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Purpose

    On Thursday, October 29, 2009 the House Committ ee on Science and 
Technology, Subcommittee on Energy and Environment will hold a hearing 
entitled ``The Next Generation of Fusion Energy Res earch.''
    The Subcommittee will receive testimony on rese arch activities 
conducted by the Department of Energy (DOE) Office of Science's Fusion 
Energy Sciences (FES) program, as well as its colla borations with DOE's 
National Nuclear Security Administration (NNSA). In  addition, the 
Subcommittee will examine the status of internation al partnerships in 
fusion energy research.

Witnesses

          Dr. Edmund Synakowski is Director of FES.  Dr. 
        Synakowski will testify on DOE's current fu sion research 
        activities and his vision for how the progr am should evolve 
        over the next ten years.

          Dr. Stewart Prager is Director of the Pri nceton 
        Plasma Physics Laboratory (PPPL) in Princet on, NJ and former 
        Chair of DOE's Fusion Energy Sciences Advis ory Committee 
        (FESAC). Dr. Prager will testify on PPPL's current and future 
        roles as a leading center of fusion energy research.

          Dr. Thom Mason is Director of Oak Ridge N ational 
        Laboratory (ORNL) in Oak Ridge, TN. Dr. Mas on will describe the 
        current status of the ITER international fu sion project and the 
        role of ORNL as the headquarters of the U.S . ITER Project 
        Office.

          Dr. Riccardo Betti is an Assistant Direct or of the 
        University of Rochester's Laboratory for La ser Energetics in 
        Rochester, NY and former Chair of the Natio nal Academies Plasma 
        Science Committee. He was also Chair of a 2 009 DOE report on 
        ``Advancing the Science of High Energy Dens ity Laboratory 
        Plasmas.'' Dr. Betti will testify on the st atus of inertial 
        fusion energy (IFE) research and his vision  for how DOE should 
        steward IFE over the next ten years.

          Dr. Raymond Fonck is a Professor of Engin eering 
        Physics at the University of Wisconsin-Madi son and former 
        Director of FES. He was also Chair of the 2 004 National 
        Academies report ``Burning Plasma: Bringing  a Star to Earth.'' 
        Dr. Fonck will testify on his experience as  FES Director and 
        his vision for a viable U.S. fusion program  over the next 
        several decades.

Background

    Fusion is the process that powers the sun and t he stars, and U.S. 
scientists have investigated ways to replicate this  process here on 
Earth for over 50 years. Research into fusion for m ilitary purposes 
began in the early 1940s as part of the Manhattan P roject, but was not 
successful until 1952. Research on creating control led fusion devices 
to meet growing demands for new energy sources bega n in the 1950s, and 
continues to this day. In one type of this reaction , two atoms of 
hydrogen combine together, or fuse, to form an atom  of helium. In the 
process some of the mass of the hydrogen is convert ed into energy, 
following Einstein's formula: E (Energy) = m (mass)  times c (the speed 
of light) squared. The easiest fusion reaction to a rtificially recreate 
combines deuterium (a ``heavy'' form of hydrogen as  it includes both a 
proton and a neutron\1\ ) with tritium (made up of a proton and two 
neutrons--the heaviest form of hydrogen found in na ture) to make helium 
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and a neutron. Deuterium is plentifully available i n ordinary water, 
and tritium can be produced by combining a fusion n eutron with the 
relatively abundant lithium atom. Thus, if its sign ificant remaining 
scientific questions and engineering challenges can  be overcome, fusion 
may have the potential to be a practically inexhaus tible source of 
energy.
--------------------------------------------------- ------------------------
    \1\ See charter for hearing entitled Investigat ing the Nature of 
Matter, Energy, Space, and Time held on October 1st , 2009 for further 
explanation of ``protons'' and ``neutrons,'' which are the primary 
constituents of an atom's nucleus.
--------------------------------------------------- ------------------------
    All nuclei in atoms are positively charged, so they have a natural 
electromagnetic repulsion pushing them apart. This is because, while 
opposite charges attract, like charges repel. Thus to induce the fusion 
process, hydrogen gas is typically heated to very h igh temperatures 
(100 million degrees or more) to give the atoms suf ficient energy to 
overcome this repulsion and fuse. In the process th e gas becomes 
ionized, meaning that atomic nuclei and their elect rons have too much 
energy to stay bound to each other as neutrally cha rged atoms. Thus 
what is known as a plasma is formed. Plasmas are co nsidered the fourth 
state of matter, after solids, liquids, and gases. Plasmas are unique 
from normal gases because large portions of them ar e either unbound 
electrons or charged nuclei (ions), so they can be manipulated by 
electric and magnetic fields. If a very hot plasma is held together 
(i.e., confined) long enough, then the sheer number  of fusion reactions 
may produce more energy than what's required to hea t the gas, 
generating excess energy that can be used for other  applications. The 
sun and stars do this with gravity. Artificial appr oaches on Earth 
include magnetic confinement, in which a strong mag netic field holds 
the plasma together while its ions and electrons ar e heated by 
microwaves or other energy sources, and inertial co nfinement, where a 
tiny pellet of frozen hydrogen is compressed and he ated by intense 
pressure so quickly that fusion occurs before the d euterium and tritium 
atoms can fly apart from each other. This level of pressure may be 
attained by utilizing a powerful laser or a heavy i on beam.
    If successful, fusion devices for energy produc tion are expected to 
be relatively environmentally friendly, producing n o combustion 
products or greenhouse gases. While fusion is a nuc lear process, the 
products of a fusion reaction are not intrinsically  radioactive and 
cannot themselves be weaponized. Relatively short-l ived radioactive 
material (100 years, compared to thousands of years  for some nuclear 
fission products) would result from interactions of  the fusion products 
with the reactor wall. A long-term, large-scale geo logic repository for 
waste from fusion would be unnecessary. Fusion also  is not dependent on 
chain reactions that must be constantly monitored a nd regulated, so 
there should be no danger of a runaway process lead ing to a reactor 
meltdown.
    The above are the major reasons why most indust rialized nations 
pursue fusion research today. However, several sign ificant questions in 
this field remain, including:

Can we adequately control a fusion plasma--meaning a plasma that 
receives a significant portion of its heat from its  own fusion 
reactions?

Given the intense heat and neutron flux expected in side a reactor, what 
material(s) should be used in the first wall facing  a fusion plasma?

Even if all fundamental technical challenges are ov ercome, how 
economical can a fusion reactor be in comparison to  other energy 
options?

    And specifically with regard to inertial fusion :
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Can we actually build a system that perfectly implo des and recovers 
energy from 10 pellets of hydrogen per second--the currently estimated 
rate necessary to produce significant net energy?

DOE Office of Science--Fusion Energy Sciences (FES)

    FES is the lead program in the Federal Governme nt that supports 
research in the science and engineering required to  magnetically 
confine plasmas for the purposes of generating net fusion energy. It is 
also the lead program that stewards basic research in plasma science, 
which has applications in a broad range of areas fr om microchip 
processing to astrophysics. In addition, FES examin es the science 
underlying what are called ``high energy density la boratory plasmas,'' 
or HEDLP, which are relevant to current and propose d inertial fusion 
energy facilities. However, the Federal Government currently has no 
official steward of research in inertial fusion for  the purposes of 
energy generation. This will be described in greate r detail in the 
section on the National Ignition Facility below.

ITER
    ITER (pronounced ``eater'') is a major internat ional research 
project with the goal of demonstrating the scientif ic and technological 
feasibility of nuclear fusion energy. ITER was orig inally an acronym 
for International Thermonuclear Experimental Reacto r, but that title 
was later dropped due to the potentially negative p opular connotation 
of the word ``thermonuclear.'' The project's leader s now note that iter 
also means ``the way'' in Latin. The project is bei ng designed and 
built by the members of the ITER Organization: the European Union, 
India, Japan, China, Korea, Russia, and the United States, with 
additional partner nations currently under consider ation. The ITER 
Organization was formally established on October 24 th, 2007 following 
ratification of the ITER International Agreement by  all current 
members. The device will be built at Cadarache in s outheastern France 
with the European Union serving as the host party, and it is scheduled 
to begin preliminary operations in 2018.
    By roughly 2025, ITER is expected to generate f usion power that is 
at least 10 times greater than the external power d elivered to heat its 
plasma. The project is designed to be the top scien tific tool for 
exploring and testing expectations of plasma behavi or in what is called 
the burning plasma regime, wherein the fusion proce ss itself provides 
the primary heat source to sustain its high tempera tures. A clear and 
comprehensive understanding of this type of plasma is needed to 
confidently extrapolate its behavior and related co ntrol technologies 
beyond ITER to a reliable fusion power plant.
    The United States will primarily contribute har dware components and 
personnel during ITER's construction phase, with ne arly all of these 
components being manufactured in the U.S. and then shipped to 
Cadarache. Throughout this phase, the United States  is an equal, non-
host partner responsible for about nine percent of its total 
construction cost, though this cost may decrease if  additional partners 
are added to the ITER Organization. DOE currently e stimates the total 
U.S. cost in as-spent dollars to be between $1.45 a nd $2.2 billion, 
with an official baseline expected to be determined  and announced over 
the next year. However, the total international cos t for the project 
has not been determined because different partners use very different 
accounting practices for their contributions. For e xample, many do not 
include contingency, labor, and in some cases not e ven inflation in 
their announced estimates.
    The U.S. ITER Project Office is hosted by Oak R idge National 
Laboratory in partnership with Princeton Plasma Phy sics Laboratory and 
Savannah River National Laboratory. Oak Ridge was c hosen by the 
Department of Energy in large part because its rece ntly commissioned 
Spallation Neutron Source facility is considered to  be a major success 
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in billion-dollar level project planning and execut ion, and the lab is 
employing nearly the same management and acquisitio ns team for the U.S. 
ITER contribution.
    In FY 2010, the U.S. plans to provide contribut ions valued at $135 
million for the ITER project, which is included in the Facility 
Operations budget line in Table 1.

Science
    FES's Science subprogram includes several activ ities, much of which 
involve research in the leading configuration for m agnetic fusion 
devices--including ITER--called the tokamak. Tokama ks, first conceived 
of by Russian scientists in the 1950s, are devices that are essentially 
toroidally (i.e., doughnut) shaped at their core. E xternal coils induce 
magnetic fields which wind around the inside of the  toroid and confine 
the hot plasma within. The U.S. hosts three major m agnetic fusion 
facilities, two of which are tokamaks and one is kn own as a ``spherical 
torus,'' which is essentially a uniquely shaped tok amak that, at its 
core, appears to be a ball which a narrow hole down  its middle. These 
facilities include:

          DIII-D (pronounced ``D. 3. D.'')--This to kamak 
        operated by General Atomics in San Diego, C A is the largest 
        magnetic fusion facility in the United Stat es. It is also 
        geometrically the closest to the ITER confi guration. DIII-D has 
        unique capabilities to shape its plasma and  provide feedback 
        control of errant magnetic fields that affe ct the stability of 
        the plasma.

          Alcator C-Mod (pronounced ``ALKator See M ahd'')--This 
        facility at the Massachusetts Institute of Technology is the 
        only tokamak in the world operating at and above the ITER 
        design magnetic field and plasma densities.  It also produces 
        the highest pressure tokamak plasma in the world, approaching 
        pressures expected in ITER, allowing for ma terials testing 
        relevant to both ITER and an eventual fusio n power plant.

          The National Spherical Torus Experiment-- NSTX is a 
        unique magnetic fusion device that was cons tructed by the 
        Princeton Plasma Physics Laboratory (PPPL) in collaboration 
        with the Oak Ridge National Laboratory, Col umbia University, 
        and the University of Washington at Seattle . Its spherical 
        torus configuration may have several advant ages over 
        conventional tokamaks, a major one being th e potential ability 
        to confine a higher plasma pressure for a g iven magnetic field 
        strength, which could enable the developmen t of smaller, more 
        economical fusion reactors.

    In addition to direct research on these facilit ies, the Science 
subprogram also supports research in:

          Non-tokamak magnetic fusion concepts and experiments 
        of various sizes and shapes at several univ ersities and 
        national laboratories

          High Energy Density Laboratory Plasmas (H EDLP), which 
        are relevant to current and proposed inerti al fusion facilities 
        as well as the understanding of various ast rophysical phenomena 
        such as supernovae

          Theory and advanced simulation of fusion plasma 
        behavior

          Basic plasma science

Facility Operations
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    The mission of the Facility Operations subprogr am is to provide for 
the operation, maintenance, and enhancements of the  three major fusion 
research facilities--DIII-D, Alcator C-Mod, and NST X--to meet the needs 
of the scientific collaborators using the facilitie s. In addition, this 
subprogram is responsible for the execution of new projects and 
upgrades of major fusion facilities, such as instal lation of new 
diagnostics, in accordance with the Office of Scien ce's project 
management standards and with minimum deviation fro m approved cost and 
schedule baselines. As noted above, Facility Operat ions also includes 
the U.S. contributions to the ITER project.

Enabling R&D
    The Enabling R&D subprogram focuses on developi ng and continually 
improving the hardware, materials, and technology t hat are incorporated 
into existing fusion research facilities, thereby e nabling these 
facilities to achieve higher levels of performance within their 
inherent capability. Enabling R&D efforts also deve lop near-term 
technology advancements enabling U.S. researchers, through 
international collaborations, to access plasma cond itions not available 
in domestic facilities. In addition, this subprogra m supports the 
development of new hardware, materials and technolo gy that are 
incorporated into the design of next generation fac ilities to increase 
confidence that the predicted performance of these new facilities will 
be achieved.

National Ignition Facility and Inertial Fusion Ener gy Research

    The National Ignition Facility (NIF), located a t Lawrence Livermore 
National Laboratory in Livermore, CA, is the larges t inertial fusion 
facility in the world. Its construction was certifi ed complete on March 
31, 2009, and the facility was officially dedicated  on May 29, 2009 
with experiments beginning in June. NIF's construct ion was supported 
entirely by DOE's National Nuclear Security Adminis tration (NNSA), not 
FES. The total cost to build the facility was appro ximately $3.5 
billion. Its primary mission is to produce data rel evant to ensuring 
the reliability of the U.S.'s nuclear weapons stock pile through the 
study of controlled fusion events similar to the de tonation of a 
thermonuclear warhead.
    To do this, NIF's designers created the world's  largest and 
highest-energy laser, which can be used to form 192  powerful laser 
beams. In 2010, NIF will begin experiments that wil l focus all of these 
beams on a BB-sized target filled with deuterium an d tritium fuel. 
NIF's researchers believe that by 2012, they will b e able to 
consistently implode these pellets, igniting the fu sion process and 
creating the first man-made fusion system to produc e more energy than 
it uses.
    While this facility was not primarily designed for energy research 
applications, the achievement of net fusion energy production in NIF 
may become strong justification for a significant i nertial fusion 
energy program. At this time, however, neither NNSA  nor FES, nor DOE as 
a whole, has determined which (if either) subagency  would take a 
leading role in developing such a program, nor dete rmined how such a 
program would be stewarded in the future. Until FY0 9, a small inertial 
fusion energy research program had been funded sole ly through 
Congressional direction at NNSA. Recently, in the F ES section of the 
Conference Report for the Energy and Water Developm ent Appropriations 
Act, 2010, DOE was directed to review an inertial f usion energy 
research project at the Naval Research Laboratory a nd report on its 
findings within 60 days. The Conference Report also  states: ``The 
conferees encourage the Secretary to explore all po ssible opportunities 
to ensure that this program, which offers unique po tential for long-
term energy independence, is not abandoned for lack  of a bureaucratic 
home.''
    Chairman Baird. This hearing will now come to o rder.
    I want to wish everyone a good morning and welc ome them to 
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our hearing on the next generation of fusion energy  research. 
Before we get started, we have Congressman Rush Hol t of New 
Jersey with us in the Committee today. If there is no 
objection, I would ask unanimous consent that he jo in us on the 
dais. Hearing no objections, so ordered. Thank you for being 
here, wherever--where is Rush? Oh, hey Rush. Come o n up. We 
will begin today--Rush, thank you for joining us. Y our 
expertise will be much appreciated on this committe e along with 
that of Dr. Ehlers.
    Fusion energy has successfully powered the sun and the 
stars for billions of years, so it is no surprise t hat 
humankind has tried to recreate and harness this en ergy here on 
Earth. However, we all know that a working fusion r eactor has 
been much more difficult to achieve than our Atomic  Age 
scientists initially expected. Over the years, ther e were also 
some overly optimistic or even, in some cases, frau dulent 
proclamations by folks who skipped the peer review process and 
went straight to the media, which has further compl icated the 
popular and political assessment of the extent to w hich the 
Federal Government should continue to support this research.
    That said, however, according to recent reviews  by the 
National Academies and the Department of Energy, th ere have 
been significant developments in the fields of adva nced 
computing, engineering and plasma science over the last 20 
years that have led to a far better understanding o f how to 
create and control a fusion system. Within about th ree years 
time, the National Ignition Facility in California is expected 
to become the first fusion device in the world to p roduce more 
energy than it consumes, though only for at most a handful of 
brief experiments per day. In Cadarache, France, th e large 
international fusion project called ITER is about t o begin 
construction. This experiment is designed to produc e five times 
more energy than it consumes for several consecutiv e hours--I 
think my children already do that, however, they ar e four and a 
half years old, and I swear they put more energy ou t than they 
consume--as well as 10 times more for at least 500 seconds. 
That is the expectation, at any rate.
    If these new facilities are successful, they wi ll represent 
a dramatic turning point in developing a viable com mercial 
fusion reactor. Big questions still remain, however , such as 
how affordable fusion can be in comparison to other  options 
that are known already to produce greater amounts o f energy, 
and what the appropriate choices are for materials in a device 
which contains gases that can be hotter than the su n. But the 
U.S. fusion program needs to do all it can to ensur e these 
successes and be ready to take advantage of them if  and when 
they occur.
    I look forward to learning more from this excel lent panel 
of witnesses on how this program should evolve in l ight of 
recent developments.
    [The prepared statement of Chairman Baird follo ws:]
               Prepared Statement of Chairman Brian  Baird
    Fusion energy has successfully powered the sun and the stars for 
billions of years, so it's no surprise that man wou ld try to recreate 
and harness this energy source here on Earth. Howev er, we all know that 
a working fusion reactor has been much more difficu lt to achieve than 
our atomic age scientists initially expected. Over the years, there 
were also some overly optimistic or even fraudulent  proclamations by 
self-identified fusion researchers who skipped the peer review process 
and went straight to the media, further complicatin g the popular and 
political assessment of the extent to which the Fed eral Government 
should continue to support this research.
    That said, according to recent reviews by the N ational Academies 
and the Department of Energy, there have been signi ficant developments 
in the fields of advanced computing, engineering, a nd plasma science 
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over the last twenty years that have led to a far b etter understanding 
of how to create and control a fusion system. Withi n about three years 
time, the National Ignition Facility in California is expected to 
become the first fusion device in the world to prod uce more energy than 
it consumes, though only for at most a handful of b rief experiments per 
day. And in Cadarache, France, the large internatio nal fusion project 
called ITER is about to begin construction. This ex periment is designed 
to produce five times more energy than it consumes for several 
consecutive hours, as well as 10 times more for at least 500 seconds.
    If these new facilities are successful, they wi ll represent a 
dramatic turning point in developing a viable, comm ercial fusion 
reactor. Big questions will still remain, such as h ow affordable fusion 
can be in comparison to other options, and what the  appropriate choices 
are for materials in a device which contains gases that can be hotter 
than the sun. But the U.S. fusion program needs to do all it can to 
ensure these successes, and be ready to take advant age of them if and 
when they occur.
    I look forward to learning more from this excel lent panel of 
witnesses on how this program should evolve in ligh t of recent 
developments, and with that I yield to our distingu ished Ranking 
Member, Mr. Inglis.

    Chairman Baird. We are waiting for Mr. Inglis b ut I would--
how would you like to proceed, Vern? Do you want to  make an 
opening comment or----
    Mr. Ehlers. Thank you, Mr. Chairman. I am just sitting in 
briefly for the Ranking Republican on this committe e, who will 
make a grand entrance shortly, I am sure.
    But I really appreciate, Mr. Chairman, you hold ing this 
hearing. This is an issue that has really dominated  long-range 
energy thinking for many years but has had very lit tle public 
successes to back up the standing that they had hop ed to 
achieve, and I hope, sincerely hope that we can lea rn a lot 
more about fusion and energy not only in this heari ng but in 
the next five years and really be able to put it in  its 
rightful place in the hierarchy of energy alternati ves that we 
should be pursuing. It is clear to us that we have to take a 
different approach in our society in terms of the g eneration 
and use of energy. We know much of what we have to do to change 
our use of it. We even know a great deal about what  we have to 
do to develop alternative methods of producing usab le energy 
but we certainly don't know as much as we need to k now about 
fusion energy and what role it can and should play in the 
future.
    So I thank you for holding this hearing, and I will yield 
back.
    Chairman Baird. Thank you, Dr. Ehlers.
    If other Members wish to submit additional open ing 
statements, those statements will be added to the r ecord, and 
of course, when Mr. Inglis arrives we will accept h is statement 
as well.
    [The prepared statement of Mr. Costello follows :]
         Prepared Statement of Representative Jerry  F. Costello
    Good Morning. Thank you, Mr. Chairman, for hold ing today's hearing 
to examine the fusion energy research activities co nducted by the 
Department of Energy's (DOE) Office of Science.
    In order to develop a sustainable energy policy  we must develop and 
demonstrate sources of energy that will reduce our dependence on 
foreign oil, improve our greenhouse gas emissions, and satisfy our 
energy needs. Fusion energy should play an integral  role in providing a 
substantial amount of clean, domestic energy to our  communities and 
industry without the risks of nuclear energy.
    I am interested to hear from our witnesses toda y how this committee 
can work with DOE to ensure that we are using cutti ng-edge technology 
and providing appropriate levels of funding for fus ion energy research. 
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In particular, what timelines are in place to move current research 
efforts to the development and demonstration and ev entually to large-
scale commercialization. In addition, I would like to learn more about 
the international research collaborations on fusion  energy and how this 
committee and the Federal Government can work with the international 
community on fusion research efforts while continui ng to take the lead 
on these important efforts.
    I welcome our panel of witnesses, and I look fo rward to their 
testimony. Thank you again, Mr. Chairman.

    [The prepared statement of Ms. Johnson follows: ]
       Prepared Statement of Representative Eddie B ernice Johnson
    Mr. Chairman I would like to thank you and the Ranking Member for 
holding this important hearing today on the future of fusion energy 
research.
    I am please to welcome our witnesses, and look forward to their 
testimony.
    Fusion energy is one of the most innovative and  essential research 
projects occurring in this country and around the w orld.
    As a safe, abundant and clean form of energy, t he future of fusion 
is truly the future of energy independence in Ameri ca.
    Since the development of nuclear weapons in the  1940s, we've been 
working on research to harness that type of power i nto an energy 
source.
    While fission has been successfully developed, fusion has proved 
more elusive.
    There are currently several pivotal projects in  fusion energy 
research.
    One of those projects that I remain most intere sted and optimistic 
about is the international ITER (pronounced eater) research project.
    The research they are doing in plasma behavior should prove 
essential in the generation of fusion power.
    I am also interested in hearing about our domes tic magnetic fusion 
research and facilities. They are playing a key rol e in many aspects of 
the future of fusion.
    I look forward to hearing more about this proje ct from our 
witnesses.
    I am pleased that the Science Committee is hold ing this hearing 
today and believe we need to continue to take a pro active role in 
encouraging Congress and the Administration to inve st more in energy 
research and development.
    Witnesses, many of you represent the future of innovation in energy 
research. Once again, I welcome you and appreciate your contributions 
to today's hearing.
    Thank you, Mr. Chairman. I yield back.

    Chairman Baird. At this point it is my pleasure  to 
introduce our extraordinarily distinguished panel o f expert 
witnesses. Dr. Edmund Synakowski is the Director of  the Office 
of Fusion Energy Science at the U.S. Department of Energy. Dr. 
Riccardo Betti is the Assistant Director of Academi c Affairs 
for the Laboratory for Laser Energetics at the Univ ersity of 
Rochester. Dr. Raymond Fonck is a Professor of Engi neering 
Physics at the University of Wisconsin, and I will yield to our 
distinguished Chairman and then following that--wel l, I was our 
distinguished Chairman. I will yield to--oh, Bart, I didn't see 
you were here. It is our distinguished Chairman, Mr . Gordon. I 
didn't see you. Mr. Gordon is here, of course, to i ntroduce Dr. 
Thom Mason, Director of Oak Ridge National Lab.
    Chairman Gordon. Thank you, Dr. Baird, and, you  know, as I 
have said before, you have been the workhorse, this  has been 
the workhorse Subcommittee for our Full Committee, and I thank 
you for another very excellent hearing with an outs tanding 
group of witnesses. Thank you all for coming.
    I am pleased to have the opportunity to welcome  to the 
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Subcommittee today an adopted Tennessean and the Di rector of 
the Oak Ridge National Lab, Dr. Thom Mason. Dr. Mas on earned 
his Ph.D. in experimental condensed matter physics,  something 
that Mr. Davis and I talk a lot about. After tourin g the world, 
he came to Oak Ridge in 1998, and in 2001 he was na med Director 
of the lab's Spallation Neutron Source project, an impressive 
$1.4 billion project that was finished on time and under budget 
and at Oak Ridge now. Then later in 2007 he became Director of 
the lab at Oak Ridge. He is going to describe today  his 
critical role in managing the U.S. contribution to the ITER 
reactor. They are in east Tennessee, I am in middle  Tennessee, 
but Mr. Davis represents many of the folks that wor k there so I 
will yield to Mr. Davis to pander for a few minutes .
    Mr. Davis. I am glad you said a few minutes. It  takes me a 
long time to get words out. I speak a little bit sl ower than 
perhaps some folks.
    Mr. Chairman, thank you for the work that you d o on this 
committee and we in Tennessee are certainly lucky a nd very 
proud of the accomplishments that you have, and Bar t and I 
represent an area that has in it the Cumberland Mou ntains, and 
our folks there say they are proud to say they have  two 
Congressmen. I think they are prouder of Bart Gordo n probably 
than of me since he is Chairman of this committee.
    I would like to add to what comments you just m ade, and I 
would like to add that Oak Ridge is a pillar of the  community 
in Tennessee, supporting world-leading research ini tiatives in 
energy, environment, national security and computin g as well as 
providing good jobs and performing educational outr each to our 
students. We are lucky to have this critical scient ific 
resource in our region with such an accomplished an d dedicated 
scientist and leader as you are. Dr. Mason, I am ve ry happy 
that you are here today to provide valuable insight s on the 
future of fusion research, both at Oak Ridge and ab road. I look 
forward to your continued strong leadership at this  laboratory 
in Oak Ridge. It has been great working with you, a nd as I 
travel to Oak Ridge to the lab, or whether its at t he 
Spallation Neutron Source or the NNSA (National Nuc lear 
Security Administration) at Y-12, I realize that th is area of 
the world, this area of America, and this part of T ennessee, 
has been a valuable asset in scientific research an d will 
continue under your leadership. Thank you for being  here.
    Chairman Baird. I thank our Oak Ridge boys for their 
introduction. I apologize to the Chairman. I hadn't  seen you 
here, Mr. Chairman, so I was puzzled by what appear ed to be a 
strange third-person self-reference here.
    I would now be happy to recognize our guests at  the 
Committee, Representative Rush Holt, to introduce o ur last 
witness, and Mr. Holt will be followed by Dr. Ehler s, who 
wishes to offer comments as well.
    Mr. Holt. I thank the Chair and I am pleased to  be with you 
and my distinguished colleagues today, and also wit h the 
distinguished panel. I have been asked to introduce  Dr. Prager, 
and I could equally well spend time introducing and  praising 
Dr. Synakowski, Dr. Fonck, all three of whom have b een 
constituents in the 12th Congressional District in New Jersey, 
but more importantly, all three of whom have been l eaders, 
world leaders, in advancing plasma physics and fusi on sciences. 
They all have contributed to what we now see, the p romise of 
fusion with essentially unlimited, globally availab le 
ingredients, with great environmental attractivenes s, with no 
harmful emissions or high-level radioactive waste o r connection 
to proliferations of weapons materials--in other wo rds, a 
technology well worth undertaking. They have--they will be well 
prepared to address today how realistic and practic al this may 
be, I would say at least possibly and I would go as  far as to 
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say probably. The progress has been great by any me asure 
exceeding predictions. Certainly if you look at ach ievements 
per dollar spent, in power contained, millions of w att and 
plasma sustained, improvements by factors of hundre ds of 
thousands to what amounts to an eternity in plasma lifetimes, 
development of an entire new field of science, plas ma physics, 
with theoretical and practical contributions, not j ust to 
materials and engineering and science but to daily lives. The 
progress, the promise, the justification of spendin g taxpayer 
dollars, significant taxpayer dollars, have been re cognized by 
domestic and international advisory committees, in some cases 
on which our panelists have served or which they ha ve chaired, 
and also recognized by the actions of many other co untries. It 
is worth noting as we talk about the fusion energy program in 
the United States that the United States was once f or decades 
the world leader. We could be again. We should be a gain for a 
lot of reasons. If we are, it will be in part becau se of the 
work of some of these panelists.
    Dr. Prager has worked at a number of the places  where this 
significant work has been done: General Atomics in San Diego, 
Columbia University in New York, University of Wisc onsin for 
many years, and he has chaired the Fusion Energy Ad visory 
Committee, and he has chaired the Division of Plasm a Physics of 
the American Physical Society. You will notice I sp oke earlier 
of creating an entirely new field of science growin g out of the 
work of Lyman Spitzer at Princeton 40, 50 years ago  now. Dr. 
Prager also served as President of the University F usion 
Association, so he represented the large academic c ontributions 
of this field as well. He is a recipient of the Daw son Prize 
and the Leadership Award of Fusion Power Associates . So I am 
pleased to introduce Dr. Prager but also commend to  you, all of 
the panelists, whom I know personally and cannot pr aise highly 
enough. Thank you.
    Chairman Baird. Thank you, Dr. Holt.
    Dr. Ehlers.
    Mr. Ehlers. Thank you, Mr. Chairman, just a bri ef comment 
in view of the comments of the two gentlemen from T ennessee 
sitting on the dais here and especially to our chai rman, Mr. 
Gordon. When he was making--they were making their comments 
about Oak Ridge, it suddenly occurred to me, it has  been at 
least 30 years since I have been to Oak Ridge. It h as been 
probably 20 since I have been to Argonne and 10 sin ce I have 
been to Fermilab. Members of the Committee, these a re the crown 
jewels of our research effort, and I think Members of the 
Committee should be visiting these laboratories mor e often. So 
my plea to Chairman Gordon is, perhaps we could sta rt 
organizing CODELs where Members of the Committee ca n go visit 
the national labs on a rotating basis. I think it w ould be 
extremely beneficial for the Members of the Committ ee. Yield 
back.
    Chairman Baird. I hear there are visa problems for some of 
us to get into Oak Ridge.
    We have been joined by the Ranking Member, Mr. Inglis, and 
we will recognize him. First we will welcome him. I  know he had 
a panel he was attending prior to this so I appreci ate his 
presence, and thank you, Dr. Ehlers, for so ably fi lling the 
role in the absence of Mr. Inglis. Welcome.
    Mr. Inglis. Thank you, Mr. Chairman.
    Well, I think that Dr. Ehlers filled in very we ll and I 
thank you, Dr. Ehlers, for filling in. I am looking  forward to 
hearing the testimony because it is very important and very 
exciting. The key question is how to make it work. So looking 
forward to learning more from you.
    So thank you, Mr. Chairman, for holding the hea ring.
    [The prepared statement of Mr. Inglis follows:]
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            Prepared Statement of Representative Bo b Inglis
    Good morning and thank you for holding this hea ring, Mr. Chairman.
    It's probably fair to say that when it comes to  fusion, we're 
talking about the Holy Grail of energy. For the pas t 50 years, fusion 
has given us hope as an abundant, clean, secure, an d safe source of 
energy. We've been investing in that hope, learning  more about fusion 
and gaining critical technical knowledge. We've als o identified more 
questions that need answering to turn fusion into t he energy solution 
we're looking for.
    Today our witnesses will help us understand whe re we stand on the 
road to fusion power. The recent capital investment s in the National 
Ignition Facility at Lawrence Livermore National La b and the 
international ITER project have been substantial. W e need to understand 
what these investments will deliver and if these ty pes of investments 
are getting the most out of scarce federal dollars.  We also need to 
identify where the unique intellectual capital and innovative power of 
the United States should be put to work to crack th e code to fusion 
energy.
    I'd like to think that if we play our cards rig ht, the materials, 
devices, and technologies necessary to turn fusion into electricity can 
be developed right here at home. That's why I joine d Rep. Lofgren in 
co-sponsoring the Fusion Energy Science and Fusion Energy Planning Act 
of 2009. This bill will strengthen our fusion engin eering research 
program and prepare the U.S. to lead on key researc h areas.
    I'm hopeful that we'll find the way to practica l fusion energy, but 
I also realize that it must be proved. I hope our w itnesses can help us 
balance the marvelous prospect of a fusion-powered economy tomorrow 
with the responsibility to bring reliable forms of power to the market.
    Mr. Chairman, thank you again for holding this hearing. I look 
forward to hearing from the witnesses and I yield b ack the balance of 
my time.

    Chairman Baird. One of the things I greatly res pect about 
Mr. Inglis is, he recognizes when everybody has sai d everything 
and he doesn't have to say it again. That is a rare  quality in 
Congress, and with that, we will proceed to our exp erts and I 
will begin with Dr. Synakowski. Thank you very much .

 STATEMENT OF DR. EDMUND J. SYNAKOWSKI, ASSOCIATE D IRECTOR FOR 
 FUSION ENERGY SCIENCES, OFFICE OF SCIENCE, U.S. DE PARTMENT OF 
                             ENERGY

    Dr. Synakowski. Thank you, Mr. Chairman, Rankin g Member 
Inglis and Members of the Committee.
    I have been Director of the Federal Fusion Ener gy Sciences 
Program since June 7 of this year, and I am thrille d to join 
this office when the scientific readiness, opportun ity and 
urgency of fusion are extraordinarily resonant.
    The pursuit of fusion energy embraces the chall enge of 
bringing the power of a star to Earth. Fusion's pro mise is 
enormous--nearly limitless fuel supplies, large-sca le energy 
production, no greenhouse gas emissions. We are ent ering a new 
age in fusion science during which our knowledge ba se will be 
put to the test as researchers will undertake a fun damental set 
of new studies of fusion energy's viability.
    At the heart of fusion energy in the stars and on Earth is 
the world's most famous equation, E = MC 2, which 
describes the fundamental relationship between mass  and energy. 
The challenge is getting atomic nuclei of the fuel to bind 
together to form heavier elements, releasing enormo us 
quantities of energy in the process. In the lab we use hydrogen 
isotopes as the fuel, and I have had the privilege of being 
part of experiments that have generated millions of  watts of 
fusion power.
    The science underpinning much of fusion energy research is 
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plasma physics. Plasmas are hot gases, the stuff of  stars, and 
over 99 percent of the visible universe, lightning,  flames. 
Plasmas are routinely confined by magnetic fields a nd heated in 
laboratories to fusion conditions. The tokamak, a R ussian 
invention from the 1960s, is studied worldwide and is the 
leading candidate ``magnetic bottle'' for creating fusion 
energy.
    Dramatic progress prompted the National Academy  of Sciences 
in 2004 to urge the United States to take a landmar k step: it 
should participate in a fusion experiment in which the plasma 
burns, or generates more energy than is used to hea t it 
externally and in large part, heats itself. In resp onse, the 
United States agreed to participate in the ITER pro ject to be 
built in Cadarache, France. We view ITER as a scien tific 
instrument with the flexibility to reveal critical requirements 
for fusion's optimization. The seven members of ITE R are China, 
the European Union, India, Japan, Russia, South Kor ea and the 
United States. Construction will take place over th e next 
decade with burning plasma experiments slated to ta ke place in 
the 2020s. The United States is committed to bringi ng a strong 
and effective approach to project management in ITE R's design 
and construction.
    Another approach to fusion is to compress the f uel 
extremely rapidly and to rely on its inertia to con fine it long 
enough for fusion to occur. This is being studied b y the 
National Nuclear Security Administration (NNSA) for  stockpile 
stewardship applications and a joint program to stu dy this 
extraordinary state of matter is being forged betwe en NNSA and 
my office that will engage a broad array of laborat ories and 
universities. Tests of this approach are being plan ned for the 
National Ignition Facility. If successful, they wil l be 
historic. The National Academy of Sciences has emph asized the 
importance of studying this plasma state to both en ergy 
research and to a rich array of scientific question s.
    ITER's success, its chances of success and our prospects 
for deep scientific return are intimately interwove n with a 
broad domestic research program in the fusion-relat ed sciences. 
In the United States, our multi-institutional progr am in 
experiment, theory and computation is rich in disco very and 
impact. It is globally respected for its depth, acc omplishment 
and scientific aesthetic and has had a major impact  on the ITER 
design and research plan. Research is supported in 38 states at 
national labs, private industry and about 60 univer sities. U.S. 
researchers participate in about 75 joint internati onal 
activities and about 340 graduate students partake in fusion 
energy and general plasma science research.
    Strategic planning is underway aimed at filling  gaps in the 
world so as to assert U.S. leadership where it best  advances 
fusion as a whole while maximizing U.S. scientific return. For 
magnetic fusion, the scientific challenges can be b roadly 
stated as follows. First, understanding and optimiz ing the 
burning plasma state. Experiments, theory and simul ation have 
significantly advanced our understanding of what to  expect from 
a burning plasma, and will continue to do so, but I TER provides 
the only platform planned to directly test and expa nd our 
understanding of this complex physics.
    Second, understanding the requirements for exte nding the 
burning plasma state to long times--days, weeks, an d longer. 
Many aspects of this are pursued in the United Stat es, and the 
second 10 years of ITER's operation will put our un derstanding 
to crucial tests. However, overseas fusion programs  are set to 
assert leadership in part through new billion-dolla r class 
research facilities in Europe, Japan, South Korea a nd China. We 
are exploring growing our collaborations to increas e their 
impact and the knowledge returned.
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    And finally, third, advancing the materials sci ence for 
enduring the harsh fusion plasma environment, for e xtracting 
energy and for generating fusion fuel in situ. We w ill be 
exploring what is required to develop a materials a nd fusion 
nuclear science program, one that addresses the nec essary 
fundamental scientific issues, while weaving the re sults and 
advances into our best concepts of future fusion sy stems.
    Thank you, Mr. Chairman, for providing this opp ortunity to 
discuss the Fusion Energy Sciences Program. This co ncludes my 
testimony, and I would be pleased to answer any que stions you 
may have.
    [The prepared statement of Dr. Synakowski follo ws:]
               Prepared Statement of Edmund J. Syna kowski
    Thank you Mr. Chairman, Ranking Member Inglis, and Members of the 
Committee for the opportunity to appear before you to provide testimony 
on the Fusion Energy Sciences program in the Depart ment of Energy's 
(DOE's) Office of Science (SC). I have been Directo r of the Office of 
Fusion Energy Science since June 7th of this year. It is a privilege to 
lead the Nation's fusion energy sciences program fo llowing a career of 
scientific research and service at two national lab oratories and in 
research collaborations with national labs and univ ersities. I am 
thrilled to have joined this Office when the scient ific readiness, 
opportunity, and urgency in fusion are extraordinar ily resonant. I am 
pleased to share with you my perspectives on the st atus and the 
strategy for advancing fusion as we enter a new and  critical age in its 
research and development.

Introduction

    The pursuit of fusion energy embraces the chall enge of bringing the 
energy-producing power of a star to Earth for the b enefit of humankind. 
The promise is enormous--an energy system whose fue l is obtained from 
seawater and from plentiful supplies of lithium in the Earth, whose 
resulting radioactivity is modest compared to fissi on, and which yields 
zero carbon emissions to the atmosphere. The pursui t is one of the most 
challenging programs of scientific research and dev elopment that has 
ever been undertaken. A devoted, expert, and innova tive scientific and 
engineering workforce has been responsible for the impressive progress 
in harnessing fusion energy since the earliest fusi on experiments over 
sixty years ago. As a result we are on the verge of  a new age in fusion 
science during which researchers will undertake fun damental tests of 
fusion energy's viability. The scientific community 's excitement and 
optimism about our progress and readiness to enter this new era of 
fusion research is amplified by the high awareness worldwide of the 
need to fundamentally alter our energy landscape in  this century. 
Fusion can be part of that landscape shift. But it is no secret that 
fusion on Earth is difficult. Establishing a deep s cientific 
understanding of the requirements for harnessing an d optimizing this 
process on Earth is critical, and the progress has been dramatic.

The Scientific Challenges of Fusion Energy

    The science underpinning much of fusion energy research is plasma 
physics. Plasmas--the fourth state of matter--are h ot gases, hot enough 
that electrons have been knocked free of atomic nuc lei, forming an 
ensemble of ions and electrons that can conduct ele ctrical currents and 
can respond to electric and magnetic fields. The sc ience of plasmas is 
elegant, far-reaching, and impactful. Comprising ov er 99 percent of the 
visible universe, plasmas are also pervasive. It is  the state of matter 
of the sun's center, corona, and solar flares. Plas ma dynamics are at 
the heart of the extraordinary formation of galacti c jets and accretion 
of stellar material around black holes. On Earth it  is the stuff of 
lightning and flames. Plasma physics describes the processes giving 
rise to the aurora that gently illuminates the far northern and 
southern nighttime skies. Practical applications of  plasmas are found 
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in various forms of lighting and semiconductor manu facturing, and of 
course plasma televisions.
    At the heart of fusion energy in the stars and on Earth is the 
world's most famous equation, E = mc 2, which summarizes our 
understanding of how mass can be converted into ene rgy. Inside the sun, 
plasma pressures are high enough that hydrogen nucl ei frequently 
collide and fuse into new atomic nuclei. The end pr oduct of these new 
fused systems actually weighs less than the origina l nuclei; the 
``missing'' mass is converted into the motion of th e byproducts of the 
collisions, releasing prodigious quantities of ener gy. The energy 
released by fusion is largest per unit mass for the  lightest elements. 
Thus, scientists also choose hydrogen isotopes to a chieve fusion on 
Earth.
    On Earth, fusion is in fact routinely created a nd controlled in our 
fusion research laboratories--for example, I've had  the privilege of 
being part of and of leading experiments that have generated millions 
of watts of fusion power for seconds at a time. In our vision of a 
working reactor, some of the energy will be capture d by the plasma 
itself, and the plasma will self-heat, enabling mor e fusion to take 
place. The energy of the fusion reaction byproducts --energetic ions and 
neutrons--escaping the plasma will be captured and converted into heat. 
This heat will drive conventional power plant equip ment to boil water, 
generate steam, and turn turbines to put electric p ower on the grid.
    The leading challenge for fusion is stable conf inement and control 
of the hot plasma. When a plasma gets hot enough fo r fusion to occur, 
its strong tendency is to expand and cool like any gas. If allowed to 
do this too quickly, the conditions that enable fus ion are lost. If 
this same hot plasma strikes a material wall before  fusion can take 
place, it also cools and fusion ceases. Thus the ho t plasma must be 
confined for a long enough time away from a materia l container. The 
leading approach to fusion energy being pursued in the world is to 
confine the hot fusion fuel with magnetic fields. T he insulating 
properties of magnetic fields, properly configured,  can be 
extraordinary. In present experimental devices, tem peratures of plasmas 
are found to increase tens of millions of degrees c entigrade in a 
matter of a few centimeters--from the room-temperat ure vessel 
containing the hot plasma into the plasma itself. A nother approach is 
to compress the fuel rapidly so as to reach fusion conditions and rely 
on the inertia of the fuel itself to keep it combin ed long enough for 
fusion to happen. This approach is being studied by  the National 
Nuclear Security Administration (NNSA), and a joint  program researching 
this state of matter is being forged between NNSA a nd my office.
    A second great challenge for fusion is material s that can tolerate 
the extreme conditions of a fusion reactor. A plasm a at a high enough 
temperature and density to undergo nuclear fusion i n a reactor, while 
generating close to a billion watts of fusion power , will present a 
uniquely hostile environment to the materials compr ising the reactor. 
The extreme heat fluxes inflicted on a reactor vess el's walls--at rates 
of tens of millions of watts per square meter--pres ent significant 
materials challenges. Furthermore, in a fusion reac tor the materials 
that will be near the burning plasma will bathe in a harsh shower of 
neutrons that can displace its constituent atoms an d thus alter its 
strength and other material qualities. Advances in material science 
will be required to achieve reactor components that  can withstand 
exposure to the enormous heat and neutron fluxes em anating from 
prolonged fusion burns.
    In the last two decades, progress in our unders tanding of plasma 
systems and their control requirements has enabled the fusion community 
to move to the edge of a new era, the age of self-s ustaining 
``burning'' plasmas. For both lines of research des cribed above, 
magnetic and inertial fusion, new experimental plan s are being 
developed to make historic first studies of fusion systems where the 
energy produced by the fusion process itself is sub stantially greater 
than the energy applied externally to heat and cont rol the plasma. In 
this testimony, I describe the current frontiers fo r the fusion energy 
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sciences and describe how the research programs of the Office of 
Science contribute to scientific advances in these areas. I will 
discuss our program's relationship to international  partners and the 
anticipated benefits of continued U.S. leadership, including benefits 
to science and to the Nation. I will also describe activities in our 
own program in the U.S. for building the science th at is enabling us to 
enter the burning plasma era. To begin, however, I would like to 
briefly describe the origins and scientific breadth  of fusion research.

A Brief History of Fusion Energy Sciences Research in the U.S.

    The advent of the nuclear age in the mid-20th c entury led 
scientists to consider whether the nuclear fusion p rocess could be 
harnessed on Earth for energy production. In the Un ited States, 
interest in the possibility of controlled fusion da tes back even prior 
to the end of World War II. From 1944 to 1946, freq uent and lively 
discussions of the subject were held among scientis ts assembled at the 
Los Alamos Scientific Laboratory, particularly E. F ermi, E. Teller, 
J.L. Tuck, S. Ulam, J. Wheeler, and R.R. Wilson. In  the wake of the 
Manhattan Project, optimism for fusion energy ran h igh. Many 
scientists, flush with excitement and confidence fr om the rapid success 
of fission research, expected similarly expeditious  progress towards 
controlled fusion. Most of the basic principles of fusion, if not 
already known, were formulated at that time, and a number of 
suggestions were made for achieving controlled ther monuclear fusion 
conditions. While many of these early suggestions w ere highly 
ingenious, all failed to meet the basic requirement s of a controlled 
fusion device. From 1951 until 1958, fusion energy research continued 
under a classified program named ``Project Sherwood .'' By the mid-
1950's, about 200 personnel were involved in the U. S. in magnetic 
fusion research, designing and testing various appr oaches for 
``magnetic bottles'' to confine the hot plasma.
    By the mid-1950s, it was apparent that the unde rlying physics of 
the plasma state was proving to be far more complex  and difficult to 
control than had been anticipated. The research in magnetic fusion was 
declassified in 1958, and at that time it was seen that the U.S., 
Soviet, and British-led fusion research programs we re neck-and-neck--
and far from achieving a usable energy source. Each  program was only 
capable of producing plasmas that were, according t o a standard 
measure, about ten thousand times lower than requir ed for fusion to 
generate more heat than was required to create the fusing plasma in the 
first place. Throughout most of the 1960's, researc h in fusion 
progressed through small-scale laboratory experimen ts and research into 
fundamental plasma theory. It became clear that cra cking the nut of the 
fusion energy challenge was going to take far more basic physics 
research than predicted at the program's outset.
    Much of the research through the 1960's focused  on an approach 
where the magnetic field for confining the plasma w as completely 
defined by the hardware of the experiment. In 1968,  however, a major 
breakthrough was announced by Soviet researchers. T hey introduced a 
clever innovation wherein some of the magnetic fiel d for confining the 
plasma was created by an electrical current passed through the plasma 
itself. This led to a dramatic simplification in th e magnetic coils 
needed externally. The announced results were stunn ing to researchers--
plasma performance measured in terms of confinement  quality were said 
to be improved by an order of magnitude. In fact, t he results were so 
surprising that many in the West did not believe th em. In an event 
extraordinary for the times but emblematic of how s cience is best 
carried out, the leader of the Soviet fusion effort  opened the door to 
British scientists in 1969. They brought their own measurement 
equipment to the Soviet Union and confirmed the Sov iet claims--the 
plasma quality was far superior to any that had bee n created in any 
other experiment to date. The results led to the co nversion of U.S. 
research facilities to this new concept called a to kamak, a name based 
on a Russian acronym for ``toroidal (donut-shaped) chamber with a 
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magnetic coil.''
    These developments expanded our view of what wa s possible in fusion 
research. In the 1970's, progress was rapid, and bu dgets for fusion 
research in the U.S. increased as a result of the e nergy crisis. New 
research facilities were built across the country, including those at 
the DOE national labs located at Princeton, New Jer sey, Oak Ridge, 
Tennessee, and Livermore, California. A major indus trial research 
endeavor was also begun through a contract with Gen eral Atomics in La 
Jolla, California. University research grew. The th eory and computation 
efforts that accompanied and supported development and interpretation 
of these experiments grew as well. International re search programs also 
were ambitious, with the largest facilities in the world being 
constructed in the United Kingdom and Japan.
    Scientific progress was strong through the 1980 's, despite 
declining budgets. Major choices were made in progr am direction, and 
the tokamak concept was selected as the leading con tender to reach the 
promised land of creating a sustained, magnetically  confined burning 
plasma on Earth. In the 1980's research began on th e flagship Tokamak 
Fusion Test Reactor (TFTR) at Princeton, and mid-de cade a remarkable 
achievement was realized. Temperatures of the plasm a fuel reached over 
200 million degrees Centigrade--ten times the core temperature of the 
sun--in these magnetically confined plasmas. The fl exibility of this 
experiment proved to be of great scientific value i n launching 
controlled research studies of this plasma state. T he exciting TFTR 
results were joined by rapid progress at the DIII-D  tokamak at General 
Atomics in La Jolla, and a healthy competition grew  within the U.S. as 
well as internationally. At this time, complementar y experiments were 
continued at MIT in compact devices of very high ma gnetic field. The 
Joint European Tokamak (JET) in England was the fir st to use the ``high 
octane'' mix of the hydrogen isotopes deuterium and  tritium (D-T) that 
will be used in a first-generation fusion reactor. They soon announced 
to the world the generation of a few million watts of fusion power, 
enough to power thousands of homes. The race was on --TFTR at Princeton 
began its experimental campaign with the D-T fuel m ix, and completed it 
with experiments in 1994 that generated over 10 mil lion watts of fusion 
power. The JET experiment ultimately created a reco rd 16 million watts 
of fusion power in 1997, a result enabled by the la rger size of the 
device as compared to TFTR.
    Notably, however, more power was used to heat a nd control the 
plasma in each of these cases than was used to crea te the fusion 
reactions themselves. The figure of merit used in m agnetic fusion, Q, 
relates the fusion power created to the power used to heat the plasma. 
The JET experiment yielded a Q of about 0.6. A camp fire analogy is 
that, to date in fusion research, we have been burn ing wet wood. Remove 
the external flame, and the fire goes out. Extendin g the analogy, we 
have learned a great deal during and since these re search campaigns 
about how to make a fire and how to make a fusion f ireplace in which 
the wood burns itself--in which we have a self-sust ained ``burning'' 
plasma.
    Today we have to build that fireplace and learn  how to best manage 
the fire in a robust, attractive way. Results from the D-T TFTR and JET 
studies and those obtained worldwide in other exper iments pointed to a 
common direction, one in which meeting the burning plasma challenge is 
going to require an increase in scale of the resear ch device. The 
embodiment of these research conclusions is the des ign and new 
construction of the international project called IT ER (Latin for ``the 
way''), which is described more fully later in this  testimony.
    It is important to note for understanding the p otential future of 
fusion research that at least two major research th rusts were 
developing in parallel to the magnetic confinement experiments that I 
have just described. First, a seminal paper in 1972  pointed out the 
potential of the laser, invented in 1960, to be use d as the basis of a 
fundamentally different approach to fusion energy. This approach, 
called inertial confinement fusion, uses symmetrica lly-applied 
exceptionally high-power pulsed laser beams to comp ress a small pellet 
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of fusion fuel to high enough densities and tempera tures for fusion to 
occur. In this case, the inertia of the fuel itself  is relied upon to 
keep the matter contained long enough for a fusion burn to take place. 
The National Nuclear Security Administration (NNSA)  has been the 
primary supporter of this line of research, through  its aim to develop 
critical tools for stockpile stewardship. The Offic e of Fusion Energy 
Sciences also has a keen interest in inertial fusio n, both from the 
point of view of the richness of the plasma physics --more on this 
later--as well as its potential energy applications .
    NNSA's recently completed National Ignition Fac ility at Lawrence 
Livermore National Laboratory is the world's leadin g experimental 
enterprise in this research, and its work in the em ergent field of High 
Energy Density Laboratory Plasma (HEDLP) physics is  supported stateside 
by related research at other national laboratories,  the University of 
Rochester, and a wide range of university-scale exp eriments.
    Second, the computer revolution had enormous im pact on fusion 
research in both magnetic and inertial fusion. The fusion sciences have 
been transformed from a largely empirical enterpris e to a theory-based 
dominated by vigorous interaction between those who  measure the elusive 
qualities and behavior of the plasma state in fusio n conditions, and 
those who develop its complex theory and represent that theory in 
computational models. Over the last twenty years, t he scientific basis 
for our readiness for the next era of fusion energy  research has been 
established through this interaction, anchored in f lexible, inventive 
experiments, continuously growing computational hor sepower, and rich 
physics challenges that have yielded many secrets o f the plasma to our 
probing.
    In both magnetic fusion energy science and the linked science of 
inertial fusion energy, we are at the edge of the b urning plasma era. A 
burning plasma is fundamentally different from plas mas that have been 
created in research facilities to date; it is only in a burning plasma 
that the energy confinement, heating, and stability  are fully coupled, 
and the scientific issues associated with creating and sustaining a 
power-producing plasma can be explored. The importa nce of moving into 
this era was strongly affirmed in a 2004 National A cademy of Sciences 
review, ``Burning Plasmas--Bringing a Star to Earth .'' This report 
recognized that a burning plasma experiment is esse ntial to assessing 
the scientific and technical feasibility of fusion as an energy source. 
Its strongest recommendation was that the U.S. fusi on science research 
program confront the rich and important scientific questions that will 
only be possibly by creating a burning plasma in th e laboratory. Even 
since this report, our scientific basis for enterin g this new era has 
deepened.
    Allow me to now describe for you the present fu sion sciences 
research program in the U.S., with references to th e world-wide effort 
that supports our entrance into this new age, and t he enabling program 
of this new era--the ITER project.

The U.S. Research Program Today

    In the United States, a broad, multi-institutio nal program in 
experiment, theory, and computation is executed thr ough the Office of 
Fusion Energy Sciences. A national laboratory dedic ated to plasma 
physics and fusion research is located at Princeton , New Jersey, and 
other national laboratories are funded to undertake  research in the 
fusion sciences as well. Many university partners p artake in fusion 
research at these laboratories and at their own cam puses.
    A major feature of the program is the research platform provided by 
three major experiments. These facilities and their  predecessors have 
been crucial for developing the physics basis neede d to justify a 
burning plasma physics program. Today the experimen tal research 
programs at the U.S. facilities are scientifically complementary.
    These are the DIII-D tokamak at General Atomics , mentioned 
previously, the National Spherical Torus Experiment  (NSTX), at the 
Princeton Plasma Physics Laboratory, and a compact,  high magnetic field 
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tokamak called Alcator C-Mod at the Massachusetts I nstitute of 
Technology. Researchers participate in joint experi ments conducted 
between these facilities and are leaders in an inte rnational 
organization that develops joint experiments with f acilities overseas 
as well. U.S. researchers participate in about 75 j oint international 
activities at the present time. These activities ha ve a common aim, 
namely, to develop the scientific basis for a sound  and revealing 
burning plasma research program and to develop fusi on plasma science 
more generally. The national laboratories are intim ately intertwined in 
the research execution and program leadership at th ese sites. 
Significant student populations partake in research  there, and their 
programs are intrinsically collaborative. In part t hrough student 
participation (about 340 graduate students at this time participate in 
an aspect of fusion energy science research), these  national programs 
have strong, productive ties with many universities  across the Nation.
    Our portfolio also includes a robust program in  innovative plasma 
confinement concepts, which broadens the fusion pro gram by exploring 
the science of confinement optimization and plasma stability through a 
variety of smaller novel devices. The breadth of th is program is 
summarized by the fact that, taken together, these confinement devices 
allow scientists to study plasmas with densities sp anning twelve orders 
of magnitude.
    FES also supports a world-leading theory progra m, which provides 
the conceptual scientific underpinning of the magne tic fusion energy 
sciences program. This program focuses on three thr ust areas: burning 
plasmas, fundamental understanding, and configurati on improvement. 
Theory efforts describe the complex multiphysics, m ultiscale, non-
linear plasma systems at the most fundamental level . These 
descriptions--ranging from analytic theory to highl y sophisticated 
computer simulation codes--are used to interpret re sults from current 
experiments, plan new experiments on existing facil ities, design future 
experimental facilities, and assess projections of facility 
performance. U.S. expertise and capabilities in the ory and computation 
are a lynchpin of the transition to the burning pla sma era.
    The flagship program of this new era is the ITE R project, an 
international fusion research project being constru cted in Cadarache, 
France, that will realize magnetically confined bur ning plasmas for the 
first time. Burning plasma physics as it will be ex plored on ITER 
presents at once a grand scientific challenge in it s own right and an 
undertaking of tremendous practical import. The goa l of this 
international research program is to demonstrate th e scientific and 
technological feasibility of sustained fusion power . In the United 
States, we place high importance on the potential o f ITER as a flexible 
instrument for scientific discovery as well as a de monstration of 
fusion energy's scientific and technical viability.  ITER's overarching 
goals are the creation of plasmas producing 500 meg awatts of power with 
Q = 10 for hundreds of seconds, that is, ten times the fusion power 
generated by the burning plasma as compared to the power used to heat 
it, and plasmas of Q = 5 for durations of up to an hour. What we learn 
through ITER will guide our choices in the developm ent of a subsequent 
demonstration power plant.
    Seven members comprise the ITER partnership: Ch ina, the European 
Union, India, Japan, Russia, South Korea, and the U nited States. Under 
the formal international agreement that entered int o force in 2006, the 
experiment is to be built in Cadarache, France prox imal to a major 
French nuclear research laboratory. It will be the largest magnetic 
confinement fusion experiment ever constructed, wit h a radius of the 
magnetic donut over six meters, enclosed in structu re close to 10 
stories tall. The magnets will be superconducting s o as to enable long 
pulses of fusion plasmas. U.S. researchers have pla yed a significant 
role in identifying the design for ITER. As host, t he European Union 
has responsibility for five-elevenths of the projec t cost. The 
remaining six partners, including the U.S., is each  responsible for 
one-eleventh share. Contributions of the member sta tes are primarily 
in-kind hardware components for the project. Annual  cash contributions 
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are also made to the ITER Organization (IO) in Cada rache that is 
responsible for assembling the device and the civil  construction of the 
site. The data obtained from ITER will be shared by  all partners.
    The U.S. ITER Office (USIPO), located at Oak Ri dge National 
Laboratory, reports to my office and manages the in terfaces with the IO 
and the development of the hardware that are a U.S.  responsibility. 
Most of the funds directed to the USIPO will be spe nt domestically in 
U.S. industry to design and fabricate the hardware needed to fulfill 
our obligations. Examples of what we will deliver i nclude 
superconducting transformer coils that will reside in the center of the 
magnetic donut, superconducting strands of wire to be used in the 
construction of some the other magnets for ITER, an d measurement 
instrumentation systems that will be installed on t he device to measure 
and monitor many aspects of the burning plasma.
    The schedule for ITER operations is being devel oped and refined; 
the first plasma experiments to commission the devi ce are almost 
certainly at least 10 years away, with the first bu rning plasma 
experiments probably in the mid-2020's. This time s cale is an 
acknowledged frustration of all parties given the u rgency of the energy 
challenge and reflects both the immense technical s cope of the project, 
the fact that the laboratory and its governance are  being set up at a 
green field site, and the added challenges posed by  a novel 
international collaboration. Importantly, the USIPO  is vigorously 
engaged with the IO in Cadarache and other members'  domestic agencies 
in implementing U.S. project management practices i n ITER. The Office 
of Science takes most seriously the imperative that  ITER be well 
managed in both its construction and research phase s.
    With respect to burning plasma physics and ITER  itself, the U.S. 
research program has been particularly effective in  improving the ITER 
design. For example, the ``dynamic range'' of the p lasmas that ITER 
will be capable of creating has been significantly increased thanks in 
significant part to U.S. intellectual leadership. T he U.S. fusion 
program's robust interplay among experimentalists, theorists, and 
computational researchers in developing complex sim ulation programs 
executed on the world's most powerful computers hav e been and will 
continue to be essential for preparing for the burn ing plasma era. This 
interplay is facilitated by the U.S. Burning Plasma  Organization, a 
community-led endeavor of researchers currently hea ded by the chief 
scientist of the USIPO.
    As described earlier, there is another form of fusion in the 
laboratory, inertial confinement fusion, whose scie nce is being pursued 
and is also on the cusp of the burning plasma era. The National 
Ignition Facility is slated to explore whether a sm all pellet of fusion 
fuel can be ignited in a fusion burn by simultaneou sly heating and 
compressing it with the enormous radiant power of i ts unparalleled 
laser system. If successful, these experiments will  be historic--
analogous to achievement of the first spark ever in  an internal 
combustion engine. Significant scientific and techn ological development 
will be required to achieve appreciable energy outp ut per spark and the 
generation of many sparks per second in an attracti ve manner.
    The branch of plasma physics at the heart of th is endeavor, high 
energy density laboratory plasma physics, studies e xtreme states of 
matter known to exist otherwise only in extraordina ry systems such as 
stellar interiors and exploding stars. The National  Academy of Science 
has recognized the importance of this field to ener gy and the study of 
astrophysical systems, and has urged the formation of a coherent 
programmatic home in the Federal R&D portfolio. To this end, the Office 
of Fusion Energy Sciences is now collaborating with  NNSA in launching a 
research program in this branch of science for the sake of advancing 
both fusion energy science and the science of these  extraordinary 
systems so as to further understanding of our unive rse.
    Importantly, the U.S. fusion energy sciences pr ogram also has 
ambitions to develop and advance general plasma sci ence in the broadest 
sense. A number of vigorous university-based progra ms are deployed 
across the country. Furthermore, my office supports  over 30 joint 
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research efforts with the National Science Foundati on to advance 
general plasma science that extends beyond the imme diate needs of the 
fusion goal. This science can be of high import in describing natural 
plasma phenomena and also has an impact on the econ omics of industrial 
plasma applications. Joint research centers with un iversity-scale 
experiments are at the heart of these ventures and on shedding light on 
the phenomena governing plasma dynamics in settings  ranging from the 
industrial to the solar corona.
    The Office of Fusion Energy Sciences is current ly engaged in a 
formal strategic planning process aimed at filling scientific gaps in 
the global research portfolio so as to assert U.S. leadership and 
maximize U.S. scientific return where it best advan ces fusion as a 
whole. For magnetic fusion, a Fusion Energy Science s Advisory Committee 
recently identified gaps in scientific knowledge th at must be filled so 
as to maximize ITER's scientific opportunities and to close the gaps 
between ITER and demonstrating fusion power on the grid. This formal 
gaps and priorities analysis was followed by a comm unity-based activity 
that identified the research needs for making such an advance. This 
Office is developing a strategy by drawing upon thi s input and 
assessing strategic opportunities for partnership a cross the Department 
of Energy. Based on this input, the scientific chal lenges for magnetic 
fusion can be broadly stated as follows:

        (1)  Understanding and optimizing the burni ng plasma state. 
        Experiments, theory, and simulation have si gnificantly advanced 
        our understanding of what to expect from a burning plasma, and 
        will continue to do so. The U.S. domestic p rogram will continue 
        to play a strong and world-leading role in preparing for the 
        burning plasma era. But ITER provides the o nly platform planned 
        to directly test and thus expand and challe nge our 
        understanding of this complex physics. Both  before and during 
        experiments on ITER, we must strengthen the  coupling between 
        experiment, theory, and large-scale compute r simulation so as 
        to enable prediction of burning plasma perf ormance beyond 
        ITER's operating range and configuration.

        (2)  Understanding the requirements for ext ending the burning 
        plasma state to long times--days, weeks, an d longer. Many 
        aspects of this are pursued in the U.S., an d the second ten 
        years of ITER's operation will put our unde rstanding to crucial 
        tests. However, in the next ten years overs eas fusion programs 
        are set to assert a stronger role and leade rship in part 
        through new billion dollar class research f acilities in Europe, 
        Japan, South Korea, and China. We are explo ring growing our 
        collaborations to increase their impact and  the knowledge 
        returned. And finally,

        (3)  Advancing the materials science for en during the harsh 
        fusion plasma environment, for extracting e nergy, and for 
        generating fusion fuel in situ. We are begi nning to outline our 
        plans in these areas and to explore alignme nts with other 
        energy-related fields in developing a mater ials and fusion 
        nuclear science program. Common interests i n materials research 
        exist across both magnetic and inertial con finement fusion 
        research. Beyond this, we will be exploring  synergies in this 
        area between fusion, fission, and defense-r elated research so 
        as to assess the viability and requirements  for a cross-office 
        ``Materials for Energy'' effort that would make the most out of 
        common needs and diverse resources.

Concluding Remarks

    In the next ten years, the U.S. fusion research  program will strive 
to be at the forefront of the burning plasma age, o ne in which research 
students grow a strong connection to fusion's futur e and potential. It 
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will be an age where more is asked of advanced comp utation than ever, 
where computer simulations are relied upon to close  the gaps between 
one research step and another, and reduce project c osts and increase 
confidence. It will be an era where single purpose laboratories 
interact readily with multipurpose laboratories wit h common incentives 
and common purpose of advancing energy-related scie nce for all. It will 
be an era in which the best combination of scientif ic depth and 
richness is combined with the highest sense of urge ncy to help the 
world address its energy challenges successfully to  improve our quality 
of life.
    Thank you, Mr. Chairman, for providing this opp ortunity to discuss 
the Fusion Energy Sciences Program at the Departmen t of Energy. This 
concludes my testimony, and I would be pleased to a nswer any questions 
you may have.

                   Biography for Edmund J. Synakows ki
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Executive Committee. Dr. Synakowski received a B.A.  degree in Physics 
from the Johns Hopkins University in 1982, graduati ng with Departmental 
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He received a Ph.D. degree in physics from the Univ ersity of Texas in 
1988. He is a Fellow of the American Physical Socie ty and received the 
American Physical Society award for Excellence in P lasma Physics 
Research in 2001 and the 2000 Kaul Foundation Prize  for Excellence in 
Plasma Physics Research and Technology Development from Princeton 
University. He has published over 150 papers in the  study of fusion 
plasmas and has performed research on all of the ma jor U.S. fusion 
experiments.

    Chairman Gordon. [Presiding] Dr. Prager, you ar e 
recognized.

STATEMENT OF DR. STEWART C. PRAGER, DIRECTOR, PRINC ETON PLASMA 
                       PHYSICS LABORATORY

    Dr. Prager. Well, thank you very much, Members of the 
Committee, for this opportunity to discuss fusion e nergy, and 
thank you, Congressman Holt, for the kind opening w ords and for 
your deep engagement and expertise in this topic. A s he said, I 
am Director of the Princeton Plasma Physics Laborat ory, which 
is a DOE national lab managed by Princeton Universi ty dedicated 
to developing fusion energy.
    There are two complementary approaches to fusio n; in one, 
as you have heard, powerful lasers compress a tiny pellet of 
fuel, releasing fusion energy in a flash. The Natio nal Ignition 
Facility will tremendously advance the physics for this 
approach.
    I am here to discuss the approach known as magn etic fusion, 
in which the large, hot plasma is confined continuo usly by 
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powerful magnetic fields. As I hear you already wel l recognize, 
fusion energy is one of the most challenging physic s and 
engineering quests ever undertaken. It will be key to solving 
perhaps the most pressing problem confronting the w orld today: 
the absence of sustainable energy.
    By any metric, we are far along the road to com mercial 
fusion power. In the past 30 years we have progress ed from 
producing one watt of fusion power for one-thousand th of a 
second to 15 million watts for seconds, and ITER wi ll produce 
500 million watts for 10 minutes and longer. Drivin g this 
progress has been the development of an entirely ne w field of 
science called plasma physics. Outside reviews cont inuously 
laud the progress of fusion. The most recent Nation al Academy 
study notes remarkable progress in recent years. Bu t my focus 
today is the future, the remainder of the journey t o fusion 
power.
    My comments are informed by the just-completed study by the 
U.S. fusion community commissioned by DOE known as the ReNeW 
Report. Two hundred fusion scientists undertook thi s one-year 
study that identifies the remaining scientific issu es to 
resolve for fusion power. A fusion system consists of the hot 
plasma core and the surrounding material structure.  We are 
ready to move forward on the two major challenges t o better 
control the plasma and to develop new materials. Th e two 
problems are coupled since the plasma and the mater ial 
structure interact with each other. Our ability to control the 
100-million-degree plasma core is quite amazing, ye t we have 
more work to do to sustain the plasma indefinitely and 
controllably. The sophistication of plasma science now offers 
new opportunities; for example, designs of magnetic  
configurations are possible now that were nearly im possible 
even to conceive 20 years ago. They are possible on ly with 
modern computers. Building upon the foundation of t he mainline 
tokamak approach, these designs produce plasmas tha t persist 
indefinitely and are so well controlled as to reduc e the 
severity of the materials challenge.
    It is crucial that we establish a research prog ram and 
materials for fusion. Materials must be developed t o withstand 
the intense heat that emerges from the plasma. But full 
solution of the materials challenge ultimately requ ires study 
of materials in a true fusion environment with the intense flux 
of neutrons that are produced in the fusion reactio ns. It is 
time to lay the groundwork for such a facility, som etimes 
called a ``fusion nuclear science facility,'' since  it exposes 
materials to a nuclear fusion environment. If this facility 
were designed somewhat more aggressively, it could possibly 
demonstrate net electricity production. Design stud ies are 
required to identify the wisest next step in these directions.
    The Princeton Plasma Physics Lab aims to solve a broad 
range of fusion science challenges. Our core capabi lities in 
plasma physics enable us to attack crucial problems  in the 
fusion plasma and in materials exposed to the inten se plasma 
heat. The major experiment at our lab is laying the  physics 
basis for a fusion nuclear science facility, is adv ancing 
fusion science broadly and is investigating novel m aterial 
boundaries. We are contributing to the design and f abrication 
of ITER and are preparing for research in ITER. We hope to play 
key roles in a fusion nuclear science facility whic h would not 
be located at our laboratory, and we are developing  plans to 
realize experimentally, at our laboratory, the new study state 
approaches to fusion energy that could prove so ess ential to 
the feasibility of fusion.
    When I began my research career, the United Sta tes was the 
world leader in fusion with the best facilities, ar guably the 
most innovative programs. Scientists from the world  over 
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flocked to our labs. Japan sent research teams to U .S. 
facilities to learn the trade. An alarming reversal  of that 
flow of scientists is now underway. The United Stat es has not 
built a major nuclear fusion facility in decades. T he rest of 
the world is seizing the opportunities. Major facil ities more 
ambitious than anything in the United States are st arting 
operation or are under construction in China, Japan , South 
Korea, Germany and France. Our effort has dwindled to a 
fraction of that of Europe and Japan. The time is r ight for the 
United States to reverse its slide. Opportunities s uch as we 
are discussing today abound to restore the United S tates to 
world leadership and move us aggressively toward ca rbon-free, 
abundant fusion energy.
    And I will just close by inviting all Members t o please 
visit our laboratory, which is a short train ride u p the coast, 
and with that, thank you very much.
    [The prepared statement of Dr. Prager follows:]
                Prepared Statement of Stewart C. Pr ager
    Mr. Chairman and Members of the Committee, than k you for this 
opportunity to discuss fusion energy.
    I am Director of the Princeton Plasma Physics L aboratory--a 
Department of Energy national lab, managed by Princ eton University, 
dedicated to developing the scientific foundation f or fusion energy. 
Prior to nine months ago, I was a practicing fusion  plasma physicist at 
the University of Wisconsin.
    There are two complementary, compelling approac hes to fusion 
energy. In one, powerful lasers compress a tiny fro zen pellet of fusion 
fuel, releasing fusion energy in a billionth of a s econd. The 
anticipated demonstration of ignition in the Nation al Ignition Facility 
will tremendously advance the physics basis for thi s approach.
    I am here today to discuss the approach known a s.magnetic fusion, 
in which a large, hot plasma (the hot gas that make s up the sun) is 
confined continuously by powerful magnetic fields. Fusion energy is 
perhaps one of the most challenging physics and eng ineering quests ever 
undertaken; its realization will be key to solving what is perhaps the 
most pressing problem confronting the world today-- the absence of 
sustainable energy. By any measure, we are far alon g the road to 
commercial fusion power. My goal today is to talk a bout the future: the 
remainder of the journey to fusion energy.
    My comments are informed by the just-completed study by the U.S. 
fusion community, commissioned by DOE and known as the ReNeW report. 
About 200 fusion scientists undertook this one-year  study that 
articulates the scientific issues yet to resolve fo r fusion power, 
beyond those to be resolved in the landmark interna tional ITER 
experiment. A fusion system consists of the hot pla sma core--the ``sun 
on Earth''--in which fusion reactions occur, and th e surrounding 
material structure. We are ready to move forward to  better control the 
plasma and to develop new materials. The two proble ms are coupled in 
that the plasma affects the materials and the mater ial affects the 
behavior of the plasma within.
    Our ability to control the 100 million degree p lasma core is quite 
amazing. Yet, we have more work to do to sustain th e fusion plasma 
indefinitely and controllably. The sophistication o f plasma science now 
offers new opportunities for fusion. For example, n ew designs of 
magnetic configurations are possible now that were nearly impossible 
even to conceive twenty years ago. They are possibl e only with modern 
computers, enabled by new principles in plasma phys ics. Building upon 
the substantial experimental foundation of the main line tokamak 
approach, these cousins of the tokamak produce plas mas that persist 
indefinitely and are so well controlled as to reduc e the severity of 
the materials challenges.
    It is crucial that we establish a research prog ram in materials for 
fusion. Materials must be developed to withstand th e intense heat that 
emerges from the plasma. This requires a basic mate rials research 
combined with materials studies in plasma experimen ts.
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    But full solution of the materials challenge ul timately requires 
study of materials in a true fusion environment--wi th the intense flux 
of neutrons that are produced in the fusion reactio ns. It is time to 
lay the groundwork for such a U.S. facility, someti mes called a fusion 
nuclear science facility since it provides study of  materials in the 
nuclear fusion environment. If this facility were d esigned somewhat 
more aggressively--to produce net fusion power as w ell as neutrons, it 
would demonstrate electricity production. Design st udies are required 
to identify the wisest next step in these direction s, considering our 
level of physics and engineering readiness.
    The Princeton Plasma Physics Lab is dedicated t o solving the broad 
range of fusion science challenges. Our key capabil ity in plasma 
physics enables us to attack crucial problems in th e fusion plasma 
core, the interaction between the plasma and materi als, and the 
properties of materials exposed to the intense plas ma heat.
    The major experiment at our lab is developing t he plasma physics 
basis for a fusion nuclear science facility, advanc ing physics broadly 
applicable to fusion and ITER, and investigating no vel materials 
boundaries. We hope to play a key role in the physi cs and engineering 
design of a fusion nuclear science facility, which would not be located 
at our laboratory. We will continue our contributio ns to the design of 
ITER, and are preparing ourselves for participation  in ITER research. 
And we are developing plans to realize experimental ly, at our 
laboratory, the new steady-state approaches to fusi on energy that could 
prove so essential to the feasibility of fusion.
    When I began my research career the U.S. was th e world leader in 
fusion. We had the best facilities and arguably the  most innovative 
program. Scientists the world over flocked to our l abs. The Japanese 
government sent research teams to then-modern U.S. facilities to learn 
the trade. An alarming reversal of that flow of sci entists is now 
underway. The U.S. has not built a major new fusion  facility in 
decades. The rest of the world is seizing the oppor tunities. Major 
facilities, more ambitious than anything in the U.S ., are starting 
operation or are under construction in China, Japan , South Korea, 
Germany and France. The U.S. effort has dwindled to  a fraction of that 
of the European Union and Japan. The time is ripe f or the U.S. to 
reverse its slide. Opportunities abound to restore the U.S. to world 
leadership and move us aggressively toward carbon-f ree, abundant fusion 
energy.

Appendix I

                        Executive Summary of the

                    Research Needs Workshop (ReNeW)

                   for Magnetic Fusion Energy Scien ce

    Nuclear fusion--the process that powers the sun --offers an 
environmentally benign, intrinsically safe energy s ource with an 
abundant supply of low-cost fuel. It is the focus o f an international 
research program, including the ITER fusion collabo ration, which 
involves seven parties representing half the world' s population. The 
realization of fusion power would change the econom ics and ecology of 
energy production as profoundly as petroleum exploi tation did two 
centuries ago.
    The 21st century finds fusion research in a tra nsformed landscape. 
The worldwide fusion community broadly agrees that the science has 
advanced to the point where an aggressive action pl an, aimed at the 
remaining barriers to practical fusion energy, is w arranted. At the 
same time, and largely because of its scientific ad vance, the program 
faces new challenges; above all it is challenged to  demonstrate the 
timeliness of its promised benefits.
    In response to this changed landscape, the Offi ce of Fusion Energy 
Sciences (OFES) in the U.S. Department of Energy co mmissioned a number 
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of community-based studies of the key scientific an d technical foci of 
magnetic fusion research. The Research Needs Worksh op (ReNeW) for 
Magnetic Fusion Energy Science is a capstone to the se studies. In the 
context of magnetic fusion energy, ReNeW surveyed t he issues identified 
in previous studies, and used them as a starting po int to define and 
characterize the research activities that the advan ce of fusion as a 
practical energy source will require. Thus, ReNeW's  task was to 
identify (1) the scientific and technological resea rch frontiers of the 
fusion program, and, especially, (2) a set of activ ities that will most 
effectively advance those frontiers. (Note that ReN eW was not charged 
with developing a strategic plan or timeline for th e implementation of 
fusion power.)

The Workshop Report

    This Report presents a portfolio of research ac tivities for U.S. 
research in magnetic fusion for the next two decade s. It is intended to 
provide a strategic framework for realizing practic al fusion energy. 
The portfolio is the product of ten months of fusio n-community study 
and discussion, culminating in a Workshop held in B ethesda, Maryland, 
from June 8 to June 12, 2009. The Workshop involved  some 200 scientists 
from Universities, National Laboratories and privat e industry, 
including several scientists from outside the U.S.
    Largely following the Basic Research Needs mode l established by the 
Office of Basic Energy Sciences (BES), the Report p resents a collection 
of discrete research activities, here called ``thru sts.'' Each thrust 
is based on an explicitly identified question, or c oherent set of 
questions, on the frontier of fusion science. It pr esents a strategy to 
find the needed answers, combining the necessary in tellectual and 
hardware tools, experimental facilities, and comput ational resources 
into an integrated, focused program. The thrusts sh ould be viewed as 
building blocks for a fusion program plan whose ove rall structure will 
be developed by OFES, using whatever additional com munity input it 
requests.
    Part I of the Report reviews the issues identif ied in previous 
fusion-community studies, which systematically iden tified the key 
research issues and described them in considerable detail. It then 
considers in some detail the scientific and technic al means that can be 
used to address these issues. It ends by showing ho w these various 
research requirements are organized into a set of e ighteen thrusts. 
Part II presents a detailed and self-contained disc ussion of each 
thrust, including the goals, required facilities an d tools for each.
    This Executive Summary focuses on a survey of t he ReNeW thrusts. 
The following brief review of fusion science is int ended to provide 
context for that survey. A more detailed discussion  of fusion science 
can be found in an Appendix to the Report, entitled  ``Fusion Primer.''

Fusion science

Fusion's promise
    The main advantages of producing power from fus ion reactions are 
well known:

          Essentially inexhaustible, low-cost fuel,  available 
        worldwide.

          High energy-density of fuel, allowing str aightforward 
        base-load power production without major tr ansportation costs.

          No production of greenhouse gas, soot or acid rain.

          No possibility of runaway reaction or mel tdown that 
        could pose a risk to public safety.

          Minimal proliferation risk.
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          Only short-lived radioactive wastes.

    Few of these benefits are unique to fusion; wha t is exceptional is 
their simultaneous achievement in a single concept.  For example, 
fusion's freedom from greenhouse gas production and  chemical pollution 
is shared with, among other energy sources, fission  nuclear power; in 
this regard the relatively mild radioactivity of fu sion, whose waste is 
thousands of times less radioactive and long-lived than fission, is 
significant. On the other hand, compared to the non -proliferating 
renewable energy sources, fusion offers a steady, p redictable energy 
source with low land use.
    To be weighed against these advantages is the l ong and relatively 
expensive development path for fusion. Achieving th e conditions 
necessary for appreciable fusion reactions to occur  invokes substantial 
physics and engineering challenges. Yet the impress ive progress 
achieved in addressing these hurdles must be acknow ledged. One measure 
is the exponential increase in fusion power produce d in laboratory 
experiments, amounting to some eight orders of magn itude (a factor of 
100,000,000) since the mid-1970's. Indeed some fusi on experiments have 
approached scientific ``break-even,'' producing rou ghly as much fusion 
power as was externally supplied for heating the fu el. A more important 
if less easily measured avenue of progress lies in scientific 
understanding. Fusion scientists have developed a b road and 
sophisticated, if still incomplete, picture of what  is happening in a 
magnetically confined fusion plasma. This advance n ow allows routine 
control of key plasma properties and behavior.

Magnetic confinement

    Magnetic confinement (more accurately termed `` magnetic 
insulation'') allows the fusion fuel, which is nece ssarily in the form 
of ionized gas, or plasma, to retain sufficient hea t to maintain fusion 
reactions. It acts by enforcing a relatively low pl asma density at the 
plasma boundary, where vessel walls would otherwise  cool the gas, and 
by inhibiting heat flow from the interior to the wa ll region. The 
essential ingredient is a magnetic geometry in whic h the magnetic field 
lines abide in a closed, bounded region.
    During the last decades of the twentieth centur y, fusion research 
gained important scientific victories in plasma con finement: major 
advances in both the control of instability and the  amelioration of 
heat transport. While significant confinement issue s remain to be 
solved, and while most of the fusion scientific com munity looks forward 
to substantial further improvements, the present de monstrated level of 
confinement is sufficient to impart confidence in t he future of fusion 
energy. One indicator of this scientific advance is  the rapid 
confinement progress mentioned above. Perhaps a mor e significant 
consequence is the decision by the international fu sion community to 
embark on the ITER project.

Breadth of fusion research

    Fusion progress requires scientific research of  the highest quality 
and originality. Such science is not an activity to  be balanced against 
the energy goal, but rather an essential component of the quest for 
that goal. This Report emphasizes the goal-directed  nature of the 
program, but it is also appropriate to mention that , like any deep 
investigation, fusion research has enjoyed broad co nnections with other 
domains of science.
    Many connections are mentioned in the Theme cha pters of Part I. 
Examples are:

          gyrokinetic simulation, used to understan d transport 
        and stability in magnetized fusion plasmas,  has become an 
        important tool in astrophysics and magnetos phere physics;
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          magnetic reconnection, a key phenomenon i n the 
        stability of magnetically confined plasmas,  has central 
        importance in numerous solar, magnetosphere  and astrophysical 
        contexts;

          turbulent heat transport across the magne tic field, 
        which plays a role in modern fusion experim ents very similar to 
        its role in the equilibrium configuration o f the sun and other 
        stars;

          unstable Alfven waves, whose effects in f usion 
        experiments are closely similar to observed  perturbations in 
        the Earth's magnetosphere;

          the high-strength, ductile materials bein g developed 
        for fusion should have wide application in industry, including 
        aerospace and chemical manufacturing.

Research requirements

    In the next two decades, the ``ITER era,'' magn etic fusion will for 
the first time explore the burning plasma regime, w here the plasma 
energy is sustained mostly by its own fusion reacti ons. We expect ITER 
to expand our understanding of fusion plasma scienc e and to be a major 
step toward practical fusion energy. It will also, as the first burning 
plasma experiment, pose new requirements, including  advanced 
diagnostics for measurement and control in a burnin g-plasma 
environment, and analytical tools for understanding  the physics of 
self-heating.
    To benefit fully from its investment in ITER th e U.S. must maintain 
a broad research program, attacking fusion's scient ific and technical 
issues on several fronts. We need in particular to acquire knowledge 
that ITER cannot provide: how to control a burning plasma with high 
efficiency for indefinite periods of time; how to k eep a continuously 
burning plasma from damaging its surrounding walls- -and the walls from 
contaminating the plasma; how to extract the fusion  energy from a 
burning plasma efficiently and use it to produce el ectricity and a 
sustained supply of tritium fuel; and ultimately ho w to design 
economical fusion power plants. These requirements motivate a multi-
disciplinary research program spanning such diverse  fields as plasma 
physics and material science, and advancing a range  of technologies 
including plasma diagnostics, magnets, radio-freque ncy and microwave 
sources and systems, controls, and computer simulat ion.
    The key scientific and technical research areas  whose development 
would have a major effect on progress toward fusion  energy production 
were systematically identified, categorized and des cribed in the three 
resource documents that form the starting point for  ReNeW: the report 
of the Priorities, Gaps and Opportunities Panel, ch aired by Martin 
Greenwald; the report of the Toroidal Alternates Pa nel, chaired by 
David Hill; and the report of the Energy Policy Act  task group of the 
U.S. Burning Plasma Organization.
    In Part I of the ReNeW Report the full panoply of fusion issues are 
summarized, and then examined from the point of vie w of research 
requirements: the facilities, tools and research pr ograms that are 
needed to address each. The research thrusts presen ted in Part 11 are 
essentially integrated combinations of these resear ch requirements. 
[NOTE: This paragraph is similar to the first parag raph on page 2.]

The ReNeW thrusts: a research portfolio

Thrust definition
    The ReNeW thrusts listed below are the key resu lts of the Workshop. 
They constitute eighteen concerted research actions  to address the 
scientific and technological frontiers of fusion re search. Each thrust 
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attacks a related set of fusion science issues, usi ng a combination of 
new and existing tools, in an integrated manner. In  this sense each 
thrust attempts a certain stand-alone integrity.
    Yet the thrusts are linked, both by scientific commonality and by 
mutual dependence. The most important linkages--for  example, 
requirements that a certain thrust be pursued and a t least in part 
accomplished before another is initiated--are discu ssed in Part 11 of 
the main Report. Here we emphasize that fusion adva nces along a broad 
scientific and technological front, in which each t hrust plays an 
important role.
    The thrusts span a wide range of sizes, from re latively focused 
activities to much larger, broadly encompassing eff orts. This spectrum 
is expected to enhance the flexibility of OFES plan ning.
    ReNeW participants consider all the thrusts to be realistic: their 
objectives can be achieved if attacked with suffici ent vigor and 
commitment. Three additional elements characterize,  in varying degrees, 
the ReNeW thrusts:

          Advancement in fundamental science and te chnology--
        such as the development of broadly applicab le theoretical and 
        simulation tools, or frontier studies in ma terials physics.

          Confrontation with critical fusion challe nges--such 
        as plasma-wall interactions, or the control  of transient plasma 
        events.

          The potential for major transformation of  the 
        program--such as altering the vision of a f uture fusion 
        reactor, or shortening the time scale for f usion's realization.

Thrust organization
    The resource documents used by ReNeW organized the issues into five 
scientific and technical research areas. Correspond ingly, the ReNeW 
organizational structure was based on five Themes, each being further 
sub-divided into three to seven panels. The thrusts  range in content 
over all the issues delineated in the five Themes.
    Many of the ReNeW thrusts address issues from m ore than one Theme. 
For this reason the scientists contributing to most  thrusts are from a 
variety of research areas, and key elements of a gi ven thrust may stem 
from ideas developed in several Themes. In other wo rds, the content of 
a typical thrust transcends that of any single Them e. Nonetheless, it 
is convenient to classify each thrust according to the Theme that 
contains its most central issues.
    The ReNeW thrusts are:

Theme 1: Burning plasmas in ITER.

    ITER participation will be a major focus of U.S . fusion research 
during the time period considered by ReNeW. The opp ortunities and 
challenges associated with the ITER project are tre ated in Theme 1.

         Thrust 1: Develop measurement techniques t o understand and 
        control burning plasmas. This thrust would develop new and 
        improved diagnostic methods for measuring a nd controlling key 
        aspects of burning plasmas. The desired mea surement techniques 
        must be robust in the hostile burning-plasm a environment and 
        provide reliable information for long time periods. While 
        initially focused on providing critical mea surements for ITER, 
        measurement capability would also be develo ped for steady-state 
        burning plasmas beyond ITER.

         Thrust 2: Control transient events in burn ing plasmas. This 
        thrust would develop the scientific underst anding and technical 
        capability to predict and avoid disruptions  and to mitigate 
        their consequences, in particular for ITER.  Also, tools would 
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        be developed to control edge plasma transpo rt and stability, to 
        minimize instability-driven heat impulses t o the first wall.

         Thrust 3: Understand the role of alpha par ticles in burning 
        plasmas. Key actions would be developing di agnostics to measure 
        alpha particle properties and alpha-induced  fluctuations, 
        incorporating validated theories for alpha particle behavior 
        into integrated burning-plasma simulation t ools, and expanding 
        the operating regime of burning plasma devi ces through the 
        development of control techniques for alpha -driven 
        instabilities.

         Thrust 4: Qualify operational scenarios an d the supporting 
        physics basis for ITER. This thrust would a ddress key issues in 
        forming, heating, sustaining, and operating  the high-
        temperature plasmas required for ITER's mis sion. An integrated 
        research campaign would investigate burning -plasma-relevant 
        conditions with the use of upgraded tools f or heating and 
        current drive, particle control and fueling , and heat flux 
        mitigation on existing tokamaks, along with  a possible new 
        facility.

Theme 2: Creating predictable, high-performance, st eady-state plasmas

    An economic fusion reactor will require a stead y state with higher 
fusion density and greater fraction of self-heating  than ITER. This 
Theme addresses a broad range of issues, including both plasma physics 
and engineering science, needed to demonstrate that  plasmas with the 
needed conditions can be achieved and controlled. P redictive capability 
to enable confident extrapolation to a demonstratio n reactor is 
emphasized.

         Thrust 5: Expand the limits for controllin g and sustaining 
        fusion plasmas. This thrust would integrate  development of the 
        diagnostic, auxiliary heating, current driv e, fueling systems 
        and control systems needed to maintain the nonlinear tokamak 
        plasma state, seeking to maximize performan ce. The thrust will 
        exploit existing experiments to test and de velop new ideas and 
        proceed with increased integration in upcom ing steady-state 
        experiments and alpha-heated plasmas in ITE R, ultimately 
        enabling the self-heated and self-driven pl asmas needed for a 
        fusion power plant.

         Thrust 6: Develop predictive models for fu sion plasmas, 
        supported by theory and challenged with exp erimental 
        measurement. Advances in plasma theory and simulation would be 
        combined with innovative diagnostic methods  and experiments to 
        improve and validate models of confined pla sma dynamics. 
        Assessment of critical model elements would  be provided by 
        dedicated analysts, acting as bridges betwe en theorists, code 
        developers and experimentalists.

         Thrust 7: Exploit high temperature superco nductors and other 
        magnet innovations to advance fusion resear ch. Magnets are 
        crucial for all MFE concepts. This focused thrust would perform 
        the research necessary to enable revolution ary new high 
        temperature superconducting materials to be  used in fusion 
        applications. Key activities include develo pment of high-
        current conductors and cables, and integrat ion into components 
        of fusion research experiments, with great potential to improve 
        their design options.

         Thrust 8: Understand the highly integrated  dynamics of 
        dominantly self-heated and self-sustained b urning plasmas. This 
        thrust would explore scenarios where, as in  a reactor, most 
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        heat comes from fusion alphas and most curr ent is self-driven 
        by plasma gradients. It would start by asse ssing potential 
        advanced plasma scenarios and upgrades on I TER which could 
        enhance its performance. In parallel, scopi ng/design studies 
        would be done for a new US facility to expl ore the high fusion 
        gain DEMO plasma regime. The studies would support actions to 
        proceed with ITER enhancements, the constru ction of a U.S. D-T 
        facility, or both.

Theme 3: Taming the plasma-material interface

    Magnetic confinement sharply reduces the contac t between the plasma 
and the vessel walls, but such contact cannot be en tirely eliminated. 
Advanced wall materials and magnetic field structur es that can prevent 
both rapid wall erosion and plasma contamination ar e studied in Theme 
3.

         Thrust 9: Unfold the physics of boundary l ayer plasmas. 
        Comprehensive new diagnostics would be depl oyed in present 
        confinement devices to measure key plasma p arameters in the 
        boundary region, including densities and te mperatures, 
        radiation, flow speeds, electric fields and  turbulence levels. 
        The results could vastly improve numerical simulation of the 
        edge region, allowing, in particular, relia ble prediction of 
        wall erosion and better radio-frequency ant enna design.

         Thrust 10: Decode and advance the science and technology of 
        plasma-surface interactions. Measurement of  complex interaction 
        of plasma with material surfaces under prec isely controlled and 
        well-diagnosed conditions would provide the  information needed 
        to develop comprehensive models to uncover the basic physics. 
        These measurements would be made on both up graded present 
        facilities and new boundary plasma simulato rs capable of 
        testing irradiated and toxic materials.

         Thrust 11: Improve power handling through engineering 
        innovation. Heat removal capability would b e advanced by 
        innovative refractory power-exhaust compone nts, in parallel 
        with assessment of alternative liquid-metal  schemes. Materials 
        research would provide ductile, reduced-act ivation refractory 
        alloys, which would be developed into proto types for 
        qualification in high-heat flux test device s. Practical 
        components would be deployed on existing or  new fusion 
        facilities.

         Thrust 12: Demonstrate an integrated solut ion for plasma-
        material interfaces compatible with an opti mized core plasma. 
        Understanding of interactions between a fus ion plasma core 
        region and its boundary would be advanced a nd validated in a 
        new facility. The facility would combine hi gh power density, 
        long pulse length, elevated wall temperatur e and flexibility 
        regarding boundary systems, in a limited-ac tivation 
        environment. Knowledge gained from thrusts 9-11 would help 
        guide the design of this facility.

Theme 4: Harnessing fusion power

    Fusion energy from D-T reactions appears in the  form of very 
energetic neutrons. Theme 4 is concerned with the m eans of capturing 
this energy, while simultaneously breeding the trit ium atoms needed to 
maintain the reaction.

         Thrust 13: Establish the science and techn ology for fusion 
        power extraction and tritium sustainability . Fusion must create 
        the tritium fuel it uses, and do so in the same systems that 
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        capture and extract the fusion energy. This  thrust develops the 
        scientific foundation and engineering of pr actical, safe and 
        reliable processes and components that harv est the heat, create 
        and extract the tritium, and rapidly proces s and contain the 
        tritium. The thrust will culminate in a fue l and power handling 
        capability on a scale needed for a demonstr ation energy system.

         Thrust 14: Develop the material science an d technology needed 
        to harness fusion power. The objective of t his thrust is to 
        create low-activation, high-performance mat erials that 
        effectively function for a long time in the  hostile fusion 
        environment. An essential requirement to fu lfill the mission of 
        this thrust is the establishment of a fusio n-relevant neutron 
        source to perform accelerated characterizat ion of the effects 
        of radiation damage to materials.

         Thrust 15: Create integrated designs and m odels for attractive 
        fusion power systems. Advanced design studi es focused primarily 
        on DEMO, but also on nearer term fusion nuc lear facilities is 
        one element of this thrust. These would lay  out the scientific 
        basis for fusion power and provide focus to  the research 
        efforts required to close the knowledge gap  to DEMO. The other 
        element comprises science-based predictive modeling 
        capabilities for plasma chamber components and related systems.

Theme 5: Optimizing the magnetic configuration

    Currently most large fusion experimental device s are based on the 
tokamak magnetic configuration, a design using a st rong, axisymmetric 
external magnetic field to achieve operating parame ters close to those 
in a fusion reactor. Alternative magnetic configura tions are studied to 
investigate physics and technology principles that could optimize the 
design of future fusion devices. The most developed  alternate toroidal 
magnetic configurations are considered in Theme 5.

         Thrust 16: Develop the spherical torus to advance fusion 
        nuclear science. Experiments on the small a spect-ratio tokamak, 
        or Spherical Torus, would be extended to re gimes of lower 
        collision frequency, approaching values nee ded for fusion 
        nuclear science applications. Plasma start- up, power handling, 
        controlled stability, and sustainment issue s in this regime 
        would be studied in long-pulse experiments using stronger 
        magnetic fields, improved heating and curre nt drive, and 
        advanced diagnostics, with strong coupling to theory and 
        modeling.

         Thrust 17: Optimize steady-state, disrupti on-free toroidal 
        confinement using 3-D magnetic shaping, and  emphasizing quasi-
        symmetry principles. Magnetic quasi-symmetr y in 3-D 
        configurations is expected to lead to excel lent plasma 
        confinement while ensuring stable steady-st ate burning plasma 
        performance with minimal need for control. This thrust would 
        conduct new quasi-symmetric experiments, wh ich would, together 
        with theory, engineering design, and target ed international 
        collaboration, validate extrapolation to bu rning plasma 
        applications.

         Thrust 18: Achieve high-performance toroid al confinement using 
        minimal externally applied magnetic field. This thrust advances 
        a multi-faceted program of theory, simulati on, and well-
        diagnosed experiments to resolve critical i ssues of 
        confinement, stability, and current sustain ment in magnetic 
        configurations with minimal toroidal field.  New devices with 
        heating and current drive systems would ena ble scaling to high 
        temperature and small ion gyroradius. Fusio n system studies 
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        will guide productive directions for presen t and future 
        research.

Appendix:

                            A Fusion Primer

    Just as the heaviest elements, such as uranium,  release energy when 
fission allows them to become smaller, so the very lightest elements 
release energy when they fuse, joining together to produce larger 
nuclei. (The dividing line between nuclei that are too light and want 
to fuse and those that are too heavy occurs at iron , the most stable 
nucleus.) The reaction that occurs most readily is the fusion of two 
isotopes of hydrogen: deuterium (D), whose nucleus consists of a proton 
and a neutron, and tritium (T), whose nucleus conta ins a proton and two 
neutrons. Fusion of these nuclei--the so-called D-T  reaction--yields 
helium, an inert, non-radioactive gas whose nucleus  has two protons and 
two neutrons. This helium nucleus or ``alpha partic le'' carries 20 
percent of the fusion energy production. It is cont ained by magnetic 
fields, and provides the plasma self-heating that s ustains the very 
high plasma temperature. The remaining neutron is r eleased at very high 
energy--energy whose capture provides 80 percent of  the energetic 
profit of the reaction.
    A reactor based on D-T reactions would have to breed tritium from 
lithium (which is plentiful), using the neutrons li berated in the D-T 
fusion process. More advanced fuel cycles would not  require tritium 
breeding, but the D-T reaction has advantages with regard to 
accessibility and energy production. It is expected  to be used in at 
least the first generation of fusion power reactors .
    Because all nuclei are positively charged, they  electrically repel 
each other. This ``Coulomb repulsion'' can be overc ome only by bringing 
the reactants to very high temperatures; in the cas e of D-T the 
required temperature exceeds one hundred million de grees.
    Far below thermonuclear temperatures the electr on on each hydrogen 
atom breaks free from its nucleus, yielding indepen dent ion and 
electron fluids. The resulting electrically active gas, called plasma, 
can carry enormous electric currents; it is strongl y responsive to 
electromagnetic fields, while at the same time able  to produce strong 
fields on its own. Thus the operating fluid in any fusion device is 
plasma, a form of matter more electro-dynamically a ctive than any 
conventional liquid, solid or gas.
    In summary, the key features of D-T fusion are:

        1.  an operating temperature in the hundred -million degree 
        range, with the result that the working gas  is necessarily in 
        the plasma state;

        2.  an energy release primarily in the form  of very fast alpha 
        particles and neutrons, whose energy must b e captured to 
        provide the thermal output of the reactor;

        3.  the need to breed tritium from the D-T neutron and lithium.

Heating and confinement

    Evidently the most basic tasks in constructing a fusion reactor are 
to heat a hydrogen gas to thermonuclear temperature s, and then to 
confine the resulting plasma for a time long enough  for fusion 
reactions to take place, thus maintaining the high temperature. In most 
reactor designs heating is provided by a combinatio n of driving 
electric currents through the plasma, directing ene rgetic particle 
beams at the plasma, and energizing plasma particle s by means of radio-
frequency electromagnetic radiation, similar to the  heating mechanism 
of a microwave oven.
    Confinement is measured by the so-called energy  confinement time, 
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denoted by tE. Since both reaction rates and energy  loss rates depend 
upon the plasma density n, the required value of tE  depends on plasma 
density. It turns out that the critical parameter i s the product ntE; 
when density is measured in ions per cubic centimet er and tE in 
seconds, sufficient confinement has been achieved i f the product 
exceeds about 10 14 sec/cm 3 (the ``Lawson 
criterion''). [NOTE: This paragraph is a little tec hnical for a general 
primer, but it seems to work.]
    One way to satisfy the Lawson criterion is to c ompress a hydrogen 
pellet to extreme density values, exceeding the den sity of conventional 
solids, while allowing relatively short confinement  times. This is the 
approach taken by the inertial confinement program.  The main arm of 
international fusion research uses much lower densi ties-lower even than 
the density of air at the Earth's surface. Thus the  working fluid is a 
rarefied plasma, whose low density is part of the r eason for the 
intrinsic safety of the device. The relatively long  confinement time 
thereby required is supplied by magnetic fields, ta king advantage of 
the plasma's strong response to such fields. This l ine of research is 
called magnetic fusion, although the phrase ``magne tic confinement for 
fusion'' would be more descriptive.

Magnetic confinement

    Neon signs confine cold plasma in glass tubes. But a very hot, 
rarefied plasma--a fusion plasma--could not maintai n thermonuclear 
temperatures if it had substantial contact with a m aterial wall. At the 
densities used in magnetic fusion, plasma resting a gainst a wall will 
quickly cool, bringing fusion reactions to a halt. So the confining 
magnetic field must protect the plasma from being q uenched by contact 
with its bounding vessel. A magnetic field configur ed to provide this 
confinement is traditionally called a ``magnetic bo ttle.''
    A magnetic bottle can work because charged part icles--the ions and 
electrons that constitute a fusion plasma--spiral a round the local 
field direction in helical orbits; the stronger the  field, the tighter 
the helix. Thus, while motion parallel to the field  is unaffected, 
motion perpendicular to the local field direction i s strongly 
inhibited.
    This inhibition of perpendicular motion has two  effects. First, it 
allows the magnetic force to act against plasma pre ssure, pushing 
plasma away from the vessel wall. This profile cont rol is especially 
effective when a divertor--a magnetic geometry in w hich the outermost 
field lines are diverted into an external chamber-- is employed. In this 
case the layer of plasma near the vessel wall has e specially low 
density, imposing a near vacuum between the inner p lasma core and the 
wall.
    The second insulating effect of the magnetic fi eld pertains to 
dissipative transport. The inhibition of perpendicu lar motion affects 
plasma diffusion and heat conduction: transport in directions 
transverse to the field is sharply reduced, while t ransport parallel to 
the field is unaffected. For an appropriate field c onfiguration this 
anisotropy markedly slows the conduction of heat fr om the fusion plasma 
core to the boundary region. Notice that this effec t acts throughout 
the plasma volume, not only near the wall.
    It is significant that while a magnetic bottle can reduce plasma 
contact with material boundaries, such contact is n ot eliminated. The 
residual contact is sufficiently tenuous to maintai n a hot plasma 
interior, but still problematic because the wall ma terial can be 
scarred. Aside from the obvious lifetime aspects of  such erosion, 
plasma-wall interaction can allow impurities from t he wall to enter the 
confinement region, with deleterious effects on bot h confinement and 
fusion reaction rates. Thus, significant materials- physics issues arise 
in the fusion quest.
    A centuries-old theorem in topology shows that any closed surface 
on which the magnetic field does not vanish must ha ve the topology of a 
torus: a magnetic bottle must be toroidal--donut-sh aped. All the 
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devices consider by ReNeW resemble donuts in this s ense. (So-called 
``magnetic mirrors'' get around the topological the orem by ``plugging'' 
the ends of a cylindrical field configuration; the mirror approach to 
confinement was not part of the purview of this ReN eW.) Since the only 
source of a magnetic field is electric current, mag netic confinement is 
based on electric currents flowing around or within  some toroidal 
surface.
    Most confinement devices employ a combination o f external currents, 
in wire-wound coils, and internal currents, flowing  within the plasma 
itself, to maintain the toroidal field structure. A  prominent example 
is the tokamak, in which external and internal curr ents combine to 
yield a confining field that is symmetric with resp ect to a central 
axis. Other confinement schemes have yet to achieve  the tokamak's level 
of performance but could bring operating advantages . For example, the 
stellarator deliberately breaks the field symmetry in order to simplify 
steady-state operation. And there are schemes under  investigation that 
require relatively weak (and therefore less expensi ve) external 
magnetic fields.
    Constructing a magnetic bottle does not solve t he problem of 
confinement; there are essentially two additional h urdles. First, 
plasma currents, arising spontaneously from electro magnetic and fluid 
instability, can create magnetic fields that open u p the bottle. 
Second, even when the magnetic configuration is sta ble with regard to 
gross distortion, localized ``micro-instabilities''  can produce 
fluctuations that degrade confinement. Common versi ons of such 
accelerated transport resemble boiling water on a s tove: the water 
remains in the pot, but its turbulent motion rapidl y conducts heat from 
the hot bottom to the cooler upper surface.
    In the last decades of the twentieth century fu sion research gained 
important scientific victories in plasma confinemen t: major advances in 
both the control of instability and the amelioratio n of turbulent 
transport. While significant confinement issues rem ain to be resolved, 
and while the fusion scientific community looks for ward to substantial 
further improvements, the present demonstrated leve l of confinement is 
sufficient to impart confidence in the future of ma gnetic fusion 
energy.
    Heating and confinement are the central, but no t the only, 
challenges that must be faced before fusion power c an be realized. Even 
a perfectly confined plasma at thermonuclear temper ature must be fueled 
with reactant, it must be promptly cleansed of the helium that fusion 
produces, its thermal energy yield must be effectiv ely retrieved, and 
so on. Such challenges occupy increasing research a ttention as the 
fusion program matures; they are the subject of maj or attention by 
ReNeW.

                    Biography for Stewart C. Prager
    Stewart Prager is Director of the Princeton Pla sma Physics 
Laboratory, a Department of Energy national laborat ory, and Professor 
of Astrophysical Sciences at Princeton University. He received his 
Ph.D. degree in plasma physics from Columbia Univer sity in 1975. 
Following two years performing fusion energy resear ch at General 
Atomics in San Diego he joined the University of Wi sconsin Madison as 
an Assistant Professor of physics. Prager remained at the University of 
Wisconsin, as a Professor of physics, until 2009 wh en he assumed his 
position at Princeton.
    Prager's research focuses on basic plasma physi cs, including 
applications to fusion energy and, more recently, a pplications to 
astrophysics. He has worked to advance the understa nding and control of 
spontaneous plasma processes, such as turbulence, t ransport, and 
processes characterized under the umbrella of magne tic self-
organization. While at Wisconsin, Prager was direct or of the Madison 
Symmetric Torus (MST) experimental facility support ed by DOE. He also 
served as Director of the Center for Magnetic Self- Organization in 
Laboratory and Astrophysical Plasmas, established t hrough the National 
Science Foundation program of ``physics frontier ce nters.''
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    Prager has participated in numerous scientific planning and 
advisory processes, including service as the chair of the DOE's Fusion 
Energy Sciences Advisory Committee, as Chair of the  Division of Plasma 
Physics of the American Physical Society (APS), and  as President of the 
University Fusion Association. He is also a co-reci pient of the APS 
Dawson Prize for Excellence in Plasma Physics, a fe llow of the APS, and 
a recipient of the Leadership Award of Fusion Power  Associates.

    Chairman Baird. Thank you.
    Dr. Mason.

STATEMENT OF DR. THOMAS E. MASON, DIRECTOR, OAK RID GE NATIONAL 
                           LABORATORY

    Dr. Mason. Mr. Chairman, Ranking Member Inglis and Members 
of the Committee, thank you for the opportunity to appear 
before you today. My name is Thom Mason. I am the D irector of 
the Department of Energy's Oak Ridge National Labor atory 
(ORNL), and unlike the other members of the panel, I am not an 
expert in fusion. But as Director of DOE'S largest multipurpose 
laboratory, I oversee a broad program of energy-rel ated R&D 
that includes magnetic fusion, and it is from that perspective 
that I see fusion research as an essential part of the Nation's 
energy R&D portfolio.
    You have heard how this is a promising source o f energy 
that uses widely available fuel and produces no gre enhouse gas 
emissions or long-lived radioactive waste. In fact,  one could 
say that the fuel for fusion is smart people and hi gh-end 
manufacturing, and so from that point of view, from  the point 
of view of U.S. competitiveness and the type of ene rgy source 
that is worth seeking, I think fusion is significan t. Its 
science and technology base is now mature enough to  warrant a 
significant investment in determining our readiness  to advance 
to a prototype fusion reactor.
    ITER is an international project to demonstrate  the 
scientific and technological feasibility of fusion energy. It 
is being built at Cadarache in France by seven part ners: the 
United States, Russia, the European Union, Japan, C hina, South 
Korea and India. Each partner is responsible for a share of the 
hardware, personnel and cash contributions towards common 
expenses. This international partnership presents a n 
extraordinary number of technical and management ch allenges. 
ITER will be twice the size of the largest existing  fusion 
experiment. It is a first-of-a-kind experimental fa cility made 
up of a large number of complex systems provided by  suppliers 
all over the world and they must be integrated into  a device 
that can function under extremely demanding challen ges. The 
ITER organization has also faced the challenge of s tanding up 
and staffing a new multinational organization to pr ovide 
coordination, project management, integration and e ngineering 
while overseeing efforts to finalize the design and  supervise 
construction at Cadarache. Given these challenges, it is not 
surprising that there have been some teething pains . For 
example, in the United States we have struggled to secure 
funding for ITER during some very tough budget year s, but now 
with the strong support provided by Congress in fis cal year 
2009, for which we are very grateful, we are on a s ound 
footing.
    Today the ITER organization has two urgent task s: 
completing the overall design and establishing real istic cost 
and schedule baselines. The U.S. fusion community i s fully 
engaged in the execution of these tasks.
    Oak Ridge has hosted and led the U.S. ITER proj ect office 
since 2006. We are responsible for all U.S. activit ies 
supporting ITER construction. The estimated cost of  these 
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activities is between $1.4 and $2.2 billion, so thi s is a heavy 
responsibility and it is one that we take very seri ously. The 
office was located at Oak Ridge to take advantage o f project 
management expertise developed during the Spallatio n Neutron 
Source project, which as you have heard was a $1.4 billion 
neutron-scattering facility that was designed and b uilt by a 
partnership of six Department of Energy national la boratories. 
It was completed on scope, on schedule and on budge t in 2006. 
We are working with other national laboratories, in dustry and 
universities to deliver the U.S. contributions to I TER.
    Recently, two contracts worth $34 million were awarded to 
U.S. companies: one in Waterbury, Connecticut, and one in 
Carteret, New Jersey. The New Jersey supplier has a lso received 
a contract from the European Union's ITER domestic agency. This 
speaks well of the ability of U.S. companies to com pete 
internationally for work supporting ITER. More than  160 
companies and universities in 33 states have worked  directly on 
the project, and many others are interested in futu re 
procurements. The U.S. ITER team also provides subs tantial 
support to the international organization by develo ping systems 
engineering procedures, technical baseline document s, project 
management plans and so forth.
    As ITER proceeds through construction into oper ation, Oak 
Ridge will continue to play a substantial role in f usion and 
the U.S. ITER project will remain a high priority. We will use 
our distinctive capabilities in materials R&D, nucl ear 
technology and high-performance computing to advanc e fusion 
science, technology and engineering.
    One specific focus will be a next-generation fu sion nuclear 
science facility to answer questions that lie outsi de of ITER's 
scope. Our strengths at Oak Ridge position us to le ad the 
technical and programmatic planning for this facili ty and we 
will work with the U.S. community to bring it into being at an 
appropriate pace.
    ITER represents an opportunity for the DOE nati onal 
laboratories, U.S. universities and U.S. industry. We are now 
positioned to make substantial contributions to ITE R and to 
reap the rewards it will provide in terms of increa sed 
scientific knowledge, high-tech jobs that will help  us rebuild 
U.S. manufacturing capacity, and training for fusio n scientists 
and engineers who work on ITER and bring home what they learn. 
A sustained investment in ITER is essential to real izing the 
benefits of this extraordinary effort.
    We also need a vibrant domestic fusion program to take 
advantage of the knowledge gained from ITER and to continue 
advancing toward commercial fusion power. ITER is a  major step 
forward, but it will not answer all of our question s.
    Congresswoman Zoe Lofgren has introduced a bill  calling for 
a comprehensive plan to identify the R&D facilities  needed to 
ensure the realization of practical fusion energy, and this is 
a vital step in setting the direction of the U.S. f usion 
program. The bill also calls for investing in U.S. capability 
in fusion engineering science. This will enable us to develop 
the materials and enabling technology needed to rea lize the 
full benefit of ITER and to take the next steps tow ard a fusion 
demonstration facility.
    Sustained support for fusion engineering scienc e and 
facilities is essential to successful development o f this 
future energy source. As we search for sustainable energy 
solutions, we need a balanced R&D portfolio that in cludes both 
near- to mid-term improvements in energy efficiency , renewables 
and fission, along with electrification of our tran sportation 
sector, and fusion as a source of clean, safe and a bundant 
baseload power in the long-term interest.
    Thank you again for the opportunity to testify.  I welcome 
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your questions on this important topic.
    [The prepared statement of Dr. Mason follows:]
                 Prepared Statement of Thomas E. Ma son
    Mr. Chairman, Ranking Member Inglis, and Member s of the Committee: 
Thank you for the opportunity to appear before you today. My name is 
Thomas E. Mason, and I am Director of the U.S. Depa rtment of Energy's 
Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee. It is an 
honor to provide this testimony on the status of th e ITER international 
fusion project, the role of ORNL as the headquarter s of the U.S. ITER 
Project Office, and the way that fusion research fi ts into the overall 
portfolio of research and development (R&D) at ORNL .

INTRODUCTION

    ORNL is the Department of Energy's largest scie nce and energy 
laboratory. From my position as Director of a natio nal laboratory with 
research encompassing fundamental science of releva nce to energy 
through an extensive suite of energy programs--incl uding energy 
efficiency; energy from renewable, fossil, and fiss ion sources; and 
energy transmission and distribution--I view fusion  as an essential 
part of the Nation's R&D portfolio. Fusion is a pro mising long-term 
source of energy whose fuel is widely available and  whose emissions 
would include neither CO2 nor long-lived radioactiv e waste. 
Its scientific and technological basis is maturing and warrants a 
significant federal investment, with the aim of adv ancing the 
underlying science and gaining understanding of the  technology 
sufficient to enable future decisions on advancing to the level of a 
prototype reactor.
    ORNL has been engaged in research on fusion ene rgy since the early 
1950s, when the Atomic Energy Commission launched P roject Sherwood with 
the goal of developing a fusion analog to the fissi on reactor. From its 
earliest days, the Oak Ridge fusion program has dra wn on the diverse 
resources afforded by ORNL's standing as a multi-pr ogram laboratory, 
and it has leveraged substantial investments by the  Department of 
Energy in materials science, nuclear technology, an d high-performance 
computing to deliver advances in plasma theory and simulation, magnetic 
confinement experiments, plasma heating and fueling , atomic physics, 
and materials development.
    As soon as magnetic fusion research was declass ified in 1958, the 
ORNL program initiated extensive collaborations wit h the international 
fusion community, which continue today. In particul ar, ORNL has been a 
key contributor to ITER since the inception of this  activity in 1985.
    The promise of fusion as a clean and abundant s ource of energy has 
driven extensive programs of R&D, at ORNL and other  institutions 
throughout the world, for more than six decades. Im pressive progress 
has been made in overcoming the challenges of harne ssing fusion energy. 
From experiments in the United States and other nat ions, we have 
established the scientific and technical knowledge base for fusion, and 
we have reached a point at which the next step is t o create a burning 
plasma: that is, an ionized gas in which the alpha particles produced 
by the fusion of hydrogen isotopes provide enough h eat to keep the 
fusion reaction going.
    With the potential to provide clean baseload el ectrical energy 
without a fuel resource constraint, fusion can be a n important 
component of a long-term shift away from fossil fue ls with the 
attendant environmental, economic, and national sec urity benefits. The 
main cost lies in the intellectual content and high -end manufacturing, 
both of which are hallmarks of American industrial strength, so in 
addition to providing an attractive solution to our  energy needs, 
fusion offers the potential to drive the developmen t of a new industry.

THE ITER INTERNATIONAL FUSION PROJECT

    The ITER international fusion project has been established to 
construct an experimental device that will demonstr ate the scientific 
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and technological feasibility of fusion energy and achieve sustained 
fusion power generation. The long-range goal is for  ITER to produce at 
least ten times as much power as is needed to heat the plasma. It will 
test many of the key technologies needed to use fus ion as a practical 
energy source, and it will provide industry with th e opportunity to 
validate production techniques for components neede d for future fusion 
power plants.
    ITER will be constructed at Cadarache in southe astern France from 
components fabricated in the countries of the ITER Members: the United 
States, the Russian Federation, the European Union,  Japan, the People's 
Republic of China, South Korea, and India. A Joint Implementation 
Agreement, finalized in 2007, governs the details o f construction, 
operation, and decommissioning, as well as financin g, organization, and 
staffing. Each ITER Member is responsible for suppl ying a share of 
hardware (including supporting R&D and design); per sonnel assigned to 
the ITER site; and cash contributions toward common  expenses. The 
international ITER Organization established by the Joint Implementation 
Agreement is the legal entity responsible for proje ct execution. It is 
governed by a Council that includes senior U.S. Dep artment of Energy 
officials.
    Each ITER Member was tasked with creating a Dom estic Agency to 
fulfill the Member's obligations under the ITER Joi nt Implementation 
Agreement. The Domestic Agencies' role is to perfor m R&D and design and 
to procure each Member's in-kind (i.e., non-cash) c ontributions to 
ITER. The Domestic Agencies employ their own staff,  have their own 
budget, and place contracts with suppliers. The Uni ted States was the 
first ITER Member to establish its Domestic Agency under the auspices 
of the Office of Fusion Energy Sciences within DOE' s Office of Science. 
This is the U.S. ITER Project Office, about which I  will speak further 
in a moment.
    Under the terms of the Joint Implementation Agr eement, the United 
States is a full Member of the ITER project. Our 9. 09 percent share of 
the total cost gives us access to all scientific da ta and the right to 
propose and carry out experiments. It also creates opportunities for 
U.S. industry to manufacture the high-technology co mponents that make 
up roughly 80 percent of our contribution.
    The ITER project presents an extraordinary numb er of technical and 
management challenges. Although the design of ITER is not yet complete, 
it is expected to be twice the size of the largest existing fusion 
experiment. It is a ``first-of-a-kind'' experimenta l facility 
comprising a large number of systems, some of which  require innovative 
technologies. These systems, to be constructed by s uppliers selected by 
the seven Domestic Agencies, must be integrated to produce a system 
that can perform under extremely demanding conditio ns.
    The ITER Organization has also faced the challe nge of standing up 
and staffing a new organization to provide coordina tion, project 
management, technical integration, and engineering while overseeing 
efforts to finalize the ITER design and supervising  early-stage civil 
construction in Cadarache. A host of issues relatin g to finances, 
communication, intellectual property rights, confli cting national 
safety and import/export regulations, and other are as unique to this 
large-scale, high-visibility multinational scientif ic collaboration 
have had to be resolved to the satisfaction of all parties.
    Given these challenges, it is not surprising th at the project has 
experienced some ``teething pains.'' We have not be en immune to those 
teething pains in the United States as we struggled  to secure funding 
during some very tough budget years; however, with the support provided 
by Congress in FY 2009 we are now on a sound footin g and able to fully 
engage our international partners. The most urgent tasks facing the 
international ITER Organization today are completin g the overall ITER 
design and systems engineering and establishing rea listic schedule and 
cost baselines. The U.S. fusion community is suppor ting these tasks, 
while continuing to carry out an extensive program of work that is 
enhancing the physics basis and technology support for ITER.
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THE ROLE OF ORNL AS HEADQUARTERS OF THE U.S. ITER P ROJECT OFFICE

    Since 2006, ORNL has hosted and led the U.S. IT ER Project Office, 
which is responsible for project management of all U.S. activities to 
support construction of ITER. The U.S. share of the  international ITER 
project construction has an estimated range of $1.4  billion to $2.2 
billion, so this is a heavy responsibility and one that we at ORNL take 
very seriously.
    All U.S. ITER activities are managed by the Dep artment of Energy's 
Office of Science as a Major Item of Equipment (MIE ) project and are 
subject to rigorous review. The project team under ORNL includes 
Princeton Plasma Physics Laboratory and Savannah Ri ver National 
Laboratory as partner laboratories.
    The U.S. ITER Project Office was located at Oak  Ridge to take 
advantage of the project management expertise devel oped during the 
construction of the Spallation Neutron Source. This  $1.4 billion 
neutron scattering facility was designed and constr ucted by a 
partnership of six Department of Energy national la boratories, which I 
had the privilege of leading from 2001 to 2006. The  project was 
completed ahead of schedule and within budget in 20 06, and many members 
of the project team are now applying their expertis e to the needs of 
the U.S. ITER Project Office.
    The U.S. ITER team is engaging other national l aboratories and 
industry and university partners across the United States in R&D, 
engineering, manufacturing, and fabrication of the U.S. contributions 
to ITER. Earlier this month, the U.S. ITER Project Office awarded two 
contracts totaling $33.6 million, one to a company in Waterbury, 
Connecticut, and the other to a company in Carteret , New Jersey, for 
components of the superconducting magnets that will  confine the ITER 
plasma. It is noteworthy that in addition to these U.S.-funded 
contracts, a similar award has been made to the New  Jersey supplier by 
the European Union's ITER Domestic Agency, which sp eaks well of the 
ability of U.S. industry to compete in this area on  the world stage. To 
date, more than 160 companies and universities in 3 3 states have worked 
directly on the project, and some 140 have expresse d interest in future 
procurements.
    The U.S. ITER team is also providing substantia l support to the 
international ITER Organization. Staff have contrib uted to the 
development of systems engineering procedures and t echnical baseline 
documents, assisted in the development of project m anagement processes 
and procurement arrangements, and evaluated project  risks and assisted 
with development and implementation of risk mitigat ion plans.

FUSION ENERGY RESEARCH AT ORNL OVER THE NEXT 20 YEARS

    As the ITER project moves through construction and operation, ORNL 
will continue to play a substantial role, both thro ugh the U.S. ITER 
Project Office and through an extensive and well-in tegrated program of 
science, technology, and engineering aimed at suppo rting ITER and 
developing the understanding required for an attrac tive fusion energy 
source.
    In particular, we will take advantage of ORNL's  distinctive 
capabilities in materials R&D, nuclear technology, and high-performance 
computing to deliver the science and technology nee ded to realize the 
full potential of ITER and to exploit the knowledge  gained from it in 
advancing toward a fusion power plant. Expertise in  nuclear design and 
operations, nuclear materials science, ITER, fusion  engineering, and 
project management positions ORNL to lead U.S. tech nical and 
programmatic planning for a next-generation fusion nuclear science 
facility. Such a facility and associated R&D progra ms could establish 
the scientific basis for fusion fuel self-sufficien cy and reliable and 
efficient power extraction under realistic fusion p ower reactor 
conditions.

CLOSING REMARKS
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    The international ITER project represents an op portunity for the 
Department of Energy's national laboratories, U.S. universities, and 
U.S. industry to play a key role in a very challeng ing technical 
development and build a scientific and technical ba se for moving the 
fusion program from a science experiment to an engi neering 
demonstration. The United States is positioned to m ake substantial 
contributions to the international ITER project and  to reap the rewards 
that it will provide: increased scientific knowledg e, high-technology 
jobs that can contribute to the restoration of U.S.  manufacturing 
capacity, and training of fusion scientists and eng ineers who have the 
opportunity to work on this experiment with their c olleagues from other 
nations and to apply the findings to the next gener ation of fusion 
systems. Sustaining the U.S. investment in ITER is essential to 
realizing the benefits of this extraordinary effort .
    Our investment in ITER should be complemented b y a vibrant domestic 
fusion program to ensure that the United States is positioned to 
exploit ITER for research, capitalize on the knowle dge gained from 
ITER, and move forward along the way to commercial fusion power. While 
ITER represents a path-breaking advance toward the goal of practical 
magnetic fusion energy, it cannot address all of th e questions that 
must be answered before we can proceed with a fusio n power plant. For 
example, ITER is based on a magnetic confinement co ncept known as the 
tokamak, which was invented in Russia in the 1960s.  This configuration 
was selected for ITER because of its maturity, but other configurations 
have properties that may make them attractive candi dates for commercial 
power plants. Other challenges that lie outside ITE R's scope include 
the development of materials and components that ca n withstand the 
intense conditions at the edge of a burning plasma and handle prolonged 
exposure to neutrons.
    Legislation introduced by Congresswoman Zoe Lof gren, the Fusion 
Engineering Science and Fusion Energy Planning Act of 2009 (H.R. 3177), 
calls for the development of a comprehensive plan t o identify what the 
U.S. fusion community must do to ensure the realiza tion of practical 
fusion energy. This is a vital step in determining the direction of the 
U.S. fusion program, and it has the full support of  the program's 
leadership.
    Congresswoman Lofgren's bill also calls for a t argeted investment 
of $165 million over the next three years to enhanc e U.S. capability in 
fusion engineering science, in addition to the fund ing provided to the 
Department of Energy's Office of Fusion Energy Scie nces for current 
programs. This would provide the U.S. fusion commun ity with resources 
for developing the materials and enabling technolog y needed to realize 
the full benefit of the ITER project and to prepare  for the 
experiments, such as a fusion nuclear science facil ity, needed to move 
beyond ITER to a successful fusion demonstration fa cility.
    Some might argue that the investment of substan tial sums in fusion 
R&D over the past six decades should have enabled u s to reach the goal 
of fusion energy by now. In response to such an arg ument, I would make 
two points. First, controlled fusion has turned out  to be a much more 
challenging scientific and technological problem th an was originally 
thought. Optimistic predictions based on an incompl ete understanding of 
the difficulties involved have haunted the program in the past. Today, 
however, we have attained a level of understanding that provides a 
solid foundation for ITER and for continuing effort s to find ways of 
meeting our energy needs with fusion.
    Second, in 1972, federal funding for magnetic f usion energy was 
$33.3 million (about $172 million in today's dollar s); it rose 
dramatically in response to the energy crisis, peak ing in 1977 at 
roughly $1 billion in today's dollars, and then dec lined precipitously, 
to $230 million in 1997 (about $300 million in toda y's dollars) and has 
remained close to that level. The FY 2010 Energy an d Water 
Appropriations bill passed by the Congress allocate s $426 million for 
fusion energy sciences, which includes $135 million  for the U.S. 
contribution to ITER. While much useful science and  engineering has 
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been accomplished at these funding levels, it is un likely that we will 
be able to make the final leap to practical fusion power without 
sustained support for fusion engineering science an d facilities for 
answering the questions that lie outside ITER's sco pe.
    Ambassador Kaname Ikeda, ITER Director General,  has pointed out 
that the current world energy market is about $3 tr illion and growing. 
The amount invested in energy R&D generally (not ju st in fusion) is 
very modest when compared with the economic value o f the market; this 
is in sharp contrast to the situation in industries  such as information 
technology or health sciences, despite the fact tha t the benefits to 
society and the scientific and technical challenges  are no less 
significant.
    Perhaps even more important, most of the world' s energy needs are 
now being met with nonrenewable fossil fuels that r epresent the primary 
source of the greenhouse gases that are contributin g to climate change. 
As a safe and essentially inexhaustible source of b aseload power that 
emits no greenhouse gases, fusion would be a sustai nable energy 
solution for the long-term.
    This is not to say that improvements in energy efficiency, 
renewables, and fission, combined with electrificat ion of our 
transportation sector, are not key near-term to med ium-term challenges 
that we must address. But given that there is no si ngle element of 
energy R&D that will yield supplies sufficient to m eet our overall 
objectives of reducing the environmental consequenc es of CO2 
and other emissions and the national security and e conomic consequences 
of a growing reliance on imported petroleum, fusion  needs to be an 
element of a balanced energy R&D portfolio. Answeri ng the remaining key 
science questions about the feasibility of fusion, which is a central 
focus of ITER, will enable us to shift our focus to  the technological 
and engineering challenges of fusion as a power sou rce.
    Thank you again for the opportunity to testify.  I welcome your 
questions on this important topic.
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    Thom and his wife, Jennifer MacGillivray, also a native of Nova 
Scotia, live in Oak Ridge with their two sons, Will iam and Simon.

- THE NEXT GENERATION OF FUSION ENERGY RESEARCH http://www.gpo.gov/fdsys/pkg/CHRG-111hhrg52894/html/CHRG-111hhr...

45 of 81 12/7/2014 5:12 PM

skrivit
Highlight



    Chairman Baird. Dr. Betti.

    STATEMENT OF DR. RICCARDO BETTI, PROFESSOR, MEC HANICAL 
   ENGINEERING & PHYSICS AND ASTRONOMY; SENIOR SCIE NTIST AND 
 ASSISTANT DIRECTOR FOR ACADEMIC AFFAIRS, LABORATORY FOR LASER 
              ENERGETICS, UNIVERSITY OF ROCHESTER

    Dr. Betti. Mr. Chairman, Ranking Member Inglis and Members 
of the Committee, I am Riccardo Betti, Professor at  the 
University of Rochester. Thank you for inviting me to testify 
today about the status of inertial fusion energy re search and a 
vision for the future.
    Inertial fusion uses the same thermonuclear rea ctions and 
the same hydrogen fuel as magnetic fusion. Like gas oline in the 
cylinder of a car engine, fusion fuel must be ignit ed in order 
to produce useful energy. An ignited fuel can produ ce fusion 
energy that can greatly exceed the input energy. If  the energy 
output is greater than the input, then we have an e nergy gain 
and only then fusion becomes an energy source. Ther monuclear 
ignition has been a scientific quest since the 1950 s. Like no 
other time in history, we are now close to demonstr ating 
ignition and energy gains in the laboratory.
    The path towards economically viable inertial f usion energy 
involves three crucial elements: first, the demonst ration of 
ignition; second, the demonstration of high energy gains; and 
third, the development of the technology for a powe r plant. In 
the near future, the National Ignition Facility, th e NIF, at 
Lawrence Livermore National Laboratory, by far the world's 
largest laser, is expected to achieve the first dem onstration 
of thermonuclear ignition in the laboratory by comp ressing a 
tiny pellet of solid cryogenic hydrogen fuel using lasers.
    The current status of inertial fusion energy re search in 
the United States is dominated by the National Igni tion 
Campaign with a goal of achieving ignition on the N IF. The 
National Ignition Campaign is funded for reasons of  national 
security by the Stockpile Stewardship Program under  the 
National Nuclear Security Administration, the NNSA.  In parallel 
to its national security mission, the National Igni tion 
Campaign will be able to address many aspects of th e physics 
principles of inertial fusion energy including igni tion and 
energy gain. The National Ignition Campaign involve s many 
institutions and major NNSA facilities. It is cruci al to 
provide adequate funding to the National Ignition C ampaign 
because achieving thermonuclear ignition in the lab oratory is a 
milestone in the development of science and energy security. 
This goal should not be undermined by lack of fundi ng. Not now, 
since we are so close to achieving ignition.
    The next step after ignition is the demonstrati on of high 
energy gain. For a viable power plant, the fusion e nergy output 
must greatly exceed the input energy to the fuel by  more than 
100 times. It is unlikely that the NIF will achieve  the high 
gains required for inertial fusion energy. The curr ent 
configuration of the NIF will test one approach to inertial 
fusion, the indirect drive approach. Other inertial  fusion 
concepts like direct drive, fast ignition and other s funded 
through the Office of Fusion Energy Sciences, the O FES, and 
NNSA have the potential to generate the gains neede d for 
inertial fusion energy. Some of these concepts can be tested on 
existing NNSA facilities.
    But unfortunately, the very limited access to t hese 
facilities constitutes a serious impediment to prog ress in this 
important area and to achieve the wide energy gains  for 
inertial fusion energy. OFES and NNSA have already formed a 
joint program to support high-energy-density physic s research. 
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This partnership should be strengthened to increase  access to 
NNSA facilities to study high-gain inertial fusion energy 
concepts.
    Achieving ignition and high gain does not imply  that 
economically attractive fusion energy is just aroun d the 
corner. Major technological and engineering challen ges will 
still remain even after ignition. Before starting a  major 
energy development program, it is prudent to undert ake an 
assessment of the different options. This can begin  immediately 
with a small exploratory technology program. A powe r plant 
requires a driver to compress the pellet, a target chamber and 
many other systems. The driver is the most complex and 
expensive component to the power plant. Several dri vers have 
been proposed. Lasers are the most developed driver s. Other 
drivers would likely require longer development pat hs. An 
exploratory technology program should be started wi th the goal 
of assessing and selecting the most attractive driv er in order 
to move quickly towards an expanded energy developm ent program 
once the National Ignition Facility has demonstrate d ignition 
and energy gain.
    Thank you, Mr. Chairman, for allowing me to tes tify on the 
next generation of fusion energy research.
    [The prepared statement of Dr. Betti follows:]
                  Prepared Statement of Riccardo Be tti

EXECUTIVE SUMMARY

    Nuclear fusion powers the sun and other stars. Harnessing fusion 
energy has been a scientific quest since the 1950s.  Inertial and 
magnetic confinement fusion are the main approaches  to fusion energy 
pursued in the U.S. Both approaches use a 50-50 mix ture of hydrogen 
isotopes (deuterium and tritium) as fuel. Like all advanced energy 
sources, inertial fusion requires a scientific demo nstration of 
validity of the concept and a technology program to  develop a viable 
power plant. The path to inertial fusion energy (IF E) involves three 
elements:

          The demonstration of the physics principl es of 
        controlled inertial fusion: thermonuclear i gnition and burn of 
        deuterium-tritium (DT) fuel

          The demonstration of high energy gain fro m DT fuel

          The development of the technology for an IFE power 
        plant.

Demonstration of Ignition and Burn: In the near fut ure, the National 
Ignition Facility (NIF) at Lawrence Livermore Natio nal Laboratory 
(LLNL) is expected to achieve the first demonstrati on of thermonuclear 
ignition and moderate energy gain in the laboratory  using lasers. In 
the indirect-drive approach to inertial fusion, the  laser is used to 
heat a small metallic enclosure (a ``hohlraum'') to  high temperatures. 
The heated metal of the hohlraum wall emits x rays that irradiate a 
tiny pellet of cryogenic solid DT fuel. The pellet implodes, achieving 
extreme pressures and temperatures that turn the so lid DT into hot 
dense plasma producing copious amounts of nuclear f usion reactions 
(what is called ``a burning plasma''). Thermonuclea r ignition is a 
thermal instability that causes the plasma to self- heat through a 
runaway process where fusion reactions increase the  plasma temperature 
that in turn induces more fusion reactions. An igni ted plasma can 
produce fusion energy that can greatly exceed the i nput energy required 
to produce the plasma. The process of laser irradia tion, pellet 
implosion, thermonuclear ignition and energy gain i s usually referred 
to as ``target physics.'' Demonstrating thermonucle ar ignition and 
energy gain in the laboratory has been a goal of fu sion energy research 
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for the past five decades, and is widely considered  a milestone in the 
development of fusion energy, as well as a major sc ientific 
achievement.
    The current status of IFE research in the U.S. is dominated by the 
National Ignition Campaign (NIC). The NIC is funded  for reasons of 
national security by the Stockpile Stewardship Prog ram under the 
National Nuclear Security Administration (NNSA). In  parallel to its 
national security mission, the NIC will be able to address many aspects 
of burning-plasma physics relevant to inertial fusi on energy and will 
demonstrate the physics principles of IFE. The NIC involves many 
institutions (LLNL, LLE, LANL, General Atomics and SNL) and major NNSA 
facilities (NIF, OMEGA and Z). Many diagnostics and  experimental setups 
are validated on smaller facilities (mostly on OMEG A at the Laboratory 
for Laser Energetics) before installation on the NI F.

         Recommendation: It is crucial to provide a dequate funding to 
        the National Ignition Campaign. Achieving t hermonuclear 
        ignition in the laboratory is a milestone i n the development of 
        science and energy security. This goal shou ld not be undermined 
        by lack of adequate funding.

Demonstration of High Energy Gain: The next step in  target physics 
after ignition is the demonstration of high energy gain. For a viable 
IFE power plant, the fusion energy output must grea tly exceed the input 
energy to the plasma. Energy gain is the ratio betw een energy output 
and input. It is unlikely that the NIF will achieve  high gains (> 100) 
in the laser indirect-drive configuration.
    The 2009 FESAC report\1\ states that ``Alternat ive IFE concepts 
[laser direct-drive, fast ignition, heavy ion fusio n and others] funded 
through OFES and NNSA have the potential to generat e the gains needed 
for IFE.'' Present research in alternative IFE conc epts is funded by 
DOE's Office of Fusion Energy Sciences (OFES) and N NSA, with NNSA 
providing limited access to their facilities. Limit ed access to the 
NNSA facilities constitutes a serious impediment to  progress in this 
important area and to the achievement of high energ y gains for inertial 
fusion energy. While the NIF is currently configure d to fully validate 
the scientific principles of the laser indirect-dri ve approach, it can 
also test the laser direct-drive approach with very  modest changes to 
the existing laser system. The direct-drive approac h is simpler since 
the laser directly irradiates the solid pellet. It is also more 
efficient since it eliminates the need for the inte rmediate process of 
conversion of laser light into x rays.
--------------------------------------------------- ------------------------
    \1\ Fusion Energy Science Advisory Committee (F ESAC), Advancing the 
Science of High Energy Density Laboratory Plasmas, U.S. Department of 
Energy, Office of Science, January 2009.

         Recommendation: OFES and NNSA have already  formed a joint 
        program to support high energy-density phys ics research. This 
        partnership should be strengthened to incre ase access to NNSA 
        facilities for research in the area of high -gain inertial-
        fusion-energy concepts. Experiments on the NIF should be 
        carried out to demonstrate ignition and ene rgy gain with the 
--------------------------------------------------- ------------------------
        laser direct-drive approach.

Development of the Technology: Achieving ignition a nd high gain does 
not imply that economically attractive fusion energ y is just around the 
corner. Major technological and engineering challen ges will still 
remain even after the demonstration of ignition. Th e development of a 
viable fusion power plant requires large scientific  and financial 
investments. Before launching a major energy develo pment program, it is 
prudent to undertake an assessment of the different  driver options. 
This can begin immediately with a small exploratory  IFE technology 
program (``small'' here is used for comparison with  the ``large'' 

- THE NEXT GENERATION OF FUSION ENERGY RESEARCH http://www.gpo.gov/fdsys/pkg/CHRG-111hhrg52894/html/CHRG-111hhr...

48 of 81 12/7/2014 5:12 PM

skrivit
Highlight



science program of the National Ignition Campaign t hat received $458M 
in the FY10 Appropriations bill).
    Several drivers have been proposed: solid-state  and Krypton-
Fluoride (KrF) lasers, Z pinches and heavy ion beam s. The driver 
compresses the pellet and is the most complex and e xpensive component 
of an IFE power plant. Drivers are part of an integ rated system 
including a target chamber, injection systems and o ther components. 
Drivers must operate with relatively high repetitio n rates to produce 
enough average power output. Lasers are the most de veloped drivers. 
Small-scale high-repetition-rate KrF and solid-stat e lasers have been 
built and operated. Research in target physics for laser drivers is 
also the most advanced. The current experimental ca mpaign will explore 
ignition with lasers implying that the target physi cs issues will only 
be resolved for laser drivers. Other drivers will l ikely require longer 
development paths for both the technological develo pment and target 
physics. An exploratory IFE program should be start ed with the goal of 
assessing and selecting the most attractive driver option in order to 
move quickly towards an expanded energy development  program once the 
NIF has completed the ignition campaign and reliabl y demonstrated 
fusion-energy gains. Such a program should also ass ess the viability of 
fusion-fission hybrid systems where a blanket of fi ssionable material 
surrounding the fusion reactor is used to amplify t he fusion-energy 
output. Funding for research in IFE technology has been eliminated in 
2009 and no plans are in place to support it in the  near future.

         Recommendation: It would be beneficial to immediately initiate 
        an exploratory fusion technology program in  parallel to the 
        ignition campaign to assess the viability o f the different 
        driver options. If successful, such a progr am will select the 
        most attractive driver by the completion of  the ignition 
        campaign on the NIF.

Status of Inertial Fusion Energy Research and Visio n for the Future

    Nuclear fusion powers the sun and other stars. Fusion involves the 
merging (e.g., fusing) of light elements. Harnessin g fusion energy has 
been a scientific quest since the 1960s. Inertial a nd magnetic 
confinement are the main approaches to fusion energ y pursued in the 
U.S. Both approaches use a 50-50 mixture of hydroge n isotopes 
(deuterium and tritium). Deuterium is abundant and can be extracted 
easily from sea water. Tritium must be obtained by breeding with 
lithium, and lithium is a readily available light m etal.
    Like all advanced energy sources, inertial fusi on requires a 
scientific demonstration of viability of the concep t and a technology 
program to develop a viable power plant. The path t o inertial fusion 
energy (IFE) involves three elements:

        (1)  The demonstration of the physics princ iples of controlled 
        inertial fusion: thermonuclear ignition and  burn of deuterium-
        tritium (DT) fuel

        (2)  The demonstration of high energy gain from DT fuel

        (3)  The development of the technology for an IFE power plant.

1. Demonstrating Controlled Thermonuclear Ignition and Burn

    The demonstration of ignition and burn is the g oal of the National 
Ignition Campaign (NIC). The NIC is funded for nati onal security 
reasons by the Stockpile Stewardship Program under the National Nuclear 
Security Administration. The NIC involves many inst itutions (LLNL, LLE, 
LANL, General Atomics and SNL) and major NNSA facil ities (NIF, OMEGA 
and Z). Many diagnostics and experimental setups ar e validated on 
smaller facilities (mostly on OMEGA at the Laborato ry for Laser 
Energetics) before installation on the NIF.
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         Finding: The National Ignition Campaign ai ms at demonstrating 
        ignition and moderate fusion-energy gains i n the next few years 
        on the National Ignition Facility (NIF). Pr eparatory work is 
        under way and the first attempts to ignitio n are set to begin 
        at the end of FY10 on the NIF.

    Two recent highlights of the National Ignition Campaign are worth 
mentioning.

        (1)  Early experiments on the National Igni tion Facility have 
        shown good performance of the NIF laser and  good coupling of 
        the laser energy to the target. The NIF has  already delivered 
        energies exceeding one megajoule (one megaj oule = one million 
        joules) and is on track to proceed with the  first attempts to 
        ignition using the indirect drive approach.

        (2)  Using the laser direct-drive approach,  recent experiments 
        on OMEGA have achieved world record perform ance in terms of DT 
        plasma compression and attained the require d densities for 
        fusion. It is likely that, within the next few years, OMEGA 
        will also demonstrate the temperatures that  will scale to those 
        required for ignition. If successful, OMEGA  will validate many 
        of the physics principles of the direct-dri ve approach (with 
        the exception of ignition and burn).

    The direct-drive approach is a straightforward alternative to 
indirect drive. First, it is simpler since the lase r directly 
irradiates the solid pellet and the targets do not require metallic 
enclosures (hohlraums). Second, it is more efficien t since it 
eliminates the need for conversion of laser light i nto x-rays. For 
these reasons, the direct-drive approach offers bet ter prospects for 
energy applications. While the NIF is currently con figured to fully 
validate the scientific principles of the laser ind irect-drive 
approach, it can also test the laser direct-drive a pproach with very 
modest upgrades to the laser system.

         Recommendation: The results from OMEGA can  and should be used 
        to field experiments on the National Igniti on Facility to 
        demonstrate ignition and energy gain with t he laser direct-
        drive approach. This is a necessary step th at will resolve most 
        of the target physics issues for the direct -drive scheme and 
        will determine if laser direct-drive is a v iable option for 
        fusion energy.

    The NIC is currently funded at the level of $45 8M for FY10. To the 
best of my knowledge, some of the key institutions involved in the NIC 
are operating under very tight budgets. With the fi rst demonstration of 
ignition expected within the next few years, this i s not the time to 
underfund the ignition campaign. Even small budget increases could 
significantly improve the prospects for success.

         Recommendation: It is crucial to provide a dequate funding to 
        the National Ignition Campaign. Achieving t hermonuclear 
        ignition in the laboratory is a milestone i n the development of 
        science and energy security. This goal shou ld not be undermined 
        by lack of adequate funding.

2. Demonstrating High Energy Gain

    The next step in target physics after ignition is the demonstration 
of high energy gain. For a viable IFE power plant, the product of the 
efficiency of the driver (the ratio of the ``wall p lug'' energy to 
driver energy produced) and the target gain should exceed 10, e.g., a 
10 percent efficient driver requires a gain of 100.  The target gain is 
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the ratio between the energy output and the energy input on target. It 
is unlikely that the NIF will achieve high gains (>  100) in the laser 
indirect-drive configuration--and so an alternative  approach may be 
required. The 2009 FESAC report\2\ states that ``Al ternative IFE 
concepts funded through OFES and NNSA have the pote ntial to generate 
the gains needed for IFE . . .. [The] alternative c oncepts in IFE will 
play a crucial role in the development of inertial fusion energy, since 
high gains and high driver efficiencies are require d features of an 
economically viable IFE power plant.'' Present rese arch in alternative 
IFE concepts is mostly funded by DOE's Office of Fu sion Energy Sciences 
(OFES) and NNSA, with NNSA providing limited access  to their 
facilities. Limited access to the NNSA facilities c onstitutes a serious 
impediment to progress in this important area and t o the achievement of 
high energy gains for inertial fusion energy.
--------------------------------------------------- ------------------------
    \2\ Fusion Energy Science Advisory Committee (F ESAC), Advancing the 
Science of High Energy Density Laboratory Plasmas, US Department of 
Energy, Office of Science, January 2009
--------------------------------------------------- ------------------------
    There are several options for achieving the gai ns required for IFE 
using lasers: direct-drive, fast ignition and shock  ignition. Heavy ion 
fusion requires a heavy ion accelerator, and Z-pinc h fusion requires a 
pulsed-power device.

Heavy ion accelerators are attractive drivers from the standpoint of 
wall-plug efficiency. Recent theoretical work has i ndicated that heavy-
ion fusion (HIF) could achieve high gains through d irect irradiation of 
the target. However, there is little or no experime ntal work on 
implosion physics with heavy-ion drivers. Since the re are not existing 
HIF implosion facilities, it is not possible to eas ily acquire critical 
experimental data to make a valid assessment of the  target physics 
requirements for HIF. An IFE development path for h eavy-ion fusion will 
inevitably require both a target physics and a tech nology development 
program. With little available experimental data on  heavy-ion fusion 
implosions and the lack of HIF implosion facilities , it is likely that 
an IFE development path based on heavy ion fusion w ill be lengthy and 
uncertain.

Z-pinch fusion uses the indirect drive approach and  requires high-gain 
targets (gains of 100 or more). Current Z pinches s uch as the Z-machine 
at Sandia National Laboratory have demonstrated rea sonable single-shot 
performance and high x-ray yields. The rate of prog ress in target 
physics is mostly limited by the low shot rates of large Z pinches. 
Theoretical work indicates that it may be possible to design high yield 
targets that can satisfy the requirements for inert ial fusion energy. 
Z-pinch fusion requires driving large currents thro ugh massive 
transmission metal lines that are partially destroy ed at every shot. 
Since the cost of replacing the transmission lines would exceed the 
value of the fusion-energy output, a Z-pinch based IFE power plant will 
require recycling the large amounts of metal of the  transmission lines. 
While some interesting ideas have been put forward to address this 
issue, a technology development path for Z-pinch fu sion is highly 
uncertain.

Lasers are the most developed drivers and the targe t physics for laser 
fusion is the most advanced. Laser drivers are used  for direct drive, 
fast ignition and shock ignition. Laser direct driv e has been pursued 
in the U.S., Europe and Japan for over 30 years. Ac cording to 
theoretical analyses, laser direct drive offers the  possibility of 
achieving high energy gains. Since existing laser d rivers have poor 
efficiencies, gains in excess of 100 are required f or fusion energy. 
The conventional approach to laser direct drive use s a single step with 
a single laser pulse driving the compression and th e heating of the 
thermonuclear fuel. This approach is currently unde r investigation at 
two implosion facilities: the OMEGA laser at the La boratory for Laser 
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Energetics of the University of Rochester, and the GEKKO laser at the 
Institute for Laser Engineering of Osaka University  in Japan. Both 
OMEGA and GEKKO use glass laser technology. Until r ecently, target-
physics studies on laser direct drive were also pur sued at the NIKE 
laser facility of the Naval Research Laboratory (NR L). NIKE is a 
Krypton-Fluoride (KrF) gas laser producing laser li ght with a 
wavelength shorter than the other large glass laser s. KrF lasers are 
more efficient than glass lasers. Their short wavel ength light 
efficiently couples the laser energy to the target and allows operation 
at relatively high laser intensities. While short w avelength light 
improves several aspects of the target physics, it poses more severe 
technological constraints on the optical components  of the laser 
system. The NRL IFE program did not receive funding  in the FY09 Omnibus 
Appropriations bill and its future is uncertain.
    A wealth of experimental data is available on d irect drive 
implosions. The data includes surrogate targets (mo stly made of plastic 
shells) and cryogenic solid deuterium (D2) and deut erium-
tritium (DT) targets. The latter are the targets of  most interest to 
inertial fusion energy. To date, cryogenic DT targe ts have only been 
used for implosion experiments on the OMEGA facilit y. Recent cryogenic 
implosion experiments on OMEGA have achieved high c ompression of 
thermonuclear fuel. While the required densities ha ve been achieved, 
further progress needs to be made to raise the temp erature (by about 50 
percent-70 percent) and the fusion yield (by about two to four times) 
from the compressed DT fuel. Only when all these re quirements (density, 
temperature and fusion yield) are simultaneously me t in cryogenic 
implosions on OMEGA, can one achieve a full underst anding of the target 
physics and full validation of the predictive capab ility. Achieving an 
experimental validation of the predictive capabilit y is an important 
requirement for the design of robust high-gain targ ets. OMEGA is close 
to achieving such an experimental validation (with the exception of the 
validation of ignition and burn physics that requir es experiments on 
the NIF).
    Achieving gains in excess of 100 with the conve ntional approach to 
direct drive requires very large lasers. An IFE las er driver should 
deliver a few megajoules of ultraviolet light to th e target at a rate 
of about 10 shots per second. Krypton-Fluoride and advanced solid state 
lasers offer the promise of high efficiency and hig h repetition rates, 
but even in the most optimistic scenario, a power p lant based on the 
conventional direct-drive approach will require lar ge megajoule-class 
lasers and targets with gains above 100. The need f or large high-
repetition-rate laser systems is the main difficult y in the development 
of the conventional laser direct-drive approach to inertial fusion 
energy.

Fast ignition is a relatively new concept that sepa rates the 
compression and the heating of the thermonuclear fu el. The compression 
is driven by a conventional system (laser or other driver), and the 
heating is induced by a beam of energetic electrons  produced by the 
interaction of a short-pulse ultra-high-intensity l aser beam with the 
target. Fast ignition research is actively pursued in the U.S., Europe 
and Japan. Theoretical analyses indicate that fast ignition may lead to 
energy gains well above the gains of conventional d irect drive. 
However, such theoretical calculations are incomple te and the physics 
principle concerning the interaction of intense lig ht with matter and 
the transport of energetic electrons in plasmas are  poorly understood. 
While fast ignition may require a relatively small compression laser (a 
sub-megajoule laser), it is likely that providing t he necessary 
external heating power will involve a large high-po wer laser (100 
kilojoule petawatt-class laser--one petawatt = 1000  trillion watts). 
Presently, the largest petawatt lasers are the OMEG A EP laser (2.5 
kilojoules) at the Laboratory for Laser Energetics and the FIREX laser 
(10 kilojoules) at Osaka University.
    Since little experimental data on the target ph ysics for fast 
ignition is available, it is difficult to make an a ssessment on its 
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viability as an option for fusion energy. In the pa st, the lack of 
experimental facilities with a dual integrated lase r system (the 
compression and heating lasers working together) ha s prevented the 
acquisition of the necessary data. However, the U.S . and Japan have 
recently completed the construction of two integrat ed facilities that 
can explore the fast ignition concept. Such integra ted laser systems 
are OMEGA at the Laboratory for Laser Energetics, a nd FIREX-I at Osaka 
University. A third integrated facility will soon b e available at 
Lawrence Livermore National Laboratory. The OMEGA f acility includes the 
OMEGA compression laser and the OMEGA-EP high-power  laser, the FIREX-I 
facility includes the GEKKO compression laser and t he FIREX high-power 
laser, and the NIF will soon include the ARC high-p ower laser. These 
three facilities have the potential to rapidly adva nce the target 
physics for fast ignition. The main obstacle to suc h advances is the 
very limited access granted to fast ignition studie s on the U.S. 
integrated facilities OMEGA and NIF. For example, o nly five days of the 
OMEGA facility were devoted to integrated fast igni tion experiments in 
FY09. With such a limited time allocation, it is di fficult to make 
meaningful progress in fast ignition. The reason fo r this limitation is 
that such facilities are funded by NNSA, whose prim ary mission does not 
include fusion energy development. Inadequate acces s to the integrated 
NNSA laser facilities is currently the main obstacl e to acquiring the 
necessary experimental data required to validate th e fast ignition 
scheme. The lack of experimental data on the target  physics as well as 
the complexity of the scheme and targets renders hi ghly uncertain the 
development path of fusion energy based on the fast  ignition concept.

Shock ignition is a very new concept introduced in 2007. Similarly to 
fast ignition, shock ignition is also a two-step pr ocess where a strong 
shock wave is used to heat the thermonuclear fuel p reviously assembled 
by a compression laser. An advantage of shock ignit ion is that the 
shock can be launched by the same laser used for th e compression, and 
therefore it requires a single laser. Much of the t arget physics for 
shock ignition is a straightforward extension from laser direct drive. 
However, launching strong shock waves requires rela tively high laser 
intensities and there are concerns about the coupli ng of the laser 
light to the target and other negative effects that  occur at high 
intensities. Most of the theoretical work on shock ignition to date 
comes from computer simulations carried out at the Laboratory for Laser 
Energetics, the Naval Research Laboratory, Lawrence  Livermore National 
Laboratory and the Centre Lasers Intenses et Applic ations in Bordeaux 
(France). This work shows that high energy gains ma y be possible with 
shock ignition using a sub-megajoule driver. Recent  experiments on the 
NIKE laser, target design work and computer simulat ions from NRL have 
indicated that Krypton-Fluoride lasers are particul arly suitable for 
shock ignition because they provide a more effectiv e drive for the 
shock and reduce the risks (to the target) of opera ting at high 
intensities. This interesting research stopped in 2 009 when the NRL 
program did not received funding in the FY09 Omnibu s Appropriations 
bill. While the simulation results are promising, t here is not 
sufficient available experimental data on the targe t physics to make an 
assessment of shock ignition as a viable scheme for  fusion energy. The 
only available implosion data on shock ignition com es from a few 
experiments on the OMEGA laser. Acquiring meaningfu l experimental data 
requires access to the NNSA laser implosion facilit ies OMEGA and NIF. 
Like fast ignition, access to these facilities for shock-ignition 
research is very limited. For example, only one day  of operation of the 
OMEGA facility was devoted to shock ignition in FY0 9. Inadequate access 
to the NNSA laser facilities is currently the main obstacle to 
acquiring the necessary experimental data required to validate the 
shock-ignition scheme. Due to the lack of experimen tal data on the 
target physics, the development path for shock igni tion is uncertain.

         Finding: Laser drivers are the most develo ped drivers for 
        inertial fusion. The target physics for las er direct drive is 
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        also the most advanced. Because of the rela tively low driver 
        efficiency, laser-based inertial fusion ene rgy requires high 
        gain targets (with gains above 100). Laser direct drive, fast 
        ignition or shock ignition may provide such  high gains. A power 
        plant based on conventional direct drive wi ll likely require 
        large and expensive megajoule-class lasers.  Fast and shock 
        ignition may require a significantly smalle r driver than 
        conventional direct drive. However, little experimental data is 
        available for fast and shock ignition to ma ke a valid 
        assessment of their viability for fusion en ergy. Heavy-ion 
        drivers are more efficient than lasers but little or no 
        experimental data is available on implosion  physics for heavy 
        ion fusion and there are no plans to acquir e such data in the 
        near future. Z-pinch fusion uses the indire ct-drive approach 
        and requires high gains (about 100 or more) . Z-pinch research 
        has made progress in target physics but ser ious questions 
        remain on the viability of Z pinches as fus ion-energy drivers.

    Existing NNSA facilities have the capability of  exploring the 
physics principles of direct- and indirect-drive la ser fusion, as well 
as fast and shock ignition. Fast and shock ignition  research is 
currently funded by the OFES. Access to the NNSA fa cilities for fast 
and shock-ignition experiments is currently very li mited since NNSA's 
mission does not include fusion-energy development.  This limited access 
is currently the main obstacle to acquiring the nec essary experimental 
data required to validate high-gain IFE concepts.

         Recommendation: OFES and NNSA have already  formed a joint 
        program to fund high-energy-density physics  research. This 
        partnership should be strengthened to incre ase access to NNSA 
        facilities for research in the area of high -gain inertial 
        fusion energy concepts.

3. Developing the Technology for Inertial Fusion En ergy

    Achieving ignition and high gain does not imply  that economically 
attractive fusion energy is just around the corner.  Major technological 
and engineering challenges will still remain even a fter the 
demonstration of ignition. The development of a via ble fusion power 
plant requires large scientific and financial inves tments. Drivers 
compress the pellet and are the most complex and ex pensive component of 
an IFE power plant. The driver is part of an integr ated system 
including a target chamber, injection systems and o ther components. 
Drivers must operate with relatively high repetitio n rates to produce 
enough average power output.

        Finding: Several IFE drivers have been prop osed: solid state 
        lasers, Krypton-Fluoride lasers, Z pinches and heavy-ion beams. 
        Drivers are part of an integrated system in cluding a target 
        chamber, injection systems and other compon ents. While the 
        technology of some drivers is more advanced  than others, none 
        of them offers a development path free of m ajor engineering and 
        technological challenges.

    Therefore, before launching a major energy deve lopment program, it 
is prudent to make an assessment of the different d river options. This 
can begin immediately with a small exploratory IFE technology program 
(``small'' here is used for comparison with the ``l arge'' science 
program of the National Ignition Campaign).
    In the past ten years, the High Average Power L aser Program, funded 
by NNSA under congressional mandate, was engaged in  IFE technology 
development for KrF and solid state lasers. This pr ogram was not funded 
in the FY09 Omnibus Appropriations bill and no fund ing is currently 
provided for IFE technology.
    Lasers are the most technically advanced driver s. Small-scale high-
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repetition-rate KrF and solid-state lasers have bee n built and tested. 
Research in target physics for laser drivers is als o the most advanced. 
Furthermore, the current experimental campaign will  explore ignition 
with lasers implying that all the target physics is sues will only be 
resolved for laser drivers. Other drivers will like ly require longer 
development paths for both the technological develo pment and the target 
physics. An exploratory IFE program should be start ed with the goal of 
selecting the most attractive driver option in orde r to move quickly 
toward an expanded energy development program once the NIF has 
demonstrated ignition and energy gains.
    Because of the engineering and technological di fficulties involved 
with fusion energy, it is important to assess/explo re all possible 
schemes including fusion-fission hybrids. A fusion- fission hybrid power 
plant consists of a fusion reactor (the ``engine'')  surrounded by a 
blanket of fissionable material. This concept has b een recently 
promoted by the Lawrence Livermore National Laborat ory (LLNL). The 
fissionable material is depleted uranium or spent n uclear fuel, while 
the fusion engine is based on the laser indirect-dr ive approach. Since 
the fission blanket amplifies the energy output fro m the fusion engine, 
a relatively low-gain laser indirect-drive (or dire ct-drive) scheme may 
suffice in its role as neutron source. Advocates ar gue that the LLNL 
approach to fusion-fission hybrids offers the short est development path 
for inertial fusion energy since the target physics  and the required 
target gains are essentially the same as the ones e xplored by the NIF 
within the next few years.
    In light of these possible advantages, an explo ratory IFE 
technology program should also assess the viability  of fusion-fission 
hybrid systems and make a determination on the bene fits of such systems 
and the possibility of a shorter development path.

         Recommendation: It would be beneficial to immediately develop 
        an exploratory fusion technology program in  parallel to the 
        ignition campaign to assess the viability o f the different 
        driver options. If successful, such a progr am will select the 
        most attractive driver by the completion of  the ignition 
        campaign on the NIF.

Additional technical information, findings and reco mmendations can be 
found in:

          Fusion Energy Science Advisory Committee,  Advancing 
        the Science of High Energy Density Laborato ry Plasmas, 
        (Chapters 7, 9, 11), U.S. Department of Ene rgy, Office of 
        Science, January 2009.

          Fusion Energy Science Advisory Committee,  Review of 
        the Inertial Fusion Energy Program, U.S. De partment of Energy, 
        Office of Science, March 2004.
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Edward Teller Medal for his seminal contribution to  the theory of 
thermonuclear ignition and implosion physics for in ertial confinement 
fusion. Dr. Betti received a ``laurea cum laude'' d egree in Nuclear 
Engineering from the University of Rome, and a Ph.D . in Nuclear 
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    Chairman Baird. Thank you, Dr. Betti.
    Dr. Fonck.

  STATEMENT OF DR. RAYMOND J. FONCK, PROFESSOR OF E NGINEERING 
            PHYSICS, UNIVERSITY OF WISCONSIN-MADISO N

    Dr. Fonck. Mr. Chairman, Ranking Member Inglis and Members 
of the Committee, thank you for the opportunity to testify 
today. I got the instruction from your letter to sa y what our 
vision for the next 10 to 20 years is, and I though t about it 
and said the biggest vision is: we should not have this hearing 
again in 20 years. We should not be talking about f usion energy 
science; we should be talking at that point about f usion energy 
development, and there is a crucial difference. So to answer 
your question, I will give you an example of a path  we could 
take to pursue in the next 10 to 20 years to get in  that 
direction.
    In spite of the scientific progress we have mad e, it is no 
secret there is skepticism on the credibility or ti meline of 
fusion energy but much of that can be traced to the  fact that 
the full range of technical challenges is not being  addressed. 
These challenges are--some of them have been mentio ned--
demonstrating and exploring the burning plasma stat e, creating 
predictable, high-performance continuous plasma, ta ming the 
plasma material interface and harnessing fusion pow er from the 
very energetic neutrons released in fusion. Address ing these 
four challenges would provide the knowledge base to  establish 
the credibility of fusion as an energy source and m otivate a 
decision to establish a fusion energy development p rogram.
    There has been outstanding progress in fusion e nergy 
science, as has been mentioned here already, under the auspices 
of the Department of Energy. Most of this is focuse d on the 
properties of the extremely hot fuel or plasma requ ired for 
fusion energy and reactions to occur. But it is ver y important, 
and it must be emphasized, that fusion science is n ot just 
plasma physics. The frontiers of fusion science res earch are 
moving to the critical issues of the last two fusio n 
challenges: the plasma-wall interactions and harnes sing fusion 
energy. At the same time as these frontiers are mov ing, our 
experimental facilities are aging. Our leading expe riment is 
over 20 years old. The next-generation state-of-the -art 
facilities and capabilities are being developed out side the 
United States. The fact that we have not positioned  ourselves 
to lead in addressing the first two challenges beca use of these 
aging facilities, and that we haven't built anythin g in 20 
years, puts us in a unique position, however, of be ing able to 
address more aggressively the last two elements of the fusion 
challenge. An emphasis on the complex processes occ urring in 
the plasma material interfaces, their integration w ith the 
systems with that extract energy from the fusion sy stem and the 
effects of the fast neutrons on those processes, sh ould be the 
focus of the domestic U.S. program in the ITER era.  This 
program and ITER together will address most of the critical 
issues underlying the credibility of fusion energy.  Just as 
importantly, it starts the United States on the pat h to benefit 
economically from its long-term investments in fusi on science 
research. Indeed, the intellectual property rights that accrue 
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from the development of fusion will concentrate in these areas, 
not in the plasma sciences directly.
    So it is time to create a plan to put the U.S. fusion 
program on a trajectory towards leadership in the n ext 
generation of fusion research. To accommodate reali stic 
budgets, specific programs and facilities in our pr ogram will 
need to be redirected or completed to free resource s for these 
new directions. Domestically, the program should mo ve to 
address the pending nuclear and energy-related issu es that 
fusion will present. These scientific challenges wi ll be 
addressed first in small-scale studies, material st udies, 
computational modeling, et cetera. But this effort should 
culminate in a national, integrated fusion nuclear science test 
facility as the central fusion facility in the Unit ed States. 
It will provide the needed integrated test of our u nderstanding 
of the coupled plasma-wall energy conversion system s. Whatever 
form this facility takes, this centerpiece experime nt in the 
United States should be a deuterium-tritium facilit y to access 
the full range of fusion nuclear issues.
    The transition of the domestic program to an in creasingly 
strong focus on fusion nuclear sciences can be exec uted over 
the next decade or so concurrent with the construct ion and 
initial operation of ITER. As ITER construction win ds down, the 
roll-off of those funds could be applied to this ne w national 
facility to meet the new challenges. Pursuing this program 
would vault the U.S. program into leadership of cri tical areas 
of the overall fusion challenge. In the ITER era, t he research 
activities on ITER and this U.S. program would argu ably define 
the centers of gravity of fusion science and engine ering 
development and will expedite the decision whether to develop a 
demonstration fusion reactor either by the U.S. Gov ernment or 
industry or some combination thereof.
    So there is a pressing need for plans, A, to ev olve--a 
world-leading fusion nuclear science program under realistic 
budgets, and B, to develop the technical case for a n evolution 
of the program into a fusion energy development pro gram as soon 
as it can. To support developing those plans, the p lanning of 
scientific missions and conceptual designs of requi site 
facilities to match those missions should begin imm ediately. 
Support of H.R. 3177, the Fusion Engineering Scienc e and Fusion 
Energy Planning Act of 2009, would provide funding to start 
this transformation of the program.
    Finally, I just want to comment on inertial fus ion, because 
I have been concentrating on magnetic. If its the c ampaign to 
demonstrate ignition of fusion plasmas via inertial  confinement 
in the National Ignition Facility is imminent. The achievement 
of ignition in NIF will be exciting and historic. I t will 
rightly demand a reexamination of our national posi tion on 
inertial fusion energy, or IFE. As the ideas and pr oposals for 
moving forward towards an IFE program evolve after results are 
obtained from NIF, it would be valuable to have a d isinterested 
expert panel outside the community evaluate the pro spects for 
inertial fusion energy to inform and motivate any d ecision 
about moving forward to a new inertial fusion energ y science 
program.
    Again, thank you for the opportunity to address  the 
Committee.
    [The prepared statement of Dr. Fonck follows:]
                 Prepared Statement of Raymond J. F onck
    Mr. Chairman, Ranking Member Inglis, and Member s of the Committee, 
thank you for the opportunity to testify today. In my testimony I will 
try to describe how the U.S. Fusion Energy Sciences  program has been 
quite successful, but has been, through historical and artificial 
constraints, unable to address key issues that must  be resolved before 
practical fusion energy can be reached. I will also  suggest one 
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possible path along which these issues can be resol ved within a 
reasonable budgetary envelope.
    Research on the properties of high-temperature plasmas, the fuel 
for fusion reactors, has made tremendous strides in  the past decades. 
In the future, the scientific frontiers of fusion w ill increasingly 
move to the complex interactions among the cooler p lasma edge, the 
materials of the surrounding chamber, and energy ex traction systems, 
and the role of neutrons in modifying those interac tions. To address 
these critical issues and motivate a future fusion energy development 
program, it is time to start building a fusion nucl ear science program 
in the fusion R&D portfolio. It will start with mod est activities in 
materials and related research, and should have a l onger-term goal of 
deploying a new national fusion nuclear science res earch facility as 
the centerpiece of the U.S. domestic experimental e ffort in magnetic 
fusion in the ITER era. The transition to these new  efforts will be 
gradual and must be funded during ITER construction  in large part by 
completing existing programs. Strategic plans for t he evolving program 
need to be developed. In addition, the anticipated success of the 
ignition campaign on NIF should motivate an examina tion of proposals 
for a new program in inertial fusion energy science  and/or engineering. 
Support of H.R. 3177, the Fusion Engineering Scienc e and Fusion Energy 
Planning Act of 2009, would provide funding to assi st the start of 
necessary transformations in the program.

Progress in Plasma Sciences Motivates a New Phase o f Fusion Research

    Fusion is the nuclear process that produces ene rgy in the interior 
of the sun and stars. Developing fusion power in th e laboratory truly 
means capturing the power of the sun here on Earth,  and is a grand 
challenge of science and technology. The path to pr oducing useful 
energy through the fusion process here on Earth is complex, and the 
quest is not complete.
    With readily available fuel and significant env ironmental 
advantages, fusion energy is a candidate for signif icant carbon-free, 
base-load energy production in the second half of t his century. 
However, major new energy technologies can require decades to strongly 
penetrate the market after introduction. To offer t he possibility of 
fusion power in a useful timeframe, we need to move  as quickly as we 
can now to exploit and complement the advances in f usion energy R&D 
that are expected in the next decade or more.
    Historic achievements have been made and others  are eagerly 
anticipated in the world of fusion energy sciences research. Past 
demonstrations of 10-20 MW of fusion power producti on in the TFTR (in 
the U.S.) and JET (in the E.U.) experiments confirm ed the promise of 
magnetic confinement of fusion plasmas in the 1990' s. The U.S. 
subsequently entered the ITER project to allow U.S.  scientists to 
explore magnetically confined burning plasmas. A bu rning plasma exists 
when the power released by the fusion nuclear react ions is roughly 5-10 
times larger than the power injected to sustain the  fusion process. All 
of those experiments are based on the tokamak conce pt, which is a type 
of donut-shaped magnetic bottle that holds the hot fusion fuel away 
from any material walls.
    In addition to the magnetic confinement approac h with tokamaks, the 
demonstration of ignition in inertially driven fusi on targets in the 
National Ignition Facility is planned for the near future. This relies 
on powerful lasers to compress solid fusion fuel pe llets to heat them 
to fusion temperatures and create a very short, pow erful release of 
fusion energy.
    There has been outstanding progress in fusion e nergy science 
research under the auspices of the Department of En ergy Office of 
Science programs. Most of this has focused on the p roperties of the 
extremely hot fuel, or plasma, required for fusion reactions to occur. 
Our understanding of the extraordinarily complex pr oblem of small-scale 
plasma fluctuations that lead to increased heat los ses, and hence 
inhibit the ability to achieve the fusion state, ha s evolved to the 

- THE NEXT GENERATION OF FUSION ENERGY RESEARCH http://www.gpo.gov/fdsys/pkg/CHRG-111hhrg52894/html/CHRG-111hhr...

58 of 81 12/7/2014 5:12 PM

skrivit
Highlight

skrivit
Highlight

skrivit
Highlight



point where these fluctuations can often times be s uppressed. This 
leads to increasing plasma temperatures and fusion power. The 
understanding and predictability of fusion-grade pl asmas have been 
refined to the point that the plasmas can be active ly controlled to 
avoid damaging large-scale instabilities. Technique s to heat and 
manipulate these plasmas to finely tailor the plasm a state and thereby 
optimize the potential to produce fusion reactions are being 
successfully developed. Similar progress has been m ade in understanding 
inertially confined plasmas in defense-related DOE programs. With all 
of these accomplishments in plasma sciences and sup porting 
technologies, we are resolving some of the major pl asma physics issues 
in the overall challenge of establishing the base f or fusion energy.
    These developments represent the culmination of  decades of research 
in high temperature plasma sciences, and motivate u s to confront the 
additional challenges remaining to making the case for fusion energy. 
Hence, it is indeed timely to consider ``The next g eneration of Fusion 
research,'' and it is time to start broadening the scope of the 
programs to expedite decisions on a commitment to f usion energy 
development.

Broadening the Fusion Research Portfolio to Enable a Future Energy 
                    Development Program

    The DOE fusion science programs have, somewhat of necessity and 
somewhat due to artificial constraints, concentrate d on studying many 
of the relevant plasma science questions that arise  in moving towards 
fusion energy conditions. However, the fusion chall enge is much broader 
than high temperature plasma science and its attend ant enabling 
technologies. The development of the knowledge base  for fusion energy 
requires a variety of topics to be addressed, inclu ding basic high 
temperature plasma science, measurement sciences, m aterials, the 
effects of nuclear interactions, and the engineerin g technology 
challenges of capturing and converting fusion energ y. In fact, the full 
range of issues is well known, and only a fraction of them are 
addressed in the present program.
    The research and development needed to establis h the foundation for 
fusion energy development were identified in plans for fusion energy 
research in the 1970's, acknowledged in repeated re views and planning 
documents since then, and most recently restated by  a major Fusion 
Energy Sciences Advisory Committee study that was c harged to identify 
the gaps in our knowledge that remain, assuming suc cessful completion 
of the ITER burning plasma program. While the detai ls vary, the general 
issues identified through the years have not change d, mainly because 
they are driven by the physical challenges of attai ning and exploiting 
the fusion state.
    From the most recent assessment of fusion, the fusion R&D 
enterprise must at least address the following four  challenges.

FUSION CHALLENGES:

          Demonstrating and exploring the burning p lasma state

                  Creating and controlling a fusion  plasma that 
                releases several 100 MW of energy, and understanding 
                the effects of very energetic fusio n-created particles, 
                is a grand challenge of fusion scie nce research.

          Creating predictable, high-performance, s teady-state 
        plasmas

                  A continuously burning plasma tha t behaves 
                predictably and is highly efficient  is needed for 
                economical fusion reactors

          Taming the plasma-material interface
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                  Magnetic confinement sharply redu ces the contact 
                between the plasma and the containm ent vessel walls, 
                but such contact cannot be entirely  eliminated. 
                Advanced wall materials and magneti c field structures 
                that can prevent both wall erosion and plasma 
                contamination are required.

          Harnessing Fusion Power

                  Fusion energy from deuterium-trit ium (D-T) reactions 
                appears in the form of very energet ic neutrons. The 
                understanding of the effects of the se neutrons on the 
                surrounding materials and the fusio n plasma, and the 
                means of capturing this energy, whi le simultaneously 
                breeding the tritium atoms needed t o maintain the 
                reaction, must be developed.

    The first two challenges are addressed by resea rch focused on 
understanding the high-temperature plasma propertie s in the hot central 
core region of these magnetically confined plasmas.  This research has 
been very successful, and will remain a vibrant fie ld well into the 
future.
    However, the scientific frontiers of fusion are  inexorably moving 
to examine the critical issues of the plasma intera ctions with the 
material chamber, and methods of extracting the ene rgy from the fusion 
process. These topics are the focus of the last two  challenges. For 
example, it is now clear that the processes in the edge plasma region, 
where the hot plasma interacts with the surrounding  material chamber, 
profoundly influence the overall behavior of the pl asma in the central 
hot region. The processes that occur in the plasma- chamber-energy 
conversion systems increase in number and complexit y in the presence of 
a high-energy neutron flux, where the properties of  the materials and 
their interactions with the plasma edge, can be sig nificantly altered. 
This interacting plasma-chamber-energy conversion s ystem will 
eventually need to be examined in integrated tests.  This will encompass 
the entire fusion system, and complement the burnin g plasma studies to 
address all four fusion challenges.
    It is no secret that there is skepticism on the  credibility or 
timeline of fusion as an energy source, and much of  it can be traced to 
the fact that this full range of challenges is not being addressed. 
Nevertheless, in those areas that have been address ed in detail (mainly 
concerning 1 and 2 above), the progress has been st eady, impressive, 
and acknowledged. Outside evaluations of the scienc e developed by the 
fusion research program have affirmed the high qual ity and integrity of 
that scientific enterprise. However, few resources have been focused on 
addressing the last two fusion challenges listed ab ove, and hence 
progress there has been slow, which in turn undermi nes the argument for 
accelerating the development of fusion energy.
    With the entry into the era of burning and igni ted plasmas, it is 
time to broaden the fusion research enterprise to a ddress, at 
appropriate levels, the full range of fusion challe nges. ITER will 
provide us unique tests of the physics of the high- temperature core of 
a fusion system and some reactor-relevant technolog y. An emphasis on 
the complex processes occurring in the plasma-mater ial interfaces, 
their integration with the systems that extract ene rgy from the fusion 
system, and the effects of neutrons on those proces ses, should be the 
focus of the domestic U.S. program in the ITER era.  These two efforts 
together will address most of the critical issues u nderlying the 
credibility of fusion energy. This will then provid e the government and 
industry the information needed to decide any futur e commitment to 
fusion energy development as soon as possible.
    Most present fusion-energy related research is in the portfolio of 
the Office of Fusion Energy Sciences in the Office of Science of DOE, 
and is concentrated on the magnetic confinement app roach. It is 
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establishing the scientific basis for fusion energy , but it is natural 
to expect that at some time in the future this prog ram will evolve to a 
dedicated fusion energy development program, either  inside or 
presumably outside of the Office of Science. This e volution will occur 
as the credibility of fusion energy is established through focused 
research activities that address in part all of the  fusion challenges 
above. Continuing basic science studies to support this focused energy 
development program would continue in the Office, s imilar to other 
programs there. Indeed, this is precisely what the National Academics 
recent Decadal Study for Plasma Physics suggested w ill be the natural 
evolution of this program.
    A major challenge of the present fusion researc h program is to 
establish the credibility of fusion energy to exped ite this transition 
to an energy development program. To that end, DOE and the research 
community soon need to develop a long-range strateg y to both justify 
and smoothly effect this transition towards an ener gy development 
program, assuming success in the present science pr ogram. Moving in 
this direction can be done within reasonable fundin g levels and will 
attract a new generation of researchers.

BROADENING THE FUSION PORTFOLIO IN THE NEAR-TERM

    While one can anticipate the future fusion ener gy development 
program, the ability to move the present fusion sci ence program forward 
within realistic budget constraints is hampered by both externally and 
internally imposed constraints.
    The program is strongly focused on the underlyi ng plasma science of 
the fusion plasma core. It does not address the ric h array of 
scientific and engineering challenges that arise in  the entire fusion 
system, and that must be addressed in the quest to demonstrate the 
viability of fusion power. Practically, this result ed from an external 
constraint on the program that there could be littl e research into the 
engineering sciences, material sciences, and techno logies relevant to 
fusion energy until the whole range of underlying p lasma physics issues 
is addressed.
    While this constraint may have reflected priori ty setting in a 
resource-limited program and been used as a means o f restraining the 
appetite for significantly increased budgets withou t clear priority 
setting, it is increasingly anachronistic. Without removing this 
constraint, we will miss the opportunity to develop  the knowledge and 
skills in precisely those areas of the fusion probl em that will lead to 
economic advantages from our long investments in fu sion research. In 
considering the next phase of fusion research, I as sume that this 
constraint is lifted and the Office of Fusion Energ y Sciences will be 
free to allocate resources across the relevant broa d range of issues to 
optimize the path to a fusion energy development pr ogram within 
available resources.
    The fusion research community imposes another c onstraint on itself 
by seeing its resources as locked and concluding th at there is little 
opportunity to move forward to new frontiers, which  often means new 
facilities to access new physical states. This sens e of insurmountable 
limits arises from real constraints on the amount o f funding available, 
but also from an unwillingness to acknowledge clear ly focused goals and 
make hard priority choices to achieve those goals.
    This can be addressed by developing a plan for fusion R&D in the 
next decade and beyond that makes the hard choices needed to regain 
U.S. leadership in selected areas that focus on the  credibility and 
eventual economic exploitation of fusion as an ener gy source. In 
particular, an eight- to ten-year plan that include s a growing activity 
in the critical fusion nuclear science and engineer ing issues that are 
relevant to exploitation of the energy-producing pl asma should be 
developed and pursued. The goal of this plan would be to move smoothly 
over the next decade during ITER construction to in clude in the U.S. 
fusion program a world-leading fusion nuclear scien ce program, with 
access to the requisite tools and resources to addr ess the critical 
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issues during the ITER era.
    As mentioned above, the U.S. fusion science res earch program is 
addressing mainly the first two of the four main fu sion challenges. 
However, the next-generation, state-of-the-art faci lities and 
capabilities to address both of these challenges ar e being developed 
and located outside the U.S. The burning plasma pro gram is now centered 
on ITER in France, and the large major tokamaks tha t are cited as 
necessary for ITER preparation and operation are lo cated in the EU and 
Japan. Likewise, tokamaks with superconducting coil s and world-class 
stellarator experiments will lead the research to r esolve the issues 
inherent in steady-state plasma operations. The new  superconducting 
tokamaks are located in China, South Korea, and Jap an, while the large 
stellarator experiments reside in Germany and Japan . U.S. scientists, 
using older facilities, have certainly made seminal  contributions to 
these various concepts--indeed, some of these facil ities have benefited 
directly from U.S. developments. However, it is ine vitable that 
research on these new facilities will guide fusion energy science 
developments in these areas in the future. Hopefull y, our scientists 
will collaborate on these international facilities,  but the net 
consequence is that the U.S. is off-shoring its abi lity to lead in the 
first two of the four challenges of fusion energy d evelopment.
    This, however, puts the U.S. community in the p osition of being 
able to address more aggressively the last two elem ents of the fusion 
challenge. In particular, we have a unique opportun ity to pursue world 
leadership in the new frontiers of fusion: plasma-w all interactions, 
materials, and harnessing fusion energy. These area s cover the problems 
inherent in handling, capturing, and converting fus ion neutrons and 
heat created by the fusing plasma to useful power. The problems 
include: plasma, atomic, molecular, and nuclear phy sics; material 
sciences; neutron sciences; and associated engineer ing challenges. 
Starting to move the U.S. program in the direction of addressing these 
integrated problems complements the planned researc h on ITER and 
directly confronts major points of criticism of fus ion power. Most 
importantly, it starts to position the U.S. to bene fit economically 
from its long-term investments in fusion science re search. Indeed, the 
intellectual property rights that accrue from fusio n development will 
concentrate in these areas, since the plasma scienc e knowledge to 
address the first two elements is openly developed and available.

A CONSTRAINED, AGGRESSIVE FUSION ENERGY RESEARCH PLAN

    A fusion program with a properly expanded scope  to include a 
growing focus on the underlying nuclear and energy science issues can 
be readily envisioned. One such scenario is outline d here, but it is 
only conceptual. Wide variations of this approach c ould emerge as 
planning goes forward. In any case, it must be cons trained to realistic 
budgets, include milestone commitments, and contain  sometimes-painful 
priority decisions.
    I assume that the ITER construction will be sup ported, and U.S. 
domestic research funds will include the present le vel, with inflation 
escalation, and any increases that the program can successfully compete 
for as the Office of Science budget increases thoug h pursuit of the 
goals of the America COMPETES Act. This funding pro file will require 
that specific programs and facilities in the U.S. p rogram be completed 
to provide resources for new directions of research .
    The central activities addressing the first two  elements of the 
fusion challenge will migrate to collaborative rese arch on 
international facilities. That is, the research add ressing the burning 
plasma and steady-state issues for fusion plasmas w ill be pursued 
overseas, and major U.S. facilities will be transit ioned out as their 
programs are completed. As the new superconducting and steady-state 
plasma facilities come into full operation overseas , collaborative 
agreements will need to be developed or expanded to  provide our 
scientists access to those capabilities that are no t available in the 
U.S. Participation in ITER burning plasma studies w ill eventually 
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require the development of a U.S. ITER science team . This team could 
also execute that collaborative research on other s tate-of-the-art 
tokamaks in anticipation of the ITER collaborations .
    The stellarator (mentioned earlier) is a magnet ic confinement 
concept that is similar to the tokamak but in a sen se offers simpler 
plasma properties at the expense of more complex me chanical systems. It 
may provide a potential breakout concept for a fusi on reactor concept, 
and international collaboration is also critical he re. However, there 
may be a world-leading role for the US to pursue mo dest facilities to 
resolve critical issues. The domestic program in th e U.S. should retain 
a viable research activity in this area to support informed decisions 
on future reactor concepts.
    Domestically, the U.S. fusion science program s hould now begin to 
address the pending nuclear and energy-related issu es that fusion will 
present. The scientific challenges of plasma-wall i nteractions can be 
addressed initially in present tokamaks, move to de dicated test stands 
to understand underlying physics, and eventually be  a focus in the 
first phases of a central U.S. facility dedicated t o fusion nuclear 
science issues. The fusion nuclear science program should ramp up over 
time to at least include: elemental material scienc e studies and 
development of materials conducive to deployment in  the fusion 
environment; materials tests using fission reactor irradiation; a 
materials test station to allow initial tests of sm all materials 
samples under intense energetic neutron bombardment ; small-scale 
supporting test facilities as needed; and computati onal modeling of the 
integrated fusion system.
    This effort should culminate in a national inte grated fusion 
nuclear science test facility as the central fusion  experimental 
facility in the U.S. It will provide the needed int egrated tests and 
development of our understanding of the coupled pla sma-wall-energy 
conversion systems. While the actual form that the fusion nuclear 
science test facility takes will depend on detailed  development of its 
mission requirements and comparison of competing co ncepts, this next 
major confinement experiment in the U.S. should be a DT (deuterium-
tritium) facility to access the full range of fusio n nuclear issues. 
Such a facility would likely attract a substantial investment from 
other countries should the U.S. seek to lead this e ffort and pursue 
such partnerships. A phased development of the capa bilities of this 
experiment will restrain costs and coincidently mit igate the impacts of 
our off-shoring our abilities to address the first two fusion 
challenges above.
    The transition of the domestic program elements  from the present 
configuration to one including the second two fusio n challenges is 
required. It is important to recognize that this tr ansition will take 
time, both to bring existing activities to successf ul closure and 
transition people and resources to new directions. Generally, the 
transition can be executed over the next decade or so, concurrent with 
the construction and initial operation of ITER.
    As the ITER construction winds down, those roll -off funds should be 
applied to the new national facility to meet the ch allenges I have 
mentioned above. Some augmentation of those funds w ill be required to 
support a full DT implementation, but foreign colla borations might be 
solicited to help make up this gap.
    To prepare moving in this direction, the planni ng of scientific 
programs and conceptual designs of requisite facili ties to match chosen 
scientific missions must begin immediately. These w ill inform decisions 
needed in a few years. In the meantime, the near-te rm activities of the 
program will center on completing missions for exis ting facilities and 
programs as needed to begin a wedge of growth of a Fusion Nuclear 
Science Program component to the U.S. fusion progra m. There is 
especially an immediate need for initiating related  materials research 
and developing trained fusion engineering science p ersonnel.
    Executing this transition of the program, and e ventually deploying 
an integrated fusion nuclear science experiment, wo uld vault the U.S. 
program into leadership of critical areas of the ov erall fusion 
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challenge. In the ITER era, the research activities  on ITER and this 
U.S. program would arguably define the centers of g ravity of fusion 
science and engineering development, and will exped ite the decision on 
proceeding to the development of a demonstration fu sion reactor, 
whether by the U.S. Government, industry, or some c ombination thereof.
    There are substantial risks to pursuing this pr ogram, and they must 
be recognized and managed. There is a real potentia l for loss of 
expertise and momentum as major U.S. facilities rol l off and 
international collaboration becomes the norm for ac cess to leadership-
class facilities. If all or almost all of the major  confinement 
experiments in the U.S. were terminated well before  a new national 
experiment was initiated, there would likely be a l oss of specialized 
machine designers. This in turn would make it incre asingly difficult to 
start world-class programs in the U.S. as the inter national community 
moves forward. This has already happened in individ ual laboratories in 
the fusion community.
    There is the danger of loss of interest by new young scientists 
without world-class U.S. facilities while waiting f or a new national 
facility. There will inevitably be displacement of personnel, and long-
term planning and scheduling will be required so th at scientists and 
engineers know what is coming and can adjust accord ingly. These changes 
will not necessarily be welcomed by the research co mmunity because they 
will almost inevitably include some reduction of th e activities 
presently being pursued, and everyone can legitimat ely claim there is 
much more to do in any given area. Indeed, an addit ional risk is that 
many underlying science issues will receive less em phasis than may be 
called for. Finally, there is the risk that collabo rations with U.S. 
scientists may be seen to be less valuable to forei gn hosts when the 
U.S. has a decreasing number of world-class facilit ies and likely some 
declining domestic research capabilities.
    These are serious consequences to a vital resea rch program, and 
they are not suggested casually. They follow direct ly from the funding 
levels expected for the program and the scientific demands of the 
fusion enterprise. The program could be fatally dam aged if these 
transitions are not managed adroitly.
    However, there are corresponding risks to not e volving from the 
present program while our international partners an d competitors 
aggressively advance their programs. We will either  further, or 
possibly indefinitely, delay a decision on developi ng fusion energy. We 
would not be competitive as fusion energy and it co mmercial 
applications are developed elsewhere.
    Thus, the program must focus and move forward t o make the case for 
a breakout into a fusion energy development program  as soon as it can. 
To that end, it may be useful to develop a technica l contract among the 
fusion research community and DOE managers to defin e what minimal 
knowledge base is needed to establish the credibili ty of fusion and 
then confront the question of whether society wants  to make the next 
level of investment for the development of commerci al fusion energy. 
This contract should reflect the views of energy po licy professionals 
on the criteria for the credibility of fusion as an  energy source.

A COMMENT ON INERTIAL FUSION ENERGY RESEARCH

    This discussion has focused on the direction of  the magnetic 
confinement fusion research, given its prominence i n the present OFES 
program. As mentioned earlier, the campaign to demo nstrate ignition of 
fusion plasmas via inertial confinement with laser compression of solid 
fuel pellets on the National Ignition Facility is i mminent. At present, 
there is no established program in the U.S. with a focus on developing 
the science and technology of inertial fusion energ y (IFE). There is a 
modest research program in the related area of High  Energy Density 
Physics, but it is quite broad and addresses some p oints of interest to 
IFE.
    The achievement of ignition in NIF will be exci ting and historic. 
It will rightly demand a reassessment of our nation al position on IFE. 
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When ignition is demonstrated, there naturally will  be increased 
interest in this approach to fusion production as a n energy source. 
However, the challenges expected to move from this accomplishment to an 
energy source are as at least comparable to those i n the magnetic 
fusion approach. While first concentrating on incre asing the fusion 
gain to levels of interest to energy production, th e issues of target 
development, laser development, and fusion chamber development will 
rise in interest. In addition, many of the material s and nuclear 
science issues to be addressed in the proposed fusi on nuclear science 
program are common to both approaches to fusion ene rgy.
    As the ideas for moving forward towards an IFE program evolve after 
data is obtained from NIF, it would be valuable to have a disinterested 
expert panel evaluate the prospects and requirement s for inertial 
fusion energy to inform any decision to embark on a n inertial fusion 
science program or an inertial fusion energy develo pment program.

SUMMARY

    Significant progress in fusion science has been  made in the past 
decade, and a solid scientific basis now exists to plan towards a 
fusion energy mission. The recognition that magneti c fusion energy 
research is at a mature stage for exploring burning  plasmas and the 
expected achievement of high fusion gain in NIF for  inertial fusion 
energy presage new eras for fusion research and dev elopment.
    There is a pressing need to broaden the range o f fusion research in 
the U.S. to prepare to explore the new frontier of fusion science, 
i.e., the integrated plasma-chamber-energy conversi on system. To 
address this issue and position the U.S. as a world -leading source of 
expertise in the developing and harnessing of fusio n power in the post-
ITER era, it is timely to begin building a fusion n uclear science 
program. This will complement the advances made in magnetic confinement 
plasma sciences. It will start with modest activiti es in materials 
research and development of a new cadre of fusion e ngineers, and 
progress to the deployment of a new national fusion  science research 
facility as the cornerstone of the U.S. fusion expe rimental effort in 
magnetic fusion.
    The transition to these new efforts should be g radual and supported 
during ITER construction in large part by completin g existing programs 
and out-sourcing many of our near-term activities t o new facilities and 
programs presently being developed in partner state s. Strategic plans 
should be developed to map the next decade or more to point to the 
initiation of a national fusion nuclear science tes t facility and to 
map the present fusion science program to a future fusion energy 
development program, with priority given to expedit ing that transition. 
This will necessarily be a very focused program, an d hence contain 
risks of disrupting the existing infrastructure and  missing other 
profitable avenues of research and development.
    The highly anticipated success of the ignition campaign on NIF will 
rightly increase interest in evaluating the potenti al of inertially 
confined plasmas for energy applications, and shoul d motivate a high-
level review of proposals for a new program in IFE science and/or 
engineering.
    Finally, support of the H.R. 3177, the Fusion E ngineering Science 
and Fusion Energy Planning Act of 2009, would provi de a modest level of 
funding to start this transformation in the program .

                     Biography for Raymond J. Fonck
    Raymond John Fonck is a professor in the Depart ment of Engineering 
Physics and the Steenbock Professor in the Physical  Sciences at the 
University of Wisconsin-Madison. He received his Ph .D. in Physics from 
the University of Wisconsin-Madison in 1978 (atomic  physics and laser 
spectroscopy). He has been involved in fusion energ y science research 
for almost 30 years in the university and at nation al laboratories. He 
has also been involved in fusion science research p olicy, serving in 
several capacities for national advisory committees  and for committees 
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of the National Academies of Sciences and Engineeri ng. He recently 
served as Associate Director of the DOE Office of S cience for Fusion 
Energy Sciences.
    Specifically, he was at the Princeton Universit y Plasma Physics 
Laboratory from 1978 through 1989, where he was Dep uty Head of the PBX-
M Tokamak project and head of the spectroscopy grou p on the TFTR 
experimental team. He joined the Department of Nucl ear Engineering and 
Engineering Physics at Wisconsin in 1989. He headed  the Pegasus 
Toroidal Experiment and directed collaborative expe riments on the DIII-
D National Fusion Facility. He is a Fellow of the A merican Physical 
Society (APS), and served as President of the Unive rsity Fusion 
Association for 1999-2000. He was chair of the Orga nizing Committee for 
the 2002 APS Topical Conference on High Temperature  Plasma Diagnostics, 
and has served on APS Division of Plasma Physics or ganizing committees. 
He has served as a member of the Executive Committe e of the Division of 
Plasma Physics. He has been a member of several Pro gram Advisory 
Committees for large fusion science experiments, an d is presently Chair 
of the Fusion Simulation Program Advisory Committee . He served on the 
Fusion Energy Sciences Advisory Committee sub-panel  for U.S. 
participation in ITER. He also was a member on the Fusion Science 
Assessment Committee of the National Academies' Nat ional Research 
Council (NRC), and was co-chair of the NRC Burning Plasma Assessment 
Committee. He was a member of the NRC Board on Phys ics and Astronomy 
from 2003 to 2007, and was appointed a National Ass ociate of the 
National Research Council of the National Academies  in 2008. He 
presently is a member of the Fusion Advisory Board of the United 
Kingdom. Recently, he served as Associate Director of the Fusion Energy 
Sciences Program of the U.S. Department of Energy O ffice of Science. In 
that role, he led the fusion science program as it moves to exploring 
the burning plasma regime in the ITER international  experiment. The 
program also supports investigations of magneticall y confined plasmas, 
basic plasma science, high energy density laborator y physics, and 
fusion engineering sciences. Prior to his appointme nt to DOE, he was 
serving as the Director of the U.S. Burning Plasma Organization and 
Chief Scientist of the ITER Project Office. His res earch has been in 
experimental studies of high-pressure plasmas in to roidal geometries, 
plasma turbulence, and high-temperature plasma diag nostic development. 
He was awarded the 1999 APS Award for Excellence in  Plasma Physics 
Research for his work on measurements of turbulence  in high temperature 
plasmas. He was also awarded the Fusion Power Assoc iates 2004 Fusion 
Leadership Award. He is the author of over 180 arti cles in publications 
on plasma turbulence, plasma confinement and stabil ity, atomic physics, 
applied optics, and plasma measurement techniques.

                               Discussion

    Chairman Baird. I thank all the panelists for n ot only your 
testimony today but for your very distinguished car eers and 
your service to our country as scientists, and I wa nt to ask a 
number of questions and will recognize myself for f ive minutes 
to do so.
    I want to put my questions into context. The co ntext is 
known, and I often mention it regardless of the top ic of this 
hearing, but it is worth putting forward. The heari ng is in the 
context of a time when our country faces an $11 tri llion debt, 
a $1.4 trillion deficit over the last fiscal year. That is our 
fiscal situation. Our energy situation is that we, if as I 
believe the evidence is compelling that we face glo bal 
overheating and acidification of our oceans, the pa ce at which 
we need to make significant cuts in CO2 and other 
greenhouse gases is much more rapid than any of the  proposals 
currently moving through the Congress, and I think more 
ambitious than any of the proposals in terms of our  reduction 
of greenhouse gases. That puts a budgetary constrai nt and a 
timeline constraint, and so with that as context, l et me ask a 
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series of questions so I can understand the sort of  timeframe 
we are dealing with.

              How Fusion Energy Becomes a Usable Re source

    Just first of all, how--when we speak of igniti on, which I 
understand is when more energy is put out than put in, in 
layman's terms, what is the longest period of ignit ion achieved 
so far in any of our modalities in terms of time, h ow much 
time?
    Dr. Synakowski. Today actually no plasma has ig nited. We 
have had plasmas with controlled fusion reactions. An analog I 
like to use is that it has been like burning wet wo od. We have 
created a fire, we have controlled the fire, when w e take away 
the external flame, the fire goes out.
    Chairman Baird. Okay. Let us suppose we achieve  ignition, 
so the challenge, I think once ignition is achieved --this is 
not an easy thing and you folks have dedicated your  careers as 
brilliant as you are to this, and many others befor e you and I 
am sure after. So once we--if and when we actually achieve 
ignition, that is a eureka moment in a way but it i s not like 
all our problems are solved because now we have got  more energy 
coming out. The challenge is capturing that energy.  You have 
got to somehow capture it. My understanding is that , and 
correct me if I am wrong, and this is not meant in any way 
pejoratively, but basically the way we are going to  actually 
capture that energy is the good old-fashioned way o f making 
water hot and turning turbines. Is that the model w e are doing? 
And it is really great that we are still doing stea m engines. I 
just love this. I don't mean that critically but it  just kind 
of blows your mind that we are going to all this tr ouble to 
heat water up.
    Dr. Synakowski. It is a remarkable thing to go from E = 
MC2 to boiling water in a turbine. That is 
essentially the train you are talking about.
    Chairman Baird. So it is really important for t his 
committee and I think for Americans and taxpayers t o understand 
that just because we get ignition doesn't mean we c an now 
expect that oh, then next week we are going to turn  the lights 
on with energy produced by fusion energy, right? We  have got to 
somehow then find a way to actually harness that en ergy, and 
the current model is again through steam-driven tur bines, 
right? Is that--Dr. Betti?
    Dr. Betti. Yes, but there are two aspects. Igni tion will 
prove the physics of fusion. Making energy after ig nition 
requires the development of the technology, and oft en the 
development of the technology is faster than develo pment of the 
physics. So that is why it is so hard, because we h aven't 
proved the physics yet, and then we count on the te chnology to 
move a lot faster and turn the physics success into  making 
electricity.
    Chairman Baird. But there are some real challen ges there, 
in terms of----
    Dr. Betti. Major challenges.
    Chairman Baird. The material science of what ki nd of 
material can contain these reactions and sustain th e 
bombardment of the neutrons, et cetera, right? And then so we 
have got some challenges ahead. Dr. Prager.
    Dr. Prager. I think you are exactly correct, an d a lot of 
the suggestions you have been hearing from the pane l members 
get exactly at the questions you are pointing out n eed to be 
resolved. How one harnesses the fusion power is som etimes the 
expression used. So there are ideas to set up a res earch 
program to deal exactly with that question in addit ion to the 
remaining physics questions.
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              Potential Consumer Prices for Fusion Energy

    Chairman Baird. Then there is the next question . Okay, so 
let us suppose theoretically we can do it. We have solved the 
physics problem. We demonstrate that ignition is po ssible. We 
contain it with magnetic fields. We heat the water up. Then 
there is this little nagging problem of cost per ki lowatt-hour. 
This seems to be a bit of a challenge. Any thoughts  about cost 
per kilowatt-hour?
    Dr. Mason. I don't want to offer up a number bu t I would 
sort of characterize it a little bit in the sense t hat with 
fusion the--you know, no one is talking about elect ricity too 
cheap to meter. I think everyone has learned the le sson that 
you shouldn't confuse fuel cost with what things ac tually cost. 
Fusion will be a fuel source that is dominated by c apital costs 
because there is no ongoing substantial fuel cost, and of 
course, capital costs have to do with financing mod els and 
lifetimes and things that go well beyond the realm of physics 
and engineering. But if you look at the scale of pl ants that 
are being contemplated and the complexity of them, I would say 
it is not fundamentally different than the kind of cost model 
you see associated with fission. And what we have s een is that 
fission power is actually very cost-competitive, bu t because of 
the large upfront capital costs, it is difficult fo r risk 
markets to handle, and that is why things like the loan 
guarantee programs and so forth are very important.  And so I 
think with the right sort of policy framework, it c an be very 
cost-competitive, understanding that things like th e programs 
that are in place now that are hopefully going to g et us going 
with new starts in fission are likely models that w ould have to 
be explored, particularly at the outset when the ri sk is much 
higher.

            Fusion as an Alternative to Other Energ y Sources

    Chairman Baird. Which leads to the question, yo u know, for 
me one of the challenges we face is, we have this i mminent 
problem of global overheating and ocean acidificati on. We have 
this tremendous budget debt and deficit right now, and we have 
alternative technologies that today you can buy off  the shelf 
that produce net energy output with the existing fu sion energy 
thing called the sun at a known kilowatt-per-hour g eneration 
that if you invest, you know, with money being both  finite and 
fungible, if we invest X amount of dollars now, we can lower 
our carbon output, et cetera. And so I think it is just really 
important for us to understand the win of this. So I have been 
talking costs and how and stuff. The win seems to m e to be a 
good bit down the road. By win, when I say win, we could 
actually generate significant replacement of existi ng energy 
sources. I would be shocked if any of you would say  less than 
20 years and I guess it is more like 50. I may be w rong.
    Dr. Mason. I alluded to this a bit when I talke d about the 
portfolio of energy choices, and I would kind of di vide it into 
three categories. In the very near-term, the most f ruitful 
sorts of investments we can make are in energy effi ciency. 
There are a lot of things that we know how to do th at can 
immediately reduce demand, and the cheapest form of  energy is 
the energy you don't need. In fact, most of the ene rgy 
efficiency steps which represent about a third of w hat you need 
to achieve the types of CO2 emissions that people 
are talking about cost you a negative amount of mon ey. In other 
words, you save money by doing it. And so there is no question 
in the very near-term that is the low-hanging fruit  that we 
need to go after aggressively. Things like renewabl es, wind and 
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solar are--we know we can make them work but they a re not yet 
cost-effective, although there are a lot of promisi ng research 
directions that will improve that. And scaling up w ill bring 
down the cost. But these are intermittent, and so c ertainly 
when the sun is shining and the wind is blowing, we  will want 
to be harnessing that energy and the environmental benefit that 
goes with it, but it is not a baseload generating c apacity. We 
do need baseload capacity that we know will be on w hen people 
switch on the light switch and will allow us to buf fer the 
intermittent renewables, and fusion has the possibi lity to 
offer a baseload generating capacity that does not have a fuel 
constraint. Right now most of our baseload capacity  comes from 
coal, and in terms of timeline and risk, I would sa y our 
chances of being able to sequester CO2 from coal-
fired plants at the scale we need to is not greatly  different 
from the challenge we face in fusion.
    Chairman Baird. I don't dispute that.
    Dr. Mason. And we can't be sure that either one  will work.
    Chairman Baird. I think that is a good point.
    My time is up, past up, but I wanted to establi sh that line 
of evidence and questioning, and Mr. Inglis is reco gnized for 
five minutes.
    Mr. Inglis. Thank you, Mr. Chairman.

                Arguments for Promoting Fusion Rese arch

    I wonder if others on the panel agree with Dr. Mason's 
assessment, that fusion is in the league of fission  in terms of 
the capital costs and the involvement that we would  have. Do 
you agree with that, Dr. Prager?
    Dr. Prager. Yes, I would. One of the guiding pr inciples, 
almost too much so, of the fusion program over the decades has 
been economic attractiveness. It has guided the kin ds of 
plasmas we try to produce and has set goals for us,  and 
throughout the years there have been many, many sys tem studies 
of fusion systems in the future that as best can be  done assess 
the cost, and the cost of electricity comes out to be 
competitive. There is a big ``however.'' Those stud ies assume 
certain success in physics and technology so assumi ng that the 
physics and the technology research missions are ac complished, 
then they calculate that the costs are competitive.  So I think 
what Dr. Mason says has been backed up by studies, and another 
caveat is of course when you try to project the cos t of 
anything several decades into the future, it is fai rly 
theoretical.
    Mr. Inglis. Does anybody else want to comment a bout that, 
about equivalency between the--are we in the ballpa rk of a 
fission kind of investment when we go to fusion if we make 
electricity that way?
    Dr. Fonck. I will just back up what Dr. Prager said. There 
have been a lot of studies, and the answer is gener ally yes, 
these are large power plants. These are multi-gigaw att power 
plants typically to get the most efficiency out, an d so you are 
in that ballpark in terms of the scale of the plant . Of course, 
the issues are different. Fission and fusion are qu ite 
different so the radioactive materials and the thin gs you have 
to worry about are quite different, but the magnitu de of the 
plant is about the same.
    Mr. Inglis. Let me make sure I understand that.  What is the 
difference in terms of radioactivity in that?
    Dr. Fonck. Well, fusion works with just deuteri um and 
tritium. Tritium is just a gaseous fuel. There is n ot a lot in 
the plant and the radioactive waste you produce in fusion is 
mainly the structure that holds the plasma. There i s no long-
term highly radioactive waste that you get in a fis sion plant. 
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Now, the fission people have ways to, if we ever ge t there, to 
transmute those wastes. But at the moment you are l ooking at 
very long-term, hundreds of thousands of years kind s of waste. 
Fusion doesn't have that. It has essentially a shor t-lived, 
hundreds of years, waste issue. You can imagine tha t, in a 
generation or two, it would decay away. And so it i s a 
different radioactive profile. And that is one of t he big 
advantages of fusion.
    Mr. Inglis. What are the other advantages? Why should the 
United States pursue fusion?
    Dr. Fonck. I will throw in a few, and I am sure  everybody 
else has their favorite. Well, there is one. The ot her of 
course is the ready availability of fuel. It is rig ht out of 
seawater. All you need is deuterium and lithium. Li thium breeds 
the tritium. There is no danger of catastrophic fai lure of a 
fusion plant. The plasma state is essentially quite  fragile. If 
anything happens, you get a leak in the chamber or something 
like that, the system just extinguishes itself. So it is quite 
safe, passively safe, if you will. The other thing of course is 
that it can be anywhere. It is a baseload energy so urce. I 
think to back up what Dr. Mason said, if you look i nto the 
future, not myself but energy experts, you only see  two or 
three baseload possibilities in the future and it i s fusion, 
fission, if you want to be carbon-free, of course, and possibly 
solar with storage, but that is a very hard proposi tion.
    Mr. Inglis. Anybody else want to add a reason t o pursue 
fusion?
    Dr. Betti. I concur with my colleagues on both issues. In 
relation to your question, yes, fusion is clean and  the fuel is 
basically unlimited. In the case of deuterium-triti um fuel is 
only limited by the supply of lithium. Of course, d euterium is 
abundant in seawater and it is unlimited. On the is sue of cost, 
there have been several studies both about magnetic  fusion 
energy power plants and inertial fusion energy. The re have more 
studies on magnetic side than inertial side. The Un ited States 
had a program until last year, the High Average Pow er Lasers 
Program, that were developing the technology of an inertial 
fusion energy- based power plant and so they were d oing 
technology development, the cost estimates of this sort. To the 
best of my knowledge, the cost is competitive with fission-
based nuclear power.
    Dr. Mason. I would offer as an attribute of fus ion that I 
think we in the United States should find attractiv e, the 
comment that I made about, you know, we talked abou t the fuel 
but another way to look at the fuel for fusion is t hat it is 
intellectual property and high-end manufacturing. T he fuel is 
not something that you import from the Middle East.  It is not 
something that you run out of and it is actually th e essence of 
what our economy is built around, which is smart pe ople and 
competitive industry, and so not only as a domestic  supply of 
energy but as a possibly significant export market.  If we can 
position our industry to lead in this field, there would be, I 
think, economic value for the United States.
    Dr. Prager. Just getting into maybe a softer re ason, since 
the fuel comes from the ocean's water and that shou ld be 
accessible to all nations and you might speculate t hat the 
conflict over natural resources for energy between nations 
would be decreased with fusion driving the energy s ector. So 
that is another reason. I mean, it is interesting, when most of 
us entered the field, what drew us in in terms of t he 
application was that we were running out of energy.  In the 
1970s we were running out of energy, there were gas  lines, an 
energy crisis, and now perhaps really what drives i t, the 
dominant reason probably is no contribution to glob al climate 
change. So fusion somehow is almost the ideal and t he 

- THE NEXT GENERATION OF FUSION ENERGY RESEARCH http://www.gpo.gov/fdsys/pkg/CHRG-111hhrg52894/html/CHRG-111hhr...

70 of 81 12/7/2014 5:12 PM



dominating reason maybe just changes with the times  as the 
problems that we confront become more clear.
    Mr. Inglis. Thank you.
    Thank you, Mr. Chairman.
    Chairman Baird. Dr. Ehlers.

    National Security and Technical Elements of Pla smas in Reactors

    Mr. Ehlers. Thank you, Mr. Chairman. Unfortunat ely, all the 
good questions have been asked already. But let me add one 
other item to our list, Dr. Prager, and that is nat ional 
security. We are treading very tenderly in some tre acherous 
waters with our current energy policies, and I real ly suspect 
that far too many people who should know that don't  know it, 
and I am not just talking about gas lines, I am tal king about 
the whip that other nations can hold over our natio n just 
because we do not have the energy resources that we  would like 
to have, and it continues to concern me. There are endless 
conversations that I get into both inside and outsi de the 
Congress. People say oh, well, you know, we have th ese new 
sources of natural gas, and in Pennsylvania we can get this new 
gas, we are all set for years and years and years. Yes, we are 
set for years but not years and years. And this ina bility to 
deal with reality is just fascinating to me. People  just assume 
that somehow the scientists, the physicists, the en gineers will 
find a way out of these shortages. And I have taken  the 
opposite point of view. I have often said that natu ral gas is 
too valuable to burn. It is an incredibly useful fe edstock for 
the petrochemical industry. I don't know of anythin g that is 
going to be as easy and cheap to use, and we are bu rning it. So 
there is a multitude of issues here, not just energ y issues but 
resource issues, security issues, et cetera, and I don't think 
that we as a Nation are confronting them as adequat ely as we 
should. Having said that, I do wonder--I am just as king 
questions, things that I really haven't kept up wit h the field 
at all. How are we going to contain the plasmas and  how easy or 
how difficult is that going to be to actually extra ct useful 
energy out of a fusion reactor? And I know it depen ds on the 
different types of reactors but can one or more of you just 
give me a quick summary of where you see this field  going?
    Dr. Synakowski. That is a great and deep questi on. I think 
we have many elements of the solutions to both ques tions in 
hand, a much more mature understanding with respect  to how are 
we going to contain the plasma and control it. Ther e has been 
tremendous progress since actually the late 1960s, when there 
was a transformative event in the invention of the tokamak, 
which is a kind of magnetic bottle, if you will. It 's twirly 
shaped. Just a little bit of science here. The plas ma, if you 
can imagine a donut-shaped magnetic field, this is the heart of 
magnetic fusion with the plasma which is charged pa rticles, 
ions and electrons. They do a very good job of movi ng along the 
magnetic field lines but have a very tough time cro ssing the 
magnetic field lines. But there are lots of subsidi ary 
processes that go on in the plasma that can force t he plasma, 
the hot fuel to make that migration across the magn etic field. 
What you are trying to do with that magnetic field is confine 
it for long enough so that you can heat it rapidly to get up to 
fusion conditions where the plasma pressure is such  that the 
fusion between the nuclei takes place.
    What has happened as the United States has real ly turned 
towards the science of the plasma I think has been a tremendous 
set of advances in understanding the basic physics of how the 
plasma is confined in this magnetic bottle, and wha t levers we 
can apply to the plasma to optimize that confinemen t. And I 
want to make two points. One, this is a very deep i ntellectual 
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exercise, which is I think worthy of investment to obtain U.S. 
capital. These are great scientific challenges but they are not 
empty challenges, they are the best kind. They are the ones 
that are directed towards a purpose because the ans wers that we 
are finding with respect to the science, for exampl e, of 
optimizing the confinement in this magnetic field, enables one 
perhaps to make a fusion reactor smaller which enab les then for 
the vision of a fusion reactor to be more economica lly 
attractive. The science is intimately linked to the  final 
product and so I think for those who are interested  more 
directly in the final product, it is a compelling e nterprise. 
The United States aesthetic I think has been extrem ely strong 
in terms of understanding that plasma science. It h as been 
emphasized here though we think a major frontier re sides in 
crossing that bridge from that magnetic bottle to b oiling the 
water and generating the steam, and that is the mat erial 
science question and the challenge of harnessing a fusion 
power.
    And just as a footnote to all of this, a signif icant 
alternate approach that has been mentioned, especia lly by Dr. 
Betti, is that of inertial fusion. It is a fundamen tally 
different process where you take a small pellet of fusion fuel. 
There are no magnetic fields in most versions of th e vision. 
And you compress it very suddenly on relying on the  inertia of 
the fuel itself to kind of tame itself long enough for the 
fusion to take place. But external to that, the tra nsition to 
the fusion power and getting the power on the grid looks quite 
similar. Both of them again represent very deep sci entific 
challenges but again I think they are the best kind  of 
scientific challenges because they have direct bear ing on the 
output and the attractiveness.
    Mr. Ehlers. Thank you.
    Dr. Mason. I could maybe add a little bit about  the 
materials because I think that is a very important aspect is 
how you transition from the environment where fusio n is 
happening, whatever form of containment you have an d the 
environment where you are, you know, holding a vacu um and 
boiling water and so forth. It is a very challengin g materials 
problem that falls into the general category that w e like to 
refer to as materials under extreme conditions, and  fusion is 
perhaps the most extreme of extreme conditions in t erms of the 
temperatures, the radiation damage that the materia l is 
subjected to, the presence of hydrogen and the effe ct that it 
can have on materials. My background is materials s cience, so 
while I can't say too much in depth about fusion, i n terms of 
materials, these are difficult problems, and they a re a 
different sort of problem than some of the areas th at we focus 
on right now. We at Oak Ridge and around the world are very 
excited about nanotechnology and things we can do w ith that and 
thin films for photovoltaics. The materials we are talking 
about here are different types of steel. It is the materials of 
heavy industry, and to be honest, the development o f new steels 
is not something that as a nation we have been doin g a lot of 
in recent times. In fact, you know, many of the mat erials we 
have now were developed decades or even in some cas es centuries 
ago. They have served us very well, but they don't necessarily 
have the characteristics to survive under the condi tions that 
we need, and that is why many of us have talked abo ut the need 
to look at these materials issues, even as we resol ve the 
remaining physics questions of the plasma, and many  of those 
materials issues are the same whether it is inertia l or 
magnetic confinement. In some cases, they may even be the same 
or similar to those faced by fast reactors that mig ht be used 
in closing the fuel cycle. It is maybe not as sexy as 
nanoscience but getting better alloys is an importa nt part of 

- THE NEXT GENERATION OF FUSION ENERGY RESEARCH http://www.gpo.gov/fdsys/pkg/CHRG-111hhrg52894/html/CHRG-111hhr...

72 of 81 12/7/2014 5:12 PM

skrivit
Highlight

skrivit
Highlight



this equation.
    Mr. Ehlers. Thank you very much. I would like t o move on.
    Chairman Baird. I know Dr. Fonck and others wan t to add but 
I want to recognize Dr. Bartlett for his line of qu estions.

                    Fusion vs. Wind and Solar Energ y

    Mr. Bartlett. Thank you very much. Whether or n ot we are 
successful in getting fusion power, and I am skepti cal, I am 
still enormously supportive of this work because I think that 
we may find a lot of very other interesting things as we pursue 
this leading edge of scientific inquiries.
    Dr. Mason, you mentioned efficiency as a major interest. I 
would like to suggest that before efficiency we can  get huge 
gains from conservation. Conversation is two people  getting in 
a car instead of one. Efficiency is getting in a Pr ius instead 
of an SUV. And we have enormous opportunities for g ains in 
conservation, which could be immediate and free, re ally, really 
simple. You know, we have a huge reactor in the sun  and I know 
that we disparage the use of solar and wind as base load but I 
think it would be less technically challenging to m ake that 
baseload than it would be to produce fusion power. Wherever you 
have a topography difference, doesn't pump storage work very 
well for storing the excess energy you have when th e wind is 
blowing and the sun is shining? And I suspect that creating 
huge banks of capacitors or enormous flywheels woul d be 
technically easier to do than trying to do what we are doing 
with fusion. By the way, I am a huge supporter. If the 
capability were out there, two and three times the amount of 
money that we appropriate for that, I would be happ y to 
recommend that to the appropriators. But aren't the re enormous 
opportunities for making solar and wind baseload?
    Dr. Mason. Energy storage has huge leverage. If  we could 
store even a small fraction of the grid for 24 hour s, it 
would----
    Mr. Bartlett. You can store it all in pump stor age, sir. 
Just pump it up to the mountain and a lake up there  and then 
run it down when the sun is not shining, wind is no t blowing 
through a turbine. It is really simple.
    Dr. Mason. And in fact, in Tennessee TVA has so mething 
called Raccoon Mountain where they do exactly that,  so it does 
work, but if you look at the capacity and efficienc y of it, it 
is hard to see it scaling to the level that we woul d need. Now, 
if you push renewables as we should, you can probab ly get up to 
about 20 percent and still handle the intermittency . And you 
could push that farther if you had better energy st orage, 
whether it is electrical energy storage in the form  of 
batteries or compressed air. So I think there is tr emendous 
leverage in storage. It is an area we should be and  are 
investigating. But on grid scales, I believe it is a very 
challenging problem, and it is one that is maybe no t quite as 
difficult as fusion but it is in the same league.

                      Electrifying Transportation

    Mr. Bartlett. Dr. Betti, you mentioned somethin g else that 
I think most people don't understand. You said that  we should 
be electrifying our transportation, and you know, w e use two 
kinds of energy. One is electrical energy, and I th ink the 
future for electrical energy is okay with nuclear, whether it 
is fission or fusion, with wind, with solar, with m icrohydro, 
for which there is considerable potential, and for true 
geothermal where we are tapping into the molten cor e of the 
Earth, I think that we can make about as much elect ricity as we 
ought to be using. But it is not true for liquid fu els because 
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there is just no combination of substitutes out the re for 
liquid fuels, and when gas and oil and coal are gon e, and they 
will be, we are going to be living on electrical en ergy and so 
I think that too few appreciate the concern that yo u have that 
we need to be electrifying transportation because t hat is one 
essential use of liquid fuels. Some of the use of l iquid fuels 
we can use electricity for, but for that one now, i t is tough. 
We just tore up all our streetcars. We were proud t hat we were 
doing away with these antique things and we tore th em all up. 
Now we need to be putting them back. Thank you for your 
recognition that we need to be doing that.
    I welcome a second line of questioning, Mr. Cha irman. I 
yield back.
    Chairman Baird. Thank you, Dr. Bartlett. It loo ks like we 
are all going to probably not be able to do the sec ond line 
with the votes being called, so I recognize Dr. Roh rabacher--
Mr. Rohrabacher.
    Mr. Rohrabacher. Dr. Rohrabacher. That was quit e a----
    Chairman Baird. It is a frightening thought.

                          Skeptical Arguments

    Mr. Rohrabacher. Let me just note, Mr. Chairman , that we 
heard that before back in the 1970s. We saw the gas  lines and 
we were told that there was an imminent situation w here there 
would be this massive shortage of energy and that w as proven 
false, and now we are using an excuse of greenhouse  gases which 
will cause global warming as an excuse to move forw ard on 
certain things, and quite frankly, none of the pred ictions of 
those people who have been advocating global warmin g have come 
true. In the last nine years there has been cooling , and in 
fact, there are now reports that the polar ice cap,  the one 
pole or the other--the Antarctic was never contract ing but the 
polar ice caps are now expanding. So this idea of g reenhouse 
gases causing global warming is the basis of a lot of things 
but I would not use it if I was in the scientific c ommunity as 
an excuse for moving forward with fusion energy res earch 
because that I think is becoming something that aga in is 
another theory that will be proven false and it is being proven 
false by the way the world is acting.
    When I was a young child, and I was actually in  I think 
fifth or sixth grade, I saw a wonderful movie about  fusion 
energy, and Mr. Science, I don't know if you rememb er those 
things, it was wonderful, and fusion energy was the  energy of 
the future, and you know what? I am 62 years old no w and I take 
it from what you have told us today that we haven't  even had 
ignition yet after all of these years of research, and my 
calculation is that we have had $40 billion worth o f research 
and we don't have ignition yet. Dr. Bartlett's obse rvation is 
that research money--there is limited research mone y in this 
country--might well be put to better use in finding  out how we 
can utilize the heat from the core of the Earth or the pumping 
technologies.
    Mr. Bartlett. I want to do both.
    Mr. Rohrabacher. Both. I do too. But we have li mited 
research dollars. Why is it that fusion after all o f these 
years and all of this money and with so little actu al progress, 
meaning we haven't even had ignition yet, even for a second, I 
believe, why should we continue? Why shouldn't we t ransfer this 
money to some of these other technologies that perh aps would be 
cheaper? And one last thought, Mr. Chairman, and th at is--and 
then I would like the panel to go to that question- -and that 
is, I do believe that we should have at least one s keptic on 
the panel for every subject that we look at, and it  is okay, I 
mean, all of you gentlemen have incredible credenti als, a lot 
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more than I do, that is for sure. But some of the i ssues that I 
am raising should be raised by people who have got Ph.D.s in 
this and be able to have a dialogue so that we will  have 
something to decide here on the panel rather than j ust 
accepting one point of view.
    I have made a couple points. Please feel free. I know you 
have got some things to counter there.\1\
--------------------------------------------------- ------------------------
    \1\ See response from Dr. Prager in Appendix.
--------------------------------------------------- ------------------------
    Dr. Synakowski. If I may, I think there are pro bably many 
facets that people might comment on. I think--actua lly I have a 
view that the urgent things and the opportunity we have is in 
fact to address the questions of credibility that y ou raise. 
Our science basis is such that I believe we have go od 
confidence in what is required of our next step to get to the 
stage of what we call burning plasmas in magnetic f usion. I 
think that is what you are referring to when you ar e talking 
about ignition, where we are getting more energy ou t than we 
are putting in to heat it and control it. I think o ur 
understanding, the scientific basis for getting the re is quite 
strong. And we understand it, and I will oversimpli fy it a 
little bit by saying it is a question of scale. We understand 
that the present devices that we have invested in a re not 
appropriately scaled and don't have the control tec hnologies 
that we need to reach the scientific regime that yo u are 
talking about. Having said that, in the early part of, I think 
it was in 2001, there was a technical assessment of  several 
options in magnetic fusion that we could pursue to 
understanding this burning plasma state.
    Also with respect to credibility, I think if yo u burrow 
down one more level, you get to the question that p eople had 
been raising here, and that is the question of mate rials and 
harnessing these fusion plasmas. I would be delight ed, I would 
view it as a major accomplishment collectively in o ur careers 
to be able to point quite definitively to the answe rs to your 
questions demonstrably. I believe the scientific un derstanding 
is strong, that we have a confident and strong brid ge to the 
demonstrations that you are talking about. Understa nd also that 
publicly there are many who desire exactly the sort  of thing 
that you are talking about. I think we are in reach  of doing 
that.
    Mr. Rohrabacher. Well, I have supported nanotec hnology and 
these things, and I do support them, but they take research 
money, and we have had $40 billion eaten up for fus ion that 
perhaps had we put into nanotechnology or some of t he other 
more that we have some actually demonstrations of p rogress, 
perhaps some of the other issues you are dealing wi th would 
have been solved.
    Chairman Baird. My colleagues, we now have abou t eight and 
a half minutes left to vote, and what I would like to do is, I 
think rather than asking these gentlemen to wait 40 -plus 
minutes while we go vote and come back and sometime s don't come 
back, what I would like to do is close, but Dr. Bar tlett had 
some questions earlier that I know folks wanted to respond to. 
I would invite the witnesses, if you have additiona l responses, 
I know there some eyebrows raised about whether $40  billion is 
the correct number that has been spent, please feel  free to 
give us some written comment.\2\
--------------------------------------------------- ------------------------
    \2\ See response from Dr. Prager in Appendix.
--------------------------------------------------- ------------------------

           A Federal Agency Home for Inertial Fusio n Research
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    I would just like to close with two questions. I want to 
make sure we get one issue on the record real quick ly. My 
understanding is that the inertial fusion energy ef fort is, I 
am not sure the proper way to say it but does not n ecessarily 
have an official home within either NNSA or the Off ice of 
Science Research, and I am wondering is that is som ething we 
ought to consider addressing. I will give you a cou ple minutes. 
We are down to about seven minutes to get over to t he vote. So 
any brief comments. Dr. Betti, you are in charge of  that 
operation.
    Mr. Betti. Yes. So first I should just really b riefly 
mention the fact that the physics principles of ine rtial fusion 
energy, what we call ignition, has actually already  been 
demonstrated because that is how hydrogen bombs wor k. Okay. The 
problem is that to trigger ignition in hydrogen bom bs----
    Chairman Baird. It is a hell of a way to heat y our house.
    Dr. Betti. We use an atomic bomb. No, but this is 
important. We use an atomic bomb. So what we are tr ying to do 
is to replace the atomic bombs with a driver, a las er, okay, 
but the physics principles have been demonstrated. What hasn't 
been demonstrated is that we can reproduce this in a 
laboratory. So that is an important distinction. In  terms of 
the inertial fusion not having a home, inertial fus ion energy 
doesn't have a home. Inertial fusion does have a ho me in NNSA 
for weapons----
    Chairman Baird. Good point.
    Dr. Betti. Okay. So it is very important, I thi nk, and very 
cost-effective to use the facilities that have alre ady been 
built by the National Nuclear Security Administrati on for 
billions of dollars that are already there includin g the 
National Ignition Facility or mega laser and so on.  We can use 
this to study the energy applications of inertial f usion and so 
that is why I think it is critical to have a home f or fusion 
energy, inertial fusion energy, and use these facil ities. We 
don't need a lot more facilities.
    Chairman Baird. So you have got the physical ho me in terms 
of the infrastructure.
    Dr. Betti. The infrastructure.
    Chairman Baird. Bureaucratically, where should the home be, 
NNSA or DOE, or both?

         Fusion as an Unacceptable Substitute for C onservation

    Dr. Betti. Well, I mean, this is really not rea lly for me 
to answer the question. I mean, I would think that the fusion 
energy development program should be within the Off ice of 
Fusion Energy Sciences but that is my personal pref erence.
    Chairman Baird. Let me ask one last question an d my 
colleagues are ready to go, quick question. If anyb ody were to 
say hey, we don't need to conserve--I want to reall y put the 
punctuation point on Dr. Bartlett's. If someone wer e to suggest 
we don't need to engage in conservation or renewabl e energy 
development because we have got fusion right around  the corner, 
anybody agree with that at all?
    Dr. Mason. I think this is not an either/or. We  absolutely 
have to conserve and do energy efficiency, but we s hould not 
fool ourselves to think that that by itself will ge t us----
    Chairman Baird. I get that, but it would be foo lish to say 
that fusion is right is around the corner, it is go ing to solve 
all our energy needs. Mr. Davis is here. I am going  to 
actually--very quick question. My colleagues are fr ee to head 
out. But if you have other questions to ask, we wil l not be 
returning for this panel.
    Mr. Davis. Just a comment and question, and Dr.  Mason, I 
will probably converse with you later today about t he question 

- THE NEXT GENERATION OF FUSION ENERGY RESEARCH http://www.gpo.gov/fdsys/pkg/CHRG-111hhrg52894/html/CHRG-111hhr...

76 of 81 12/7/2014 5:12 PM



I am going to ask. There is a great deal of excitem ent about 
when the solar and other renewables being discussed  now, if in 
fact as some believe that will supply our energy ne eds, why do 
we bother with fusion at all?
    Dr. Mason. I think that the challenge is that i n order to 
get to the sort of goals that I think we a nation h ave in terms 
of energy independence and emissions, we are going to need 
renewables, we are going to need storage, we are go ing to need 
baseload carbon-free generating capacity as well. A nd so we 
should certainly be using renewables as much and as  quickly as 
we can, but they will not scale to meet all of our needs, and 
that is where a clean baseload generating capacity like fusion 
has the potential to be very valuable as part of ou r longer-
term R&D portfolio, not to say that we shouldn't be  pushing as 
hard as we can and as fast as we can on the things that we can 
do easily and quickly, like energy efficiency.
    Mr. Davis. We get roughly 20 percent from fissi on nuclear 
energy today. What would be a--what would you see a s a possible 
projection from fusion, nuclear fusion and the rese arch we are 
doing?
    Dr. Mason. Fusion can play exactly the sort of role in our 
electric grid that fission plays today and in fact in the end 
fission has a fuel supply need, so in the very long -term 
fission would be probably superseded by fusion.

                                Closing

    Chairman Baird. Dr. Ehlers had a final comment.
    Mr. Ehlers. I want to thank you for holding the  hearing. It 
has been very, very useful to me, but I also want t o 
congratulate you and the panel. I think this is the  first 
hearing we have had on fusion that didn't result in  questions 
about cold fusion. So we did have a little bit of d isagreement 
about climate change but maybe we are making progre ss here. 
Thank you very much.
    Chairman Baird. I want to echo Dr. Ehlers' comm ents. The 
frankness and honesty about both the potential and the 
limitations and the challenges have been very refre shing and 
much appreciated by myself and I think by my collea gues as 
well.
    I again, thank the witnesses for their time and  for their 
many years of service, and we look forward to conti nuing the 
dialogue. If you have additional comments, the reco rd will 
remain open for two weeks to offer those, and with that, the 
hearing stands adjourned. Thank you very much.
    [Whereupon, at 11:26 a.m., the Subcommittee was  adjourned.]
                              Appendix 1:

                              ----------                              

                   Answers to Post-Hearing Question s

Responses by Dr. Edmund J. Synakowski, Associate Di rector for 
        Fusion Energy Sciences, Office of Science, U.S. 
        Department of Energy

Questions submitted by Chairman Brian Baird

Trade-offs on building a new large U.S. facility

Q1. LAmong the three major magnetic fusion faciliti es in the 
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U.S., the youngest has operated for 10 years and th e oldest for 
about 25 years. At the same time we have heard test imony from 
several of the witnesses for this hearing on the ne ed for a new 
large fusion facility in the U.S., parallel to ITER , that can 
operate in a nuclear. environment for advanced mate rials 
research. ITER is not designed to fully address thi s research 
area, and you note that it would be critical for a future 
fusion power plant. Do you envision. closing down a ny or all of 
the major facilities we have today to achieve these  new 
capabilities within a realistic budget scenario?

A1. The programs carried out at the existing major facilities 
are vigorous and strong; but, like all of our progr ams, they 
are always being evaluated in the context of the ev olving needs 
of our national program. It is essential that the U .S. assert 
leadership in the fusion sciences where we can make  fusion 
energy 'a reality as soon as possible. We have a cl ear 
understanding of the science and technology issues that must be 
resolved. So, upgrade, redirection, or orderly clos eout of any 
element of our program are always options in mainta ining the 
research portfolio necessary to make fusion energy a reality as 
soon as possible.

Q2. LDo you see a point of diminishing returns for any of these 
current facilities on the horizon?

A2. The intellectual return on research performed o n the major 
U.S. facilities is strong and puts the U.S. in a le adership 
position in many aspects of the fusion sciences. We  will, 
however, continue to monitor these facilities as we  go forward 
and, as the global fusion research landscape evolve s, we will 
continue to assess their suitability for continuing  to 
contribute significantly to fusion energy research.

Inertial fusion energy

Q3. LRight now DOE's National Nuclear Security Admi nistration 
(NNSA) stewards all of this country's major inertia l fusion 
facilities for stockpile stewardship purposes, and your program 
within the DOE. Office of Science supports basic sc ience on 
high energy density plasmas which may be relevant t o inertial 
fusion energy. Still, there is no bureaucratic home  in the 
Federal Government for inertial fusion research spe cifically 
for the purposes of producing energy. Should DOE wa it until NIF 
achieves ignition to formulate a strategy to addres s this, or 
would it be wiser to have worked out a comprehensiv e plan and 
to have formally initiated a small, early-stage ine rtial fusion 
technology program ahead of such an event in order to 
immediately address the research opportunities it p rovides?

A3. It is reasonable and prudent to explore how ine rtial fusion 
energy research might be most effectively managed a head of NIF 
ignition. While the details of such a plan will dep end in 
significant part on the results obtained on the pat h to 
ignition, an in-depth strategic analysis of the cha llenges and 
potential of an IFE program would be helpful.
    As presently configured, the respective SC and NNSA fusion 
offices have different technical strengths and diff erent 
missions. Each, however, would play a significant r ole in IFE 
research.
    It has been recently proposed that the National  Academies 
undertake a study regarding the path forward for IF E in the 
event of NIF ignition. Such a study should highligh t many of 
the science and technology issues that need to be a ddressed for 
an IFE program to succeed. This study, and our ongo ing 
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experience in SC/NNSA joint management of the high energy 
density laboratory plasma science program will help  inform any 
future discussions and decisions regarding governan ce of a 
broader IFE science and technology mission.

Q4. LShould the Office of Science or NNSA have the lead role in 
advancing this technology for energy?

A4. Both offices have expertise and resources neede d to give 
inertial fusion energy the best chances of success.  The 
advisability and governance of a possible future si ngle program 
are policy issues that need to be assessed and dete rmined going 
forward.

Q5. LIn view of the additional mission built into N NSA's 
authorizing legislation ``to support United States leadership 
in science and technology,'' would it be more appro priate for 
that agency to continue stewarding advanced technol ogies that 
spin out of its weapons program, even if the final application 
is energy-related rather than weapons-related?

A5. The production of ignition will itself be a pre eminent 
demonstration of U.S. leadership in fusion science and 
technology. Whether NNSA continues to steward advan ced 
technologies that are spin-offs from the weapons pr ogram is a 
policy decision that needs to be fully considered a nd 
determined in the future. The National Academies st udy noted 
above should provide an initial framework for serio us 
discussion?

Q6. LRecently, in the Conference Report for the Ene rgy and 
Water Development Appropriations Act, 2010, DOE was  directed to 
review an inertial fusion energy research project a t the Naval 
Research Laboratory and report on its findings with in 60 days. 
The Conference Report also states: ``The conferees encourage 
the Secretary to explore all possible opportunities  to ensure 
that this program, which offers unique potential fo r long-term 
energy independence, is not abandoned for lack of a  
bureaucratic home.'' Please describe the Department  of Energy's 
plans for this program, and what the impact to iner tial fusion 
energy research would be if this program were offic ially 
terminated?

A6. A proposal for performing some of the Naval Res earch 
Laboratory work was received in the fall. It was pe er reviewed 
in a process managed by my office. The proposal for  funding was 
declined based on this review. The Department of En ergy is 
currently analyzing the challenges and potential of  an inertial 
fusion energy program. A proposed National Academie s study 
should highlight the science and technology issues that need to 
be addressed for a successful IFE program.

Small fusion experiments

Q7. LYour office manages an ``Innovative Confinemen t Concepts'' 
program that is essentially a collection of small f acilities at 
universities as well as national laboratories. Thes e facilities 
can be grouped into several smaller categories incl uding: basic 
science, support of major facilities, and alternati ve fusion 
concepts of varying stages of development. Should a ll of these 
facilities continue to be lumped into a single gran t 
competition within the Fusion Energy Sciences (FES)  program 
every few years when their applications can be so d ifferent? 
Should these facilities be more explicitly aligned with FES's 
other more clearly defined subprograms in the budge t .process 
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as appropriate?

A7. As the new Associate Director for the Fusion En ergy 
Sciences program, I am taking a fresh look at all o f our 
programs, how they align with our overall mission, and how 
proposals are solicited for the Innovative Confinem ent Concepts 
(ICC) subprogram. As an important step, a recent IC C 
solicitation issued by my office makes a shift comp ared to past 
ICC calls. The current solicitation calls for propo sals that 
have demonstrable connections to the science of bur ning plasmas 
in the laboratory, or that can enable this science to advance. 
This is appropriate as we enter the burning plasma era. I am 
fully committed to nurturing this scale of experime nt so that 
it has maximum scientific impact both for fusion in  particular 
and for the plasma and material sciences more gener ally. Our 
Office also understands the inherent benefits of th is scale of 
research to students in building strong direct expe riences with 
experimental fusion and plasma science.
                              Appendix 2:

                              ----------                              

                   Additional Material for the Reco rd

                        Additional Testimony by
                         Dr. Stewart C. Prager
             Director, Princeton Plasma Physics Lab oratory
    At the fusion energy hearing on October 29, 200 9 Congressman 
Rohrabacher raised three important issues that I wi sh to address 
briefly.
    First, Congressman Rohrabacher stated that the fusion energy 
program has over the years acquired $40B in federal  funding. This 
statement is incorrect. The total funding provided for fusion energy in 
the U.S. since 1953 is $11.5B (as spent) or $16.9B (inflation-adjusted) 
[source: S. Dean, Fusion Power Associates]. Current  annual funding for 
fusion energy of $0.42B is close to, but slightly a bove the historical 
average.
    Second, Congressman Rohrabacher asserted that t here has been little 
progress in fusion energy. My response is confined to magnetic fusion 
energy. By any measure, the progress in fusion ener gy has been 
quantitatively enormous. Over the past thirty years , the fusion power 
produced in experiments has increased by a factor o f 10 million, from 
0.1 Watts produced for one-thousandth of a second a round 1970 to 15 
million Watts produced for seconds currently (see a ttached graph). 
Essentially every relevant scientific measure of pr ogress, such as the 
fusion gain, has experienced an equally steady and steep advance. We 
routinely produce 100 million degree plasmas, and c ontrol them with 
unanticipated precision. Underlying this demonstrab le and quantitative 
progress is the development of a new field of scien ce--plasma physics. 
Fusion energy has both required and driven the deve lopment of plasma 
physics, which has had huge scientific and practica l consequences 
beyond fusion--from understanding the cosmos to fab ricating computer 
chips.
    Third, Congressman Rohrabacher noted that despi te large funding, we 
have not yet achieved ignition. For magnetic fusion  energy, the 
approximate equivalent of ignition is attainment of  a burning plasma. A 
burning plasma is self-heated by the fusion power i tself. ITER will 
achieve this goal, as well as continue the advance of fusion power by 
producing 500 million Watts of fusion power for lon g periods of time. 
But, an historical note is also important here. Abo ut 20 years ago, the 
U.S. fusion community proposed an experiment called  BPX (the Burning 
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Plasma Experiment). BPX was endorsed by the DOE Fus ion Policy Advisory 
Committee, which recommended construction. It was n ot funded. About 10 
years ago, the community produced a design called F IRE, a modern 
experimental design for a burning plasma. Its missi on and feasibility 
were affirmed by the DOE Fusion Energy Sciences Adv isory Committee. It 
was not funded. Finally, ITER is funded to achieve this long-proposed 
goal. Had any of these earlier proposals been reali zed, we would now be 
studying burning plasmas. The scientific knowledge has existed for some 
time to achieve this milestone.
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