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John F. Ahearne

Duke University

Sigma Xi

99 Alexander Drive

Research Triangle Park, NC 27709

Dear John:

I am writing to call your attention to the enclosed published
correspondence (Physics Today) on the lack of realism in the fusion concept as a
potential energy option in our national planning. As this is undoubtedly
germane to the responsibilities of your task force, I thought you should be
aware of this issue.

The essence of the Physics Today letter exchange is that some of us
familiar with the engineering barriers unique to fusion and their unavoidable
economic consequences, particularly those resulting from the effects of the very
high energy neutrons and of the impossibility of extracting heat from within
the reacting plasma, are convinced that the fusion power plant concept should
not be included as an option in the strategies proposed to realistically meet our
future national energy needs. Achievement of commercial operability, safety,
and economics is not engineeringly feasible in the foreseeable future. This
question of power plant feasibility and its engineering issues has been deferred
by the many review committees that have focused primarily on the more
timely complexities of plasmas and the scientific direction of fusion research.
The Physics Today letters from the fusion community makes this evident by
their concentration on the progress and hopes in plasma physics.

The question is not whether fusion research should continue but rather
whether fusion power should be included in the mix of energy options that this
nation should depend on for meeting changes in our national energy needs in
the foreseeable future. Such a situation might arise from a decision to
drastically reduce U.S. fossil fuel use for a variety of reasons, which would
require a major increase in conservation and nonfossil sources.

The policy damage that has already occurred by the perception of fusion as being
“almost-at-hand”, a perception fostered by the fusion community, has been the
diversion of attention and support from continuous improvement of nonfossil
energy sources. The program to demonstrate a fusion reactor is now ending its
fifth decade. The always repeated hope has been to develop in several decades a
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workable concept that could be beneficially used for the large scale generation of
electric power. As briefly summarized in our beginning and ending letters in
Physics Today this hope will not be fulfilled. Unfortunately, fusion has
provided the political community a visionary escape from attention to the long
range realities of current energy options.

Enclosed is a letter from Prof. Kenneth S. Pitzer, who gave the initial approval
to the Princeton fusion project when he was Director of Research for the A.E.C.

in 1949-51, expressing support for our views. We have not solicited supporting
letters.

We share with our fellow physicists a recognition of the progress that has been
made in the science of managing plasma phenomena. It is evident that this
domain of science continues to be challenging and should be a continuing part
of physics research.

I hope these views are helpful to the deliberations of your task force.
Sincerely,
7, — e
Zhdtrnmiey

Chauncey Starr
President Emeritus

C Joan Bok
Bob Conn
Diana MacArthur

Larry Papary
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Dr. James A. Krumhansl MAR 19 1997
Physics Department
Comell University CHAUNCEY STARF
Ithaca, NY

Dr. William E. Parkins
20120 Wells Dr.
Woodland Hills, CA 91364

Dr. Chauncey Starr
Electric Power Research Institute
Palo Alto, CA

Gentlemen:

I was very much interested and pleased to see your three LETTERS in Physics Today for
March 1997. They provide very important information as well as sound conclusions for an
overdue abandonment of “Fusion Power” as a practical goal and basis for major project
expenditures.

It is now nearly 50 years since I first approved the initial project at Princeton when I was
Director of Research for the A.E.C. in 1949-51. [ frequently say in informal conversation that
the prospects for fusion power have grown less promising and more distant as the years have
passed and we have learned more. I was aware in a general way of the difficult and dangerous
aspects of a fusion power plant outside of the thermonuclear unit itself, but I did not study these
oroblems in any detail. Thus. I welcome very much vour evaluations and reports.

Initially, controlled fusion was an exciting possibility that fully merited scientific
exploration even at considerable cost. But, as each of you say in your concluding paragraphs,
that time is long passed and any further expenditures should be limited to those merited on a
“pure science” basis. I hope that you will express your views in other media in addition to
“Physics Today.”

Yours very sj_u;c;erely,
(Lo T Fa—

Kenneth S. Pitzer

Professor of Chemistry




 Insurmountable Engineering Problems Seen as Ruling
Out ‘Fusion Power to the People’ in 21st Century

t is now a half-century since serious

work was initiated on developing a
thermonuclear fusion reactor. Since
then, a continuing series of experi-
mental projects has been proposed for
achieving power-in versus power-out
breakeven. Projects that have been
carried out have contributed to our
scientific understanding, but they
have been promoted primarily as
steps leading to the use of fusion
reactors in the large-scale generation
of electric power. (See PHYSICS TODAY,

Letters submitted for publication should
be-addressed to Letters, PHYSICS TO-
DAY, American Center for Physics, One
Physics Ellipse, College Park, MD
20740-3843 or 10 ptietter@aip.acp.org
(with sender's name as “Subject”).
Please include your affiliation, mailing
address and daytime telephone num-
- ber. We reserve the right to edit letters.
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LETTERS

“Letters.” December 1996, page 11,
and January 1997, page 95.)

That goal is unattainable. Al-
though 50 years of research and
many billions of dollars spent have
failed to achieve the plasma condi-
tions necessary for breakeven, the
use of fusion reactors for central
station power generation is made
hopeless solely because of engineering
considerations, not the physics in-
volved. This is true regardless of the
method of plasma confinement em-
ployed and of the choice of thermonu-
clear reaction.

The principal engineering factor
eliminating any possible future appli-
cation of fusion power is the unaccept-
ably high capital cost that wouid be
mandated by the fact that heat can-
not be extracted from within the re-
acting region (as is done in fossil fu-
eled boilers and nuclear fission reac-
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tors), but must be gathered outside
of the plasma. Engineering limita-
tions on maximum heat transfer
rates and on the maximum average-
to-peak ratio of the heat transfer rate
would require the fusion reactor to be
of huge dimensions for the relatively
small amount of power produced.

Any workable plant design having
an electric power output of interest to
utilities would require gargantuan di-
mensions, expensive materials and a
major amount of fabrication on site.
The charges against capital invest-
ment alone would lead to a cost of
power several times that available
from traditional methods of genera-
tion. No utility would ever accept
such an economic penaity, regardless
of other presumed advantages. Nor
would the public consumer.

It is unfortunate that this inherent

continued on page 101
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LE’I’I'ERS (continued from page 15)

restriction on the engineering extrac-
tion of plasma-produced energy elimi-
nates the practical application of fu-
sion. There are means to alleviate
this limitation, such as by increas-
ing the heat dumped to the divertor
strike plates and by absorbing heat
in a neutron-slowing blanket. For a
given power output, heat deposited in
a blanket reduces the amount of heat
that must be removed at the vacuum
vessel wall. But then every square
meter of wall has the added cost of
one to two cubic meters of solid and
expensive neutron blanket and shield.
None of these means can significantly
reduce the capital cost per unit of
electrical output.

The use of any thermonuclear reac-
tion that releases neutrons results in
yet another insurmountable engineer-
ing obstacle. The only even hopeful
candidates, the deuterium-tritium
and deuterium-deuterium fusion reac-
tions, both release energetic and dam-
aging neutrons. Aside from inducing
radioactivity in the structure, these
neutrons would cause a gradual dila-
tion and embrittlement of the huge

* Look', | wouw iy
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vacuum vessel. No material can pro-
vide an operating life that does not
require periodic vessel replacement.
And no electric utility would ever ac-
cept having to replace such a gigan-
tic, radioactive and almost inaccessi-
ble component during the lifetime of
the plant.

What is more, even if the vessel
never required replacing, the long-
term demands placed upon it would
not be within the realm of possibility
for the design engineer. The power
plant’s operation would depend on
maintaining the vacuum integrity of
a single vessel with a major dimen-
sion of at least 15 meters, fabricated
with hundreds of joints and connec-
tions with auxiliary systems and sub-
ject to thermal stresses from variable
and very high temperatures. Leaks
would be unavoidable. Locating and
repairing them by remote means in
an inaccessible geometry would not
even be imaginable to the power
plant operator!

The arguments presented here
were valid and made decades ago. In-
deed, they were clearly set forth in a
series of three articles written by Wil-
liam D. Metz over 20 years ago. Pub-
lished in Science,* the articles gar-

eR

AT TWT POINT, MY TANTASY ENDS. Y

nered for Metz the American Institute
of Physics—United States Steel Foun-
dation Science-Writing Award. To
quote his second article, “It sometimes
seems necessary to suspend one’s nor-
mal critical faculties not to find the
problems of fusion overwhelming.”

1t is evident that, although the
physics of the fusion reactor may
eventually be made to work in princi-
ple, the engineering will not be made
to work in practice. Engineering reali-
ties will eliminate fusion as an en-
ergy source for central station power
just as they have the application of
many other once-promising concepts,
such as the nuclear fission reactor as
a means of rocket propulsion and
magnetohydrodynamics as a means of
electric power generation.

In conclusion, it is not logical to
continue to divert a substantial frac-
tion of our physical sciences resources
to the hopeless objective of fusion
power. Certainly there is still much
to be learned about the physics of
plasmas, but no proposed experimen-
tal project should now be based on
the premise that man-made thermo-
nuclear fusion will contribute to meet-
ing our future energy needs.

References

1. W. D. Metz, Science 192, 1320 (1976);
198, 38 (1976); 193, 307 (1976).
WiLLIAM E. PARKINS
Woodland Hills, California

usion power to the people? Given

that the first-mile mark—the sci-
entific demonstration of “breakeven,
plus”—is still unattained, the further
road to commercial fusion power will
be difficult, if not impossible.

The obstacles ahead appear to be
technically far more imposing than
those encountered on the road from
the University of Chicago stadium to
today’s economically marginal commer-
cial nuclear fission power. To begin
with, there is a startling lack of a
foundation of information on materi-
als for fusion technology in the US,
as made very clear in the 1993 Conn
report.! In addition, the current level
of support for materials research and
facilities is totally inadequate, per-
haps by a factor of hundreds, com-
pared to the expenditures for fusion
hardware and experiments; worse
still, there seem to be no plans to
change the priorities. Also, neither ex-
perienced design engineers nor cost es-
timators have been significantly in-
volved in the US fusion program to
guide the enthusiastic but unrealistic
fusion power protagonists.

This situation will be a recipe for
catastrophe when the time comes to

- transfer science to usable technology;
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and the phyvsics profession will suffer
dearly if that time comes. Indeed.
given the 50-100-year time scale now
being suggested, why the air of war-
time urgency that seems to drive the
fusion reactor program? It would be
far better if something like a third of
the current US fusion budget were
spent addressing these materials and
engineering concerns by supporting pro-
grams manned by professionals trained
and experienced in those topics.

If, by some unforeseen and happy
chance, a radically different and more
promising concept for fusion were dis-
covered. at least the materials situ-
ation would be in much better shape.
Toward that end, the scientific explora-
tion of fusion could and should still con-
tinue, though at a more deliberate rate.

Rockwell International’s William
Parkins came to the unweicome con-
clusion in the 1970s that fusion
power will not be achieved practi-
cally? And so does a recent assess-
ment by the Energy Economist,? of
the European Union’s fusion program,
all under the telling headline “Refu-
gees from Reality” The great British
physicist and one-time energy minis-
ter Walter Marshall has been quoted?
as saying, “Fusion is an idea with infi-
nite possibility and zero chance of suc-
cess.” After 25 years of service on ad-
visory committees for several national
laboratories for condensed matter sci-
ence, materials and metallurgy, and
several years of directing industrial
research on composites and ceramics,
I firmly agree with him.

Whereas controiled thermonuclear
fusion exploration was a necessary, he-
roic venture into unknown science in
its early days, and its potential as an
energy source could be dreamed of, to-
day we have 40 years of accumulated
experience from which to demand a
realistic critical evaluation of its po-
tential societal utility. That requires
that we physicists now look beyond
our science to the practical aspects
when we make claims, as demanded
by our tradition of objectivity, in that
continued public support for physics
depends on the reliability of our pub-
lic statements. Richard Feynman
ended his appendix to the Challenger
report by warning us: “For a success-
ful technology, reality must take
precedence over public relations, for
Nature cannot be fooled.™

References

1. Neutron-Interactive Materials (NIM)
Program Review, report of the Fusion
Energy Advisory Committee. Panel 6
(R. W. Conn, chair), Department of En-
ergy Report no. DOE/ER-0593T(1993).
W. E. Parkins, Science 199, 1403 (1978).
. Energy Economist. November 1996,
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4. Quoted in Richard P. Fevnman. What Do
You Care What Other People Think?: Fur-
ther Adventures of a Curious Character.
W. W. Norton, New York (1988), p. 237.

JAMES A. KRUMHANSL
Cornell University
Ithaca, New York

Tt is unfortunate that the fusion com-
1 munity continues to perpetuate the
myth that fusion is a foreseeably prac-
tical endgame for our energy re-
sources. With the present concepts, it
certainly is not. It is. of course, a fas-
cinating scientific experiment and
should be evaluated and supported in
that light.

The feasibility of controlled fusion
as a practical energy source has been
viewed with deep skepticism by many
who participated in the development
of nuclear fission power plants. In
the 1970s the Electric Power Re-
search Institute (of which I was then
president) maintained a fusion pro-
gram until it became evident that fu-
sion concepts could not be expected to
achieve the basic requirements for
commercial electricity generation.

The Central Electricity Generating
Board of the UK came to a similar
judgment about the same time.

In the past decade, the fusion com-
munity has tried to establish the plau-
sibility of future power capability on
the basis of the Aries and Joint Euro-
pean Torus (JET) reviews, but they
were superficial analyses with over-
simplified assumptions. with promis-
ing performance to be demonstrated
after a 40-year development program.
This situation is very reminiscent of
the optimism based on conceptual de-
signs that pervaded the fission com-
munity in its early days. Back then,
we were at least encouraged by the
pilot reactor demonstrations of the ba-
sic physics and controllability of fis-
sion. Unlike the case with fusion, it
was relatively easy to assemble work-
ing nuclear cores. Only as the devel-
opment of practical power plants pro-
ceeded did the major engineering bar-
riers to the safe, reliable and eco-
nomic operation of fission reactors be-
come apparent. They included the
degradation of materials exposed to
neutrons, corrosion and thermal cy-
cling; shutdown heat removal; and
the system interactions initiated by
component failures that required the
addition of complex defense-in-depth
subsystems. including a containment
building. The balance of plant reli-
ability, public safety and economics
was achieved only with difficulty.

It is now ohvious that fusion
power would face similarly severe bar-
riers, even if the science of fusion con-
trollability were demonstrated in com-

ing decades. And it is difficult to envi-
sion fusion power ever approaching
the economics of commercial fission
power plants, even with an optimistic
view of technical ingenuity.

In collegial support of national sci-
entific R&D. criticisms of the future
potential of fusion have been consider-
ately muted by those knowledgeable
about fusion's limitations. Even the
utility industry has carefully limited
its comments to merely a statement
of its requirements. When public sup-
port for science was very generous,
we could consider fusion research as
part of our nationally supported explo-
ration of science’s frontiers, without
regard to its eventual success. And
scientific knowledge has been a valu-
able by-product of the fusion pro-
gram. Unfortunately, with the
stretching of the fusion program and
the current national budget con-
straints, this is no longer the case.
Most seriously, the present admini-
stration is publicly assuming fusion’s
long-term success as a policy basis for
diminishing the development support
for more realistic long-term alterna-
tives, particularly nuclear fuel recy-
cling and breeding.

The public has become increas-
ingly cynical about the intellectual in-
tegrity and reliability of the physics
community, and fusion is a case in
point. It is now time for the knowl-
edgeable community to more fully dis-
close the uncertainty of fusion as a
national energy source, so that the
public is not further misled and the
politicalization of this area of science
is not continued.

CHAUNCEY STARR
Electric Power Research Institute
Palo Alto, California

Four Factors and One
Criterion Are Key to
Improving Peer Review

Some major US research-sponsoring
agencies are making concerted ef-
forts to improve their proposal evalu-
ation and selection processes. PHYS-
ICS TODAY (January 1997, page 52)
and The Scientist (9 December 1996,
page 1) report efforts by the National
Science Foundation and the National
Institutes of Health. respectively, to
modify their proposal evaluation proc-
esses mainly by altering the evaluation
criteria. Both of these articles imply
that the specific criteria selected repre-
sent a dominant factor in the quality of
the proposal evaluation process.

1 believe the less tangible aspects
of the research evaluation process are
far more important in determining-
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Development of Fusion Power Seen as Essential to
World’s Energy Future; Critics Respond

uriously, the US fusion research
program seems to be a Ror-

schach test that divides external view-
ers into disparate groups of technologi-
cal optimists and pessimists. Individ-
uails who are out of touch with the
fusion program seem to have exagger-
ated views of either the promise or
the problems of the program. The
three letters about fusion that ap-
peared in the March issue of PHYSICS
TODAY (page 15) come from those who
overstate the problems.

Letters submitted for publication should
be addressed to Lefters, PHYSICS TO-
DAY, American Center for Physics, One
Physics Ellipse, College Park, MD
20740-3843 or to ptietter@aip.acp.org
(using your surname as “Subject’).
Please inciude your affiliation, mailing
address and daytime telephone num-

ber. We reserve the right to edit letters.

On the other hand, we, as mem-
bers of the fusion research commu-
nity, regard the fusion energy effort
as a very challenging task that is
well worth doing and, based on the
significant progress made to date,
is likely to succeed.

In fact, the record of accomplish-
ment of the fusion program has been
outstanding and steady. One after an-
other, significant challenges—both sci-
entific and engineering—have been
overcome as they have been encoun-
tered. For example, turbulent trans-
port in plasmas once seemed hope-
lessly compiex and the trends discour-
aging. But in the early 1980s, new
operating regimes with reduced trans-
port were discovered in tokamaks. In
the late 1980s, fusion scientists under-
took a major national initiative to un-
derstand transport and learn ways to
reduce it. Today, we have highly

promising physics-based models of
transport and are succeeding in ex-
periments to control the transport
of particles and energy in plasmas.
The list of accomplishments is al-
ready long, and is growing. Multi-
megawatt neutral beams and other
means have been used to heat plas-
mas to tens of kilo-electron volts. In-
genious operating regimes have been
devised to control instabilities in plas-
mas with many degrees of freedom.
Remarkable approaches for diagnosis
and feedback control have been devel-
oped and applied. Clever techniques
allow current to be driven in
tokamalks or even allow the plasma
to generate its own sustaining cur-
rent. Some problems peculiar to the
use of trititum-deuterium fuel have
turned out to be smailer than antici-
pated, while others remain to be in-
vestigated. Meanwhile, sophisticated
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yet practical theoretical, experimental
and engineering developments of gen-
eral usefulness have resulted. such as
a formulation of soliton waves and
the development of theoretical models
of turbulence, imaginative diagnostics
to measure magnetic fields in plas-
mas with fast moving ions and ad-
vanced techniques for fabricating
superconducting magnets.

One after another, external review-
ers have commended the fusion re-
search program—one of the most re-
viewed of all federally sponsored scien-
tific programs-—and occasionally have
expressed some surprise in discover-
ing just how advanced and high qual-
ity it is. One of the most indepen-
dent and thorough reviews was con-
ducted by a panel of the President’s
Committee of Advisers on Science and
Technology (PCAST) in 1995. In its
report, the panel identified various
significant challenges to achieving fu-
sion power, but saw no insurmount-
able technological impediments.! It
also pointed out that the prospect for
a practical energy source made the
fusion effort weil worthwhile.

Does the record of accomplishment
in fusion research guarantee future
success? Of course not. Followers of
philosopher David Hume have iong
questioned the paradox of induction,
but we have no better basis for mak-
ing decisions. Rather than surrender-
ing in the face of uncertainty, fusion
researchers and their reviewers do
look into the future and ask how per-
ceived scientific and technological hur-
dles can be overcome or avoided.

How do we move forward from the
present? Although the history of sci-
ence offers some striking examples of
solutions being developed before the
problems they soived were even recog-
nized, generally speaking, problems
are not solved until they are encoun-
tered. Tb overcome scientific—and es-
peciaily engineering—problems, one
needs to build and operate experimen-
tal facilities to test ideas. In fusion,
no major experimental facility has
been built in the US in more than a
decade.

It is far from certain that fusion
will be sufficiently developed in time
to meet a large share of the world-
wide energy demand by the middle of
the next century. Nevertheless, there
are good reasons to believe that suc-
cess will be achieved, particularly in
view of Europe and Japan's strong
commitment to fusion R&D. The
technological challenges are real and
large, but we would argue that they
are no larger or more insurmountable
than the problems associated with
every other means of supplying reli-
able, affordable energy to a world

of ten billion people. each of whom
will demand at least a quarter as
much energy as each American now
consumes.

In whatever way this enormous
challenge is eventually met. the en-
ergy picture of the world will be very
different from what it is today. It is
our view that fusion should and will
be an essential part of that 21st-
century picture.

Reference

1. J. P. Holdren et al., The U.S. Program
of Fusion Energy Research and Develop-
ment, report of the Fusion Review
Panel, President’s Committee of Advis-
ers on Science and Technology (PCAST),
(19956).
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(jschmidt@pppl.gov)
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(rholt@pppi.gov)

Princeton Plasma Physics Laboratory
Princeton, New Jersey

illiam Parkins, James Krum-

hansl and Chauncey Starr ar-
gue that electric power production
from fusion reactions is impractical.
Some of their statements are errone-
ous and some indicate that they are
uninformed about the status and ac-
complishments of fusion research
throughout the world during the past
decade.

While we——members of the ARIES
team—agree that fusion technologies
have not been fully developed, meas-
urable progress has been and is being
made. With declining budgets for en-
ergy research during the past several
years and a decreased sense of na-
tional urgency about exploring aiter-
native sources of energy, the US fu-
sion program has been redirected to
emphasize the further exploration of
fusion science, rather than the accel-
eration of development of fusion tech-
nologies. Nevertheless, the program
has maintained active research on ad-
vanced materiais and strong collabora-
tions with our international partners
on technology development—for exam-
ple, on the International Thermonu-
clear Experimental Reactor (ITER)—
and also has engaged in a significant
effort to advance research on the de-
sign of fusion power plants.

A series of such power plant con-
ceptual design studies during the
past 15 years (for example, ARIES)
has been used to guide fusion re-
search., Twenty years ago, fusion
power plants were envisioned as
large, pulsed systems based on con-
ventional steel technology with com-
plex geometries that were exturapo-
lated from then-existing experimental
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devices. Since then. the desire for a
more commercially attractive product
has spurred intensive research that
has resulted in smailer machines
through improved plasma perform-
ance, steady-state operation through
new methods of current drive and a
better understanding of high-perform-
ance, low-activation materials, such
as vanadium alloys, which provide
both high power-handling and high
temperature (hence thermal conver-
sion efficiency)—all of which are es-
sential factors in attaining cost com-
petitiveness.

These conceptual design studies
have demonstrated that such fusion
power plants would be passively safe
(no need for evacuation pians), gener-
ate only low-level radioactive waste
and have good prospects for repair
and maintenance. The studies have
involved the participation of substan-
tial industrial partners, such as

- McDonnell Dougias Aerospace, Gen-
eral Atomics, Stone and Webster and
Raytheon Engineers and Construc-
tors, as well as national laboratories
and universities. Through such joint
industry-university-laboratory partner-
ing, market reality and credibility, as
well as state-of-the-art plasma phys-
ics and engineering, are being fully
addressed.

In the most recent power plant de-
sign study, ARIES-RS, guidance from
and interactions with US electric utili-
ties and industry ieaders resuited in
significant progress being made in de-
fining possible solutions for a fusion
power station to meet the utilities’ cri-
teria of technical credibility and at-
tractiveness as a commercial product.
In September 1996, in his dual capac-
ity as chairman of the Fusion Power
Plant Studies Utility Advisory Com-
mittee and chairman of the Electric
Power Research Institute’s fusion
working group, Steven Rosen of Hous-
ton Lighting & Power wrote a letter
to the US Department of Energy’s
director of energy research, Martha
Krebs, in support of these activities.
Referring to safety, waste disposal
and maintainability of the ARIES-RS
design, he stated that “the ARIES-RS
conceptual tokamak power plant de-
sign has many of the features we, as
end-users, find attractive in a future
power system.”

We certainly would not claim that
the engineering problems associated
with fusion electric generation sta-
tions are easy to solve. However, the
central problem is not a matter of
very large thermal or mechanical
loads, in that many commercial sys-
tems handle much higher heat and
mechanical loads. Rather. at issue
are the environmental conditions in

a fusion device that require new
engineering solutions.

The need to develop new material
technologies is not unique to fusion.
Most novel major industrial endeav-
ors have required development of
new materials (for example, light-
weight materials for aerospace and
radiation-resistant materials for nu-
clear fission).

The size of a fusion power plant is
not set by the maximum surface heat
flux as Parkins argues. About 80% of
the deuterium~tritium fusion power
is carried by neutrons that leave the
plasma and deposit their energy in
the power-producing blanket that sur-
rounds the plasma. Thus, most of
the fusion power appears as volumet-
ric heat and not as surface heat load.
The size of the power plant is set
mainly by the efficiency of the mag-
netic confinement scheme in support-
ing the plasma pressure and contain-
ing the plasma energy—areas in
which there have been substantial re-
cent advances. The surface heat
fluxes can be high only in certain ar-
eas where the plasma exhaust is con-
centrated on materiai walls. The
physics of plasma boundary layers
and plasma-material interactions is
under extensive investigation.

In sum, the engineering challenges
are well known, and the possible engi-
neering solutions can be found in an
extensive and growing literature on
the subject.!

The ITER activity has resulted in
the detailed engineering design of a
fusion device with a burning plasma
that can be built and operated. Obvi-
ously, a substantial amount of effort
will be required in the future to de-
velop, demonstrate and optimize engi-
neering components needed for a com-
mercial power plant. The challenges
are difficult but they shouid be
judged in terms of the immense pay-
off of developing commercial fusion
power with attractive safety and envi-
ronmental features. The choice be-
fore us is whether to shy away from
these problems because they appear
difficuit, or to follow the vision of lead-
ership from previous generations to
provide for future generations.
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arkins. Krumhansl and Starr offer

a provocative argument against
the viability of fusion energy. How-
ever, to examine their implications
that fusion will not be a competitive
energy source in the 21st century—
and, presumably, beyond—we must
address two important questions.
First, Competitive compared to what?
Second, Which fusion reactor is not
competitive—that is, what do the
writers envisage as our ultimate
commercial fusion product?

After our present reserves of fossil
fuels have been eliminated as a re-
sult of exhaustion, environmental con-
straints or sequestering for other,
more useful ends, there will remain
only two energy sources indigenous to
Earth and available for central
baseload electricity generation in the
long term: breeder fission and fusion.
So the question of ultimate viability
is really one of the fission breeder re-
actor versus the fusion reactor. Argu-
ably, fusion comes out ahead in terms
of safety and environmental factors,
waste disposal, nonproliferation and
fuel availability.! Therefore, when
looking at the competitiveness of fu-
sion relative to fission, the key ques-
tion is, To what extent do fusion’s tan-
gible advantages compensate for the
perceived disadvantages of the cost
and compiexity of the fusion power
core? I submit that this question has
not yet been satisfactorily addressed
by either the world fusion community
or its detractors. Moreover, the ques-
tion cannot be answered until our
physics research programs have fully
identified the concept for our uitimate
fusion reactor product.

Parkins, Krumhansl and Starr are
no doubt basing their perceptions on
the reactor potential of the conven-
tional tokamak, which in fact has
proved to be an excellent research
tool for studying high-temperature
plasmas and which wiil enable us to
examine thermonuclear plasmas real-
izing significant energy gain. For
this reason. the International Thermo-
nuclear Experimental Reactor (ITER),

continued on page 89
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LEITERS (continued rrom: page 15)

a current international design study
of a burning fusion plasma experi-
ment. is rightly a tokamak. The con-
ventional tokamak ultimately may
not lead to a fully viable commerciai
reactor for various reasons. including
those espoused by Parkins et al. How-
ever. Parkins is incorrect in declaring
that his conclusions are “true regard-
less of the method of plasma confine-
ment and of the choice of thermonu-
clear reaction.” Rather. I would say
there's more than one way to skin a
cat. Just what the ultimate way will
be for fusion is uncertain at this reia-
tively early stage of deveiopment.

The following are just two exam-
ples of what can be considered para-
digm shifts in methods of realizing fu-
sion energy. First, “inertial fusion en-
ergy’—whereby a smalil fusion fuel
target about the size of a pea is com-
pressed with an energetic pulse from
a laser or heavy-ion accelerator—pro-
vides a route to a power piant con-
cept fundamentally different from a
tokamak or other concepts of that
class.? There would be no large, ex-
pensive superconducting magnets ex-
posed to potentiaily damaging fusion
radiation. This unique feature wouid
allow lifetime fusion chambers to be
designed with renewable liquid cool-
ants facing the targets, instead of
solid, vacuum-tight waills that could
suffer damage due to the fusion heat
and radiation. This would permit use
of low-activation coolants, and struc-
tural materials wouid qualify for on-
site, near-surface burial at the end of
the plant’s life.> Furthermore, it
could eliminate the need for an expen-
sive R&D program on advanced mate-
rials. Thus, Parkins's perceived prob-
lems of “thermal stresses,” “leaks,”
“vacuum integrity,” “embrittlement,”
“periodic vessel replacement” ete.
would be sidestepped.

Second, there is a class of fusion
concepts that, in principle, obviate
the need for the very high tempera-
tures required for conventional ther-
monuclear fusion. They operate by
Coulomb barrier reduction. One such
concept is muon catalysis, which em-
ploys the negatively charged muon to
screen the repuisive Coulomb poten-
tial between fusion fuel nuclei. Al-
though muon catalysis itself appears
to fall short of economic viability due
to muon loss, such concepts poten-
tially offer very large increases in fu-
sion reactivity at very low tempera-
tures by perturbations of the Cou-
lomb barrier penetration probability.®
They suggest a potential avenue to
explore further for a step-change ap-

proach to fusion energy. They cer-
tainly look nothing like Parkins et
al.’s concept of a conventional fusion
reactor.

I conciude by contending that ad-
vances leading to a clearly economic
fusion reactor product will probably
lie in seeking advanced physics soiu-
tions rather than simply engineering
the nuts and bolts for the present con-
ventional approach. Thus, the smart-
est investment of our fusion research
dollars is 1o press for innovation in
and understanding of the physics of
various advanced concepts in breadth,
in parallel with pursuing our studies
of burning fusion plasmas in the
tokamak.
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t seems to me very probable that
150 years ago, equally “insurmount-
able” difficulties could have been iden-

tified when contemplating the possibil- -

ity of heavier-than-air flight—an un-
dertaking that had baffled human-
lind for a couple of millennia, at
least. Yet it was not really very long,
once the proper pieces for under-
standing the fluid mechanics had
fallen into place at the end of the
19th century, until airplanes and then
jet aircraft became commonpiace
(even though many travelers still
have no understanding of the fluid
mechanics involved). The necessary
engineering proved very inventive,
once the understanding of the basic
phenomena was truly in hand,
though until then there would have
been no point to it. One is giad now
that Osborne Reynoids, Ludwig
Prandtl, N. Joukowski and the
Wright brothers didn't give up.

The three letters on the alleged im-
possibility of fusion power seem to me
to have much in common with what
has been the true shortcoming of the
controlied-fusion program: sweeping
generalizations and proof by asser-
tion, largely on the part of people im-
patient with, or even unacquainted
with, the demanding task that has to
come first: getting the plasma physics
right. From the point of view of one

who has been in basic piasma physics
for four decades. the problems seem
to lie not in the aspiration toward fu-
sion, but in the premature and heed-
less way that extravagant promises
and publicity, unsupported by detailed
physical understanding, began to
dominate and direct the program
about 1970. Unrealistic hopes were
raised, especially in those in no posi-
tion to appreciate the primitive level
of understanding of the plasma state
that prevailed. Basic plasma re-
search, which some came to see as
unnecessary, had less and less of a
voice in what experiments were done.
Now that those high hopes have been
dashed, the backlash is under-
standable, but is no more valuable
than the oversold reactor promises
were.

For me, the lesson is that what is
needed is a renewed awareness of
how subtle and tricky continuum me-
chanics can be—plasmas are harder
than fluids to understand, and our un-
derstanding of fluids has already
taken up about 200 years and is far
from complete. A rededication is now
in order—to getting the subtleties of
plasma physics and magnetohydrody-
namics right, and leaving the alleged
“reactor scenarios,” or the impossibil-
ity thereof, to writers of science fic-
tion. Members of Congress cannot be
expected to separate the two, but the
physics community should be able to.
Davip C. MONTGOMERY

Dartmouth College
Hanover, New Hampshire

4

usion engineering issues are in-

deed daunting, as the three writ-
ers emphasize. But then, so were fu-
sion plasma physics issues when the
program started. Now, the challenge
for the future is twofold. On the one
hand, it is to use the understanding
of plasma physics developed in the
tokamak and other experimental de-
vices to optimize and simplify the con-
finement configuration from a power
plant perspective. On the other
hand, it is to focus creativity and in-
ventiveness on engineering and tech-
nology, comparable to the earlier fo-
cus on plasma physics. Implementing
these two thrusts will address the
fallacy underlying your correspon-
dents’ comments—that today’s fusion
engineering and technology are neces-
sarily prototypical of an eventual
power plant.

In the quest for fusion power. suc-
cess is neither assured nor near at
hand. Nonetheless, virtually every
scientifically developed nation is en-
gaged in fusion research. Of course,
other energy options should also be
pursued in parailel. both to meet en-
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ergylr’leeds in the nearer term and to
provide a range of options for energy
planners in the longer term. It must
be recognized, however, that there are
very few if any long-range options
that promise fusion’s combination of
wide fuel availability, safety and
environmental attractiveness.
Davip E. BALDWIN
(Baldwin@gav.gat.com)
General Atomics
San Diego, California

S R&D policy should be deter-

mined by the more broadly based
judgment that emerges from inten-
sive reviews of the status and pros-
pects of specific programs, especially
when conducted by review groups
whose membership comes primarily
from outside the scientific program
under review. The US fusion energy
sciences program has aiready re-
ceived at least three such reviews in
this decade. The first, in 1990, was
chaired for the Department of Energy
by Guy Stever, a former president of
Camegie Mellon University. The
Stever committee ended up strongly
supporting the nation’s effort to de-
velop fusion energy, and its recommen-
dations were the basis for the policy
included by then Secretary James
Watkins in the energy policy enacted
into law in 1992. The second review,
in 1992, conducted under the aus-
pices of a DOE Energy Research Advi-
sory Board subgroup chaired by Char-
les Townes of the University of Cali-
fornia, Berkeley, was also supportive
of the effort.

The most recent external review—
and the highest-level review in the
- long history of the fusion program—
was conducted in mid-1995 by a spe-
cial panel formed by the President's
Committee of Advisers on Science and
Technology (PCAST) and chaired by
John Holdren of Harvard University.
(Stewart Prager of the University of
Wisconsin—Madison and I were the
only panel members with research in-
terests directly in the area of plasma
physics and fusion energy; I was also
the panel’s vice chairman.)

The PCAST panel considered in
depth all the izssues raised in your
March issue—and more. It held numer-
ous meetings over a four-month period,
and made sure that it heard a full
range of representative opinions from
all segments of the US R&D commu-
nity. For exampie, portions of many
sessions were held with just one or two
people at a time to ensure that all
views were heard and understood in
an unencumbered atmosphere.

In the end the panel concluded
that “funding for fusion energy R&D
by the Federal government is an im-
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portant investment in the develop-
ment of an attractive and possibly
essential new energy source for this
country and the world in the middle
of the next century and beyond.”

Subsequently, on 6 December 1996,
PCAST chairman John Young wrote
to President Clinton suggesting five
priority R&D issues to address in his
second term. Energy R&D was one
of those, and the pursuit of fusion en-
ergy was again endorsed within that
recommendation—and for the same
reasons and at the funding level of
$320 million originally recommended
by PCAST in 1995.

We are all entitled to our opinions,
and in a rapidly developing area of
science and technology research, such
opinions may vary. The way to de-
velop consensus and appropriate poi-
icy is to rely on in-depth, dispassion-
ate review and debate, followed by
documented judgment. The advice of
PCAST shouid be seen for what it is,
a reflective and considered judgment.
and should be given the weight it
deserves.

Reference

1. J. P. Holdren et al., The U.S. Program
of Fusion Energy Research and Develop-
ment, report of the Fusion Review
Panel, President’s Committee of Advis-
ers on Science and Technology (PCAST),

(19956).
ROBERT W. CONN
University of California, San Diego
La Jolla, California

he three letter writers have de-

voted much of their lives to fis-
sion, as I have to fusion, so there is
some turf to protect on both sides,
but it’s important to remain collegial.
Chauncey Starr hired me when he
was dean of engineering at UCLA,
and, when he left to found the Elec-
tric Power Research Institute, he was
nice enough to appoint me chairman
of EPRI’s Fusion Advisory Committee.
In spite of his dedication to the
breeder reactor, he had the vision to
give strong backing to fusion re-
search; he was the last UCLA engi-
neering dean to do so.

The fission and fusion people can
work together, and here is how they
can do that. The timetable for fusion
has been greatly extended by the-
state of the economy. We need a
power source to sustain us until the
engineering problems of fusion can be
solved, and that is a sound basis for
supporting fission, which will never
be a permanent energy source be-
cause of the nuclear waste problem.
But it is a different matter if we need
to put up with the waste for a limited
time—say, 50 years—until fusion reac-
tors come on line. The experience of

the fission community will be of great

value in this mission. However, we
must also have sufficient support

from Congress to maintain our level

of expertise and scientific momentum.

FRANCIS F. CHEN

University of California, Los Angeles

(ffchen@EE.UCLA.EDU)

y perspective is that of someone

involved from the earliest devel-
opment of fission power in the US
Navy's nuclear propulsion program, in
the Liquid Metal Fast Breeder Pro-
gram, in the Electric Power Research
Institute’s Advanced Light Water Re-
actor program and in the US mag-
netic fusion program.

1 agree that development of fusion
to the stage of practicality is difficuit.
However, an entire future for human-
ity that would be energized largely by
fission breeder reactors is unaccept-
able as long as there is any possible
alternative. Fusion power remains
such an alternative.

Finally, given the profound impor-
tance of the subject of energy, I find it
very hard to understand why scientists
and engineers attack each other’s pro-
grams instead of attacking public and
official apathy and insisting that en-
ergy development be given whole-
hearted support in every reasonable
way. What more useful good can
physics have than developing the
ultimate energy resource to its full
potential?

EpwiN E. KINTNER
Norwich, Vermont

ARKINS, KRUMHANSL, AND STARR

REPLY: The vision of fusion power
has been accepted by a certain seg-
ment of the scientific community for
so many decades that fusion power’s
eventual feasibility has become a sa-
cred mantra for justifying an enor-
mous scientific endeavor aimed at
achieving control of the fusion proc-
ess. It is therefore not surprising
that our chailenges to this mantra
should provoke the above strong re-
sponses, particularly as so many life-
long careers have been invested in
this quest.

It should be noted that the thrust
of these responses supports the valid-
ity of the main points made in our
three letters. The writers plead for
continuation of the programs on the
science needed to achieve a controi-
lable and usable fusion process. They
point to past progress in the under-
standing of plasma physics and the in-
genuity of their experimental equip-
ment as harbingers of great progress
to come. Their optimism and commit-
ment are certainly to be expected.

However, it is also apparent from




the writers’ comments that there has
not been a serious investigation and
development of the many systems re-
quired for a practical power plant.
They repeatedly refer to “conceptions”
of plant configurations, which are
hardly a meaningful basis for serious
evaluations. The utility industry’s
comments on the ARIES design (cited
in the letter from Farrokh Najmabadi
et al.) was merely polite approval of
the performance goais set for an op-
erational plant. The many formal re-
views of the US fusion program have
similarly focused on research direc-
tions, not ultimate feasibility. The re-
ality is that the engineering develop-
ment of a fusion power plant has not
been undertaken, and that the many
issues raised in our three letters have
not been faced or resolved.

Our letters did not address the wis-
dom of the scaie of resource allocation
appropriate to exploring the science
of fusion. That is a matter of priori-
ties for the national scientific commu-
nity to determine based on the value
of understanding plasma physics.

The massive investment in fusion re-
search during the past decades has
been devoted almost entirely to the
physics endeavor to demonstrate that
as much energy can be released from
a plasma as is required to heat it.

Our point was that even if the sci-
ence of a controiled fusion process is
eventuaily understood and demon-
strated, any usable power application
will face engineering barriers that ap-
pear much more extreme than those
faced by the current quest for “break-
even.” There is no reasonable possi-
bility of achieving the target of practi-
cal feasibility in the foreseeable fu-
ture, even with an intensive engineer-
ing R&D program.

Consider this: During the next
hundred years, when we wiil still
have available all the fossil fuels, fis-
sion power and renewables, a practi-
cal fusion plant will have to achieve
and demonstrate sustained perform-
ance reliability for several decades,
need only a few scheduled outages for
maintenance, meet stringent environ-
mental criteria and be economically
competitive with other electricity
sources. We believe the present fu-
sion concepts will not be able to meet
any of these requirements. It is
therefore misleading both the general
public and the policymakers to in-
clude fusion in our national energy
strategy for a dependable mix of elec-
tricity sources adaptable to uncertain
future circumstances.

Our letters mentioned some of the
special technical problems that arose
in the development of successful fis-
sion plants and that would have to be
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faced in engineering any nuclear
plant. The combined effects of those
problems compound the difficuities of
designing a practical operating sys-
tem. Experience with conventional nu-
clear fission power plants, of which sev-
eral hundred have been operating inter-
nationally for decades, provides useful
ingights into the unique aspects of nu-
clear engineering. Analogies with his-
torical nonnuclear jarge-scale engineer-
ing deveiopments such as aircraft and
rocket vehicies are only marginally rele-
vant. The hopes of the fusion commu-
nity cannot rest on such analogies.

But relevant history does provide
a powerful message that must not be
ignored. After the discovery of fission
was announced in 1939, Hans Bethe
came forward with the first theory of
energy production in the Sun through
fusion. In less than five years after
the discovery of fission, fission reactor
production plants of hundreds of
megawatts were operating that could
have been converted to power genera-
tion. In the case of fusion, however,
after a half-century of research effort,
the first demonstration of an operating
fusion reactor is still far away. And
even if such a demonstration should
ever occur, it would be only an academic
achievement. As has been pointed out,
additional insurmountable obstacles

stand in the way of any practical ap-
plication of fusion power.

Nature (which cannot be fooled, as
Dick Feynman reminded us) imposes
fundamental constraints that manikind
cannot change and must accept. In the
case of fission, a remarkably fortuitous
set of technical properties made today’s
nuclear power industry possible. In the
case of fusion, a very unfortunate set of
constraints appears to obviate any fu-
ture power industry based on the fu-
sion principle.

WILLIAM E, PARKINS
Woodland Hills, California
JAMES A. KRUMHANSL
Cornell University

Ithaca, New York

CHAUNCEY STARR

Electric Power Research Institute
Palo Alto, California

Canada Is Chided for
Abandoning Its TASCC

ecently, the international nuclear

physics community was shocked
by the news that the Canadian gov-
ernment had closed the Tandem Accel-
erator Superconducting Cyclotron
(TASCC) in Chalk River, Ontario (see
PHYSICS TODAY, February, page 59,
and March, page 69). This facility, in
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