because of the very small source volumes and low fusion power, this concept can yield a high flux/fluence neutron test facility at
an order-of-magnitude lower cost than any comparable facility.

•  Given the nature of our cost-constrained fusion program, a facility based on this concept may be the only realistic way of obtaining
high fluence, 14-MeV neutron damage data for fusion materials in the foreseeable future.

Critics may use these arguments:

•  The small test specimen sizes (~1 mm) and small irradiation volumes (≤1 cm3) will be of limited use to the fusion materials pro-
gram. In particular, heterogeneous systems (e.g., welds) cannot be tested.

•  There is a difference between the damage characteristics of a pulsed inertial fusion energy reactor and a steady-state magnetic
fusion energy (MFE) reactor at the same accumulated fluence. Consequently, there is a minimum pulse repetition rate at which this
facility will be of use to the MFE materials community.



74



75

C.4 PLASMA AND FUSION TECHNOLOGIES

Plasma Technologies
Technologies have been developed for producing and handling plasmas for 100 years or so—longer if one

considers flames. In the early days temperatures were generally less than the million degrees (100 eV) needed
for various arcs. Key technologies that have allowed the development of effective plasma applications include

•  high-vacuum systems and wall cleaning techniques;
•  the use of magnetic and electric fields to contain and control plasmas;
•  plasma-facing materials to handle ion and neutral particle bombardment and heat from the plasma;
•  methods for heating plasmas; initially, dc or ac ohmic heating by directly driven currents in the plasma; later

by electromagnetic waves—low frequency, radio frequency, microwaves, and particle beams; most recently
by lasers radiation; and

•  methods for diagnosing and controlling plasmas.

Fusion Technologies
The fusion program, started in a large way in the 1940s and 1950s, built upon the earlier work and then

pushed the frontiers of the technologies dramatically, because of its far greater demands for high temperature
(100 million degrees or more) and pressure. The most stringent goals of the program are set, generally, by the
needs for fusion power plants, and these are captured in the equation for the net electric power produced by the
plant.

Pnet = [(fbl · fte) · Pfus – Prec]  .

Nuclear Plasma Plasma Balance
technologies science technology of plant

Pnet is the net electric power, fbl is the exothermic energy gain in the breeding blanket, fte is the thermal to
electric conversion efficiency, Pfus is the fusion power, and Prec is the electric power recirculated to run the
plant.

The plasma science enters mainly in the production of fusion power in the plasma:

•  In the magnetic fusion case, the power is proportional approximately to plasma volume <ß2> B4, where ß
(beta) is the ratio of the plasma pressure to the magnetic pressure and B is the average magnetic field in the
plasma.

Of crucial importance is the rate of transport of heat from the plasma, and much of the research is aimed at
optimizing the confinement of plasma while achieving high beta and sustaining a clean plasma. Technologies are
needed to heat (T-2, T-3), fuel (T-4), diagnose (S-13), and control the plasmas.

•  In the inertial fusion case, the energy per pellet is the product of the driver energy reaching the pellet (ED)
times the pellet gain (G). The power is that energy times the pellet repetition rate frep. The design of the pel-

let and of the pellet-driver power interface is a central part of the research. Low-cost pellet production (T-17),
launching, and tracking systems (T-18) are required.

The recirculating power consists of two parts: the power recirculated to operate the fusion device and its
plasma and the conventional balance of plant, cooling pump power, instrumentation and controls, and air
conditioning.

•  In the magnetic fusion case, the fusion device requires power mainly for the magnets (generally supercon-
ducting) and their cooling (T-1), for plasma heating and current drive (T-2, T-3), and for fueling and exhaust
gas handling systems (T-4).
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•  In the inertial fusion case, the fusion device requires power mainly for the driver system (I-5, I-6, I-7, I-9),
for the pellet factory (T-17) and pellet injection (T-18), and the target chamber and fuel recycling systems.
Fusion science also enters into the design and operation of the heating and fueling systems.

Impurities . A principle issue for both systems is maintaining a clean system. In the magnetic fusion case,
this means limiting the concentration of nonhydrogenic materials (impurities) in the plasma. For a given plasma
pressure the dilution of the deuterium-tritium (D-T) fuel by impurities reduces the fusion power. A magnetic
divertor (T-5) is proposed to divert the particles and most of the heat to a region where they can be handled.
Materials for the walls are needed to handle the residual particle and heat bombardment (T-6, T-7). In the iner-
tial fusion case, the requirement is to clear the chamber sufficiently, between pellets compressions, to not inter-
fere with the next firing. Both liquid metal (T-15) and dry (T-16) walls are considered as ways of handling the
heat, momentum, and particle bombardment.

Nuclear technologies. These are (1) the breeding blanket/shield (T-8) and the material wall (T-7, T-9,
T-15, T-16) that faces the plasma handle the bulk of the neutron energy, heat the cooling fluid for electricity
generation, and protect external equipment for the neutrons; and (2) the tritium plant (T-11) and the equipment
for maintenance and radioactive materials handling (T-12).

Materials. The development of radiation-resistant materials is an important part of fusion energy research
and development (T-9). Good progress has been made in understanding the materials science of optimizing
materials to handle the intense flux of 14-MeV neutrons generated in the D-T plasma. There is also a good
understanding of which elements are preferred for making these materials, in regard to minimizing induced
radioactivity. However, more work is needed to develop and demonstrate materials with the ability to handle
14-MeV neutrons, a high flux (≥3 MW/m2), and a high fluence (≥ 15 MW·y/m2). In particular, 14-MeV neutron
sources are required for materials testing and qualification (T-10, M-12, M-19, I-12). Good progress has also
been made in developing and testing materials to act as the interface with the plasma (T-6).

Design studies. The requirements for technologies, deriving from the designs of current experiments and of
future reference facilities (M-16, M-17, M-18, T-20), are used to set the near- and long-term development goals,
respectively. For example, economic studies of complete power plant systems were used to determine minimum
performance, lifetime, and reliability requirements for components such as the flux and fluence for radiation-
resistant materials, shown above.
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T-1.  SUPERCONDUCTIVITY
Description
•  Most design concepts for magnetic fusion energy (MFE) power-producing commercial reactors depend on superconducting mag-

nets for efficient production of magnetic fields. Many magnetic configurations rely on both dc and pulsed magnetic fields for
plasma confinement, initiation, ohmic heating, inductive current drive, plasma shaping, equilibrium, and stability control. Inertial
confinement fusion (ICF) may also utilize magnetic fields for beam focusing quadrupole fields in the heavy ion driver (HID) con-
cept and for protecting the first wall from ionized debris. The attraction of superconductivity is the ability to carry very high
current density with zero dc power dissipation. Superconductors dissipate energy in a changing magnetic field, but power losses,
including refrigeration power to keep the magnets in the superconducting state (typically 4–8 K temperature range), are very small
compared with power for resistive magnets. This advantage grows with increasing magnetic fields and field volume.

•  Superconducting magnets require advanced engineering design and technology, advanced materials, and supporting cryogenic
technology. The standard conductor design for all new device designs is the Cable-in-Conduit-Conductor (CICC), which is com-
prised of a multistage superconducting cable enclosed in a tube or conduit made from a high-strength structural alloy and cooled
by forced flow of supercritical helium.

•  Presently only the low-temperature superconductors (LTSs) with critical temperatures of ~10 K for the ductile alloy niobium tita-
nium (NbTi) or ~18 K for the brittle compound niobium-tin (Nb3Sn) are used or planned for future devices. The newer high-
temperature superconductors (HTSs) with critical temperatures on the order of order 90 K and above are expected to be used
primarily for low-loss magnet current leads in the short term. Longer term application of HTS depends on progress in development
of materials in long lengths with significantly improved critical current densities for use in magnetic fields of 12–20 T at higher
operating temperatures than typical LTSs and with similar cost.

Status
•  The NbTi superconducting alloys are commercially available. NbTi is used in Tore Supra (France), in the former T-7 (Russia),

presently operated as HT-7 (PRC). MFTF-B used mostly NbTi. The Large Coil Program used five NbTi coils and one Nb3Sn coil.
The Large Helical Device (LHD) has just begun operation in Japan using all NbTi superconducting magnets. The Stellarator
Wendelstein 7-X is presently under construction using NbTi CICC with a co-extruded aluminum conduit.

•  K-STAR is being designed using Nb3Sn CICC. The Nb3Sn compounds meeting fusion program specifications have recently been
developed under the International Thermonuclear Experimental Reactor (ITER) research and development (R&D) program. The
largest production in the world (~30 tons) was done for the ITER CS and TF model coils to be tested in 1999. About 60 tons of the
high-strength superalloy Incoloy Alloy 908 was produced in the form of extruded conduit for the ITER model coils.

•  A superconducting floating ring that uses Nb3Sn for the Levitated Dipole Experiment (LDX) is under construction.

Current Research and Development

R&D Goals and Challenges
•  Increase superconductor current density at high magnetic field with very low magnetic hysteresis loss. Present best performance is

noncopper Jc ~ 1000 A/mm2, ±3 T hysteresis loss ~400 mJ/cm3, or Jc ~ 800 A/mm2, ±3 T hysteresis loss <200 mJ/cm3.
•  Reduce cost of superconducting wire.
•  Develop high-strength structural alloys for cryogenic operation as conductor conduit and magnet case and intercoil structure. Con-

duit material must withstand HTS reaction heat treatment.
•  Develop low ac loss, low dc resistance, high-stability conductor joints.
•  Develop HTS for fusion applications taking advantage of very high critical magnetic field and high critical temperature. HTS cost

must become comparable to at least Nb3Sn cost with better performance.
•  Improve theoretical understanding of ramp rate limitation phenomena, with empirical correlation and large-scale pulsed coil test

verification (CSMC test).
•  Develop radiation-resistant magnet electrical insulation to allow higher nuclear heating. Electrical insulation damage is the present

lifetime limitation of a burning plasma experiment or reactor designs.
Related R&D Activities
•  Measurement of ac losses in multikiloampere, multistage cables under large cycle field sweeps with transport current.
•  Development of Incoloy Alloy 908 in industry with modified composition to reduce sensitivity to strain accelerated grain boundary

oxidation (SAGBO).
•  Laboratory experiments and theory to develop Superconductor Laced Copper Conductors (SLCCs) using a small amount of super-

conductor laced with copper for reduced cost conductors with high stability and quench protection.
•  Laboratory measurement of ac losses in HTS under fusion-relevant dc and pulsed field and current conditions.
Recent Successes

The ITER CS Model Coil (CSMC) is the most powerful pulsed superconducting magnet in the world with a peak field of 13 T,
50-kA operating current, 650-MJ stored energy, and design pulse rate of up to 2 T/s.
Budget

FY 1998 = $13.0M, FY 1999 = $6.85M including both R&D and design funding. The bulk of FY 1998 and FY 1999 funding was
for ITER R&D tasks, primarily for CSMC fabrication. More than two-thirds of funding went to industry in both fiscal years. FY 1999
includes $100K total magnet base program funding.



79

Anticipated Contributions Relative to Metrics

Metrics
For MCF    : Based on the ITER design, superconducting magnet technology should be able to

•  generate a toroidal field of 5.68 T at the plasma major radius of 8.14 m;
•  induce and drive a 21-MA plasma current;
•  inductively sustain a 1000-s flattop under ignited conditions with a 2200-s nominal repetition time;
•  operate reliably with no magnet quench under any normal operation scenario including plasma disruption;
•  operate for 50,000 total pulses, including 15,000 disruptions in physics phase and 35,000 in technology phase;
•  transfer superconductor technology to alternate concept MCF devices (e.g., floating dipoles, stellarators, compact torus).

For inertial fusion energy (IFE): Develop high current density, low-cost superconducting quadrupole magnets for HID.

Near Term ≤≤≤≤5 years
•  The ITER magnet R&D program fulfilled all specifications required to proceed with construction of the device. Test of the CSMC

will demonstrate that 50-kA class superconductors are available to operate in pulsed fields to 13 T. The world’s first large-scale
production of Nb3Sn superconducting strand and structural conduit alloy demonstrates the industrial capability. The superconduct-
ing magnet technology is available for any MCF device.

•  R&D efforts should focus on reducing materials costs and innovative magnet and component design to reduce overall fabrication
and operating costs.

•  Superconductor development for fusion should be coordinated with HEP applications.
•  Transfer large-scale superconductor technology to other power applications (e.g., power transmission, transformers, fault current

limiters, energy storage, and power system stabilization).
•  Focus on introduction of HTS materials for fusion applications.

For IFE-HID    : Develop low-cost, high current density NbTi quadrupole magnets with compact design and small-gap warm bore
tube.

Midterm ~20 years
•  Focus on materials development including superconductors, structural materials, and radiation-resistant insulating materials.
•  Transition HTS to working fusion devices to demonstrate enhanced physics performance for high field magnets (up to ~20 T) with

reduced operating costs at higher temperature (20–80 K).
•  Improve performance and costs of cryogenic refrigeration systems.

Long Term >20 years
Deliver superconducting magnet systems for any reactor-grade fusion device including MCF and HID for IFE.

Proponents’ and Critics’ Claims

Proponents
•  Superconductivity is required for any commercially attractive fusion plant with low recirculating power or for any steady-state,

long-pulse, or reactor-relevant burning plasma experiment.
•  Superconductors can operate at very high current density with overall magnet current. Relevant structural materials can operate at

4–10 K with up to twice the stress levels of room temperature operation.
•  HTSs can retain the benefits of superconducting magnets—drastically reducing refrigerator costs, while extending high field per-

formance up to 20–25 T, limited only by structure.

Critics
•  Superconducting technology is expensive and requires higher initial capital costs than resistive magnets.
•  The cryostat complicates the machine design, lowers current density, and complicates plasma access.
•  Long-term reliability of superconducting magnet and refrigeration systems has a limited database.
•  The U.S. program has no new machine on the horizon that requires superconducting magnet technology.
•  HTS is even more expensive than LTS with little chance of matching NbTi costs; it has similar fabrication problems as Nb3Sn

(high-temperature reaction, brittle material) and is far less developed than any LTS wire.
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110-GHz EC gyrotron from CPI (l) and ITER
Prototype IC antenna made by ORNL (r)

T-2.  ELECTROMAGNETIC HEATING AND CURRENT DRIVE

Description
To produce energy, fusion plasmas must first be raised to ion temperatures in the tens of kiloelectron volt range. The purpose of

the heating systems is to do this. In addition, heating systems can drive current and add momentum to the plasma, both of which are
necessary for very long pulse or steady-state operation. There are several electromagnetic (EM) radiation heating and current drive
systems, all of which operate by injecting radio-frequency (rf) waves into the plasma: electron cyclotron (EC) in the 30- to 250-GHz
frequency range, ion cyclotron (IC) in the 10- to 200-MHz range, and lower hybrid (LH) in the 2- to 10-GHz range. All of these EM
systems can heat and drive current.

Status
EC—Systems using 0.5 to 1.0 MW steady-state sources at 60 to 140 GHz have been used to heat and drive current in several

major devices. Development of 1-MW steady-state sources at 110 GHz is nearing completion, and development of 2-MW sources at
110 GHz and 1 MW sources at 170 GHz is underway. Heating and power deposition is well understood. Efficiency (power to
plasma/power from mains) ≈30%.

IC—Systems delivering 1 to 2 MW per antenna are operating on many fusion experiments. Both ion and electron heating have
been demonstrated; physics understanding appears good in most cases, but not in all. Some current drive experiments have been done,
but full noninductive current drive was not demonstrated; efficiency ≈60%.

LH —Heating and current drive system was demonstrated in several experiments. This system exhibits best efficiency for current
drive (most amps driven per watt to the plasma); efficiency ≈40%.

Current Research and Development (R&D)

R&D Goals and Challenges
The United States has technology R&D programs in EC and IC but not in LH at present.

•  EC
  Develop multimegawatt, steady-state sources in the 110- to 200-GHz range.
  Improve source efficiency from present 30% to >75%.
  Develop and test vacuum windows that can transmit 3 MW of power.
  Develop tunable EC systems (gyrotrons) and launchers for maximum

flexibility.
•  IC

  Develop and test launchers that can deliver power to the plasma util-
izing small amount of port/wall space (present capability is
≤1 kW/cm2, desire 3–4 kW/cm2).

  Demonstrate high-power steady-state current drive.
  Validate launcher designs that can operate in a reactorlike

environment.
•  LH

  Design and test a LH launcher that can exist in a reactor environment.
  Note that present LH launchers must be very close to the plasma to

couple power; survival of such a launcher in a reactor is unlikely.

Related R&D Activities
EC—Major programs are developing high-power steady-state sources

and windows at 110 to 170 GHz in Japan, Europe, and Russia. The Large
Helical Device (LHD) (Japan) requires 168-GHz, 1-MW steady-state sources, so development probability is high. Diamond windows
capable of transmitting >1 MW have been developed. Spinoffs in industrial heating and radar enhance the R&D program.

IC—IC is used on many fusion experiments worldwide. Technology development is mostly associated with fusion experiments:
Joint European Torus (JET), Tore Supra, and ASDEX-U (Europe); and LHD and JT-60U (Japan). Major nonfusion R&D in this fre-
quency range is carried out for plasma processing of semiconductors.

LH —Few R&D efforts are under way in Europe and Japan. The system on JT-60U is operational.

Recent Successes
EC—A diamond vacuum window capable of transmitting 1 MW was developed. A depressed collector gyrotron operated at

>50% efficiency; a 1-MW, 110-GHz gyrotron operated in 0.6-s pulses; and a 1-MW, 170-GHz prototype gyrotron was demonstrated
in basic research.

IC—An ITER prototype antenna was tested to operating voltages (in vacuum) of 60 kV.
LH —Both a 1-MW, 8-GHz gyrotron in Europe and high-efficiency klystrons were developed in Japan.

Budget
•  FY 1998 = $0.65M for EC technology R&D (including the ITER R&D tasks); and $1.4M for IC technology R&D.
•  FY 1999 = $1.0M for EC, and $1.4M for IC. No U.S. funding for LH technology R&D.
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Anticipated Contributions Relative to Metrics

Metrics
Based on results from the ITER design studies, heating systems should be able to

•  Deliver up to 100 MW to a reactor-grade plasma.
•  Drive significant current (5–10 MA) and be able to dynamically change the current profile.
•  Operate with wall plug to plasma efficiencies of 50% or higher.
•  Utilize a minimum amount of port/wall space, with a power flux of at least 1 kW/cm2; higher is better.
•  Operate in a reactor environment for several years with no major maintenance to components inside the machine vacuum.
•  Operate with high reliability.
•  Have a capital cost not exceeding $4/W of power delivered to the plasma.

Near Term <5 to 10 years
The goal is to develop and test high-power launchers and sources (present U.S. programs).

•  EC
  Develop and demonstrate reliable 170-GHz CW gyrotrons at the 1- to 3-MW power level.
  Develop gyrotrons with >50% efficiency.
  Develop reliable, low-cost windows capable of greater than 3 MW of power transmission.
  Develop high-efficiency (>90%) transmission lines that can transmit over 3 MW of power.

•  IC
  Develop highly directional and fast steerable launchers.
  Develop and test high-power, high-power-density launchers.
  Develop a fast, automated control system that allows real-time con-

trol of current drive directivity while maintaining high heating power
to the plasma.

Midterm 10–20 years
The goal is to demonstrate high-power, long-pulse, reliable operation

(present U.S. programs).

•  EC
  Improve gyrotron efficiency to greater than 75% by use of a multistage

depressed collector.
  Develop gyrotrons that are tunable in frequency for maximum

flexibility.
•  IC

  Demonstrate long-pulse, fully noninductive discharges using IC cur-
rent drive.

  Study and understand the interaction between the plasma edge and
high-amplitude rf waves near the launcher.

Long Term >20 years
Build reactor-grade components and systems.

Proponents’ and Critics’ Claims

Proponents make the following claims:

•  EC has the highest power flux (≥10 kW/cm2) of all the heating systems, allowing small port sizes. The launcher can be located far
from the plasma, because waves propagate losslessly in vacuum to the plasma boundary. The physics is well understood. Technol-
ogy advances (diamond window, depressed collector) are reducing costs rapidly.

•  IC  has the potential to be lowest-cost heating system; it can heat either ions or electrons and change current drive efficiency
quickly.

•  LH  has the highest demonstrated current drive efficiency of any heating system. It can drive current in outer regions of plasma to
reach advanced-physics-mode, reversed-shear operating regimes.

Critics state these claims:

•  EC is a high-cost system at present, with relatively low-power sources (~1 MW). It can only operate at single frequency at present.
•  IC  is the lowest power flux of all the heating systems. Survivability of the launcher (at the first-wall location) has not been demon-

strated and could be a major problem.
•  LH  requirement for relatively close proximity of the launcher to the plasma is extreme, making survivability of the launcher very

difficult.

 

 Steady-state current profile with EC or IC for
central CD, LH for outer CD, and bootstrap current

(current fractions of 6%, 34%, and 60%).
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T-3.  NEUTRAL BEAMS

Description
Neutral beams have found wide applicability in heating and driving current in magnetically confined plasmas. Electrically

charged ions are produced in an arc discharge source. These ions are then accelerated to high energies by falling through an electro-
static potential. After acceleration, the now-energetic ions traverse a gas cell, where a portion of them are converted to energetic neu-
tral atoms. After the beam exits the gas cell, the residual ions are removed by magnetic or electrostatic deflection, and the energetic
neutrals continue through a duct into the plasma, where they are again ionized and then magnetically confined as they transfer their
energy to the bulk plasma through collisions. Before 1995, all of the neutral beam systems used in fusion research produced positive
ions of hydrogen isotopes, which picked up an electron through charge exchange while passing through the gas cell to become neutral.
While this works well at lower energies, the efficiency of neutralization begins to decline, increasingly rapidly at beam velocities
greater than the classical velocity of the hydrogen electron. For deuterium, the efficiency deteriorates above about 80 keV, or 120 keV
for tritium. At higher energies, it is much more efficient to produce negative ions and then to collisionally strip the extra electron in
the gas cell to produce an energetic neutral.

Status
•  Positive-ion-based neutral beams have been the workhorses of most of the world’s magnetically confined plasma devices for

fusion research. The neutral beam systems of two tokamaks, Tokamak Fusion Test Reactor (TFTR) and JT-60U, have each
injected maximum neutral beam power levels of about 40 MW into the confined plasmas. The physics of heating and current drive
by neutral beams is straightforward and is well-described by existing codes.

•  The first two negative ion neutral beam systems have recently come into operation. The JT-60U system in Naka, Japan, is expected
to eventually operate at 500 keV for pulses of up to 10 s with a deliverable neutral power of about 10 MW. Because schedule and
budgetary constraints precluded the construction of a test stand for the full negative ion source and its accelerator, the final devel-
opment has had to be done in the operational beam line mounted on JT-60U in conjunction with the JT-60U schedule. Very sig-
nificant progress has been made in understanding and correcting problems, and as a result the achievable power, pulse length, and
beam quality are improving and may approach or reach the full planned parameters during the 1999–2000 period. The JT-60U has
so far operated in pulses of up to 1.9 s at a few megawatts. Recent Doppler shift measurements show that the neutral beam trans-
mitted to the tokamak is essentially monoenergetic at the full-acceleration energy, with essentially no low-energy distribution
arising from stripping within the accelerator.

•  The second negative ion neutral beam system, located on the Large Helical Device (LHD) near Nagoya, Japan, will supply all of
the neutral beam heating power for this large stellarator. This system is designed for operating energies of 125–250 keV. The
initial operation appears to have proceeded relatively smoothly, with pulses of a megawatt for several seconds produced.

Current Research and Development (R&D)

R&D Goals and Challenges
•  The most pressing immediate goals and challenges involve the two large negative ion systems in Japan. Because they are the first

of this advanced technology, they require more time for study, optimization, and modification before they reach the level of
maturity that has long characterized positive ion neutral beams. This research and optimization has been under way for about
3 years and will continue.

•  Current drive studies using the negative ion neutral beam are under way at JT-60U and indicate that the current drive efficiency is
well described by current codes. Experiments can be carried out to see whether this efficiency deteriorates during excitation of
strong instabilities such as Toroidal Alfven Eigenmodes.

 Related R&D Activities
•  The Japan Atomic Energy Research Institute and the Euratom Laboratory at Caderache, France, are collaborating in experimental

work aimed at producing negative ion sources for the International Thermonuclear Experimental Reactor (ITER) with an energy of
1 MeV or more.

•  The I. V. Kurchatov Institute in Moscow has an experimental program in plasma neutralizers, which might in principle allow
higher neutralization and overall power efficiencies than gas neutralizers.

•  The ITER design team has designed negative ion neutral beam line concepts appropriate for the ITER environment and
requirements.

Recent Successes
•  Almost all of the high heating power results of tokamaks, such as the production of 10.7 MW of fusion power in TFTR, have been

driven largely or entirely by positive ion neutral beams.
•  The two large negative ion neutral beam systems coming into operation in Japan constitute the vanguard of a new technology that

can extend the reach of neutral beams to energies of hundreds of kiloelectron volts to more than a megaelectron volt.

Budget
•  Within the United States, the budget is essentially zero, except for personnel exchanges with the Japanese laboratories which bene-

fit both parties.
•  The budget within Euratom is probably a few million dollars per year, and within Japan it is considerably more.



83

Anticipated Contributions Relative to Metrics

Metrics
•  The metrics for neutral beams are high system energy efficiency (the ratio of the neutral beam power delivered to the plasma rela-

tive to the primary power used to run the complete beam system), high beam energy, high-power capability, long-pulse length
capability, and high reliability. Positive ion systems had system power efficiencies of 30–40%; current negative ion systems, when
fully optimized, should have power efficiencies of 40% or greater. This should be adequate for a reactor, although improvements
would be welcome. Beam energies of 1–2 MeV will be needed for reactors. The JT-60U negative ion systems have delivered
beams of a few megawatts at 360 keV. The extrapolation to megaelectron volt levels is expected to be challenging but to be
achievable with electrostatic acceleration as has been used for all high-power systems. Pulse lengths of several seconds have been
achieved, but these have been limited primarily by thermal constraints imposed by beam line components with low amounts of
cooling. Demonstrated high heat transfer technologies are known to allow long-pulse operation on devices that require it. Continu-
ously operating beams will require more sophisticated arrays of cryocondensation panels to maintain the beam line vacuum,
because it will be necessary to maintain pumping while some of the panels are isolated and purged of their accumulated hydrogen
isotopes.

Near Term ≤≤≤≤5 years
•  The negative ion systems of JT-60U and LHD will be brought to their full capabilities, driving experiments on these devices. Their

operation will provide the experience basis for the design of successor systems using these technologies.
•  Design and development for higher energy negative ion systems in the 0.75- to 1.5-MeV range will continue for use on ITER or

other future large machines.

Midterm ~20 years
•  ITER or another new large machine such as JT-60SU (a larger JT-60U) will use high-energy negative ion beam systems for

heating and current drive. These systems may use plasma neutralizers, or perhaps photodetachment neutralizers, to reach system
power efficiencies of 50–60%. Lower energy positive ion neutral beam systems may be used for rotation control of the outer
plasma.

Long Term >20 years
•  With appropriate budgets, it should be practical to build negative ion neutral beam systems suitable for any magnetically confined

fusion plasmas so far envisaged in reactor designs.

Proponents’ and Critics’ Claims

The principal advantages of neutral beams follow:

•  The interaction of the beam particles with the plasma is well understood.
•  The coupling of the beam to the plasma is relatively insensitive to plasma edge conditions, making it particularly ideal for the

experimental development of fusion, during which many different plasma conditions must be explored.
•  Because the beam transfers its energy to the plasma through successive two-body collisions rather than complex wave interactions,

the technology can be developed completely independently of the device on which it is to be used. The use of high-power test
stands can permit a system to be almost mature by the time it is deployed on a fusion device.

•  The most complicated parts of the beam line for a reactor will be one to a few tens of meters from the plasma.
•  With negative ion neutral beams, heating and current drive can be effective even at the center of a reactor plasma, with suitable

system power efficiencies.

These are principal disadvantages of neutral beams:

•  The technologies presently under development require large ducts with direct line of sight to the plasma. These serve as leaks
through the blanket for fusion neutrons. This loss modestly reduces the power and tritium breeding efficiency of the reactor, and
the neutrons damage unshielded insulators and activate components. Accelerators with bends that would remove the need for a
direct line of sight have been explored experimentally in the past at Lawrence Berkeley Laboratory and might be suitable for a
reactor.

•  Neutral beam lines are large, using substantial space near the reactor and may extend the tritium boundary.
•  Neutral beam lines, especially negative ion systems, are intrinsically inefficient in their utilization of the gas from which they pro-

duce ions. The gas they collect on their cryocondensation pumps will have to be recycled and perhaps purified so that the deute-
rium and tritium can be reused.
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T-4.  FUELING AND VACUUM

Description
All fusion devices will require a controlled input of fuel and controlled exhaust of recycled fuel, impurities, and fusion reaction

products. Fueling systems control the plasma ion density (level and profile), replenish the fuel burned in the deuterium-tritium (D-T)
fusion reaction via core fueling, and establish a flow of hydrogenic ions into the scrape-off layer through edge fueling. Efficient
plasma fueling is very important for a practical fusion power source. Inefficient fueling leads to a large tritium throughput, which
impacts cost, safety, and tritium self-sufficiency issues. Large torus exhaust gas loads need to be reprocessed, adding to the cost and
complexity. Plasma vacuum systems benefit from high wall pumping rates in present generation short-to-moderate pulse length
devices. For longer pulse lengths or situations where wall conditioning is not controllable, a plasma exhaust/vacuum system with
modest tritium inventory is needed with a capability to exhaust at the specified vacuum level at a mass flow rate equal to the fueling
rate.

Status
Plasma fueling with external gas or recycled particles from walls is the oldest and predominant method used in current devices.

As devices have grown in size, gas fueling has become less efficient; in both tokamak and helical device experiments, degraded con-
finement has resulted from excessive edge neutrals. Pellet fueling is an established technology used for core fueling of large contem-
porary tokamaks and stellarators. Fueling with compact toroids (CTs) is newer with very different technology, physics opportunities,
and associated issues. Pellet fueling technology has made good progress as detailed in Table 1. Pellet fueling has been successfully
employed to reach and exceed empirical density limits in many tokamak devices. These experiments have shown that pellets provide
deeper and significantly more efficient fueling than gas puffing. Despite these successes, issues remain in understanding the fueling
and interaction of pellets with hot plasmas. The mass deposition of pellets injected on the low-field-side of tokamaks is not in good
agreement with pellet ablation theory. Substantially improved penetration and fueling efficiency is observed with high-field-side
injection, but the theory of high-field-side pellet ablation and mass redistribution needs to be developed. Related technologies include
small impurity pellets for diagnostic functions and for coating plasma-facing components, liquid hydrogen, high-pressure jets (or
low-Z pellets) for plasma disruption mitigation, and components for injecting and transporting inertial fusion energy (IFE) targets to
the interception point with the laser or heavy ion driver pulse.

The CT fueling requires forming a high-density plasmoid confined by its own poloidal and (possibly) toroidal magnetic field,
accelerating this plasmoid to high velocity, and injecting it through the confining magnetic field into the main plasma. Such plasmoids
have been formed at high density and accelerated to the velocities thought to be required for central fueling in toroidal reactors. The
CT injector on the STOR-M tokamak has the capability to inject CTs tangentially. Two types of CT accelerators are being developed
for fueling applications. The first produces spheromak CTs in a magnetized plasma gun. The second technique produces field reversed
configurations (FRCs) by purely inductive methods. Spheromaks contain roughly equal toroidal and poloidal magnetic fields and have
moderate betas. The FRCs have small toroidal fields and operate at betas above 50%. Recent experiments in CT fueling have
demonstrated its potential for central fueling and the capability for repetitive operation. The CT fueler on the TdeV tokamak has
demonstrated nondisruptive fueling for a 1- to 4-T toroidal field.

In the vacuum pumping area, only limited development is ongoing in the United States, primarily in the area of innovative, low
mass inventory, cryogenic pumping technology. There is an ongoing Phase I STTR to evaluate compact pumping technologies (snail
and pellet cryogenic pump) for possible testing at the Tritium Systems Test Assembly with D-T gas.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Develop plasma fueling systems that are capable of providing a reliable, flexible particle source for controlling core plasma density

and density gradients at acceptable fueling efficiencies.
•  Develop technologies for injection of nonhydrogenic materials for diagnostics and disruption mitigation.
•  Explore feasibility of compact, low mass inventory pumping schemes with potentially high impact on reactors.

Related R&D Activities
•  Improved plasma pumping system (Los Alamos National Laboratory STTR) for D-T devices.
•  Improved fueling and exhaust systems for IFE (fuel capsule design and transport to the ignition vessel).

Recent Successes
•  High-field-side launch has improved pellet penetration by a factor of 2 and fueling efficiency by a factor of 4 on ASDEX-U for the

same pellet/plasma initial conditions. Favorable ∇ B drift deposits more pellet mass near the center.
•  Deuterium has been extruded at mass flow rates required for reactors for moderate pulse lengths. With the same technology and

smaller nozzles, present large tokamaks can be fueled to steady state.
•  Pure tritium and D-T pellets sized for a reactor application (~10 mm) have been extruded.
•  CTIX injector on the Davis Diverted Torus demonstrated repetitive injection for 1000 shots at 0.2 Hz.
•  CT injection has achieved 2 mg of mass at 40 cm/µs in single-shot experiments.
•  FRCs with 0.6-mg mass have been formed and injected at 20 cm/µs into the TRAP experiment.

Budget
•  DOE–OFES for fueling: FY 1998 = $1050K; FY 1999 = $900K; and for CTs: FY 1998/1999 = $470K.
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A three-barrel repeating pneumatic injector
(RPI) (presently installed on DIII-D).

Anticipated Contributions Relative to Metrics

Metrics
The metrics for fueling and pumping systems are sufficient to maintain the

specified plasma density profiles and edge conditions at mass throughputs driven
by device size, wall condition, and fusion power. This includes understanding the
physical principles and scaling of high-field pellet launch physics as well as under-
standing the physical principles of fueling by dense plasmoids. Flexible fueling
systems for ongoing plasma science programs at home and abroad will be devel-
oped and provided to the research community.

Near Term ≤≤≤≤5 years
In the near term, an understanding of the physics and technology of high-

field-side (vertical and inside) pellet launch will be developed. A high-field-side
launch system with D-T pellet capability will be implemented on the Joint Euro-
pean Torus (JET). Long-pulse fueling systems will be fielded on the Large Helical
Device (LHD) and JT-60SU. CT experiments on a larger toroidal device should be
initiated to produce relevant data for designs of future injectors. A prototype dis-
ruption mitigation system using hydrogenic jets will be tested on DIII-D. A CT
injector is planned for the LHD in Japan. In the inertial fusion area, expertise
developed for magnetic fusion fueling will be extended to develop innovative tar-
get delivery systems for IFE. Innovative, low inventory, D-T pumping systems
(snail and pellet cryogenic pump) will be evaluated at TSTA.

Midterm ~20 years
In this period, innovative fueling and exhaust systems will be applied to burning plasma experiments to determine if optimization

or innovative operation can make a more attractive IFE/ magnetic fusion energy (MFE) product for the long term. Isotopic fueling will
be evaluated experimentally to quantify leverage on tritium fueling efficiency, burn fraction, and extrapolated tritium breeding ratio.

Long Term >20+ years
Plasma fueling and exhaust systems will be developed for (magnetic and inertial) fusion power plants. Table 1 lists accomplish-

ments during the past 20 years in the pellet fueling area and requirements for a demonstration D-T device about 20 years in the future.

Table 1.  Accomplishments in pellet fueling

Parameter 1978 Status 1998 Status 2018 Goal

Pellet isotope Hydrogen (H) H/D/T H/D/T
Pellet size One to few millimeters 0.5–10 0.5–12 mm
Pellet inventory One to few millimeters 1–1200 ~50 g
Pellet feed rate N/A 0.26 g/s 0.1 to ~0.5 g/s
Pellet speed Hundreds of meters per second Thousands of meters per second Up to 5 km/s
Reliability Unknown Sufficient for short pulse ~99% for steady state

Proponents and Critics Claims

Proponents claim that plasma fueling using a combination of gas puffing and pellets can meet the requirements of present large
plasma devices and future fusion reactors. High-field-side pellet launch at modest speeds can deliver the required hydrogenic mass to
the burning plasma region. CT fueling shows enough promise to be applied to larger plasma experiments, such as the planned system
on LHD.

Critics claim that gas puffing has too low a fueling efficiency for core fueling of large D-T plasma devices because of the dense,
thick scrape-off region. Pellets launched at realistic speeds from the low-field side can provide core fueling, but only a small fraction
of the pellet mass actually reaches the central hot, burning, plasma region. CT fueling may access the plasma center, but there is no
evidence of efficient, localized fueling; and repetitive D-T systems appear complicated and unreliable.
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T-5.  DIVERTOR
Description

The power flowing out of the core of a fusion reactor is in the gigawatt range. Cost considerations lead to minimization of the
volume of such a reactor which results in a concentration of the power efflux that must be safely dissipated onto the surrounding first
wall. Safely, in this sense, means that the actual heat load on the wall must not result in rapid wall erosion and/or high core impurity
concentrations. Although the majority of the power flow out of the core is in neutrons and radiation, the remaining several 100 MW is
carried by charged particles and hence flows along the magnetic field. Tokamaks have developed a magnetic topology such that the
magnetic flux tubes at the edge of the hot core plasma are “diverted” away from the hot core to first-wall surfaces that are as far
removed from the core as possible. This has the advantage that (1) the magnetic flux tubes can be manipulated to spread the power
efflux over large areas, thus reducing the heat loads, wall damage, and erosion; (2) impurities generated by interaction of the plasma
efflux with the first wall will be ionized in the divertor plasma rather than the hot core, thus minimizing radiation cooling and impurity
fuel dilution in the core; (3) large gradients can be developed along these flux tubes (open field lines) bringing the plasma temperature
down to low values (as low as 1–2 eV) that further insulates the hot core from the cold surrounding walls; and (4) helium, is concen-
trated in the divertor, thereby providing pressures that ensure that it can be pumped away and thus not build up in the core plasma.
Status

Divertors have not only provided better power removal characteristics than alternative power-handling scenarios, but they have
also led to enhancements in the core energy confinement by factors of ~2 and have consequently become the dominant tokamak con-
figuration. Three modes of divertor operation are recognized: (1) “sheath-limited,” featuring constant temperature along field lines;
(2) “high-recycling,” where temperature gradients form along field lines keeping plasma pressure constant; and (3) “detached.”
Detachment is characterized by a nearly complete quenching of the plasma in the divertor through atomic processes, significantly
reducing particle and heat flow to the divertor surfaces (and the resultant erosion and impurity generation). This effectively insulates
the divertor surfaces from the core. Because of these advantages, most current tokamaks utilize and study detached divertor operation.

An understanding of the relationship between atomic/molecular physics and basic plasma transport of energy and momentum on
open field lines has been developed. As a result, the capability for numerical simulation of the divertor plasma (fuel and impurity spe-
cies) has improved dramatically. Codes can now accurately reproduce most of the key characteristics of these plasmas. The anomalous
transport coefficients needed in these simulations are not well understood, thus limiting their predictive capability.

Other magnetic confinement concepts, such as stellarators and reversed-field-pinches (RFPs), are beginning to pursue this same
concept for the attractive reasons discussed above. The physics of open field line transport, the interaction of atomic physics with
transport, and the dissipation of large power flows are fundamental to all magnetic fusion concepts, as well as all such high power
density devices such as inertial fusion and plasma processing of waste.

Current Research & Development (R&D)

R&D Goals and Challenges
•  Characterize and understand the physics processes that determine perpendicular transport.
•  Current models make predictions of the importance of different atomic and transport processes in the determination of conditions

in the divertor. More detailed experimental measurements are required to verify the code assumptions.
•  Extend divertor operating regimes to lower density and current drive. We need to develop a better understanding of impurity trans-

port to maximize impurities in the divertor (for power dissipation through line radiation) while minimizing impurity levels in the
core (minimizing core radiation power losses).

•  Extend the use of divertor topology to other magnetic confinement devices. Designs have been made to exploit the natural diver-
sion of flux surfaces in stellarator devices to achieve the same impurity control seen in tokamaks. RFPs and spherical torus are also
exploring the use of this topology.

•  There is much in common between open field line transport and other areas of physics, particularly solar plasmas. In some case
divertor plasmas can become nonideal, leading to a commonality of physics with inertial confinement fusion (ICF) plasmas. Cross-
fertilization between these areas should be pursued.

Related R&D Activities
Strong collaborative tokamak programs with Japan, the Russian Federation, and Europe. Beginnings of application of divertor to

stellarators and RFPs and plasma processing. Exploration of solar prominences.
Recent Successes

Identified a number of basic atomic physics processes important to divertor plasmas ion-neutral collisions, three-body recombi-
nation, impurity line radiation. Studies indicate that detachment is due to a synergy between atomic physics and transport whereby line
radiation removes power, ion-neutral collisions remove momentum, and recombination removes particles. The experimental charac-
terization and models of the divertor plasma have also been greatly advanced.
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Anticipated Contributions Relative to Metrics

Metrics
The magnitude of parallel heat flow to the divertor region is ~0.5 GW/m2. Other magnetic confinement devices could have higher

levels. Engineering safety standards for use of water cooling mandate that the perpendicular component of this flow to the divertor
surfaces must be kept below 5–10 MW/m2 in steady state. The plasma particle and heat flux must be kept low, minimizing the erosion
rate of the divertor surface due to evaporation and physical sputtering, such that the surface only need be replaced every 3–5 years.
The divertor helium density must be kept high (0.1–1 mTorr) to allow proper disposal of fusion waste and restricting levels in the core
plasma. The level of medium-Z impurities (Z = 4–20) in the core plasma must be kept low (Zeff ≤ 1.6) to minimize radiation cooling
of the core and plasma dilution.

Near Term ≤≤≤≤10 years—Develop knowledge base and address feasibility issues
•  The reversed-shear, enhanced confinement approach to tokamak fusion requires lower plasma density. This reduces the effective-

ness of the divertor plasma in dissipating the power flows entering the divertor. A concentrated effort is needed, both experimen-
tally and theoretically, to extend the advantages of the detached divertor and impurity trapping to lower densities.

•  Extend the high-density divertor operation to even higher powers. This will address the needs of the compact, high-field tokamak
and spherical tori approach to fusion.

•  Improve the understanding and effectiveness of the divertor retention and trapping of impurities using externally enhanced divertor
ion flows.

•  The vertical plate divertor is a very effective version of the various divertor geometries. Given the new modeling capabilities and
device constraints, efforts must be made to continue to enhance the divertor effectiveness.

•  Use experiments and theory to better understand the coupling between the divertor region and the edge/pedestal region of the core
plasma. Understanding of this coupling may aid control of the pedestal region so important for core confinement and may permit
control of ELMs, which pose a problem for divertor design.

•  As other types of devices start using divertors, it will become important to increase the knowledge flow between laboratories. This
will allow cross-fertilization of ideas.

Science
•  Improve turbulence measurements and modeling such that a physics-based model of perpendicular transport can be derived. Test-

ing of such a model over a wide range of divertor plasma edge conditions will lead to increased confidence in the predictions of
two-dimensional (2-D) modeling codes. Interpretational analysis of edge conditions should be continued to enable empirically
based scalings for edge transport. This can be used to check the physics-based models and/or serve as a substitute input to divertor
modeling codes.

•  Develop diagnostics capable of measuring the divertor quantities that determine detachment. These include ion and neutral flow
velocities, ionization rate, recombination rate, and ion temperatures. These must be measured in sufficient detail to permit careful
evaluation of computer divertor physics models. Use the models more to guide potential improvements in divertor operation.

Midterm 10–20 years Extend the divertor operating boundaries
•  Extend useful divertor operation. Low-density operation leads to challenges in obtaining the gradients along open field lines that

are advantageous.
•  Very long-pulse operation will allow the study of wall-equilibration effects where wall diffusion of neutrals can occur over very

long periods (minutes and hours).
•  Wall conditions (e.g., cleanliness, D2 loading) appear to have an important influence on core confinement. Programs are needed to

interpret and control this effect.
•  Increase experimental power flows to reactorlike levels and optimize the divertor operation accordingly.
•  Develop more comprehensive modeling tools that take into account both the core plasma and the wall effects.

Long Term >20 years—Optimize a specific confinement device
Synthesize the knowledge obtained in multiple types of devices to optimize performance in a fusion device that is selected after

proof-of-principle.

Proponents’ and Critics’ Claims

Proponents think that the clear capabilities of the divertor topology hold promise for the tokamak as well as other magnetic fusion
devices. Important advances have been made over the last 5 years; given the proper funding, more improvements in divertor perform-
ance will be made. This will have application to a number of potential fusion devices as well as other physics areas.

Critics note that advances are being made, but the demands of the variety of fusion applications will outstrip the capability of the
divertor to handle them all. Effective divertor operation may conflict with core plasma requirements (e.g., impurity levels and operat-
ing density).
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T-6.  HIGH HEAT FLUX COMPONENTS AND PLASMA MATERIALS INTERACTIONS

Description
The successful development of high-performance plasma-facing components (PFCs) is central to the overall development of

fusion energy and has posed progressively more difficult challenges as the power of fusion devices has increased. We must have
robust PFCs in long-pulse and steady-state deuterium-tritium (D-T) devices. Helium ash removal requires particle flow to the first
wall divertor regions, and with the particles comes intense local heating. PFCs are bombarded by energetic neutrals, ions, electrons,
and photons, and must survive intense plasma-materials interactions (PMIs). In D-T devices, remotely maintained PFCs must survive
neutron radiation and cyclic thermal heat loads while avoiding unacceptable tritium inventory. PFC research includes plasma science,
surface science, PMIs, technology development, and advances in engineering. There must also be strong direct links with the Plasma
Science Program.

Status
The PFC element has determined the basic materials processes and mechanisms responsible for carbon/tritium redeposition. The

PFC element has reached two important milestones linking basic plasma science and technology: (1) benchmarking of theoretical
codes such as REDEP with tokamak data and (2) characterization of mixed wall materials and their effects on the plasma. The pro-
gram has achieved long-term reliability of beryllium and tungsten joints to copper for high surface heat fluxes. Investigation of low
activation materials and liquid surfaces is starting. Two International Thermonuclear Experimental Reactor (ITER) milestones will be
completed in FY 1999: (1) the ITER divertor cassette prototype fabrication and its verification testing (with industry) and (2) optimi-
zation of joining technology for PFCs with demonstration of component reliability. We have demonstrated the viability of in-situ
plasma spray repair of beryllium.. The effects of lithium wall conditioning on first wall materials are being studied extensively in
tokamaks and off-line simulators. Two joint basic science working group activities with the plasma science community have started:
investigation of the PMI needs of candidate alternate concepts and investigation of the basic science behind the processes responsible
for thermal and plasma wall conditioning.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Provide the plasma science and materials expertise necessary to understand, ameliorate, and exploit the interactions between the

fusion plasma and the wall and components that surround it.
•  Qualify the plasma-facing materials, technology, and components necessary to continue progress in the tokamak.
•  Develop the PFC technology essential to support the maturation of early-concept alternate magnetic fusion confinement and iner-

tial fusion energy reactor concepts for long-pulse and steady-state devices.
•  Solve the competing requirements associated with minimizing contamination to the plasma through (1) selecting armor, (2) maxi-

mizing the heat removal, (3) cleverly engineering heat sinks, and (4) joining these features (our greatest challenge).

Related R&D Activities
In the Joint European Torus (JET), the United States is helping to characterize and model the complex phenomena associated with

erosion/redeposition of their carbon divertor. Plasma edge diagnostic measurements are also proposed for ASDEX-U. Wall condition-
ing studies are under way in the Tokamak Experiment for Technology Oriented Research (TEXTOR) and the Large Helical Device
(LHD). The DiMES facility and U.S. plasma test facilities are being used to study the fundamental science of erosion/redeposition and
tritium retention/removal with our Japanese and European colleagues. The United States is
testing actively cooled divertor concepts from Russia, Japan, and the European Union.

Recent Successes
•  Understanding of the physics of carbon-tritium codeposition in divertors has been demon-

strated in the Doublet III-D (DIII-D) divertor.
•  Significant progress has been made on understanding the physics of materials response

during off-normal heating using the HEIGHTS computer model package.
•  Substantial progress has been made on cooling technology. We have achieved >3000

cycles at 10 MW/m2 with Be/Cu and over 20 MW/m2 with W/Cu (water cooling). Heat
removal of over 35 MW/m2 has been achieved with helium cooling.

•  Plasma spray repair of eroded beryllium has been demonstrated in the laboratory using
beryllium tiles originally eroded in ISX-B operation. The repaired surfaces were shown to
adhere well during subsequent high heat flux testing.

•  The formation of mixed material and in-vessel tritium removal techniques for codeposited
carbon-tritium films has been studied in laboratory simulation experiments.

Budget
The FY 1999 budget for PFC technology is approximately $6.5M. Recent HHF test results.
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Anticipated Contributions Relative to Metrics

Metrics
PFCs must be able to survive PMIs such as sputtering without plasma contamination. The allowed plasma contamination for

impurities depends strongly on the atomic number of the material. Either eroding materials that have a low atomic number or a high
atomic number or refractory materials with low erosion are favored. Since erosion of carbon-based materials leads to tritiated
codeposited films, alternatives to graphite must be developed. PFCs must remove steady-state surface heat flux up to 50 MW/m2 and
withstand off-normal heating. Finally, PFCs must be able to survive neutron irradiation simultaneously with cyclic heating under high
stress with adequate lifetime and be compatible with remote handling and maintenance.

Near Term <5 to 10 years
The test of the first theoretical code, which couples a core plasma to the first wall while integrating all of the known major

plasma/first wall interactions, will be completed. This will allow for significant improvements in the design of more accurate
alternate-concept proofs-of-principle and new machines. By 2005, the program will provide the next generation of reliable solid-state
sensors (“smart tiles”) required for the understanding of PMIs in tokamak and alternate-concept plasmas. A demonstration of new
conditioning techniques compatible with high magnetic fields will also be performed. We will complete the fabrication, demonstra-
tion, and deployment of an innovative PFC that will have both a 50% increase in critical heat flux (CHF) as well as a 50% increase in
erosion lifetime. Innovative wall conditioning techniques such as electron cyclotron discharge cleaning that can be used in steady-state
devices will be developed.

We will continue to work with JET, LHD, W7-X, and KSTAR to develop innovative manufacturing techniques such as plasma
spray technology, advanced joining techniques, and new plasma-facing materials. Collaborative power deposition measurements and
modeling for the Tore Supra CIEL components are under discussion. A free surface liquid divertor project (ALPS) has been initiated
to study the potential of liquid surfaces for active heat removal without concern for PFC lifetime limits. This program will determine
the scientific limits for heat removal, plasma contamination control, particle pumping, and magnetohydrodynamic effects for liquid
surfaces exposed to fusion plasmas.

Midterm ~20 years
In 20 years we will reach our goal of PFCs that are plasma compatible and can remove a steady-state surface heat flux of

50 MW/m2 without the need of periodic maintenance to renew the plasma-facing material. This goal may be accomplished through
the deployment of PFCs with free surface liquids or with nonsputtering, helium-cooled refractory components protected from off-
normal heat loads by transpiration cooling. High-temperature coolant operation will allow the PFC heat to be removed as useful heat
for power production.

Long Term >20 years
Robust plasma-facing wall technology (e.g., free surface liquids) will be applied to both magnetic and inertial fusion energy

reactors.

Proponents’ and Critics’ Claims

Proponents argue that tremendous progress has been made in the last decade in the area of heat removal engineering and control
of PMIs. The goals required for fusion energy reactors are attainable within the next 20 years. Critics would counter that the success-
ful development of PFC materials and the remote maintenance of PFCs in the harsh radioactive environment of a D-T reactor is
impossible.

Other Potential Applications
The science and technology developed for fusion high heat flux components coupled with the science of PMIs have the potential

to contribute to several other areas.

•  The high heat flux components can be applied to the leading edges of hypersonic aircraft and rocket nozzles.
•  The heat removal advances have been used to improve the performance of radio frequency tubes (e.g., klystrons) and high-energy

beam targets.
•  Innovative gas, liquid-metal, and water-cooling methods may have applications in computers, power generation, and solar power.
•  Plasma coatings are already an important industrial product. Improved PMI science will lead to new applications and improved

products.
•  Low-temperature joining of copper alloys preserves their strength, allowing copper to be used in a wider array of applications.
•  The grain boundary strengthening of refractory alloys has many possible applications in aerospace and nuclear industries.
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T-7.  MFE LIQUID WALLS

Description
The free-surface liquid wall/liquid blanket concept is an innovative approach that involves flowing liquids around the plasma to

serve the functions of first wall/blanket/divertor (heat and particle extraction, tritium breeding). Ideally, only liquids (with no or little
structural materials) are contained inside the vacuum vessel. The liquid wall/liquid blanket concepts are being investigated in the
Advanced Power Extraction (APEX) study, which is aimed at exploring innovative concepts for fusion power technology that can
tremendously enhance the potential of fusion as an attractive and competitive energy source. Specifically, APEX is exploring new and
“revolutionary” concepts that can provide the capability to efficiently extract heat from systems with high neutron and surface heat
loads while satisfying all the functional requirements and maximizing conversion efficiency, reliability, and maintainability as well as
safety and environmental advantages. Compared to traditional solid first wall/shield blanket concepts, the liquid wall/liquid blankets
offer the following major advantages:

•  Fast-flowing liquid in the first wall allowing for (1) a very high power density capability and (2) a renewable first wall surface.
•  Thick-flowing liquid blankets dramatically reducing (1) radiation damage and (2) activation in structural materials.
•  Lower unit failure rates, particularly because of elimination of welds in high radiation field regions.
•  Easier maintainability of in-vessel components.
•  Much higher coolant temperature and conversion efficiency.
•  Improved tritium breeding potential.
•  Concept applicable to a wide range of confinement schemes.
•  Simpler technological and material constraints.
•  Reduced research and development (R&D) requirements concerning cost and time scale.

Required facilities are simpler and cheaper because they reduce the need for testing in the nuclear environment. The working liq-
uid must be a lithium-containing medium to provide adequate breeding. Practical liquids are lithium, tin-lithium, and fluorine-lithium-
beryllium (Flibe). Lithium and tin-lithium flows have strong magnetohydrodynamic (MHD) effects. Flibe does not experience signifi-
cant MHD forces.

Status
•  Although liquid walls/liquid blankets were proposed for magnetic fusion energy (MFE) in the 1970s [and for inertial fusion

energy (IFE) in the 1980s], serious evaluation, analysis, and R&D has started only recently in the framework of the APEX study.
•  Several promising schemes have been developed to ensure compatibility of free-surface liquids with plasma operation: (1) fast-

flowing liquid jet, separate from slow-moving liquid blanket, to keep surface temperature of lithium (and hence evaporation rate)
low; (2) discovery of a new lithium-containing material (SnLi) that has low vapor pressure at elevated temperatures; and
(3) development of new schemes for enhancing turbulence (and hence heat transfer) at the liquid surface.

•  Analytical and computational analysis shows the scientific feasibility of a flowing film, on concave surfaces, in equilibrium under
the acting forces with attractive performance parameters.

•  Three-dimensional (3-D) hydrodynamic computations and thermophysics calculations show the feasibility of an all-liquid
wall/liquid blanket without the use of structural materials in a field reversed configuration (FRC).

•  Several promising schemes for utilizing liquid walls/liquid blankets in spherical torus (ST) and advanced tokamak configurations
have been proposed and are being investigated in APEX.

Current Research and Development
R&D Goals and Challenges

Among the challenges of liquid walls being addressed in APEX are (1) determining limits on the amount of material allowed to
evaporate or sputter from liquid surfaces based on sophisticated plasma edge modeling, (2) evaluating temperature profiles on fast-
flowing free-surface jets in the fusion environment, (3) establishing hydrodynamic models and exploring various thick-liquid forma-
tion schemes in different MFE confinement configurations, (4) developing a 3-D free surface hydrodynamic and heat transfer simula-
tion code that incorporates MHD effects, (5) assessing multidimensional effects (e.g., penetrations) and the impact of time-varying
magnetic fields on the flow characteristics, and (6) identifying high-temperature structural materials that are compatible with Flibe and
SnLi for use in nozzles, vacuum vessel, and other regions behind the liquids.

Related R&D Activities
•  Free-surface liquids flowing on divertor plates are being evaluated in the ALPS study.
•  Liquid walls are also being investigated under IFE Chamber Technology R&D.

Recent Success
•  Multidimensional fluid mechanics and heat transfer calculations with Flibe show excellent promise. The flow characteristics and

performance parameters show that attractive liquid wall configurations can be formed in FRC, ST, and advanced tokamaks.
•  A new liquid (SnLi) with breeding capability and low vapor pressure at elevated temperature was discovered.
•  Recent results from small-scale liquid jet experiments conducted at University of California—Los Angeles (UCLA) and UC

Berkeley are promising.

Budget
Liquid walls represent a dominant part of APEX. Funding for FY 1999 = $2.3M for the national team working on APEX.
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Anticipated Contributions Relative to Metrics

Metrics
The metrics for a liquid wall concept include (1) high power density capability–neutron

wall load >10 MW/m2 and surface heat flux >2 MW/m2; (2) high power conversion efficiency
(>40% net); (3) low failure rates; (4) faster maintenance (MTBF > 44 MTTR, where MTBF is
mean time between failures and MTTR is mean time to repair); and (5) simpler technological
and material constraints. (The ability to achieve a high repetition rate of >5 Hz is another key
requirement for IFE chamber designs using liquid wall protections.)

Near Term ~5 years
•  Identification of the most promising hydrodynamics configurations with respect to differ-

ent MFE confinement schemes.
•  Experimental data on the achievable minimum liquid surface temperatures without MHD

effects for turbulent Flibe and MHD laminar lithium/tin–lithium flow under high power
density conditions.

•  Identification of practical heat transfer enhancement schemes necessary for minimizing
liquid surface temperatures.

•  Experimental characteristics of small-scale hydrodynamics configurations applicable to
MFE confinement schemes without MHD effects.

•  Computer simulation results of MFE relevant, 3-D, free-surface liquid wall thermal and
hydrodynamics performance with MHD effects. In particular, hydrodynamics characteris-
tics near the penetrations supply and return lines.

•  Modeling and test results of the maximum allowable evaporation rate from the liquid sur-
face with respect to different MFE confinement schemes.

•  Experimental results of vapor condensation rate applicable to cavity-clearing performance
of IFE liquid wall protected chambers.

Midterm ~20 years
•  Experimental characteristics of MFE relevant large-scale (e.g., half-scale) hydrodynamics

configurations under high-power surface heating loads and magnetic fields.
•  Modeling and test results of the plasma-liquid wall interactions.
•  Full-scale tests in available deuterium-tritium (D-T) burning fusion facilities (e.g., Volumetric Neutron Source).

Long Term >20 years
•  Liquid walls/liquid blankets are used as the in-vessel components of an engineering test reactor and demonstration reactor.

Proponents’ and Critics’ Claims

Proponents claim that liquid walls/liquid blankets can (1) tremendously enhance the potential of fusion as an attractive and com-
petitive energy source and (2) substantially reduce the time and cost of fusion R&D. The attractive potential relative to other concepts
(solid first wall/shield blanket) include a higher power density capability, higher efficiency, higher plant availability (longer MTBF
and shorter MTTR), and elimination or reduction of structural materials’ activation and radiation damage. The reduction in time and
cost from R&D results from elimination of the need for separate neutron-producing facilities for testing.

Critics are concerned with increased plasma impurities arising from vaporization from liquid surfaces. They are also concerned
that not much serious evaluation has been made of liquid wall designs (until recently).

Conceptual drawing of a liquid
wall/liquid blanket/liquid diverto r
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T-8.  SHIELD/BLANKET

Description
The overall attractiveness of fusion for energy production depends directly on the shield/blanket (S/B) to provide efficient power

conversion, adequate fuel to replace the tritium used in the plasma, shielding protection for other components, and a sufficiently
long lifetime for high availability. The safety advantages of fusion depend on the materials and operational choices for the S/B. The
S/B consists of a structural first wall; a breeding zone (containing a lithium-bearing material, a coolant, and a small percentage of
structure); and a shielding zone (containing special shielding materials, coolant, and a small percentage of structure). Breeding blanket
concepts include a lithium-bearing liquid that can serve as both the breeding material and coolant or using solid lithium ceramics for
tritium breeding with a separate coolant such as water or helium. Beryllium is sometimes used as a neutron multiplier to enhance the
tritium breeding.

Status
Previous S/B work focused on a reduced number of concepts. The two lead concepts were the separately cooled solid breeder

blanket and the self-cooled liquid lithium blanket. The concepts emphasized the use of reduced activation materials such as vanadium
alloys, ferritic alloys, and SiC. Much of the recent U.S. effort in this area has been devoted to the International Thermonuclear Experi-
mental Reactor (ITER) shield development. The major conclusion of this work is that it is possible to design and construct a shield
that satisfies the needs of ITER using existing materials and fabrication techniques. With the restructuring of the U.S. Fusion Program,
the level of effort devoted to the S/B has been greatly reduced. There are emerging opportunities for the future, however, with the
evaluation of advanced, high power density systems. These systems make use of expanded materials choices including high-
temperature refractory alloys and new breeding materials such as liquid SnLi alloys.

Current Research and Development (R&D)

R&D Goals and Challenges
The R&D goals of the S/B follow:

•  Resolve key feasibility issues for specific concepts. Examples include insulator coatings to reduce the magnetohydrodynamic
(MHD) pressure drop for liquid metal systems, tritium self-sufficiency, compatibility/tritium containment for fluorine-lithium-
beryllium molten salts (Flibe), and thermomechanics and interface heat transfer for solid breeder systems.

•  Develop a basic understanding of fundamental effects in candidate systems. Examples include MHD effects on fluid flow, chemi-
cal behavior at interfaces between solids and coolants, and irradiation effects on the behavior of S/B materials.

•  Develop one or more attractive S/B options using integrated tests that meet the breeding, power density, lifetime, and power con-
version metrics for the system (see below).

The S/B has many competing requirements that tend to reduce the operating margin of the system, and meeting all operating
requirements simultaneously is the major challenge. In addition, no existing facilities provide the complete fusion environment. The
IFMIF facility planned for 14-MeV neutron irradiation of materials has a very limited working volume that precludes large-size S/B
testing. The construction of an ITER-like device or a volumetric neutron source would, however, provide both the proper environment
and volume needed to fully test the performance of candidate S/B concepts.

Related R&D Activities
The United States has worked for many years with other countries in the development of the S/B. The EU has a large program

devoted to the development of two S/B concepts—a water-cooled system with PbLi as the breeder and a helium-cooled system with a
solid breeder and a beryllium multiplier in pebble form. Both concepts use ferritic alloys as the structure. In Japan, the main effort has
been in the development of solid breeder concepts, but there are also programs investigating liquid metals and Flibe. In Russia, both
liquid metal and solid breeder systems are being studied. An existing International Energy Agency (IEA) agreement in fusion technol-
ogy provides a mechanism for formalizing collaboration in this area. In the United States, the Advanced Power Extraction (APEX)
program is providing a means for investigating key issues for the S/B.

Recent Successes
•  Development of copper/stainless steel joining techniques for the ITER first wall and shield.
•  Improved understanding of interface heat transfer for solid breeder systems.
•  Improvements in beryllium fabrication technology for use as a neutron multiplier.
•  Development on a small scale of calcium oxide as an insulator coating.
•  Development of MHD models and codes for predicting flow behavior and heat transfer in liquid-metal-cooled systems.
•  Decay heat data verification through integral experiments using 14-MeV neutron sources.
•  Experimental simulation of shielding performance and characteristics of a superconducting magnet using a 14-MeV neutron

source.

Budget
FY 1999 = <$1M.



93

Anticipated Contributions Relative to Metrics

Metrics
•  Tritium breeding ratio >1+ where the amount over 1 depends on the plasma burnup fraction and inventory in components and the

tritium processing system.
•  Power density of 5- to 10-MW/m2 neutron wall loading with a first-wall surface heat load of 1 to 2 MW/m2.
•  Component lifetime—15 to 20 MW-year/m2.
•  Power conversion efficiency >40%.

Near Term <5 to 10 years
Key feasibility issues would be addressed primarily through modest cost, laboratory-scale experiments, and dedicated integral

experiments using existing 14-MeV point source facilities. Specific tests to obtain information needed to assist the evaluation of vari-
ous concepts in APEX would also be performed. Issues to be addressed include the development of insulator coatings, heat transfer
capability in candidate systems at high power density, and tritium self-sufficiency. Proof-of-principle tests would be performed in
collaboration with EU, Japan, and the Russian Federation to establish the technological limits of worldwide evolutionary concepts
(solid breeder, liquid metals).

Midterm ~20 years
Attractive S/B systems, identified during near term tests, would be tested at midscale to large-scale in nonfusion environments.

Both single- and multiple-effects tests would be performed. Tests include combining MHD fluid flow with surface heating, in-reactor
tritium breeding and recovery tests, and scale-up of fabrication methods for S/B materials and assembly. Phenomenological models
would be developed that could be used for developing full-size modules for fusion testing. The primary objectives are to achieve the
all S/B metrics individually.

Long Term >20 years
The leading S/B systems would be tested in a fusion environment (e.g., volumetric neutron source). The systems to be tested

would be modules with a first-wall area of 1 to 4 m2 and a thickness of ~0.5 m that would be fully prototypical of advanced power
devices. Each module would have its own heat exchange, tritium recovery, and diagnostic systems. The primary objective is to
achieve the all-S/B metrics simultaneously in fully integrated tests.

Proponents’ and Critics’ Claims

Proponents claim that satisfactory systems can be developed, but it may be necessary to go beyond the established concepts.
Critics contend that there are too many requirements, and they cannot all be satisfied simultaneously. The complex geometry of
toroidal systems makes the design and maintenance of S/B systems very difficult.
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T-9.  RADIATION-RESISTANT MATERIALS DEVELOPMENT

Description
•  The in-vessel components of conceptual fusion power systems fueled with deuterium-tritium (D-T) will be subjected to intense

fluxes of 14-MeV neutrons. Advanced design studies have shown that the conditions in which structural materials in the first wall
and blanket system will have to perform (see metrics) are severe, well beyond those of any other energy system. It has been estab-
lished that conventional materials, even those developed for fast breeder fission reactors, will not have sufficient performance
capability for fusion. Development of materials to function in this environment is a basic feasibility issue for fusion as an energy
system.

•  Energetic neutrons interact with the structure: (1) high energy recoil-atoms produce clusters of defects within the host lattice (dis-
placement damage), (2) nuclear reactions produce activated species, and (3) nuclear transmutations produce changes in composi-
tion and generate hydrogen and helium. The combination of displacement damage and transmutant gases produce major changes in
physical properties (dimensional stability and conductivity) and mechanical behavior (strength, ductility, and fracture toughness).
The magnitudes of these property changes are dependent on material parameters (composition and microstructure) and on envi-
ronmental parameters (neutron fluence, flux, spectrum, temperature, cyclic loading, and coolant chemistry).

•  Radiation-induced radioactivity of the structural materials impacts both safety (decay heat and isotope inventory) and waste dis-
posal (decay characteristics and specific activity) attributes of fusion power.

•  The goal of the Advanced Materials Program is to provide the materials science base for the development of the materials neces-
sary for the use of fusion energy.

Status
•  Based on an analysis of safety, radioactive waste disposal, and possible materials recycle, three low-activation materials systems

have been identified with the potential to meet the performance needs for a range of conceptual blanket systems. These systems are
(1) Fe-Cr-WV ferritic steels, (2) V-Cr-Ti alloys, and (3) SiC/SiC composites. Copper-based alloy systems for heat sink applica-
tions have also been identified. A significant database for each class of materials has been generated, along with material process-
ing, fabrication, joining, physical and mechanical properties, chemical compatibility, and radiation effects.

Current Research and Development (R&D)

R&D Goals and Challenges
Based on the earlier work, a roadmap has been developed that identifies the technological challenges that must be met to establish

the feasibility of each class of materials. The key cross-cutting phenomena that determine materials performance have been defined,
and a fully integrated theory-modeling-experimental program is being formulated to provide the fundamental information needed to
expand the performance capabilities of current materials. An intense 14-MeV neutron source will be needed to qualify materials (see
IFMIF).

Related R&D Activities
Strong collaborative materials R&D programs exist between U.S. Department of Energy (DOE) and programs in Japan conducted

by Japan Atomic Energy Research Institute (JAERI) and by Monbusho. Arrangements are in place for irradiation experiments in the
Russian Federation. The DOE–Office of Basic Energy Sciences (BES) and the Department of Defense (DOD) have programs on basic
radiation effects in materials, advanced microstructural analysis, multiscale modeling, and fundamental relationships between struc-
ture and properties. Materials R&D in the United States, Japan, EU, Russian Federation, and China is coordinated and communicated
through the International Energy Agency (IEA) Implementing Agreement on a Program of Research and Development on Fusion
Materials.

Recent Successes
A new set of ferritic steel compositions containing 7–9% Cr were identified; these have been adopted as the basis for the IEA

development program for low-activation steels. Radiation-induced amorphization studies of SiC have yielded fundamental informa-
tion in point defect mobilities of significant value to the electronics industry. The first SiC composites tailored for service in an irra-
diation environment have been synthesized.

Budget
The FY 1998 budget for advanced materials was $5.9M. Based upon FESAC recommendations, the annual budget needs to

increase to $8–9M for FY 1999–2001. Larger budgets will be needed later to meet goals. A multinational project in the range of
$0.81–1.2B will be needed in out-years to construct a 14-MeV neutron source.
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Anticipated Contributions Relative to Metrics

Metrics
The first wall and blanket should be able to handle neutron fluxes ò3 MW/m2, together with heat loads of ~20% of the neutron

flux; and withstand primary and cyclic secondary loadings, maintain chemical compatibility with the coolant, and be able to accom-
modate high loading rates during plasma disruption. The lifetime neutron fluence goal is around 15 MW/m2.

Near Term <5 to 10 years
•  Develop Knowledge Base and Address Feasibility Issues

  Vanadium alloys
• Develop a self-healing magnetohydrodynamic (MHD) insulator coating for lithium-cooled systems.
• Develop welding methods applicable for construction of large systems.
• Develop metallurgical approaches to expand the current operating design window.

  Ferritic steels
• Establish acceptability of ferromagnetic materials in magnetic fusion energy (MFE) concepts.
• Establish the magnitude of combined effects of radiation hardening and helium generation on fracture behavior.
• Explore oxide dispersion strengthening as a means of improving high-temperature strength and expanding upper operating

temperature limits.
  Silicon carbide composites

• Develop composites with advanced fibers and interphase structures with improved radiation damage resistance.
• Establish the effects of radiation on the thermal conductivity and establish the level of allowable heat fluxes.
• Develop joining and sealing technologies.

•  Science
Establish a knowledge base and a fundamental understanding of key phenomena that control materials performance in the fusion

environment based on the development of multiscale, physically based models coupled with an experimental program that targets spe-
cific mechanisms. Address feasibility issues defined in the program roadmap for each class of materials.
•  Applications

Bainitic steels have superior strength, toughness, and weld properties relative to steels currently used for elevated-temperature
applications in the power generation, chemical, and petroleum industries. Studies of radiation-induced, nonequilibrium segregation
and precipitation phenomena provide the understanding necessary to develop improved creep-resistant steels for improved perform-
ance in advance fossil power facilities. New composite materials incorporating stoichiometric SiC fibers offer improved thermal sta-
bility and oxidation resistance for fossil power applications.

Midterm ~10–20 years
•  Materials Development

  Focus on materials with established feasibility and develop improved properties to expand performance windows, coupled
with close interaction with advanced design studies.

  Establish primary production, fabrication, welding, joining, chemical compatibility, and a full range of mechanical
performance.

  Establish the satisfactory radiation performance of advanced materials subjected to a 14-MeV neutron environment.

Long Term >20 years
•  Materials Engineering

  Provide the materials property database for design, licensing, construction, and operation of a fusion power system.
  Demonstrate full-scale production and fabrication of materials and determine properties of materials following thermal-

mechanical cycles involved in full-scale component production.
  Define all aspects of materials performance in response to complexities of the operating environment, including varying tem-

perature and stress cycles and off-normal and accident conditions.

Proponents’ and Critics’ Claims

Proponents consider that advances are being made and will continue to allow materials to be tailored for specific purposes. Irra-
diation resistance is hard to achieve, but through experiment, theory, and modeling, structural materials will be developed to meet
fusion energy needs.

Critics contend that advances are being made, but the demands of fusion are too severe to allow materials of reasonable cost to be
developed.
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T-10.  INTERNATIONAL FUSION MATERIALS IRRADIATION FACILITY

Description
One of the major materials issues to be faced in developing attractive fusion power is the effect of the intense neutron fluxes asso-

ciated with deuterium-tritium (D-T) fusion concepts. The first-wall neutron spectrum that contains a large 14-MeV component not
only results in very high displacement rates (~20 dpa/year at 2 MW/m2) but also causes much higher transmutation rates than are
experienced in fission reactors. The elements helium and hydrogen are of particular concern, but other impurities can also be impor-
tant. The influence of these transmutation products on property changes has been very well established; the obvious example is the
role of helium in swelling behavior.

While fission reactors are likely to provide the bulk of irradiation facilities for the foreseeable future, accelerator-based neutron
sources have been proposed to provide the spectral response, high fluxes, and high fluences needed for the investigation of fusion
materials. Such a source would be needed to validate and extrapolate the results from fission irradiations to fusion conditions, to
develop materials, and to provide design data for future high-fluence fusion devices [e.g., demonstration reactor (DEMO)]. Until suit-
able materials are developed in this way, the technology to design and build fusion-based facilities will not exist.

Status
A D-lithium (Li) based source [Fusion Material Irradiation Test (FMIT)] project was begun in the early 1980s but was cancelled

before completion. R&D for that project demonstrated continuous wave (CW) operation of the low-energy portion of the accelerator,
and a prototype of the liquid lithium target ran for many thousands of hours.

More recently the international community has proposed the International Fusion Materials Irradiation Facility (IFMIF), a con-
cept similar to the FMIT project but incorporating a number of advances in accelerator technology that have been made since that
time. The final report of the conceptual design activity has been completed1 and a number of R&D issues addressed during the con-
ceptual design evaluation phase. The estimated construction cost of the facility is ~0.8 billion dollars.

Current Research and Development (R&D)

R&D Goals and Challenges
The characteristics of the required facility are summarized in Table 1.

The major technical challenges have been identified:

•  Achieving the very high reliabilities needed for the specified plant fac-
tor of 70%. A comprehensive international study is under way to col-
lect and evaluate data from operating accelerator facilities to better
understand the design and operational requirements for high
availability.

•  Keeping activation from beam losses low enough to minimize the need
for remote maintenance of the accelerator. Although beam transport
calculation losses would allow “hands-on” maintenance, the accelera-
tor facility will be designed in such a way that remote maintenance is not precluded.

•  Design and operation of a safe facility for the handling of lithium. A preliminary safety analysis indicates that the present design is
adequate for safe operation.

The characteristics of this type of neutron source are relevant for any steady state D-T burning fusion device, which comprises
virtually all magnetic fusion concepts. However, for inertial fusion, which is intrinsically pulsed, the changes due to neutron irradia-
tion may be affected by the very low effective duty factor. Some combination of modeling and experiment with pulsed sources (e.g.,
spallation sources) may be needed to evaluate these effects.

Related R&D Activities
The Accelerator Production of Tritium project at Los Alamos National Laboratory and the Spallation Neutron Source project at

Oak Ridge National Laboratory share much of the accelerator technology needs. Internationally, both the Japanese and the Europeans
are examining some of the R&D issues related to IFMIF in their ongoing programs.

Recent Successes
•  Completion of the International Conceptual Design Activity (REF)
•  Completion of the engineering validation phase, which resolved several issues relating to the reliability and performance of the

facility.

Budget
DOE–OFES: FY 1998 = $320K and FY 1999 = $180K.

Table 1.  IFMIF characteristics

Neutron flux and volume >5 MW/m2 and 0.1 L
>2 MW/m2 and 0.4 L
>1 MW/m2 and >6.0 L

Particle D+
Beam current 2@125 mA
Beam energy 32, 36, or 40 MeV
Beam spot 5 cm × 20 cm
Plant factor 70%
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Anticipated Contributions Relative to Metrics

Metrics
The irradiation volumes available at various flux levels are given in Table 1. Detailed evaluation2 of material responses has been

made by team members in Germany using newly developed neutron source models and detailed three-dimensional geometry. Table 2
shows a comparison of the IFMIF high-flux test module (HFTM) with outboard blankets of International Thermonuclear Experimental
Reactor (ITER) and DEMO.

An important outcome of these
and other calculations is that in spite of
the high-energy tail of neutrons, all
reactor-relevant irradiation parameters
like helium/dpa ratio, hydrogen/dpa
ratio, or recoil energy distribution are
closely matched. For example, within
the high flux volume of IFMIF, the
displacements-per-atom and transmu-
tation rates can be higher by a factor of
2–3 compared to DEMO conditions,
but the important ratios of gas produc-
tion to displacements-per-atom are
nearly identical. This gives the possi-
bility for accelerated testing and therefore a much faster material development, because an anticipated lifetime dose of 150–200 dpa
can be achieved for selected key parameters within a few years.

Near Term ~5 years
Before IFMIF can proceed with engineering design and construction, it is necessary to build and test a few key technology items

to verify the operation of the main components of the accelerator, target, and test assembly systems. If funding were available for the
international program, it would require about 4–5 years to complete the testing and evaluation phase.

Midterm ~10 years
Engineering design and construction is estimated to take 5–6 years following the testing and validation phase.

Long Term >10 years
Full operations could begin ~10 years from the start of the international program. As mentioned previously, test specimens simu-

lating lifetime dose of 150–200 dpa can be achieved for selected key parameters within a few years. The facility would provide long-
term support for the fusion materials program for 30 years or more.

Proponents’ and Critics’ Claims

Proponents regard the D-Li neutron source as an essential facility for the development of fusion-relevant materials and a neces-
sary precursor to any high-fluence fusion plasma-based device. The accelerator technology is essentially in hand, advances in speci-
men miniaturization make the low volume acceptable, and the match to the spectral characteristics of a fusion system is adequate.
Some critics claim that either a combination of existing neutron sources and computational modeling advances could eliminate the
need for such a source; others claim that the use of a succession of plasma-based sources could be used to test both materials and
components.

References

1. IFMIF-International Fusion Materials Irradiation Facility—Conceptual Design Activity Final Report, IFMIF-CDA-Team,
M. Martone, ed., ENEA-RT/ERG/FUS/9611-Report, December 1996.

2. E. Daum et al., Neutronics of the High Flux Test Region of the International Fusion Materials Irradiation Facility (IFMIF), FZKA
Report 5868, 1997.

Table 2.  Comparison of the IFMIF HFTM with outboard blankets of ITER
and DEMO. (All calculations are performed with MCNP code and extended nuclear

data libraries for collided neutrons in iron.2)

Irradiation parameter IFMIF HFTMa ITER DEMO

Total neutron flux [neutrons/(s⋅cm2)] 4 × 1014 – 1015 4 × 1014 7.1 × 1014

Hydrogen production (appm/FPY) 1000–2500 445 780
Helium production (appm/FPY) 250–600 114 198
Displacement production (dpa/FPY) 20–55 10 19
Hydrogen/dpa ratio (appm/dpa) 35–50 44.5 41
Helium/dpa ratio (appm/dpa) 9.5–12.5 11.4 10.4
Nuclear heating (W/cm3) 30–55 10 22
Wall load (MW/m2) 3–8 1.0 2.2

aDependent on the exact position inside the HFTM.
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T-11.  TRITIUM SYSTEMS

Description
The reaction rate for deuterium-tritium (D-T) fusion is the fastest of all such reactions by a factor of about 80. Deuterium is plen-

teous and nonradioactive, but tritium does not occur naturally in any appreciable amount and is radioactive. Thus, tritium must be
handled with meticulous care; it must be (1) properly contained to prevent personnel exposure, (2) handled with unique materials to
prevent unwanted β-catalyzed reactions, and (3) processed using techniques with very high conversion factors.

Status
Tritium systems were first developed in the 1950s primarily for the world’s nuclear weapons programs. Fusion has unique proc-

essing requirements, more stringent environmental concerns, and is unclassified, as opposed to much of the weapons work. Thus, in
the late 1970s fusion-specific tritium systems R&D was initiated. The first facility built for this purpose was the Tritium Systems Test
Assembly (TSTA) at Los Alamos National Laboratory. Later, tritium R&D facilities were built in Japan and Germany. The work per-
formed at these facilities formed the basis for tritium-handling techniques required for the success of D-T experimental campaigns at
the Tokamak Fusion Test Reactor (TFTR) and the Joint European Torus (JET). To date, good progress has been made to show that
tritium can be handled safely and effectively on experiments of this nature and size.

Current Research and Development (R&D)
R&D Goals and Challenges
•  Practical magnetic fusion power reactors will require unprecedented demands on the tritium systems. The first such reactor to be

built [an International Thermonuclear Experimental Reactor (ITER)-like machine] will require the total nonweapons supply of
tritium existing in the world to start up and operate. To minimize inventories, such a machine will require very rapid and as-yet
undemonstrated recycling of the tritium within the fuel cycle. The larger inventories will necessitate better online tritium account-
ing techniques.

•  Practical fusion power reactors may require advanced configurations such as falling liquid walls [inertial fusion energy (IFE)] and
advanced blanket materials such as fluorine-lithium-beryllium molten salts (Flibe). While work to date on recovering tritium from
ceramic blankets has progressed well, work on these advanced concepts has hardly begun. The goal would be to show that tritium
can be effectively and safely recovered from such blanket materials, with particular attention given to demonstrating that materials
of construction can adequately contain these blanket fluids, which may be corrosive and contain radioactive tritium.

•  Tritium systems for handling configurations other than traditional magnetic fusion energy (MFE) machines [e.g., inertial confine-
ment fusion (ICF)] have only begun to be considered. Overlap with presently understood systems will provide a basis for this, but
there will be unique demands that will require tritium systems R&D and demonstration.

•  Environmental and safety concerns continue to grow in importance. A traditional technique for preventing loss of tritium to the
environment from effluent streams is to convert all hydrogen isotopes to water, collect the water, and bury it. With heightened
concerns for the environment, this technique and related ones have become increasingly problematic. Methods need to be devel-
oped to avoid the generation of tritiated water, which is about 20,000 times more hazardous than elemental tritium. Rather, the
tritium should be recycled directly within the processing system. Also, cost-effective methods for recycling tritium from dilute
tritiated water streams (e.g., contaminated cooling water) need to be developed.

Related R&D Activities
The processing and safety of tritium systems, with a major focus on magnetic fusion, has taken place as part of a U.S. Department

of Energy (DOE)/Japan Atomic Energy Research Institute (JAERI) collaboration. Until recently this collaboration was conducted
primarily between TSTA in the United States and the Tritium Processing Laboratory (TPL) in Japan. This interaction has been
expanded to include tritium decontamination and decommissioning (D&D) activities at TFTR. The ITER project also supported some
tritium systems R&D. Little activity in tritium processing R&D is taking place elsewhere within the United States.

Recent Successes
The most significant development in tritium processing in recent years has been the palladium membrane reactor (PMR). The

PMR provides the hitherto unavailable capability to recover tritium from substances such as water and methane with high efficiency
and without generation of further waste. This research led to the discovery that permeators can be used with low permeate pressures
for nearly complete separation of hydrogen isotopes from other gases, which may lead to cleanup systems that avoid the generation of
tritiated water. Progress has been made in the development of self-assaying components, tritium systems D&D, and tritium safety.

An interesting spin-off of this research has applicability in hydrogen economy endeavors. The research has shown the capability
to reform various hydrocarbons including alcohols and gasoline into hydrogen with high conversion in a single processing step, while
in industry it may take as many as eight steps. The hydrogen can, in turn, be used to feed a fuel cell that powers a vehicle or to make
ammonia as a precursor to fertilizers.

Budget
During the 1980s the funding for tritium systems development in the United States was about $4M/year with half from DOE and

half from Japan. In recent years this funding was reduced to about $2M/year. For FY 1999, with TFTR included in the U.S.-Japan
collaboration, this funding is at $3.2M with $1.5M from Japan and the remainder from DOE.
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Anticipated Contributions Relative to Metrics

Metrics
The qualitative metric for tritium systems development is to adequately demonstrate that the tritium systems are feasible for

fusion systems of interest, both in terms of effectiveness (i.e., valuable tritium is not lost) and in terms of safety (i.e., personnel and the
environment are properly protected).

Near Term ~5 years
Presently tritium systems R&D is focused on (1) D&D with special emphasis on learning from the TFTR D&D activities,

(2) studying system responses to off-normal events, (3) online inventory measurements, and (4) tritium materials interactions. Tech-
nologies developed in the United States are being deployed at the JET Active Gas Handling System.

Midterm ~20 years
In this time frame it is anticipated that work will be required on recovering tritium from advanced blanket materials such as Flibe

and liquid lithium. Tritium systems for fusion configurations such as ICF and ITER-scale machines will need to be developed and
demonstrated. In this time frame, and possibly earlier, systems that do not rely on the generation of tritiated water need to be devel-
oped, and cost-effective methods for decontaminating dilute tritiated water will be needed.

Long Term >20 years
Activities will be driven by the unique needs of fusion-powered electric generating stations such as large-scale, high-availability

operations; tritium breeding; tritium accounting and safeguards; large-scale, international tritium shipping and receiving; and, of
course, tritium safety.

TSTA integrates all tritium processing technologies

Proponents’ and Critics’ Claims

Claims regarding tritium systems run a wide gamut. Some claim that tritium systems development has run ahead of other areas in
the overall fusion development. Others note that inadequately dealing with even small amounts of tritium can lead to very adverse
consequences such as the recent dismissal of the entire Brookhaven National Laboratory management team.
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T-12.  REMOTE MAINTENANCE

 Description
In a fusion reactor, soon after deuterium-tritium (D-T) operation begins, the confinement wall structure becomes highly radioactive

because of activation by fusion neutrons. For example, the estimated gamma radiation level inside the International Thermonuclear
Experimental Reactor (ITER) is 3 × 104 Gy/h, about 2 orders of magnitude higher than encountered in fission reactors of comparable
power. Such an intense radiation environment precludes human access near the reactor, making it necessary for all in-vessel main-
tenance work to be done remotely. Examples of anticipated remote maintenance tasks are (1) inspection and metrology of plasma-
facing components (PFCs); (2) repair and replacement of major components such as divertor modules, blanket modules, ion cyclotron
heating (ICH) antenna modules, and other PFCs; and (3) cutting and ultra high vacuum quality welding of the structural wall and
service pipes. The fusion remote handling (RH) research and development (R&D) is aimed at accomplishing tasks that are applicable
for both magnetic and inertial fusion systems. The figure illustrates the Blanket Test Platform at the Japan Atomic Energy Research
Institute (JAERI), set up for testing RH of tritium breeding blankets in ITER. In this test, a semicircular monorail section is deployed
through a horizontal port with radial supports at 90° intervals (a full circular rail of the same size is planned for ITER). A remotely
operated arm, mounted on the rail, is used to transfer the 4-ton blanket modules with 2-mm positioning accuracy.

Status
To date, the RH work in experimental fusion machines has been primarily in the Joint European Tours (JET). The RH require-

ments in JET have been moderate enough to permit the use of state-of-the-art technology, relying heavily on human-machine inter-
face. Conversely, the RH requirements for ITER have been considerably more difficult, needing significant R&D. In the United
States, because of budget cutbacks, the RH R&D work has been limited to two areas: (1) remote in-vessel inspection and metrology
and (2) remote cutting and welding of thick plates (vacuum vessel). Japan and EU carried out a large part of the RH R&D activity for
ITER.

Current Research & Development (R&D)

R&D Goals and Challenges
The U.S. work on remote metrology and viewing has resulted in the development of a frequency modulated (FM) Coherent Laser

Radar (CLR) device, capable of measuring ranges up to 22 m with <0.1-mm precision. The device is also able to render picture-
quality images of surfaces by scanning the surfaces and utilizing the various range measurements. Acousto-optic scanning techniques
have also been developed to obtain high scanning rates (16,500 points/s) with no moving parts. In the remote cutting/welding area, the
U.S. work has resulted in the development of a compact system for remote cutting and welding of thick plates (40-mm thick, simulat-
ing the ITER vacuum vessel). The system uses the Narrow Gap TIG process for minimum distortion, high-quality welding and the
MIG process for cladding or overlay. Two systems were simultaneously used to weld the 40-mm-thick walls of a partial mockup of
the ITER vacuum vessel field joint.

Related R&D Activities
Robotics and Intelligent Machines (RIMs) are used in a wide range of applications such as characterization and inspection in

manufacturing, dismantlement, and decommissioning of hazardous systems and surveillance and monitoring of facilities. The RIM
R&D in each of these areas is directed at reducing time and cost, increasing quality and reliability, and improving human safety by
reducing manpower and exposure. A roadmap for RIM R&D, covering the next two decades, has recently been prepared at DOE’s
initiative.

Recent successes
RH operations have successfully been carried out in JET. The two large demonstrations, involving the blanket and the divertor

modules have verified the ITER blanket and divertor RH concepts. The FM laser-radar-based metrology/viewing device concept has
met all the performance specifications of ITER. The development and testing of the remote cutting and welding devices developed by
the United States (for thick plates) and Japan (for pipes) have been successful.

Budget
The U.S. budget in the RH area for FY 1999 is $430K ($200K for remote in-vessel metrology/viewing and $230K for remote

cutting/welding of thick plates).
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Anticipated Contributions Relative to Metrics

Metrics
The RH area metrics are task time, robustness and reliability, human exposure, and cost.

Near Term < 5 years
 The plan is to pursue collaboration, at home and abroad, to continue the development of the remote metrology/viewing system. In

the area of remote cutting and welding, the near-term goal is to demonstrate the operation on a full-scale ITER vacuum vessel proto-
type sector, located at JAERI.

In the remote metrology/viewing area, the challenges are to obtain fast scanning rates, while maintaining submillimeter accuracy
in range measurement. A probe configuration, complete with laser optics and scanning arrangement and compatible with fusion
reactor in-vessel environment, needs to be fabricated and tested. In the remote cutting/welding area, robotic welding and cutting have
been demonstrated, but fully robotic operation, including handling of splice plates and inspection, must still be developed. In the
divertor RH area, the hot cell refurbishment of the divertor parts has not been fully tested. Also, further work is necessary to reduce
costs, increase reliability, establish rescue plans if components fail, and improve human interface. Further R&D is also required for
dexterous servomanipulation of heavy payloads. The challenge is to manipulate payloads of about 10 tons with positioning accuracy
of 1 mm. Sophisticated control algorithms have to be developed and implemented to achieve this goal. Although this is a generic RH
R&D area, it is particularly important in the fusion context because of the high degree of complexity, large size, and high placement
accuracy needed for fusion applications. A proposed U.S. collaboration with Japan (approved by Japan) in dexterous manipulation of
heavy payloads can leverage on the large RH test facility (shown in the figure above) at JAERI.

Midterm ~20 years
Build and test reactor-relevant RH systems.

Long Term >20 years
Provide improvements to the RH systems in the metrics mentioned above.

Proponents’ and Critics’ Claims

Proponents claim that advanced R&D on RH is necessary to have the required technologies available when they are needed.
Critics claim that RH can only be developed in conjunction with a specific machine design (such as ITER) and should be considered
as an integral part of such design efforts, not as a separate stand-alone program.
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T-13.  MFE SAFETY AND ENVIRONMENT

Description
One of the main reasons for pursuing the development of fusion energy is the prospect that its safety and environmental charac-

teristics will be better than those of other energy technologies. Although the safety and environmental advantages of fusion have long
been emphasized, these benefits do not come automatically. Tritium, neutrons, and neutron-activation products in fusion reactors pre-
sent radiological hazards. In addition, nonnuclear risks relative to chemical hazards, magnetic fields, cryogen, and vacuum also must
be considered. Materials choice is a key factor in influencing the overall safety and environmental attractiveness of fusion. In fusion,
the materials can be decoupled from the energy source by design. Thus, safety-conscious selection of materials can result in minimi-
zation of toxic materials, activation product and tritium inventories, and stored energies. Further, the use of low-activation materials
will allow fusion components to be recycled or disposed of as low-level waste and not be a burden to future generations. Finally,
implementation of safety and environmental requirements early in the design process can also improve the safety and environmental
attractiveness of fusion.

Status
Excellent progress has been made in demonstrating the safety and environmental potential of fusion. In the 1970s, examination of

the activation product and tritium hazards associated with fusion and reactor design studies featuring low-activation materials had just
started. In the 1980s, fusion’s radiological and toxicological hazards were being more accurately characterized; experimental data on
the behavior of radiological and hazardous materials and the energy sources that could mobilize those materials were being generated;
and more sophisticated analytical models were being developed and applied to accident analysis and waste characterization. In the
1990s, the advent of the International Thermonuclear Experimental Reactor (ITER) focused the world’s safety and environmental
activities in support of obtaining regulatory approval for this one-of-a-kind fusion facility. Safety and environmental design criteria
were developed, and significant effort was devoted to safety integration in the design process. Research and development (R&D)
activities were focused to support ITER safety issues that needed to be addressed as part of the safety analysis. A comprehensive
safety analysis was performed using state-of-the-art safety analysis tools, which indicated that ITER would not require public evacua-
tion under worst case accidents. The scope, depth, and rigor of the ITER safety effort were unprecedented for fusion.

Current Research and Development (R&D)

R&D Goals and Challenges
The major goal is to demonstrate the safety and environmental potential of fusion by (1) avoiding any need for off-site public

evacuation during worst case accidents and (2) minimizing the amount of radioactive waste that would pose a burden for future gen-
erations. To support this goal, the mission of the R&D program follows:

•  Understand the behavior of the largest sources of radioactive and hazardous materials in a deuterium-tritium (D-T) fusion machine.
•  Understand how energy sources in a fusion facility could mobilize those materials during accident conditions.
•  Develop integrated state-of-the-art analytical tools and computer codes needed to demonstrate the safety and environmental poten-

tial of fusion.
•  Develop design criteria for radioactive and hazardous waste minimization and evaluate recycle/reuse potential of fusion materials.
•  Work with fusion design activities to address safety and environmental concerns early in the design process.

Related R&D Activities
•  Conduct coordinated environmental and safety R&D through the International Energy Agency (IEA) collaboration on Environ-

ment, Safety, and Economics
•  Support ITER engineering design activities (EDAs) safety and environmental R&D.

Recent Successes
•  Development of functional safety and environmental requirements for fusion facilities in the Department of Energy (DOE) Fusion

Safety Standards.
•  Safety activities in the ITER EDA (see above status).

Budget
FY 1998 = $2.2M, and FY 1999 = $1.75M.
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Anticipated Contributions Relative to Metrics

Metrics
•  Develop fusion designs that meet the no-evacuation guideline of 10 mSv (1 rem) under worst case accidents.
•  Develop fusion designs to minimize generation of waste posing a burden to

future generations.

Near Term ≤≤≤≤5 years
•  Continue safety R&D on tokamak dust and solid plasma-facing components to

understand and quantify safety margins associated with these materials.
•  Continue safety R&D on how energy sources in fusion can mobilize radioactive

materials under accident conditions.
•  Begin safety R&D on new and advanced fusion materials and coolants being

considered in the program (e.g., molybdenum alloys, tantalum alloys, Flibe,
tin–lithium).

•  Develop criteria for recycle and reuse of fusion materials to be used in fusion
conceptual design studies.

•  Upgrade safety computer codes to deal with liquid surface concepts being con-
sidered for some fusion designs.

•  Assess safety and environmental issues associated with high-power-density
fusion designs and other alternate confinement concepts.

•  Integrate safety lessons learned from ITER into fusion conceptual systems
studies.

•  Continue international safety and environmental collaborations.

Midterm ~10 to 20 years
•  Support program development of both magnetic and inertial Next Step options to

meet safety and environmental goals (e.g., safety R&D, safety/design integra-
tion, and safety analysis needed for regulatory approval of the facility).

•  Demonstrate feasibility of recycle and reuse of fusion material(s) to demonstrate
safety and environmental potential of fusion.

•  Continue contributions to fundamental science.

Long Term >20 years
•  Support safety and environmental activities needed to develop a fusion power plant for deployment in second half of next century.

Proponents’ and Critics’ Claims

Proponents claim that the safety and environmental characteristics of fusion are superior to those of other energy technologies
both in terms of worst case accidents and in waste generation. Critics state that fusion is no better than fission from the safety per-
spective. The positive environmental attributes claimed about the technology have yet to be proven.
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T-14.  IFE SAFETY AND ENVIRONMENT

Description
Safety and environmental (S&E) issues will be one of the key factors in the success of fusion energy. Under the S&E umbrella sit

routine releases of radioactive materials (e.g., tritium), health consequences resulting from accidental large releases, and radioactive
waste management. It is a commonly held belief that fusion offers significant S&E advantages over fission, but this is not necessarily
the case. For fusion to achieve its full potential for S&E advantages, it is essential that analyses are performed early in the design of
any facility so that wise choices can be made and that lessons learned from previous designs are incorporated. It is also crucial that
interactions between the different S&E areas are included, understood, and used to the greatest possible extent.

Status
Good progress has been made in recent years in developing advanced radionuclide inventory codes and activation cross section

libraries. An experimental program to measure the volatility of some of the candidate structure alloys provided safety analysts with
data needed to estimate potential off-site doses during accidents. Adequate codes are available for calculating doses from (1) routine
operational effluents (AIRDOS-EPA), (2) public exposure during an accident (MACCS2), and (3) routine exposure to workers. Addi-
tional progress is needed in the following areas:

•  Activation cross section libraries will continue to require further attention.
•  Experimental volatility data exist for only a few materials.
•  Radionuclide release calculations should account for deposition and depletion within the facility.
•  Development of the tools needed to accurately predict the transport of radioactive dust during an accident or routine maintenance

activities is needed.
•  Probabilistic risk assessment (PRA) needs to be developed/adopted throughout the fusion community.
•  Less severe accidents, which may occur with greater frequency, need to be considered in more detail.
•  Tritium management and target fabrication in particular need to be further developed.
•  Limits for worker exposures during maintenance activities need to be further developed.
•  Development of fusion-specific regulations for the reuse, recycling, and disposal of radioactive fusion materials is needed.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Maintain risk to the public and maintenance personnel as low as reasonably achievable (ALARA).
•  Meet the no-evacuation dose criterion.
•  Expand on previous mobilization experiments.
•  Select materials that will reduce radioactive and hazardous inventories.
•  Show that tritium inventories can be managed safely with minimal routine and accident releases.
•  Adopt and build on PRA methods that have been developed by the fission community.
•  Reevaluate the waste form behavior indices used in 10 Code of Federal Regulations (CFR) 61 in relation to fusion waste.
•  Accurately account for the transport of radioactive dust.

Related R&D Activities
•  Radionuclide mobilization experiments will continue at Idaho National Engineering and Environmental Laboratory (INEEL)

facilities.
•  Benchmarking of radionuclide inventory codes will continue with the RTNS-I and FNS facilities.
•  Credible accident scenarios (including less severe ones) will be developed by Lawrence Livermore National Laboratory (LLNL)

and INEEL.
•  Radioactive dust transport codes will continue to be developed by the University of Wisconsin, and supporting experimental work

using the Wisconsin Shock Tube is being planned.
•  Coordination with the chamber and radiation-resistant materials development activities is essential.

Recent Successes
•  INEEL radionuclide mobilization data show that assumed release fractions are conservative.
•  International benchmarking activities show that major radionuclide inventory codes are in good agreement.
•  MACCS2 code allows detailed off-site dose calculations to be performed for most radionuclides of interest.
•  Recent design studies show that use of thick-liquid protection schemes reduces waste disposal needs and makes use of some tradi-

tional materials possible.
•  Recent work indicates that pulsed activation effects have been adequately addressed.
•  Decay heat data have been verified through integral experiments using 14-MeV neutron sources.
•  Initial hydrodynamic calculations have studied short time-scale dust transport out of the X-1 chamber.

Budget
The FY 1999 budget will be approximately $100K. FY 2000–2002 budgets need to increase to approximately $500K to support

additional mobilization experiments and begin updated power plant designs that incorporate the lessons learned.
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Anticipated Contributions Relative to Metrics

Metrics
•  Off-site doses resulting from a worst-case credible accident should be less than 1 rem to eliminate the need for an evacuation plan.
•  Designs should aim to limit wastes to those suitable for reuse, recycling, or disposal via shallow land burial.
•  Where possible, thick-liquid protection schemes or low-activation materials should be used.
•  Occupational exposures should be at or below the levels observed in today’s “best-experience” fission plants.
•  Routine releases of tritium and activation products must be shown to be benign.
•  Designs should use multiple physical barriers to minimize releases of radioactive and/or hazardous inventories.

Near Term <5 years
•  Radionuclide mobilization data will be obtained for key materials.
•  Credible accident scenarios will be developed for several designs.
•  Development of tools needed to simulate transport of activated dust will be continued.
•  Experiments on Z and RHEPP to characterize dust will be carried out.
•  Waste management activities will be redirected to take advantage of the favorable waste form behavior indices associated with

fusion waste.
•  The ramifications of reuse and recycling of fusion waste will be examined.
•  Tritium management and target fabrication will be given greater attention.
•  Current designs will be modified to incorporate lessons learned; new designs will be developed.

Midterm ~20 years
•  Experiments fielded on the National Ignition Facility (NIF) and X-1 facilities will be of great importance for validation of com-

puter codes (e.g., radionuclide inventory and cross sections, X-ray ablation, isochoric heating within blankets and thick-liquids,
and fusion gain curves).

•  Recycling of some radioactive wastes will be shown to be practical.
•  The superior S&E advantages of advanced concepts using tritium-lean targets and alternate fuel cycles will be demonstrated.
•  Occupational releases, occupational exposures, and maintenance requirements will all be better understood once experience has

been gained in the operation of NIF, X-1, and an Engineering Test Facility.
•  Fast closure valves for control of radioactive dust transport will be developed.
•  S&E work will be entirely performed using probabilistic risk analysis (PRA) methods; comparisons to alternate technologies will

be made.

Long Term >20 years
•  Advanced designs will be shown to be “inherently safe” with radionuclide inventories that are low enough such that the basic

safety criteria can be met even without mobilization or transport analyses.
•  Waste management activities will show that many of the “wastes” are actually valuable and that others may be successfully reused.
•  Activated dust containment will be demonstrated in a high-yield environment.
•  The issue of the risk from exposure to low levels of radiation will be resolved.

Proponents’ and Critics’ Claims

Proponents claim that fusion has inherent S&E advantages over fission such as the freedom to select materials, no possibility of
achieving an uncontrolled chain reaction, and lower decay heat. Advanced fuel cycles and concepts will have extremely low accident
and waste consequences in addition to lower routine releases.

Critics state that anything nuclear is bad, because any level of radiation dose is damaging. The waste management challenges are
too great to be overcome. Maintenance requirements are too extreme and will require excessive worker exposures.
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T-15.  IFE LIQUID-WALL CHAMBERS

Description
An inertial fusion energy (IFE) target releases energy in neutrons, X-rays, and target debris. Chambers transfer this energy to a

coolant while protecting the final-focus system and restoring conditions for the subsequent shot. Liquids can provide renewable target-
facing surfaces, invulnerable to X-ray and neutron damage. Among several candidates, the nonflammable molten salt Flibe (Li2BeF4)
has received the most extensive study, because of its very low vapor pressure and excellent neutron-shielding and tritium-breeding
properties. One-half-meter line-density of Flibe provides sufficient neutron shielding for stainless steel structures to reach a 30-year
lifetime at 1 GW(e) and qualify for shallow land burial, reducing or eliminating the need for materials neutron irradiation testing. Two
primary liquid-wall options exist:

•      Thick-liquid jets   . Free liquid jets injected by stationary and oscillating nozzles create a pocket around the ignited target, shielding
all chamber structures and allowing very compact geometry and short focus standoff distance. Higher availability comes from
eliminating periodic replacement of structural components in high-flux regions.

•       Wetted walls  . Low-mass flow-guiding structures, either fiber blankets or tubes, control liquid geometry. Liquid films weeping
through the blanket fabric or fan jets from nozzles provide a thin renewable layer for X-ray ablation. Shock loading of flow-
guiding structures by neutron heating requires a larger chamber than the thick-liquid option.

Flibe liquid-wall shielding automatically meets tritium breeding goals. The surface area for debris condensation can be made
arbitrarily large by injecting small liquid droplets; analysis indicates that around 1.6% of total coolant flow is needed as droplets at
1 GW(e), for a thick-liquid chamber. Design choices depend strongly on the driver type:

•      Heavy ions (HIs)  . Liquid walls are the baseline chamber strategy for HI-IFE. Thick liquid will be selected over wetted walls as the
baseline, if liquid-hydraulics issues resolve favorably, because the shorter focus-magnet standoff with thick-liquid jets (<5 m vs
10 m) improves focusing and reduces driver energy by around 30%.

•      Lasers   . Wetted walls provide an option to the baseline dry-wall chambers for laser IFE. Feasibility involves accommodating the
large driver solid angle required for direct drive and protecting final optics from condensation of ablation debris. Advanced fast-
ignition targets could potentially adapt to thick-liquid protection.

Status
Conceptual designs exist for wetted-walls (OSIRIS, LIBRA, HIBALL, KOYO) and thick-liquid (HYLIFE). Experiments and

model development have refined the understanding of major liquid-wall target-chamber phenomena.

Current Research and Development (R&D)
R&D Goals and Challenges

Liquid protection can work below 1 Hz using gravity clearing of liquid debris. To avoid beam switching to multiple chambers,
current R&D focuses on clearing at 4 to 10 Hz. Key chamber phenomena occur over widely ranging time scales: target drive, neutron
heating, and X-ray ablation over tens of nanoseconds; ablation and target debris venting over tens of microseconds; and condensation
and liquid hydraulic response over tens of milliseconds. Coupling between phenomena with similar time scales can be strong, requir-
ing integrated experiments. Only the integrated effect of fast phenomena couples to slow phenomena, that is, only the impulse load
from ablation and venting affects slower liquid hydraulic motion. Liquid-wall R&D can take advantage of this temporal decoupling to
avoid full-scale, integrated liquid-wall tests before construction of the first ignition-class, 30 MJ × 10 Hz = ~300 MW, average-power
Experimental Test Facility (ETF) using liquid walls.

Related R&D Activities
•      NIF/Z/X-1   . These Defense Program funded facilities will provide sufficient energy for integrated studies of ablation, venting, and

condensation, including secondary-radiation-induced ablation, real-gas effects, and structural loading.
•  Activities include magnetic fusion energy (MFE) liquid-wall protection, target injection and tracking, final optics/magnet R&D,

and target X-ray/debris emission.

Recent Successes
•  Shielding and activation calculations have confirmed the effectiveness of liquid shielding of stainless steel chamber structures,

permitting >30-year lifetime and shallow land burial; MFE liquid-wall studies have found new coolants.
•  Coupled 2-D gas dynamics and 1-D X-ray ablation codes have modeled ablation, venting, and structural loading. Calculations

show that venting rates are sufficiently high to support rapid debris condensation; impulse loading to thick liquids is sufficiently
small so the bulk-liquid velocity imparted is low.

•  Liquid hydraulics experiments have demonstrated smooth stationary jets that can form grids for final-focus beam-line shielding;
demonstrations of oscillating jets are under way; efforts are also under way to make even smoother jets.

•  Gas-gun indirect-drive target injection experiments have demonstrated the accuracy required for HI-IFE.
•  Major supporting technologies—tritium containment and recovery, secondary steam generators, rapid condensation on droplets,

final-focus neutron and gamma shielding—have received preliminary study.
Budget

DOE–OFES: FY 1998 = $325K, and FY 1999 = $460K.
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Anticipated Contributions Relative to Metrics

Metrics
Liquid-wall chambers are inexpensive (i.e., 6% of capital cost

for HYLIFE-II). Metrics thus focus on minimizing major plant
costs by minimizing driver energy through optimal coupling to tar-
gets (focal magnet standoff <10 m for heavy ions), by achieving
high repetition rates (>4 Hz) to avoid beam switching to multiple
chambers, by achieving modest coolant-pumping power (<10%
recirculated), by obtaining high availability (>80 %), and by keep-
ing operating and accident radiation doses low.

Near Term ≤≤≤≤5 years
The major near-term liquid-wall R&D goal is resolution of

remaining feasibility questions, providing confidence in prospects
of long-term success to support the decision to proceed with inte-
grated research experiment(s) (IREs) for HI and/or laser drivers.
The R&D focuses on liquid-droplet, target/ablation-debris clearing.

•      Systems studies   . Extend the HYLIFE, OSIRIS, and LIBRA
(HIs) and KOYO (lasers) system studies to incorporate innova-
tions and ongoing advances in modeling tools.

•      Liquid-jet hydraulics   . Refine capabilities to generate high-quality stationary and oscillating liquid jets and to model and control
momentum transfer, shock propagation, and droplet generation in heterogeneous liquid structures.

•       Wetted-wall hydraulics   . Confirm methods for forming liquid films on fabric surfaces, generating liquid fan jets and clearing drop-
lets, modeling shock effects on flow-guiding structures, and modeling turbulent liquid surface renewal.

•      Ablation/venting/condensation   . Refine modeling tools, supported by experiments, for key phenomena. Develop diagnostics
capable of measuring transient surface pressure loading and temperature and debris density and velocity, for future chamber-
clearing experiments in high-energy facilities (NIF, Z, and/or X-1).

•      Superconducting magnet shielding and thermal response   . Conduct computational neutronics shielding studies, small-angle scat-
tering cross section experiments, and superconducting magnet thermal design for pulsed heating.

•      Laser final optics protection   . Control ablation debris migration to transparent vacuum interface.
•      Flibe chemistry, corrosion, EOS and tritium recovery   . Conduct studies of specific Flibe thermophysical and chemical properties

relevant to IFE and MFE coolant use (Japanese collaboration will be valuable in this area).

Midterm ~20 years
Success would be experimental validation of models required to extrapolate to prototypical chamber conditions, coupled with

integrated system designs meeting clearing rate and other metrics. Presuming that thick liquid will be found viable, during this period
three major experimental activities occur to provide engineering-design capability:

•    Integrated ablation/venting/condensation   . Integrated experiments on NIF, Z, and/or X-1 in minichambers scaled to prototypical
energy densities, to rigorously confirm detailed structural loading and debris condensation models.

•    Integrated liquid hydraulics experiments   . Integrated experiments in a liquid-hydraulics test facility, using water in a vacuum envi-
ronment, to demonstrate liquid-pocket formation, destruction with scaled explosive charges, and pocket reestablishment. Laser
beams along the beam paths confirm droplet clearing after pocket disruption.

•      Beam propagation experiments   . IRE study of the effects of background gas density and residual liquid droplets on heavy-ion/laser
beam propagation under prototypical chamber conditions.

Success would allow engineering design of the first >4-Hz molten-salt liquid-wall chamber for the ~300-MW ETF.

Long Term >20 years
With adequate budgets, liquid-wall target chambers operating at 4 to 10 Hz can be made available for the ETF and subsequent

IFE demonstration and commercial fusion power plants.

Proponents’ and Critics’ Claims

Proponents claim that thick-liquid walls can reduce the need for expensive materials testing programs and with their compact
geometry can provide major advantages for capital cost, availability, heat removal, and tritium control and recovery. Critics claim that
debris condensation and droplet clearing rates will prove too low for high repetition rates; for HIs, that background gas densities will
be too high for beam propagation; and for lasers, that ablated liquid will condense on the transparent vacuum interface.
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T-16.  DRY WALL CHAMBERS
Description

The energy emanating from an inertial fusion energy (IFE) target is in the form of neutrons, X rays, and ions. Unlike liquid wall
chambers, where the X-ray and ion energy can be dissipated by evaporation, a dry wall chamber must conduct and convect this energy
through the first wall (FW) to cooling materials in the blanket. Dry wall chambers can be used with direct- or indirect-drive lasers or
ion beams, whereas liquid wall protected chambers are more appropriate for indirect-drive systems. The FW in dry chambers can be
metallic or ceramic. Recently, graphites and SiC have been considered because of their low activation characteristics.
FW Protection (from high flux of X rays and ions)
•  A protective fill gas can block the X rays and the ions and then reradiate the energy to the FW over a longer time scale.
•  Another way to reduce the instantaneous heat flux on the FW is to make the chamber very large (e.g., a Westinghouse study in the

mid-1970s).
•  Protection from ions can be provided by a magnetic field, which can deflect or stop the ions before they impact the FW. It has even

been suggested that direct energy conversion can also be accomplished in this way. This scheme does not stop the X rays.
•  Another conceptual design study has used a solid breeder material directly exposed to the target emanations. In this design, a large

SiC drum was rotated about its axis while a solid breeder material flowed on the inside of the drum in full view of the target explo-
sion (CASCADE—the thermal conversion efficiency was 55%). This scheme requires indirect drive with either lasers or heavy
ions coming in on either end of the drum.

FW Designs
Low activation materials for the FW such as graphite or SiC may be used to reduce activation. Such materials can also have high-

temperature capabilities, opening the possibility for high-energy conversion power cycles. A low-pressure blanket system may allow
granular solid breeder materials flowing through the blanket by gravity.
Status

There have been three conceptual design studies of dry wall chambers using graphite or SiC walls with flowing granular solid
breeder materials to remove the energy (SOLASE, SOMBRERO, and SIRIUS-P) (see figure). As an example, SIRIUS-P had a 6.5-m
radius chamber, a fill gas of xenon at an atom density of 1 × 1016 cm3, and utilized a KrF laser at 0.25-µm wavelength. The electric
power output was 1000 MW, using a target yield of 365 MJ, which consisted of 274 MJ in neutrons, 20.5 MJ in X-rays, and 71.6 MJ
in ions. Radiation hydrodynamic codes were used to determine thermal and pulse loading on the chamber wall. In this case, the cham-
ber was made of a four-dimensional weave of graphite. The peak heat flux was 0.118 MW/cm2, producing a temperature rise on the
FW of 574°C over the steady-state temperature of 1400°C, and the impulse on the FW was 1.89 Pa-s, producing a 0.01-MPa pressure.

Current Research and Development (R&D)
R&D Goals and Challenges

The critical issue for dry wall chambers is the protection of the FW from the X rays and ions. However, before the problem can be
analyzed, the target spectrum must be known. The target spectrum depends on the target materials and geometry. The type and amount
of fill gas then has to be traded against what the chamber can tolerate before laser gas breakdown will occur, and whether a cryogenic
target can be launched through it without picking up debris or excessive heating.

•  Laser gas breakdown: Near the target, the high energy density can break down the fill gas (wavelength dependent), causing defo-
cusing and loss of energy. Experiments to test laser breakdown in fill gasses can be readily performed today on existing KrF lasers
such as NIKE. The degree of breakdown can be measured as a function of gas density and laser beam intensity.

•  Target propagation: A balance has to be struck between the amount of gas that will provide protection for the FW while allowing
the target to be delivered to the chamber intact. Experiments can be designed to test this.

•  First wall and blanket issues: There are material issues of the FW such as thermal and structural effects from radiation damage.
Pulsed radiation damage produces different effects from steady state. However, pulsed radiation damage may be simulated with
steady-state sources. The availability of a 14.1-MeV neutron source is still a long way away. Simulating pulsed X rays and ions
with the correct energy and mix is very difficult. The effects of radiation damage on graphite materials are needed to determine
thermal conductivity, which degrades with radiation. The heat transfer coefficient in granular moving solid breeders can be deter-
mined experimentally but without the synergistic effects of neutrons. Blankets utilizing moving granular solid breeders have a set
of issues related to them, which have to do with particle erosion and attrition.

Related R&D Activities
There are other R&D activities in the magnetic fusion energy (MFE) program that can benefit issues of dry wall reactors. These

are in the areas of high heat flux experiments and radiation damage to materials. Future experiments on the National Ignition Facility
(NIF), PBFA, and X-1 will provide target spectrum information, validating computer codes developed for IFE target chambers.
Recent Successes
•  All the R&D work that has gone into the design of the dry wall chamber for NIF has added to the knowledge and understanding of

dry wall issues. The design of the graphite wall chamber SOMBRERO has also been useful in that regard.
•  Additionally, there has been tremendous progress in the development of codes for studying the hydrodynamic effects of target

emanations on chamber walls (BUCKY, TSUNAMI, and ABLATOR).
Budget

DOE/IFE/technology: FY 1998 = <$1M; FY 1999 = $2.2M (proposed).
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Anticipated Contributions Relative to Metrics

Metrics
It is hoped that dry wall chambers using direct-drive KrF laser beams

and flowing granular solid breeding materials can show promising reactor
plant capabilities with the cost of electricity in the 55–65 mills/kWh range.
Such a design would have laser energy of 3.4 MJ, a target gain of 118, and
a repetition rate of 6 Hz. The chamber would also satisfy the main safety
goals for low-level waste disposal, limiting public dose to a maximum
exposed individual from routine operation to 5 mrem/year and producing a
whole-body early dose from a maximum credible accident below 1 rem.

Near Term <5 years
Laser gas breakdown and target delivery through a fill gas can be

answered experimentally in this period of time. Slowing down or stopping
target emanations by a fill gas will continue to be studied analytically with
experimental verification provided at a later date. This is also true of mag-
netic protection. This scheme may be best used with direct-drive targets that
emit only a few very hard X rays, but this has not been tested in any con-
ceptual designs yet. Material issues such as particle erosion and attrition can
also be determined in simple experiments, but without the synergistic
effects of neutrons and microexplosions. Bench top experiments on the per-
formance of multiweave graphites and SiC under repeated pulsing can also
be determined. Experiments to determine heat transfer coefficients in
moving bed granular solid breeders can also be performed. Injection of
cryogenic targets into the OMEGA laser chamber, which will be taking
place soon, will add knowledge in that important area.

Midterm 20 years
Assuming the availability of a 14.1-MeV neutron source, all the material issues relevant to radiation damage can be answered.

Individual experiments on the stopping power of fill gas for X rays and ions can be performed on NIF, but not necessarily repetitively.
Furthermore, the possibility for the construction of X-1 will add a powerful tool for performing experiments at much higher energy
levels than NIF. More elaborate experiments on graphite or SiC scale models with flowing granular solid particles and with high heat
flux and repetitive impulses can be performed. Mass flow and heat transfer effects can be studied as well as chemical interactions
between materials, in particular T2 take-up by the graphite and SiC.

Long Term >20 years
Presumably by this time the availability of a demonstration reactor (DEMO) facility will be in place, which will test all the syn-

ergistic effects of the fusion phenomenon on a bare wall reactor.

Proponents’ and Critics’ Claims

IFE power reactors hold the promise of providing electric power with essentially unlimited fuel supply for generations to come.
The combination of a graphite structure for the FW and a flowing granular Li2O solid breeder as the coolant/breeder provides an
attractive option for the dry wall chamber and can play a part by providing safe and environmentally benign solutions at a competitive
price relative to other fusion options.

Critics have questioned the T2 holdup in graphite in such a chamber as well as the disposition of dust generated in it. Also, as
usual, critics of fusion will claim that it is too complex, too expensive, and too difficult to maintain. Critics are also concerned about
the rapid swelling of carbon fiber composites under neutron irradiation, although, unlike metallic designs where tolerances are tight,
these structures are amenable to a high degree of swelling without impacting performance. At 46 dpa and 1600 K, Graphnol N3M
returns to the zero swelling level. At a lifetime of 5 FPY, the graphite will accumulate 75 dpa, which means that an assumption is
made that materials will be developed that will have a lower rate of swelling.

Side view of SOMBRERO chamber.
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T-17.  IFE TARGET FABRICATION

Description
For direct drive, an inertial fusion target consists of a spherical capsule that contains a smooth layer of deuterium-tritium (D-T)

fuel. For indirect drive, the capsule is contained within a metal “hohlraum” that converts the driver energy into X rays to drive the
capsule. An inertial fusion power plant must produce, fill with D-T fuel, and deliver to the target chamber about 108 targets each year.
This must be done with extreme precision of manufacture, extreme reliability of delivery, and for a cost 4 orders of magnitude lower
than current inertial confinement fusion (ICF) target fabrication experience. This challenge appears achievable, but will require a
serious—and successful—development program.

Status
The fabrication techniques used for ICF research targets meet exacting specifications, have maximum flexibility to accommodate

changes in target designs, and provide thorough characterization for each target. Current ICF target fabrication techniques may not be
well-suited to economical mass production of inertial fusion energy (IFE) targets. Because of the large number of designs and the
thorough characterization required for each target, an ICF target can cost $2000. For a power plant the target cost must be reduced to
about $0.20. IFE target fabrication studies are encouraging. Fabrication techniques are proposed that are well suited for economic
mass production and promise the precision, reliability, and economy needed. However, little work has been done to actually develop
these techniques.
•      Fuel capsules   . The capsules must meet stringent specifications including out-of-round (dmax – dmin < 1 µm), wall thickness uni-

formity (∆w < 0.5 µm), and surface smoothness (<200 Å RMS). The microencapsulation process appears well-suited to IFE target
production if sphericity and uniformity can be improved as the capsule size is increased from current 0.5- to 1-mm capsules to the
~5-mm-diam capsule needed for IFE. Microencapsulation is also well-suited to production of foam shells, which are needed for
several IFE target designs.

•      Hohlraums  . ICF hohlraums are made by electroplating the hohlraum material, generally gold, onto a mandrel that is dissolved,
leaving the empty hohlraum shell. This technique does not extrapolate to mass production. Stamping, die-casting, and injection
molding, however, do hold promise for IFE hohlraum production.

•      Target assembly   . ICF targets are assembled manually using micromanipulators under a microscope. Placement of the capsule at the
center of the hohlraum must be accurate to within 25 µm. For IFE this process must be fully automated, which appears possible.
This step is not necessary for direct drive.

•      Target characterization   . Precise target characterization of every research target is needed to prepare the complete “pedigree”
demanded by the ICF experimentalists. Characterization is largely done manually and is laborious. For IFE the target production
processes must be sufficiently repeatable and accurate that characterization can be fully automated and used only with statistical
sampling of key parameters for process control.

•      D-T filling and layering   . Targets for ICF experiments are filled by permeation, and a uniform D-T ice layer is formed by “beta
layering.” Using very precise temperature control, excellent layer thickness uniformity and surface smoothness of about 1-µm
RMS can be achieved. These processes are suited to IFE although the long fill and layering times needed may result in large (up to
~10 kg) tritium inventories. Advanced techniques could greatly reduce this amount. If IFE targets need D-T ice smoothness better
than ~1 µm to achieve high gain, new layering techniques will be needed.

Current Research and Development (R&D)
R&D Goals and Challenges

The ICF program is developing targets for the National Ignition Facility (NIF). Target fabrication development for IFE remains to
be done. Larger capsules, materials such as foams for high gain targets, techniques for mass production, and statistical characterization
must be developed.

R&D Goals and Challenges
•  Work closely with IFE target designers to develop IFE targets that optimize achievement of high gain against practical, low-cost

fabrication and both mechanical and thermal robustness.
•  Develop fabrication techniques for target designs and materials that are needed for IFE, such as foams.
•  Investigate scaling of target fabrication techniques to mass production.
•  Develop techniques and protocols for filling and layering IFE targets to suitable specifications.
•  Include the economic, safety, and environmental aspects of target fabrication in IFE power plant design studies.

Related R&D Activities
The ICF program is developing targets for NIF, including fabrication of 2- to 3-mm-diam capsules, production of cryogenic

hohlraums, cryogenic D-T filling and layering protocols, and enhanced smoothness D-T layering techniques. Fabrication of new target
materials that are relevant to IFE targets, such as or foams, may also be developed.

Recent Successes
The ICF program has accomplished the following IFE-relevant successes:

•  Polymer capsules approaching NIF specifications (~2-mm diam) have been fabricated.
•  D-T layering has achieved ~1-µm RMS surface smoothness on D-T ice in a spherical polymer capsule.
•  The IR layering technique has achieved surface smoothness improvement to approximately 0.7-µm RMS.

Budget
DOE–OFES: FY 1998 = $0; FY 1999 = $100K; FY 2000 = $1400K, and FY 2001 = $1500K.
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Schematic of possible IFE capsule fabrication process using microencapsulation.

Anticipated Contributions Relative to Metrics
Metrics
•  The ability to fabricate an IFE target that meets these specifications.

Indirect drive: 5-mm diam with <1 µm OOR, ~100-µm wall with <0.5 µm ∆w, <200 Å RMS surface smoothness, and surface
power spectrum below NIF profile.
Direct drive: 5-mm diam with <1 µm OOR, ~10 µm wall with <0.5 µm ∆w, <200 Å RMS surface smoothness, and surface power
spectrum below NIF profile.

•  The ability to fabricate new materials and configurations for high-gain IFE targets, such as foams for X-ray heated direct drive tar-
gets and high-Z overcoats for shock-heated direct drive targets.

•  A projected cost of IFE target fabrication for a power plant at a cost of <$0.20 each.

Near Term ≤≤≤≤5 years
•  Work with IFE target designers to jointly agree on IFE target designs that promise high gain, practical fabrication, good mechani-

cal strength, and good thermal robustness
•  Develop fabrication techniques for IFE target materials and concepts if different than those needed for ICF.
•  Investigate, select, and demonstrate target fabrication techniques for low-cost mass production.
•  Develop needed characterization and statistical sampling techniques.
•  Demonstrate D-T layering protocols suitable for IFE targets.
•  Develop a detailed IFE “target factory” conceptual design and cost estimate.

Midterm ~20 years
•  Test IFE target concepts in the NIF. Determine sensitivity to target fabrication parameters and tolerances.
•  Adjust design and production techniques to accommodate results of NIF IFE target experiments.
•  Field IFE targets in a repetition-rated IFE facility.
•  Adjust IFE target factory estimates to reflect results from target development and testing experiments.

Long Term >20 years
Provide the technology for construction of the target factory of an IFE power plant.

Proponents’ and Critics’ Claims
Proponents point to the IFE design studies and conclude that the goals of IFE target fabrication can be achieved, but a serious

development program will be required.  Critics point to the stringent requirements for reliability and accuracy and to the 104 reduction
needed from current ICF target fabrication costs and conclude that this is a impossible challenge.
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T-18.  IFE TARGET INJECTION AND TRACKING

Description
For inertial fusion energy (IFE), we must shoot about 108 cryogenic targets each year at a rate of up to 10 Hz in a target chamber

operating at 500–1500°C, possibly with liquid walls. The only way to do this will be to inject the targets into the target chamber at
high speed, track them, and hit them on the fly with the driver beams. This must be done with high precision (~±200 µm at 10 m), high
reliability of delivery, and without damaging the mechanically and thermally fragile targets. This challenge appears to be achievable,
but it will require a serious and successful development program.

Status
Design studies of target injection were done as part of the SOMBRERO and OSIRIS IFE power plant studies completed in early

1992. The direct-drive SOMBRERO design used a gas gun to accelerate the cryogenic target capsules enclosed in a protective sabot.
After separation of the sabot, the capsule was tracked, and the laser beams were steered by movable mirrors to hit the target. The indi-
rect-drive OSIRIS design used a similar gas gun system without a sabot for injection and crossed dipole steering magnets to direct the
beams. Analyses of target injection and tracking systems for indirect drive have been carried out at Lawrence Livermore National
Laboratory (LLNL) and predicted that IFE targets could survive the mechanical and thermal environment during injection. A gas gun
indirect-drive target injection experiment was then constructed and operated at Lawrence Berkeley National Laboratory (LBNL). The
results showed that relatively simple gas gun technology could repeatably inject a simulated indirect-drive target to within about 5 mm
of the driver focus point, easily within the range of laser or beam steering mechanisms to hit, but not sufficient to avoid the need for
beam steering. Photodiode detector technology was adequate to detect the target position with sufficient accuracy that the driver
beams should be able to achieve the approximately ±200-µm accuracy needed.

A significant effort is under way in the inertial confinement fusion (ICF) program to develop cryogenic targets for experiments on
Omega and the National Ignition Facility (NIF). This work has advanced the understanding of the thermal and mechanical character-
istics of cryogenic targets. Some features of cryogenic target handling are more challenging than had previously been assumed. In a
similar vein, the latest designs of high-gain IFE targets may have different mechanical and thermal capabilities than those assumed in
earlier studies. These lessons learned must be incorporated into the IFE target injection and tracking concepts.

There are several necessary steps in demonstrating the feasibility of IFE target injection and tracking. Utilizing the gas gun at
LBNL that was used to demonstrate the accuracy of injection and tracking for indirect-drive targets, tests are planned to demonstrate
sabot removal and injection accuracy for direct-drive targets. Tests are also planned to couple the gas gun with a low current ion beam
to demonstrate hitting an indirect-drive target on the fly. The next step is to design and build a prototypical cryogenic target injection
system and demonstrate these operations with representative cryogenic targets. Finally, these systems must be made to operate reliably
on an ~5- to 10-Hz repetition-rated basis.

Current Research and Development (R&D)

Work is currently being done to continue the target injection and tracking studies and experiments described above.

R&D Goals and Challenges
•  Reassess earlier studies with current understanding of the designs, properties, and limits of cryogenic IFE targets.
•  Investigate techniques for thermal protection of IFE targets such as sabots and sacrificial frost layers.
•  Evaluate target injection and tracking techniques for use with direct drive.
•  Extend the gas gun experiments to include key feasibility issues associated with direct-drive targets, such as sabots.
•  Carry out proof-of-principle experiments on direct-drive injection techniques such as electrostatic transport.
•  Work with IFE driver developers to include beam steering considerations in target injection system design and to demonstrate

integrated injection-tracking-pointing system capability.
•  Demonstrate target injection and tracking with prototype cryogenic IFE targets.
•  Demonstrate reliable, repetition-rated IFE target injection and tracking capability.

Related R&D Activities
•  The ICF program at LLNL, Los Alamos National Laboratory (LANL), and General Atomics (GA) is developing the database for

cryogenic target fabrication, filling, layering, and handling. We must take full advantage of this information.
•  The magnetic fusion plasma fueling program at Oak Ridge National Laboratory (ORNL) is dealing with injection of deuterium-

tritium (D-T) ice pellets. We must maximize cooperation with that program.

Recent Successes
Experiments at LBNL have successfully demonstrated that (1) relatively simple gas gun technology can repeatably inject a non-

cryogenic simulated indirect-drive target to within the range of laser or beam steering mechanisms to hit, and (2) simple diode detector
technology is adequate to provide the measurement accuracy needed (see Fig. 1).

Budget
DOE–OFES: FY 1998 = $220K, FY 1999 = $200K, FY 2000 = $1500K, and FY 2001 = $1600K.
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Fig. 1.  Simplified schematic of experimental system to address IFE target survivability.

Anticipated Contributions Relative to Metrics

Metrics
•  The ability to inject direct- and indirect-drive IFE targets with sufficient accuracy that laser and heavy-ion driver developers can hit

them—currently expected to be approximately ±10 mm.
•  The ability to detect targets and for driver developers to hit them with sufficient accuracy as not to degrade target gain—currently

expected to be ~±200 µm for indirect drive.
•  The ability to inject targets without mechanically damaging them.
•  The ability to inject targets into a simulated IFE power plant chamber environment while protecting the thermal integrity of the

D-T ice layer.
•  The ability to do all of this with high reliability at a repetition rate of ~5 Hz.

Near Term = 5 years
•  Reassess earlier target injection studies with the latest understanding of the designs, properties, and limitations of cryogenic IFE

targets.
•  Work with IFE target designers and target fabricators to jointly agree on IFE target designs that promise high gain and practical

fabrication with the mechanical strength and thermal robustness needed to survive injection.
•  Develop target injection systems that meet the accuracy requirements for IFE.
•  Work with driver developers to demonstrate their ability to steer the beams to hit an injected target.
•  Develop cryogenic target injection techniques and demonstrate that cryogenic targets can be injected without mechanical or

thermal damage.
•  Develop a detailed IFE target injection system conceptual design and cost estimate.

Midterm ~20 years
•  Develop and demonstrate an integrated cryogenic target injection, tracking, and beam steering system.
•  Demonstrate operation of the integrated cryogenic system with high reliability.

Long Term >20 years
•  Provide the technology for construction of the target injection and tracking system of an IFE power plant.

Proponents’ and Critics’ Claims

Proponents point to the IFE design studies and cite the specifications for a variety of high-technology defense systems and
conclude that IFE target injection, tracking, and beam steering will require serious development effort, but will be achievable. Critics
point to the mechanical and thermal fragility of current IFE target designs and to the incredibly hostile environment of an IFE target
chamber and claim that this is a formidable challenge.
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T-19.  IFE POWER PLANT TECHNOLOGIES
Description

An inertial fusion energy (IFE) power plant consists of four main subsystems: a driver, fusion chamber, power conversion system,
and a target factory. Conceptual design studies have been completed over the years to investigate various driver/chamber/target
options. Details on the drivers and target physics are discussed in other sections. In this section and in several that follow, the focus is
on the nondriver technologies and interface issues. These include dry- and liquid-wall chambers, final optics for lasers, final focus
magnets for accelerators, target fabrication, target injection and tracking, and environmental and safety (E&S) aspects. An important
feature of IFE power plants is the separability of the driver, target factory and fusion chamber. While the interface between these
systems results in important design constraints, a large degree of design flexibility is available. For example, the target performance
depends only on the ability to deliver the required beam energy in the correct way (i.e., pulse shape and beam quality) to the target; it
does not depend on the geometric configuration of the surrounding chamber. As a result, IFE power plant designs have considered a
wide array of combinations of target types, chamber designs, and drivers. At this time, however, the systems that appear to show the
most promise are characterized by two broad classes: (1) dry-wall chambers with direct-drive targets and laser drivers, and (2) liquid-
wall chambers with indirect-drive targets and heavy ion drivers.

Status
Work on nondriver technologies has been very limited, consisting primarily of conceptual design studies, computer simulation

and modeling, and small-scale laboratory experiments primarily at universities. One exception is the target fabrication work in support
of the Department of Energy (DOE)–Defense Programs (DP).

• Many integrated conceptual design studies have been completed for IFE power plants. The most recent work includes Sombrero,
Prometheus-L, and KOYO for lasers; HYLIFE-II, Prometheus-H, and Osiris for heavy ions; LIBRA for light ions; and an interna-
tional effort to produce the International Atomic Energy Agency (IAEA) book, Energy from Inertial Fusion.

• Computer simulation of the response of in-chamber conditions to the pulsed energy release have been carried out at several univer-
sities. These simulation tools continue to grow in sophistication and are benchmarked to experiments whenever possible.

• Experiments on various aspects of liquid-wall chambers have also been conducted at the university level, and work is planned to
continue and expand these efforts.

• Conceptual designs and preliminary analyses for final optic systems have been completed. Experiments are being planned to
address critical issues with various approaches. Some radiation damage data have been obtained for fused silica.

• A target injection experiment was conducted at Lawrence Berkeley National Laboratory (LBNL) using a room temperature surro-
gate indirect-drive target. Plans are under way to extend this work to cryogenic temperatures with real direct- and indirect-drive
targets.

• Techniques for low-cost, mass production of IFE targets have been identified, and costs estimates indicate that cost and production
rate goals (<$0.25/target, at 4–10 Hz) are achievable, but these techniques require research, development, and demonstration
(RD&D).

• E&S studies of IFE power plants have been part of all major conceptual design studies, and comparative studies have also been
conducted. With some design modifications and more sophisticated analysis (e.g., including realistic isotope release data), the E&S
goals are expected to be met.

• Economic systems studies show that IFE in general might be competitive with other fusion approaches ($0.06 to $0.08/kWh) and
that the thick-liquid-wall approach can be competitive with advanced fission ($0.04 to $0.05/kWh) and coal ($0.05 to $0.06/kWh),
if the projected target performance and driver costs are achieved.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Verify the ability of chamber concepts to (1) survive the fusion energy pulse for adequate time periods and (2) recover sufficiently

between shots to allow target injection and beam propagation for the next shot.
•  Verify the operation and survivability of final optics concepts.
•  Verify target injection performance and survivability of cryogenic targets and demonstrate low-cost, mass production of targets.
•  Quantify and improve E&S and economic aspects of power plant designs.

Related R&D Activities
•  DP work on target fabrication and final optics protection for inertial confinement fusion (ICF) laser systems will include some

aspects that are applicable to IFE; the National Ignition Facility (NIF), Z, and/or X-1 will provide high energies for coupled
ablation/venting/condensation experiments; advanced target modeling will quantify target X-ray and debris emissions.

Recent Successes
•  A variety of conceptual design studies show that IFE can meet economic and E&S goals for future energy systems.

Budget
FY 1999 = $1–2M.
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Anticipated Contributions Relative to Metrics

Metrics
The primary metrics for commercial power plants are competitive cost of electricity (COE) and attractive E&S characteristics that

can compete with future energy sources. Achieving a competitive COE depends on combined success in achieving low capital cost,
good target performance (high gain, G), good driver performance (high efficiency, η), and high reliability of all the major subsystems
(target factory, driver, chamber, and power conversion equipment). The fraction of the gross electric power production needed to run
the driver is called the recirculating power fraction and is inversely proportional to the product ηG. The optimal ηG depends on the
achievable target gain and driver cost as a function of driver energy. If capital costs are low enough, competitive COE can be obtained
even with relatively low ηG (<10). The sensitivity of the COE to changes in η or G decreases with increasing ηG. Integrated systems
models for power plants, which include these cost and performance scaling relationships, are used to determine optimum operating
points.

Achieving acceptable E&S characteristics (e.g., requirement for no public evacuation plans) depends on either the development of
low-activation structural materials with acceptably long radiation damage lifetime or demonstration of the ability to shield ordinary
steels with a thick liquid wall that is self-renewing. Attractive E&S characteristics will also require design for tritium containment
during recovery and recycle into new targets and minimization of the plant tritium inventory, which may require rapid tritium-fill
techniques.

Near Term <5 years
•  Chambers—Continue development of computer modeling capabilities and conduct experiments on an aspect of chamber perform-

ance such as beam propagation through gas and liquid flow experiments.
•  Optics—Analyze and test various concepts to demonstrate basic feasibility questions.
•  Target fabrication—Develop foam targets for direct drive and include IFE considerations in DP target fabrication efforts.
•  Target injection—Conduct proof-of-concept experiment with cryogenic direct- and indirect-drive targets.
•  E&S and economics—Continue to develop and utilize E&S and systems modeling tools.

Midterm ~20 years
•  Develop adequate life chamber structures and final optics materials where needed.
•  Develop, demonstrate, and integrate low-cost target fabrication technologies.
•  Demonstrate final optics with full-scale beam line.
•  Ensure progression of increasingly integrated chamber experiments and model refinement, leading to design and demonstration of a

chamber for average power production in an engineering test facility (ETF).

Long Term >20 years
•  Construct a demonstration power plant.

Proponents’ and Critics’ Claims

Proponents claim that IFE power plants can provide an attractive future energy source that can compete with the alternatives on
economic and E&S criteria. They claim that the separability of IFE subsystems allows pursuit of parallel paths to minimize risk and
testing of components at small scale, which will reduce development costs. The ability to use liquid walls is a great advantage because
the need for a material development program can be avoided, chamber availability increases, and cost of blanket change-out decreases,
leading to lower COE. Proponents also point out that it is important to take advantage of the investment being made by DOE–DP on
ICF to utilize this technology for energy as well.

Critics claim that IFE power plants depend on technologies that have serious feasibility/credibility issues that are unlikely to be
favorably resolved, such as low-cost drivers and low-cost target production, the ability to track a target and hit it with the driver beam
while it is traveling 100–200 m/s, the ability of the chamber to reestablish conditions needed for target injection and beam propagation
in 200 ms or less, and the survivability of first-wall structure (dry wall) or the feasibility of liquid-wall chamber operating as advertised
at 4–10 Hz. Critics also question the attractive COE projections and the reliability of an integrated plant with tens of thousands of optics
or magnetic components.
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T-20.  ADVANCED DESIGN STUDIES
Description

Advanced design activities help shape the directions of the fusion energy sciences program by examining the technical and
economic potential of specific concepts such as electric and nonelectric energy sources. This is accomplished by analyzing potential
pathways to fusion development; incorporating plasma physics and technology research and development (R&D) into design methods;
conducting systems analysis of technical, economic, safety, and environmental performance; and by defining R&D needs to guide
present and future experimental and theoretical studies.
Status
•      Power plant studies   . Power plant studies have been performed for three decades. Since 1986, magnetic fusion energy (MFE) power

plant studies have been coordinated through the nationally organized Advanced Reactor Innovation and Evaluation Studies
(ARIES) team. During the past 12 years, numerous studies have been undertaken in support of changing strategies and focus of the
domestic fusion program. Full power plant studies have been performed for a reversed-field-pinch (TITAN), a stellarator (SPPS),
and several tokamaks (ARIES-I through IV, PULSAR, and ARIES-RS). The current study of a spherical tokamak (ARIES-ST) is
nearing completion. Concurrent with examination of these confinement concepts, many innovative technology solutions have been
proposed or examined. Power core design concepts featuring advanced ferritic steels, vanadium alloys, and SiC/SiC composites
have been technically assessed in system studies. Advanced divertor concepts have been examined. A variety of enabling technol-
ogy innovations have been developed in the areas of magnet systems, heating and current drive, fueling, and maintenance schemes.

•      Next-step option (NSO) studies   . Design of fusion test facilities such as burning plasma experiments and technology and material
testing facilities are under way to provide data to enable program decisions. This program element includes ongoing analysis of
critical issues, maintenance of necessary physics and technology databases and identification of their limitations, development of
engineering and physics design analysis capability, and assessment of systems issues arising from physics-technology interfaces.
This program element also links broad national and international interests in fusion development and explores options with sub-
stantial variation in performance, cost, and technology requirements.

•       Markets, customers, and strategic planning   . The advanced design studies program has engaged in scoping studies to provide a
clearer vision of the performance, economic, safety, and environmental requirements for a viable fusion energy source. The ARIES
team established a Utility Advisory Committee, which worked in conjunction with a similar Electric Power Research Institute
(EPRI) fusion working group, to help develop economic requirements and a new Department of Energy  (DOE) fusion safety stan-
dard. Efforts to quantify markets and customers for current and evolving fusion applications are ongoing. A new initiative to
explore potential neutron source design concepts has been started.

Current Research and Development
R&D Goals and Challenges

The goal of conceptual power plant studies is to articulate a vision for commercially viable fusion products by determining the
specific technical requirements and integrating recent R&D results into the most attractive and technically credible product. High-
leverage areas of R&D are determined such that new directions for the base program can be initiated to improve the attractiveness of
the products. High capital cost combined with present uncertainties in physics and engineering capabilities, as well as the uncertainties
in the future marketplace, are principal challenges in meeting the overall goal.

The primary goal of NSO studies is to develop cost reduction strategies for burning plasma experiments by establishing technical
objectives and margins, with a view to establishing minimum cost option(s) that satisfy the overall programmatic objectives; and by
assessing the rationale of broader concepts to achieve the proposed performance guidelines and the positive or negative impact on the
development path toward fusion energy.
Related R&D Activities

The success depends strongly on interactions with the major physics and technology R&D elements of the U.S. and world fusion
programs. Similar activities exist in Japan and Europe, although the U.S. program has more ambitious goals.
Recent Successes

ARIES-I set a benchmark for the tokamak program for several years and was used as one guide for the design and research pro-
gram for the Tokamak Physics Experiment (TPX). The advancement of SiC/SiC composites for their safety and environmental fea-
tures led to a significant materials R&D program. The ARIES-RS design, which grew out of the most favorable operating mode dis-
covered for the TPX, is now recognized by the worldwide fusion community as a reference advanced tokamak (AT) for both the
physics and technology programs. ARIES-RS, and especially ARIES-ST, have demonstrated design methods for rapid maintenance,
which allow for high plant availability. Physics “figures of merit” have been quantified to help guide the physics and confinement
programs, and low-cost fabrication techniques have been proposed. Other recent accomplishments include the many aspects of the
ITER engineering design and the development of physics and engineering design solutions.
Budget

The budget for ARIES power plant studies is approximately $1.9M and is distributed to Argonne National Laboratory (ANL),
General Atomics (GA), the Massachusetts Institute of Technology (MIT), Pacific Northwest National Laboratory (PNNL), Princeton
Plasma Physics Laboratory (PPPL), the University of California–San Diego (UCSD), Boeing, and the University of Wisconsin–
Madison. Idaho National Engineering and Environmental Laboratory (INEEL) provides additional support from safety and environ-
mental program funds. The NSO budget is approximately $3.5M.
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Anticipated Contributions Relative to Metrics

Metrics
Quantitative metrics for evaluating the attractiveness of fusion power plants have been developed and continue to evolve as a

result of interactions with customers, interest groups (such as environment advocates), government, and industry representatives.
These metrics relate to economics, safety, and environment, special attributes such as operability and plant size, and physics figures-
of-merit. Unlike R&D programs in which achievement of the metrics is demonstrated via experiments and fundamental research, inte-
grated conceptual design studies rely on close coupling to the base program. The contribution of power plant studies is achieved
through assessments and recommendations that help guide the DOE program to the desired goal. The pace of progress is intimately
tied to the pace of progress in the base program.

Near Term ≤≤≤≤5 years
Deliverables for power plant studies include the following:

•  Advanced power plant studies of tokamaks and alternatives [including inertial fusion energy (IFE)] as new information becomes
available and/or a concept enters the proof-of-principle stage.

•  Conceptual design studies of advanced neutron sources for nonelectric applications and for fusion development (technology
testing).

•  Design studies of a large-output fusion device for hydrogen (or cogeneration).

The primary deliverable for the NSO program is to develop a low-cost design option.

Proponents’ and Critics’ Claims

During the past decade, one of the recurrent criticisms of fusion energy is that the product is not sufficiently attractive; even if we
succeed in developing a fusion power plant, no one will want it. The high cost of a next-step device exacerbates this criticism and
makes people wonder how an experiment can cost more than the final product. Recent criticism suggests that the problems with fusion
are too difficult to solve. In defense of the program, dramatic improvements in our vision of an attractive power plant have emerged
during the past decade through innovations and positive R&D results. As compared with tokamaks of the 1970s and 1980s, the current
generation of ATs offers many features that would lead to an attractive base-load generating station. Utility representatives have indi-
cated that the projected cost of electricity from fusion is not unreasonable if the technology can be developed as currently envisioned.
As one of very few options for a long-term and environmentally acceptable energy source, the United States and the world cannot
afford to ignore the potential of fusion.
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C.5 PLASMA SCIENCE

A plasma is a gas or fluid in which the two charged atomic constituents—positive nuclei and negative
electrons—are not bound together but able to move independently: the atoms have been ionized. (The term
“plasma” was first used by Langmuir in 1928 to describe the ionized state found in an arc discharge.) Because
of the strength and long range of the Coulomb interaction between such particles, plasmas exhibit motions of
extraordinary force and complexity. Even in the most common “quasi-neutral” case where the net charge den-
sity nearly vanishes, small, local charge imbalances and local electric currents lead to collective motions of the
fluid, including a huge variety of electromagnetic waves, turbulent motions, and nonlinear coherent processes.

Plasma is the stuff of stars as well as interstellar space; it is the cosmic medium. Plasma also provides the
earth's local environment, in the form of the solar wind and the magnetosphere. It is in some sense the natural,
untamed state of matter: only in such exceptional environments as the surface of a cool planet can other forms
of matter dominate. Moreover terrestrial plasmas are not hard to find. They occur in, among other places, light-
ning, fluorescent lights, a variety of laboratory experiments, and a growing array of industrial processes. Thus
the glow discharge has become a mainstay of the electronic chip industry. The campaign for fusion power has
produced a large number of devices that create, heat, and confine plasma—while bringing enormous gains in
plasma understanding. The high electrical conductivity in quasineutral plasmas short-circuits electric fields over
length scales larger than the so-called Debye length, λD = 69 [T(°K)/n (m–3)]1/2 m, where T is the temperature
and n the density. (A similar effect, involving plasma rotation, occurs in magnetized nonneutral plasmas.) The
collective effects most characteristic of plasma behavior are seen only on longer length scales, L >> λD.  An
important categorization of plasma processes involves the so-called plasma parameter, Λ = 4 π n λD

3, measur-
ing the number of particles in a “Debye sphere.” Note that Λ decreases with increasing density. Most terrestrial
and space plasmas have Λ >> 1, while the extremely dense plasmas occurring in certain stellar and inertial
fusion environments can have Λ < 1. The latter are called strongly coupled plasmas.

Conceptual tools

The central intellectual challenge posed by plasma physics is to find a tractable description of a many-body
system, involving long-range interactions, collective processes, and strong departures from equilibrium. This
challenge has stimulated a remarkable series of scientific advances, including the concept of collisionless
(Landau) damping, the discovery of solitons, and the enrichment of research in chaos. It is deep enough and dif-
ficult enough to remain a challenge of the highest level for many years—even with the huge increases in com-
putational power that it has helped to stimulate. It has been addressed so far by a combination of several
approaches. The simplest route to insight is to track the motion of individual charge particles in external pre-
scribed magnetic and electric fields. In a nonuniform magnetic field, the orbit of a charged particle consists not
only of the basic helical motion around a field line but also of the guiding-center drifts arising from gradients
and curvature of the magnetic fields. Kinetic theory, using an appropriate version of the Boltzmann collision
operator, provides a more generally reliable, if not always tractable, approach. In the case of a stable (non-
turbulent) plasma, the kinetic approach reduces to a plasma version of collisional transport theory and provides
useful expressions for the particle and heat fluxes. If the plasma is magnetized, transport processes perpendicu-
lar to the magnetic field are accessible even when the collisional mean-free path is very long—even, that is,
when guiding-center drift motion between collisions must be taken into account. Such transport is termed
classical or, when it is affected by guiding-center motion, neoclassical. Fluid descriptions of plasma dynamics
make sense in certain circumstances; they are almost always used to describe turbulence. Sufficiently fast
motions of a magnetized plasma are accurately characterized by a relatively simple fluid theory, called
magnetohydrodynamics (MHDs). MHDs and its variants remain the major tools for studying plasma instability.
Instabilities lead generally to turbulence and to the increase of transport far above classical or neoclassical
levels. Other, slower instabilities require a more complicated description, essentially because their timescales
are comparable to those of the guiding-center drifts, collisions, or other processes omitted by MHD. Drift
waves, which can be destabilized by fluid gradients, are a characteristic example; a drift-wave instability driven
by temperature gradients is believed to dominate transport in many tokamak experiments. Such phenomena are
studied using kinetic theory or by means of a variety of fluid models, all approximate.
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S-1.  HAMILTONIAN DYNAMICS

Description
Discrete Hamiltonian dynamics is defined by the ordinary differential equations dq/dt = ∂H(p, q, t)/∂p and dp/dt = -–∂H/∂q. The

variables (p, q, t) are the canonical momentum, coordinate, and time, and H is the Hamiltonian. Continuum Hamiltonian dynamics is
an analogous set of equations but with p and q generalized from being variables to functions of position, momentum, and time. Dis-
crete Hamiltonian dynamics has three areas of application: the trajectories of charged particles, the rays of geometric optics, and the
trajectories of magnetic field lines. Continuum Hamiltonian dynamics gives systematic methods of calculation in the fluid (magneto-
hydrodynamic) theory of plasmas and in the kinetic (Vlasov or gyrokinetic) theory.

Status
The magnetic fusion program has been the origin of many of the widely recognized developments of Hamiltonian dynamics.

Examples include the techniques pioneered by J. Greene for finding the threshold of chaotic dynamics, techniques for removing chaos,
and noncanonical Hamiltonian dynamics.

Current Research and Development (R&D)
R&D Goals and Challenges

The classical application of Hamiltonian dynamics has been to the study of particle trajectories. A plasma example is the simplifi-
cation of trajectory calculations, using the conservation of the magnetic moment to define a drift Hamiltonian. The drift Hamiltonian
eliminates the need for following the circular gyromotion of charged particles and provides an enormous saving of computer
resources. However, the saving of a few orders of magnitude in computer time is trivial when compared to other benefits:

•  The discovery of the chaotic loss mechanism for fusion alphas, which determines the number of toroidal field coils required in a
tokamak power plant. This discovery was made using the techniques of maps of Hamiltonian dynamics applied to the drift
Hamiltonian.

•  Solutions to what was thought to be a fatal flaw of stellarators—poorly confined particle drift orbits. The drift Hamiltonian implies
the magnitude of the magnetic field, and not the vector properties; it determines the quality of trajectory confinement transverse to
the magnetic field. The field strength, and therefore the drift Hamiltonian, can have a symmetry, such as toroidal symmetry, not
possessed by the magnetic configuration. Such symmetries ensure the invariance of a component of the canonical momentum and
excellent trajectory confinement. This is the concept of a quasisymmetric stellarator. Stellarators with good trajectory confinement
are also based on the concept of quasi omnigeneity, another invention that came from exploiting the dependence of the drift Ham-
iltonian on the magnitude, and not the vector properties, of the magnetic field.

•  Efficient numerical simulations of plasma transport properties based on the drift Hamiltonian. These simulations use either Monte
Carlo methods to obtain the transport associated with given electric and magnetic fields or determine self-consistently the fluctu-
ating electric potentials and their effects on the charged particles that form a plasma. Techniques developed for toroidal plasmas
are used in the study of astrophysical plasmas.

•  The preservation of the subtle constraints on trajectories in Hamiltonian dynamics. Appreciation of these constraints has lead to
symplectic integration algorithms, which preserve the exact Hamiltonian structure and greatly improve the reliability of calcula-
tions of long-term trajectory behavior.

Related R&D Activities
The propagation of waves that have a short wavelength in comparison to the scale in which they are propagating is given by

Hamiltonian dynamics with the wave frequency being the Hamiltonian and the wave vector the canonical momentum. These equations
are the basis for the many ray propagation codes used throughout plasma physics.

Recent Successes
The fact that the magnetic field lines in toroidal plasma confinement devices rigorously obey Hamiltonian dynamics may be sur-

prising. The three spatial coordinates (x, y, z) of field lines are functions of the three canonical variables (p, q, t) of a Hamiltonian.
With the realization that field lines obey exact Hamiltonian dynamics, several important advances in plasma physics were quickly
made.

•  Chaotic field line effects were incorporated into the particle drift equations and, therefore, into Monte Carlo simulations of
transport.

•  Methods for eliminating the deleterious effects of magnetic field perturbations using trim coils were developed. Originally the
focus of this technique was stellarators, but it has recently been appreciated that large tokamaks may require trim coils. Techniques
that were developed to improve magnetic surfaces have been extended to improve the quality of particle confinement in
accelerators.

•  The role of the parallel electric field in the break up of magnetic surfaces was clarified.
•  The importance of nulls in the evolution of astrophysical magnetic fields was appreciated and is being investigated using Hamilto-

nian techniques.
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Anticipated Contributions Relative to Metrics

Metrics
The measures by which progress in Hamiltonian dynamics can be judged are (1) the insights afforded that lead to significant

inventions, (2) the improved understanding of plasma phenomena, and (3) the development of new or more efficient calculational
techniques. Areas in which rapid progress is being made in the application of Hamiltonian dynamics include (1) methods for simpli-
fying the design of stellarator coils while preserving the quality of the magnetic surfaces, (2) the properties of the divertor separatrix in
a tokamak in the presence of magnetic perturbations, and (3) the nature of negative energy modes (perturbations that reduce the sys-
tem energy) in plasmas and their relation to similar modes in fluids.

Proponents’ and Critics’ Claims

In many fields of plasma physics, such as in stellarator research, the applications of Hamiltonian dynamics have become so perva-
sive that they define the way of thinking and are no longer considered the preserve of theorists or a special set of techniques. In these
areas, asking the future importance of Hamiltonian techniques is almost like asking the future importance of the techniques of
calculus.



122

S-2.  LONG MEAN-FREE PATH PHYSICS

Description
In a plasma (or neutral gas) dominated by collisions, particle motion is randomized on a spatial scale that is short compared to the

scale for change in the temperature or density. As a result, the plasma flows of mass and heat are linearly related to the local pressure
and temperature gradients, and a tractable fluid description—exemplified by the equations of Spitzer, Chapman-Cowling, or
Braginskii—is possible. Fluid equations have the key advantage of being set in three-dimensional coordinate space rather than the six-
dimensional phase space of the kinetic equation. For small collisionality, on the other hand, closure of fluid equations is not obviously
possible, and the traditional approach has been to revert to kinetic theory. The primary goal of long mean-free path research is to find
a contracted description of a collisionless or nearly collisionless plasma that attains some of the simplicity of the fluid description. In
particular, while application of long mean-free path research invariably uses computation, one seeks to improve on the computational
enormity of raw particle simulation and its variants.

Because the spatial localization provided by cyclotron (or guiding-center) orbits in a magnetized plasma allows a straightforward
fluid description of dynamics perpendicular to the field, most long mean-free path theory is focussed on parallel dynamics. It is often
studied in combination with plasma-neutral interactions, as well as atomic physics.

Status
Long mean-free path research has been dominated by theory because of its intrinsic theoretical interest, especially as a domain

from which fundamentally new plasma descriptions might arise and because direct experimental tests of long mean-free path con-
structs are rarely straightforward. Yet long mean-free path physics has enormous practical significance, affecting many
phenomena—such as plasma stability, laser-plasma interaction, and plasma edge physics—in which gradients can become steep.
Partly for this reason, recent experiments on both tokamaks and laser-produced plasmas seem to be slowly changing this theoretical
domination; in any case, the recently increased experimental interest is clear.

Current Research and Development (R&D)

R&D Goals and Challenges
The use of long mean-free path physics in fusion science is mainly concerned with three overriding goals:

•  Understanding the dynamics of the edge region of a confined plasma. This region determines heat loads on the vessel wall as well
as divertor operation; it typically contains subregions in which the gradient scale lengths are no longer than the mean-free path.

•  Characterizing heat transport due to high-energy electrons in laser-irradiated plasmas used in inertial confinement fusion. The
energy dependence of the Coulomb cross section implies that the mean-free path of energetic electrons approaches the gradient
scale length of the ambient plasma.

•  Efficiently describing stability, low-collisionality relaxation, and turbulence in the interior region of a magnetically confined
plasma, where mean-free paths usually far exceed parallel connection lengths.

Long mean-free path physics involves fundamental questions of particle motion and fluid closure that bear significantly on
research in other areas, including astrophysics, short-pulse laser physics, and space physics. (The mean-free path in key regions of the
earth’s magnetosphere is approximately the same as the distance from the earth to the planet Jupiter.)

Related R&D Activities
The campaign to understand turbulent transport in tokamaks is primarily concerned with perpendicular dynamics but, as noted,

uses long mean-free path parallel physics to characterize instability and relaxation mechanisms that underlie the turbulence. The
interaction between a hot plasma and electromagnetic radiation (as occurs in various wave-heating schemes) uses long mean-free path
physics, even when collisions play a crucial role. Studies of magnetic island formation and evolution, including the “neoclassical
instability theory,” invariably use long mean-free physics.

Recent Successes
The gyro-fluid code, based on a fluid description of long mean-free path parallel dynamics in the tokamak core, made predictions

in good agreement with experimental observations over a remarkably wide range of operating conditions on the Tokamak Fusion Test
Reactor (TFTR). A combination of fluid and Monte Carlo codes show increasing reliability in predicting edge dynamics on the
Doublet III-D (DIII-D) tokamak. Long mean-free path analysis of magnetic island evolution similarly grows increasingly realistic and
predictive.
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Anticipated Contributions Relative to Metrics

Metrics
Tractable, efficient, numerical–analytical models that use contracted descriptions to accurately describe such areas as pellet

dynamics, tokamak divertor operation, and turbulent transport.

Proponents’ and Critics’ Claims

Because its relation to experiment has been exploited only recently and because of the complexity of the phenomena it attempts to
understand, long mean-free path predictions are often disputed. Proponents find experimental encouragement that a contracted yet
reliable description of collisionless phenomena is possible and even in part achieved; critics suspect that nothing less than numerical
simulation at the particle level can address the relevant issues.
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S-3.  WAVE-PARTICLE INTERACTIONS

Description and Status
The dynamical evolution of a plasma is often governed by a variety of collective phenomena involving exchange of energy and/or

momenta between the plasma constituents and externally (or internally) generated waves (referred to as wave-particle or wave-plasma
interactions). Early studies of radio wave propagation in the ionosphere spurred the development of the theory of waves in plasmas.
Even today, complicated models involving mode conversion, power absorption, and generation of energetic particles are used in mag-
netospheric physics and astrophysics to describe such phenomena as solar coronal heating, interactions of the solar wind with the
magnetosphere, and cyclotron emission observed in the Jovian system. The use of applied electromagnetic waves for controllable
modification of magnetically confined plasmas has been a major part of the fusion program almost since its inception. External means
of plasma heating and noninductive current generation have evolved into tools for increased plasma performance through control and
modification of plasma density, temperature, rotation, current, and pressure profiles. The localized nature of wave-particle interactions
provides a pathway for the development of optimization and control techniques for the creation and long-time-scale maintenance of
high-confinement, stable operating regimes in toroidal magnetic confinement systems. Underlying the success of any of these methods
are such issues as power deposition localization and power partitioning among plasma species, process efficiency, parasitic absorption
paths, plasma profile modifications, and edge interactions. The fundamental models describing these wave-particle interactions are
common to all plasmas, both laboratory-based and those that occur naturally throughout the universe.

Current Research and Development (R&D)

R&D Goals, Challenges, and Related Activities
•  Continue to develop a fundamental understanding of wave-driven flows in magnetized laboratory and space plasmas.
•  Continue to develop a comprehensive understanding of the nature of interactions between plasma waves and energetic particles

present in a plasma due to external injection processes, wave-driven acceleration, or as a by-product of fusion reactions.
•  Continue to develop the theory of wave-particle interactions in inhomogeneous magnetized plasmas, including plasmas in which

the particle’s larmor radius is comparable to the scale length of the waves and/or the size scales of the equilibrium
inhomogeneities.

•  Experimentally demonstrate and theoretically justify robust methods for transport barrier formation and transport control via
localized wave-plasma interactions in a variety of magnetic confinement devices.

•  Demonstrate controlled off-axis localized current drive schemes needed for sustaining optimal regimes of operation and/or for
feedback stabilization of instabilities in a variety of magnetic confinement devices.

•  Complete the development of reliable methods for heating reactor-class plasmas in a variety of magnetic confinement devices.
•  Investigate use of radio frequency (rf) for improving tokamak performance via such techniques as alpha channeling, alpha buckets,

and bulk plasma rotation drive for suppression of instabilities.
•  Continue development of quantitatively accurate theoretical and numerical models capable of providing meaningful extrapolations

to next-step devices.
•  Concurrently develop advanced wave launchers that can reliably deliver power efficiently to magnetically confined plasmas.

Recent Successes
•  Efficient ion cyclotron range of frequencies (ICRF) heating of deuterium-tritium (D-T) plasmas has been demonstrated in reactor-

relevant plasmas.
•  Slab model wave codes have been developed, which are valid for arbitrary ratios of the ion gyroradius to the perpendicular

wavelength.
•  Mode conversion has been investigated and benchmarked with theory in laboratory and space-based plasmas.
•  The rf-driven energetic ion distributions have been observed to influence the stability of magnetically confined plasmas, in agree-

ment with basic theoretical models.
•  Full noninductive current drive in toroidal magnetically confined plasmas has been achieved at moderate densities for pulse lengths

lasting up to about 2 min, and at low densities for up to 30 min.
•  The rf-driven internal transport barrier formation and enhanced energy confinement have been observed.
•  High-confinement regimes with internal transport barriers have been maintained using noninductive current profile control for a

few energy confinement times.
•  Incomplete suppression of neoclassical instabilities via localized noninductive current drive has been experimentally observed.

Budget
DOE support supplied as part of the funding for major facilities. Some funding from the National Aeronautics and Space Admini-

stration (NASA) and the National Science Foundation (NSF).
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Electromagnetic Wave Propagation and Mode Conversion
is Common to Space and Laboratory Plasmas
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Electromagnetic wave propagation and mode conversion is common to space and laboratory plasmas.

Anticipated Contributions Relative to Metrics

Metrics
•  Quantitatively accurate predictive and analysis code capability.
•  Demonstration of robust, reactor-relevant, wave-based profile control techniques with economically acceptable power level

requirements.

Near Term ≤≤≤≤5 years
•  Experimental evaluation of the effectiveness of rf-based methods for suppression of magnetohydrodynamic (MHD) and neo-

classical instabilities.
•  Improved numerical codes capable of accurately representing mode conversion phenomena in two dimensions (2-D).
•  Experimental evaluation of the effectiveness of rf for the generation of internal transport barriers in magnetically confined plasmas.
•  Experimental evaluation of the effectiveness of noninductive current profile control techniques for sustaining high-performance

plasmas.

Midterm ~5–10 years
•  Detailed understanding of wave propagation, absorption, and mode conversion in magnetically confined plasmas with three-

dimensional (3-D) equilibrium inhomogeneities.
•  Detailed fully self-consistent 3-D models for wave-plasma coupling dynamics and antenna design optimization.
•  Fully self-consistent numerical models that incorporate effects of wave-induced evolution of the particle distribution function on

the wave propagation and absorption processes.

Long Term >10 years
•  New generation of wave launchers suitable for long-pulse sustained coupling of waves to a high fusion reactivity, reactor-relevant

plasma.
•  Experimental evaluation of the effectiveness of external wave-based plasma profile control in plasmas with dominant self-heating

and self-current generation.
•  Fully predictive, fast numerical models for wave coupling, propagation, mode conversion and absorption, with self-consistent

treatment of finite orbit effects, wave-induced velocity space evolution of particle distribution functions, energy and momentum
diffusion, particle losses and collisions.

Proponents’ and Critics’ Claims

Based on the achievements of the past two decades, proponents claim that wave-based methods of profile control will provide the
improvements needed to make fusion energy production economically attractive. Critics claim that the power levels needed for profile
control in a D-T burning plasma will be prohibitively high, that the localization needed for effective profile control will be unattain-
able, and that real time control of the plasma profiles will prove to be impractical.
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S-4.  TURBULENCE

Description
Turbulence is a ubiquitous phenomenon in nature. It is generated as a spontaneous way of releasing the free energy associated

with gradients. It breaks the symmetry of the physical system and involves multiple time and space scales. In plasmas, turbulence is
induced by plasma instabilities that may cover many scale lengths; therefore, there is not necessarily an inertial ranges in those cases
(turbulence drive can be active in all ranges of scale lengths).

Turbulence plays several roles in plasma physics phenomena:

•  Particle and energy loss in magnetically confined plasmas. Turbulence is the underlying mechanism of standard plasma transport;
it can also lead to catastrophic losses, as in the case of disruption phenomena.

•  Induced plasma heating by energy transfer.
•  Magnetohydrodynamic turbulence in space and astrophysical plasmas.
•  Plasma self-organization. Under special conditions, turbulence can transfer energy/momentum from small scales to large scales and

can lead to a new state with restored symmetry. Examples are the dynamo effect, shear flow amplification, and zonal flows.

Status
Turbulence is an open issue in science in general. In plasma physics, the research status follows:

•  Theory. A limited number of single-equation problems have been treated using renormalization techniques. There is understanding
of some turbulence saturation mechanisms: mixing length, resonance broadening, and nonlinear mode coupling. The turbulence
suppression by global shear flows has been predicted. There is some initial theoretical understanding of the basic mechanisms
leading to self-organization of magnetic fields and global flows. There are possible bifurcations and transitions associated with the
plasma self-organization.

•  Experiment. Broad fluctuation spectra, both in frequency and wavelength space, have been measured under different conditions.
Radial correlation lengths of the order of 1 to 3 cm have been determined in magnetically confined plasmas. There is evidence of
turbulence being the cause of anomalous transport in magnetically confined plasmas. There are reasonable (mostly intrusive) diag-
nostics to investigate turbulence in cold plasmas. In hot plasmas, the diagnostics are limited to the measurement of density fluc-
tuations and electron temperature fluctuations. We lack systematic studies of turbulence properties. Clear experimental evidence of
shear flow in suppressing turbulence has been found, although details of the process in different channels need to be unraveled.
Experimenters have produced regions where turbulence is suppressed; as a consequence, transport barriers are created in plasmas.
Experimenters are able to reproduce the conditions for creation of transport barriers. This leads to improved confinement regimes.

•  Modeling. The three-dimensional (3-D) magnetic geometry of confinement systems, the coupling to electromagnetic fields, and the
disparity of basic scale length of electron and ion dynamics makes numerical simulation difficult. There has been progress in
gyrokinetics and gyrofluid modeling of electrostatic turbulence for limited plasma regions. Resolution is still an issue with present
computers. Simulations in realistic geometry are needed (e.g., incorporating X-points); local magnetic shear associated with the
divertor X-points (even when the X-points remain outside the vacuum vessel) has a significant impact on the stability of modes
leading to boundary turbulence. Comparisons with experiments to date were limited to the ion thermal diffusivity. More compre-
hensive diagnostics including fluctuation spectra and flux probability distribution function of simulations are needed for detailed
and meaningful comparisons to experiments.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Control of turbulence in magnetic confinement devices to operate under optimized conditions.
•  Understanding magnetic field generation through dynamo effects.

Related R&D Activities
•  Confinement and transport studies.
•  Plasma instabilities.

Recent Successes
•  Understanding the effect of sheared flows on turbulence.
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Anticipated Contributions Relative to Metrics

Simulations showing turbulent-like eddies disrupted by strongly sheared plasma flow.

Near Term ≤≤≤≤5 years
•  Understanding the role of meso-scales in plasma turbulence and the potential impact on transport.
•  Document dynamo effects in reserved-field-pinch (RFP) devices.
•  Tests of shear flow amplification and flow drive by radio frequency (rf).
•  Documenting the coupling of edge plasma turbulence with scrape-off layer (SOL).
•  Reduced models of electrostatic turbulence applied to core transport.

Midterm ~20 years
•  Control of turbulence in magnetically confined plasmas.
•  Computational modeling of turbulence in tokamaks incorporating core and SOL.
•  High-resolution core electrostatic turbulence calculations.
•  High-resolution edge electromagnetic turbulence calculations.
•  Development of high-resolution two-dimensional (2-D) diagnostics for imaging.
•  Systematic documentation of plasma core turbulence in fusion devices.
•  Magnetic turbulence measurement in hot plasmas.

Long Term >20 years
•  Computational modeling of turbulence in tokamaks incorporating core and SOL with high resolution.
•  Full electromagnetic modeling of turbulence.
•  Systematic visualization of 3-D turbulence in experiments.
•  Fusion reactor operation with turbulence control systems.
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S-5.  HYDRODYNAMICS AND TURBULENCE

Description
Hydrodynamics and turbulence represent a very important subset of the physics issues important to inertial fusion confinement

(ICF) and inertial fusion energy (IFE) target design. Understanding and controlling the time-dependent evolution of hydrodynamic
instabilities and ICF/IFE capsule implosion are crucial to designing a high-gain target design. It is generally agreed that successful
ICF/IFE target implosions will require minimizing the effects of hydrodynamic instabilities on target performance.

Status
•  To a large extent the majority of the work accomplished in the area of understanding hydrodynamic instability in high-energy den-

sity systems has been carried out as part of the Department of Energy (DOE)–Office of Defense Programs (DP) ICF and Core
Weapons Physics Programs. This work has focused on understanding the temporal evolution of the Rayleigh-Taylor (RT) and
Richtmyer-Meshkov (RM) instabilities.

•  Significant progress has been made by the ICF program in understanding the linear and “quasi-to-near” nonlinear RT instability in
ablatively driven systems. This work has included two-dimensional (2-D) and three-dimensional (3-D) perturbations.

•  As part of the DOE–DP Core Weapons Physics programs, significant work is being devoted to understanding the temporal evolu-
tion of hydrodynamic instabilities from the linear regime to turbulence. A significant portion of this work is experimental investi-
gation of these phenomena. The facilities used in this work range from “classical fluid” experimental facilities, such as shock
tubes, to high-energy density systems, such as laser-driven experiments.

Current Research and Development (R&D)

R&D Goals and Challenges
•  For ICF/IFE target implosions the goals and challenges remain understanding and controlling/minimizing the development of

hydrodynamic instabilities that could affect the overall target gain performance. This work requires understanding the seeds for the
instabilities as well as the temporal development of those seeds.

•  In the area of indirectly driven ICF, significant progress has been made in understanding the development of hydrodynamic insta-
bilities in imploding systems. The challenges are now moving to fabricating targets (cryogenic) to meet the surface finish require-
ments set by the need to limit the effect of hydrodynamic instabilities.

•  In the area of direct-drive ICF, significant progress has been made in understanding the temporal evolution of hydrodynamic insta-
bilities in these implosion systems. The significant challenges become controlling the seed to the instabilities and arriving at cap-
sule designs that minimize the growth of the instabilities while still achieving acceptable levels of gain. For directly driven implo-
sion systems, this encompasses perturbations due to both target fabrication as well as laser nonuniformities (imprinting). The cap-
sule fabrication issues for direct drive are similar to indirect drive. Laser imprinting is unique to direct drive and requires beam-
smoothing development for laser-driven options.

Related R&D Activities
•  Coordination with the work being performed on understanding hydrodynamic instabilities as part of the DOE–DP core weapons

program.
•  Coordination with the code development being carried out under the DOE–DP Advanced Strategic Computing Initiative (ASCI)

Program. A major objective of this work is improved hydrodynamic instability modeling in both 2-D and 3-D as well as the devel-
opment of subgrid-scale mix/turbulence models for use in these codes.

Recent Successes
•  In the area of laser-driven indirect-drive designs, significant understanding of the linear to quasi-to-near nonlinear development

of the ablatively driven RT instability has been demonstrated. This work and understanding was critical in helping to convince
numerous scientific peer review committees of the readiness to move forward with the National Ignition Facility (NIF). This work
and understanding also has direct relevance to indirectly and directly driven heavy ion fusion designs.

•  In the area of directly driven systems, significant progress has been made in understanding and controlling the imprinting caused
by laser nonuniformities.

•  Modern 3-D hydrodynamic codes have been developed as part of the DOE–DP ASCI Program.

 Budget
•  DOE–OFES: FY 1999 = ~$9M (~$0.5M for target design).
•  DOE–DP-ICF: FY 1999 = ~$500M including NIF construction (~$7–10M for target physics/design related activities).
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Anticipated Contributions Relative to Metrics

Metrics
•  For IFE, identification of target designs coupled with reactor systems that meet the requirements for the competitive cost of elec-

tricity for commercial power are anticipated. With respect to hydrodynamic instabilities in directly driven systems, this will require
increased experimental data in a number of critical areas as well as integrated multidimensional design simulations.

•  Understanding and control of perturbation seeds and temporal evolution of hydrodynamic instabilities are anticipated so as to be
able to achieve ignition and thermonuclear gain using ICF.

Near Term ≤≤≤≤5 years
•  Important experimental results are expected in the area of direct-drive laser-driven target performance from the Omega and Nike

laser systems. This work will be related to identifying and controlling the sources of the initial perturbations as well as under-
standing the linear and nonlinear evolution of those instabilities.

•  Significant theoretical and experimental work will be performed during this period by the DOE–DP Core Program toward the
understanding of hydrodynamic instabilities and turbulence. This work is directed toward understanding the more complicated
problem of highly nonlinear flows and transitions to turbulence. Improved understanding, numerical simulation algorithms, and
mix models are a potential outcome of this effort.

•  Improved 2-D and 3-D hydrodynamic codes will become available for use in this time period. During this time period, these new
codes will not be fully validated against experimental data and “benchmark” simulation results. This process will continue beyond
the 5-year time period. These codes will be funded entirely by the DOE–DP ASCI.

Midterm ~20 years
•  Of major importance during this time period will be the experiments to obtain ignition using both indirect- and direct-drive laser-

driven targets on the NIF. These experiments will help define the feasibility of the indirect- and direct-drive approaches for fusion
energy and will serve as the “test” of our integrated understanding of hydrodynamic instabilities in ICF systems.

•  Once ignition is achieved on the NIF, IFE relevant target design concepts would be tested during this time period. These experi-
ments could be used to explore the instability “limits” presently being placed on ignition designs. This work could lead to
improved target performance and/or reduced target fabrication and/or beam-smoothing requirements.

•  Significant theoretical and experimental work will be performed during this period by the DOE–DP Core Program toward the
understanding of hydrodynamic instabilities and turbulence. This work is directed toward understanding the more complicated
problem of highly nonlinear flows and transitions to turbulence. Improved understanding, numerical simulation algorithms, and
mix models are a potential outcome of this effort.

•  Mature and validated 3-D codes will be used for IFE target designs.

Long Term >20 years
•  An IFE fusion power plant will be developed.

Proponents’ and Critics’ Claims

Proponents claim that work carried out as part of the DOE–DP effort into indirect-drive ICF shows that this approach to IFE is
viable and that hydrodynamic instabilities (both their seeds and evolution) can be controlled.

Currently the criticism surrounding the use of the ICF concept for fusion energy range from “it will not work at energy scales
relevant to fusion applications” to “it will not be possible to be cost competitive with other approaches for producing energy in the
future.” With respect to hydrodynamic instabilities, critics cite that the small energies (and small margins) required for ICF hydro-
dynamic instabilities cannot be controlled to the level required to achieve ignition and significant thermonuclear burn. With the NIF
coming on-line in the near future, the community will be in a much better position to answer the criticism for both indirect- and direct-
drive ICF capsule implosions.
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S-6.  DYNAMO AND RELAXATION

Description
The dynamo describes processes that lead to the generation and sustainment of large-scale magnetic fields. The area of most

intense theoretical examination is the turbulent dynamo, the production of large-scale magnetic fields due to turbulent fluid motions.
Dynamo studies originated in astrophysical studies to explain the existence of cosmic magnetic fields associated with planets, stars,
and galaxies, where the presence of magnetic fields is inconsistent with simple predictions using a resistive Ohm’s law. Dynamo pro-
cesses play an important role in sustaining the magnetic configurations of low-field magnetic confinement devices.

A topic related to the dynamo is plasma relaxation, where the plasma self-organizes into a preferred state. Self-organization is
related to selective decay processes, where the effects of small amounts of dissipation cause different rates of decay for invariants of
the dissipationless systems. In decaying turbulence described by three-dimensional (3-D) magnetohydrodynamics (MHDs), energy
decays relative to magnetic helicity, which predicts that systems relax to large-scale, static configurations where the magnetic field
and plasma current are aligned.

Status
The most successful use of relaxation theory in fusion science is due to J. B. Taylor, who predicted the preferred minimum energy

state of the reversed-field-pinch (RFP). RFPs and spheromaks rely on dynamo processes to sustain their configurations on times that
are long compared to the resistive diffusion timescale. The selective decay hypothesis of relaxation theory requires experimental veri-
fication. No definitive experiment has convincingly demonstrated the existence of kinematic dynamos, the spontaneous growth of
magnetic fields from fluid motions. The presence of dynamos is indicated in low magnetic field confinement configurations.

Theoretical and numerical studies have developed a number of powerful concepts related to MHD turbulence and the turbulent
dynamo including turbulent cascades and the Alfven effect for small-scale fluctuations. Theory and simulations suggest that the kine-
matic dynamo is suppressed when self-consistency effects, due to Lorenz force back reactions, are accounted for. Efforts to extend the
theoretical studies beyond MHD models have suggested interesting two-fluid effects, which involve relaxation phenomena involving
plasma momentum.

Current Research and Development (R&D)

R&D Goals and Challenges
•  Validate definitively and experimentally the selective decay processes.
•  Observe turbulent cascades and spectrum in both observational astrophysical settings and fusion configurations.
•  Identify and characterize different dynamo mechanisms (MHD vs two-fluid effects).
•  Quantify Lorenz force back-reaction/self-consistency effects.
•  Provide a detailed theoretical understanding of the relationship between dynamos and relaxation.

Related R&D Activities
Dynamo and relaxation concepts are generally applicable to low magnetic field configurations, such as the RFP and spheromaks,

as well as aspects of astrophysical plasmas, major and minor disruptions in tokamaks, and internal relaxation events (IREs) in spheri-
cal toruses.

Successes
•  The Taylor state of the RFP.
•  The presence of fluctuation-induced dynamos in low-field magnetic confinement experiments.
•  Two-fluid generalizations of MHD models.
•  State-of-the-art computer simulations.
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Anticipated Contributions Relative to Metrics

Metrics
•  Use a deeper understanding of the dynamo processes in such a way as to control and/or improve low-field magnetic confinement

devices.
•  Gain a better understanding of the relationship between astrophysical, geophysical, and laboratory plasmas dynamo/relaxation

phenomena.
•  Elucidate the transition from kinematic dynamo and self-consistent dynamos including the Lorenz force back reaction.

Near Term ~5 years
•  Experimentally test mean fluctuation effects on current profile evolution in low-field configurations.
•  Experimentally test the selective decay hypotheses of relaxation theory.
•  Demonstrate the ability to control magnetic relaxation and improve the confinement properties of low-field magnetic

configurations.

Midterm and Long Term ~20+ years
•  Validate experimentally the kinetic dynamo and growth from nonmagnetic field sources.
•  Demonstrate experimentally the sustainment of the magnetic field in a quasi-equilibrium state.
•  Incorporate and understand non-MHD physics in the dynamo process.
•  Establish rigorous conditions for the onset of the kinetic dynamo.
•  Establish rigorous conditions for the use of relaxation hypotheses.
•  Establish a firmer connection between relaxation phenomena in low-field devices with relaxation phenomena in higher field con-

figurations such as tokamak sawteeth and major disruptions and IREs in spherical toruses.

Dramatic peaking of the MHD dynamo during a sawtooth
relaxation event in the MST RFP experiment.
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S-7.  MAGNETIC RECONNECTION

Description
In plasma systems in which the magnetic field or a component of the magnetic field reverses direction, the system evolves to tap

the magnetic free energy by cross connecting the reversed components of the magnetic fields forming a topological x-configuration.
The reversed magnetic field effectively annihilates itself and converts the released energy to heat and high-speed flows. Magnetic
reconnection provides the free energy for many phenomena, including solar flares, magnetospheric substorms, and sawteeth in
tokamaks. In the space and astrophysical context, the importance of the phenomena is linked to the energy released, but in most labo-
ratory situations the major issue is the energy and particle transport produced by the changing magnetic topology.

Status
In most of the physical systems the release of energy during magnetic reconnection occurs in a near explosive manner after a slow

buildup of the magnetic energy in the system. The focus of research has been directed toward understanding the reason for the sudden
onset and trying to explain the fast release. The onset issue remains murky, but there has been significant progress in understanding
the rate of energy release. The essential problem is that the change in topology of the magnetic field that occurs during reconnection
requires the frozen-in flux condition to be broken, which is mediated by some sort of dissipative process. In the systems of interest,
however, the plasma is essentially collisionless. The scientific challenge is therefore to understand how the frozen-in condition is bro-
ken in collisionless plasma in a way that will yield the fast rates of magnetic reconnection seen in the observations.

The development of powerful new computational tools such as particle, hybrid (particle ions and fluid electrons), and two-fluid
codes in two- and three-dimensions (2- and 3-D), combined with new analytical and physical insights have led to a tentative explana-
tion of the fast rates within the context of the 2-D models. The rate of reconnection is apparently a universal constant of around 0.1 CA
(the inflow velocity) with CA the Alfvén velocity, independent of the mechanism that breaks the frozen-in condition. Whistler and
kinetic Alfvén waves play key roles in producing fast reconnection because they dominate the dynamics at small scales where the
frozen-in condition is broken.

There is a rapidly expanding effort to explore and understand magnetic reconnection in laboratory experiments and to use data
from satellites in the Earth’s magnetosphere and from remote observations of the solar corona. Two existing experiments (at Princeton
Plasma Physics Laboratory and Swarthmore) have ongoing efforts to measure flow rates and the structure of the dissipation region
where the frozen-in condition is broken and other experiments are being proposed (Massachusetts Institute of Technology and Univer-
sity of California–Los Angeles).

Current Research and Development (R&D)
R&D Goals and Challenges

There is a fairly broad consensus that the tools—experimental, theoretical, and computational—could be marshaled to solve the
magnetic reconnection problem. The solution would require, however, a concerted effort using all three of these tools in a truly inter-
active program. The theoretical and computational models have led to very specific predictions for the structure of the dissipation
region, which must be tested with laboratory experiments to gain confidence in the models.

There is much interest and activity now in trying to understand the influence of the full 3-D problem. Specifically, the 2-D models
lead to spatially localized regions of intense current carried by both species of particles in the dissipation region. These current layers
are very likely to develop instabilities driven by the locally large gradients and become fully turbulent. There is observational evidence
that this is the case from laboratory experiments, satellite measurements, and some of the recent 3-D simulations. Whether one can
characterize this turbulence as an anomalous resistivity or an anomalous viscosity remains to be determined and is one of the premier
outstanding unanswered questions related to this problem.

Related R&D Activities
Magnetic reconnection is important in many plasma systems, and efforts are therefore ongoing to understand this phenomenon in

a variety of contexts. Particularly strong efforts are in space physics, in magnetospheric physics in developing models of the dynamics
of the magnetopause and the magnetotail, and in the solar atmosphere in trying to understand flares and coronal mass ejections.
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Anticipated Contributions Relative to Metrics

Metrics
As discussed previously, a major deliverable is to finally pin down the rate of magnetic reconnection in collisionless plasma sys-

tems. The understanding of this rate is very likely generic to a broad range of applications: the observations appear to support such a
claim because the explosive character of reconnection is ubiquitous. In the fusion program reconnection during sawteeth and disrup-
tions in tokamaks and during dynamo action in the reversed-field-pinches (RFPs) remain incompletely understood. In magnetospheric
physics, the structure and transport of plasma at the magnetopause and in the magnetotail are linked to collisionless reconnection. In
solar physics, models of flares, CMEs, and the source of energy heating the corona are fundamentally linked to reconnection. Finally
in astrophysics anomalous transport of angular momentum in accretion discs is controlled by the nonlinear dynamics of the magnetic
field, and reconnection is an intrinsic player in this dynamics.

Midterm ~5 to 20 years
A dedicated theoretical/computational/experimental program could answer many of the key generic questions on magnetic recon-

nection: rates and the role of anomalous resistivity or viscosity on a 10- to 15-year time frame. The onset issues may not be generic
and therefore must be explored in the context of individual programs.

Energy and particle transport produced by changing magnetic topology.
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S-8.  DENSE MATTER PHYSICS

Description
An accurate equation of state (EOS) for many materials at extreme conditions is vital to any credible inertial confinement fusion

(ICF)/inertial fusion energy (IFE) target design and weapons physics in Department of Energy–Defense Programs (DOE–DP). Cur-
rently very few materials have their high-pressure (greater than a few megabar) EOS experimentally validated and even then only on
the principal Hugoniot function. Compressing matter to extreme densities also provides a testing ground for planetary science and
astrophysics; creates new avenues for producing super hard, superconducting, or energetic materials; and may lead to new low-
temperature fusion techniques not yet explored. For planetary and stellar interiors, compression occurs from gravitational force so that
the material state follows a line of isentropic compression (ignoring phase separation). On earth, high densities are achieved with
either static compression techniques (i.e., diamond anvil cells) or dynamic compression techniques using large laser facilities, pulse
power machines, gas guns, or explosives.

Status
Dynamic compression experiments have made great strides in recreating material states that exist in the outer 25% (in radius) of

the Jovian planets, near the core of earth, and at the exterior of low-mass stars. Large laser facilities have recently shown success at
producing and characterizing material EOS at significantly higher pressures than gas guns (plastic Hugoniot to 40 Mbar and near
3 Mbar for deuterium). Both direct and indirect drive have been used to generate well-characterized shocks. Several experimental
techniques have also recently been developed: radiography (to determine opacity), optical conductivity, temperature, displacement,
X-ray diffraction, and velocity-/displacement-sensitive interferometry are some of the diagnostics currently used in laser-generated
shock EOS experiments. While gas gun drivers currently produce the most accurate shock EOS data, they are limited to much lower
pressures: <10 Mbar for high-density materials and <300 Kbar for low-density materials. As laser technology improves the accuracy,
statistics will likely exceed gas gun technology even at lower pressures. Pulsed-power facilities (like the Z accelerator at Sandia
National Laboratory) have demonstrated shock pressures of about one-tenth those from lasers (though still higher than conventional
gas guns) but with a larger spatial scale (though much smaller than gas guns). Continuing effort is being made toward characterizing
drives for compression measurements.

Current Research and Development (R&D)

R&D Goals and Challenges
(1) Generate and calibrate drives (steady/planar shocks, insentropic compression, and release profiles) for indirect and direct drive

with large laser facilities, smaller tabletop lasers, and pulse power schemes. (2) Map out the EOS over broad regions of material phase
space, ranging over elements and compounds important to weapons, planetary science, neutron stars, white and brown dwarf stars,
solar interiors, ICF, IFE, and materials that may produce technologically advanced properties (i.e., room-temperature superconductor)
in compressed phases. (3) Characterize phase transitions such as freezing, structural, electronic (metallic-insulator), and magnetic, and
determine their order. (4) Develop an experimentally validated model(s) for transport properties at extreme densities. This requires
accurate knowledge of electron-ion coupling, which appears to be in disagreement with theory even at modest shock pressures/
densities for some materials. (5) Answer specific questions relating to giant planets: What is the cause of excess infrared radiation, the
nature of the strong magnetic fields with nondipolar component, and interpretation of recent Pioneer data? (6) Understand earth-type
planetary interiors, in particular, transition layer-transition properties and core-transition properties. (7) Explore high-density chemis-
try (chemical reactions and phase stability). (8) Determine how ionization states change with density and implications on opacity.
(9) Test pycnonuclear fusion and other new fusion scenarios that are thus far completely theoretical. (10) Determine why different
regions of phase diagrams appear to be inaccessible in both static and dynamic experiments (kinetics?). Can we get around the road-
blocks preventing access to equilibrium/nonequilibrium phases? (11) Combine technologies (such as diamond anvil plus laser) to
achieve lower entropy compression.

Related R&D Activities
•  Applied integrated experiments are being conducted to test available physics packages in both the ICF program and DOE–DP core

weapons program.
•  Code developments under the Advanced Strategic Computing Initiative (ASCI) program are focused toward modeling fundamen-

tal interactions (i.e., compressed quantum fluids using path integral techniques) and integrated simulations.

Recent Successes
•  Techniques to produce accurate laser-driven shock experiments have been developed. These techniques were used to compress and

characterize liquid hydrogen isotopes into the atomic metallic phase. They achieved shock pressures greater than 3 Mbar, tem-
peratures greater than 30,000 K, and densities exceeding 1 g-cm–3. Absolute EOS measurements of other low-Z materials have
been made up to 40 Mbar.

•  Wave profiles and reflectivity of both the interface and shock front have revealed electronic transitions and structural transitions
for a few materials.

Budget
•  $8M to $10M for the EOS of a range of materials under extreme conditions for DOE–DP applications.
•  <$1M for fundamental studies of dense matter physics.
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Anticipated Contributions Relative to Metrics

Metrics
•  Develop EOS models accurate enough for weapons physics work, ICF ignition target designs, and high-energy-density science.
•  Develop and produce advanced materials that can provide large cost reductions or new capabilities in technology.

Near Term <5 years
•  Use existing facilities (Omega, Nike, Trident, Z) to improve shock steadiness, shock planarity, isentropic compression drives, and

accuracy for Hugoniot and off-Hugoniot experiments. Continue to experimentally validate EOS packages for low Z materials to
allow accurate ICF ignition target design and weapons physics. Learn to recover shock-compressed materials. Combine static
experiments with rapid heating/shock capability.

•  Conduct theoretical work to treat many-particle, strongly coupled quantum systems with finite-length scales (both low and moder-
ate temperatures). Better theoretical understanding of chemical exchange at high pressure.

•  Understand simple s->d transitions (hybridization of valence electrons) in both static and dynamic experiments.
•  Probe chemical reaction paths in both static and dynamic experiments.
•  Determine e-ion coupling at moderate pressures (~20 Mbar).

Midterm ~20 years
•  Produce experimentally validated and fundamentally understood EOS generators for materials used in IFE, ICF, and weapons

physics, and high-energy-density science.
•  Test proof-of-principle pycnonuclear fusion, and compare reaction rates with statistical predictions.
•  Synthesize energetic materials for advanced rocket propellants (perhaps metallic hydrogen fuel pellets), explosives, or reusable

energy sources. Synthesize superhard (such as a predicted C3N4 phase) and room-temperature superconducting (perhaps O2 or
NbSi3) materials.

•  Recreate and characterize planetary and low-mass star atmospheres and cores.

Long Term >20 years
•  Develop industrial-grade (fieldable) energetic materials and superhard and superconducting materials.
•  Cultivate pycnonuclear fusion.
•  Develop the ability to design/fabricate material properties (strength, magnetization, and conductivity).

Proponents’ and Critics’ Claims

Proponents claim that by tuning shocks/compression profiles, such as those required for tuning ignition targets on the National
Ignition Facility (NIF), we will be able to experimentally validate EOS models over a continuum of pressures/densities, as well as
synthesize new materials with technologically rich properties.

Critics claim that the low shot rate will make it impractical to explore much material phase space. Critics also ask whether EOS
measurement accuracy will be sufficient to differentiate between EOS theories of similar predictions. Proponents argue that the
regimes accessible with these facilities are completely unexplored in the laboratory and will likely elicit surprises, as in the case of
megabar hydrogen isotopes.
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S-9.  NONNEUTRAL PLASMAS

Description
Nonneutral plasmas are many-body collections of charged particles in which there is not overall charge neutrality. Such systems

are characterized by intense self-electric fields and in high-current configurations, by intense self-magnetic fields. Single-species
plasmas are an important class of nonneutral plasmas. Examples include pure ion or pure electron plasmas confined in traps and
charged particle beams in high-intensity accelerators and storage rings. Single-species plasmas have excellent confinement properties
and can be confined for hours or days. Therefore, controlled departures from thermal equilibrium can be readily studied. Single-
species plasmas also provide an excellent test bed for fundamental studies, such as transport induced by like-particle collisions, non-
linear dynamics and stochastic effects, vortex formation and merger, plasma turbulence, and phase transitions to liquidlike and crys-
talline states in strongly coupled pure ion plasmas.

Status
The many diverse applications of nonneutral plasmas have resulted in synergies of research efforts in several subfields, including

plasma physics, atomic physics, chemistry, fusion research, and high energy and nuclear physics. Applications of single-species
plasmas include accumulation and storage of antimatter (e.g., positrons and antiprotons) in traps; development of a new generation of
precision atomic clocks using laser-cooled pure ion plasmas; precision mass spectrometry of chemical species using ion cyclotron
resonance; coherent electromagnetic wave generation in free electron devices (magnetrons, cyclotron masers, free electron lasers);
high-intensity accelerators and storage rings, with applications including heavy ion fusion, spallation neutron sources, tritium produc-
tion, and nuclear waste treatment; and advanced accelerator concepts for next-generation colliders.

Current Research and Development (R&D)

R&D Goals and Challenges and Related R&D Activities
•  Understanding of transport induced by like-particle collisions and collisions with neutral atoms in trapped single-species plasmas.
•  Vortex dynamics, relaxation of turbulence, and simulation of two-dimensional Euler flows in trapped single-species plasmas.
•  Storage and properties of positron and antiproton plasmas and the formation of neutral antimatter (antihydrogen).
•  Coulomb crystals and strongly coupled pure ion plasmas.
•  Laser cooling of one-component plasmas in storage rings.
•  Ordered structures in dusty plasmas.
•  High-intensity charged particle beam propagation in accelerators and storage rings for heavy ion fusion, spallation neutron sources,

and tritium production.
•  Fusion applications of dense nonneutral plasmas.

Recent Successes
•  Development of rotating-wall techniques to extend confinement time of single-species plasmas to long (one-week) periods.
•  Characterization of transport due to like-particle collisions in single-species plasmas.
•  Characterization of single-species plasma expansion due to collisions with background neutral atoms.
•  First controlled experimental identification of autoresonance in a collective plasma mode.
•  Bragg scattering studies of laser-cooled pure ion plasma crystals in a Penning trap.
•  Development and application of plasma wave echoes as a diagnostic of proton and antiproton synchrotron beams.
•  Development of techniques for positron storage and studies of collective processes in electron-positron plasmas.
•  Trapping and cooling of antiprotons to 4.2 K.
•  Nonlinear stability theorem developed for quiescent propagation of high-intensity charged particle beams or charge bunches over

large distances.

Budget
Funding for these diverse areas of research is provided primarily by the Office of Naval Research, the National Science Founda-

tion, and the Department of Energy.



137

Anticipated Contributions Relative to Metrics

Metrics
Research in nonneutral plasmas involves interdisciplinary activities among several fields, including plasma physics, atomic

physics, chemistry, high energy and nuclear physics, and fusion research. The metrics for assessing the impact of this research neces-
sarily cut across broad areas of basic and applied physics. Metrics for assessing the scientific and technological contributions include
the following:

•  Understanding transport due to like-particle collisions.
•  Understanding vortex dynamics and control of collective plasma processes and turbulence.
•  Understanding single-species plasma expansion due to collisions with neutral atoms.
•  Relationship of single-species plasma behavior to that in two-component nonneutral and nearly neutral plasmas.
•  Properties of strongly coupled single-species plasma and Coulomb crystals.
•  Precision atomic clocks.
•  Precision mass spectrometry.
•  Confinement of charged antimatter (positrons, antiprotons) and applications such as materials characterization using trapped

positrons.
•  Properties of atomic antimatter (antihydrogen) and the dynamics of electron-positron plasmas.
•  Compact, portable traps for single-species plasmas.
•  High-intensity accelerators for heavy ion fusion, spallation neutron sources, and tritium production.
•  Advanced accelerator diagnostic techniques using collective excitations.
•  Advanced accelerator concepts for next-generation colliders.
•  Fusion applications of dense nonneutral plasmas.

Near Term ~5 years
•  Detailed understanding of collisional transport of heat and momentum in single-species plasmas.
•  Detailed understanding of vortex dynamics and two-dimensional Euler flows in single-species plasmas.
•  Understanding of transport in two-component nonneutral and nearly neutral plasmas.
•  Improved high-vacuum pressure measurements by monitoring the expansion of pure electron plasmas due to collisions with neutral

atoms.
•  New generation of precision atomic clocks using laser-cooled, strongly coupled pure ion plasmas with applications as diverse as

navigation and tests of general relativity.
•  Compact, trapped-positron source for materials characterization and other applications.
•  Creation and trapping of antihydrogen in sufficient abundance to measure atomic properties with high precision.
•  Confinement of nonneutral electron-positron plasmas.
•  Improved precision mass spectrometry techniques for chemical species using ion cyclotron resonance in pure ion plasmas.
•  Miniature radio frequency (rf) (Paul) traps using microchip technology.
•  Detailed understanding of conditions for stable propagation of high-intensity charged particle beams over large distances

(kilometers), including development of techniques for minimizing halo particles.
•  Development and testing of at least one, plausible exploratory fusion concept based on the magneto-electric confinement of dense,

pure ion plasmas.
•  Development of an improved suite of plasma-based techniques for diagnosing properties of charged-particle beams in high-

intensity accelerators.

Long Term 5–15 years
•  Precision experimental tests of CPT invariance and gravitational acceleration of antimatter.
•  Study of low-energy antihydrogen-matter interactions.
•  Portable traps for transportation of positrons and antiprotons.
•  Potential commercialization of new nonneutral plasma-based devices for applications such as ultrahigh-vacuum pressure measure-

ment, mass spectrometry, atomic clocks, and positron characterization of materials.
•  Demonstrated control of beam transport, stability, and halo formation in the heavy ion fusion Integrated Research Experiment

(IRE), the Spallation Neutron Source (SNS), and the Accelerator for Production of Tritium (APT).
•  Experimental test at proof-of-principle level of one fusion concept using dense, pure ion plasmas.
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Commercial IEC neutron generator from
<http://www.dasa.com/fusionstar>

S-10.  ELECTROSTATIC TRAPS

Description
Electrostatic traps use either a physical grid (as pictured) or a virtual cathode formed

by primary electrons in a Penning-type trap to confine, accelerate, and direct ions toward
a focus (usually in a spherical geometry). Ions are formed by glow-discharge operation,
by electron impact on neutral fill, or in an external ion source. To produce fusion-
relevant conditions, high voltages (>50 kV) and relatively small sizes (few millimeters to
few centimeters) are required, making electrical breakdown a critical technology and
science issue. The small size and relatively simplicity of these systems make them useful
as portable sources of deuterium (D)-D or D-tritium (T) fusion neutrons. A unique fusion
reactor concept uses a massively modular array of such sources operating at high Q to
solve fusion engineering problems of high wall load, high activation, and tritium
production.

Status
Traps using a physical grid [usually called inertial electrostatic confinement (IEC)

machines] have demonstrated useful neutron outputs to the point where assay system and
even commercial applications are now under way. Daimler-Benz Aerospace (DASA) has
developed a commercial D-D unit that is virtually ready for market. Virtual cathode machines [usually called Penning Fusion (PF)
machines] have demonstrated required physics goals of maintaining required nonthermal electron distributions, spherical focusing,
and excellent electron energy confinement, and they are poised to attempt to study ion physics.

Current Research and Development (R&D)

R&D Goals and Challenges
IEC systems attempt to increase the ion recirculation. Two approaches that are being pursued are to decrease the working pressure

and to form a central ion well by operation at high perveance (I/V3/2). For the low-pressure case, the enabling science is producing
and handling large primary electron currents. The primary physics effect is that collisions of ions with neutrals are minimized, leading
to a higher mean ion energy. For the central well case, the enabling science is pulsed operation, which allows large peak currents with
limited thermal loading of the grid. Preliminary data from D-D fusion proton production profiles need to be confirmed with higher
resolution measurements and better understood theoretically and experimentally.

PF systems attempt to tailor the electron cloud to produce a spherical ion well, while maintaining desired excellent electron con-
finement. In addition to the steady ion convergent mode of IEC machines [spherically convergent ion focus (SCIF)], PF systems
potentially may access a recently discovered oscillating ion mode [periodically oscillating plasma sphere (POPS)], if a uniform density
electron cloud is formed with appropriate electrostatic boundary conditions.

Both approaches attempt to raise the ion well depth by increasing the applied voltage.

Related R&D Activities
PF systems are employing a branch of nonneutral plasma physics to obtain required nearly absolute electron confinement in a

(sub)centimeter-sized system.

Recent Successes
•  Importance of charge-exchange on IEC physics quantified.
•  Preliminary observations of central ion well in IEC.
•  POPS ion mode theoretically avoids Q limitations from ion–ion collisions.
•  PFX demonstrated super-Brillouin spherical electron focus.
•  Massively modular POPS reactor concept developed.
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Anticipated Contributions Relative to Metrics

Metrics
•  Physics

  Ion well depth
  Mean number density
  Convergence (system size to focus radius)

•  System/Technology
  Electrical breakdown resistance
  Neutron output
  Lifetime
  Q

•  Science
  Super-Brillouin nonneutral plasmas
  Ultrashort energetic neutron pulses (POPS)

Near Term ≤≤≤≤5 years
A large (multimillion dollar) commercial market exists for plasma-based neutron sources. Advantages over existing beam-target

sources are low or no radioactive inventory, greatly increased lifetime, and high Q operation (compared to 10–4 beam-target
efficiency). With miniaturization and efficiency offered by the PF or other approaches yet to be developed, this market expands to
several billion dollars, as applications to petroleum reservoir logging and production of medical isotopes become accessible.

Near-term R&D goals relative to metrics follow:

•  Ion well depth of 50 kV
•  <n> of 1018 m–3

•  Convergence of 100 1:
•  Applied voltage >100 kV
•  Mean neutron rate of >1011/s
•  Lifetime of >1000 h
•  Q > 0.01
•  Reactivity 1000 Brillouin
•  Study POPS

Midterm ~20 years
•  Raise Q > 1.
•  Demonstrate massively modular approach.

Long Term >20 years
Deliver fusion power system for high-value applications, such as space power.

Proponents’ and Critics’ Claims

 Proponents claim these advantages:

•  Compact, cheap, simple, and incremental R&D path
•  Range of near- and medium-term applications
•  “Arbitrarily” small fusion power reactor embodiment
•  Advanced fuel operation
•  High Q operation possible with POPS

 Critics note these limitations:

•  Electrical breakdown limits insurmountable
•  Q limited by ion–ion collisions
•  Small size inappropriate for fusion power application
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S-11.  ATOMIC PHYSICS
Description

Atomic collision and radiation processes critically influence the dynamics of heating, cooling, confinement, particle transport, and
stability of high-temperature core plasmas, as well as low-temperature edge and divertor plasmas of magnetically confined fusion
devices. Accurate atomic collision as well as structure data are essential for modeling such fusion plasmas and interpreting critical
plasma diagnostics measurements (see Young/Diagnostics, S-14). In the core plasma, electron collisions with multicharged impurity
species determine ionization balance and excited state distributions;spectroscopic measurement of these parameters, in conjunction
with atomic collision data on electron-impact excitation, ionization, and recombination cross sections and atomic structure data on
transition wavelengths and lifetimes, provides information on plasma temperature and impurity density. Charge exchange
recombination spectroscopy (CHERS) and heavy ion beam probe diagnostics of the core and edge plasma require accurate heavy-
particle charge-exchange cross sections (both total and state selective) to yield information on heavy-particle plasma constituent
energy and density distributions. The recently developed radiating-divertor concept relies on atomic line radiation and other atomic
processes to reduce power exhaust wall loading of the divertor to manageable levels. Because of the high density of the divertor
plasma, a collisional-radiative model must be used plasma (see Griem/ICF Atomic Physics). This, in turn, requires comprehensive
databases of cross sections, transition probabilities, and energy levels involving the gas-puff species and HD+ and helium. Predictive
simulations for optimizing helium-ash removal in the divertor require an extensive atomic collision database on integral elastic and
transport cross sections for low-energy collisions among helium, hydrogen atoms, ions, and molecules. Because power/particle
exhaust and plasma diagnostics will be central issues irrespective of the topology of the final reactor design, the atomic physics, just
described in the specific context of the core, edge, and divertor plasmas of tokamaks, are obviously of pervasive importance.
Status

Good progress has been made in characterizing atomic-collision cross sections and atomic structure data pertinent to low-density
high-temperature core fusion plasmas; this includes the processes of charge exchange (CEX) at kiloelectron-volt energies and above
involving multicharged impurity and diagnostic ions as well as fusion products, and electron impact ionization and recombination  of
moderate to highly charged impurity species. This has been achieved by close coordination between experiment and theory, while
seeking to identify benchmark systems for testing critical theoretical approximations and discovering useful scalings and trends along
isoelectronic sequences. Significant progress has been made in facilitating access to needed atomic data by placing data resources on
the World Wide Web and by coordinating among the various atomic data gathering centers worldwide the publication of compilations
of bibliographic and numerical recommended atomic collision and structure data.

Current Research and Development (R&D)
R&D Goals and Challenges

Over the past few years emphasis has increased on characterization of atomic and molecular collisions relevant to the high-density
and low-temperature edge and divertor plasmas, where collision times can become comparable to excited-state lifetimes. Progress has
been made, by experiment and theory alike, in determination of electron-impact excitation cross sections of low-charge-state impurity
ions, and first measurements of excitation from an initial, excited metastable state have been performed. Attention is being given to
the study of CEX of low-charge-state intrinsic and extrinsic impurity ions with hydrogen, H2, and helium at electron-volt energies.
Studies have been carried out, and others have been initiated on low-energy electron and heavy-particle interactions (e.g., dissociative
recombination, CEX, fragmentation) with various H/D/T containing molecules and molecular ions. Efforts are under way to compile
comprehensive databases of low-energy elastic scattering, momentum transfer, and viscosity cross sections for interactions involving
the various ionic, atomic, and molecular constituents of the divertor plasma.

Awareness has grown of the interrelation of the atomic physics of plasma-wall interactions and the volume atomic processes
occurring in the divertor plasma and of the necessity of characterizing and understanding the electronic and ro-vibrational excited-
state, kinetic energy, and angular distributions of ionic, atomic, and molecular species (re)introduced into the divertor plasma as a
result of plasma-wall interactions (see M-15). Despite the increased awareness, progress has been slow in this area.
Related R&D Activities
•  International Atomic Energy Agency (IAEA) Coordinated Research Projects focus on fusion relevant topical areas, such as the

recently established CRP on “Charge Exchange Cross Section Data for Fusion Plasma Studies.”
•  The Nagoya Institute for Fusion Science (NIFS) coordinates a cooperative fusion-related atomic physics research program and

maintains fusion-relevant databases on electron and CEX collisions, sputtering yields, and backscattering coefficients.
•  Many AMO science activities within the Department of Energy (DOE) Basic Energy Sciences (BES) program provide data and

understanding of AMO processes occurring in fusion plasmas (stewardship responsibility, according to P. Dehmer).
Recent Successes
•  The understanding of external field effects, including the newly discovered influence of a moderate magnetic field perpendicular to

electric fields, on di-electronic recombination of multicharged ions has been an important advance in the theory of electron
collisions in fusion plasmas.

•  The experimental observation and theoretical calculation of recombination resonances in the near threshold electron-impact excita-
tion cross section show the inherent complexity of this process and the necessity of continued case-by-case evaluation. The inter-
ference of resonances is apparently common and can strongly affect cross sections.

•  The development of time-dependent and time-independent close-coupling methods for the treatment of electron-impact ionization
has allowed for much more accurate determination of theoretical ionization cross sections.

•  Multichannel quantum-defect calculations of electron-impact excitation in intermediate coupling have made possible the theoreti-
cal determination of an accurate level-to-level excitation cross section for more complex atomic species.

•  The identification of unsuspected oscillations in ion-atom inelastic (CEX, excitation, and ionization) cross sections has had signifi-
cant influence on interpretations of lithium-beam and helium-beam diagnostics.

Budget
The DOE–OFES: FY 1999 = $1.47M (essentially unchanged from FY 1998).
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Anticipated Contributions Relative to Metrics

Metrics
Atomic physics will play critical roles in the physics of achieving the power and particle exhaust required for next-generation

fusion devices, as well as diagnostics.

Near Term <5 to 10 years
•  There is a rapidly growing need for accurate experimental and theoretical characterization of electron and heavy-particle (e.g.,

CEX and fragmentation) collisions with molecules/molecular-ions, to a large extent entirely lacking at present, as the role of high-
density, low-temperature plasmas increases and the importance of the many constituent (molecular) species (e.g., light hydrocar-
bons and BeH) becomes more established and accepted.

•  Experimental and theoretical determination of electron-impact excitation cross sections for low-charge-state gas-puff species and
impurity ions, from initial ground as well as metastable states, will be required  to provide necessary data on evaluating various
radiating divertor concepts.

•  Accurate low-energy state selective as well as total electron-capture cross sections will be needed for optimizing enhanced radia-
tion loss by gas-puff species resulting from CEX recombination.

•  Methods need to be developed and measurements made of excited-state, energy, angular, and mass distributions of species evolv-
ing from divertor walls, and their effect on divertor-plasma characteristics and behavior needs to be more established
quantitatively.

•  With the resurgence of interest in high-Z wall materials, additional scrutiny and exploration of electron and heavy-particle collision
cross sections for  low- to intermediate-charge state, high-Z metallic ions is needed.

•  With increasingly data-intensive modeling and diagnostics, there is an increasing need for widely available, systematic, retrievable
storage and evaluation that is well integrated with the fusion community.

By close coordination of experiment and theory, an electron-impact collision and atomic structure database will be developed for
ground and metastable initial states of low-charge state gas-puff species as input to collisional-radiative models of divertor radiation
loss. Theoretical approaches and experimental methods to characterize low-energy interactions of molecules with electrons, heavy
particles, and surfaces (breakup, CEX, excitation, ionization) will be developed for more detailed modeling of the role of molecules/
molecular ions in edge and divertor plasmas. New species will need to be considered in electron and heavy particle collisions (e.g., Be,
Ne, Xe, Mo, BeH, C2H2, H3

+ , H–) with concomitant improvement of the data coordination, evaluation, and dissemination process.

Near-Term Applications
The theoretical approaches and experimental techniques implemented will have direct application in modeling plasma-processing

environments as well as astrophysical plasmas. Plasma processing is a potentially huge market because economic considerations will
move the industry away from empirical tweaking of reactor designs to more systematic, model-based approaches.

Proponents’ and Critics’ Claims
Progress in magnetic fusion research had been closely coupled throughout its history with atomic physics issues having

(potentially) negative as well as positive impacts. Examples of the former are the “lumpy continuum” first seen in ORMAK, which
provided the first clue for the limiting effect of high-Z impurity atomic line radiation on ultimate attainable plasma temperature, and
the feared neutral-beam trapping instability in the early days of neutral beam injection. In the latter camp is the radiating-divertor con-
cept, which is evolving as a viable solution to the excessive wall power-loading problem and the crucial atomic physics foundation for
many of the essential plasma diagnostics employed today. Proponents further claim that as fusion-reactor concepts evolve to include
ever higher densities and lower temperatures, the role played by atomic physics will be essential for achieving optimization of fusion
devices.

Despite past contributions and anticipated future requirements of atomic physics, critics claim that the ultimate success of mag-
netic fusion as a commercial energy source will be mainly determined by issues unrelated to atomic physics.
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S-12.  OPACITY IN ICF/IFE

Description
The physics of atoms and ions in dense, high-temperature plasmas is very interdisciplinary. Its first component consists of atomic

structure theory up to very heavy and multiple ionized atoms, for which relativistic and QED effects must be included. Interactions
between such ions and the rest of the plasma are important not only for the equations of state and dynamical properties of dense matter
(see Collins and More), but also for the radiative properties of inertial confinement fusion (ICF)/inertial fusion energy (IFE) and astro-
physical plasmas. Specific ICF applications are radiation-hydrodynamics (Verdon) of pellets and X-ray hohlraums, spectroscopic
diagnostics, and z-pinch X-ray sources.

A second component is required because radiated or absorbed spectra are often significantly perturbed relative to the radiation
expected from isolated atoms. The ensuing spectral line broadening remains an active research area with analytic theory, various
kinetic models, and computer simulations; but so far only it has relatively few well-diagnosed experiments. This seemingly narrow
discipline is essential both for diagnostics and for opacity calculations.

A third, not unrelated, component of radiation physics is concerned with the kinetic modeling of charge-state and level popula-
tions. For time-dependent and inhomogeneous plasmas in a non-Planckian radiation field, this modeling requires numerical solutions
of large sets of collisional-radiative rate equations coupled with many photon-bins radiative transfer equations and with (magneto-)
hydrodynamics equations. The task of atomic physics in this challenging computational physics problem is to provide realistic colli-
sional rate coefficients (cross sections in the case of non-Maxwellian electron distributions), transition energies and probabilities,
photon cross sections, and line profiles.

For computational reasons, such large kinetic models are normally replaced by reduced models, that is, omission of detailed
atomic structure and of highly excited states. At high densities the first simplification may be physically justified by line broadening,
and the second by continuum lowering (see Collins and More), which is closely related to line broadening. An even more desirable
replacement is possible if densities are high enough and effects of non-Planckian radiation fields are not too important, such that local
thermodynamic equilibrium (LTE) is approached. For such situations, nonequilibrium thermodynamic, linear-response theory can be
used to calculate even surprisingly large deviations from LTE with good accuracy.

Current Research and Development (R&D)
R&D Goals and Challenges

Common goals in this area are the development of reliable opacity codes for ICF/IFE and astrophysical applications, of radiation
subroutines for hydrocodes, and of detailed spectral modeling for diagnostic applications.

Major challenges are not only in the development of more realistic computer codes but also in the design and execution of
benchmark experiments. Examples here are recent LTE opacity experiments on radiatively heated, well-designed, and diagnosed tar-
gets. More specific experiments on line profiles and controlled non-LTE opacities also deserve high priority and may involve similar
approaches. Nonplasma (merging beams, see Meyer) benchmark experiments of important electron-ion excitation and ionization cross
sections are, perhaps, even more important and could be cosponsored by MFES. This also holds for the rather direct measurements
(e.g., in ion-traps) of dielectronic capture rates.
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Atomic physics needs for ICF.

Anticipated Contributions Relative to Metrics

Midterm ~10 years
•  Omega, Trident, and Nike experiments
•  Z-pinch development
•  Ultra-short laser experiments

Long Term >10 years
•  National Ignition Facility diagnostics and modeling
•  Astrophysics

Proponents’ and Critics’ Claims

Controversies remain concerning continuum lowering, validity of semiclassical line broadening calculations and electron-ion
cross sections, and line shifts in dense plasmas.
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S-13.  MFE PLASMA DIAGNOSTICS

Description
Plasma diagnostics is the generic name for the instruments used to make all measurements in a wide variety of plasma devices.

They make use of electromagnetic radiation, magnetic fields, atomic and subatomic particles, and metallic probes for plasma meas-
urements by both passive monitoring and active probing means. New technological developments have allowed significant enhance-
ments in spatial and temporal resolutions to enable better understanding of turbulence and to identify instability drivers. Diagnostic
data are used in an integrated way with analysis codes to provide the plasma properties. These data are being increasingly used for
active feedback control of some plasma parameters to improve the performance and lifetime of the plasma.

Status
Major progress in the capability of plasma diagnostics has occurred in the last few years. New or improved techniques have been

critical to the understanding of improved confinement regimes. Experimental observation and rapidly improving theoretical predictive
modeling have led to improved diagnostic capability in spatial and temporal resolution. The rapid advance in technology, particularly
in the computer power for data processing and storage, has contributed to the success in achieving the necessary measurement quality.
Similar capability to that on tokamaks should now be a major requirement for alternate devices. Also techniques are desirable for the
high-density low-temperature plasmas in plasma applications.

Current Research and Development (R&D)

R&D Goals and Challenges
Examples of significant R&D challenges follow:

•  Measurements of parameters relating to disruptions (e.g., runaway electrons and rapid temperature decay).
•  Techniques for measuring divertor and edge plasma parameters to characterize cold plasma behavior and interaction with the wall.
•  Measurement techniques for fast ions, including alpha particles, with good spatial and temporal resolution, and related parameters

such as local electric fields.
•  Two- and three-dimensional (2- and 3-D) techniques for measuring fluctuating parameters to lead to improved understanding rela-

tive to theory and to measured transport.
•  New techniques for measuring magnetic structures, especially for alternate concept devices.
•  New techniques for measuring profiles of parameters. Techniques for measuring wave propagation and deposition associated with

the increasing reliance on these techniques for heating and current drive.

Related R&D Activities
•  Technological developments in a very wide range of instrumentation, most of which happens commercially.
•  Theoretical and modeling simulation of plasma behavior.
•  Atomic cross-section measurement and theory.
•  Developments in data processing and storage technology.
•  Developments of diagnostics components for operation in the nuclear environment of reactor-grade devices.

Recent Successes
•  Bolometry techniques for measuring radiated power with fine spatial resolution.
•  X-ray imaging cameras for 2-D imaging of driven current profile.
•  Methods of measuring confined and escaping alpha particles, though much further development is needed.
•  Reflectometer techniques for measuring plasma density profiles and quantitative information on local density fluctuations and cor-

relations in tokamak plasmas.
•  Motional Stark effect (MSE) as a routine measurement of current density distribution.
•  Precise independent measurement of poloidal plasma rotation.
•  Design of a set of diagnostics for the International Thermonuclear Experimental Reactor (ITER).

Budget
Budget is provided in part by the Department of Energy (DOE)–Office of Fusion Energy Sciences directly and largely through

devices funded by DOE. The direct fraction of the funding is $4.2M.
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Anticipated Contributions Relative to Metrics
Metrics

The number and performance requirements for plasma diagnostics are normally set by the experiment on which they are applied.
The choice of parameters to be measured, with sufficiently good temporal and spatial resolutions, sets the requirement. In the present
fusion science environment, the quality of measurements on alternate concepts should aim to match present-day tokamak capability,
while tokamaks should advance with better diagnostics to improve understanding of transport and transport barriers to allow profile
control and to head for steady-state operation.
Near Term ≤≤≤≤5 years
•  The new diagnostics requirements listed in the section on R&D goals and challenges should be addressed, and measurements

should be made using the equipment at least at the prototype level. The new alternate concept devices, especially the National
Spherical Tokamak Experiment (NSTX), will require some significantly different diagnostics from tokamaks, and these will be
developed and operated.

•  New technology is becoming available for implementing 2-D imaging of fluctuations in the plasma, and this will greatly facilitate
theoretical interpretation.

•  The recent rapid improvement in diagnostics for the divertor plasmas in tokamaks should continue, and the integration of more
sophisticated diagnostics (e.g., profile-measuring systems) into plasma control is an important need.

Midterm ~20 years
•  Diagnostics within a 20-year timescale will evolve with the type of devices being built and operated. New techniques will be

developed, and older techniques will evolve as new commercial components become available.
•  A significant issue will be provision of sufficiently radiation-hardened, reliable diagnostics to provide control and physics infor-

mation for a next-step fusion device.
Long Term >20 years

The diagnostics in use will be operating to fulfill the mission of the devices built and operating in this time frame.

Plasma Diagnostics on Tokamak Fusion Test Reactor (TFTR)

Profile data Impurity concentration
Te(r) Visible Bremsstrahlung array

Multipoint Thomson Scattering (TVTS) VUV Survey Spectrometer (SPRED)
Electron-Cyclotron Emission (ECE) heterodyne radiometer Multichannel visible spectrometer
ECE Fourier Transform spectrometer X-Ray pulse height analysis (PHA)
ECE grating polychromator Radiated power

ne(r) Tangential bolometers
Multipoint Thomson Scattering (TVTS) Bolometer arrays
Multichannel Far Infrared Interferometer (MIRI) Wide-angle bolometers

Ti(r) Fluctuations/wave activities
Charge-Exchange Recombination Spectroscopy (CHERS) Microwave scattering
X-Ray crystal spectrometer X-mode microwave reflectometer

q(r) Beam emission spectroscopy
MSE polarimeter X-Ray imaging system

Comprehensive magnetic measurements ECE grating polychromator
Neutrons Neutron fluctuation detector

Epithermal neutrons Mirnov coils
Neutron activation detectors ICE/RF probes
14-MeV neutron detectors Plasma edge/wall
Collimated neutron spectrometer Plasma TV
Multichannel neutron collimator IR camera
Fast neutron scintillation counters Filtered diodes (C-II)
Gamma spectrometer Filtered diodes (H-alpha)

Alpha particles Sample exposure probe
Lost alpha/triton array Disruption monitor (IR detector)
Alpha–Charge-Exchange Analyzer Fabry-Perot (H/D/T ratios)
Alpha–Charge-Exchange Recombination Spectroscopy (α–CHERS)

Note: The broad array of diagnostics is necessary for a large tokamak (TFTR); a few additions (e.g., for a device with a divertor
plasma region) or deletions (e.g., for a device not carrying out alpha-physics studies) are device-specific.

Proponents’ and Critics’ Claims
Plasma diagnostics instruments are essential elements of any experimental plasma physics and are applied to many devices. They

are designed specifically for the device on which they are applied. There are no universal critics of plasma diagnostics, but rather
critics of the devices on which the diagnostics are deployed, or of the number and cost of a set of diagnostics, or of the performance
and interpretation of a specific diagnostic.

A serious issue for plasma diagnostics has been the steady erosion of direct funding of new diagnostic concept development over
the last 10 or so years; most diagnostic funding is now provided through the funding of the device on which the instrument is applied.
A new diagnostic is often costly and tardy because the concepts have not been sufficiently demonstrated.
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S-14.  IFE DIAGNOSTICS

Description
Future inertial fusion energy (IFE) diagnostics will be built on our current experience with inertial confinement fusion (ICF)

experiments. The diagnosis must include successful as well as unsuccessful high neutron yield implosions. The requisite diagnostics
will comprise a large array of neutron and charged-particle diagnostics covering a wide range of yields with and without imaging
capability and with and without temporal resolution. These diagnostics must be augmented by a vast array of spectroscopic diagnos-
tics ranging from the hard X-ray region to the red end of the visible spectrum for the purpose of gathering critical target physics data
and characterizing IFE drive conditions. In addition, the diagnostics must cover the accurate diagnosis of the target prior to irradiation.
This is particularly important because of the added complexities arising from the cryogenic fuel conditions required for most current
IFE target designs. In all cases involving laser drivers, the diagnostic complement has to include very precise laser diagnostics for
beam energies, pulse shapes, and intensity distributions inside the hohlraum plasma or the direct-drive corona.

Status
The current target and drive diagnostics have been primarily developed and refined on the NOVA, OMEGA, and NIKE laser

systems over the past two decades. They are an excellent starting point for the future IFE diagnostics, but most of them will require
significant further development. Most of the X-ray drive diagnostics for the indirect-drive approach are close to future requirements as
are the basic (time-integrated) neutron yield diagnostics. However, (time-resolved) burn history diagnostics or core imaging diagnos-
tics (neutron imaging, hard X-ray imaging, and charged-particle imaging) all need considerably further scientific and technological
development. Core mix diagnostics will be essential for verifying the core assembly and deleterious effects of hydrodynamic insta-
bilities. These diagnostics are likely to involve spectroscopy techniques that are not well developed, particularly the theoretical under-
pinning of these diagnostics. Charged-particle diagnostics are being developed and refined at this point. They will require further
development for future IFE applications. The preirradiation cryogenic target diagnostics are presently clearly insufficient for future
applications, and significant scientific and technological development is required.

Current Research and Development (R&D)
R&D Goals and Challenges
•  Implosion diagnostics: The goals of many target diagnostics are effective diagnoses of successful and unsuccessful implosions.

The definition of these diagnostics requires extensive integrated hydrodynamic simulations with appropriate diagnostic packages.
Thus, IFE target design and implosion diagnostics become interdependent, and the development of one may be a prerequisite for
the other. Therefore, the challenge is the successful integration of the target design with the diagnostic design and development.
For example, neutron imaging of a successful ignition experiment may require less spatial resolution than the diagnosis of an
unsuccessful ignition experiment. Since we will very likely proceed from unsuccessful experiments to successful ones, the diag-
nostics must be based on appropriate hydrodynamic simulations. Similar conclusions have been drawn from simulated hard X-ray
images, which are complementary to neutron imaging.

•  Drive uniformity: The drive uniformity requirements for direct-drive and indirect-drive IFE are significantly different, but either
approach challenges the present diagnostic capabilities. For indirect drive, the accurate time-dependent assessment of low-order
Ylm-mode drive distortions presents a significant challenge, while the direct-drive approach requires improved understanding and
mitigation of laser imprinting and mitigation of the Rayleigh-Taylor instability. These diagnostic problems include physics issues
as well as diagnostics issues.

•  Target diagnostics: Current cryogenic target designs raise significant diagnostic challenges such as the characterization of the
deuterium-tritium (D-T) ice layer inside opaque target shells, which may possibly be surrounded by complex hohlraum structures.
The goals are micron or sub-micron accuracy in the determination of these ice layers with additional detailed information on the
spatial frequency distribution of any ice layer imperfections.

Related R&D Activities
Implosion diagnostics are being developed and refined at Lawrence Livermore National Laboratory (LLNL), DIF-CEA (France),

LLE, the Naval Research Laboratory (NRL), and elsewhere. Theoretical support comes from the same laboratories as well as the
Universities of Wisconsin, Maryland, Florida, and others. There is a collaborative effort under way between the various laboratories to
develop the specifications for the diagnostics as well as the diagnostics themselves. Similarly, diagnostic checkout and testing is
spread out over many laboratories to optimize the conditions for the checkout.

Recent Successes
Recent successes include the extensive drive symmetry campaigns carried out by LLNL on the OMEGA laser facility where the

laser drive conditions could be tailored to effectively simulate National Ignition Facility (NIF) conditions. The diagnostic refinements
in these experiments will certainly carry over to future drive symmetry diagnostics. Similarly, the Massachusetts Institute of Technol-
ogy (MIT) charged-particle spectrometers fielded on OMEGA have yielded a vast amount of information within <1 year of implemen-
tation. These data included density, ρr, symmetry, yield, and Ti measurements among other results. Similarly, many direct-drive and
indirect-drive Rayleigh-Taylor instability experiments have been investigated with an impressive array of diagnostics that will carry
over to future IFE facilities.
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Anticipated Contributions Relative to Metrics

Metrics
•  Target core diagnostics: Neutron yields—107 to 1020 at ρr ó 1 g/cm2 and ρ ó 1 kg/cm3; burn history—50-psec resolution; core

imaging—ó5 µm for 14-MeV neutrons and 10-keV X rays.
•  Drive diagnostics: Indirect drive—Ylm nonuniformity ~1% for l = 2, <<1% for higher l-modes; direct drive—improved imprinting

diagnostics for l-modes between 50 and 200.
•  Target diagnostics: Surface characterization including l-mode spectra with σrms ó 200 µm, ice layers with σrms ó 1 µm; drive

power balance—8% rms for indirect drive, ~1% for direct drive.

Near Term óóóó5 years
•  Target core diagnostics: Neutron yield measurements do not present a problem. OMEGA will demonstrate ρ ó 200 g/cm3 and ρr ó

300 mg/cm2 using various reaction products and diagnostics. Present burn history measurements have the requisite resolution, but
extension to future IFE machines requires new approaches. Preliminary development will identify appropriate approaches during
this time, including initial testing on OMEGA. Core imaging with 14-MeV neutrons may reach 15–20 µm resolution during this
time, using simple extension of existing technology. New approaches will have to be identified during this period. X-ray imaging
tests in the 10-keV region will be carried out during this time.

•  Drive diagnostics: Indirect drive—appropriate diagnostics for l-mode for l ó 8 will be developed and tested on OMEGA. Direct
drive—OMEGA and NIKE experiments will determine diagnostics and permissible laser imprint levels during this time.

•  Target diagnostics: Outer surface characterization will probably not pose a problem for IFE targets. Inner ice layer characterization
will be carried out during this time at various laboratories [LLNL, Los Alamos National Laboratory (LANL), and LLE]. Optimiza-
tion methods will be developed. Full l-mode characterization of the inner ice layer may not be fully developed during this time.

Midterm ~20 years
•  Target core diagnostics: Full diagnostic capability for ρr ó 1 g/cm2 and ρ ó 1 kg/cm3 will be available within this time frame. We

can expect to have burn history measurements free of neutron dispersion effects (e.g., primary γ-ray measurements) at this time.
•  Drive diagnostics: The present difficulties with drive uniformity should not extend beyond the 15-year horizon.
•  Target diagnostics: Target characterization may be an ongoing effort, which may have to change and adapt as new target designs

are developed.

Long Term >20 years
One would not expect basic target diagnostics to be a major concern in this time frame. However, target development and target

designs will continue to evolve and will likely continue to require further diagnostic development and technological advances.

Proponents’ and Critics’ Claims
Proponents claim that the diagnostics required for IFE will basically be fully developed by ~2020. The open problems will

include drivers and target designs, target fabrication, and their budgetary implications. These issues will continue to have some diag-
nostic implications, but most likely these will be of the incremental kind.

Critics point out that the fine tuning of the IFE target implosions is difficult to achieve with the kind of diagnostics that have been
developed so far and that appear to be likely candidates for the future. The final (under-performing) implosion product does not easily
allow an unraveling in terms of identifiable culprits, whether they are hidden in the drive, the target, or possibly in the laser-plasma
interaction processes. Thus, new and hitherto untried or unimagined diagnostics may be required to obtain the required target
performance.
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S-15.  ADVANCED COMPUTATION

Description
The vision for the Fusion Scientific Simulation Initiative (SSI) is to catalyze a dramatic change in the way research is presently

carried out by enabling the accelerated development of computational tools and techniques that would revolutionize the understanding
and design of a fusion energy source. This is made possible by the exciting advances in high-performance computing, which will
allow simulations of more complex phenomena with higher fidelity.

Status
Building upon a prominent history of advanced computation, which can be traced back to the establishment of the predecessor to

the National Energy Research Scientific Computing Center (NERSC) nearly 25 years ago, the U.S. fusion community has been
rewarded by impressive advances in the simulation and modeling of plasma confinement and the interactions of plasma with its sur-
roundings. This has led to major progress in the modeling of turbulence-driven energy transport, macroscopic dynamics of magneti-
cally confined plasmas, heat and particle exhaust across the plasma edge, and major improvements in the simulations of device com-
ponents such as space-charge-dominated beams for inertial fusion energy (IFE) drivers.

Current Research and Development (R&D)

R&D Goals and Challenges
The scientific goal of fusion SSI is to utilize advanced computing, in tandem with theory and experiment, to extract key physics

insights and guide current experiments, to design innovative new devices, and to leverage large-scale international facilities. A suc-
cessful SSI will contribute greatly to the U.S. ability to retain its intellectual leadership in the world fusion program by seizing the
opportunity to accelerate the development of realistic simulations of fusion systems. A greatly enhanced computational effort, bench-
marked against the best experimental results from national and international experiments, will help provide the scientific and technical
foundations needed for key decisions on major new facilities for fusion research.

Although the fundamental laws that determine the behavior of fusion plasmas are well known, such as Maxwell’s equations and
those of classical statistical mechanics, obtaining their solution under realistic conditions is a scientific problem of extraordinary com-
plexity. This is due in large part to the fact that there is an enormous range of temporal and spatial scales involved in fusion plasmas.
The relevant physical processes can span over 10 decades in time and space. Effective prediction of the properties of energy-
producing fusion plasma systems depends on the successful integration of many complex phenomena spanning these vast ranges.
This is a formidable challenge that can only be met with advanced scientific computing in tandem with theory and experiment.

Related R&D Activities
An accelerated simulation initiative in fusion energy sciences would also stimulate scientific alliances with other application areas

in the Department of Energy (DOE) Office of Science portfolio and increase collaboration with Advanced Strategic Computing
Initiative (ASCI). Effective modeling of global systems, combustion, and fusion devices all deal with complex, three-dimensional
(3-D), nonlinear fluid flows and associated kinetic dynamics, albeit in very different parametric regimes. They share the common
computational challenge to rapidly develop advanced integrated modeling capabilities that can treat complex dynamical systems
covering many decades in time and space. Some research collaborations already exist between plasma science and ASCI programs,
since the physics and mathematical challenges are similar. For example, the computational challenges posed by nonlinear plasma fluid
problems share many common features with computational fluid dynamics (CFD) issues faced in ASCI, Global Systems and Combus-
tion Modeling, Materials Sciences, and numerous other areas. As for non-DOE agencies, plasma physics has long-standing programs
with the National Aeronautics and Space Administration (NASA) and the National Science Foundation (NSF) in the space physics and
basic science arenas, which now could be further strengthened. Additionally, advanced computational modeling capabilities will also
stimulate progress in nonfusion plasma applications, including the manufacture of microelectronic components, plasma display panels,
plasma thrusters for satellites, and plasmas for waste remediation. Realistic physics-based plasma models will also help accelerate the
pace of breakthroughs in plasma science applications to energetic beams, space physics, solar physics, and astrophysics.

Recent Successes
Some examples of recent successes include simulations of (1) large-scale disruptions in a fusion-energy-producing toroidal

plasma [Fig. 1(a)], (2) turbulence suppression with self-generated flows in localized regions of the plasma [Fig. 1(b)], and (3) 3-D
modeling of heavy ion accelerators [Fig. 1(c)].
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(a)

(b)

(c)

With Flow Without Flow

Fig. 1.  (a) Simulation of high plasma
pressure-induced disruption in the
Tokamak Fusion Test Reactor.
(b) Turbulence reduction via sheared
plasma flow (right), compared to case
with flow suppressed (left). Results
obtained using full MPP capabilities
of CRAY T3E Supercomputer at
NERSC [Source: Z. Lin et al., Science
281, 1835 (1998)]. (c) A particle-in-cell
simulation used to design a prototype
“electrostatic-quadruple” heavy-ion
beam injector at Lawrence Berkeley
National Laboratory. The color of
each simulation particle denotes the
local potential, relative to the on-axis
value.

Anticipated Contributions Relative to Metrics

Metrics
The scientific foundations for the fusion SSI are very strong, and the accelerated

development of a realistic predictive simulation capability for both magnetic fusion
energy (MFE) and IFE is now enabled by the availability of state-of-the-art high-
performance computing platforms. There are two strategic elements in this initiative:
direct numerical simulation (DNS) and integrated modeling (IM). Accelerating the
development of the best DNS models will require increasing both the sophistication
of the mathematical physics formulation and their resolution. These models fall into
two categories: those addressing the microscopic scales that determine plasma
transport and those addressing the macroscopic scales associated with rapid large-
scale plasma instabilities. As new computing resources allow each category to extend
both simulation domains and the incorporation of more detailed physical effects,
there should be overlapping regions of validity. Moreover, the more complex plasma
systems simulated may be not only more complicated, but the components could be
found to interact in ways that produce new, often unexpected, effects. The defining
feature of the second strategic element, IM, is the commitment to simulate an entire
experimental device over macroscopic time scales. All relevant physical processes
will be represented at some level by interconnected modules. The new resources
made available by the SSI for DNS models will enable more effective development
of physics-based reduced models that are acceptably realistic and accurate. Hence,
the SSI resources would enable IM at a level of realism and complexity much greater
than is presently possible either in MFE or IFE research.

Roadmap
The implementation of the fusion SSI program could be cast in three stages,

which are related to the availability of progressively more powerful high-
performance computing platforms. Critical scientific issues can be addressed by 0.5-,
5-, and 50-teraflop computers and the corresponding increase in memory and data-
handling capacity. A sample roadmap for first-principles simulations of plasma
microturbulence is shown in Fig. 2.
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Fig. 2.  First-principles-based simulations of plasma turbulence.
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S-16.  COMPUTER MODELING OF PLASMA SYSTEMS

Description
Computational modeling of the plasma and auxiliary systems has been an important component of both the magnetic fusion

energy (MFE) and inertial confinement fusion (ICF) programs since at least the early 1970s. These codes integrate the plasma physics
with external sources and are used to interpret and predict macroscopic plasma behavior. Present MFE transport simulation codes
couple two-dimensional (2-D) magnetohydrodynamic (MHD) equilibria with fluid transport equations for particles, momentum, and
energy. In ICF, simulations are usually performed with one-dimensional (1-D) and/or multidimensional hydrodynamic codes that
incorporate the physics relevant to the processes important to the target design being investigated. In both MFE and ICF, the physics is
incorporated in “modules or algorithms” using the best physics understanding to date, which can be supported by current computer
systems.

Status
In MFE several fluid transport codes are in wide use, but they differ in the component physics they emphasize and, therefore, in

the types of applications they address. Interpretive codes make maximum use of experimental data to deduce confinement properties,
while predictive codes make maximum use of models for experimental validation and design of new experiments. Core codes empha-
size the closed field line region of the plasma using 1-D transport equations, while edge codes model the open field line region
between the core and bounding material surfaces with 2-D equations. The simulation codes presently in use for ICF are 1- and 2-D
hydrodynamic codes funded predominately by the Department of Energy (DOE)–Defense Programs (DP). Presently, advanced 2- and
3-D code development is being funded by the DOE–DP Advanced Strategic Computing Initiative (ASCI) Program and to a much
lesser extent the DOE–DP ICF Program. The existing 1- and 2-D hydrodynamics codes used for ICF research have been heavily
checked and validated against experimental data obtained on existing ICF facilities.

Current Research and Development (R&D)

R&D Goals and Challenges
•  The primary goal of the MFE program is to develop a comprehensive, integrated set of codes that integrate the component physics,

auxiliary sources, and interaction with the bounding walls, and provide a quantitative assessment of the viability of the confine-
ment concept as a fusion energy source.

•  As part of the DOE–DP ASCI Program, new 3-D ICF codes will be developed. Of particular importance will be software develop-
ment required for efficient use of massively parallel machines. This applies to both “user”-written code algorithms as well as
“vendor”-supplied operating systems, compilers, debuggers, and visualization/analysis software. The actual performance of the
new ASCI machines also represents a significant R&D challenge both for the vendors as well as the end users.

•  A significant goal associated with advanced hydrodynamic code development for ICF and inertial fusion energy (IFE) will be
designing and conducting relevant experiments that verify the algorithms implemented in these codes and validate the overall inte-
grated predicative capabilities of the codes. This verification and validation will be essential in order to have confidence for predi-
cations of targets being designed for IFE reactor facilities.

Related R&D Activities
•  Cooperate with the international MFE experiments in development, testing, and validation of codes and component models.
•  Coordinate with the code development being carried out under the DOE–DP ASCI Program.
•  Coordinate with existing DOE–DP activities planning and conducting experiments on high energy density (HED) facilities such as

the National Ignition Facility (NIF).

Recent Successes
•  MFE core physics codes, coordinated with codes that model the microscopic behavior of plasma turbulence, have helped identify

the role that sheared flow plays in reducing transport and improving confinement.
•  The MFE edge physics codes have matured significantly in recent years to the point that they can reproduce many aspects of

experimental observation.
•  The DOE–DP programs have had significant successes in developing 2-D hydrodynamics codes for use in HED research. These

codes have been extensively verified and validated (V&V) against relevant experimental data. In particular the Lasnex code played
an integral role in the national ICF program’s ability to successfully complete the Nova Technical Contract (NTC). The NTC was
an essential step in the decision to go forward with the design and construction of the NIF.

•  Modern 3-D hydrodynamic codes have been developed as part of the DOE–DP ASCI Program. These codes are beginning to be
used in research associated with designing capsules to achieve ignition on the NIF as well as the design and analysis of HED
experiments.

 Budget
•  DOE–OFES: FY 1999 = ~$9M (~$0.5M for target design).
•  DOE–DP-ICF: FY 1999 = ~$500M including NIF construction (~$7–10M for target physics-/design-related activities).
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Time evolution of the fusion power, the TRANSP calculation
of the fusion power, and the TRANSP calculation of the
central alpha density for the TFTR plasmas that had the

highest fusion power.
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The measured growth of planar hydrodynamic instabilities in
ICF is in quantitative agreement with numerical models.

Anticipated Contributions Relative to Metrics

Metrics
•  Develop a quantitative modeling capability of confinement in MFE plasmas that includes a comprehensive treatment of the geo-

metry, field structure, and interaction with the bounding surfaces and external systems.
•  Identify target designs coupled with reactor systems that meet the requirements for the competitive cost of electricity for commer-

cial power. This will require increased experimental data in a number of critical areas as well as integrated multidimensional
design simulations. This experimental data will be used to validate and verify existing and new codes.

Near Term <5 years
•  Improved core transport models that are derived from or linked to comprehensive microscopic models of plasma turbulence in

magnetically confined plasmas.
•  Improved 2- and 3-D hydrodynamic codes will become available. These new codes will not be fully validated against experimental

data and “benchmark” simulation results. This process will continue beyond the 5-year period. These codes will be funded entirely
by the DOE–DP ASCI.

Midterm 5–20 years
•  Combined treatment of the core and edge of magnetically confined plasmas for consistent treatment of the physics in all regions.
•  Transport coupled with 3-D MHD equilibria to facilitate the comparison of axisymmetric and non-axisymmetric plasmas.
•  Use of mature and validated 3-D codes for IFE target designs.

Long Term >20 years
•  Use of the predictive capabilities of the transport modeling codes to aid in the selection and design of MFE and IFE power plants.

Proponents’ and Critics’ Claims

Proponents claim that transport modeling codes have played a crucial role in interpreting and predicting plasma behavior even
though many aspects of the component models are heuristic or empirical. Proponent’s point to the clear success of the DOE–DP with
respect to the development and use of multidimensional simulation codes. This methodology of integrated use of experimental data
and simulations has served as a model for other programs to follow.

Critics claim that the turbulent transport processes and their interaction with MHD effects are so complex and exhibit such a wide
range of spatial and temporal scales in magnetically confined plasmas that transport codes will never be able to capture all of the
macroscopic aspects of their behavior from first principles.
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Left: the simulated growth of perturbations (counterclockwise
through four time periods) in the outer regions of supernova

SN1987a. Right: Experimental radiographs
from the Nova laser showing remarkable

supernova-like mixing features.

Top: the Herbig-Hero object HH47, a galactic radiative jet
in interstellar space. Bottom: Experimental radiating jet

formed by colliding plasmas on the Nova laser.

S-17.  ASTROPHYSICS USING FUSION FACILITIES
Description

Astrophysical models are routinely tested against observational results rather than against experiments with controlled initial
conditions. Creating a surrogate astrophysical environment in the laboratory has heretofore been impossible because of the high
energy density required. Fusion facilities offer the capability to perform controlled experiments in a realm of plasma temperatures and
densities that approach astrophysical regimes in several important parameters; the physics of the problems studied may be scaled over
many orders of magnitude in spatial scale. Examples include strong shocks in ionized media; high Mach number supersonic jets;
material flow in strongly coupled, Fermi degenerate matter; hydrodynamic instabilities in hot, compressible matter with low viscosity;
radiation transport dominated by X rays; photoevaporation front, coupled radiative hydrodynamics; and material properties such as
equations of state at high pressure.

Status
Experiments have been performed on the Nova [United States, Lawrence Livermore National Laboratory (LLNL)] and Gekko

(Japan, ILE) lasers and reported extensively in the literature. Current experiments are also under way on the Omega [United States,
Laboratory for Laser Energetics (LLE)] laser. The Center for Astrophysics with Intense Lasers at LLNL has sponsored two interna-
tional workshops, the second attended by 130 participants from 13 countries. Of the 112 contributed papers, 40 were by
astrophysicists.

Current Research and Development (R&D)

Experiments on the Nova, Omega, and Gekko lasers have concentrated on hydrodynamics studies (of turbulence, mixing, material
flow, and supersonic jets); material properties at high pressure; and opacity of ionized elements.

R&D Goals and Challenges
Measuring compressible turbulent mixing structures requires great precision to validate astrophysical models. Current techniques

are barely adequate, and refinements in simulations will require improvements in imaging techniques. Extending hydrodynamics
experiments to the many-layer systems inferred in supernovae will require material density changes of orders of magnitude in one
target. This is achieved through the extensive use of low-density foams in laser targets and will continue to require research in foam
chemistry.

Related R&D Activities
While these experiments have been conducted on laser facilities to date, other fusion facilities such as Sandia’s Z Facility would

be suitable for creating the plasma conditions found in astrophysical systems.

Budget
$1M from the Department of Energy–Defense Programs (DOE–DP) supports research at several universities and national

laboratories.
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Anticipated Contributions Relative to Metrics

Metrics
Laboratory astrophysics experiments on fusion facilities can have a significant impact on physics models used to understand

astrophysical phenomena. The following is a list of measurements of interest:

•  Laboratory results on three-dimensional (3-D) strong-shock-induced mixing relevant to supernovae.
•  Radiative hydrodynamics in both shocks (relevant to supernovae) and jets (relevant to high Mach number astrophysical jets).
•  Relativistic plasmas with significant components of matter-antimatter pairs, using ultrahigh-intensity laser facilities.
•  Opacities in low-density systems relevant to supernova light curves and stellar atmospheres.
•  Equations of state under extreme pressures existing in the interiors of giant planets and brown dwarfs.
•  Thermonuclear burn wave propagation and dynamics relevant to supernovae and X-ray bursters.

Near Term <5 years
Experimental campaigns will continue on large laser facilities. Experiments have been approved for the Omega laser in FY 1999

and begun on the Gekko laser. Planning for experiments on the National Ignition Facility (NIF) laser will begin.

Midterm ~20 years
The NIF laser will open new regimes for laboratory astrophysics experiments and allow the completion of many of the tasks listed

above. The laser experiments to date are still in their infancy and have largely been proof-of-principle demonstrations. On NIF, this
astrophysics work will reach full maturity, with critical astrophysics questions posed and definitive experimental answers obtained.
Questions such as the role of radiative cooling in astrophysical shocks and jets, and 3-D deep nonlinear mixing in multilayer, spherical
systems will no longer reside purely in the realm of computer simulations, but will be addressed with well-posed, rigorously scaled
experiments as well. The development of intense lasers and, in particular, the NIF offers an unprecedented opportunity to develop
scaled reproductions of dynamically evolving, high-energy-density astrophysical systems in the laboratory. The potential for the
advancement of astrophysical understanding with careful use of this new tool, NIF, is now recognized in the astrophysics community.

Proponents’ and Critics’ Claims

Proponents think that there has been real progress in this area, with direct connections between the laboratory and astrophysical
systems already established. In the areas of equation of state and opacity, laboratory experiments have provided improved knowledge
of material properties that impact our understanding of giant planets and pulsating stars. In the areas of hydrodynamics, experiments
are producing phenomena such as compressible turbulent mixing, flow-driven strong shocks, and material flow in the solid state,
which are relevant to supernovae, supernova remnants, and planetary interiors. The strong collaborative nature of this research with
academia is of great benefit to the long-range DOE stewardship effort, with the best minds in the country being tapped on scientific
problems of generic interest to DOE. The extensive university involvement seeds new talent to enter the DOE labs in the future,
trained in the fundamental technical areas of concern, but pursued in the open setting of astrophysics research.

Critics have claimed that the physics of astronomical systems does not scale to laboratory spatial scales. Although this is true in
some instances, it is by no means a universal truth. A large number of astrophysical problems are in a regime in which viscosity and
radiative effects are negligible and the dominant physics is “pure” hydrodynamics; such systems follow simple Euler scaling. Radia-
tive effects in hydrodynamics can also be addressed in properly scaled conditions in many circumstances, with dimensionless cooling
lengths and Mach numbers characterizing the result. Another criticism has been that DOE funding should be focused exclusively on
DOE issues, classified or otherwise, and that the more academic flavor of astrophysics research is just a diversion. However, a deep
understanding of issues such as scaling resides at the very core of the stewardship mission. This rigorous scaling is also one of the
fundamental issues of laser-based astrophysics. The match of science-based stewardship and laboratory astrophysics is exceedingly
synergistic.
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C.6 NEAR-TERM COMMERCIAL APPLICATIONS

The practical applications of plasmas and associated technologies are of growing importance to the gov-
ernment and national economy. Chemical engineers have long recognized the utility of plasmas in performing
“high-temperature” chemistry at low temperatures. Fusion energy R&D has resulted in better understanding of
plasma processes and in the ability to manipulate plasmas for many purposes. The technologies, theoretical
models, and computational tools developed in the fusion program are being used in a variety of market seg-
ments including electronics, manufacturing, health care, environmental protection, aerospace, and textiles. Most
of the institutions participating in the fusion energy sciences program are investigating near-term applications.
This programmatic mixture has led to an effective transfer out of and into the fusion program. There are several
high-impact opportunities for applying the plasma expertise developed within the fusion research program to
near-term industrial and government needs. These opportunities provide high visibility to the fusion program
based on the interest of the public, Congress, and the media in new technological “spin-offs.” They also enable
“spin-on” of new technologies into the fusion program from other communities. In virtually all applications, an
interdisciplinary approach is required; plasma science must be integrated with chemistry, atomic physics, sur-
face and materials science, thermodynamics, mechanical engineering, and economics. Some processes, such as
the thermochemical heat treatment of metals, the activation of polymers, thermal spraying of ceramic coatings,
and etching of semiconductors, are well-established in industry, while others belong to new and emerging tech-
nologies, such as plasma immersion ion implantation and intense ion beam processing.

OFES and the NSF are major government sponsors of plasma R&D. The NSF has funded near-term appli-
cation programs. In addition to sponsoring many single-investigator led projects, the NSF supports three Engi-
neering Research Centers on (1) Advanced Electronic Materials Processing at North Carolina State University
($28.6M between 1988 and 2000—plasma processing is one of five thrusts); (2) Plasma Aided Manufacturing
at the University of Wisconsin ($25.7M between 1988 and 1998); and (3) Environmentally Benign Semicon-
ductor Manufacturing at the University of Arizona ($3.1M between 1996 and 2001—plasma processing is one
of six thrusts).

The following two-pagers discuss applications of plasma science and technology to these areas:

•  Semiconductors
•  Advanced Materials Processing and Manufacturing
•  Environment
•  Medical Applications
•  Plasma Propulsion
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N-1.  SEMICONDUCTORS

Description
The practical application of plasmas and associated technologies in industry are of growing importance to the national economy.

The semiconductor industry employs many technologies originally developed for or similar to those used in fusion research. Plasma
processing is one “spin-off” example, but others include diagnostics, modeling, metrology, magnets, radio frequency (rf), microwave,
neutral beam, electron beam, ion beam, and laser sources. Involvement with the semiconductor industry fits into OFE’s role as one of
the stewardship agencies for Plasma Science and Technology.

Status
Chip-making technologies that use plasmas and associated technologies are identified in Fig. 1. The wafer patterning lithography

and plasma processing market is approximately $8B/year.
About 10 years ago, the attention of policy makers and Congress became focused on U.S. competitiveness in the world market

place. A theme emerged that the “jewels of government-funded research” should be made available to U.S. industry, and it was cor-
rectly noticed that in comparison with Europe or Japan, U.S. research activities in the Department of Energy (DOE) national laborato-
ries were quite insulated from the industrial research community and its interests. Cooperative Research and Development Agree-
ments (CRADAs) and work for others (WFO) arrangements were initiated to encourage stronger coupling between government-
sponsored research and industrial needs. Recent legislation has reduced some of the barriers (i.e., DOE added factor) that have limited
interactions. DOE funds for CRADAs have been reduced in recent years, and thus, most new work at national laboratories has been
funded up to 100% by industry through CRADAs or WFOs. Many of these projects have been very successful and illustrate clearly
the overlap of laboratory and university expertise with industry needs. Some important examples are multilaboratory CRADAs and
WFOs with SEMATECH and Intel. One drawback is that direct industry funding tends to lead to projects with very short term and
limited goals and has sometimes led to conflicts over ownership of intellectual property. Funding for research that extends basic sci-
ence and technology work to areas that are industrially relevant (medium and long term) is quite limited.

Within the university community, the 1998 phase-out of the National Science Foundation (NSF) Center for Plasma-Aided Manu-
facturing at the University of Wisconsin in Madison, after 11 years of successful operation, has put stress on funding of basic plasma
science and engineering for materials processing. This has been somewhat compensated for by the recent NSF/DOE Plasma Science
Initiative, made available in 1997–98. This produced additional DOE funds to support basic research in plasma science and
engineering. Such long-term sources of funding are vital for this area because industrial funding is typically short term (one year or
less) and often involves graduate students in proprietary research with publication restrictions. On the private side, PMT and ASTEX
are examples of successful companies that were founded by members of the plasma physics community.

Current Research and Development (R&D)
R&D Goals and Challenges

Several DOE laboratories and many university centers have ongoing work with the semiconductor industry as discussed under the
near-term program. While much of the work involves the use of plasmas, many processes only involve the use of fusion technologies
(i.e., diagnostics, rf and microwaves, beam and laser sources, models, and algorithms).

Related R&D Activities
•  Individual U.S. industry R&D and consortia such as SEMATECH, SRC, SEMI, and MARCO provide funds to national laborato-

ries and universities. DARPA and NSF supported some limited research. Plasma science work related to semiconductors is gener-
ally reported at the Gaseous Electronics Conference, American Vacuum Society, Institute of Electrical and Electronic Engineers
Plasma Science, and the American Physical Science DPS meetings.

•  International programs in Asia and Europe coordinate industry- and government-sponsored semiconductor research that includes
extensive work in plasma processing.

Recent Successes
•  Plasma sources are used in 25–30% of the steps required to process a wafer from bare silicon to a finished wafer.
•  Plasma physics control of n and ∆n developed from diagnostic measurements, modeling, and improvements to rf and microwave

systems enhances the throughput and yield of these systems.
•  Atomic physics databases have been extended to include plasma chemistries important to the plasma process modeling community.
•  Plasma ionization and collision databases have been extended to include plasma chemistries important to the plasma process

modeling community.
•  Plasma damage of device structures has emerged as a major impact on wafer yield. Models of plasma damage mechanisms have

been developed and experimentally tested.
•  New plasma sources have been developed that extend process ranges, allowing the etching of wafer features as small as 0.1 µm.
•  Plasma-Enhanced Chemical Vapor Deposition (PECVD) is used to create new materials and to deposit the “seed” layers inside

small narrow features prior to other film deposition steps.
•  Plasmas for several wafer doping processes include high-energy ion implant, low-energy shallow trench, and silicon-on-insulator.
•  Diagnostic and rf sensors and control algorithms modified from fusion experiments have been used to control plasma processing

equipment.
•  Plasma sources and fusion-related plasmas technologies are required for next-generation nonoptical lithographic systems (E-beam,

X-ray, EUV).
•  Diagnostic techniques developed for fusion experiments have been extended for use in imaging wafer features.
•  Plasma discharges are used in many of the large flat panel displays currently on the market.
•  Plasma discharges are used to treat the vacuum exhaust components from process chambers converting toxic or global warming

gases into benign by-products.

Budget
There is currently no direct DOE–OFES funding in this area. A small amount of funding that can bridge the gap between basic

and applied R&D may have a significant impact.
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Fig. 1.  Chip-making technologies.

Anticipated Contributions Relative to Metrics
Metrics

OFES and NSF are the stewardship agencies for Plasma Science and Technology. There are numerous advantages to be derived
from applying the plasma expertise developed within the fusion research program to nearer term industrial and other government
needs. It allows fusion scientists and engineers to contribute high-impact solutions to major industry sectors including semiconductor
manufacturing. It provides high visibility to the fusion program based on the interest of the public, Congress, and the media in new
technological spin-offs. It increases the spin-in of new technology into the fusion program from applied sectors of the scientific and
industrial community. A roadmap exists for the semiconductor industry, and it contains goals for plasma processing performance.
Near Term <5 to 10 years

Several DOE laboratories and many university centers have ongoing work with the semiconductor industry.
•  Plasma sources for plasma chemistry required for semiconductor etch and deposition.
•  Plasma charging of wafer surfaces and damage to transistor and capacitive structures.
•  Plasma discharges for plasma displays.
•  Plasma, rf, and microwave control algorithms for process stability and power control.
•  Plasma, rf, and optical diagnostics for process sensors, wafer metrology, and defect detection.
•  Plasma and rf modeling science of plasma sources, rf antennas, laser deposition, and nonlinear phenomena.
•  Ion, electron, neutral, and laser beams for electron-beam (E-beam) lithography, surface and bulk material modifications, process

waste treatment, X-ray, and EUV lithography.
Improve plasma processing equipment through experimental measurements and modeling. Expand the use of fusion-related tech-

nologies in the semiconductor industry. Establish a National Plasma Technology Advisory Committee to help identify appropriate
technological needs and connect researchers with each other and with appropriate industrial companies.
Midterm 10–20 years

Develop models that can include plasma properties and plasma chemistry along with feature scale effects at the wafer surface.
Utilize Plasma Science and Technology to extend beyond the current manufacturing and measurement capabilities of the semicon-
ductor industry.
Science

Establish a knowledge base and a fundamental understanding of key phenomena in plasma processing for semiconductors.
Develop models of plasma processing that include the important chemical species, power balances, wall interactions, plasma boundary
effects, and “feature scale” effects on the wafer surface. Develop fundamentally new lithographic techniques that can replace optical
lithography. Understand “plasma damage” mechanisms to limit damage to chip devices.

Proponents’ and Critics’ Claims
Proponents claim that science and technology developed for fusion have been under used by the semiconductor processing com-

munity, that both spin-offs and spin-ins will benefit the fusion community, that industry-funded research helps maintain a critical mass
of expertise, and that industry cannot maintain large staffs of plasma experts and, thus, can cost-effectively draw on expertise in the
fusion community.

Critics claim that coordinated research between industry and government is “corporate welfare,” that university and national labo-
ratory research is disconnected from industry needs, that national laboratory research is too expensive for industry, and that govern-
ment “terms and conditions” and bureaucracy can be a barrier to industry.
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N-2.  ADVANCED MATERIALS PROCESSING AND MANUFACTURING

Description
The last decade has witnessed a remarkable growth in the application of plasmas to industrial processing and manufacturing in

nonsemiconductor market areas. The applications include hard coatings for wear and corrosion treatment of tools and components,
thin film deposition for optical devices, and many others. Processes include plasma spraying, plasma nitriding, plasma polymerization
and cross-linking, plasma-enhanced chemical vapor deposition (PECVD), magnetron sputtering sources, ion implantation techniques
such as plasma source ion implantation (PSII), processes based on metal vapor vacuum arc (MEVVA) technology, and others.

Current Research and Development (R&D)
R&D Goals and Challenges

There is a need to refine and improve existing surface engineering techniques and to develop new techniques to serve an explo-
sive growth of applications such as nanoscale devices, high-performance materials for aerospace, medical use, established large-scale
heavy manufacturing, emerging high-technology manufacturing, and many other areas. An important component of this need relates
to the environmental impact of the processing.

Related R&D Activities
U.S./international  . The market for surface engineering techniques has been growing rapidly for the last three decades. It has been

estimated that by 1994 (5 years ago) more than $40B in surface engineering R&D had been invested collectively by North America,
Japan, and Western Europe (Chem. Eng., April 1994). In Germany alone, more than 1000 new surface engineering companies were
established from 1990 to 1994.

Recent Successes
Plasma spraying   . Plasma spray technology is a relatively mature technology that is beginning to benefit from fusion science and

technology. For example, plasma spraying technology/modeling is one of the four major thrust areas in the Engineering Research
Center for Plasma-Aided Manufacturing at the University of Wisconsin.

Plasma nitriding   . Plasma nitriding, also a relatively mature technology, has its roots in the gas nitriding processes developed by
the chemical engineering community. Although there has not been a great deal of interaction between the plasma nitriding and fusion
community, industrial plasma nitriders are very much interested in joint R&D with the fusion community, particularly in the area of
PECVD.

PECVD    . PECVD offers the potential for high deposition rates at reduced processing temperatures. Experimental and modeling
techniques developed in fusion science programs are having a large impact on the deposition of diamond and diamondlike carbon
coatings on machine tool components, biomaterials, sensors, heat sinks, X-ray windows, and many other areas. Some of the emerging
applications are in mass market, consumer products, such as the recently released DLC-coated razor blades from Gillette.

PSII   . PSII is a nonline-of-sight technique for industrial surface engineering that was developed as a direct outgrowth of fusion
technology research. First developed in 1986, this process has spawned more than 55 groups around the world to date (Fig. 1). A key
factor in the development of PSII involved collaboration between university, industry, and fusion scientists at Los Alamos National
Laboratory (Fig. 2), which was formalized initially by a Department of Energy Cooperative Research and Development Agreement,
followed by the NIST/ATP program.

Metal MEVVA    . Another direct spin-off of the fusion program is the MEVVA surface modification technology developed at Law-
rence Berkeley Laboratory. This technology offers the possibility of performing high-throughput ion implantation of targets with ion
species that include most of the periodic table elements. As an example of the synergisms that are developing within the plasma pro-
cessing community, there is at present a very active program under way to combine the benefits of PSII and MEVVA technology.

Fig. 1.  Worldwide growth of PSII facilities. Fig. 2.  The worlds’ largest PSII system.
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Anticipated Contributions Relative to Metrics

Supplier type Primary market

Diagnostics for industrial plasma processing
Langmuir probes and microwave interferometers Subsystems Generic

MEVVA technology
ISM Company Technologies Systems, services Generic, but mostly nonsemiconductor

PECVD
Applied Science and Technology (ASTeX) Systems Generic
PMT Systems Generic

Plasma immersion ion implantation
AEA Harwell spin-off company Systems Generic
ANSTO/ANSTO spin-off, Australia Systems Tribology
Diversified Technologies, Boston, Mass. Systems/modulators Generic
Empire Hard Chrome, Chicago, Ill. Services Automotive, die casting industry
Ionex, Traverse City, Mich. Systems/services Automotive
Northstar Research, N.M. Systems/modulators Generic
Panasonic Systems/in-house

manufacturing
Microelectronics, tribology

PVI, Calif. Company Aerospace, microelectronics, optical coatings
Varian Extrion a-machine Systems Microelectronics

Proponents’ and Critics’ Claims

Proponents think that plasma surface modification provides an environmentally friendly approach to rapidly expanding industrial
needs in a very broad array of applications. In some emerging high-technology areas such as nanoscale device, plasma processing
technology is the only currently available economically viable approach. A systematic science-based, multidisciplinary approach will
continue to transform plasma processing from an empirical technology to an engineering technology.

Critics claim that industrial plasma technology is largely empirically based rather than science based and is therefore a risky
technology for scale-up and application to new areas. Manufacturers are satisfied with their well-established nonplasma-based pro-
cesses. Plasma processing is viewed by manufacturers as too costly.
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N-3.  ENVIRONMENT
Description

One of the most pressing concerns of our times is safeguarding the quality of our environment for present and future generations.
Past practices have left a legacy of accumulated hazardous waste and pollution at many sites that must now be remedied. In addition, a
critical challenge exists to prevent or significantly reduce continued generation of waste and pollution that can adversely affect the
environment. Some examples include the cleanup of Department of Energy (DOE) sites involved in the nuclear weapons program,
cleanup of Environmental Protection Agency (EPA) superfund sites resulting from past industrial and Department of Defense (DOD)
operations, reduction of landfills and water pollution from industrial and municipal sources, and reduction or elimination of emissions
into the atmosphere that can be harmful to people or the climate. The ultimate development of fusion energy will, of course, signifi-
cantly reduce or eliminate many of the present waste streams and pollution currently associated with fossil fuel and nuclear fission
power plants. However, in the interim, much of the knowledge gained in plasmas and the associated technologies developed to gener-
ate, control, and monitor plasmas can have a significant beneficial impact on our environmental needs.
Status

The United States is currently involved in what has been billed as the largest civil works project in its history, the cleanup of
nuclear weapons production sites at Hanford, Savannah River, Oak Ridge, and other locations. Estimated cleanup costs exceed $40B.
Expenditure of additional billions is being mandated by the EPA to clean up superfund sites. Tightening of clean water and clean air
regulations is causing an increasing investment by DOE, DOD, and commercial enterprises to meet the challenge. Much of the present
expenditure on environmental cleanup and pollution prevention is for application of currently available methods and technologies.
However, an increasing investment is beginning to be made in research and development (R&D) to find innovative new solutions to
environmental problems. Two applied research programs are DOE’s Environmental Management Science Program (EMSP) with a
current budget of $191M and the joint DOE/DOD Strategic Environmental Research and Development Program (SERDP) with a
FY 1998 appropriation of $61M. In addition, DOE Environmental Management funds a number of focus areas that are also investing
in new technology development. Some of this funding supports plasma technologies and fusion energy spin-offs that have immediate
near-term environmental applications. These technologies include thermal plasma arcs, nonthermal plasma chemistry methods,
plasma-aided waste characterization and pollution monitoring, and advanced diagnostics for process control and monitoring. Currently
there is no long-term investment in plasma science research to more fully exploit the potential of the plasma state for environmental
needs.

Current Research & Development (R&D)

R&D Goals and Challenges
•  Develop technologies to reduce risks and costs for remediation of mixed radioactive wastes.
•  Develop improved thermal remediation technologies for faster throughput, reduced emissions, and lower cost waste processing.
•  Research nonthermal processes for more efficient, targeted destruction of hazardous air pollutants (HAPs) such as volatile organic

compounds (VOCs) and for nondestructive decontamination of surfaces.
•  Develop technologies for cleaning fine particulate emissions and other HAPs from current thermal processes in industry, power

production, and burning of wastes.
•  Develop new processes and technologies for eliminating SOx and NOx emissions from vehicle and stationary sources.
•  Develop more sensitive and accurate continuous emissions monitors of pollution such as metals, dioxins, furans, and other hazard-

ous pollutants.
•  Develop technologies to reduce and/or eliminate CO2 and other greenhouse gas emissions and research possible CO2 sequestering

technologies.
Related R&D Activities

Many government agencies and commercial companies have programs and goals to reduce environmental pollution. The DOE
Office of Industrial Technology has roadmaps for several industries including aluminum, steel, glass, and chemicals primarily to
improve energy efficiencies, but they would also, as a consequence, reduce pollution. The automobile manufacturers have major
efforts to develop environmentally cleaner cars. Spin-off fusion energy technologies can contribute to all these efforts.
Recent Successes
•  Initial demonstration of plasma arc technology for vitrification of DOE mixed waste.
•  Electron beam plasmas demonstrated for efficient destruction of dilute VOCs.
•  Initial demonstration of compact plasma arc device (plasmatron) for reforming hydrocarbon fuels to cleaner burning hydrogen gas,

(could be implemented on cars and other vehicles).
•  New robust temperature measurement capability achieved inside harsh furnace environments with the application of fusion energy

developed millimeter-wave receivers.
•  Microwave plasmas developed for continuous emissions monitoring of hazardous metals.
Budget
•  DOE–EMSP: current budget is $191M.
•  DOE/DOD: SERDP FY 1998 = $61M.
•  DOE Environmental Management funds several focus areas in new technology development.
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Anticipated Contributions Relative to Metrics

Metrics
The EPA and DOE Environmental Management largely define the environmental needs which motivate and guide the R&D nec-

essary to achieve those needs. There is a close connection between the research and the intended application. An end user is generally
identified before research is committed. Plasma technologies and fusion energy spin-offs are supported when it is clear that a short-
term development will pay off.

Near Term <5 years
Incremental improvements will be made in arc processes, plasmatrons, plasma-aided monitoring technologies, and application of

advanced diagnostics to environmental processes. Conventional processes will benefit from improved monitoring and control tech-
nologies. Some of these technologies will be commercialized.

Midterm 5–20 years
Advanced applications of plasmas to waste remediation will be developed. The plasma state will be used more to destroy hazard-

ous materials rather than just as a source of heat as in near-term arc processes. New atmospheric plasma generation technologies will
be developed with high throughput and efficient operation. Multistage plasma waste processing systems will be developed. Portable
units and in situ vitrification technologies will be commercialized. More universal plasma waste processing capability will be
achieved.

Long Term >20 years
Continued advancement will be made toward universal plasma waste processing systems. Neutron transmutation of radioactive

wastes, using fusion neutron sources, will be a topic of research to reduce controversial requirements for long-term radioactive
storage.

Proponents’ and Critics’ Claims

Proponents think that plasma science can make a significant contribution to current and future environmental needs. A physics
perspective is needed in the environmental cleanup effort, which is currently dominated by chemical engineers. Breakthrough
advances may be possible for some of our most pressing environmental problems.

Critics claim that plasma research would be more long-term and environmental remedies are needed now. Few companies would
be willing to accept novel new plasma technologies with unknown track records.
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N-4.  MEDICAL APPLICATIONS

Description
The cost and quality of medical care is one of the most pressing concerns for the nation. New medical technology based on

knowledge derived from the fusion programs and plasma science is simultaneously reducing the cost of health care and increasing
efficacy. Spin-offs to industry already include a system for treatment of stroke, based on expertise in lasers, optics, and modeling of
interactions of lasers and matter. Another spin-off is the use of miniaturized X-ray sources in preventing recurrence of coronary block-
age after balloon angioplasty. A third example is the recent advance in magnetic resonance imaging (MRI) magnet technology that
took advantage of superconducting coils developed by the fusion and high-energy physics programs. The large computer codes devel-
oped to model radiation transport and laser-matter interactions are now being applied to model laser interactions with human tissue.
Therapy of well-defined tumors by proton or heavy-ion therapy (hadrontherapy) has the advantage that the energy deposition concen-
trates at the Bragg peak, just before the ion stops. This enables a more precise treatment of cancers, while minimizing damage to tissue
around the tumor. Ions as heavy as argon have been used in clinical trials.

Status
At present there are a variety of projects under way at national laboratories, universities, and industry that are addressing medical

applications as spin-offs of plasma physics research and related technologies. Most of these projects have direct ties to the fusion pro-
gram, sharing personnel and infrastructure. An increasing awareness of the needs of the medical community is resulting in a sharp
increase in the number of projects. Dozens of plasma-physics-related medical technology projects have already transferred to industry,
and several are currently in human trials with many in earlier stage trials.

Heavy-ion therapy. Accelerator laboratories, working in conjunction with hospitals, are giving increased attention to heavy-ion
therapy. An existing accelerator is being used at GSI Darmstadt, Germany, and a new facility at Chiba, Japan, was built specifically to
test and develop heavy-ion therapy. The pioneering work was done at Lawrence Berkeley National Laboratory (LBNL) and the
University of California–San Francisco.

Progress to date has largely been funded through indirect channels, which severely limit development.

Current Research & Development (R&D)

R&D Goals and Challenges
•  Develop technologies to reduce medical device cost. This could include device manufacturing, new materials, cheaper materials,

and new diagnostics.
•  Develop plasma-mediated tissue ablation that is economical and generates minimal collateral damage.
•  Develop new imaging modalities that improve resolution or offer functional imaging capabilities.
•  Develop miniature X-ray sources and detectors that can be inserted through minimally invasive catheters.
•  Apply plasma processing techniques to manufacture new minimally invasive medical devices.
•  Develop compact and sensitive mass spectrometers for analyzing exhaled gas.
•  Develop microwave and radio frequency (rf) techniques for cancer treatment.
•  Develop plasma sterilization techniques.
•  Develop heavy-ion beams based on fusion derived injectors, with raster scanning in 2-D to control beam deposition.

Related R&D Activities
Many universities, government agencies [National Institutes of Health (NIH), Department of Energy (DOE), and NIST-ATP] and

commercial companies have programs to improve health care and reduce medical costs. The search for new medical devices for diag-
nostics and treatment is ongoing. Spin-offs from the plasma science community can contribute to all these efforts.

Recent Successes
A joint venture between a General Atomic spin-off and Toshiba America will supply the next-generation MRI magnets that were

originally developed by the fusion program. At Lawrence Livermore National Laboratory (LLNL) a micro-impulse radar (MIR)
imaging technique offers the possibility to rapidly and noninvasively detect trauma, strokes, and hematomas. These portable micro-
wave devices are complementary to traditional MRI and computerized tomography (CT) scans and have a projected market of $200M
per year. Plasma-mediated ablation using ultra-short lasers developed from fusion (<10 ps) offer a breakthrough by enabling precision
cuts without damaging surrounding tissue. Also at LLNL, a minimally invasive technique called endovascular photoacoustic recanali-
zation has been developed to treat stroke, which affects 700,000 people per year in the United States. This took advantage of laser-
matter interaction codes developed as part of the fusion program. A heart disease treatment technology, also codeveloped with indus-
try by LLNL, is an X-ray catheter that is used in conjunction with traditional balloon angioplasty as a treatment to prevent arterial
restenosis (reclogging of the arteries due to tissue regrowth after balloon angioplasty treatment).
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Anticipated Contributions Relative to Metrics

Metrics
Historically, NIH has defined the medical needs and guided the R&D necessary to fulfil these needs. More recently, DOE has

recognized the potential of fusion-derived technology to improve medical care and has provided a low level of support for device
development. Plasma technologies and fusion energy spin-offs are supported when it is clear that a short-term development will pay
off. Ultimately, the metrics will be the number of successfully commercialized devices and the number of people whose lives are
favorably affected.

Near Term <5 years
The near-term focus is on the successful commercialization of the technologies that are presently identified. Applying these

plasma science technologies will lead to the development of new medical devices and possible reduction in manufacturing costs of
existing devices. Demonstration of heavy-ion beam systems.

Midterm 5–20 years
As the issues of interaction with industry and the commercialization of medical technology continue to be resolved, the focus will

shift to a primary emphasis on research that can further extend the contributions to the medical community. Plasma processing will
play an important role in the development of minimally invasive devices that can be used in catheter-based procedures. Improvements
in medical imaging will rely on a new generation of detectors and systems, both of which can benefit from plasma science.

Long Term >20 years
The ultimate goal is the development of new noninvasive diagnostics and therapies that reduce costs and save lives. The early

detection of disease and efficient treatment will go a long way to reducing health care costs and patient suffering.

Proponents’ and Critics’ Claims

Proponents say that physics perspective is needed in the medical device community, which is currently dominated by engineers.
Technology and physics knowledge gained through plasma research can play an important role in current and future medical device
development and manufacturing. Proponents claim that hadrontherapy should provide a much higher level of cancer control with
fewer side effects.

Critics say that plasma science plays a support role in most medical devices. It is unlikely that the next MRI tool is going to come
out of plasma research. Critics think that it is foolish to spend money on unproven technology, and needs can be met with more con-
ventional and less costly methods.
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N-5.  PLASMA PROPULSION
Description

Plasma-based propulsion systems for spacecraft are receiving increased and considerable interest. There are numerous working
devices and innovative concepts. Thrust is generated by using electrical energy to accelerate a propellant. The accelerated species is
generally ions, with plasma neutralization subsequent to acceleration. Plasma propulsion technologies include Arcjets, Ion Thrusters,
Hall Thrusters, Magneto-Plasma-Dynamic Thrusters, and radio frequency (rf) driven plasma thrusters, with concepts incorporating the
possibilities for either pulsed or continuous operation. Their applications include “station keeping” for geosynchronous earth orbit
(GEO), drag compensation for low earth orbit (LEO), and high-specific-impulse thrust for interplanetary and deep space missions.
Plasma propulsion can provide higher specific impulse [Isp (thrust/mass flow)] than conventional chemical propulsion because of the
high speeds attainable by plasma. The higher specific impulse means that a spacecraft using plasma propulsion can perform a mission
with less propellant mass than with conventional chemical propulsion. Note that the number of satellites is rapidly growing, particu-
larly for LEO, which is driven by the worldwide needs for communication.

There are strong areas of overlap between the fusion research community and the plasma propulsion community. Plasma concepts
of flow in crossed electric and magnetic fields are common both to electric propulsion devices and collisionless plasma behavior in
magnetic fusion devices. These systems also use many of the same technologies that are required for fusion, with many common
diagnostic techniques.
Status

Several plasma-based systems are in use or planned for future missions. The Russian space program has used Hall thrusters for
more than 25 years. Hall thrusters are now in limited use
on U.S. and European satellites, but it is anticipated that
the planned 288 satellite Teledesic commercial satellite
system will employ Hall thrusters. In October 1998, a
Russian-made Electron Propulsion Demonstration Mod-
ule (EPDM) Hall thruster (Fig. 1) was used to boost the
orbit of the U.S. STEX satellite. An ion engine is in use
on the Deep Space 1 probe (Fig. 2), which was launched
in October 1998. A novel rf driven plasma propulsion
system (VASIMR concept), which is based on a mag-
netic mirror configuration (Fig. 3), has been proposed for
use in human exploration of the solar system.

Current Research and Development (R&D)
R&D Goals and Challenges

The current work ranges from basic to applied R&D. The time scale for the research ranges from near to long term. Detailed
diagnostic measurements and model development on devices currently in use (i.e., Hall thrusters) can lead to optimized designs for
immediate applications. Theoretical and experimental work can provide important groundwork for new concepts (i.e., VASIMIR and
others). Technology advances will be required to provide compact rf power supplies and reduced-weight, high-temperature, supercon-
ducting magnets.
Related R&D Activities

In the United States, several National Aeronautics and Space Administration (NASA) facilities, Department of Energy (DOE)
laboratories, and university centers have ongoing work in plasma propulsion. These include but are not limited to NASA [Johnson,
Lewis, Marshall, Jet Propulsion Laboratory (JPL)], Department of Defense (Naval Research Laboratory, BMDO), DOE (Oak Ridge
National Laboratory, Princeton Plasma Physics Laboratory, Lawrence Livermore National Laboratory, Brookhaven National
Laboratory) and universities (Maryland, Wisconsin–Madison, Stanford, Michigan, Penn State, Alabama–Huntsville) along with
numerous programs in the aerospace industry.

The Russian and European space programs and plasma physics laboratories have active programs in plasma propulsion.
Recent Successes

Ion propulsion systems have recently been used in NASA missions:
•  EPDM Hall thruster (Russian TAL D-55) on the STEX satellite.
•  An ion engine is in use on Deep Space 1.
Budget

There is currently no direct Office of Fusion Energy Sciences (OFES) funding in this area.

Fig. 2.  Ion engine for Deep Space 1. Fig. 3.  VASIMR concept using rf heating of hydrogen in an end
  loss mirror configuration.

Fig. 1.  Russian-made TAL D-55 EPDM Hall thruster.
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Anticipated Contributions Relative to Metrics

Metrics
OFES and the National Science Foundation (NSF) are the stewardship agencies for Plasma Science and Technology. Other agen-

cies have supported electric propulsion for space applications, but research conducted elsewhere has been highly performance and
mission driven. Consequently, compared to plasma programs supported within OFES, there is less emphasis on diagnostics and basic
science, which are the building blocks for understanding and innovation. Applying plasma expertise developed within the fusion
research program to space propulsion, fusion scientists and engineers should be poised to contribute importantly to plasma-based
thruster programs in government and industry. This is already happening, as scientists within the fusion program are proposing pro-
pulsion concepts such as the NASA/ORNL VASIMR or the PPPL segmented Hall thrusters. Work in this area provides high visibility
to the fusion program, based on the interest of the public, Congress, and the media in new technological “spin-offs.” It increases the
“spin-in” of new technology into the fusion program from NASA and industrial programs.
Near Term <5 to 10 years
•  Provide diagnostic expertise and enhance current theoretical models.
•  Develop new concepts.
Midterm 10–20 years
•  Design and build new electric/plasma thrusters.
•  Continue to develop new concepts.
Science
•  Establish a knowledge base and a fundamental understanding of key phenomena in electric and plasma propulsion.
•  Provide a new means to explore the universe.

Proponents’ and Critics’ Claims
Proponents
•  Science and technology developed for fusion are well matched to the requirements for electric propulsion and have been under-

utilized by the aerospace community.
•  NASA welcomes involvement from the fusion, plasma science, and technology communities.
•  Both spin-offs and spin-ins will benefit the fusion community.
•  NASA- and industry-funded research helps maintain a critical mass of expertise.
•  NASA and industry cannot maintain large staffs of plasma experts and thus can cost effectively draw on expertise residing in the

fusion community.
Critics
•  NASA has this role; DOE should concentrate on other priorities.
•  Coordinated research between industry and government is “corporate welfare.”
•  University and national laboratory research are disconnected from industry needs.
•  National laboratory research is too expensive for industry.

References
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4. Sovey et al., “Development Status of the NASA 30-cm Ion Thruster and Power Processor,” NASA TM 106740.
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ACRONYMS AND ABBREVIATIONS

ANL Argonne National Laboratory
APEX Advanced Power Extraction
APT accelerator production of tritium
ARIES Advanced Reactor Innovation and Evaluation Studies
ASCI Advanced Strategic Computing Initiative
AT Advanced Tokamak
BES Office of Basic Energy Sciences (DOE)
BINF Budker Institute of Nuclear Physics
BNCT Boron Neutron Capture Therapy
BPX Burning Plasma Experiment
BPX-AT Burning Plasma Experiment–Advanced Tokamak
CAT Compact Auburn Torsatron
CDX-U Current Drive Experiment–Upgrade
CEX charge exchange
CFD computational fluid dynamics
CHER charge exchange recombination spectroscopy
CICC cable-in-conduit conductor
CIT Compact Ignition Tokamak
CLR coherent laser radar
COE cost of electricity
CRADA Cooperative Research and Development Agreement
CSMC CS model coil
CT compact toroid
CT computerized tomography
CTX compact toroid experiment
CW continuous wave
D&D decontamination and decommissioning
DARPA Defense Advanced Research Projects Agency
D-D deuterium-deuterium
DEMO demonstration reactor
DIF-CEA DIF–Commissariat a l’Energie Atomique
DIII-D Doublet III-D tokamak experiment at General Atomics
DLC diamondlike carbon
DN double null
DOD Department of Defense
DOE Department of Energy
DP Office of Defense Programs (DOE)
DPSSL diode-pumped solid-state laser
DS dispersion strengthened
D-T deuterium-tritium
DTST deuterium-tritium spherical tokamak
EC electron cyclotron
ECRH electron cyclotron resonance heating
ECW electron cyclotron wave
EDA engineering design activity
EDM electrodischarge machine
ELM edge-localized mode
EOS equation of state
EMSP Environmental Management Science Program
EPDM Electron Propulsion Demonstration Module
ER Office of Energy Research (DOE)
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ET electric tokamak
ETF engineering test facility
ETR engineering test reactor
EUV extreme ultraviolet
FDA U.S. Food and Drug Administration
FESAC Fusion Energy Sciences Advisory Committee
FIRE Fusion Ignition Research Experiment
Flibe fluorine-lithium-beryllium molten salts (Li2BeF4)
FM frequency modulated
FPD flat panel display
FRC field-reversed configuration
FW first wall
FY fiscal year
GA General Atomics
GDT Gas Dynamic Trap
GDTNS Gas Dynamic Trap Neutron Source
GEO geosynchronus earth orbit
GILMM grazing incidence liquid metal mirrors
GIMM grazing incident metal mirrors
HAP hazardous air pollutant
HED high energy density
HID heavy ion driver
HIF heavy ion fusion
HIT Helicity Injected Torus
HMO health maintenance organization
HSX Helically Symmetric Experiment
HTS high-temperature superconductor
IAEA International Atomic Energy Agency
ICF inertial confinement fusion
ICH ion cyclotron heating
ICP inductively coupled plasma
ICRF ion cyclotron range of frequency
ICRH ion cyclotron resonance heating
IEA International Energy Agency
IFE inertial fusion energy
IFMIF International Fusion Materials Irradiation Facility
INEEL Idaho National Engineering and Environmental Laboratory
IRE Integrated Research Experiment
IRE internal relaxation event
ISX-B Impurities Study Experiment-B
ITER International Thermonuclear Experimental Reactor
JAERI Japan Atomic Energy Research Institute
JET Joint European Torus
JPL Jet Propulsion Laboratory
KSTAR tokamak in Korea
LBNL Lawrence Berkeley National Laboratory
LDX Levitated Dipole Experiment
LEO low earth orbit
L-H low-to-high confinement transition in a tokamak
LHCD lower hybrid current drive
LHD Large Helical Device
LLE Laboratory for Laser Energetics
LLNL Lawrence Livermore National Laboratory
LLUMC Loma Linda University Medical Center
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LMJ laser megajoule
LSX Large S Experiment
LTE local thermodynamic equilibrium
LTS low-temperature superconductor
MAST Mega-Amp Spherical Tokamak
MCF magnetic confinement fusion
MEVVA metal vapor vacuum arc
MFE magnetic fusion energy
MHD magnetohydrodynamic
MIR micro-impulse radar
MPP massively parallel processing
MIT Massachusetts Institute of Technology
MRI magnetic resonance imaging
MSE motional stark effect
MST Madison Symmetric Torus
MTF magnetized target fusion
NASA National Aeronautics and Space Administration
NBI neutral beam injection
NCS negative central shear
NCSX National Compact Stellarator Experiment
ND naturally diverted
NIF National Ignition Facility
NIFS Nagoya Institute for Fusion Science
NIH National Institutes of Health
NRL Naval Research Laboratory
NSF National Science Foundation
NSO next-step option
NSTE National Spherical Tokamak Experiment
NSTX National Spherical Torus Experiment
NTC Nova Technical Contract
OFES Office of Fusion Energy Sciences (DOE)
ORNL Oak Ridge National Laboratory
PBFA Plasma Beam Facility-A
PCAST President’s Committee of Advisors on Science and Technology
PECVD plasma-enhanced chemical vapor deposition
PEP pellet-enhanced performance
PET positron-emission tomography
PF poloidal field
PFC plasma-facing component
PIC particle-in-cell
PIII plasma immersion ion implantation
PMI plasma-materials interaction
PMR palladium membrane reactor
PNNL Pacific Northwest National Laboratory
PoP proof of principle
PPPL Princeton Plasma Physics Laboratory
PVD physical vapor deposition
QA quasi-axisymmetry
QHS quasi-helically symmetry
QO quasi-omnigeneity
QOS quasi-omnigenous stellarator
RC reduced cost (ITER)
rf radio frequency
RFP reversed-field-pinch
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RFX (facility in Italy)
RH remote handling
RHEPP repetitive high-energy pulsed power
RIE reactive ion etching
RIM robotics and intelligent machines
RM Richtmyer-Meshkov
RMF rotating magnetic fields
RS reversed shear
RT Rayleigh-Taylor
S/B shield/blanket
SAGBO strain accelerated grain boundary oxidation
SBIR Small Business Innovation Research
SBS stimulated Brillouin scattering
SERDP Strategic Environmental Research and Development Program
SLCC superconductor laced copper conductor
SNL Sandia National Laboratories
SNS Spallation Neutron Source
SOL scrape-off layer
SRS stimulated Raman scattering
SSP Scientific Simulation Plan
SSPX Sustained Spheromak Physics Experiment
SSTR steady-state tokamak reactor
SSX Swarthmore Spheromak Experiment
ST spherical tokamak
STAR Science and Technology Advanced Reactor
START Small Tight Aspect Ratio Tokamak
STEX U.S. satellite
TCS translation, confinement, and sustainment
TEXTOR Tokamak Experiment for Technology Oriented Research
TF toroidal field
TFTR Tokamak Fusion Test Reactor
TPE-RX (facility in Japan)
TPL Tritium Processing Laboratory
TRAP tokamak refueling by accelerated plasmoids
TSTA Tritium Systems Test Assembly
UCSD University of California–San Diego
UCSF University of California–San Francisco
UKAEA United Kingdom Atomic Energy Authority
UV ultraviolet
UW University of Wisconsin
V&V verified and validated
VASIMIR rf-driven plasma propulsion system
VNS volumetric neutron source
VOC volatile organic compound
W7–AS German Wendelstein 7–AS stellarator experiment
W7-X Wendelstein 7-X
WFO Work for Others
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