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FOREWORD

On a breezy December day in 1903 at Kitty Hawk, N.C., a great leap forward in
the history of technology was achieved. The Wright brothers had at last overcome
the troubling problems of ‘inherent instability’ and ‘wing warping’ to achieve the
first powered and controlled heavier-than-air flight in human history. The Flyer was
not complicated by today’s standards—Iittle more than a flimsy glider—yet its
success proved to be a landmark achievement that led to the exponential surge of
innovation, development and deployment in military and commercial aviation over
the 20" century and beyond.

Nonetheless, the Flyer did not suddenly and miraculously assemble from the
theoretical or speculative genius of Orville and Wilbur Wright. Quite the contrary—
it was built on the back of many decades of physical, engineering and even
biological science, hard-won experience with balloons, gliders and models, plenty
of real-world trial-and-error, and a lot of blind alleys. Bear in mind that every single
serious attempt at powered flight prior to 1903 had failed. Getting it right was
tough!

Yet just over a decade after the triumphant 1903 demonstration, fighter aces
were circling high above the battlefields of Europe in superbly maneuverable aerial
machines, and in another decade, passengers from many nations were making long-
haul international journeys in days, rather than months.

What has this got to do with the topic of advanced nuclear power systems, | hear
you say? Plenty. The subtitle of Till and Chang’s book “Plentiful Energy” is “The
complex history of a simple reactor technology, with emphasis on its scientific
bases for non-specialists.” The key here is that, akin to powered flight, the
technology for fully and safely recycling nuclear fuel turns out to be rather simple
and elegant, in hindsight, but it was hard to establish this fact—hence the complex
history. Like with aviation, there have been many prototype ‘fast reactors’ of
various flavors, and all have had problems.

Stretching the analogy a little further, relatively inefficient balloons, airships and
gliders were in use for many decades before powered flight became possible, even
though people could see that better ways of flying really did exist (they only had to
look up in the sky, at the birds). Powered aircraft allow people to travel hundreds of
times faster, and more safely, than lighter-than-air devices. Similarly, the type of
nuclear reactors we have used commercially for decades, although far superior to
other methods of generating electricity, have harnessed but a tiny fraction of the



potential locked away in uranium. To get at that, you need a very different
approach—a nuclear fission Flyer. Enter the integral fast reactor (IFR).

This wonderful book by fast reactor pioneers Charles Till and Yoon Chang, two
of the foundational developers of the IFR during the fabulously productive years of
research and development at the Argonne National Laboratory from the 1980s to
early 1990s, explains in lucid terms the historical, philosophical and technical basis
for truly sustainable nuclear energy. It’s quite a story.

Imagine a reactor that passively responds to critical stressors of the kind that
befell Three Mile Island, Chernobyl and Fukushima by shutting down without
human operators even needing to intervene. Or one that includes a secure recycling
and remote fabrication system that, almost Midas like, is able to turn uranium or
even old ‘nuclear waste’ from contemporary reactors into an inexhaustible (and
zero-carbon) fuel, as well as simultaneously solving the socio-political problem of
long-term disposal.

Once you’ve read this book, you’ll understand how this technological wizardry
is performed and why other options—those alternatives to the Flyer—never quite
worked out. Moreover, you’ll have a much deeper appreciation of the true potential
of fission energy in a low-carbon and energy-hungry world—and an insight into
what has stopped it reaching its potential, to date. There is something here for the
non-specialist scientist and engineer, but also for the historian, social scientist, and
media commenter. It is wrapped up in a grand narrative and an inspiring vision that
will appeal to people from all walks of life—indeed anyone who cares about
humanity’s future and wants to leave a bright legacy for future generations that is
not darkened by the manifold problems associated with extracting and burning ever
dwindling and environmentally damaging forms of fossil carbon, like coal, oil and
gas.

For the sake of averting crises of energy scarcity, mitigating the ever mounting
global problem of anthropogenic climate change, as well as drastically reducing the
pressure on society to make huge swathes of productive landscapes hostage to
biofuels and other diffuse forms of energy collection, we need to continue the
historical impetus towards ever more energy-dense fuels. It’s time for the Integral
Fast Reactor ‘Flyer’ t0 take flight, because, as Till and Chang explain, the sky is
the limit...

Barry W. Brook, Ph.D.
Sir Hubert Wilkins Professor of Climate Change
The University of Adelaide, Australia



CHAPTER 1

ARGONNE NATIONAL LABORATORY
AND THE INTEGRAL FAST REACTOR

The Integral Fast Reactor (IFR) is a fast reactor system developed at Argonne
National Laboratory in the decade 1984 to 1994. The IFR project developed the
technology for a complete system; the reactor, the entire fuel cycle and the waste
management technologies were all included in the development program. The
reactor concept had important features and characteristics that were completely
new and fuel cycle and waste management technologies that were entirely new
developments. The reactor is a ‘fast” reactor—that is, the chain reaction is
maintained by “fast” neutrons with high energy—which produces its own fuel. The
IFR reactor and associated fuel cycle is a closed system. Electrical power is
generated, new fissile fuel is produced to replace the fuel burned, its used fuel is
processed for recycling by pyroprocessing—a new development—and waste is put
in its final form for disposal. All this is done on one self-sufficient site.

The scale and duration of the project and its funding made it the largest nuclear
energy R&D program of its day. Its purpose was the development of a massive new
long-term energy source, capable of meeting the nation’s electrical energy needs in
any amount, and for as long as it is needed—forever, if necessary. Safety, non-
proliferation and waste toxicity properties were improved as well, these three being
the characteristics most commonly cited in arguments opposing nuclear power.

Development proceeded from success to success. Most of the development had
been done when the program was abruptly cancelled by the newly elected Clinton
Administration. In his 1994 State of the Union address the president stated that
“unnecessary programs in advanced reactor development will be terminated.” The
IFR was that program.

This book gives the real story of the IFR, written by the two nuclear scientists
who were most deeply involved in its conception, the development of its R&D
program, and its management.

Between the scientific and engineering papers and reports, and books on the
IFR, and the non-technical and often impassioned dialogue that continues to this
day on fast reactor technology, we felt there is room for a volume that, while
accurate technically, is written in a manner accessible to the non-specialist and
even to the non-technical reader who simply wants to know what this technology is.

1



1.1 Introduction

Our principal purpose is to describe the technical basis of the IFR in adequate
detail in a manner that is accessible to the non-specialist. The what, the why, and
the how of the Integral Fast Reactor technology is what we try to convey. With a
little willingness by the interested reader to accept approximate understandings and
go on, a very adequate understanding of the technology should be possible without
undue effort.

We have not limited our subject matter to the technical, as the IFR concept
embodies a history that goes all the way back to the beginnings of nuclear power. In
its background is much fascinating interplay between the indisputable hard facts of
the scientifically possible, the changing beliefs of the possible in the politics, and
the forces that made the politics what they were—the ephemeral perceptions of
energy realities and indeed of nuclear power itself, at different times in the past
sixty-plus years. The IFR’s history is embedded in the history of nuclear power in
this country—in its ups and downs, and in the plusses and minuses of nuclear
technology itself. Its story starts sixty years ago with the first reactor that ever
produced useful electrical power. It continues at a low level in studies and programs
of the Department of Energy, and in programs around the world today.

Its development took place in two eras, separate and distinct: 1946 to 1964 and
1984 to 1994. The early period defined the fast reactor: choices of coolant and fuel
were made, reactor configuration was selected, and two experimental fast reactors
were built, EBR-1 and -Il. EBR-II, a complete power plant, did not cease operation
when development along the EBR-I/EBR-II line stopped. It operated through the
entire period from 1964 to 1994. The line of development it represented though was
gone, terminated in 1964 by a combination of as-yet unsolved technical difficulties
and by the politics of the time. And there the matter rested.

IFR development began in 1984, much of its technical basis coming from the
earlier era. Solutions to the earlier problems were proposed and successfully tested,
and a range of powerful new characteristics became evident, and were specifically
identified, developed, and proven. This “advanced reactor development program,”
as it was called, was carried out for a decade at Argonne National laboratory; its
result was the IFR. In 1994, although nearly complete, it was cancelled. In the State
of the Union address that year the president stated that “unnecessary programs in
advanced reactor development would be cancelled.” The IFR was the nation’s only
such program.

Why then does the IFR have any importance today? A glance at today’s energy
realities will tell you. It is only a little simplification to say that the present world
runs on fossil energy. Huge amounts are required. The strain required to maintain
present production is increasingly obvious. The resource is finite, and depletion



even now is straining the limits of the possible. Production declines are inevitable.
Constant new discoveries are required simply to maintain production, and
discoveries have lagged below depletion for decades now. This is the situation for
the energy supplies of nations, the lifeblood of civilizations. The IFR deals at this
level—energy supply for entire nations, truly inexhaustible energy for the future.
Energy in massive amounts, in any amount desired, forever. Incredible? No. That is
the promise it offers.

Magnitude is what is important. The magnitude of energy produced is what
matters always. Surprisingly, this isn’t always recognized as immediately and as
specifically as it should be. When told about some new energy source, always ask
how much it can produce. How important is it? Can it power civilized societies
when fossil fuel production can no longer be sustained? The amounts needed to
sustain our civilization are huge. What can replace them? The IFR meets the issue
head on. That is its importance.

The U.S. has an electrical generating capacity of about one million megawatts.
The capacity factor—the percentage of time of generation at full power—is about
45%. In 2009 the full-power generation, equivalent to 100% full power, was
457,000 MWe. The amount of electricity per capita used in the U.S. has increased
by a factor of four since 1960 and continues to increase. These are the kinds of
magnitudes that proposed energy sources must come to grips with, not units of 2
MWe, or 20 MWe, just to keep up with the combination of increased demand per
person and the steady growth in population. Already increased use of electricity for
transport is contemplated and transport needs are huge as well. Is electricity growth
likely to decrease? It seems unlikely, very unlikely indeed. The IFR will be needed.

In this book, therefore, we lay out in simple terms the “whys” of the Integral Fast
Reactor—why the characteristics are what they are, why we made the basic choices
of materials we did, why we chose the design we did, and why those choices are
important (and justified). It is not always sufficiently recognized that such choices
lead to fundamental differences in the most important characteristics between the
different variants of the fast reactor. One way of looking at the possible
characteristics is whether one decision is truly better than another. Discriminating
choices in the materials and the choices in the design matter. They matter a very
great deal.

As we go along, we hope it will become evident why we thought it important to
push its development as we did. The IFR is technology that the authors had the
principal role in drawing together, defining and developing. If we can provide the
reader with anything of value, it is surely on this subject. In writing of our
experience, we hope to make the future developers of nuclear power aware of its
possibilities. We also hope to make it all as easy a read as we can. We want the



answer to be yes to the question, “Is there any book that, in simple language, tells
what the IFR is and why it works the way it does?”

The most complete of the highly technical works is a special issue of Progress in
Nuclear Energy, entitled “The Technology of the Integral Fast Reactor and its
Associated Fuel Cycle.” [1] Edited by W. H. Hannum and authored by a fairly
complete cast of the people who developed the IFR, this volume, written for the
specialist, gives excellent in-depth overviews of the principal technical areas of the
IFR. At the other end of the spectrum are two very good books by non-specialists,
Tom Blees [2] and Joe Shuster [3], who don’t seek to provide the technical bases
underlying the IFR technology, but who do an excellent job of summarizing the
capabilities of the IFR and why it matters.

The IFR story is an Argonne National Laboratory story. It’s completely an
Argonne story; no other laboratory or company was important to its development.
In a very real way its story is the story of the history of Argonne National
Laboratory itself. In the period during which the IFR was an on-going program, it
was only a part of the programs of the laboratory—a big part certainly, but still only
a part. But really it was more than that; the IFR was the culmination of all the years
of fast reactor development at the laboratory. And fast reactor development was at
the center of Argonne’s own development as a great national laboratory. The
history goes all the way back to the beginnings of the national laboratory system—
indeed, to the beginnings of nuclear fission itself.

The authors came to Argonne National Laboratory from very different
backgrounds, and became the closest of scientific associates and friends. We have
been both now for fully thirty-five years. Till was the instigator of the IFR program.
He was the Associate Laboratory Director for Engineering Research with
responsibility for all nuclear reactor research at Argonne. Chang was the General
Manager of the IFR program from its beginnings, with the responsibility for seeing
it done properly. He arrived at Argonne about ten years after Till, and worked with
him almost from the beginning.

In these first two chapters we’ll describe something of what made a great
national laboratory what it was, and what it was like to work there. We’ll have
something to say about what it takes to make a laboratory great—what it takes to
allow it to accomplish important things. Our observations, of course, are our
observations only. They depend on where we were in the hierarchy of the
laboratory at various times through its history. However, we can say that we have
seen the workings of a great national laboratory as scientists working each day, and
then at every supervisory level, and in every political environment the laboratory
experienced over a time nearing fifty years. We start with the laboratory in early
times, the most productive in its history, and we’ll see how the laboratory changed



with events and time. Till saw the tail end of the early years, they were gone by the
time Chang arrived.

What was it like to live through the years at the laboratory and eventually to start
and to almost finish a task whose importance still can’t really be gauged, but which
could eventually supply the energy for the entire world? In Chapter 3 we’ll try to
bring those years back and make them come alive as best we can. In this chapter
we’ll talk about this task, almost finished, but not quite, and we’ll go into the whys
of that as well.

We will be describing events and circumstances that substantially affected the
laboratory. Our view is certainly a view from an Argonne perspective. We won’t
even say it is from the Argonne perspective, as undoubtedly there are many such
views. Our description of the views, actions and reactions of the reactor program at
Argonne to events through the years, and our observations and particularly our
conclusions as to their significance are just that—our own. And as in other fields,
there is competition between laboratories and organizations, and people in other
organizations undoubtedly saw many of the same events quite differently than we
did. Our goal is to describe as accurately as we can events as they were seen, and
interpreted, from within Argonne at the time they took place.

We have no doubt that the other nuclear national laboratories had very similar
histories in striving for excellence in their programs, and in their experience in
striving to create and maintain the conditions necessary for excellence to be
fostered. The laboratories all felt the same forces over the years. We expect
Argonne is typical in the larger scheme of things. In any event, it is Argonne we
know, and it was at Argonne that fast reactor development, culminating in the IFR,
took place over all those years.

In the IFR, we undertook to develop a complete nuclear reactor technology
whose fuel resources would be limitless, and at the same time to try at least to
minimize concerns about nuclear power. There was nothing new about limitless
fuel supplies being put foremost in development. That went back to the very
beginnings of nuclear power at Argonne. But what now had to be faced was that
concerns were, and are, honestly felt by the public, though certainly amplified
(when not invented whole) beyond any recognition of basic fact by organized anti-
nuclear politics. But by the early eighties, their amplitude had increased to the point
that nuclear power in the U.S. had not only been influenced by the organized
opposition, its further growth was at a standstill. We set for ourselves the task of
advancing as far as we could in eliminating, or at least ameliorating, the list of
concerns that were always pointed to, and to do it solely through technology itself.
The tec