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usion Energy Science*
Clean, Safe, and Abundant Energy through hnovah!ve Science and Technology

Why’ Fusion Energy Science?
Fusion energy science combines Ihe study 0/ the

behavior of p/asrnas-the state of rnatler that forms

99% of the visible universe—with a vision of using

fusion—the energy source of the stars—to create an

affordable, p/entifu/, and environmentally benign

energy source for humankind. The dua/ nature of

fusion energy science provides an unfolding

panorama of exciting intellectual challenge and a

promise of an attractive energy source for

generations to come.

* The Fusion Energy Sciences Program is conducted by the
Office of Science of the U. S. Department of Energy. For a
complete description of the Program, see the Report of the
Integrated Program Planning Activity (December 2000)

available on the FESP website at

http: //wwvofe.er.doe.gov/.

The Goal
A comprehensive understanding of plasma
behavior leading to an affordable and attractive
fusion energy source.

About Plasma
Plasma, often called the fourth state of matter, is an ionized
gas—a gas comprised of electrons and positively charged ions
that can nlove independently of one another. Although plas-

mas are rare cm the surface of the Earth, they constitute
most of the visible universe. Plasmas make up the atmos-
phere and interior of stars, supernovas and quasars, the vast-

ness of interstellar and intergalactic space, and the Earth’s

magnetosphere. Here on Earth, we see plasmas in lightning

bolts, fluorescent lights, and the aurora borealis.

An ordinary gas, like helium, is a collection of electrically

neutral atoms—each atom contains a number of negatively

Looking across the
edge of the Sun. This
photo, taken by a tel-
escope on board the
newly launched

Transition Region and
Corona! Explorer
(TRACE) satellite,

shows graceful arcs
of intensely hot gas

suspended in power-
ful, looping magnetic
fields.
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Plasmas exist in a wide range of temperatures and densities.

chilrgcd clcctrolls (lrl~iting ;I sII1:{ 11 Cclltr:ll n(lclcus comprised

of an cqu:]i n(lmlwt- of positively chtirgcd pr[)tons and sever-
:11electrically nc([tri~l ncutr[)ns. The orbitinz electrons are
locked to~cther Ivith the n(Iclc(Is hy atomic forces, forming

a single, Clectric:llly netltr;ll :Itom. Because of its neutral
atoms, an [)rdin:lr-y g;~sshou+ little response to electric and

ma~netic (orccs and is a poor conductor of electricity.

(las hcc~~mes plasma when heated enough to cause the elec.
trons to rip free from the atom. The result is a fluid com-

prised of two charged gases: electrons and positive ions that
interact through electromagnetic forces and often exhibit
turbulent behavior.

The characteristics of a plasma are very different from that of

an ordinary gas. Unlike ordinary gases, plasmas are good

conductors that are not only strongly affected by electromag-
netic forces but can also generate them. These self-generated
forces, resulting from the collective motions of charged parti-

cles and electric currents in the plasma, produce remarkably
complicated behavior that is incotnpletely understood.
Learning to understand and describe the rich dynamical sys--
tems of plasmas is a fundamental scientific challenge.

About Fusion
Fusion, the energy source of the sun and other stars, is a reac-

tion process that converts matter into energy. Fusion occurs in
plasmas when two nuclei of hydrogen, such as deuterium or
tritiutn, are combined—fused—together under enormous tem-

perature and pressure to form a single nucleus of helium.
During the fusion process, some of the matter involved in the
reaction is converted directly into a much larger amount of

energy. For example, the amount of deuterium in one gallon

of sea water would yield the energy equivalent of 300 gallons
of gasoline.
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Approaches

two main approaches to pro-Scientisls have Gken

ducing fusion plasmas to explore the behavior of

matter at extreme conditions: magnetic fusion and

inertia/ fusion.

Magnetic Fusion
Scientists have found that magnetic forces can confine a plas-
ma surprisingly well—long enough to heat it and observe key
Facets of its remarkable behavior. Magnetic fusion involves

dilute plasmas that are confined by magnetic fields and heated
by radio waves, energetic particle beams, and/or fusion self-
heating.

Magnetic fusion takes advantage of the fact that although

plasma particles and energy flow freely along magnetic fields,

spiraling around them like beads on a coiled spring, the spiral-
ing effect greatly inhibits the ability of charged particles to

travel across field lines. A magnet system that produces mag-
netic lines spimling around the surface of a doughnut-shaped
device is an excellent way to confine a plasma. The magnetic
field can confine the plasma energy for a few seconds and the

configuration can be sustained indefinitely by replenishing
particle and energy losses with external sources or the plasma-

generated fusion power itself.
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Inertial Fusion
Inertial fusion produces short-duration, extremely dense plas- the pellet, causins the pellet to implode. The resulting shock
mas by compressing small pellets of fusion fuel. The pellet waves compress the fuel pellet into a high-density plasma.
surface is quickly heated by an intense pulse of x rays, ion The compressed pellet produces fusion energy until it disas.
beams, or laser beams, which blasts away the outer layers of semhles, in about a billionth of a second.

5
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why Does the IJ,SUPursue Fusion Energy Science? ~~~.- ..................................

Fundamental Contributions to Physics

and Technology
The challenge of fusion energy demands deep, creative scien-
tific research. This research brings valuable insights and c(m-
ceptual innovations to a broad range of scientific disciplines,

including fluid mechanics, astrophysics, kinetic theory, ancl
nonlinear dynamics, and stimulates major advances in com-
puter simulations. The resultinx Hrowth in scientific un&r-

fusion sc ierrcc continues to uncover unexpected phenomena, k:$hard technical challen~es, and profound scientific pLIzzles. Ii

Enormous Potential as an Energy Source
Energy availability plays an essential role in the well-being
and security of the world and each of its nations. As world

population and energy consumption continue to grow, fossil
fuels will become too scarce, too unreliable, or too polluting
to provide for global energy needs in the coming decades.
Alternative energy sources must be pursued. a

1Fusion offers a safe, virtually inexhaustible, long I ‘-”-

term energy option with major environmental ..-.—

advantages. Harnessing the power of the stars on c

earth is a scientific and technological grand challenge.

While progress to the goal of fusion energy has been
impressive, much remains m he done. Our challenges are

to fully understand and optimize plasma behavior for

long times or under rapid pulsing and to develop the
materials and technology that can lead to attractive, reli-
able, and affordable energy systems. [
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Immediate Benefiis of Plasma Science and
Technology
Practical appliccltions for plasmas and associated technolo-”

gim continue to grow in importance to the government and
the national economy. Fusion energy science R&D lMS
resulted in a better understanding of plasma processes and in
the ability to manipulate plasmas for many purposes. The l!!!

,’::

L .vm

technolo~im, thux-etical models, and computational tools ,.,

developed in the fusion program are being used in a variety
of markets, including electronics, manufacturing, health

care, envir(mmental prx)tccti(m, acrospacc, and textiles.
Almost without exc;pti(m, these applications require an

: .Yrt: j!:. :,,3J.,... .;%”
inter-disciplinary approach, integrating plasnia science with

~%‘:~“.“$>’yp%..?;$%..:[3.%’s!!?““J’1“, >‘ “.*.~ ~~

chemistry, atomic physics, surface and materials science,

i

,g.l&$&&Ttiw&,.. ,3,**A
thermodynamics, engineering, and economics.

Training Students—The Next Generation
Fusion energy science research spans a variety of academic

disciplines—physics, engineering, computer applications,

and tndterials science—at many leading universities and col-

leges across the nation and around the world. This research
educates students in a multidisciplinary approach m chal-
lenging questions of basic science, basic engineering, and a

growing number of practical applications. National laborato-
ries involved in fusion research continue to provide exciting
opportunities for training students.
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Fusion Energy Sciences
Advancing fusion science—fhilding

“We simply cannot afford to fail to pursue fusion

energy aggressively.”

Secretary of Energy Advisory Board, 1999

The ball of plasma that we
call the Sun’ is powered by

fusion reactions in its
core. This picture of the

Sun, a composite af three
images made by an

extreme ultraviolet
imaging telescope, shows

bright active regions

strewn across the solar
disk, along with

magnificent plasma loops.

The U.S. federal g(wernmtmt c{~ntinues to invest in fusion
energy science research because of its substantial scientific
and technical challenges, and its high potential f& an essen.

tial new energy source for this country and the world by the
middle of the next century and beyond.

In 1996, the Department of Energy’s (DOE’S) Fusion Energy

Sciences Program adopted an enhanced science-based strategy

for developing fUsion energy. The strategy emphasizes advancing
the knowledge base in fusion science and technology, including

basic plasma science, that is required to develop an economical-
ly and environmentally attractive fusion energy source.

Several independent review committees, such as the
President’s Committee of Advisors on Science and

Technology (PCAST) and the Secretary of Energy Advsiory
Board (SEAB), have approved the Program’s science-based
strategy. In 1999, the SEAB said “The threshold scientific

question~namely whether a fusion reaction producing suffi-
cient net energy gain to be attractive as a commercial power
source can be sustained and controlled—can and will be

solved . . . We simply cannot afford to fail to pursue fusion
energy aggressively.”
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The Integrated Program Plan
The DOE and the fusion science community have developed goals (see box) for MFE and IFE. The Plan describes

an Integrated Program Plan that includes both magnetic approaches for achieving these goals, increasing the intercon-

fusion energy (MFE) and inertial fusion energy (IFE) and nections among the diverse parts of the program, and improv-

integrates theory, experiments, and technology. The ing communication and performance accountability through-

Integrated Program Plan focuses on six key program out the program.

J

I I I
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interconnections—The Key to Progress in Fusion Energy

Shared Science-Magnetic Fusion Concepts plasma instabilities on one configuration could provide key oppor-
Experiments and theory cm the full range of magnetic fusion tunities for stabilizmion in other configurations. Power and parti-
experiments-from externally controlled to self-organized plas- cle control are key issues for all magnetic fusion configurations, as
mas-increase scientific understanding. Learning how to control are understmding and controlling turbulence and transport.

10
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Linked Programs-Inertial Fusion EI
Program and the Defense Program’s

Confinement Fusion Program
Requirements for hi.gl~cr target gain at high
pulse-repetition rates for IFE demand unique

target design features that depend on the
characteristics {~fthe driver. The DOE
Defense Pro,gram-fumied Inertial

Confinement Fusion (ICF) Program provides

a major part of the tar~et physics research
needed ft)r IFE. As a result, the Office of Fusion Energy

Sciences Program, at modest cost, can focus on the devel.

opment of high pulse-rate, efficient, reliable, and affordable
drivers and associated fusion chambers; IFE-specific target
design; target fabrication; and target injection.

The U.S. Program—Partner in an Integrated
Worldwide Program
The U.S. fusion research effort is embedded in a much larg-

er international fusion program. The internatiorml fusion
program, based on strong cooperation among participants,

brings the world’s best minds to address the scientific and
technological grand challenges of fusion science. This
creates added excitetnent and opportunities for all. The U.S.
MFE program is paced by the international program.
Worldwide fusion funding exceeds $1 billion annually, of
which the U.S. contributes approximately 15Y0.

11
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Achieving the Goal . ..*
The Path Forward

Progress in /usion energy research comes h-em fhe

in fegrafion of scientific understanding, innovative

experiments, and advanced technology.

Scientiic Understanding
How does mutter behave when it’s hotter thun the sun?

Understanding fusion plasmas requires recreating in the Iabo.
ratory the same extreme conditions that prevail in a stan a
confined plasma at the unimaginably high temperature and
density found in the Sun. How do we produce such a plasma?

How do we heat it to 300 million degrees C? How do we hold
it together it to keep it from flying apart as a result of its
intense internal pressure ?Afier decades of research, fusion sci-
entist have discovered that magnetic confinement and inertial
confinement can produce laboratory-size plasmas that mimic
conditions in the Sun, thereby providing the opportunity to

understand the basic physical behavior of plasmas and paving
the way to a fusion reactor.

!:
12

Plasma behavior is so complex that it continues to stimulate
deep and challenging questions of physics, including fluid
mechanics, magnetohydrodynamics, kinetic theory, nonlinear

dynamics, and computer simulation. Some of these deeper but
crucial questions are:
●

●

Wha~ are the fundamental mechanisms underlying the
rapid diffusion of particles and heat, as observed in the Sun

and laboratory fusion experiments ?What roles do magnetic

shear, plasma flow, and stochastic magnetic field lines play

in these processes?
What is the nonlinear evolution of an intense electromag-
netic wave propagating through a plasma? Can such waves

:1



●

●

be used to accelerate char@ particles to extreme energies?

These issues arc important for both magnetic and inertial
fusion. In magnetic fusion we must learn how to heat plas-

ma to fusion tempmatures by means of electromagnetic
waves. The problem in inerrid fusion is even more compli-

cated. We must understand the large amplitude, mmlinear
intemct ion of the wave with the fuel pellet t(>insure that

suf%cient compression occurs to initiate a fusi(m reacti(m.
What causm a plasma m relax to a k>calized, self-tlr~mimd,

self-generated equilibrium state ? Answering this Fkinating
and deep pkwma physics questi~m coLIk~nuIkc iI major c(mtri-
butiort m understanding plasma confirwmcnt.

How is a magnetized plasma affected by the prwence (>f
fusion heating and fusion products? To date, the amount of

plasma self-heating due to fusion reactions has been small or,
at most, compamble to the heating from external sources
(e.g. microwave heating). In a fision reactor, the self-heat-

ing will dominate. How plasma confinement and transport

are modified by self-heating is a fundamental plasma physics

question, with huge practical implications for fusion reactors.

How do we address the fundamental scientific issues?

With a combination of theory, well-diagnosed experiments,
and computer simulation, fusion ener~~ science can advance

the fi-mdamental understanding and predictability t~fhigh-
tempemture plasmas. Here are some approaches:

● Use rmdgnetic confinement to study long-duration dilute

plasmas held together by twisring magnetic fields, including
their heating, transport, and possible self-or~anization.
Apply the resulting knowledge to study fusion experiments,

,,, 1 ,’~<~ II
.,, ,”11 ,, I ‘ ‘1”

the surficc (>fthe sun, the earth’s magnetosphere, and
asrrt)physic;ll ph~l~onl~nil (such as jets). This understanding
can als[~he :lpplicd to industrial and commercial uses of

plmmas, f[~rexample incandescent and fluorescent lighting,
and arc welders.

Use inertial c[mfinemcnt to study short-duration, ultra-
high-pressure Plilslnils, including laser-ignited plasma pellets
held tu~ether hy inertia. Apply the resulting knowledge to
study incrti;ll fusitm experiments, the structure of the stars,

and the c~)reof the Sun.

13
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Innovative Experiments
How can we find better concepts for fusion energy with lower development costs?

Innovati(m in fusi(m ener8y science means developing new concepts that exploit the underlying science. Innovation provides

potential benefits lxxh f{~rmagnetic ilnd inertial confinement of plasmas and for affordable paths to fusion energy. T() innovate
better approaches, fusion energy sc icncc needs to find answers to some impormnt questions alxmt fusion plasma experiments.

14
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How do we use our understanding to build a fusion machine that will be cost-effective?

● Use improved knowledge and inm~vation t(} optimize magnetic and inertial plasma configurations on a modest
scale tl~at have potential for improved fusion power plants,

Magnetically

canfined toroidal
plasma experiments

● Optimize both magnetically confined and inertially confined

and environmentally attractive.

Cutaway of D-III-D ARIES-AT

Experiments in current devices (e.g. D-III-D) show the

promise of more attractive energy systems (ARIES-AT).

Inertially confined
planar plasma

experiments

ybp~@V - “’’’’’”’”;:,,,,::
Bypass pumps . . Bypass pumps

HYLIFE-11,an inertial fusion chamber concept, uses a thick liquid

blanket to reduce radiation damage, resulting in long-life, law-

activation structures.

15
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Advanced Technology for Science and Energy
How do we advance technology for higher+ erforrnunce experiments and better energy systems ?

Theory and experiments teach us about the nature of plasmas, hut tcchnt~l~)gy builds the devices to produce and control them.
What method cm we use to heat matter efficiently to tcn~pcri]t(lrcs h~ntcr than the Sun? And then how can we develop con-
tainers and special matet-ials to hold stars in the I:llx)rilrory? T() l)~lrness the fusion powm of the stars, how do we capture the
energy in a practical engineering system?

Tc~realize the potential of fusion as a new mcr~y rcs(mrcc, tcchno!oxica” \ hreakthrou~hs will be needed to PK)dLlCL3 LIsdul prod-
ucts at a competitive price and with attr:lcrivc s:]fcty :IIIL{cllvil-ot~lllcl~t:]l fe:ltures. Along this path m fusion energy, research and

development projects are findin~ many useful nc:lr-tertll :lpplications.

,.

Important Questions for Fusion Technology
● What new tools/techniques are needed to realize advanced plasma performance in current and next-step experiments?

● What are the limiting phenomena in developing advanced materiah and technology for fusion energy?
● How can we maximize the reliability and affordability of fusion products?

. How can we maximize the safety and environmental features of fusion energy?

● What is the optimutn logic for defining an affordable path to fusion energy?

Improving technology for today’s fusion science and tomorrow’s fusion energy systems

By identifying, developing, and applying advanced fusion technology, fusion energy science can enable better near-term experi-
ments and improve the attractiveness of future fusion energy systems.
● Deveiop took and techniques to ~eahze enhanced @srna perjb-mmce in current and next-step experiments. Near-term scientific progress

in fusion energy science research depends upon advances in plasma technologies for both current and next-generation plasma
experiments to achieve their full potential. Plasma technologies include fueling, plasma heating and current drive, magnetics,
and plasma-facing materials and components. For next-generation experiments, researchers must perform validating R&D to

address fabrication, performance, and operational safety, plus the affordability of major components and systems.

16
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● Achmnce r.mdentanding and innovation in fusion tcchndogies

and materidk to impwe the vision of fusion energy, During

the l:lst two centuries, innovations in science and tech-

nology have been coupled to advances in materials.
Fusion technologies that include materials innovation are
key to realizing fusion’s potential as an attractive and
cost-competitive energy system. Advanced materials
research is necessary to develop the scientific understand-
ing to push the envelope of stress, temperature, chemical

environment, and large fluences of energetic neutrons.

“we have labeled civilizations by the main materials

which they have used: the Stone Age, the Bronze

Age, and the Iron Age.. .a civilization is both devel-

oped and limited by the materials at its disposal.
Today, man lies on the boundary between the Iron

Age and the New Materials Age.”

Dr. George /? Thomson
Nobel Laureate in Physics

Key fusi(m technologies include plasma ad fusion-energy

chamber technology, remote handling, safety and envi-

ronment, and fuel processing. The challenge is achieving
high-power densit~ with hi~h thermal efficiency while -

maximizing reliability, maintainability, safety, and envi-
ronmental attractiveness.

Perform studies of next-step experimentsand advanced fusion

ene~gy systems. Advanced design studies guide fusion
R&D toward attractive and achievable fusion
power systems and provide critical technical
information for major program decision points.

I

Burning-plasma experiments, as well as technol- ;

ogy and material-testing facilities provide data to ,)11 ‘i
support critical program decisions. This research
links broad national and international interests in

~ .,, ~

fusion development, and explores options represent- -

ing substantial variation in performance, cost, and tech-
nology requirements. Conceptual design studies ensure
that projects are technologically feasible within the con-
straints imposed by physics, materials, and technology to
produce a system that is both economically and environ-
mentally attractive.
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A pract;cal approach to measuring the progress of

\

“ “-

fusion science would be to think of fusion energy sci-

enceas a continuum that isanchored atone end by

scientific understanding of plasma physics and at the

,,”” ““”y
, stimulates
discovery

/,.,.8+

large amounts of commercial electricity using fusion power. No matter

what point on the continuum we choose to measure, the progress has

indeed been impressive. Here are some examples. vi
Evolution in basic understanding of plasma physics
From its beginning, the fusion program has made crucial contributions to the understanding of plasma physics. The experimental tech-

niques and diagnostics developed for fusion research, as well as the theoretical and conceptual innovations that have resulted from that
research, have advanced the frontiers of science and technology in fields as diverse as space physics and computer chip manufacture.

Today, fusion scientists predict the equilibirum and stability of high-temperautre magnetized plasma with remarkable accuracy. Using,
sophisticated diagnostics and advanced computation, scientists assembling a first-principles understanding of a wide range of plasma
physical phenomena.

Progress in basic understanding of plasma physics

Macroscopic stability and ~ limits ●

Plasma heating and current drive ● 0

Self-heating (a physics) ● 0 ● 0 ●

Energy and particle transport ● ●

Plasma–wall interactions ● 0 ●

● * Highly Uncertain ● Primitive Understanding Significant Understanding Predictive Capability

18



.“,,. . . ..- . . .“..-. -—... -—-.—M—.=—

,. ,, . . . . . ,,, .,. . .,,,,,...,,.,.,..,,,,,, .,, ,,. .,,. ..k,,....,..,,”,...........,’.,.,,-,.......,,.,.,,,:-
.1. ,-—

.—.—.

. . .’ ‘... ‘ WM-. ,..,<- -.,->..,, . . . “ _&.. .,-,,.,, . ..kM.,..= ,

Agreement of theory and experiments
Starting from general kinetic models, scientists have devel-

oped reliable fluid models that cover at least six different
time scales and range over eight orders of magnitude.

Experimentally, new diagnostics using advanced spectroscopy

and test particle beams have been developed to measure local
profiles of plasma temperature, density, and magnetic field,
This is an extremely difficult task because high plasma tcm.

peratures prohibit the insertion of any material probes into
the plasma interior. As an example of the level of scientific

understanding achieved, the accompanying diagram shows a
comparis(m of experimental data and theoretical predictions
for a particular type of macroscopic plasma instability known

as the resistive-wall mode. This instability is quite important

because if excited strongly enough, it can lead to termination
of the plasma discharge. The diagram shows what most scientists consider to be reasonable ~ood ameement between theorv,=
and experiment. This diagram does not show the incredibly sophisticated theoretical modeling and experimental diagnostic
development that has been required to achieve this agreement. The fusion community takes great pride in such hard-won
comparisons.

Fusion power production
As our knowledge of plasma physics and fusion engineering

has progressed over the past three decades, the amount of
fusion power produced in our experiments has increased

accordingly. Fusion power output has grown steadily since
1970. From early experiments in the 70s to modern high-per-

formance tokarnaks, the fusion power output has grown from

the range of hundreds of milliwatts to tens of megawatts, an
astounding gain of 100 million. Though progress has been dra-
matic, we still have work to do before we reach the thousand
megawatts of power produced by a typical commercial power
plant. As we continue to make the same strides as we have in

the past, fusion power production will become a reality.
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