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Introduction

Leon M. Lederman
Director

Fermi National Accelerator Laboratory

A tradition of our annual Fermilab Industrial Affiliates meeting is a Round-
table on a lively current topic. These have ranged from supercomputers to super-
colliders. This year a whole new flock of "supers" burst on the scene with the
new supernova and high-field superconductors. By now that tired prefix, super,
has been beaten to death. What do we call the next group of extraordinary per-
formers? Not only to hasten this decision but because it is not too far away, we
decided to try projecting research technology to the twenty-first century.

Indeed, some of the recent supers are intimately tied to how we will do re-
search and use technology in the twenty-first century. The Superconducting Su-
per Collider (SSC) will have most of its research life in that time. The new
high-temperature superconductors should have important impacts. We may see
plastics conducting electricity better than copper at room temperature.

Some years ago at one of these Roundtables on supercomputers, we asked
the experts to estimate the factors by which computer power would increase by
the year 2000. One of the most distinguished said it was impossible to overes-
timate! What makes extrapolation dangerous is the exponential growth of the
things with which we are dealing. If 80-90% of the science that has ever been
done has been done in our lifetime, what can we expect from science in the first
half of the twenty-first century?

Think back to the end of the eighteenth century. Chemistry was being
pushed forward rapidly by such greats as Lavoisier. He would probably have
predicted a century packed with developments in chemistry if he had not lost his
head in a wave of intellectual enlightenment that was sweeping Europe in the
form of the French revolution. The nineteenth century did see tremendous pro-
gress in chemistry. But would anyone have predicted the enormous strides in
understanding electricity and magnetism? Further, would they ever have
guessed how these scientific developments would translate into such practical
and history-changing technologies as an electrical industry and radio? The
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nineteenth century established the prevalence of science-based technology and
carried Newtonian mechanics and the laws of electricity and magnetism to a
pinnacle of mathematical development. And in 1897, science discovered the
electron.

For obvious reasons we have been interested in this problem of getting peo-
ple to appreciate the future benefits of fundamental science. It has led me to
look in some detail at the impact of earlier scientific developments on our pre-
sent way-of-life. At the least hint of interest I will be happy to send you my Sci-
entific American article on "The Value of Fundamental Science," or a much
weightier contribution to a 1983 National Science Foundation workshop that
pursued the same topic.

Recently we have been examining the economic impact of the study of
"modern physics" developments in the period 1900 to 1925. This fundamental
science work, principally in quantum mechanics, has had profound impacts on
the way we live now. The originators of the successful theory of the atom,
Bohr, Heisenberg, Schrbdinger, went on to study the nucleus. But their students
began applying the results to more complex domains: molecules, solids, liquids,
and gases. Transistors, computers, lasers, television, and myriad other tech-
nological developments all flow out of this period. We have attached an After-
word to this volume that examines the economic impact of these developments.
Our casual approach probably will horrify economists, but so be it. This work is
still in progress. We find that roughly a quarter of the gross national product is
a direct result of these fundamental science advances. My gut feeling is that the
actual impact is somewhat larger.

To probe the twenty-first century, we have enlisted some of the people that
have already gone "back to the future." This volume includes appraisals of the
future of superconductivity, the SSC and accelerators in general, government
involvement in science, and computing. In addition, it includes our traditional
breakout exchange from the Round table.
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The Marketing of Science in the Twenty-First Century

Alvin Trivelpiece
Executive Officer

American Association for the Advancement of Science

Many scientists recoil in horror when you suggest that they might engage in
a little marketing. In fact, they usually go way out of their way to avoid market-
ing. I mean, they will bring thrice-uscd viewgraphs and a dull grease pencil for
the transparencies. The presentation is preceded by something like, "Look, I
just thought about this last night." Never mind that the proposal that they're
preparing and giving is something upon which their next year's salary is going
to depend. Secretly, they usually think about it quite a bit. But this approach of
studied indifference and structured disorganization is really believed to kind of
burnish the patina of the credentials that make them a card-carrying scientist.
This scientist righteously denies that he's engaged in marketing. Actually,
whether this is positive or negative marketing is really not all that important be-
cause it is marketing.

All of us engage in marketing and it comes in many forms. It comes in the
form of a kid asking the parents for the family car. It happens when a man asks
a young lady's hand in marriage, or a young lady creates the conditions in
which she'd like to be asked for that particular opportunity to occur. We do it
in publishing scientific and engineering papers, asking for a raise, and compet-
ing for resources to build scientific facilities to pursue a research endeavor.
This can range all the way from five test tubes on up to the whole bloody SSC.
There's a lot of marketing in science.

What worries me is that you scientists and engineers may not like to be asso-
ciated with the idea of marketing, but you do it. You do it all the time. The real
question is, are scientists any good at marketing? In certain local circum-
stances, I'm sure they're really excellent. What concerns me is, are we collec-
tively doing a good job at marketing science and technology in terms of what
the nation needs?



My assessment is that we're not. We don't know what our objectives are.
We don't have a plan that gets at what we might need. We let others define the
arena and the agenda. We tend to engage in negative and defensive marketing.
You can see that elsewhere in this volume, in the transcript of the Roundtable.
E. A. Womack from Babcock & Wilcox asked a friendly question. The re-
sponse to that question was a whole train of defensive rejoinders that had to do
with technology transfer. That was an interesting, but also absolutely typical,
response. We assume that because we're doing excellent work, that's all we
have to do. The work will market itself. Of course, it is absolutely necessary to
do excellent work. But it is certainly not sufficient.

The point is this: organized, strategic, and collective marketing are not the
strong suit of the scientific and engineering communities of the United States.
Think back to the 1930s. In the thirties and before, there were a few people,
Milliken, Lawrence, and others, who would go out and try to seek funds from
private organizations and foundations. The amount of funding was small. The
difficulty in trying to obtain this funding was very high, but these people were
good at it! They were skillful - they had to be because there wasn't any other
source. Government funding of research as we know it today simply did not exist.

The Post-War Science Establishment

The transition to what we now enjoy began around World War II. The estab-
lishment of the mission-oriented agencies in the federal government changed the
way research was done and managed and supported in the United States forever.
These mission-oriented activities developed radar, atomic weapons, and a whole
slew of other technologies. The United States and other countries around the
world really changed at that particular point. After the war, a whole flock of
new agencies suddenly appeared on the scene. The Atomic Energy Commission
(AEC) came into existence. Nuclear physics, nuclear power, nuclear medicine -
those all came out of the war. The AEC act of 1947 was one of trie finest pieces
of legislation that was ever written in terms of benefits to basic research,
science, and technology in the United States. It set the stage for much of what
was to follow. The Office of Naval Research (ONR) just celebrated its fortieth
anniversary a few months ago. That organization established a style of contract-
ing and research that was absolutely superb. ONR went out and found the



smartest people in the United States and gave them money. They didn't worry
about peer review or time and effort reporting. This resulted in a lot of good
work that the United States is still taking advantage of. The National Science
Foundation (NSF) was created to support science and education, and it did a
great job.

Collectively, scientists didn't have to do very much in the way of marketing.
Marketing occurred almost naturally. Furthermore, science was cheap. The
leaders of that time had an abiding faith in the fact that science and technology
were important, that the benefits of science were there. Recently I had the good
fortune to attend the ceremony at which the Vandevar-Bush Awards were
presented. This year's winner was David Packard, an outstanding recipient for
the award. I was reminded at that ceremony that we really owe a great deal to
Dr. Bush, an enormous debt of gratitude. He did an absolutely fantastic job of
marketing. His report, Science: The Endless Frontier, was something that was
about as good a job as could be done.

Nevertheless, the general conditions in the mid-fifties resulted in severe con-
straints in support of basic research and applied science. It's hard to know how
the fifties and the following years might have ended up had the Russians not
done us the favor of launching Sputnik. But they did, and as a result, there was
a sudden deluge of money with a corresponding surge of faculty positions and
money for industry. NASA, pardon the expression, took off like a rocket.

During this period there was no marketing of science in the ordinary sense of
that word. Of course, there was some hype. Certainly in one sense, putting a
man on the moon involved elements of hype. But no one really tried to define
where we were in science, where we might go, how we might get there, and
whether or not we would like it when we arrived. There was a lot of competi-
tion. The activities that were under way at that point led to the initiative which
became Fermilab. But looking back, the feature that was distressing was that
the public was treated with a kind of a benign contempt. The AEC was some-
what arrogant. Electricity was going to be too cheap to meter. Atomic weapons
were going to make the U.S. safe.

At that time, virtually no member of Congress had any real interest in
science. The original NSF legislation had an appropriation limit of $15 million.
That number seems startling today. Fortunately, that limitation, which was part



of the organic act, was repealed. Most of us were too busy at that time compet-
ing for a piece of the pie to worry about whether or not the pie was growing or
shrinking. The interesting feature of this period was that it really didn't matter.
Things were pretty good, and whether or not the pie was shrinking or growing
wasn't that big a deal. The rest of the world wasn't that much of a threat. It
wasn't doing anything that was causing the scientific community any problems.
Vietnam was the focus of most of the national attention. The academic appara-
tus was in disarray at that point. Lack of jobs for scientists and engineers was
really the dominant problem. The national technical debate, which was on the
SST and ABM systems, was for the first time getting scientists involved in a
more vigorous way in some of the political turmoil that was taking place.

The trouble was, it was difficult for the political leaders to distinguish when
scientists were exercising recommendations that were based on sound technical
judgment and when they were making statements of political opinion couched in
scientific terms. That was one of the causes that resulted in the disestablishment
of the President's Scientific Advisory Committee - PSAC. So, from a market-
ing and political point of view, I don't think we were doing too well.

At about that time, the AEC was folded into the Energy Research and Devel-
opment Administration (ERDA), and ERDA then became the Department of En-
ergy or DOE. Gas lines began to dominate the scene and energy development
became fashionable. Congress turned to force-feeding money into many energy
schemes. Some of them were sound, but a lot of them were bizarre. Some of
those schemes didn't even make net energy, but somehow that didn't seem to be
important because some of those that didn't make net energy actually made net
money and that was important.

At the beginning of the seventies there were virtually no members of the
Congress with any technical training or any congressional staff that had any
technical training. Mike McCormick was one of the principal exceptions. Tom
Ratchford and John Andelin, of his staff, may have been the first two scientifi-
cally trained staff members to exert scientific influence. They played a key role
at that time because other members of Congress trusted Mike McCormick. He
was one of them. When he needed questions answered, he would go and ask
John Andelin and Tom Ratchford, and they would staff them out. For a brief
period, they literally provided most of the Congress of the United States with



the technical advice that it had. In turn, this gave them an incredibly powerful
position. We owe those gentlemen a debt of gratitude because they didn't abuse
that position.

During this period, some of us made occasional trips to the Hill to explain
that some fields of science are more important than others in the hope that this
might result in our particular field of science being looked at with more favor
than the others. In some ways we were lucky during this period. Even though
the science budgets were being held constant, they were being reduced by infla-
tion. But the impact could have been much worse because one of the problems
was that there was kind of a Gresham's Law at work. As an example, with the
bad money driving out the good money, people were getting hooked on the idea
of trying to look into the theoretical aspects of the efficiency of home air-
conditioning systems, but there aren't too many Nobel Prizes left in that particu-
lar field. Some of the federal laboratories took money to do that kind of thing.
Smart people who should have known better ended up writing proposals to try
to do that instead of writing proposals at the frontier of their field of science.
This caused a lot of problems and the effects are still being felt in DOE. One of
the good things from that period was that the public wasn't too concerned about
the negative effects of science.

Where We Stand Now

Suddenly, while we were napping, several interesting things happened. For-
eign competition got a hell of a lot tougher, while we haven't gotten much bet-
ter. Trie Consumer Price Index, papers, patents, the percentage of the gross na-
tional product (GNP) going into basic research, technology applications - all
these indices suddenly got worse. The public has grown suspicious, even hos-
tile, toward the science community. They suspect science and technology are at
fault in a variety of ways. A litany of problems appeared: toxic waste, Love
Canal, Times Beach, acid rain, CO2, ozone, nuclear waste, Chernobyl, testing of
nuclear weapons, Challenger, biotechnology.

At the same time, the cost of competition has gone way up in a number of ar-
eas such as high-energy physics, fusion, and biology. Materials science can no
longer be done with sealing wax and string. Most areas of research require
teams in order to make progress at some frontier. The lone-eagle researcher by



himself in a laboratory is becoming about as rare as the single-family farm. Sci-
ence is also no longer a small-budget item. Federal funding is in the $100 bil-
lion range. Never mind that that's mostly weapons development, which isn't
the kind of basic research that many people think of. In the minds of many,
"science," "research," "basic," "applied," "development," and "technology" are
all one word. We can argue for hours about the subtle differences regarding the
boundaries of those words and what they mean to each of us, but to a good frac-
tion of those who are in political power in the government, they are simply all
one word.

Science is important. Technology is important. We've been telling politi-
cians this for a long time. Suddenly, they believe us. It's good news, right?
Well, maybe. They look at Route 128, they look at the Silicon Valley, and they
believe that if they have "one in their district," the economic benefits are going
to flow. To get one, they sponsor special-interest legislation for certain kinds of
facilities - I'm much too polite to call it pork. In a few years they expect to reap
certain benefits from this investment. What if the benefits don't accrue, don't
materialize? The political advocates are going to get annoyed. Then there's
likely to be some kind of science and technology backlash.

These special-interest activities are well within the congressional preroga-
tives, something we scientists and engineers don't understand very well. We
complain to the politicians about their not obeying the rules of peer review. The
politicians don't understand that. If they pass a law ard the President signs it,
they expect it to be carried out. It doesn't matter whether it's a river, a harbor,
or a building at a university - they believe it's going to be done. Our position of
moral indignation is better defended on grounds of selecting one scientific pro-
posal over another, not one building over another. You're not going to make it
on the buildings.

Learning to Shoot Out

The bottom line is that we're currently doing a lousy job of marketing what
we do. This didn't used to be so important. But now it has become very impor-
tant. In the twenty-first century it's going to be absolutely essential. Like it or
not, we're either going to have to become good at marketing in some global
sense or we're not going to be serving the nation very well. Science and tech-



nology have become absolutely essential elements of our future economic health
and development. They're going to have an effect on trade balances and they're
going to have an effect on a whole flock of other things that we're interested in.

What I mean by marketing is r.oi the kind of hype that has recently attended
the discovery of the new superconductors. In fact, that has produced a good ex-
ample of exactly the kind of problems that we must avoid. The unrealistic ex-
pectations that have been created in the minds of many is a problem. There are
unrealizable claims and attempts to derail projects that are already under way. I
like to call a fact that has been created for convenience a "factoid." The use of a
technical factoid to further political goals is a problem. Personally, I respect
those who can go out and say, "We shouldn't build the Superconducting Super
Collider because the scientific knowledge that we might gain is not worth the
price it would cost to get it." I don't happen to agree with them, but I do believe
that their position is legitimate and is worthy of being debated. But when peo-
ple with the training and knowledge to know better go out and say that we
should delay the SSC because new materials are going to make it cheaper, or
better, or whatever, then I think they're engaging in an interesting form of po-
litical demagoguery.

An elementary analysis of the economics, let alone the technical aspects of
the materials, reveals that the cost of the wire is likely to be less than 5% of the
whole SSC project. Now suppose the wire were developed free in two years. If
it were, and if you waited that long, the inflationary cost growth in those two
years would greatly exceed the value of the new wire. So it seems to me that
that's not a very smart thing to do. Never mind the fact that your starting point
is a ceramic with a current-carrying capacity of a thousand amps per square cen-
timeter, while the existing niobium-titanium can carry 2.8 kiloamps per square
millimeter. How long is it going to be before you're at the point where the
reliability and suitability of the material is satisfactory? That's going to te a
number of years. And yet, people with very impressive credentials have taken
just that position. They have gone and said that we should delay the SSC for
just this purpose. As a result, these factoids are now being used by members of
Congress who have a desire to see things like the SSC slowed for other reasons
on the political agenda. These are not necessarily reasons many of us would



agree with. We're collectively playing right into their hands. We're giving
those who mean to do us harm the tools with which to do it.

This illustrates a point that I want to make, that scientists are pretty good at
one thing: They recognize that when they are threatened they should circle the
wagons. They do that all right. They don't flunk wagon-circling. What they do
flunk is that they shoot inward and this causes a lot of wagon-to-wagon fire to
occur, along with a certain amount of collateral damage. We've got to learn to
recognize that shooting outward is the right tactic, not shooting inward, because
shooting inward is going to be a loser.

Working Together

By the twenty-first century what we need to do is to complete a transition
which is really going to go against the grain of the normal approach whic h most
of us take. We've got to market science in both a tactical and strategic manner.
I don't mean just going from grease pencil viewgraphs to slick viewgraphs and
multicolor brochures. We have to change the mind set and the approach by
which we go about this. Some of it's beginning to occur naturally, but I'm
afraid it is not going to occur on a time scale that is consistent with what we
need - it may be too little and too late.

The first order of business is that government, universities, and industry are
going to have to work together to try to insure that there's an adequate basis of
curiosity-driven research. This means identifying the best and brightest - not
when they've gotten to graduate school, but while they're still in grade school.
We have to provide a challenging and realistic set of goals and opportunities for
these kids and then give them an education that is second to none. We have to
create a climate in which they can pursue curiosity-driven research without al-
ways looking over their shoulder to see how they're getting supported. Things
like the MacArthur Grants do that, but they're too few and too far between. It
would be useful if there were more of them. Maybe we ought to think about
how we could create others.

A university shouldn't attack the national labs on the grounds that if they can
kill a national lab, the money that will be available by so doing will be up as a
jump ball and they, the universities, can fight for it and it will come out. It
won't. The money will simply disappear. This idea of conservation of money



is incredibly naive, but unfortunately, a lot of people believe it. This same rule
holds for labs and for industry. You won't gcnn any ground by killing the op-
position. Attacking the other fellow is strictly a loser. As corny as it sounds,
learning to cooperate better is absolutely essential. Each of the entities in this
triad of government, universities, and the laboratories should be each other's
best rooting galleries. Right now they are not. They tend to be each other's
worst enemies.

Second, we've got to make an effort to try to insure that we have enough po-
litical power to be taken seriously. We're not. There's been good bipartisan
support for science in Congress over the years. But will it continue? I don't
know - maybe. Can we afford to gamble that it will? No way. Are there politi-
cal forces and realities that could leave science out in the cold? You bet your
funds there are! As distasteful as it may be to many of us, we must begin to get
more involved in the political process. We can't rely on the good will of the
Congress or the luck of the draw on who's going to be the science advisor, or
whether or not the next administration is going to be for science or against sci-
ence and how they're going to go about doing it.

When was the last time that any of you actually took part in any political ac-
tivity to get a president elected, to get a representative or senator elected, even a
dogcatcher? Have you ever gone out and given a speech on anyone's behalf to
try to get them elected to any political office? As i* 'urns out, I've volunteered
many times and only been accepted a few times. This is rather interesting be-
cause, when I volunteered, I could have talked at no financial cost to the can-
didate. The Republican National Committee would have paid my way anywhere
any candidate in the United States running for a Republican office would have
wanted me to go. I was turned down. I discussed my experience with some-
other people who are scientists who have also tried to do the same thing. It's an
interesting sidelight on why this comes about. One factor is that most politi-
cians who are running for elected office don't want scientists out there cam-
paigning for them. They don't trust us. They fear that we're either going to
snow the audience, or we're going to bore the audience, or we're going to say
something they can't live up to or don't understand. They don't want us there.
As long as that happens, we're naked politically.
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Third, we are also going to have to adjust our thinking to reflect the fiscal re-
alities of what the next generation of scientific facilities are going to cost. The
idea that each country is going to have a three- or four-billion-dollar item in a
particular field of science is preposterous. We need to work the science technol-
ogy as a leading element, not a lagging element, in international negotiations.
We don't want to be in a position where the idea that there's going to be a sci-
ence and technology agreement happens to be an artifact of a summit get-
together. And yet that's the way most of them occur. Someone says, "Oh, by
the way, let's have a science and technology agreement," and then a lot of peo-
ple work for six months figuring out what is going to be put under it. We
should be out there trying to lead that particular parade, not being the follow-up.

If we don't learn how to do this and how to agree collectively on how to mar-
ket major facilities, it is likely that none of us are going to have an opportunity
to use these facilities, rather than that each of us will have one of them. We
have to convince the political and the financial leaders of the countries around
the world that their resources, both financial and human, are being used intel-
ligently. We need to find a way to balance the requirements for facilities of this
sort against the needs for small science and not try to do whatever it is we're go-
ing to do at the expense of the other guy.

Fourth, we're going to have to work on the public. We're not going to make
it on any of the big issues if we can't even get the public to understand some-
thing like relative risk. There are a lot of sophisticated articles that appear on
this subject from time to time. I'm sure most of you have read them. They
identify the relative risk of flying, of smoking, of living next to a nuclear reac-
tor, living next to a coal-fired plant, eating vegetables, pesticides, and so on.
They allow us to make sound judgments about what we'd like to do or not do.
Most scientists are capable of doing so on the basis of that kind of rational infor-
mation. On the other hand, the public is terrified over the idea of nuclear power
and yet most of them are willing to live next to a coal-fired plant. I'd rather live
next to a nuclear plant any day of the week. You know, that chemistry stuff is
dangerous.

There have been a few articles about this in magazines like Science, which I
hope you all subscribe to. If you don't, I've got a few cards here in my pocket.
That magazine reaches 500,000 people when you take into account subscrip-
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tions plus multiple readers. I'm pleased, but that's not really very many. What
we need to do is to have all of us who earn a living at some aspect of science
and technology periodically explain to as many members of the public as we can
why science is essential to them. This includes PTA, Kiwanis, and organiza-
tions like that. Get out there and do it! A lot of congressmen of my acquain-
tance complain about the fact that they have to go home to their district and ex-
plain to their constituents, who put them in office, why it is they, the con-
gressman, is doing something dumb like putting money into frivolous things
such as science and technology when they've got farmers going bankrupt in
their district and committing suicide. That's the kind of competition we're fac-
ing out there at the moment.

We need v.o create a climate where the voters who are supporting a particular
candidate for elected office are telling him that science and technology is impor-
tant, not a climate where the member is out there trying to defend to his voters
why it is he did something in the Congress to support that which most of us
think is very important.

The Future

What's going to happen in the next 13 years? That's when the year 2000
comes around. The Superconducting Super Collider is going to be built. The
fusion engineering test reactor will be built. The human genome is going to be
sequenced. A mission to Mars is going to be launched. A test ban and reduc-
tion of nuclear weapons might actually occur. Superconductors at high tem-
perature will be fabricated in practical devices. Nuclear power is going to be on
sound footing. Acid rain is going to be just a minor technical problem. A cure
for AIDS is going to be found. The greenhouse effect is going to be solved. All
supercomputers are going to be built in Japan. SDI is going to be deployed.
The Orient Express is going to fly. This is only a partial list.

I was interested in the Roundtable elsewhere in this volume. Of all the
things that were discussed, the one thing that wasn't mentioned is the one I find
the most fascinating. We're going to understand the brain - the biochemical
processes that go on in the brain, what it is that causes estrogen and various
other things to influence the growth of biological systems. We'll understand
things like sex determination, differentiation, attitudes, and the degree to which
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we are the victims of our own endocrine system. That's all likely to be well un-
derstood in the twenty-first century. It's a remarkable event and yet none of you
mentioned it.

A lot of these items can obviously go either way. If you believe that the de-
cisions affecting the outcome of these events are best left in the hands of non-
technically trained politicians receiving poorly organized advice, then my
recommendation to you is to do nothing. Because that's exactly what's going to
occur if you do nothing. If you believe otherwise, then I suggest that you think
about how you can begin to influence the ghosts of Christmases yet to come.
This is the kind of collective and global marketing that we're just simply going
to have to get very good at in the very near future. If you do nothing, what
you're going to end up with is a Department of Science and Technology.
Remember, as many of you know who have had dealings with campus machine
shops and other similar institutions: In any big bureaucracy, efficiency will al-
ways win out over effectiveness.
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Elsewhere in this volume, Alvin Trivelpiece discusses the need for scientists
like me to market science. So you can judge my credentials, I would like to be-
gin by relating the basis of my understanding of marketing. Recently, I was in
Paris where I realized a boyhood dream of being taken into the heart of the
French establishment. I went for an interview at one of the great news maga-
zines in France, housed in a small, elegant nineteenth-century office building
about 20 yards from the Arc de Triomphe, and was admitted to the editorial of-
fices. We began by discussing the TEVATRON, the SSC, and the meaning of
life. Since this was France and it was Friday night, after the formal interview
the journalist who was in charge took me to a tiny restaurant around the corner.
It was one of those nice little places with six tables covered with starched
tablecloths and run by a very warm woman of a certain age who serves in a
solicitous fashion the kind of food that Grandmother would have served you if
Grandmother happened to be one of the great chefs of Lyon. In the course of a
magnificent dinner, which went on for three hours, the journalist, a woman of
about my age, and I continued our dis< ussion of science and life. I explained
why Leon Lederman was a great man and said all the other things that I was
supposed to say. We started talking about the differences between science writ-
ing and journalism in the United States and France, and we talked about the
training of science writers, Watergate, and the Greenpeace affair. By the time
we had finished all that, it was dessert. In the middle of a spectacular Tarte
Tatin, she leaned across the table, looked deeply into my eyes, and said, "I'd do
anything for a story."

Under my breath I whispered, "Be still my heart. (This must be what Leon
means by marketing.)"
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Fortunately, she noticed my discomfort immediately and said, "But you're
not a story."

With that introduction, on to particle physics in the twenty-first century.

Elementary Particle Physics

What is elementary particle physics? It's the science devoted to searching
for the ultimate constituents of matter and the interactions among them. We try
to answer timeless questions such as, What is the world made of? How does the
world work? (God will come at the very end of this talk; I promise I will get to
God.) The way in which we go about this search is really common to all of the
rest of science. We try to discover a reason for this and a reason for that which
seem to be unrelated. But we also try to understand laws, hopefully simple and
small in number, which apply generally in different times, different places, and
different circumstances. The hope is to take laws learned in one place and apply
them elsewhere, both for understanding things better but also, of course, for the
possibility of eventually putting that knowledge to productive use.

MATTER & ENERGY

FORCES CONSTITUENTS

Fig. 1. Goals of elementary particle physics.

The framework in which we labor, shown in Fig. 1, is one that you can't de-
rive from any basic principles, but it is one that has served well for thousands of
years. This is to imagine that there are some group of ultimate constituents of
all matter and to try to identify those. By those ultimate constituents we mean
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now, and have historically meant, little things that make up everything else and
which themselves have no internal structure and are indivisible. We can talk
about them as the little nuggets that build up everything else. According to this
scheme, having identified those constituents we next try to identify the forces by
which they interact and work together to make up all the phenomena that we see
in the Universe. So the fundamental questions are, what are these basic con-
stituents of all matter and energy, and what are the fundamental forces between
them?

Fig. 2. "Man and the four elements," woodcut by Hans Weiditz accompanying a
1532 German edition of Petrarch (1304-1374), The Mirror of Consolation.

The idea that this framework should be useful has been with us for a long
time. There is the ancient notion of the four constituents of earth, air, fire, and
water. A view of these constituents is shown in this magnificent sixteenth-
century woodcut (Fig. 2). There, earth, air, fire, and water interact by means of
two forces called love and strife. With our funny names for the quarks - charm,
beauty, truth, and so forth - we are just following a hallowed historic tradition of
making up silly names for profound concepts. This illustrates not only that the
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idea of basic constituents is old, but that the identity of those constituents has
changed over the years as we have been able to look more deeply into the struc-
ture of matter. We now think it is a little quaint to talk about earth, air, fire, and
water as the basic constituents. While the identity of those constituents has
changed over time, the idea that fundamental constituents should be a good way
of organizing things has persisted.

One of the other things that has changed since early times is that the work of
physicists used to be represented in books that came with covers like the one
shown in Fig. 3, an etching from a seventeenth-century edition of Lucretius's
book, On the Nature of Things. I'm hopeful that in the era of desktop publish-
ing we will be able to get back to this sort of format so that our work is taken as
seriously as it should be. For those of you lacking in classical education, I has-
ten to point out that the title doesn't imply it's a sex book.

Fig. 3. Frontispiece, De Rerum Natura of Lucretius (J. Tonson, London, 1712).
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That is the basic framework. What do we make of it now? It's frequently
written in newspapers and claimed by my colleagues that a grand synthesis of
natural law is at hand and that we are on the threshold of a complete new under-
standing of everything. Humility forces me to note that this may not be the first
time in history that scientists have made such claims, so it is interesting to ex-
amine the basis for the current assertions. I think the claims are not completely
frivolous. Whether or not the picture we now have really is close to a final un-
derstanding of at least some level of nature, what we now know and the ques-
tions we are able to ask will form a lasting part of some enduring understanding
of at least a segment of nature.

The reasons that one can be somewhat confident on this point have to do
with developments over the last 20 years in particle physics which we can clas-
sify as the emergence of the Standard Model. This is the single unified picture
which gives us a language for discussing all the phenomena we see about us,
and for organizing that information and trying to understand it. This Standard
Model has a couple of basic facets. One of them is recognizing what are the ele-
mentary particles, at least for the current generation of scientists. Instead of
earth, air, fire, and water, they are particles called leptons and quarks. It is find-
ing things which seem - at the current limits of our resolution - to be elemen-
tary, indivisible objects that gives us one starting point.

The other important development is the formulation of a mathematical ex-
pression for the forces of nature. These are called gauge theories of the strong,
weak, and electromagnetic interactions. Without going into the details of these
theories, they all have in common the idea that by observing symmetries in na-
ture, by doing experiments and recognizing patterns, we can then follow our
nose within this mathematical framework and write down theories which are
self-consistent and even true, and which describe a wide range of phenomena.
Having a common mathematical expression for different interactions, we are
able to see the prospect of unifying these three interactions and the promise of
being able to bring them together with gravitation.

In a discussion like this, it's very easy to give too much credit to theorists be-
cause their ideas are simple and can be explained in an elegant way. I feel it is
important, particularly in a place like Fermilab, to explain why a theorist spends
time here and what is the relationship of theory to the rest of the world. One of



20

the points that I hope this audience is aware of, but certainly the people who
write my children's school books are not, is that there is an essential interplay
between theory and experiment and the availability of new technology. Put dif-
ferently, there is a relation between discovery of new phenomena, understanding
or insight into those phenomena, and new tools that enable us to make progress.
In our own field, the history of accelerator and detector technology precisely
parallels and, if you want, leads the development of the more abstract intellec-
tual content of the subject. Whenever we can measure things more precisely or
look under a rock where nobody has been able to look before, we have the po-
tential for new discovery. From those new discoveries often come insights.
Having made those discoveries we can then use them for calibrations or to in-
vent new tools.

Technology

(New Tools)
Experiment

(Discovery)

Fig. 4. Synergism in basic research.

That sort of interplay, illustrated in Fig. 4, between the existence of these
three branches of the science enterprise and the importance of each in sustaining
the others is, I think, under appreciated. In my children's school books, which I
read on occasion when I need to get my blood pressure up, you find that the last
person in the history of science who built an instrument and then used it for a
scientific discovery was Mr. Leeuwenhoek, who in the sixteenth century took
• v/o magnifying glasses and put them together to make a microscope and learned
from that exercise the structure of the onion cell. After that, I guess technology
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became too complicated to be explained in the school books, and so you find
that Mr. X. or Ms. Y got this or that idea and that was that. This slights the
process of experimentation and also the essential role played by the availability
of new tools to do experimentation.

There are lots of examples in fields other than particle physics. For example,
the whole business of molecular biology emanates from the discovery that cer-
tain enzymes like to take a bite out of DNA molecules at a certain point. Hav-
ing made that discovery, one tries to understand it and does more experimenta-
tion to see what it means, and you find that there are other enzymes that like to
take bites out of other pieces of DNA molecules. Having done that allows you
to invent a new technology not only for a growth industry like genetic engineer-
ing, but also for doing more experiments. Now you can take apart and put back
together these molecules that govern the structure of life. In the course of doing
that, substituting this for that, adding this piece here, cutting out that piece there,
you develop some insights into the nature of the genetic code and what it means
for us. This interplay of instruments, experiments, and theory is something which
needs to be emphasized.

It is annoying when people, either academics convinced of the purity of their
research or people who do technology and are convinced that the rest of us are
just frittering away our time and the taxpayers' money, try to make strong cases
either that technology is the stepchild of fundamental discovery and it just comes
dragging along later, or that fundamental discovery follows 25 years after tech-
nological innovation. Both of them nourish each other and are essential to each
other.

Back to science. It has been known since the 1930s that within this frame-
work of forces and constituents one could identify (Fig. 5, page 22) four forces
of nature which are responsible for everything we know. That is one of the
simplifications and generalizations that physics is good at, and in fact, one of
the great triumphs. Instead of dealing with the force of the wind, the force of
lightning, the force of friction, and other such things, one for each situation that
we encounter, we can interpret everything that goes on around us as the result of
the action, either singly or in concert, of the strong, electromagnetic, weak, and
gravitational interactions. The strong interaction is responsible for binding
protons and neutrons together in nuclei, electromagnetism for light, microwave
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Fig. 5. A starting point.

ovens, and television, weak interactions for radioactivity, and gravitation for the
motions of the stars and planets. That recognition didn't occur until the 1930s.
While the electromagnetic and gravitational interactions were known before, the
strong and weak phenomena were discovered in the thirties.

At that time, the fundamental constituents appeared to be the proton and
neutron (the constituents of the nucleus), the electron, and by circumstantial
evidence, something called the neutrino. The moment at which they were
thought to be fundamental constituents didn't last very lc.ig because a lengthy
series of experiments showed that there were lots of other things equally funda-
mental looking. Furthermore, if you looked inside a proton you found that there
were gears, and wheels, and sponge foam, and stuff like that. On close inspec-
tion, the proton is seen to be a big, squishy object, not at all something you can't
excite, shake, and break apart.

I now slight 50 years of experimental physics and give you the answer. The
answer, which has become clear to us only in the last 15 or 20 years, is that at
the current limits of resolution which correspond to distances of about 1016 cen-
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timeters (very small), the fundamental indivisible-looking things are a bunch of
particles called quarks which have names like up, down, charm, strange, top,
and bottom, or truth and beauty if you like, and corresponding things called lep-
tons which are relatives of the electron called the electron and its neutrino, the
muon and its neutrino, the tau and its neutrino. The distinction between these
two classes of particics is that the leptons experience gravitational, weak, and
electromagnetic interactions whereas the quarks, in addition, experience the
strong interaction. Figure 6 shows the situation before modern analysis is
brought to bear on the forces. We just know that the forces are there. Our an-
cestors in the 1930s made this invention and we find that it is indeed satisfac-
tory to describe what goes on around us.

MATTER & ENERGY
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Fig. 6. Progress toward the Standard Model.

The progress toward understanding the forces, which has culminated in the
last 15 or 20 years, but which began in the 1920s, is to have a framework in
whicJ. we can analyze the interactions between quarks and leptons. I'll sum-
mariz e that very schematically, so you have some notion of how we do it and
the in erplay between a grand principle and experimentation and observation.
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The first step is to do experiments and to recognize some pattern or symmetry
of nature. If you then give a mathematical expression to your theory of the
forces, the equations of physics, which tell how we get from here to there, have to
embody or reflect this symmetry. You then decide to be so impressed with sym-
metry that you try to impose it on the equations in a stricter form and find that the
equations of physics that you would naively write down don't respect the sym-
metry in a stricter form. However, they can be modified to accommodate the
stronger symmetry requirements at the price of changing the consequences of
your theory. The changed consequences are that you can only accommodate the
symmetry in the stricter form if you introduce specific interactions between the
particles and, to carry those interactions, specific particles to mediate them.

The idea that you can have some grand scheme like this, a recipe or a great
principle, in order to guide your search for theories is very important. It is ter-
ribly easy to make up theories. What's not easy is to make up theories that aren't
automatically wrong. So if you find a grand principle which restricts your search
for theories to those that have a chance of being right, you are far ahead of the
game. Having done that, we arrive at what is called the Standard Model (Fig. 7).

THE STANDARD MODEL

MATTER & ENERGY

FORCES CONSTITUENTS

Fig. 7. The Standard Model of Particle Physics.
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On the one side we have the fundamental constituents, the quarks and leptons.
Notice that these fundamental constituents are represented as little bricks since
they are the fundamental building blocks that make up all matter. The forces are
on the other side. Our understanding of the forces has now given us a common
understanding of the weak and electromagnetic interaction. That's fun, because
it's fewer fundamental forces and also repeats history. Electricity, represented by
lightning, and magnetism, represented by a compass needle, seem very different,
but the great triumph of experiments through the nineteenth century and theory in
the 1860s was to recognize that they are two facets of the same interaction. We
have been able to do that almost completely again for the weak and electromag-
netic interactions.

In addition to that, we now recognize the carriers or messengers of these inter-
actions: the gluon (because it glues quarks together) for the strong interaction, the
photon for electromagnetism, intermediate bosons for the weak interactions, and
we guess that there may be something called the graviton for gravity. Having a
similar mathematical expression for all of these, we may be able to go further and
reduce them to one grand principle instead of a few.

Experiments in the Twenty-First Century

So that is a little bit about where we stand and very little about how we got
there. I'd now like to say just a few words about how we think we know these
things, namely by doing experiments. The chapter by Sadoulet answers the
questions about everything I have left out. Our brief as particle physicists is to
try to find the most basic constituents and the most fundamental forces. This is
impelled by a belief that if you deal with simpler and smaller systems, you will
discover rules of more general application that you can then combine to describe
large and complex systems. We try to look at the structure of matter on finer
and finer scales. We do this by making our "microscopes," which are the com-
bination of particle accelerators and detectors.

My colleagues who do experiments do, to a certain approximation, one single
experiment, as shown in Fig. 8 (page 26). This single experiment consists of a
couple of elements. First, there is a beam of particles which we prepare with
loving care in the accelerator. This beam hits a target, which we also prepare
with loving care in the experimental areas. Products stream out of this interac-
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tion of the beam and targ-Jt. For TEVATRON collisions, 50 to 100 particles are
not uncommon. Then, standing over here to one side holding a tin cup, is the
experimental physicist who catches the products and says, "Yes, one came here
and one came there."

The Experiment

Detector

Product
Beam

Target

Fig. 8. The Experiment.

There are lots of variations on this experiment. First of all, detectors are
complicated because if many particles are coming out, it doesn't do just to stand
off to the side with one large tin cup and say, "Yes, something happened." In-
stead, you need to know that this particle went here and identify what type of
particle it was, while this particle went there and it was a different sort. You try
to characterize as best you can everything that happened in the collision. That is
the complexity of detector systems about which I'll say a little bit more later.

There is an infinite variety of experiments. You can change the beam, you
can change the target, you can change the conditions. There are also people
who try to cut corners. Some of my colleagues are so incredibly lazy that they
leave out the beam and just have a target. These are people who build large
plastic bottles full of distilled water and wait for a proton to decay and wink at
them. That leaves out the beam. There are other types who only have a beam
and leave out the target, studying the decays of particles in the initial beam.
These are also lazy people. But finally, there is a third class who leave out both
beam and target, and those are called theorisK



27

What are the goals of a detector system? Ideally, all of the characteristics of
all of the particles produced in an event are measured. This means large, angu-
lar coverage, because particles come out in many different directions. It also
implies high spatial resolution to characterize the tracks as well as possible. At
the same time, it is important to identify the particle characteristics, to know
that this is a pion, that's a muon, and this is an electron. A very important
aspect, which will become more important as we move towards the SSC, is to
try to extract the events of interest for the particular investigation you're doing
from the routine background of things that go on all the time, that you've stud-
ied before, and that on that particular day you don't care about, except to
monitor the performance of your detector. How to make the selection is of con-
siderable importance.

In the SSC environment, we expect to have 100 million interactions per sec-
ond taking place. All of them will be complicated and give rise to a couple of
hundred particles. The speed at which you can hope to record these events on
some medium like magnetic tape or a laser disk is about 1 to 10 interactions per
second. That means a decision must be made very quickly. "Very quickly"
means to begin in the space of 15 nanoseconds, or roughly the time between one
interaction and the next. In other words, you've got to begin deciding how to
reduce 100 million interactions per second to the 1 to 10 interactions per second
that are particularly notable and worth recording. That is a reduction by a factor
of 10 million on line. This must be done quickly without throwing away any-
thing important. That's a great challenge to our ingenuity and to putting remote
intelligence on the detectors. You have to do this while keeping the costs of
construction, operation, and data reduction within reasonable bounds. These
reasonable bounds apply not only to the money involved, but also to other para-
meters - intangibles like the lifetime of graduate students. You must be able to
analyze these events while you still remember why you're doing it.

Sadoulet's chapter also discusses detectors, but I'd just like to emphasize the
different scales involved in these projects. There are many different skills re-
quired to make these detectors and many different scales on which they operate.
Figure 9 (page 28) shows a particular experiment, an Italian-American col-
laboration working in the Proton Laboratory at Fermilab. There is a lot of
heavy equipment consisting of magnets and drift chambers, which requires know-
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Fig. 9. A typical experiment in particle physics: Fermilab Experiment 687.

Fig. 10. Silicon microstrip detector in the E-687 apparatus.
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ledge of things as diverse as mechanical engineering and track finding. The
whole experiment is about 100 feet long. The heart of the detector, where the
interactions take place, is in a locked room lined with copper. Only the Italians
have the key to it. Inside it looks like the Treasure Room at the Vatican Mu-
seum. One of their contributions to the experiment is a magnificent silicon
microstrip detector (Fig. 10). Notice the electronic cables coming out of the de-
vice and the foil covering. This device can give extremely precise position reso-
lution information for the tracks just after the interactions take place. You can
see we are dealing with things which are on the finest scale we know how to
make while also embedding them in these gigantic monsters which weigh hun-
dreds of tons.

The Unity of Science

If you look back over the progress in particle physics over the last 25 years,
you can search for common threads in the progress we have made, especially in
theory. If you do this objectively, you find that the common thread is that we
have shamelessly ripped-off ideas from people who do condensed-matter or
solid-state physics.

Let me give you some examples. I want to show not only that theorists are
willing to exploit other people's ideas, but that the mathematical techniques and
constructs discovered in one place are frequently of value elsewhere. For in-
stance, an early phenomenological description of the transition from the super-
conducting to the normal phase was a parametrization given by Ginzburg and
Landau. They said, more or less, let's suppose that the free energy of a super-
conducting substance may depend upon the density of the superconducting
charge carriers in the medium in two possible ways: Above some temperature
in the normal phase, the more superconducting charge carriers you have, the
more energy it costs you, as shown in Fig. 11 (page 30). This is an unfavorable
situation. The vacuum state of the Universe, the state of lowest energy, cor-

' responds to no superconductors, i.e., to a normal resistive substance. But, they
said, let us suppose that in the superconducting phase below a certain tempera-
ture, the free energy behaves as shown by the solid curve in Fig. 11. Out at the
minimum there is a finite density of superconducting charge carriers. That will
then be the state in which your system finds itself. If you write this down in the
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form of equations, you are able to derive the Meissner effect and other proper-
ties of superconductors, and get some understanding of why a superconducting
material behaves as it does.

&
G>
C

LLI
CD

Density of Superconducting
Charge Carriers

Fig. 11. Ginzburg-Landau description of the superconducting phase transition.

In particle physics we make a relativistic generalization of the Ginzburg-
Landau parametrization called the Abelian Higgs modei. By building on this
insight from superconductivity, this model shows us how to incorporate the no-
tion of symmetry breaking into one of the gauge theories of the basic interac-
tions. This style of argument is the foundation of the standard electroweak the-
ory in particle physics.

You may know tha*, in the realm of superconductivity, there is something
which is better, more complete, more microscopic, more predictive, than the
Ginzburg-Landau theory. That is the Bardeen-Cooper-Schrieffer, or BCS, the-
ory of superconductivity which aids understanding of the basis of super-
conducting behavior. In that theory the Ginzburg-Landau order parameter, the
density of superconducting charge carriers, is identified as the quantum me-
chanical wave function of Cooper pairs of electrons. These are bound states of
pairs of electrons which are held together by the electromagnetic interaction it-
self. It's the behavior of the substance as a function of temperature with respect
to those pairs that yields superconductivity, and of course, all the consequences
found by Ginzburg and Landau.
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In high-energy physics our current aspirations to go beyond the Standard
Model are a lot like the aspirations in the early days of superconductivity: to go
beyond a description and to be able to predict features without sticking in arbi-
trary assumptions. What we would like to do is to replace our borrowed
Ginzburg-Landau theory with something with which we can calculate and which
has more predictive power. What we do in that case is to replace the thing
called the Higgs boson with a bound state of fundamental particles like the
bound states of electrons, the Cooper pairs in the BCS theory.

To be as economical as the BCS theory, you might first imagine making a
quark-antiquark bound state held together by the strong or color force. If you
follow that through, you find that, mathematically, it could do a lot of what
needs to be done except that it doesn't agree with the way the world is. So,
keeping the same idea, one can introduce new constituents not yet seen and as-
sume that they are bound together by some new super-strong force whose prop-
erties one can describe (we call this the technicolor force because it's like the
color force). Following your nose through the BCS theory, you can derive mod-
els in which, if we could only solve them completely, we would be able to pre-
dict all the properties of the standard electroweak theory. These are called tech-
nicolor models. Understanding whether they have anything to do with the world
we live in is one of the early goals of the SSC.

What does all of this have to do with high-temperature superconductivity?
This spring I called all my postdocs together and said, "The implications for
high-energy physicists in the twenty-first century are extremely clear. The first
thing that you have to do as your homework problem for tonight is to identify the
correct theory of high-temperature superconductors." Since they're smart kids, I
was sure they'd do it quickly. Having done that, we could then follow in the glo-
rious tradition of the Ginzburg-Landau theory and the BCS theory and rip it off.

The Motivations for Twenty-First-Century Physics

What is it that we think we need to know? What motivates us to go into the
twenty-first century asking for larger and more powerful facilities? The existing
Standard Model has a certain elegance. To the extent that we are able to test it
by doing experiments and calculations, it describes very well everything we see
in the world around us. Having a model that is that successful, you are prompted
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to ask a series of new questions. First, is it reasonable that the model should
work? Does it really hang together internally or are there little things swept un-
der the rug which look like chinks in its armor? Could the model possibly be
complete? Can you imagine that that is all there is to the world, or must there
be other things to make it a better and more predictive theory? And finally, if
you are not convinced that it's the end of the road, you can ask the theory itself
where it will fail. At what point, at what energy, at what scale of distances does
it cease to make sense? Where will new things happen?

Having looked within the Standard Model, we have known for about 10
years that at energies for collisions among fundamental constituents of about 1
TeV, the Standard Model ceases to make sense. It can't be the complete story.
Something new must happen there. The problem for us is that theorists, being
inventive people, can think of lots of ways new things might happen. There is
no way to know, without doing experiments and making observations, which, if
any, of these is the right path to follow. That is a specific motivation for taking
a step into a particular energy regime. At the same time, there is a more general
argument, which is that things are going along so swimmingly that it seems
likely that it is necessary to take a significant step beyond where we are now in
order to see breakdowns of the current theory and to go beyond it.

What are the kinds of things that we'd like to know? We can identify a fair
number of questions that the Standard Model and our current understanding
raise but can't answer. One of these is, what determines the basic properties of
quarks and leptons, their masses, and their electric charges? It's very nice to
have identified a set of particles which seem for the moment to be indivisible
and out of which everything else could be made. But instead of simply describ-
ing how the world is put together using them, how much more satisfying it
would be if we were able to prescribe what their properties are and to under-
stand why there seem to be six quarks and six leptons. Are there more? How
many of them are there? What other properties do they have? What does it
mean? A purely personal point of view: We are made of up and down quarks
and electrons, and so it's not obvious why all those other things have to be
around. It is probable that there is some reason for that; it would be wonderful
to understand it.
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If we look into the Standard Model itself, our description of the weak and
electromagnetic interactions tells us that you can't have a theory of the world
based only on quarks or only on leptons. In order for the theory to make sense
mathematically, there has to be a family of quarks for each family of leptons.
This is a strong suggestion that quarks and leptons are really related to one
another. We'd like to verify that they are related to one another and understand
how they are related and what this relation means.

We can also ask whether quarks and leptons are the last step in finding basic
building blocks or whether we are going to discover, upon closer inspection,
that they have internal structure as did atoms, nuclei, and protons. There is no
experimental evidence, other than history, that quarks and leptons are not fun-
damental. But the motivation for thinking that they might not be fundamental is
that the number of them, six quarks and six leptons, which may grow as we do
more experiments, is coming perilously close to the number of fingers and toes
of a single theoretical physicist. It's sort of the boundary at which we can keep
track of things, so you might imagine that quarks and leptons are really compos-
ite systems made of a few other things.

Another question goes to the heart of much of the discussion of the first
round of experiments for the SSC. The influence of gravitation and electro-
magnetism are both felt at astronomical distances. On the other hand, the weak
and strong forces are effective only on the subatomic scale; for the strong force,
distances of about 101 3 centimeters or less, for the weak force about 10 1 5 centi-
meters or less. What is responsible for these differences? For the strong forces,
we have a fairly good idea that it's the very strength of the force which is re-
sponsible for essentially screening it off past a certain distance. We may even
be able to test that idea by computer simulation. For the weak force, our under-
standing is at the level of the Ginzburg-Landau theory of superconductivity, and
we need to go beyond that. The electroweak theory has been verified by direct
measurements of phenomena ranging from 101 6 centimeters all the way out to
105 kilometers.

Motivated by the common mathematical framework for the different theories
of interactions, we can ask whether there really is an underlying unity among all
the fundamental forces. In the course of doing this, and also out of humility, we
can ask whether there might not be undiscovered fundamental forces. We found
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that in putting together electromagnetism and the weak interaction, we were
forced to invent a new kind of radioactivity, mediated by the Z boson, which has
been discovered in experiments and so was a triumph for this style of argument.
If we now put together the strong, weak, and electromagnetic interactions of
gravitation, new sorts of interactions will be forced upon us; it would be inter-
esting to find out what those consequences are and what they are doing.

Finally, you can ask whether there are new kinds of matter which are not
composed only of quarks and leptons.

So our situation is this: The success of the Standard Model, the fact that we
can discuss a whole realm of phenomena, leads us to try to go beyond it and to
learn more.

The Superconducting Super Collider

The instrument that we have chosen to take us beyond current energies so
that we can make experimental investigations at higher energies or shorter dis-
tances is the Superconducting Super Collider. The SSC is a superconducting
proton-proton collider with an energy, determined by the physics goals we want
to achieve, of 20 TeV per beam, and a collision rate, also determined by physics
goals, of about 100 million interactions per second. That is the instrument of
choice because we know how to build it. We are limited, in building accel-
erators, to stable charged particles, electrons and protons, and so the number of
combinations that one can think about is rather small. A proton-proton collider
is the only one that we know how to build on this energy scale.

What is the magic of 20 TeV per beam? Anytime you take a step into the un-
known, you have the possibility for discovery. But when asking for a facility to
serve the scientific community for a quarter of a century or so, at a significant
burden on the taxpayers, we want to try to choose wisely a machine that will at
least answer the questions we can pose today. Many of those questions have to
do with really understanding the relationship between the weak and electromag-
netic interactions and reducing the number of apparently arbitrary parameters
we have to specify to have a theory of the world. Four years ago, my colleagues
and I studied the prospects for supercollider physics in depth and found that the
energy and interaction rate rianned for the SSC would allow a thorough inves-
tigation of the questions we know how to pose today. If we were to reduce the
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Table I.
SSC parameters

Type of machine:
Maximum beam energy:
Circumference:
Number of protons:
Luminosity:
Interaction rate:

Superconducting magnet type:
Dipole magnetic field:
Magnetic radius of curvature:
Number of dipoles:
Dipole length:
Number of quadrupoles:
Vacuum chamber ID:
Residual pressure in beam tube:

Proton-proton collider
20TeV
83 km
1.3 x 1014 per ring
1033 cm-2 sec1

108/sec
(100 mb cross section)

collared, cold iron, 1-in-l
6.6 T
10.1 km
7680
17m
1776
3.226 cm
< 108 torr of H2 room-

temperature equivalent

beam energy by a factor of four, to about 5 TeV, we would not have the same
confidence, both for reasons of energy threshold and also because the lower the
energy, the higher the interaction rate needed to get interesting numbers of
high-energy collisions of quarks and gluons. Over the past few years, many
workshops and summer studies have been held both here and in Europe on this
topic, and countless trees have sacrificed their lives to publish the proceedings.
The general conclusion on both sides of the Atlantic is that the SSC parameters
are indeed well matched to the scientific issues we need to pursue. Table I sum-
marizes some of the basic charactedefies of the SSC.

Superconducting magnets are chosen for two reasons. One is the high field
strength which allows us to make the device relatively small. The second rea-
son is low power consumption. There's a famous Fermilab legend, even a true
legend, that when the energy of the Fermilab accelerator was doubled by going
from normal magnets to superconducting magnets, the power consumption was
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cut by a factor of three. This was very important in light of the fact that Com-
monwealth Edison was raising the power bill by a factor of three at the same
time. Fermilab didn't save any money, but it was possible to do better physics
and more physics at the same time.

The high field-strength argument for the magnets is as follows: With mag-
netized iron one can reach a field of about 2 tesla. With niobium-titanium su-
perconductor, the Fermilab TEVATRON operates at about twice that field, and
the SSC prototypes operate at about three times that field. Given current fabri-
cation techniques, it is thinkable to go up to perhaps 10 tesla. This feeds imme-
diately into the implied size of a proton synchrotron because there is a connec-
tion between the radius of the machine, the momentum of the beams, and the
magnetic field. In the appropriate engineering units for this problem, the radius
is two miles times the momentum measured in TeV divided by the magnetic
field in tesla. If we choose 20 TeV at 5 tesla, just to pick round numbers, this
means a radius of eight miles. With allowance for straight sections in which to
do acceleration and experiments, the SSC will have a circumference of about 52
miles. The SSC's first mission is to explore the scale cf energies of about 1
TeV for collisions between the fundamental constituents.

To show the scale of the Supercollider, I show in Fig. 12 the accelerator
overlaid on a satellite photo of Washington, D.C. Obviously this is not one of
the original 35 candidate sites, but the illustration shows two things. One is that
the size of this scientific device is very large and we have to be prudent in plan-
ning for it. Second, the ring roughly follows Interstate 495, the Washington
Beltway. This shows that the SSC really is something on the scale of human
constructions that are routinely handled, and something we can contemplate
doing.

There are lots of challenges associated with building and operating an SSC, and
some of us are beginning to devote parts of our lives to seeing that it happens.
Elsewhere in this volume, Peter Limon addresses some of the challenges in build-
ing and operating magnets for the SSC. The complexity of the detectors and the
challenges presented by trying to make online selections from large numbers of
events is also discussed by Tom Nash in the Roundtable later in this monograph.
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Fig. 12. A schematic layout of the SSC superimposed on a satellite picture of

Washington, D.C. The SSC will be roughly 17-112 miles by 15 miles.

(Courtesy of Universities Research Association, Inc.)

But, you remind, you didn't say anything about God. Leon Lederman prom-
ised that I was going to give a scintillating discussion in which I would reveal
the secrets of the Universe, the theory of everything, the Meaning of Life, and
the nature of God. The way God comes in is this: It is true that God answers all
our prayers, even Leon's, but She usually says no.



39 k>

The Superconducting Super Collider

Peter J. Limon
Head, Accelerator System Division

SSC Central Design Group



41

The Superconducting Super Collider
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The Superconducting Super Collider is a 20 TeV per beam proton-on-proton
accelerator and collider, with a luminosity of 1033 cm 2 sec1 . Physically, the
SSC is very large, 52 miles in circumference and slightly oval in shape. An ex-
ample of the importance of using superconducting magnets is that if we were to
make the SSC out of conventional copper and iron water-cooled magnets, it
would be about 180 miles in circumference.

Ui*ty St»gm Sections tor Beam AOOR
and Ride-Frequency Acccfwabng Systems

Fig. 1. Artist's conceptual layout of the SSC.

While the SSC design is new and involves many innovations, it is generically
the same sort of accelerator complex as is here at Fermilab, at CERN, at Ser-
pukhov, and elsewhere in the world. The very high confidence in this design



42

rests on that previous knowledge of how to run cascaded accelerators, and the
proven technology of superconducting magnets, pioneered at Fermilab in col-
laboration with an industry that became increasingly sophisticated in the con-
struction of superconducting elements.

We have estimated that the operating cost of the SSC per year would be
about $200 to $250 million a year, less than 20% of which is for electric power.
If one were to make the SSC out of conventional magnets, one would need 4
gigawatt-years of electricity to operate this device for a year. That would
amount to $2 billion in operating cost here in Illinois where electricity is not too
expensive. The reasons to use superconducting magnets are clear!

Figure 1 illustrates schematically the design layout of the SSC. The SSC is
two separate machines in which the beams cross at fixed points. Each machine
has two arcs that bend the beam around into "straight sections." There are eight
straight sections in the conceptual design. Four of these are used for experiment
interaction regions, two are utility regions that are used for necessary parts of
accelerator operation, and two are reserved for future development of interac-
tion regions. In the interaction regions the counter-rotating beams cross and
collide. The SSC is different from the Collider at Fermilab in which protons
and antiprotons (oppositely charged particles) rotate in opposite directions in a
single beam pipe.

The conceptual cross section of the tunnel is shown in Fig. 2. It is a concrete
tunnel with an inside diameter of ten feet. Typically, it might be 40 to 50 feet
underground. There are two rings of magnets, one above the other, with beam
coming out of the page in one magnet and going into the page in the other. All
the utilities for the machine, including the power, are carried around in this tun-
nel. Above ground there are no roads or other visible connections around the
ring. This is unlike the situation at Fermilab where there is a road that goes
around the ring and frequent service buildings. The SSC will only come up
above the ground to show itself with service buildings at a few places around
the ring and in the straight sections.

Figure 3 shows another view of the ring. To get an idea of the scale, notice
that the high-energy injector ring is 1 kilometer in radius, which is the same size
as the TEVATRON at Fermilab. There are eight refrigeration buildings around
the arcs, eight kilometers apart. These are fairly good-sized buildings with com-
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pressor stations, helium refrigerators and so forth. There are some small stair-
wells, access points halfway between the refrigerator buildings. Finally, there are
large campus areas with detector buildings and other facilities at two locations
on the nearly straight arcs.

We have done a detailed cost estimate of the project. The total comes out to
roughly $3 billion in 1986 dollars, not including inflation and detectors. One of
the features of the cost is that technical components are $1.5 billion and the tun-
nel itself is about $600 million. For the big collider ring, the technical costs are
dominated by the magnet system. Of this system's $1.2 billion total cost, $1
billion are for the superconducting magnets alone. All the other stuff that has to
go into making the collider-ring system, the refrigeration plants, the controls
systems, and so forth, are only 20% of the collider-ring cost. That is why one
must focus on the cost and design of the magnets.

Recently, as you know, the President smiled on the SSC and the administra-
tion made a request to Congress for construction funds for FY88. The process
of selecting a site was begun in April 1987 with the Invitation for Site Pro-
posals. Proposals were to be received in the fall of 1987, and after some inspec-
tion by DOE, they were to be turned over to committees of the National Acad-
emy of Sciences and the National Academy of Engineering. The Academies re-
turned a non-ordered list of the seven best-qualified proposals out of that proc-
ess early in January 1988. Then, in late 1988, a preferred site will be an-
nounced. The final site selection is to be made early in 1989. All of this is
moving along on track.

Magnet R&D on the SSC

The major SSC R&D effort concerns superconducting dipoles. The magnets
use niobium-titanium as a conductor stabilized in a copper matrix. This is a stan-
dard, well-known superconductor of the same type used at Fermilab. However,
considerable improvements have been made over the years. For example, the
critical current density in the superconductor has gone from 1800 A/mm2 in the
TEVATRON cable to 2750 A/mm2. These parameters are measured at 5 tesla
and 4.2° K. In the TEVATRON superconductor, the superconducting filaments
in the strand are 9 microns in diameter. For the SSC, we are using 5-micmn
filaments. That is important because magnetization effects which give rise to
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bad magnetic fields at injection energy (1 TeV) are proportional to the size of
these filaments. The smaller the filaments, the smaller the correction that has to
be made for these bad magnetic fields. If the filaments are so large that correc-
tion is not possible, then the energy of the injector must be increased, which is
expensive!

The SSC dipoles have a higher magnetic field than the TEVATRON, 6.6
tesla compared to 4.4 tesla. A large number of prototype short dipoles have
been built as demonstrations and as development tools. These range from 1.0 to
4.5 meters in length. The results have been quite good. Several 17-meter (full
size) models have been built and tested. The results for these long dipoles have
been mixed.
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Fig. 4. Quench history for SD13.

The field quality in the magnets has been exceptionally good - better than
predicted from extrapolating the magnetic field quality of the TEVATRON.
Figure 4 shows the quench history for SD13, a 4.5- meter magnet. It was built
and tested in 1985 at Brookhaven. It has recently been brought to Fermilab, put
into a cryostat, and tested again. Notice that the quench current quickly reaches
a very steady plateau. (The quench current is the maximum current before the
magnet goes normal. Quenches at currents lower than the plateau are "training"
quenches. A well-behaved magnet has few training quenches.) SD13 is quite a
good magnet. During the first operation of that magnet at Brookhaven, when it
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was a virgin magnet, it had one and maybe two training quenches. A high ramp-
rate quench is also shown. The second test agrees with the previous data very
well; there is no retraining, the memory is very good, the magnetic field is very
good. All of these things are important for good magnets in an accelerator. For
example, the fact that it was warmed up and it was sitting around the lab on a
rack for a year and then re-cooled and run and it didn't change at all is very im-
portant because things like that happen. You have to build magnets and store
them for a long time before you use them, some of them anyway, and you have
to be sure that they don't forget that they are good magnets.

D00001 Current at Quench

1
v

20 30

Quench Number

Fig. 5. Quench history for the first 17-m magnet.

Figure 5 shows a similar quench history for the first 17-m magnet, D0001.
There are some very good things about this magnet. The field quality is really
good. The vertical plane, although varying along the length, is stable in time.
The voltages and temperatures that are developed when the magnet goes normal
are also within expected bounds, which means that the magnet can be protected
from its stored energy. What is wrong with this magnet is that the ultimate
quench current is too low and varies up and down by several hundred amps from
quench to quench. This effect is not understood. The second magnet behaved a
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little bit better from the standpoint of coming closer to the ultimate conductor
performance, but its quench current also bounces around in the same sort of way.

What we do know about the magnet is that almost all of the quenches in
these magnets are within a meter or so of the ends of the magnets. They are not
distributed along the length of the magnet. The bad news is that it appears that
there is something wrong with the ends of the magnet and we don't know what
it is. The good news is that the number of training quenches is not proportional
to the length of the magnet.

Fig. 6. Cross section of the SSC magnet and cryostat.

Figure 6 shows a cross section of the magnet inside of its cryostat. Beam
goes through the 3.3 centimeters-diameter vacuum pipe, 52 miles long. The coil
support structure and iron magnet yoke, the so-called cold mass, is cooled with
liquid helium to 4° K. The coils are held in place with non-magnetic collars, a
technique that was developed at Fermilab for the TEVATRON. This approach
has been adopted because it is a well-proven technology for this critical and
difficult-to-analyze part of the magnet. There is an iron yoke around the non-
magnetic collars to increase the field and also to confine the magnetic flux to
the inside. The structure that supports the mass of the iron in this magnet is
quite different from the TEVATRON design. In the Fermilab magnets the iron
is at room temperature and the only cold interior parts are the coils and the col-
lars. As a result, there is a lot of leakage flux and you have to support the mag-
net against the magnetic forces, which are much greater than the weight. For
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the SSC, the field is contained with cold iron so that there is no leakage field
outside the cold mass. All that has to be supported is the weight of the magnet,
not the magnetic forces. This is done to decrease the heat leak in the supports.
The cold mass and supports are in a vacuum with superinsulation wrapped
around it. Finally, there are pipes for delivery of the coolants: liquid heiium,
gaseous helium, and liquid nitrogen. All the cryogenic fluids are contained in
the cryostat - there is no external transfer line. Tests indicate that the cryostat is
quite efficient. The major questions are ones of manufacturing and reliability.

Fig. 7. SSC dipole (top) and quadrupole cross sections.

Figure 7 shows a cross section of the dipole and quadrupole. Notice the
wedges that space the cable properly to get the correct magnetic field configura-
tion, and also make the coil figure look like an arch so that it supports itself. If
you didn't do that, then these coils would bulge and squish out into the beam
tube area. The stainless steel collar has to support the forces on the magnet that
are trying to blow the magnet apart in the transverse direction. The pressures
inside of the magnet at 20 TeV with currents of about 6500 amps flowing are
4000 psi.

Figure 8 shows one of the first magnet coils after it was wound at Brook-
haven. This early coil has a "dog-bone" end, so that the cable comes around the
end with a rather gentle curve. More recent magnets have straight ends.
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Fig. 8. An early coil after it was wound at Brookhaven.

Fig. 9. End view of the cold mass.
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Fig. 10. An SSC magnet on its test stand.

After the coils are built, four of them are put together inside collars. The
steel yoke is put around this and welded into a stainless steel shell. This consti-
tutes the cold mass. Figure 9 shows an end view of the cold mass, including leads.
The assembly is then shipped to Fermilab where the heat shields, the super-
insulation, and the cryostat are assembled. Figure 30 shows the magnet in its
cryostat on a test stand. If you look carefully you can see a TEVATRON mag-
net in this picture to give you some idea of the relative scale of these devices.
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Up until two years ago I was a particle physicist. Now I am involved in ob-
servational cosmology. These comments are the testimony of a physicist who
was once working in the center of the field of particle physics and is now near
the margin of that field. I would like to convince you that this margin may re-
ally be one of the frontiers of particle physics.

Let me define two terms in my title. First, what are fundamental scientific
problems? As Chris Quigg points out earlier in this volume, our main goal is to
understand nature and our place in the Universe. Our goal is not to provide toys
for scientists, although scientists love to play with toys. Our goal is not neces-
sarily to provide spin-off to technology and industry, although that is a very im-
portant consequence of what we are doing. Our goal is to understand nature,
and the scientific problems that we should tackle should be those that are central
to this understanding.

By cosmology I mean the physics of the early Universe. We are trying to un-
derstand what happened at the very beginning of the Universe, perhaps in the
\Q f'° seconds after the big bang. What is somewhat new in this field is that it is
no longer speculative. Experimental evidence about what happened at these
very early times is beginning to come to light. That is what I would like to tell
you about today.

The Link between Particle Physics and Cosmology

My first remarks will be on the fact that particle physics interrogates astro-
physics and cosmology. I'm not sure that I can fairly summarize Quigg's com-
ments, but what he essentially said was that the goal of particle physics is to un-
derstand what forces are about. Can they be unified? Are the strong, weak,
electromagnetic, and gravitational forces the same thing, or are they completely
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different? It is an old dream that they probably are somehow the same force.
We have no evidence of that whatsoever, except that the weak and electromag-
netic forces are the same. Certainly, even if it is a dream, this goal of unifica-
tion has been a central driving force behind our efforts.

What we have learned in recent years is that the scale of unification seems to
be extremely large. For example, in Fig. 1 the strength of these forces is plotted
against the logarithm of the energy. The strength of the electromagnetic forces
and the weak forces converge around the mass of the W and the Z (about 100
GeV). The strong forces and the combined electromagnetic forces and weak
forces seem to converge at energies of the order of 1015 GeV, even higher than
that if the proton does not decay. Gravity, not shown in the figure, begins to be
strong at 1019 GeV, so it's clear that if we want to unify these forces we have to
go and look in the 1019 regime. Today the TEVATRON operates at 103 GeV, and

"Charge" tt
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Fig. 1. Strength of the weak and electromagnetic forces plotted against the loga-
rithm of the energy.

the SSC will go to a few 104 GeV, so there is quite some distance to go. I don't
want to imply that we don't need to build accelerators; these accelerators will pro-
vide detailed information that is needed for experimental cosmology. As Quigg
has noted, there is a 1-TeV frontier and something must happen there. Indeed, the
SSC may provide very valuable hints about what is happening at extremely high
energies. For example, it might show this picture of unification is wrong.

My point is that other hints are needed. Other ways of getting information
about what happens at very high energy are required. The correct picture is one
of complementarity, not a picture of competition. Both high-energy accelerators
and non-accelerator experiments are needed. You know physics at accelerators,
let me tell you about non-accelerator experiments.
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Non-Accelerator Experiments

Very important experiments have been done in recent years with the intent of
looking at the decay of protons. These are examples of non-accelerator experi-
ments. Typically, they look for proton decays in 5000 tons of water. None of
these decays have been seen. There are also non-accelerator experiments that
are looking at the mass of the electron neutrino. The results are not completely
clear yet, but the mass is, at most, a few tens of electron volts.

Astrophysics represents a new area for non-accelerator experiments. Re-
cently, we were lucky enough to have a big supernova explode essentially "next
door," in the large Magellanic cloud roughly 150,000 light years away. The
proton decay detectors were able to see neutrinos coming from this supernova.
They confirmed two interesting features. One is that the neutrinos coming from
this supernova cannot be very heavy; the limit on the mass of the neutrinos is of
the same order of magnitude as the laboratory results. Second, the basic picture
of a supernova explosion seems to be correct. The flux of neutrinos is what was
expected within a factor of two or so. There are also important developments in
the attempts at detecting solar neutrinos. You may know that Ray Davis, a nu-
clear chemist at Brookhaven National Laboratory, has been looking at very-
high-energy solar neutrinos for some time. He hasn't seen as many as the
theorists think there should be and this may be due to a wrong understanding
either of particle physics or the mechanisms at work in the sun. We are witness-
ing the emergence of a new field, neutrino astronomy, in which we learn both
some particle physics and some astronomy. People are now getting on the air
(actually, in a mine) with lower-threshold detectors using gallium.

The Physics of the Early Universe

There is a new field of physics where the dimensions, masses, and densities
which are available in the cosmos are being explored in an attempt to answer
some of the questions of particle physics. This is the physics of the early Uni-
verse. If the unification of forces occurs at all, it has to occur at very high ener-
gies. The only hope of having at least some hint that this really occurred may
be by looking at the Universe today. The Universe started at a very high temp-
erature. With time the Universe expands and the temperature goes down, and at
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some time it has gone through a number of different unification scales. The im-
prints of the physics at these scales should be "visible" in the Universe today.

For example, we know that there is a relic from the hot stage of the Universe
which is the 2.7° K microwave background (there is a diffuse flux of 2.7° K
electromagnetic radiation coming to us now, somewhat like a microwave oven).
One of the big mysteries is that if you are looking in several widely different
directions, the temperature of this microwave background is the same within
10"3. This means that two widely separated points in the early Universe were
able to exchange information and know they should be at the same temperature.
If we naively extrapolate backwards, in fact we find that these points were never
close enough to exchange information, they were not in thermal contact. This is
the big mystery: How could they be at the same temperature? The only solution
which is known to this problem is that there may have been a phase transition
leading to a rapid expansion in the very early period of the Universe when things
were much closer. Our two points were before in causal contact and during the
phase transition they have been accelerated away and got outside of this causal
contact. This explains how two widely separated points can be at the same
temperature. This is the so-called inflationary model of the early Universe.

So by looking at a relic of the big bang, we can guess a very important prop-
erty of physics at high temperature, namely a phase transition! Particle theorists
moved to cosmology in the early 1980s. As a result, there are already powerful
constraints on all of these cosmological models. Cosmology plays the same role
as some very famous experiments in particle physics. Experimentalists such as I
are now getting into the act.

What is happening as far as scientific policy on this type of activity? It is ab-
solutely normal that large accelerators and institutions will get the lion's share
of the funding in this area. They have clear goals, they have a clear consti-
tuency, the physics is expensive, and from the point of view of funding agencies,
they are much easier to manage. Non-accelerator physicists are badly disor-
ganized; they have a kind of individualistic cut. There have been too many
separate political efforts and too many shots in the dark. With time, these indi-
vidual efforts may disappear, and these particle physicists may get together and
begin to do important things. They have done the proton decay experiments,
they are doing some monopole searches together, and there may be other activi-
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ties which could happen along these lines. Experimental cosmology may now
be forced between the cracks, but this will change.

Why Cosmology Needs Particle Physics

My second point is to tell you about the reverse process. Particle physics
needs cosmology, but cosmology also needs particle physics. Some of the most
fundamental questions that are being asked may have their answer in particle
physics. For instance, we all believe that the rules of physics are symmetric be-
tween particles and anti-particles, but the Universe in which we are living today
seems to be made out of particles. At least to about 300 million light years there
are particles, only particles, otherwise there would be a lot of x-rays and gamma
rays. These aren't seen. How does it happen that we have symmetric physics
and an anti-symmetric Universe? This is a very fundamental question with no
answer these days.

Another point: Astronomers suggest that more than 90% of the mass in the
Universe does not emit any electromagnetic radiation. This mass is seen
through its gravitational interactions, but not through radiation such as radio
waves, visible light, or x-rays. What is this missing mass?

If you read the New York Times, there is another, very interesting develop-
ment in astrophysics and cosmology these days. This is large-scale structure in
the Universe. Astronomers look at a small slice of the sky and plot the position
of the galaxies in this slice. This is shown in Fig. 2 (page 58). One coordinate
is the angular position across the sky while the other coordinate is the red shift,
which is essentially a measurement of the distance of the object. That distance
is about 300 million light years in the figure. At this scale of 300 million light
years, there are bubbles in the Universe. It is like a sponge. To a large extent
the galaxies are not uniformly distributed. What is the origin of that non-uni-
formity? What is the origin of a movement that we may have to a great attrac-
tor? We may be falling at 600 kilometers per second into something big and all
the other galaxies around us may be doing the same.

There is another fundamental question. What is the fate of our Universe? Is it
open and will it expand indefinitely, or is it closed and will it eventually collapse?
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Fig. 2. Large-scale structures in the Universe (from Lapparent, Geller, and
Huchra).

Now, as I noted earlier, particle physics may provide some of the answers to
these problems. In fact, there are mechanisms proposed to explain the Universe
being made out of matter, based on decays of particles from a higher energy,
with just a slight asymmetry between matter and antimatter. Dark matter may
be explained by the presence of something called supersymmetry or technicolor.
The origin of structure in the Universe may be related to the presence of dark
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matter, essentially invisible particles floating around us. Or the structure may
be related to bizarre objects called cosmic strings. There may even be super-
conducting cosmic strings. These strings may give rise to large explosions or
provide condensation points for the matter in the Universe. The inflationary
scenario that I described before tells us that the Universe may be neither open
nor closed, but is just at the limit of having a very particular critical density.
This situation is not incomparable with the experimental results.

Experimental Cosmology

These are some of the possibilities. The problem is to prove these sugges-
tions and to amass enough data both on the accelerators and in the cosmos to
prove particular assertions. That is what I call experimental cosmology. There
is an obvious need for more data for the basic parameters of the Universe. The
Hubble constant, the density, and the age of the Universe are not very well
known. The Hubble constant is known within a factor of 2, the density within a
factor of 5, the age may be within a factor of 1.5. There are relics which are
very interesting, for instance the 2.7° K microwave background. There are the
primordial abundances of the elements lithium 7, helium 3, and deuterium.
There may be new relics that will show up.

I believe the possibility exists that the present cosmological constraints could
be made much firmer if we knew these parameters better. Then the hints about
what has happened at very high energy will also be made much more specific. I
expect this will happen in the next 10 or 20 years. Cosmology is a relatively
new field from the point of view of the experimentalists, a field where not many
people have been working. The technology from particle physics can have a
very big impact. It is clearly fundamental and it affords the opportunity of do-
ing something fundamental with small experiments.

There is a complementarity between this approach and the use of ac-
celerators. Consider, for example, the problem of dark matter. If dark matter is
made out of particles, there are arguments which essentially give the density of
these particles based on their annihilation cross section at the temperature where
they drop out of thermal equilibrium. A number of experimental tests can then
be performed. They should still annihilate. Some people are looking at cosmic
rays to see what these particles could be giving off in the cosmic rays in the way
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of gamma rays, positrons, or antiprotons. At the same time, since we have an
idea about the magnitude of these annihilation cross sections, we could look at
accelerators to see if they are producing these particles. In fact, these experi-
ments are going on.

Because they annihilate, they also £ .alter on ordinary matter. Some exper-
imental cosmologists are trying to detect these particles directly in the labora-
tory. It is possible to imagine that the halo of our galaxy is full of those parti-
cles and that there are literally billions of those particles going through us every
second. With sensitive enough detectors it should be possible to find them if
they exist. In addition, they could be trapped in the sun and the planets. It has
been suggested that these particles may be responsible for the cooling of the
core of the sun and the deficit of solar neutrinos seen by Ray Davis. They would
also provide neutrinos of high energy coming from the center of the sun. Scien-
tists are looking at all of these consequences. In addition to traditional cosmic
ray experiments, there are solar neutrino detectors, including some new wrinkles
using the existing proton-decay detectors, and, of course, there are accelerator
experiments. The point is that these kind of problems have to be tackled by a
variety of techniques and by people from different fields.

Technology Transfer from Particle Physics

Before I became involved in experimental cosmology, I was very much in-
volved in mainstream particle physics with detectors. When I decided to move
to astrophysics and cosmology, I was quite interested in what I could carry with
me. Put differently, could I transfer the technology from one field of science to
another? In particle physics I used the drift chamber technique. Figure 3 shows
a picture of events from our UA1 detector at CERN. These detectors are very
amazing in terms of technology. They should be useful for x-ray and gamma-
ray astrophysics. They are also very useful for medical physics. People like
Peres-Mendez and Charpak have been using extraordinary variants of these
detectors to diagnose cancer and for other medical imaging applications. The
proton-decay experiments offer another example of this class of elaborate detec-
tor. While no proton decays have been seen, these detectors have opened a new
field in astrophysics, namely neutrino astrophysics as I explained above. The
detection of neutrinos from the supernova this year was a marvelous observation.
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Fig. 3. A picture of events from the UA1 detector.

Even more than technique, what particle physics can export to the other fields
of science is a style. Particle physicists are accustomed to high standards of in-
strumentation. Elaborate techniques are used involving a large number of elec-
tronic channels. Sophisticated computers are employed to manage these very big
experiments. Very importantly, all the detectors are extremely redundant. This is
not common in the other fields. In fact, in most science, people measure one sin-
gle parameter, while for particle physics a lot of parameters are measured in a
single event. There is a management capability for some relatively big enter-
prises. An example of these particle physics techniques applied to cosmology is
an experiment now under way by some some particle physicists at Michigan (Van
der Velde and company), and at Chicago (Jim Cronin and his colleagues). They
are designing a large "extensive shower detector." This would detect gamma rays
showering in the atmosphere. Up to now this has been done by small groups with
small detectors which could not usually reach convincing results. The Michigan-
Chicago group would like to do it properly. Their scheme complements the Fly's
Eye detector in Utah. They are talking about equipping the Fly's Eye site with
scintillators covering (partially) an area of 700 meters by 300 meters. They
would also have muon chambers below the scintillators to do the job right.
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Technology Transfer

I would like to give you an example of technology transfer in the other direc-
tion, from astrophysics to particle physics. Figure 4 shows a schematic of a
very new device that I'm working on. These are called "bolometers." If you
take a crystal and bring it to a very low temperature, its heat capacity will
decrease and go toward zero as the cube of the temperature. If you have a ther-
mistor in the crystal, you can measure its temperature. These can be made sen-
sitive enough so that if you have radiation impinging on the crystals, there will
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Fig. 4. Schematic of a bolometer

be a measurable rise of temperature. This is an existing technique which has
been used by infrared astronomers in the sub-millimeter wavelength regime
where there aren't good rf detectors. They literally measure the difference of
the temperature of a crystal when the infrared image from a star is hitting the
detector and when it is not.

Recently, this technique has been used to directly detect 6-KeV x-rays. Fig-
ure 5 shows the amazing sensitivity of these devices. This is work by Moseley
and Mather at Wisconsin and Goddard. They have baseline fluctuations, related
to the device threshold, of 4 electron volts RMS. They will be able, with these
kinds of devices, to detect an energy deposition of a few eV a particle at a time.
This technique is beginning to interest some particle physicists very much, both
for the search for dark matter (that is how I got into the business), and for elastic
scattering of neutrinos, which is purely a particle physics problem. Large mass
detectors are needed, typically several kilograms. The detector in Fig. 4 was of
the order 10 4 grams, so a very large extrapolation must be made, but you can
show that the threshold is going as the square root of the mass times the fifth
power of the temperature. One can multiply the mass by a factor of 105, divide
the temperature by a factor of 10, and, on paper, one should be back at the same
sensitivity.
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Fig. 5. Sensitivity of a bollometer - reproduced from Moseley and Mather.

That is what some physicists are trying to do. On the other hand, it's a very-
naive picture. In fact, a large array of new phenomena are being encountered by
trying to use these devices at very low temperature. The phonons, or lattice
vibrations, are ballistic. The electrons are decoupled from the phonons and
there are lots of new, very interesting but also very puzzling things happening.
We are really working at a frontier now, not only of particle physics and cos-
mology, but at the frontier of solid-state physics. Many groups are doing this, at
least three in the United States and ten in Europe.

Large Science • Small Science

Finally, let me touch on the relation between lc ge science and small science.
Large science, at least from my own experience, is absolutely necessary for
some purposes. There was no way we could have found the W and the Z with a
small counter in a corner of the experiment. We needed detectors of the size we
built at CERN. Here at Fermilab. CDF, the Collider Detector at Fermilab, also
had to be that size. Another collider experiment at Fermilab, DO, started with
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the aim of being small, with small teams and small detectors. They are now
practically the same size as CDF, a very big experiment indeed. In order to do
this kind of physics you need a certain size.

There is a fascination about the use of these techniques. But, in my own ex-
perience, there are also some drawbacks, at least for some of us. Because of the
management problems, you may lose contact with the physics. The adoption of
industrial methods carries with it lots of difficulties which are typical of in-
dustry, but we don't know how to deal with them as scientists. How do you
have academic freedom in a team when you have to publish a paper and there
are 150 authors on the paper? Do you allow each author to make a comment on
each word in the paper? It would take ages. So there you have to restrict the
freedom a little bit. The problem of training students on such an experiment is
complicated.

The example I gave you for cosmology shows that some fundamental ques-
tions can be tackled with smaller experiments. There is still, at least for me, the
possibility of having contact with physics, having this wonderful experience of a
common adventure with your students, technicians, and engineers; everybody is
fully aware of every aspect of the experiment. In the end the question of large
versus small experiments is, to a great extent, a matter of personal choice. We
need both types of experiments. It is clear that some questions cannot be an-
swered with table-top or room-size experiments. Some of us prefer to try to an-
swer some fundamental questions with smaller means, but the questions have to
be different.

My main conclusion is that science is one. A frontier field such as particle
physics needs input from other fields. I hope to have given you a picture of the
complementarity between the various lines of attack. I am convinced that cos-
mology is a twin sister of particle physics. There is a lot of exchange of tech-
nology going on inside the various fields of science, and there is room and need
for large science and small science.
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After years of searching for high-Tc superconductors, people ask, why did it
take so long to find one? Because one is looking for a pot of gold in an n-
dimensional space. But once done, it has been awfully easy to re-do. It's just
like trying to run a four-minute mile. Before Roger Bannister did it, nobody
knew it was possible. Once he ran it, a lot of people found they could. At Stan-
ford last year, Bannister said that after he ran it, someone approached him,
looked at him in awe and asked, "Oh, you must be the man who ran four miles
in a minute." Later, she became Mrs. Bannister.

All around the world people knew what could be done after Bednorz and
Muller discovered high-Tc superconductivity at the IBM-Zurich laboratory last
year. Once it had been done, and Chu and his co-workers discovered transitions
above liquid nitrogen temperatures could be obtained, the maze of n-dimen-
sional space turned out to be negotiable in every freshman chemistry laboratory.
It didn't require an SSC, just very small science. With a furnace and a few
chemicals you can make high-temperature superconductors, levitate them, and
have fun. That allowed a whole range of laboratories to get into the act and
make new discoveries or discover the same things in parallel.

It's scientifically very challenging to try to find out why. We don't know the
underlying mechanisms. There are lots of negative experiments in the sense that
they disprove certain possibilities. There are a few clues as to what might be
going on, but untangling what is real from what is spurious is not easy. In addi-
tion to the scientific questions, there are the technological possibilities whose
implications affect many people here today. They also affect a lot of com-
panies, small, large, and yet to be identified. There a the potential for radically
new capabilities to emerge from this undeveloped technology. It's much too
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early to know how reliable the high-Tc materials are going to be or what their
major problems are, but there is lots of room for believing some very good
things are going to come out of this research.

Material

Nb-Ti

Nb3Sn

YBa2Cu3O7

(bulk)

Table I.
Important properties of some

Critical Critical
temperature Tc (K) field Hc2 (T)

9.6

18

95

6

11

18

superconductor\s

Critical current
density (A/cm2)

105

2xl05

102-103

Mechanical
behavior

Ductile,
high strength

Brittle, weak

Extemely brittle

The Recent History of Superconducting Perovskites

The new superconducting materials themselves occur in oxygen-deficient
perovskite structures. Perovskite itself is the the most common mineral in the
mantle of the earth. A number of perovskites have been investigated by super-
conducting researchers over the last 20 years or so. These are shown in Table I.
Strontium-titanate, which is a well-known antiferroelectric crystal, has been
studied because of its phase transitions in single crystal form. If it's doped very,
very lightly, using a superconducting scale, or doped heavily and made a degen-
erate using a semiconductor scale, it becomes superconducting. This is a super-
conductor with <1019 carriers per cc which was discovered at the Bureau of
Standards in the early or mid-sixties. It is superconducting in the region be-
tween the 0.1° K and 1.0° K. It's always been a challenge to know whether
there are some special properties that allow something with so few electrons to
be superconducting. In the 1-10° K region, tungsten-bronzes have been found
which are superconducting in some form. Barium-bismuth-lead-oxide, which
was discovered at DuPont in the mid-1970s, has been one of the most interest-
ing materials because it has Tc>I0° K and no d-band. The conduction-band
electrons all derive from s and p orbitals on the atoms. Most of the interesting
superconductors, like the niobium-titanium used in the magnets here at Fermi-
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lab, are d-band metals. This has as high a temperature as the niobium-titanium
and there is no reason that it should be. After 10 years of intensive study, all the
evidence indicated that the pairing is due to electron-phonon coupling. The new
discoveries led back to the perovskites. They are all oxygen-containing com-
pounds with three or four different sites within the unit cell. The one that IBM-
Zurich discovered is La-Ba-Cu-O. It is superconducting below about 40° K.
At Stanford, D. Mitzi has found one which is closely related but is different in a
way that may say something about the structure and mechanism.

Crystal Structure of the Perovskites

In a perfect perovskite the copper is at the center of an octahedron of oxygen,
the octahedra are connected by oxygens at the corners. There is a hole in the
middle where the barium, or the strontium, or the lanthanum sits, and the con-
duction band is believed to be in the metal-oxide octahedron. In a well-formed,
ideal perovskite, this is a three-dimensional cubic structure.

Conducting plane

• La, Sr
• Cu
O ( O )

• [ODl

Rocksalt

Conducting perovskite—

Rocksalt
MM

Conducting perovskite ~

Fig. 1. Crystal structure for perovskite structure and La2Cu04 (K2NjF4) structure.

The Bednorz and Miiller compound is a combination. Figure 1 shows the

crystal structure for the 40° K material. Along the c axis there is a perovskite-

like layer, and then a rock salt-like layer, and then a perovskite-like layer, and

then a rock-salt layer. As a result, the crystal has a very two-dimensional
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character. The rock salt-like layer is made up of the barium, or yttrium, or the
strontium, or whatever, but the copper is in the octahedra with short copper-
oxygen conduction bonds in the ab plane. This results in two-dimensional fea-
tures. The oxygen vacancies are very important in this structure; they are hard
to see with x-rays. Figure 2 illustrates the crystal structure for the 90° K
material. It is different than the 40° K material in that, instead of having al-
ternating rock-salt perovskite structures, there are actually three copper-oxygen
planes in a defect perovskite lattice, which are separated by an yttrium plane in
which all the oxygens are missing. That's very important. In this 95° K
material, the essence seems to be sheets of copper and oxygen, CuO2- The
structure consists of these two-dimensional sheets between which a plane with
1 -d CuO chains is contained. The chains define the orthorhombic b axis. The
triad of CuO-containing planes is characteristic of the high temperature of the
90° K superconductors.

Barium

Fig. 2. 90°K YBa2Cu307 crystal structure.
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Characteristic lengths and defects can be seen in a transmission electron
microscope. Images which look like atoms but are actually rows of atoms look-
ing down have an 11.6 A spacing which defines the c axis.

It's rather amazing that, up to now, if the yttrium is replaced with almost all
the rare earths, like galdolinium, the superconductivity is not affected. In con-
ventional superconductors, rare-earth ions cause magnetic scattering which breaks
time-reversal symmetry. They lower the stability of the Cooper pairs, and they
lower the transition temperature. There are other compounds where this hap-
pens very weakly because the exchange interaction is small, but it always seems
to happen. One explanation would be that these are pseudo-two-dimensional
superconductors, and the order parameter is confined to the triad of planes. An-
other would be that the pairing doesn't involve time-reversal symmetry as
would be the case for triplet or P wave pairing. We need better experiments to
determine the nature of the pairing.

Thin Films

At Stanford we've been working on films rather than bulk materials. When
you do the films, you try to grow them as a superconductor. It is deposited atom
by atom or layer by layer. You try to grow it in the correct structure right in the
evaporator or chamber in which you are growing the film. So far, we have not
been able to do that very well and neither has anyone else. What has to happen
is that you get the composition almost right, and the films come out transparent.
Then you go through a little artful annealing. The film is heated at 900° for one
minute and it turns black and superconducting. The oxygen concentration is
very critical. Often, the oxygen, as well as other factors, are not under control,
but empirical methods will undoubtedly be developed for obtaining the
superconductivity.

These conductors have directional properties. The conductivity may be or-
ders of magnitude higher in one direction than another. Enough experiments
have not yet been done. While people can grow single crystals (in fact they
have been grown at Fermilab), sometimes they are not superconducting, but
again, the oxygen must be controlled. It can diffuse in and out rapidly.

IBM has reported that these materials can conduct over 106 amps/cm2 at 4° K
and 105 at 77° K at zero magnetic field. Our results, also done early in May, are
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similar. One sample, annealed in the furnace, became polycrystaline. A
powder-like diffractor was obtained, indicating averaging over all directions.
The sample gave 104 amps/cm2 at 77° K, which we considered to be quite sig-
nificant because it shows that a dense film gives ten times more current density
than the bulk material at the same temperature. It means you can still do well
even if you don't take advantage of all the anisotropy, as the films with pre-
ferred orientation do.

The films have better critical current properties than bulk relative to the
width of their transitions simply because, for the bulk sample, the width reflects
a three-dimensional percolation problem which is much easier to establish than
the two-dimensional situation for the film. If we have a little junk in the film, it
might prevent the complete percolation, whereas in the three-dimensional sys-
tem, it might not. The transition width in a film is more diagnostic as a result.

Tunneling Experiments

Films are nice because when you are trying to understand mechanisms, one
of the premier ways is superconducting tunneling, which probes the mechanism
and the microscopic parameters. We have tried tunneling, and the conductance
curves are crude compared with niobium or niobium-tin. I'll show you some of
the results we were getting in May.

The typical way in which tunneling experiments are done, starting with I.
Giaver and going on to Josephson, is to put the film on a substrate, then a bar-
rier to tunnel through, and then have a counter electrode. Then you can get
superconducting-insulating-superconducting (SIS) and superconducting-insulating-
normal (SIN) junctions. The conductance as a function of voltage allows you to
measure parameters, which McMillan and Rowell showed how to use with the
strong coupling theories of superconductivity, and to get out the microscopic
parameters. That's standard spectroscopic procedure now, providing our bar-
riers are good.

Another way of doing this is to use a scanning-tunneling microscope. You
can move a tip over the surface and look locally at what is going on. That is go-
ing to be very important in understanding what is happening with these materials.
We haven't gotten that far yet. We will try working with Professor Cal Quate's
group at Stanford. His group of students were able to use a tungsten tip. The
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tunneling is from one atom, so it is a very, very precise probe. When they don't
get current, they push the tip down within about a 100-angstrom radius, the ra-
dius of curvature, so you jam the tip into the film until you get some current
flowing. What I'm going to show you is this point contact; we haven't gotten
elegant enough yet to do spectroscopic tunneling.

We found something much different in the first tunneling experiments we
did. First of all, there is a scale change, much bigger than it should be as far as
Tc is concerned. The BCS mean-field theory says the gap A (0), at T=0, is 1.75
kTc. We observed the unprecedented high value of 10 kTc. Our results could be
due to SIS tunneling, in which case the gap would be a factor of two lower.

£.a--Sr-Cu." 0 Film

-80 -40 0
VOLTAGE

40 80 - 4 0 A
V0LTAQE

Fig. 3. BCS ideal conductance (right) and point contact conductance of

(LaSr)2Cu04.

Another feature is the fact that the conductance above the gap falls much
more sharply than BCS says it should fall. It looks almost like a resonance, but
at this time we don't know what it means. We think we're getting some combi-
nation of effects. The barrier may be a Schottky barrier. The barriers are both
good news and bad news. They are native barriers that form naturally. They are
bad news because they are not under control. There are some regions where you
don't find tunneling at all. Figure 3 shows a good spot. If you move the point a
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little bit, you get something that looks like a normal metal. There could be a
slight variation in the oxygen content at the surface on a fine scale, or there
could be a slight variation in the metal concentration. Something that varies
along the surface in an uncontrolled way. That's why we hope to get the scan-
ning tunneling microscope involved. One would have to be optimistic to think
that, with the right treatment, one can get the whole surface to be uniformly
good after taking the sample out of the evaporator and heat treating it.

We have done some work on the YBaCuO higher temperature materials, and
we are going to be doing a lot more, but so far our data is better on the lanth-
anum-strontium. One of the nice things about superconductivity is that you
probe the superconductivity where you are doing the tunneling, because you can
do it as a function of temperature, and you can see where the gap first opens.
That's really the transition temperature right at the junction. Some of the things
I showed you before might have had several different situations in which we had
a very low gap or no gap at all, or tunneling into normal material where the
point in one place is normal, and another place where it has a very high gap, and
yet another place with a very moderate gap. Iguchi and cowcrkers found that,
while they started with a 90° K superconductor, by the time they got trough pro-
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Fig. 4. Temperature-dependent multiple gaps in YBa2Cu307-8 by Iguchi and
co-workers showing gap opening at 54 °K.
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cessing it, they evidently had degraded the region under the counter-electrode,
which is defined over tens of square microns to a depth of 20 to 50 angstroms.
In that particular region it went normal at about 55° K. Their data are shown in
Figure 4 (page 74). They plot dv/di for technical reasons, so minima here are
maxima in the previous figure. This again has the features of resonances. With
the Tc~50° K case, here they have 2A/kTc of about 10, again as we did. 2A/kTc=10
is a value which implies extremely strong coupling and suggests a new pairing
mechanism.

There is another kind of tunneling, which Moreland has done at Colorado,
called break tunneling. He barely cracks the film with a plunger and makes a
weak link. In other words, the tunneling is across the crack. Moreland has done
it for the 90° K material and gets similar features. However, he interprets the
junction as SIS, which implies the features are at 4A. 2A/kTc is about 9/2 and
not 9 or 10.

Possible Mechanisms

There are a number of arguments against the electron-phonon mechanism
being the chief contributor to the pairing. The most direct is the zero isotope
effect, although that result alone is not conclusive since reasons other than lack
of phonon participation can result in a small isotope effect. Experimenters at
Berkeley and AT&T put oxygen-18 into the lattice in those copper-oxide planes.
In the planes, breathing modes (the oxygens breathing in and out against the Cu)
couple to the electrons. Weber showed theoretically such coupling could, if op-
timized, reach 40° K superconductivity, but not 90° K. After 90° K supercon-
ductivity was discovered, the equations were modified to bring in these one-
dimensional chains in the middle layer, which have one-dimensional singu-
larities, and those who still cling to the electron-phonon mechanism believe the
combination could just barely give 90° K.

If that chain-plane argument were correct, then nature has given us a superb
structure. You can't expect to find many structures where you have something
with two-dimensional features surrounding a one-dimensional feature, all of
which work in consort to crank up the electron-photon interaction and give a 90°
K superconductor. If you were to try to design a crystal, don't think you could
come up with anything better.
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There are many models floating around purporting to explain the high Tc.
Some involve different aspects of electron-photon interactions. There's a possi-
bility of charge fluctuations, which can cause the pairing. These are the so-
called exciton models. One of the interesting possibilities is the Varma-
Abrahams theory that the charge fluctuations in these copper-oxygen planes are
under-screened because the bond lengths are shorter than the screening lengths.
It's possible to have strong coulomb effects over short distances, because these
are low electron-density materials.

Anderson's resonating valance bond theory is attractive because there is so
much magnetic-!ike behavior observed in related phases. Exxon researchers
have looked at the parent compound, LaCuO4, which has only lanthanum in it.
They found between .4- and .5-Bohr magnetons. That shows that magnetism is
alive in these materials.

The Possibility of Even Higher Temperatures

A few remarks about high Tc. We have measured bulk samples that show
sharp drops in resistance at temperatures around 200° K. The actual super-
conducting transition, however, is in the 90-100° K region. The simplest inter-
pretation of the 200° K effect is that there was an added resistive channel that
disappears upon cooling - nothing to do with superconductivity. A lot of people
are noticing irreversible decreases in resistance at high temperatures and claim-
ing superconductivity. Examples in multiphase systems are always not clear,
particularly if metastable phases are involved. However, there is no reason to
believe that 100° K is the highest temperature one can get. It's quite possible
that some of the signals that people are getting are because of highly metastable
minority superconducting phases or interfaces in their samples. I'm perfectly
willing to believe that. Anything I said today will likely be wrong tomorrow.
We're all hearing rumors all the time that there are room-temperature supercon-
ductors. I hear it two or three times a week. One of these days, it's going to be
rij ht. I wouldn't mind if it were right from Stanford.
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In the space of six months, superconductivity has become a household word.
It's been in Time, Business Week, the Wall Street Journal, and the New York
Times. Everybody, from children in grade school to chief executive officers,
now knows what superconductivity is. Elsewhere in this volume, Peter Limon
discusses the SSC and high-temperature superconductors. Indeed, every con-
tributor has talked about high-temperature superconductors. I was even amazed
to hear from Chris Quigg that the theory of particle physics and the ultimate
constituents of matter was going to be determined by superconductivity theory.
We have been through stone ages, iron ages, steel ages, and the semiconductor
age. Now we seem to have reached the age of superconductivity. A colleague
of mine reminded me of that great piece of advice in the film, The Graduate, in
the sixties: "The future lies in plastics, young man." The 1987 version of that
would certainly be, "The future lies in superconductors," or so the press would
have us believe.

I will cover the technology of the new oxide superconductors and how they
might relate to the existing superconductors. Fermilab and the high-energy physics
community in general have had much to do with the development of the "old" su-
perconductors. Bednorz and Miiller must be credited with the idea of setting out
on the search for the new superconductors. They submitted their paper in the
normal fashion on April 17, 1986. A copy of the first page is shown as Fig. 1
(page 80). The work had been going on for a couple of years. Notice that the
title is "Possible [italics added] High Tc Superconductivity in the Ba-La-Cu-0
System." One of my colleagues at Wisconsin, a theoretician, was in fact at ETH
in Zurich at the time the work was in progress. He was meeting with Miiller
every week or so. When he came back to Wisconsin in September he still didn't
know about this. Muller was really very modest about what was going on.
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Metallic, oxygen-deficient compounds in the Ba - La—Cu — O system, with the composi-
tion Ba,La,_,Cu,O5(j-,, have been prepared in polycrystalline form. Samples with
x = I and 0.75, >>0, annealed below 900 *C under reducing conditions, consist of three
phases, one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconduc-
tivity. The highest onset temperature is observed in the 30 K range. It is markedly
reduced by high current densities Thus, it results partially from the percolative nature.
bute possibly also from ID superconducting fluctuations of double perovskite layers
of one of the phases present.

i. Introduction [6] This large electron-phonon coupling allows a T.
of 0.7 K [7] with Cooper pairing The occurrence of

"At the extreme forefront of research in supercon- high electron-phonon coupling in another metallic
dudiviiy is the empirical search for new materials" oxide, also a perovskite. became evident with the d-.s-
[1) Transition-metal alloy compounds of -4 15 covery of superconductivity in the mixed-valenl com-
(Nb,Sn) and B\ (NbN) structure have so far shown pound BaPb,. ,Bi,O, by Sleight et al , also a decade

Fig. 1. The first page of Bednorz-M'uller.

The history of high-temperature superconductivity since 1973 (when John
Gavalet and his group at Westinghouse made the last advance, and a relatively
minor advance at that), has really been studded with loose ends, fakes, and all
sorts of off-beat things. The subject had almost fallen into disrepute. Notice the
first sentence in the Bednorz-Miiller paper: "At the extreme forefront of re-
search in superconductivity is the empirical search for new materials." Miiller
was one of the few people that actually believed that. I can claim a tiny piece of
reflected glory here because that is a quotation from a report of which I am a
co-author. It was put together about four or five years ago at Copper Mountain
when the National Science Foundation ran a workshop on the science of super-
conductivity because the scientific excitement behind it was declining. The



workshop asked what was needed to stir things up. Four or five of us put to-
gether a study group of 40 or 50 people and we wrote this report. The report
had absolutely no effect that we could see. No more money came into the field.
By the way, this may be one of the reasons why people in the condensed-matter
community have been attacking the SSC or pointing out that it would be great if
oxide magnets could be put into the SSC. But one also has to say that very fe*v
people came up with new ideas.

After the Bednorz-Muller article appeared in September, things started out
rather quietly and then the madness began sometime near the beginning of
December. Some people claim they have barely eaten or slept or done very
much else ever since. Fred Miiller, a solid-state theoretician, said at a DOE
meeting in Germantown, when asked his advice on how to make money out of
superconductivity, "Don't invest in superconducting companies, invest in Fed-
eral Express."

Old-Fashion d̂ Superconductors

What is one looking for in a superconductor for accelerator magnets? A very
high transport critical current density is needed, something like 2*105A/cm2 at a
field of 4-6 T. That transport critical current density does turn Gut to be a particu-
lar problem that exists with the oxides, for reasons that Peter Limon notes else-
where in this volume. Partly that's because one needs fine filaments. One would
also like good stress-strain tolerance. The basic material must also be reasonable
in cost and tolerant of mass production. The material is not the be-all and end-all.
The device has got to be assembled reasonably and cheaply by your average
production-line person. One would like considerably more, but certainly one re-
quires a strength of 20,000 or 30,000 pounds per square inch and failure strains of
greater than .5%. Put differently, something is needed that is not going to break
when you look at it. Since the oxides are brittle materials, the work that we have
been doing for many years on niobium-tin should be of benefit to us. For ex-
ample, one knows that a brittle material like glass is a lot more strain tolerant
when it is a fine fiber. It may well be that although one does not need fine fila-
ments for electromagnetic reasons as one does with heUum-temperature supercon-
ductors, one may go to relatively small dimensions simply to get good mechani-
cal properties. Issues such as positional tolerances and so on are also important.
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Fig. 2. Phase diagram for Nb-Ti, a typical superconductor.

Figure 2 shows the phase diagram for a type II superconductor. This shows
the phase space of temperature, magnetic field, and critical current density.
These two properties of temperature and field tend to be determined by details
of the immediate atomic environment and there is not a great deal that one can
do about them. They come from God. On the other hand, the critical current
density is extremely sensitive to the local defect structure, and in fact can vary
over orders of magnitude. Whereas the great excitement of the last six months is
really only due to a factor of four increase in temperature, we can easily arrange
for the critical current density to vary over three or four orders of magnitude.

Eighteen months ago I was asked to review where superconductors were go-
ing for the Magnet Technology Conference. This is the community of people
who actually are going to use these things and make devices out of them. At
that time one looked to the practical superconductors, that is, the ones that some
people in this room actually sell, niobium-titanium and M^Sn or niobium-tin
conductors. In 1985 the community was looking ahead at some other materials,
such as niobium-aluminum, niobium-nitride, and lead-molybdenum-sulfide, that
might become practical. One of these has an upper critical field of about 60
tesla, about six times niobium-titanium. There are people, particularly in the
high-energy physics community, who say it would be really neat if we could
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have 20- or 30-tesIa magnets. So those materials might have become practical.
In the past six months the groups of people working on these materials have
been decimated because all of those people have turned to the oxides.

By 1985 there had been some important recent advances in the materials that
were available and many of these had come from advances in measurement and
characterization. The oxide explosion has generated tremendous scientific inter-
est. This scientific interest has really gripped people all across the community.
Both basic and applied science people have gotten involved, including theorists,
condensed-matter experimentalists, chemists, mathematicians, and the engineer-
ing community. With 77° K superconductors, there are all sorts of applications
of superconductivity that one had never dreamed of before and that, even collec-
tively in this room, we clearly are incapable yet of appreciating. So there is a
real reason for this great excitement. As a result, I think that we will see a big
push towards applications at a very earl) stage.

With that in mind, let's go on and consider a few features of niobium-
titanium and see if they might give any hints about what may happen in the
oxides. One of the very important things that happened in "old-fashioned" su-
perconductivity was that the TEVATRON established a proper super-
conducting-materials industry. The industry did not exist before the TEVA-
TRON, except as a large garage-type operation. The necessity of making miles
of magnets meant that wire production had to be put onto a production basis and
one actually had to tackle the mass production aspects. Approximately 1500 to
2000 of quarter-ton composite superconductor extrusions were made into cable
and wound into magnets. The critical current density, a very important
parameter, was about 1800 amps per square millimeter at 5 tesla. In the last few
years we have been able to raise that up to about 3000 amps per square mil-
limeter in production. At the same time the filament sizes have gone down to 3
microns through some remarkable developments in industrial fabrication. Now
it seems as if the filament size may go down a little more for some other
reasons. This has not been discussed much in the United S'ates, but Japan and
Europe have developed reasonable programs looking at 0.1-micron filaments for
power frequency applications of superconductors.

The basic understanding of what is going on in these materials is much im-
proved. One of the nice results is that there has been a very close coupling be-
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tween the basic science and the industrial production. A lot of the advances can
be credited to precisely that sort of interface.

Let me emphasize something with which we in our group at Wisconsin have
been closely linked. DOE has said, well, it's great, we appreciate the fact that
you are attempting to achieve a fundamental understanding of these materials,
but you know, high-energy physics is really a user and a consumer of supercon-
ductivity. We want you to get the message out to industry and the users. So we
were forced (at first a little unwillingly, but in fact it has been a very pleasant
experience), to hold a series of workshops on these applications. By now we
have had about six of them. Out of this has come a tripartite relationship among
basic researchers, the users (essentially the laboratories including, of course, the
SSC through its manifestations here at Fermilab, at Brookhaven, and at Law-
rence Berkeley Lab), and the producers in industry such as Intermagnetics Gen-
eral Corporation (IGC), Teledyne Wah-Chang, Supercon, Oxford, and Cabot.
Groups of 50 people have met together about every nine months. Collectively,
there has been a tremendous coupling between the problems that occur on the
industrial scale and the problems that occur on the research scale. The trade-
offs between filament size and critical current density have been examined.
That is an example of a situation where people are prepared to get together and
talk over problems. One can make tremendous strides.

Figure 3 illustrates this graphically. Prior to the SSC, one could not go out
and buy material of this quality. This follows from the recent developments
both fundamentally and on an industrial scale. One is seeing something like a
50 to 60% increase in deliverable production material and we are still pushing.
Niobium-titanium has been described as a 25-year-old technology. While that is
true, it is not a technology which has been stagnant. It continues to improve.
The properties of the magnets have also continued to improve. It's possible to
go out now and buy much better material in very long lengths with very fine
filaments. That is not just of use for high-energy physics; it is also useful for
MRI and all sorts of other things. A Supercon billet made several years ago rep-
resents a very considerable advance and contains about 4000 filaments. Now
IGC and other people have made 40,000-filament composites with rather good
properties. This is a technology which is industrially available and can be put
into magnets. One can think of this as a realized engineering technology.
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PROGRESS IN RAISING THE Jc Of Nb Ti
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Fig. 3. Progress in raising the Jc.

Obviously, critical current density is important, so where do we turn the
handle in order to get more critical current density? In anything other than a
very weak magnetic field, the superconductors that we are interested in contain
flux. The unit of flux in a superconductor is quantized and very small; it's
about 101 5 Webers. Around the flux is a circulating current vortex and that cur-
rent penetrates over some characteristic distance into the superconductor. Be-
tween these vertices are superconducting regions. This is illustrated in Fig. 4
(page 86). About 20 years ago a very elegant experiment was done by Trauble
and Essmann in Germany, whereby the perfection of this flux structure was re-
vealed with a nice evaporation technique. Figure 5 (pagt. 87) shows a view look-
ing down these fluxoids. One sees a very nice triangular array and this unfor-
tunately means that the flux density is rather uniform and can carry only a very
small current. In high-current density materials we perturb this ideal state very
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severely by putting in many fluxoid-pinning centers. In some of the optimized
wires that we developed, the defect structure has a scale of 1 to 2 nanometers,
that is, only about 3 to 5 atoms. This extremely localized scale is one major rea-
son why the materials science of superconductivity is such a fascinating

challenge.

NbTi

V 5mm

(c)

Fig. 4. Structure of one vortex line in a type II superconductor.

How high can we raise the critical current density? One way to estimate this
is to divide the field within one of these fluxoids by the depth over which the
surrounding vortex current circulates. With this phenomenological approach we
find that the current density is something like 106 A/mm2. In practice, as you
see in niobium-titanium, we were quoting values of at best 104 A/mm2, so we
really have only achieved a fraction of this local supercurrent by pinning the
fluxoids. On the other hand, we have established an upper bound. It is nice to
know that this upper bound is a very high number because, perhaps in the future
as we get more clever, we may get closer to that figure.

Niobium-Tin

Perhaps 95% of the wire that is fabricated is niobium-titanium. The other 5%
is niobium-tin. Things have not been standing still in niobium-tin. The basic
researchers have found that by adding a little bit of titanium to the niobium-tin,
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. Individual fluxoids in a type II supercond

one gets usefully higher critical fields. People like our group and those who
thought it still worthwhile to investigate superconductors, have also been beavering
away trying to understand what controlled the critical current density. This is
not a particularly easy or short-term problem. Figure 6 (page 88) gives some
flavor, from the critical current densities as a function of magnetic field, of what
one could do with niobium-tin. Notice that this particular graph starts at 8 tesla.
This data is for liquid-helium temperature and it goes out to about 20 tesla. The
"V's" show how pure niobium conductor behaves.

This type of conductor has been used for very big fusion devices. For ex-
ample, Westinghouse built a 3-meter diameter coil which is down at Oak Ridge
being tested. One can now purchase 16-tesla magnets for two or three hundred
thousand dollars from one or two companies. These are solenoids and they typi-
cally utilize material having properties like those in the lower curves of Fig. 6.
In the last few years companies in the United States, Intermagnetics General and
Teledyne Wah-Chang in particular, have been developing a process based on us-
ing pure tin, rather than a dilute tin alloy, as a source for tin. With these one can
get very much higher critical current densities, although at some sacrifice of other
properties. Thus, for making high-field magnets that does indeed make for a con-
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siderable advantage. Nb3Sn is, unfortunately, a brittle compound. The applica-
tion of Nb3Sn for a magnet is considerably more complicated than is the case of
niobium-titanium. This is a point worth returning to when oxides are discussed.
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Fig. 6. Niobium-tin - critical current density as a function of magnetic field.

The Materials Science of Superconductors

Many times I have asked the Department of Energy to fund what amounts to
fundamental materials science. Sometimes I've had to ask them to take it on
trust that we have an application in mind. The materials-science community
makes a considerable investment in transmission electron microscopes and the
like. (The materials-science community also has some very expensive tools!)
Typically, we would like two or three million dollars worth of advanced elec-
tron optical devices plus the people to go with them. One is trying to get both
structural information about where the atoms are and information about the lo-
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cal chemistry. In particular for Nb-Ti and Nb3Sn, utilizing these tools has been
very useful for the developments mentioned earlier. The next two or three fig-
ures give some sense of these developments.

Figure 7 shows a conductor made in our own laboratories where much of the
basic processing of niobium-titanium is being worked out on a prototype scale.
The figure shows a very small region within these filaments. Notice a crucial
piece of information: the magnification marker. It is 1/4-micron across. One

e.n. TRANSVERSE CROSS-SECTION AFTER FINAL HEAT TREATMENT
5 X 80/H20. DI/WI. - 8.25mm. 1015 FILAMENTS (CB1958)

Fig. 7. Niobium-tin micrograph.

starts out making materials that are heterogeneous on a scale of about 1/4
micron. Notice the virtually pure titanium. These act as very effective flux-
pinning centers and thus increase the critical current density. The characteristic
separation of the fluxoids is something like a 10th of this scale, so we had to de-
velop methods whereby one can make things on a much, much finer scale. For-
tunately, it turns out that just by wire drawing, we can turn those relatively
round white blobs into the very elegant long ribbons. Figure 8 (page 90) shows
this on a very much finer scale. This enables us to match up the fluxoid lattice
fairly closely to the defects. This shows how we get these very high critical cur-
rent densities. We are, in fact, developing nanometer-scale structures 1-2 nm or
only four or five atoms across. I believe we are going to see materials science
going into fine-scale engineering much more.
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Fig. 5. Same a5 Fig. 7, but on a much finer scale.

The New Oxide Superconductors

Figure 9 shows a micrograph of the new high-temperature superconductor
yttrium-barium copper-oxide. The characteristic size here is a relatively large
15 microns. Notice that because of the anisotropy of the structure, it shows up
very well in polarized light. These characteristic bands which appear in the ma-
terial are at the level of 10 microns. The grain is very finely self divided. The
features are so-called "stacking defects" known as twins.

Fig. 9. Photomicrograph ofyttrium-barium-CuO.



Why can't we just go right out and build oxide magnets? The push has
clearly been so strong in the press, and in the scientific and the engineering
communities, that there are people looking for exactly this challenge who are
prepared to go out and do it. But why are there some people in the community
who, while very enthusiastic about the oxides, are nevertheless saying that some
caution is in order if what you really want are magnetic devices?

When the critical current density is measured, it is normally done by passing
a transport current through the material. The measurement can also be done, for
example, by inducing a current in the material and detecting the magnetic mo-
ment associated with that circulating current. Knowing something about the di-
mensions of the sample, you can derive the current density. We call this the
magnetization Jc. In any reasonable superconductor that you might make, it
would be very unusual for there to be a difference of more than a factor of two.
For anything that you were thinking of putting into a device, you would expect
those two quantities to at least agree to within roughly 10%. A problem in the
oxides that is just beginning to be resolved is that the magnetization current den-
sity is much much greater, orders of magnitude greater, than the current density
measured by transport current methods. This raises a question: Why is the criti-
cal current density so low? Perhaps it isn't so low after all. Late last spring,
Physical Review Letters published the very elegant recent IBM results. I'll re-
turn to this point at the end.

The other nasty factor is that weak magnetic fields produce a very big change
in the properties. We know that superconductivity exists in these materials to
fields of at least 40 to 50 tesla. If our current ideas are true, we have every ex-
pectation that it exists to perhaps 100 resla or even more. So why are weak
fields creating so much difficulty? Weil, you don't get shown crystal structures
of the old-fashioned superconductors niobium-titanium and niobium-tin. Those
structures are rather straightforward. Perhaps wrongly, we would think them so
simple that they are not worth showing. That is certainly not true of the oxides.
Figure 10 (page 92) shows one formula unit of the 90° K superconductor. What
one notices is two chains of copper and oxygen, the key players in the super-
conductivity, then a plane of barium-oxygen atoms, next a copper-oxygen plane
that is somewhat rumpled, and then a very curious feature, just one lonely yt-
trium atom. One thing the theorists have told us is that there is very little elec-
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tron transport in the vertical direction. Looking at this sort of structure, one ex-
pects properties which are rather anisotropic. In fact, all three axes of the crystal
are different.

Barium

Yttrium

Oxygen

— Copper

Fig. 10. One formula unit of the new 90 °K superconductor.

There are two properties that one uses to signal superconductivity: 1) Loss
of resistance. For example, the resistance is measured and at some temperature
in the 90° K regime the resistance falls abruptly to zero. 2) Measurement of the
diamagnetic moment due to the expulsion of flux from the material. Notice in
Fig. 11 that there is a weak moment, zero on this scale above the supercon-
ducting transition temperature, and then this moment turns on very strongly and
we get complete flux exclusion. If some flux is put into the sample and then
one measures the flux that is kicked out, one does not get such a strong signal,
but it is almost as good and the result demonstrates that these are bulk supercon-
ductors. But notice also that in the first work of Paul Chu on this material, and
also in at least the second paper of Miiller, one sees that weak magnetic fields
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are doing odd things. For example, in Fig. I I , an applied magnetic field of

about 10 milhtesla (100 gauss) is present in curve d, and it has moved the

superconducting transition about 10° K lower compared to curve c.
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Fig. 11. AC susceptibility (a,b) and normalized resistance (c,d) vs. temperature,

a) c) no applied field, b) B<5mT (trapped flux in magnet), d) Ba = llmT.
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As a materials scientist, one is inclined to ask whether the samples are good
enough. Figure 12 shows curve; !'< r the oxides. They are in the 10 ' amps per
square millimeter range compared to 10A-10M/mm2 for niobium-titanium and
niobium-tin. These are transport current measurements. Notice that they fall oft
by an order of magnitude for a field of 1 or 2 tesla. This implies that it is a
transport current problem. One would like to think that perhaps this is only be-
cause there is something wrong with the materials. Indeed, if the magnetic mo-
ment of these materials is measured, one derives critical current densities which
are much larger. Figure 13 shows the magnetic moment of the yttrium-barium
copper-oxide in fields up to about 6 tesla. The derived critical current density
from the width of this loop is essentially equal to the magnetic moment divided
by a geometrical factor times the width of the sample. This suggests a critical
current density of a couple hundred amps per square millimeter. This is about
three orders of magnitude greater than the measurements shown in Fig. 12. In
particular, Suenaga at Brookhaven pursued this argument by grinding a bulk
sample up into powder and noting that the magnetic moment stayed about the
same. That implies that the currents are not circulating over the whole region of
the material but over very restricted local regions. The natural limit to that is
the grain size, which is about 10 microns. If the depth to which the currents are
flowing is 10 microns instead of 1 millimeter, it raises these critical current den-
sities by about a factor of 100 and that gets to the numbers that an IBM group
recently reported.

The IBM result is very important. On the other hand, it is also a result that is
capable of being misunderstood. What IBM announced a couple of months ago
was the result of evaporating films of the yttrium-barium copper-oxide onto sin-
gle crystals of a similar phase of perovskite, but in this case a cubic perovskite -
strontium-titanate. A film laid down on the single crystal grows with the bad
direction vertical to the plane of the single crystal. There are apparently some
minor boundaries which exist within the material and the details of these remain
very important. What they get is an essentially single-crystal film. At least
some of the grains are very large, a centimeter or so on a side. The crystal is
only 2 or 3 microns thick, so this is an extraordinarily large grain size. They
were able to pass transport currents through the film. At 77° K they got 30?

amps per square centimeter or 103 amps per square millimeter. They could not



measure the transport current at lower temperatures; they said their leads burned
out. That is a problem in these materials. Instead, they measured the critical
current density by magnetization measurements. I have no doubt that these
numbers are right to within factors of two. While one sees a weak field depend-
ence, the field dependence of these properties has not been very well measured.
This confirms in the most direct experimental fashion possible the implication
of the magnetization results: These materials have high critical current den-
sities. This means the potential of the material is all there. On the other hand, a
rather worrisome feature of these results is that one sees that the critical current
density in the "a" and "b" directions and the critical current density in the "c"
direction (the "bad" one), differ by factors of 30 to 70.

A real concern is that although in zero field we start out with supercon-
ductivity existing all through these materials, very weak fields cause a de-coupl-
ing of superconducting regions from each other. The most likely explanation at
this time is that this takes place in grain boundaries. The real question is, is this
because of defects in the quality of the material, or is this an intrinsic property
of the large anisotropy of the materials? Figure 13 is the sort of plot that shows
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Fig. 13. Resistivity versus field as a function of temperature for YBa2Cu307.

a tension between the science and the technology. We pass a very small
transport current density through a sample of the oxide 10 microns by 2 mil-



limetcrs square and look at the resistance in a magnetic field as a function of
temperature. Above the superconducting temperature at 100° K, we see a resis-
tance which is independent of field up to fields of 18 tesla. At 95° K it is al-
ready clear that there is some superconductivity within the sample, because at
18 tesla we have not achieved the full resistivity characteristic of the normal
state. This also illustrates that it is perfectly true that we have superconductivity
existing in very strong magnetic fields with these materials. But from an engi-
neering point of view, and particularly if one is thinking in terms of existing ac-
celerator magnets, we unfortunately have to be concerned with whai is happen-
ing at lower magnetic fields. The disappointing news at the moment is that
when we have polycrystal aggregates, we turn on resistance at extremely low
magnetic fields. An important point to make is that these resistivities are really
not very low. In fact the resistivity zero here corresponds to something like
twice the resistivity of copper at room temperature.

It is very important from a materials-science standpoint to understand whether
this sort of property is intrinsic to the anisotropy or whether it is exacerbated by
defects in the materials as we presently prepare them. That remains as the issue
that we have to address. The weak coupling between the grains needs to be
defeated. It is important to understand the basic scientific question here: Is this
a sample-dependent feature so that better samples will improve it or is it an in-
trinsic property? If it's intrinsic, all is not lost. It may just mean that methods
are needed to orient over very long lengths of these conductors so that we can
get good conductivity. We need to understand this question so that we can un-
derstand where we should put our efforts in the materials processing business.

The Future of the Oxide Superconductors

How long will it take to develop oxide devices? I think that the IBM work
establishes that for electronic applications, such as putting superconductors and
semiconductors together on the same chip, those basic conditions can be achieved.
We are going to see a tremendous effort on the part of IBM, and Bell, and other
companies to pursue that type of technology. Of course, the same things will
happen in Japan, and Europe, and everywhere else that we compete.

For high-field applications, there is the disconnect problem that I have just
described. Although that is a problem that was not encountered with niobium-



titanium and niobium-tin, we now have a very strong push for applications be-
cause everybody knows about superconductors, everybody will be intrigued by
superconductors for at least 10 minutes or so. One can foresee all sorts of cheap
uses of superconductivity at llr K that were never all that attractive or realistic
ai 4 K.

These oxides are brittle. While it is a favorite dream of many people that we
just need to put a bit of basic science and money into making them ductile and
then we will be able to do it, I believe that I'm on firm ground in saying that this
just ain't so. Glass has been around for 5000 years and it's still brittle. Brittle-
ness and ductility are associated with the inter-atomic forces. We can't muck
around with these forces without completely altering the very properties that are
crucial for superconductivity. So we will have to live with the brittleness. We
can do this for glass and concrete and silicon, but we have to design for the
brittleness of the material. One way to do this is to engineer back from the
device. That is to say, we need to be device oriented and then go back to the
material rather than saying, "Look, here's an oxide conductor, a wire that looks
like niobium-titanium or niobium-tin and you are going to treat it just like
them." The innovation and the real applications will come when one thinks in a
fresh fashion about the device. Only when you have really worked out the de-
vice are you likely to be able to apply this brittle material.

Current density is also needed. Table I (page 98) gives the history of niobium-
tin. Studying niobium-tin is useful because, if we do things the wrong way in
the oxides, it may be like niobium-tin. I don't think that is going to be the case.

When niobium-tin came along as a conductor in 1960 it electrified supercon-
ductivity. In a couple of years a better process was developed and drove out the
original tube process that was used in 1960. RCA, General Electric, Bell, and
other big companies were involved in this. From 1964 to 1974, large numbers
of magnets were made. Most of these were not particularly good. One has to
credit Intermagnetics General for finally taking hold in about 1974 and learning
how to make reliable niobium-tin magnets using tape. Some of these gentlemen
are in the audience. Filamentary niobium-tin is much more useful for devices
and the basic science of how to make it was worked out in 1970. The Ruther-
ford Laboratory group that I led was the first to come up with magnet conduc-
tors in 1973. Pretty good solenoids were made from this in 1974. Unfortunately,
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Table I.
Development ofNbjSn

• Conductor Process Available in 1960 (Bell)
Tape I

• Nb3 Tape Drove out the Nb Tube Process (RCA/GE)
•1964-1974

Unstable Nb3Sn Tape Magnets (RCA/GE/IGC)
• 1974-Present

Relatively Stable Nb3Sn Tape Magnets, but Restricted to Solenoid
Geometry (IGC)

Filamentary j
-1970 Bronze Process (AERE, NR1M, BNL)
• 1973 Filamentary Nb3Sn Magnet Conductors (AERE/Rutherford)
• 1974 Laboratory Solenoids of FM Nb3Sn (RL)
• 19^8-1984 Large Fusion FM Nb3Sn Magnets (LLL - W)
• No Accelerator-Quality Nb3Sn Magnets Yet

by defeating the problems of tape, Nb3Sn technology was actually put back for a
few years. It has taken a number of years to get laboratory solenoids of fila-
mentary niobium-tin out. There has been a large fusion program in niobium-tin.
That has indeed produced some big coils, but due to the great complexity of ac-
celerator magnets, there have still been no successful accelerator-quality
niobium-tin magnets built.

If we try and analyze why Nb3Sn magnets have not been more widely ap-
plied, this seems to be compounded of several reasons. One of the important
reasons is that it really is much simpler to use a very strong and tough material
like Nb-Ti, that winds in almost every way like a strong copper, than to wind a
brittle material or one that must be carefully insulated to spend one or two
weeks at 650-700° C while allowing the Nb3Sn phase to form. A second reason
follows the first: The added complexity of the reaction process and the brittle-
ness has discouraged the formation of groups of critical size with long-term
commitment to Nb3Sn magnet construction. A sad aspect of this failure is that
all superconductors with properties better than Nb-Ti are brittle. Magnet
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builders must face the brittleness problem if they want magnets of greater than
10-12 T, whatever superconductor they use.

The optimism that 1 spoke of a moment ago with respect to oxide magnet
construction comes from the certainty that, if oxide conductors having a reason-
able Jc at 77°K are produced, then hundreds of groups around the world will
start to construct magnets. If attractive motors and other electro-technical de-
vices can be designed with oxide conductors, then the devices will certainly be
built and this should be to the long-term advantage of all high-field
superconducting applications.
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High-Temperature Superconductors
and the Superconducting Super Collider

Peter J. Limon
Head, Accelerator System Division

SSC Central Design Group

What do we know now about the new high-temperature superconductors and
how they might impact the Superconducting Super Collider? Their composition
is known. A number of different compounds, all copper oxides, have been dis-
covered. The one that shows the most promise -;ght now is the yttrium-barium-
copper-oxide. The crystal has an anisotropic structure, so that the structure is
very different along the three axes. The superconducting properties may also be
quite different along the three axes.

Some of the properties of these high-temperature superconductors are known.
First, the material really appears to be a superconductor. By now this may
sound obvious, but at the beginning, earlier in the year, there were still some
questions about this. The critical temperature is high, typically between 90° and
100° K, which is above the boiling point of nitrogen. The critical field is high,
with the upper critical field somewhere between 50 and 100 tesla. There is still
some uncertainty about that since it is a quantity derived from measurements
made at high temperatures at low field and it isn't obvious these parameters ex-
trapolate down to 0° K in the conventional way. The critical current is low
(typically a few x 103 amps/cm2), for the bulk material, but for single crystals
the critical current density is pretty high, close to 107 amps/cm2. Many of the
critical current values are inferred from magnetization measurements, not from
measurements of transport current.

What Don't We Know About Warm Superconductors?

Those are some of the facts we know. What don't we know? We don't
know anything about ways to fabricate cable or tape in large quantities for prac-
tical magne?s. For accelerators, superconductors have to be useful for the
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fabrication of real magnets. The cables, or more likely tapes, will have io be
multifilamentary to minimize magnetization, which generates bad magnetic
fields at low current. If those fields are very bad. then it's nc! possible to inject
into an accelerator and get the beam to go around prior to acceleration. This
magnetization problem goes away at high energy, but it's a serious problem at
injection. The way that it is solved in present magnets is to have tiny filaments
which have small magnetization, and to twist them in a particular way so thai
they don't couple any magnetic flux. In addition, the superconductors for ac-
celerators have to have robust mechanical properties. As an example, niobium-
tin has been around a long time and is a pretty good superconductor, but no ac-
celerator magnets that I know of have ever been built with it, even though lots
of people have tried. That is because it is very brittle. (In all fairness, one has
to say that niobium-tin is not so much better than niobium-titanium that you
would just break your skull trying to do it. That may be why no one has.)

We also don't know much about the aging characteristics of the new ma-
terials. What happens when it sits around on a shelf for awhile? So far, that
doesn't seem to be a problem. A few months ago, rumors were going around
that the warm superconductors age badly. That does not seem to be true if one
takes reasonable care during manufacture. Sensitivity to radiation is another im-
portant property. Radiation exposure properties may not be important if you are
building a Josephson junction computer out of this new stuff, but they are im-
portant if you are making an accelerator out of it. So, that has to be understood.

Figure 1 shows the behavior of the critical current density in niobium-titanium
with temperature and magnetic field. As a measure of quality, niobium-titanium
gives something like 14 kiloamp-telsa per millimeter squared at 4.2° K in the
region near where the SSC is to be operated. Something like this is needed for
the new superconductors.

How Do the High-Temperature Superconductors Relate to the SSC?

What is the SSC Central Design Group doing to understand the possibilities
of the warm superconductors for accelerator design in the absence of a lot of de-
tailed knowledge on the subject? We do what physicists always do: We try to
probe the end points and if we can't solve the particular problem, maybe we can
solve a problem that is similar to it. What we are doing is looking at the techni-
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cal and cost impacts of somewhat idealized superconductors. So far we have
done three things.

Fig. 1. Behavior of critical current density in Ni-Ti. (From Martin Wilson,
Superconducting Magnets, [Clarendon Press, Oxford, 1983.])

1) We have taken the SSC magnet made with niobium-titanium cable and
replaced it (in paper studies) with cable made of the new materials assuming it
to be the same price and the same size as the original cable. In addition, it is as-
sumed to work just the same way except that, instead of working at 4° K, it's
going to work at 77° K. This tells us something about the sensitivity of the SSC
design to the refrigeration scheme. Otherwise the magnet has the same proper-
ties as in the present design.

2) We have done (again, on paper) a direct replacement with the warm su-
perconductors at 4° K. We keep the refrigeration scheme the same, it has the
same critical current density, however, we assume that the critical current den-
sity is independent of the field and we try to make higher field magnets. That is,
no matter how high the field is, the critical current density is still 2750 A/mm2.
That is an assumption that gives a lot of credit to the new material, but it is pos-
sible. Remember, as you make stronger fields in the magnet, you can make a
smaller diameter accelerator. At first sight, that should be less expensive. But
you have to put more superconductor in because the current density in the indi-
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vidual wires is assumed to remain constant. As a result, everything in the mag-
net gets bigger. The outside of the magnet gets bigger for several reasons. First
of all, the collar gets bigger because the forces get larger as the square of the
magnet field. The iron has to enclose the field, so it also gets larger. Conse-
quently, the volume of the material goes up and the cost per magnet goes up.
However, the number of magnets goes down. The question is, who wins in that
race?

3) We have also started to investigate limits that are independent of super-
conductor parameters. In other words, what sort of ideal magnets could one
make and what are the theoretical limits of magnet performance?

Let me give you some of the results of these investigations. Number one is
the high-temperature or liquid-nitrogen model. About $210 million would be
saved in the SSC for this case, according to our item-by-item cost estimate.
About $100 million of that is in the cryogenics. Remember, the cryogenic plant
was $125 million, so we have saved almost all of the cost of the cryogenic plant.
In addition, we save about $110 million on the 10,000 magnet cryostats because
they are simpler. This $210 million is not the net cost saving, however. There
are additional costs.

For example, the vacuum system gets more expensive - $150 million more.
Closer investigation tells us that we also have serious technical problems. That
is, we haven't yet invented a good way to solve the vacuum problem. So there
is a net capital saving in this system of $60 million provided we can solve the
vacuum problem for $150 million. That is about 3% of the initial cost of the
machine. In addition, there is approximately a 10% saving, or $27 million a
year in operating costs. That savings is mostly on power used in refrigeration,
but we have also added $5 million to account for a more reliable cryogenic sys-
tem. The machine operates more scheduled days and that has some savings as-
sociated with it. Thus, by going to high temperature alone, everything else
being equal, you don't save a tremendous amount of money.

For our specific low-temperature model, we did a direct substitution but we
kept the critical current density the same and assumed it was independent of
field. Then we investigated the magnetic field dependence. Remember, as the
magnetic field goes up, the cost per magnet goes up, because the amount of ma-
terial in the magnet goes up. But the number of magnets goes down. Figure 2
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shows how the costs vary with the magnetic field. The SSC design point is
shown on the curve. We know from previous studies that if you make the ring
larger by going to lower magnetic field, the ring geti more expensive, with a
slightly steeper slope. This insensitivity isn't surprising in this model because
the derivative of the cost of this machine has been taken over and over and over
again in the past four years to try to pinpoint the cost optimum.
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Fig. 2. Overall SSC magnet cost versus field, new superconductor.

However, there might be other models that work better. For example, the
critical current density could be much higher. Or room temperature might be an
option. Not knowing the properties of the superconductor makes estimating
more difficult. There is a very large number of possibilities that has to be
probed in order to understand the effects on the cost. What we are trying to do
instead is to understand the effects of these possibilities independent of super-
conductor properties.

For instance, as the magnetic field is increased, we eventually have mechani-
cal problems. The pressure in the coils is 4000 lbs/sq in. at 6.5 tesla. Ten times
that field results in 100 times the pressure, or 400,000 pounds per square inch.
No material, certainly no practical stabilizing material, is going to be able to
withstand that sort of pressure.



Some Technical Problems
The Vacuum Problem

Let me say something about the vacuum problem that I alluded to before.
L.quid helium provides a good pump for hydrogen and carbon monoxide. At 20
TeV, protons traveling in a circle radiate photons and that so-called synchrotron
radiation knocks hydrogen, carbon monoxide, and carbon dioxide out of the ma-
terial of the beam tube. That process increases the pressure in the beam tube.
These gases have to be pumped away. This is a problem that is well understood
in electron accelerators. In electron machines, this pumping is done by putting
in what is called "distributed pumping." Traditionally, this has been handled
with little ion pumps that are distributed along the magnets some distance away
from the beam tube. They are actually an integral part of the beam tube and
they pump the gas away as it evolves. If you don't do that, the pressure gets so
high that the beam lifetime becomes very small and you can't do physics. Fig-
ure 3 shows an illustration of such a room-temperature beam tube.
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Fig. 3. Room-temperature vacuum pipe for a typical electron accelerator,
showing distributed pumping.

Clearly, it would be very expensive to put such distributed pumps in the
SSC, since the magnets would have to be much larger and have much more su-
perconductor. Luckily, at 4° K the beam-tube walls act as a distributed pump
for desorbed gases, and ion pumps are not needed.

Unfortunately, hydrogen and carbon monoxide don't get pumped at liquid-
nitrogen temperature, so you have to invent a pump. We know of two things
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that can be done. One possibility is to make a little ion pump off to the side as
they do in electron machines. Another possibility is to use a non-evaporable
getter. In either case, the beam tube has to get larger. The 3.3-centimeter beam
tube, which is set by beam stability requirements, has to go up to 4.5 centime-
ters in order to fit in the getter. Figure 4 shows a conceptual getter pump for the
SSC. It turns out you need four times as much getter as shown in order to pump
the carbon monoxide effectively enough. This increase to a 4.5 cm-diameter
bore tube leads to increased costs of $150 million. It's not the vacuum system
that costs money, it's the fact that the magnets have a bigger coil, and therefore,
you have to put more superconductor in them to make the same magnetic field.

Ill 0 5 c» WIDE SLOTS
ALONG LENGTH OF BEAM TUBE

Fig. 4. A conceptual getter pump for the SSC.

This vacuum situation is a very serious problem, one that would have to be
solved if we used high-temperature superconductors. It's a much more serious
problem in the SSC than it is in electron machines because much lower back-
grounds and much longer lifetimes are needed to be able to operate the SSC ef-
fectively for physics. Electron machines typically have beam lifetimes of a cou-
ple of hours. At that point, the beam must be dumped and new beam put in.
That can be done very quickly and easily for a small electron machine. But in a
huge proton machine like SSC, the process takes a lot longer. If you have to
reload the machine every few hours, you won't get very much physics out of it.

Quench Protection

Another factor that must be considered is magnet quench protection. This
limits what can be done in terms of increasing the magnetic field. A supercon-
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ductor has to be protected so that if it spontaneously becomes a normal conduc-
tor (quenches), and there is a lot of energy stored in the magnetic field, it does-
n't burn up. The way that protection is achieved is to embed the superconductor
in a stabilizer. For the current commercial superconductors, this stabilizer is
normally copper, or possibly aluminum. During a quench the current from the
superconductor switches into the copper, and the wire starts to heat due to resis-
tive losses. From energy balance, the time integral of *' z power dissipated is
equal to the temperature integral of the specific heat. It turns out that the peak
temperature depends on the time integral of the square of the current. This in-
tegral is usually measured in terms of miits (millions of A2/sec). For tempera-
tures that are greater than 50° K the heat capacity of metals is roughly constant,
and the resistivity is linearly proportional to temperature. Therefore, the maxi-
mum temperature increases exponentially with the number of miits in the mag-
net. The number of miits that develop in a quench is a property of complicated
aspects of the magnet, such as how fast the quench propagates along the length
and from turn to turn. The faster it propagates, the less the number of miils.
This is because more of the magnet is involved in the quench. If the magnet is
cooled with liquid nitrogen, the heat capacity of the conductor is much higher.
Hence, the quench propagates more slowly and less of the magnet is involved.
In fact, the quench doesn't propagate much at all, and all of the energy stored in
the field goes into a little bit of superconductor. The result is that many more
miits are generated, and the temperature goes much higher.

We know, because of the exponential behavior of temperature with miits,
that the number of miits can't be increased by too much. There is a brick wall,
more or less, for the number of miits. The amount of copper has to be increased
so that the current density in the copper is kept more or less constant. That
means you can do one of two things: You can reduce the amount of supercon-
ductor in the system down to a very small amount and make everything copper,
or, if you keep the superconductor the same or make it grow, the amount of cop-
per has to grow faster than the amount of superconductor. Put simply, as the
current density in the superconductor goes up, the amount of copper has to be
increased so the magnet doesn't burn up.

That perspective can be used to derive an improvement factor in the current
density to find out how good a magnet can be made. Assume Jnls is the current
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Fig. 5. Best-case estimate of average current density improvement vs. super-

conductor current density improvement.

density of the miraculous new superconductor. The current density for niobium-
titanium is only 1300 amps per square millimeter in an SSC magnet at 6.6 tesla.
The current density in the copper is held at 1000 A/mm2, a fairly conservative
value. Figure 5 shows the average current density divided by the average cur-
rent density in the SSC, which works out to be about 500 A/mm2. Here the av-
erage is taken as the number of ampere turns divided by the total area of the
coil. This is about a third of the current density in the superconductor because
of insulation and copper and so forth. The surprise is that the improvement fac-
tor reaches an asymptotic limit, and that asymptotic limit turns out to be about
1.6. In this picture, it is possible to get a 60% improvement in the average cur-
rent density. If we look at our original low-temperature model, we assumed that
the current density was the same as niobium-titanium and that may have been a
little pessimistic. In fact, we could increase the average current density by roughly
60%, but you cannot do any better than that. Thus, the magnet may get a little
less expensive, but not a tremendous amount less expensive in this model.

What Improvements Can Be Made?

What sort of gains are there to be had, for example, if we don't use the high-
temperature superconductors for SSC ^ending magnets? Could they be of some
use to us other than building an enormous superconducting calculator? One of
the major improvements that could be made at any time in the use of the SSC is
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ultra-high-gradient quadrupoles. One of the real limitations of the machine is
the strength of the quadrupoles that focus the beam down to a tiny spot at an in-
teraction region. Any improvement in that, even an improvement of a factor of
two, makes a tremendous improvement in the performance of the machine and
can be added at any lime during operation. That would be a major positive ap-
plication of a new superconductor.
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1987 Fermilab Industrial Affiliates Roundtable -
Research Technology in the Twenty-First Century

Richard A. Lundy: "Moderator" is a misnomer My job really is not to
moderate dispute, but to inflame it and provoke interaction ;.<>m the audience.

What does our title, "Research Technology in the Twenty-First Century,"
mean? I believe if we were to take it literally, it would be a discussion of the
tools that a researcher will use in his trade in the twenty-first century - com-
puters, measuring instruments, and devices unknown. That's an interesting
topic by itself. Though it's a little too narrow for us today, it's a good starting
point from which to set a reference by looking backwards.

It's a shame that Thomas Edison is not still alive. We would love him. Let
me remind you of some of the things he did. At the tender age of 29 he realized
he was trapped in the manufacturing corporate environment and his future
would be limited. He broke out and established an industrial research labora-
tory, the first ^iace that was set up specifically for making discoveries. He
promised that he would turn out a minor invention every ten days and a major
invention every six months. What a technology-transfer officer's dream! A
new invention every ten days! Unbelievable!

He established his laboratory at Menlo Park, New Jersey. He had an equip-
ment budget (this was in 1876) of $40,000. I don't know whether that's $4 mil-
lion or $40 million today; the inflator for 100 years is a little hard to understand.
But it was not an unreasonable budget by today's standards. He hired 20 tech-
nicians. These were glass blowers, carpenters, a blacksmith, watchmakers, and
one mathematical physicist. He encouraged all of these people to live in the vil-
lage near Menlo Park, much in the spirit of our almost feudal existence here at
Fermilab. He surpassed his own promise. His team generated 400 patent appli-
cations per year shortly after the laboratory was established. What did he spend
his $40,000 on? Well, he must have purchased optical equipment and balances.
He bought a steam engine to turn the line shaft for his machine shop and he
bought a very well equipped blacksmith forge. He made a lot of money from
his inventions - that was the purpose - and he lost his fortune of $4 million try-
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ing to develop magnetic ore separation, something that we could still talk about
today as a technology that needs developing.

That was 100 years ago. There are so many similarities between research
styles and technologies then and now that one could argue that a century's projec-
tion is dead trivial; except for minor improvements, there's nothing going on. I
don't believe that. 1 think this process is not linear and we couldn't possibly pro-
ject. But to me, Edison's approach was remarkable. He would have taken his
place in a laboratory like this with great glee. So much for our look backward.

As far as looking forward is concerned, the twenty-first century is only 13
years away. The first two years of the twenty-first century are already discussed
in the 15-year Institutional Plan that Fermiiab recently submitted to the Depart-
ment of Energy (DOE). The other 98 years are the subject of this Roundtable.
Lloyd Thorndyke of ETA Systems, Inc., will begin the proceedings with his
keynote remarks.
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Lloyd Thorndyke

An observation: With that many patents today, Edison would use up his
budget a few times over just supporting the lawyers.

It is a pleasure to be with you today to talk about the future. I have a strong
kinship to Fermilab. Your equipment here is cryogenically cooled, and as you
know, ETA Systems has delivered a supercomputer that is cryogenically cooled
with liquid nitrogen. We did that to reach the enhanced performance possible
by cooling semiconductors. At the same time, I want to dispel the notion that
ETA Systems is located in Minnesota because liquid nitrogen is a naturally oc-
curring product there.

I would like to address two areas related to supercomputers. The first in-
volves the advances that we expect to see in the next 25 years in computing
capability. The second area concerns the introduction of mini-supercomputers,
or near-supercomputers.

What may be of direct relevance to this Roundtable is to emphasize the role
of the supercomputer as a research tool rather than as an end to a computer in
itself. I believe we are in the infancy of the computer industry. I hope the com-
ments and predictions that we talk about today will come closer to the mark than
the famous Harvard predictions of 1947. At that time, they felt that 12 com-
puters located in key universities would solve all the foreseeable computing
needs. It just shows they weren't very far-sighted. We've got to look further
ahead in our time than they did in theirs. Given the very fact that our tech-
nologies are getting so sophisticated, it takes longer to receive the benefits of
the technology than it did 100 years ago.

First, I want to establish the current status of the supercomputer. That is nec-
essary because that is where we come from. Perhaps from that we can get some
idea of where we're going. About five years ago, the structure of the super-
computer industry changed, and it changed in two significant ways. The first
was the introduction of three supercomputer models by the Japanese. The
Japanese government, in close cooperation with industry, made the development
of a supercomputer industry a national priority, nurturing its growth with R&D
funding funneled through large, vertically integrated computer companies.
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Computers suddenly were no longer the sole province of American manufac-
turers. It is difficult to assess the influence the Japanese will have on the new
supercomputers. One thing is sure, the new competition will have to serve as a
spur to the rest of us.

The second change is restricted to the domestic market and is being brought
about by the introduction of the mini-supercomputer and near-supercomputer
into the niche between the large, traditional mainframes and the true supercom-
puters. While these machines do not offer the power and versatility of larger
systems, they provide evidence that users from the industrial and research com-
munities recognize the need for high-performance computing. These communi-
ties are also the natural base for additional supercomputer growth as the user re-
quirement for more computational capacity develops. It's a general rule of
thumb that once you get hooked on supercomputers, you want more. There are
other areas, I've been told, that have the same addiction.

When supercomputers first emerged as a unique computer model about 20
years ago, they were used mainly in the government labs for solving compu-
tation-intensive problems of national importance. Additional systems were
placed in large universities and were funded by the National Science Founda-
tion. A few were also used in industry, particularly the petroleum industry. In
the early 1970s, the domestic education market for supercomputers vanished
when funding was no longer available from NSF. This eliminated a valuable
source of both research and trained computer-science graduates. For the first
dozen years of its existence, the supercomputer market was stagnant, losing
market share relative to the rest of industry. While the mainframe market grew
enormously and minicomputers proliferated even faster, the supercomputer mar-
ket was limited solely to the speed freaks. One can cite many reasons for this
dismal growth. For one thing, the production rate was too low to support the
development of the infrastructure of special semiconductors and peripheral tech-
nologies. This forced supercomputer design to adapt in order to fit the constraints
of technology within the marketplace using slower, more conventional systems.
The low production rate, and resulting limited user base, made it difficult to
amortize the cost of the special software needed for the use of the supercomputers.

About five years ago, use of supercomputers began to expand, especially for
industrial applications. The increasingly competitive nature of the marketplace
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stimulated this expansion, the first time this phenomenon was felt in the super-
computer industry. Further, the United States government began to appreciate
how critical supercomputers were to our national technology leadership. One
way the government manifested this concern was to renew NSF support through
national research grants to universities and educational consortia. This stimu-
lated much-needed and long-neglected research into application areas requiring
the power of supercomputers.

Looking ahead, I see vast opportunities for growth in supercomputers. As
we assess our past accomplishments, we can probably point to advances made in
hardware performance, but there is precious little we can point to in software. I
am convinced that the most pressing need is to develop software technology that
capitalizes on our hardware capabilities. The best testimonial to this statement
is the large gap between the peak computation .1 rate of supercomputers and the
actual results realized by users. Coming from one who spent, or possibly mis-
spent, his early years in hardware engineering, this recognition of the impor-
tance of software applications is, I believe, a statement of great significance.

Although many of my remarks have concerned overall systems of software, 1
do not want to down play the importance of hardware. Past improvements have
allowed us to build faster computing engines, to introduce architectural innova-
tions, to provide the storage mechanism for very large online data bases, and to
engineer systems with far greater reliability that we ever have done before. I
see nothing that will prevent these trends from changing, nor is there any reason
to believe that the cost for computation will stop spiraling downward. Speed is
the name of the game in supercomputing and you can't win the game unless you
make heavy investments in circuits, memory, packaging, cooling, input, output,
maintainability, and more. You must be willing to risk departure from the prac-
tices of the past in order to make the technological breakthroughs.

We believe that our ETA-10 is an example of such a daring breakthrough.
After analyzing the alternatives, we chose CMOS for the circuits, traditionally
considered too slow for supercomputers. However, the CMOS characteristic of
high logic density and high performance boost when cryogenically cooled, fit
our criteria as against other technologies. When faced with the same decision,
other companies made other decisions; one such company chose to pursue gal-
lium arsenide. Others pursued ECL. It's interesting that, as supercomputer
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competition heated up, the different methods for solving the computational race
expanded, not contracted.

If one tends to characterize the future of supercomputers, they will be ever-
shrinking in size. Twenty or more years ago it was common to resolve our
timing problems in large computers by shortening or lengthening the wires,
which are typically a few feet in length. Back then, the speed of the system was
governed primarily by the speed of the circuit. At that time, a microsecond was
the standard unit of time. Today we measure computer performance in
nanoseconds. We must cope with the reality that the speed of light travels about
11 inches per nanosecond. This fundamental physical limit has driven us to
smaller and smaller system sizes. The Control Data Cyber 205 uses integrated
chips with 200 gates per chip. The ETA-10 uses 20,000 gates per chip. ?n our
next-generation machine we expect to use CMOS chips with as high as 150,000
to 200,000 gates per chip. Clearly, it is within the realm of possibility to put the
equivalent of today's Cyber 205 on a single chip in the next couple of genera-
tions of semiconductor technology advances, f don't see any particular con-
straints on the size of memory, either. A few years ago, there were predictions
that lithography constraints would limit memories to no more than a quarter mil-
lion bits per chip. Today the leaders in the field are trying to produce 4-million-
bit chips, and Semitec, the joint industry-government consortium, is loosing at
ways of packing 16 million bits into a single memory chip. Again, it's an exam-
ple of why one shouldn't listen to the people who believe we can't make ad-
vances anymore. It's my experience that every time we run into one of these
limitations, creative people will find ways around them.

Supercomputers have evolved over time. The first system achieved high per-
formance by using the best components available and performing several opera-
tions at the same time. Later, many programs were greatly speeded up when
computer science introduced vector processing, a technique in which arrays of
data are processed at very high speeds. The first standard unit for measuring
supercomputer performance was megaflops, or millions of arithmatic operations
per second. We now speak in terms of gogaflops. I expect that within the next
20 years we'll see systems operating in the teraflop range, or trillions of opera-
tions per second.
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When vendors delivered the first vector computers, it was incumbent upon
the users to modify their application programs in order to utilize and realize the
benefits of vector processing. This was satisfactory to those users with critical
computing needs; other users chose to wait for software tools. As a result, spe-
cialized software tools called "vectorizers" were developed. Vectorizers convert
programs into forms that can be run more efficiently on vector machines. We
expect to continue improvements in the vectorized tools as a result of the super-
computer accesses now granted to university researchers. Faced with user de-
mands for ever-increasing power, designers modified existing architectures by
incorporating multiprocessors in a single system. Not only do the systems route
incoming jobs to different processors, they also face the more challenging and
rewarding task of breaking large, single jobs into pieces that can be independ-
ently and simultaneously processed by several processors.

There are many challenges in the development of parallel processing. First,
we must recognize that not all problems are amenable to parallel solutions be-
cause of the problems' inherent characteristics. Second, we must overcome our
computer heritage. Traditional computer languages developed over the past 30
years are based on serial processing architectures. One direct result of this is
that we have trained several million programmers to think serially and use serial
tools. It would take substantial re-training and conversion to re-do the millions
of computer programs written for this older mind-set and tool. Therefore, for
economic reasons, only the most important older applications will be converted
to run in parallel. The challenge of parallel processing has been with us almost
as long as we've had computers. In the late 1960s and through the 1970s, when
there was no NSF support, universities interested in high-performance comput-
ing were forced to limit themselves to miniprocessors and minicomputers. Con-
sequently, numerous attempts were made to configure several small systems to
focus cumulative power on a single job. Except for specialized cases, most of
the challenges and opportunities in parallel processing are still there.

Earlier, I touched on some of the challenges we in the supercomputer com-
munity face as we near the turn of the century. Before discussing any of these, I
want to consider the future as a supercomputer supplier. We recognize major
growth opportunities lie ahead and we anticipate certain changes in market
characteristics as business evolves. I think of these as steps in the maturing



122

process. By this I don't mean to imply that growth stops, but that supercomputer
users are demanding and getting features and functions previously found only in
the mainframe market. When vendors delivered the first supercomputers the hard-
ware generally worked, at least after a fashion. However, the software offerings
were meager at best, consisting of bare-bones operating systems with a FORTRAN
compiler. To be competitive now, vendors must offer multiple operating environ-
ments, a choice of the latest program languages, and extensive application pack-
ages. These changes complicate the business by raising the cost of entering the
market, by lengthening the total development time, and by driving vendors to keep
systems compatible over extended periods of time. This is a change that is favor-
able to the user. We must be on guard that this tendency to extend what we have
does not discourage us from trying new things.

Vendors started offering multiprocessor systems in order to increase perfor-
mance. There are other beneficial sides of the new architecture. One is the ability
to adjust the user needs for speed and cost by varying the number of processors and
the amount of memory configured into the systems. In this way, today's new sys-
tem in a supercomputer design has become an entire product line. Because the lines
consist of identical processors using the same software, full compatibility from
bottom to top is assured. This eliminates two major obstacles facing users as they
migrate to higher performance configurations: converting softwaie and re-training
people. Another advantage is the ability of the system to continue operation at a
reduced rate even with the loss of one or more of the processing or memory ele-
ments. For many applications this built-in redundancy will be a very critical feature.

I'd like to conclude by emphasizing that the supercomputer is not an end unto
itself. It's tempting to predict a gee-whiz future for computers, as is often done in
the press, but I'll refrain from making such predictions here today. Over the past
40 years we have built a foundation for sustained growth. By developing an in-
frastructure of technology, by educating two generations about computers, and by
applying those resources, we can go forward. During the next 40 years we must
exercise the fortitude and wisdom to properly direct and harness the ever-increas-
ing capacity of computer technology. None of this will happen without a great
deal of effort. None of it will happen without looking a great deal further forward
than some of our forefathers did, but the reward for moving the frontiers will be
considerable.
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Theodore Geballe

I'm going to start off with a prediction that no one's going to be able to call
me on until the end of the twenty-first century. That is, we're going to have
room-temperature superconductors to play with in the twenty-first century. (We
may have them next week, but I'm playing it safe.) What's going to be the re-
sult if my prediction comes true?

The first thing I can think of is that quantum mechanics on a macroscopic
scale is going to enter into the school room. To those of us who were brought
up on "Mr. Thompkins in Wonderland" or things like that, quantum mechanics
was fantasy in Never-Neverland, important only to scientists. But the general
public is going to recognize quanta in a way that it never has before. Levitated
and quantized objects are going to be part of everyday life. What impact is that
going to have? It's hard to visualize, but when Leon Lederman called and asked
me to speculate and look forward on what technology in the twenty-first century
would be, I tried to look back. One of the thoughts that came to mind was, what
about magnetism, which is, of course, like superconductivity. Supposing we
had gone from the Stone Age to the Bronze Age to the Plastic Age, and for
some reason we bypassed the Lodestone Age and the Iron Age, and all of a sud-
den last year, Dr. Miiller over in Zurich discovered iron. What effect would that
have? When I have to answer Leon Lederman's question, I sit down and scratch
my head. Then I think, well, if I want to hang a memo on my file cabinet, I get
one of those nice little pieces of iron and it will hold the memo right there where
I want it to be. That's an example of non-imaginative thinking. That's not the
sort of spirit we have to have in order to visualize what room-temperature super-
conductivity will do. If it's really good material, and it has some of the proper-
ties the optimists think it will have, it's bound to have a very major effect on
civilization, probably more so than magnetism. I want to go through a few of
the areas of civilization on which these new superconductors might impact.

We've already heard about computers, so fortunately for me, I don't have to
get into that right now. But in terms of other important parts of our present-day
society, let's consider energy. If we have room-temperature superconductors,
electrical energy is bound to be much more important to everybody. We know
that a lot of solar energy impinges on the Earth. We know that solar energy can
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be collected. With room-temperature superconductors, solar energy might be
readily transmitted. That energy could be transported around the world from
solar collectors in Arizona, or the Sahara Desert, or other places where the sun
shines regularly. Or we can envision great fusion reactors located in safe
places, with the energy transported to high-population areas. We can transport
energy very cheaply if we have room-temperature superconductors that will
carry a lot of current. We could even store energy in our houses.

I want to make another assumption: We're clever enough to invent force-
free configurations so that we won't have to worry about all these forces that are
going to blow the magnets up. Either materials scientists become even more in-
genious and the ultimate strength of matter is realized, or else coils can be
wound in such a way that they won't explode. I think either of those are pos-
sible. Then you can store something like 102 or 103 tesla in small volumes.
That becomes competitive with chemical energy storage, such as gasoline. We
then have a source of electrical energy locally, in the home. You don't have to
worry about storms or freezes, and you can use it for your household in a lot of
ingenious ways. You can carry that local storage of electricity into transporta-
tion. As a result, the transportation industry is liable to change radically. I'm
not thinking so much now of levitated trains, which people are thinking about,
but more or less going the route from robotics to small-scale transportation
rather than large-scale transportation. If we can do away with the wheel and go
over to a levitated system made up of a superconducting magnetic track and a
magnetic vehicle, then the system could be quite small but still transport robots
around, and also turn into automobiles and transport people around. The design
of the automobile would be completely different. It would be much smaller and
there would be the possibility of three-dimensional rather than two-dimensional
roads. One of the problems facing us now is grid lock. I don't know how traf-
fic is here in Chicago, but at certain hours we're close to grid lock around San
Francisco Bay, and I think that's true in a lot of cities. So perhaps vehicles
could be designed which will be very lightweight and run on controlled tracks
from my house to your house without exposing us to the evils of today's public
transportation, such as having to wait for something that may not take you
where you want to go. There will be a lot of possibilities for transportation.
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Up to this point we've covered computers, energy, and transportation. Geo-
physical sensing is another area that might be strongly affected by room-temp-
erature superconductors. A great deal of our planet's underground resources re-
main untapped. If we can distribute electromagnetic irradiation sensors to map
the interior of the Earth, we might be able to locate much greater quantities of
raw materials and take advantage of them. Superconducting quantum detectors
are already the most sensitive detectors of any kind of electromagnetic radiation
and they are functioning at the quantum limit. So in addition to geophysical ap-
plications, there will be enormous advances made in medical applications of
warm superconductors. I'm not talking about probing or scattering experiments
like nuclear magnetic resonance imaging, which is making a lot of progress
now. Using room-temperature squids, we will devise ways of mapping signals
that emanate from the body itself. There's an enormous amount of information
every time a neuron or a process takes place. These signals can be collected,
correlated, and used for diagnosis in ways that will boggle the mind.

I may have done the equivalent of saying warm superconductors will have an
impact equal to a magnet holding a piece of paper on a file cabinet. There must
be many more ideas that I haven't thought about. I hope to hear more of them
later on in the discussion.
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E. Thomas Nash

We in particle physics have been involved with electronics for a very long
time. Figure 1 illustrates my point. It shows a circuit that was developed by
Rossi in 1930 in order to form what we call a "coincidence." In this case, it was
a coincidence of the signals from three Geiger counters. This was the first prac-
tical electronic "and" gate. The reason for the long-standing involvement of
particle physics with electronics and computers is that the name of the game in
particle physics is the struggle to remove technology constraints. This struggle
is an essential component of what we do. If the technology isn't in the way, the
experiment has probably already been done. The result of this is the selecting
out of a group of people, my colleagues, who always seem to enjoy saturating
their abilities and the abilities of the technology no matter what the sophistica-
tion of the prevailing technological environment.

Fig. 1. A circuit diagram by Rossi, circa 1930.

What I'm going to address here is the complexity issue. I've been asked to
speculate on what detectors and experiments would look like in the twenty-first
century. What is clear is that our experiments are getting more and more com-
plicated in terms of the number uf cables and wires and detector components.
There is no sign of that changing. We may end up with smaller detectors be-
cause we can put them on a chip using wafer-scale integration, but the number
of channels, the complexity of managing them, and the complexity of analyzing
data show no signs of slowing down. When we talk about acronyms like SSC,
and LEP, which is the European accelerator, and the CDF and DO detectors here
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at Fermilab, and HERA in Germany, what is really new is a scale of complexity
which is qualitatively different and requires sophisticated state-of-the-art man-
agement by computer.

Table I.

Complexity:

1.

2.

3.

4.

5.

6.

7.

8.

Detectors
Construction management reporting.

Collaborations
Networks

Events
Processors
Graphics

Software
Software development stations
Software project management
Super FORTRAN or what?

Data
Database management
for constants and event data

Physics analysis workstations

Data acquisition systems
Expert system diagnostics

Trigger
Real-time program certification

Theory
Lattice gauge theory/processors

I had the privilege of giving a summary talk at a conference on computing
and high-energy physics in January at Asiiomar, California. When I looked out
over that conference, I concluded that the key issues are those listed in Table I.
It was in these areas that complexity was manifesting itself, and is, and will con-
tinue to do so. The Superconducting Super Collider will certainly be a twenty-
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first-century environment, at least for much of its lifetime. If you go down the
list, the first item is detectors, some of which are now so complex that there are
already people using sophisticated computer construction management report-
ing. (Without this, Sam Ting wouldn't know what's going on in his far-flung
collaboration, which involves I don't know how many countries.) Collabora-
tions, the next item, are becoming incredibly extensive. Managing them re-
quires computer networks, a big subject at the Asilomar conference. The next
item, data events, will require processors (such as those from Fermilab's Ad-
vanced Computer Program), software, data and data-base management, data-
acquisition systems, and triggers. The list, as you can see, goes on and on.

What is particularly interesting about the list in Table I. is that only one of
these critical computing problems, theory, is fundamentally a numerical calcula-
tion for which computers are truly suited and for which they were designed.
(Particle-physics theory has gotten so complicated that we must do the calcula-
tions on computers rather than analytically.) The fact is, except for the magni-
tudes involved, like 108 events or half a million channels (and growing), the
problems other than theory are all better suited to brain-like computers than to
electronic, digital-type computers. The point that needs to be made is that so
much of what we call computing really falls into the area of what can be called
AI or "artificial intelligence." A good definition of AI is in terms of its goals:
trying to develop machines to attack such non-numerical problems. I want to be
carefui to use the phrase artificial intelligence with this meaning. I have a col-
league who very rightly says that artificial intelligence is a field with an ex-
tremely high B.S. quotient. But that does not mitigate the fact that artificial in-
telligence is now, and will be in the twenty-first century, absolutely critical to
our ability to manage ever-increasingly complex systems in high-energy physics.
As Dick Lundy reminded me, the issue is exactly the same in the Strategic De-
fense Initiative (SDI) and many other areas of society, because the technology
can, from a hardware standpoint, become more and more complicated. We must
be able to manage that technology.

I want to emphasize this complexity issue with two examples. Figure 2
(page 129) shows a small part of the Collider Detector at Fermilab FASTBUS
system. Each one of these boxes represents a FASTBUS crate with $50,000 to
$100,000 worth of equipment in it, along with the complexity these costs imply.
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This is only the part of their electronics that absorbs the data. What happens if
something goes wrong someplace down in the midst of this at three o'clock in
the morning and the expert isn't around? The answer is some kind of an expert
system, and there is work under way to deal with it from that direction.
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Fig. 2. Schematic of apart of the CDF FASTBUS system.

The expert-system problem is particularly difficult in a high-energy physics
environment. We're not like the rest of you in one particularly critical way. We
change things all the time. Things just aren't static, it's a very dynamic envi-
ronment. Again, that shows some signs of being similar to SDI in certain ways.
You must have expert systems that are quick to disgorge information and also
quick to learn. That's not something that anyone really understands how to do
as yet.

The second example has to do with what we call "triggers." One can only
record so much data. Although we have great volumes of tape and other mag-
netic storage media here at Fermilab, we have a much greater amount of infor-
mation produced at an experiment than the storage media can handle. As a
result, we have to be selective about the data we record. The SSC is expected to
have such high luminosities and interaction rates that the party line is to plan for
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about 108 interactions per second. One would like to record events only at a
rate of 1 to 5 hertz or so. This implies that you have to somehow, intelligently
and reliably, select out 1 part in 108 online. That is not a job for a simple "and"
gate trigger; it requires a lot of sophisticated programming with thousands and
thousands of lines of high-level code. It's got to be right, because if you throw
the data out, you never see it again. Based on familiarity with the behavior pat-
terns of our colleagues, we can reasonably project that physicists will want to
change the trigger in the middle of the night because they have discovered dur-
ing the day that they're getting an unwanted class of events. So someone on the
experiment will go into the FORTRAN code and make a change. At that point,
you must be able to do two things. First, you have to make sure that, when they
made that change, the program was changed correctly in terms of what the phys-
icists wanted. The correct jargon for that, I believe, is verification. But that's
not all. You also have to make sure that the physicist didn't err. This is called
validation. In the context of the laws of physics, the detector parameters, the
weather, all the things that are common sense, some AI system has to under-
stand - in real time - whether the request coming from the physicists makes
sense. A famous incident many years ago almost set off a war when Strategic
Air Command bombers were scrambled because the new over-the-horizon radar
had just detected a signal which perfectly fit what was anticipated in a Soviet
attack. It was the moon rising over the Bering Strait. It is exactly this kind of
common-sense information about the world around us that we need to get com-
puters to "understand" so that we can get them to help us manage complex sys-
tems. This is an unbelievably difficult artificial intelligence issue that we're going
to have to confront. I think it's an issue that is at the core of undertakings such as
SDI, and nuclear-reactor safety, and some others. One of the key twenty-first-
century issues is going to be complexity and how to manage it in real time.



131

Andrew M. Sessler

Research technology in the twenty-first century. Wow! If such a conference
had been held near the end of some arbitrary century in the past, let's say the
eighth century, and the participants had been asked to predict what would hap-
pen in the ninth century, the speakers would no doubt have felt as hard-pressed
as we do to say something intelligent. In fact, looking back is as difficult as
looking forward That's a well-known symmetry in physics. I'll bet we'd all be
hard-pressed to say what happened in the ninth century. On the other hand, per-
haps it isn't so important to be intelligent. Just as we can't remember anything
of significance happening in the ninth century, is there any reason to think that,
viewed from the perspective of the thirty-second century, the twenty-first cen-
tury will look any more significant to them than the ninth century does to us?

But, seriously, let us look at the big changes in the last 50 years. I made a
list of some of the larger events that come to mind: the development of nuclear-
fission reactors, jet airplanes, TV and the ensuing revolution in our leisure life,
the conquest of space, communications, weather satellites, going to the moon,
the computer, the laser, the conquest of polio, the Pill and the change in our so-
ciety that it has wrought, the Green Revolution and its impact on less-developed
countries of the world, and genetic engineering. And there were bad ones, too.
the A-bomb, the H-bomb (we now have 60,000 nuclear weapons), missiles, and
hence ICBM's and the concept of holding populations hostage.

As it happens, in 1940 there was a World's Fair devoted to the future, and
it's interesting to look back and ask how many of the above list were predicted
developments. Television was shown, but as a novelty, certainly not as some-
thing that would revolutionize our leisure lives. Kids spend more time now
watching TV than they spend in school. I don't think any of the other items
were even thought of. No one predicted that in 50 years we would have access
to 6000 times the explosive power that was used in all of World War II. As Carl
Sagan has said, "It's like having World War II happen once a second for a
leisurely afternoon." Unbelievable. I don't have any reason to think we're any
better prognosticators than those people in 1940, so we're not going to think of
the really big changes that will occur.
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Let's look to the next century. 1 think we can predict the adiabatic changes,
if you will, but will probably make predictions of bigger adiabatic changes than
actually occur. In fact, if you look back to the World's Fair of 1940, that is
what was done. All the big changes, the really significant new developments,
were missed. I'm sure that you, as Fermilab Industrial Affiliates, are interested in
accelerators, so if we stick to accelerators maybe we can predict the future with a
little more certainty. That's really the hubris of experts, but let me continue.

To predict the future of accelerators, we should look at some of the potential
uses and users of accelerators in the future. They're really large in number. We
all know about high-energy physics and nuclear physics. Then we come to in-
dustrial applications, an area of greater interest for our purpose today. Ion im-
plantation, radiation curing of polymers, x-ray lithography sources, synchro-
tron-radiation sources, radiation processing of food, medical therapy for cancer,
the heating of plasmas for fusion, the possibility of light-ion inertia! iusion and
heavy-ion inertial fusion, free-electron lasers, accelerator breeding for fission, a
cleaner environment, cyclotron dating, and accelerators for military uses. I
thought I'd pick out three or four of these and flesh them out a little bit, just to
shed some light on what's being done. We could talk about a great many of
them. Basic-research areas such as high-energy physics, nuclear physics, synch-
rotron-radiation sources, and free-electron lasers, are having a tremendous im-
pact on physics, chemistry, biology, medicine, and astronomy, but I'm not going
to talk about that any further.

Let's talk about ion implantation. The key issue is to provide uniformity of
irradiation. That is currently achieved by scanning the beam over an area of
about five square centimeters. You need on the order of 1012 to 1015 atoms/cm2

at 200-400 KeV. At the present time, the various elements implanted are boron,
arsenic, phosphorous, and antimony. There are about 200-300 machines in the
United States. Each of them costs from $200,000 to $500,000. In the future
we'll have all elements available for implantation, as well as higher currents.
Perhaps someone will solve the problem of uniformity of beams so that we
won't have to scan either the beams or the target.

Radiation curing of polymers is used for fixing insulation for electric wires,
fixing sheet rubber for automobile tires, roofing materials, conveyor belts, plas-
tic foam for flotation gear. It's used for heat-shrinking plastic films, and it's
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used in the coating of furniture and other laminated exteriors, such as plastics or
metals. That's done with electron beams which cure and polymerize by gener-
ating free radicals. The current devices are in the 50- to 100-kilowatt range; the
newer ones will presumably be more powerful. They are power-limited now.
Presently, there are about 300 such accelerators. They're being installed at a
rate of about 40 a year in the United States and the market value of the ir-
radiated products is around $2 billion. What's wanted is more megawatts CW
so that you can treat more materials, and broad-area electron beams because that
way, one can irradiate a whole table at once, so to speak.

Radiation processing of foods has been studied for 40 years, but in 1958
Congress declared that irradiation would be a food additive, which placed the
process under a whole new body of laws. That really killed the field. You
have to preserve food one way or another, and if you don't do it with irradiation,
you do it with chemical additives. Now that people are becoming concerned
about chemical additives, maybe we'll see a revival of irradiation in the future.
Cobalt-60 is the primary source for food irradiation. If you have a dose of less
than 104 rads, it improves the shelf life of the materials. That's very useful in
less-developed nations where they lack refrigerators and efficient transportation
schemes. A higher dose, iike 5xlO4, is good for pasteurization and stopping
spoilage in foods. You can have either gamma rays or x-rays, or electron
beams. Electron beams are good for food skins because they don't penetrate
very deeply, so you can irradiate fruits with them. Sometimes people like to
package food in big boxes and then irradiate the entire box just as it's going out
the door. For that application you would want to use gamma rays or x-rays.
What is needed is a 100-kilowatt, 10-MeV electron beam, or a 10-milliamp ac-
celerator. If this machine were to operate eight hours per day it could process
200,000 tons a year. You'd probably want a linac for this purpose and any-
where from 50 to 500 irradiation facilities in the United States.

You can see, as we go through these various items, what might happen in the
next century. Some things are happening already. Some have not happened,
but we can begin to see development - adiabatic changes, not big changes. As I
said earlier, we probably can't imagine the big changes. A big change that is
not presently occurring, and so perhaps will happen in the future, is heavy-ion
inertial fusion. The energy loss mechanism is well understood and the accel-
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erators are very efficient at converting electric power to beam power. (I'll note
that the reliability of Fermilab accelerators is good; I thought you'd enjoy hear-
ing that.) The idea is to have 16 sources and funnel them into one linac, then
have a compression and stacking ring, and stack horizontally six times and verti-
cally six times. You then compress in the stacking ring and, finally, go into a
target where there are perhaps 20 beams. The final beam energy is 50 MeV/
nucleon and the beam power is 250 terawatts. The pulse is about 6 nanoseconds
long. A major research program is under way on this subject, but it's not a real-
ity yet; maybe it will exist in the next century.

Accelerator breeding for fission is something that's not done now but may
become a reality in the future. You would employ spallation. That is. if you
have 1- to 2-GeV protons, you get out 70 neutrons for every proton that goes
into a target, and you can use these neutrons for breeding material. In a typical
plant you'd want 2-GeV protons with a beam current of about 300 milliamps.
We can work out the power to the accelerator, and the power generated in the
target, and the rate of production of plutonium. So, in fact, if you had a plant
like this, you could make enough plutonium (that's terrible stuff, I think we're
well aware ot that), to service eight light-water reactors a year. We haven't
done that at present because it's cheaper to dig up uranium, but maybe in the fu-
ture that would no longer be true.

What about a cleaner environment? There really are quite a number of inter-
esting potential uses for irradiation in helping the environment, such as sludge
disinfection, a process that was demonstrated in Boston and is actually used in
Miami. A million people generate 100 million gallons per day of waste water
and this translates into 300,000 gallons of sludge per day. The amount of ir-
radiation needed to purify that sludge is 5xl05 rads. or ore or two accelerators
of 1- to 3-MeV electrons, a very feasible concept.

In addition to sludge, there's also waste-water disinfection. Chlorine is used
at present. This application of irradiation would require less radiation than for
sludge treatment, a factor of 10 less, only 5xlO4 rads, but the flow rate is much
more for waste water than for sludge. A treatment plant wouid need 4 mega-
watts instead of 130 kilowatts, bui that's still within the realm of possibility.
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Another application is for cellulose degradation. It would be advantageous
to turn wood products into wood alcohol as a source of energy using irradiation.
We need 10 MW to turn 1000 tons per day of wood into alcohol.

Then there's flue-gas clean-up, a process that was developed in Japan. The
ionization converts the polluting gases into acids and those acids can then be
readily removed. A 100-megawatt electric power plant would produce 3xlO5 cu
ft/minute of SO2 and NOX, and that could be handled with three megawatts of
0.5- to 2-MeV electrons, which is 1.5 x 106 rads. This could readily be done.

Clearly, while there are many uses for accelerators today, there are many
more potential uses. This kind of investigation might be of great interest to the
Industrial Affiliates because these possibilities represent an application of ac-
celerators to societal needs. I think that will take us a few years into the next
century - on the adiabatic changes, not the big changes.
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Wilmot N. Hess

My task today is to tell you about government support of science in the
twenty-first century. Given the budget process in Washington, this says some-
thing about bringing order out of chaos. When trying to do something in the
way of predictions, one should be guided by Yogi Berra, who once said, "It's
very hard to predict, especially the future." But even so, I'll try my hand.

Thinking about government support for science, the first question one should
ask is, will government continue to support science in the twenty-first century?
The answer is yes. The second question is, factoring in an increase for inflation,
will the level of government support go up or down? The answer is yes. You
have to look on a fine scale and do the space-time differentiation. You almost
certainly will go through cycles, as we've all experienced when thinking about
how successful the government's been at helping us get our job done in science
over the last 40 or 50 years. One thing that should be added to Andy Sessler's
list of the very important events that have occurred in the last 50 years is that
the government has been the major sponsor of science in the United States. It is
no longer the Prince of Hapsburg, as it was in past societies, it is this govern-
ment. I think there's no way that can change.

It's useful to look at this matter of government support and ask how fragile it
is. You can get some idea of that by looking at other countries right now. The
German government has invested heavily in science support over the last
decade. They are exceedingly strong in their science programs, and I think that
is very likely to continue. The Japanese, similarly, have had very strong gov-
ernment support and not in the narrow sense. There is, for instance, a strong
partnership between Japanese government and industry in the new TRISTAN
accelerator that they've just put on the air at Tsukuba. Go to TRISTAN and ask
how it was put together, and how they go about getting new development done,
and they automatically talk about turning to industry. They don't do in-house
many of the things that we do in-house here in America. The partnership with
industry in Japan is stronger and much more direct. On the other side of the bal-
ance beam, the British have, in the past, been very strong supporters of science,
but there is now a very definite sign that they are slowing down. The central
support that has been done through a government committee is becoming
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smaller. Support is at a level where there is now concern about whether Great
Britain will continue as a major member and contributor to the CERN consor-
tium. The Kendall Report of a few years ago really put them on track toward
cutting back on science support.

If you had a choice of working in one of these countries, which one would
you choose? Do you believe that government support of science is important
for the well-being of industry in a country? It seems to me the answer to that
question is fairly straightforward and easy. The answer was given 400 years
ago by Francis Bacon, who said, "Knowledge is power." That didn't immedi-
ately translate into government support for science. That development did not
happen until 50 years ago. But government support has changed in a very sub-
stantial manner.

Last spring Dr. Robert White, president of the National Academy of En-
gineering, said that the stuff of economic development is scientific knowledge
and technology. We can now see a trend toward globalization of industry,
which involves not only multinationals, but also some of the countries that we
used to call lesser developed and are now becoming more developed. Three of
the substantial industrial competitors in the world are Japan, Korea, and Ger-
many. If you think about it, two of those are countries that lost World War II.

Which brings up a point. Maybe losing is the right thing to do in a war.
That question was raised in front of Chaim Weizmann, who was Prime Minister
of Israel some 20-odd years ago. One of his advisors said, "Look, we have seri-
ous financial concerns. Why don't we go to war with the United States?"

"Why do we want to do that?" Weizmann asked.

"We'll lose right away," was the reply, "and after that, they'll come in and
give us lots of money, we'll build up our country, and everything will be fine."

Weizmann thought about it for a moment, and then said, "Yes, but suppose
we win?"

I don't think there's much question but that we want to see the relationship
between government and industry become much closer. I don't think there's
much question but that it has to be, and I would predict that in some way we
will be forced into that kind of relationship as we near the twenty-first century.
The relationship will change flavor in such a way that we in government will
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look more strongly to you in the industrial sector, and you will look more
strongly to us for both economic survival and for the leverage you'll need to op-
erate competitively in a world market where there is globalization of industry
and where that globalization means more and more is required of new products.
Being out in front with the best products as early as we can will be a primary
goal. How do you go about that? Isn't it through the development of new
knowledge and the development of new technology which comes through the
pursuit of new knowledge? Therefore, isn't it closely involved with the kinds of
things that we're doing together? I think it is safe to predict that there will be a
closer partnership between our groups in the future.

it's fairly easy to predict that in the twenty-first century, big science will be-
come bigger and also become a bigger problem for the government. Look at the
areas of science that are now big science: astronomy and high-energy physics.
We're getting into the business of building the SSC. The SSC is arguably the
largest and most expensive scientific tool that's ever been built. It clearly has
caught the attention of people in Washington to the point where Alvin Trivel-
piece and others have spent large portions of their recent careers arguing for it
and trying to convince Congress and others of the need for taking this large step.
We clearly have moved into large science in accelerator physics. You can all
point to various other areas.

We heard earlier about small science, where you can still have a one-room
laboratory with a piece of gear left over from 10 or 15 years ago and do some-
thing terribly important on warm superconductors. I think this is likely to be
true, not only in the next few weeks, but for some extended period of time. But
I would submit that as the easy things are done, and as different parts of science
become mature, there is going to be more and more of a trend toward larger fa-
cilities and group activities on the scale we see now at laboratories like Fermilab
and CERN. The index of collaboration is now given in terms of the "Ting unit."
Sam Ting leads a collaboration at CERN that includes 400 Ph.D.'s and 600 en-
gineers. That's called one Ting. The activities here in the United States are
now measured in 1/10 or 2/10 Tings, but that won't continue for too long.
They'll get into the tens of Tings with the SSC, which will clearly move the
United States into the area of big science. More areas of science are going to
move in this direction and that will be a challenge for government. How will
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government respond to the large number of big projects put on their plate? I
don't know the answer to that. We may see that certain parts of science are less
emphasized in the next century, and it is possible to point to various areas where
that might happen. What will be our relationship with the Soviet Union in the
next century? If things smooth out, if one way or the other we stop having a
war-like relationship, will the research activities in the Department of Defense
(DOD) be as prominent?

I believe it is certain that, in the next century, there are going to be thoughts
given to new methods of government management for science. As we move to-
ward more large science, we will look for different management mechanisms,
and I think we will be revisited by the concept of a Department of Science.
There are countries that now have this arrangement, and there have been a cou-
ple of presidential commissions looking into the feasibility of such an arrange-
ment here. I think it's a singularly bad idea. The way we operate our science
establishment now, which is a multiple-entry system with multiple players, is a
much better apparatus for getting good science. There are mission agencies in
Washington with prescribed tasks and research programs. We have basic-science
organizations - NSF, our part of the Department of Energy, parts of NASA - and
they have completely different objectives. I believe it's very important to keep
a system where those different aspects of science are kept separate. I hope we
don't have to submit to a Department of Science in the near future. I'll predict that
it's tried again and I will also predict that it will fail for at least the next 50 years.
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Panel Discussion

Arthur VV. McGuigan (Westinghouse Electric Corp.): We talk about big
science, big computers - what happens to the universities, which are more or
less chartered to develop researchers? Will they be able to do research? Where
will the scientists come from?

Andrew Sessler: I can't answer. I've thought about that and I am worried.
It's a real concern. As we get bigger and bigger installations, such as we've
seen in high-energy physics and in nuclear physics, the question of whether or
not significant research is done in the universities will become very real. We all
think significant research is a valid and necessary part of training a student for a
Ph.D. The pattern that we see developing is that students go to the universities
for a couple of years and then they go to one of these big installations where
they work on their degree. Of course, there will always be small physics done
at universities, but university professors of high-energy and nuclear physics do a
lot of traveling, and we can expect that to continue on down the line. I think
that's cause for deep concern, especially since funding is going to these big in-
stallations rather than to the universities. For example, in my field we see that
the equipment in universities is not really very good for teaching and it's getting
worse. It is in no sense keeping up with the caliber of the equipment in large
laboratories. I think you've put your finger on a very serious problem.

Thomas Nash: There's one specific problem that arises in that realm, and
that's the question of how to get Ph.D. candidates involved in experiments that
are going to go on for rather long time scales. Some people are beginning to
come to the conclusion that we will no longer be able to require that a Ph.D. be
the result of a whole experimental project. Rather, we will have to recognize
that some students are able to make very important and creative contributions on
a sensible time scale on some small piece of the very large project. Many stu-
dents are working out very well in that way, but the universities have not yet
seen fit to grant Ph.D.'s for that kind of activity. But I think that will come; it
has to.

Lloyd Thorndyke: Because of the increase in computing costs, universities
are going to start cooperating between departments to get hold of large capital-
intensive devices and begin to share them. One of the things we have to have in
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the United States is a data-communication network that allows the efficient
transmission of data rather than relying on airline travel. As for facilities, I'm
aware of someone who recently used over 100 hours of supercomputer time to
support the numerical-intensive computations required for his Ph.D. One hun-
dred supercomputer hours is a lot of time for the support of a Ph.D. student, but
that may be just the bottom end of it. Unless we start supplying these resources,
plus the other resources such as the simulation effort, science won't get done.

Lundy: Leon, you just wrote a letter having to do with big science and little
science. You must have a comment on this same question.

Leon Lederman: I think it was answered somewhat by Sessler and Thorndyke.
In one sense, big science is a whole bunch of little scientists who decided some
time ago to pool their clout and have a central facility that would do better than
the old university cyclotron. It wasn't something they wanted to do, but the old
university cyclotron wasn't cutting it anymore and the new one, the one that
nine universities had to chip in for, was. That's how Brookhaven began, and
now we have many universities banded together to form the Universities Re-
search Association that runs Fermilab and the SSC Central Design Group. Our
typical user group at Fermilab is one professor, two or three postdocs, and two
or three graduate students. The difference between the high-energy physics pro-
fessor and the materials-science professor is that, when the physics professor is
finished with his classes and marking his exams, he gets on an airplane and flies
out here to the cornfields to spend a weekend doing his research. Life is harder,
but I think Mr. Thorndyke put his finger on it when he said it's going to get bet-
ter. It's already getting better. We're already seeing people debugging their ex-
periments from home. I was on shift last year when the experiment broke. I
called an expert, and he said, "Open door #3." I opened door #3, and he said,
"See that red light up there? Is it on or off?" I said, "It's off." He said, "See
that switch to the left?" He told me what to do. You don't need Lederman to do
that, you can use a machine.

I think the trend to bigness is inevitable because nature is getting tougher. I
noticed from the Pimentel Report that even the number of shared chemistry fa-
cilities is zooming up. Eventually, as equipment gets more expensive, we're go-
ing to have to do even more sharing of facilities. We have to keep the univer-
sity strong, that's a given. We have to get better equipment for the universities.
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that's a given. We've got to keep the professors at home a little more. I don't
know what to do about archaeologists, that's tougher.

I did want to ask Lloyd Thorndyke about his projection for the increase in
computing speed. Do you have one for the next 20 years or so?

Thorndyke: The next generation, somewhere out in the 1991-92 time frame,
will have to achieve an order of magnitude over today. I believe it's reasonable
to look at another order of magnitude five to six years later. I believe that the
generations of advance in computing is getting faster. Twenty years ago, we
hand built a supercomputer in a lab and then we figured out how to produce
models 2, 3, and 4. Now we can simulate, so while the design costs are getting
very high, the replication costs are coming down the other way. Where you
could put a supercomputer on two 8 in. x 11 in. pieces of paper, you know darn
well that they're going to go down to the cost of semiconductors as soon as you
recover your pro-rated design costs. Computers that, today, are in the data cen-
ters will begin to move to the desks or the homes in another 10 to 15 years.
That's going to drastically change the use of the computer. I believe numerical
simulation is a new frontier that we're all going to use a lot more, as opposed to
the experimentation that we've done for the last 100 years.

Lederman: Ken Wilson was here a few years ago at another Affiliates
Roundtable. We asked him the same question and his estimate of the increase in
computing power in 20 years was 1010.

Lundy: It was even more. We just re-read that this morning. Between 1010

and 1014 increase. He said he had consistently underestimated every time. He
had estimated it would take a year to get a new dense chip, but that morning he
had just read that Hewlett-Packard had announced it.

E. Allen Womack, Jr. (Babcock & Wilcox): I'm intrigued by the fact that

nobody on this august panel chose to speculate on the central purpose of
Fermilab and the Superconducting Super Collider in regard to a deeper under-
standing of high-energy physics and the associated sciences. I'd like very much
to hear somebody speculate on that and also address the potential societal
consequences.

Hess: I'm not quite sure I understood all of the question. Part of the ques-
tion is, why are we doing it and what are the societal consequences of what we
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are doing? We are doing it to increase our knowledge of nature, and we say a
variety of other things after we say that. But when a congressional committee
asks us why we are building the SSC, the answer is because we want a better
understanding of nature. We're moving into terra incognita. We expect to find
new particles, we expect to find the Higgs boson. You can talk about super-
symmetry, you can talk about technicolor. There are a lot of things that may be
out there that will improve our understanding of how nature works.

Having said that, and having gone through the argument over how much
more you know about nature at the end of a period of time using SSC, there are
two questions. Are you at the end of that game? The answer is most certainly
no. There will be another generation of machines that we will want to build
later on. It's interesting to speculate on how that will be done. Will it, in fact,
be possible to do that in any way other than by building a world laboratory,
where you try to get international cooperation, because now you're talking
about something that is very, very large and very, very expensive.

After you have stated that you are trying to understand nature better by build-
ing the SSC, then you can talk about various other points. But we never tell
anybody that those other factors are the fundamental reason for doing the SSC.
It's almost certain that there are going to be technological spin-offs from the
SSC which will be important in developing new industries and in helping eco-
nomic competitiveness. Those of you who picked up the pamphlet called "Proton
Therapy and the Control of Cancer" will see an example of a new development
that's gone on just in the last couple of years. A group here at Fermilab, work-
ing with the Loma Linda Hospital in California, has developed a proton-therapy
synchrotron to be used in a hospital for the treatment of cancer. This has been
an experimental business for years and years. When I was at Berkeley in the
1950s, this was being done by Tobias and Anger. But it's now gotten to the
place where there are certain kinds of cancer which are demonstrably treatable
by this technique with high success rates. Loma Linda is going to put up the
$40 million to build this synchrotron. It will be used routinely for the clinical
treatment of patients. I would also add to my earlier predictions that there will
be another dozen of these in use in the twenty-first century.

The spin-off part of the SSC is terribly important. When you're talking to a
congressman and trying to make him believe that SSC will be important to his
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constituents, you've got to go through the spin-off argument, but not in the
sense of saying that's the major raison d'etre. You can't say that.

Lundy: Tom Nash's remarks about the complexity of systems are very rele-
vant to the question. As long as the field of physics is glamorous enough to at-
tract some of the best minds, or the best, these people will undoubtedly make
the most progress in the management of these expert and complex systems. If
you build the SSC for no other reason than to challenge them with this very dif-
ficult problem, that's probably important enough in my mind, because the skills
and techniques developed will be applied to other problems. The other answer is,
how could you possibly defend the decision to not pursue fundamental knowledge?
Once this country or its people announce that we're not really interested in this
quest anymore, isn't it downhill all the way from there? It's much easier to an-
swer the negative position. I don't see how you could ever defend not doing it.

Thomas B. Kirk (SSC Central Design Group): I have been sitting here
trying to remember what happened in the ninth century. One thing that I do re-
member is that in the late 1480s, which would be the fifteenth century, Queen
Isabella of Spain didn't invest in another company of soldiers in Tuscany to se-
cure that frontier and dredge out a few more canals. She put some money into
the Columbus project, which had been rejected in a number of other countries.
As a result, she made a place in history for Spanish culture and that period in
Spain. We don't want future historians to look back and say, "Gee, you know
they had almost figured out the physical basis of elementary particle physics,
but somehow, for no clear reason, they didn't take the last step. We went back
and looked at it, and they had the technology, they had the will, but they just
somehow let it go by."

That is something that is difficult to see in our own time. But if we look
ahead 100 years and imagine people looking back on our society, they will see
the fantastic things that occurred in our lifetime, particularly in science and
technology. We aren't much at cathedral building compared to other eras, but I
agree with what Dick Lundy said: It's inconceivable that, given the capacity to
make this last significant step, we will just choose not to do it.

Womack: Yes, my comment was intended to be a friendly question, but the
answers may have been a bit more interesting. I consider myself to be a fairly
informed citizen. A $3 billion decision, as Professor Geballe has pointed out, is
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essentially a political decision at the national level. Unless the SSC is continu-
ally justified on the basis of spin-offs, as was the case with the bulk of the re-
sponses to the question, the issue will ultimately come down to the budget-
makers' perception of what might result from SSC funding. Hearing Dr. Kirk
say that we are very near to achieving an understanding of the relationships of
the fundamental forces, being able to communicate that to those people who be-
come involved in funding decisions seems to me to be important. So I was in-
trigued that the panel's speculations on the progress that might be made in the
next 30 years through the results of the work here at the TEVATRON, the SSC,
and other high-energy physics work, made no mention of finally reaching an un-
derstanding of the interrelationships of the fundamental forces. Ultimately, it
will be necessary for physicists to be able to communicate that concept to their
constituency. If it can't be done in this cathedral of high-energy physics, where
can it be done?

Nash: It is really a difficult problem. Space, for instance, is very easy to ex-
plain. Stars and planets and galaxies come by every night and you can draw
nice pictures. Our field is extremely difficult to communicate. I think a lot of
people have tried hard and done well, but if our explanations are not extremely
good, the subject does have the effect on a lot of people of glazing the eyes.
Leon communicates it well, as does Chris Quigg, but it's tough.

Sessler: Some of us devote our lives to working on the technology of ad-
vanced accelerators, namely what would happen beyond the SSC. There are a
lot of very interesting ideas and experiments going on around the world. It's by
no means a dying field. It's a field which is e\rr changing, and one in which
people hope to do better and better.

I can readily believe that these improvements could have spin-offs to the ac-
celerator possibilities that I listed earlier. We talked of developing gradients of
the order of hundreds of MeV's per meter. That means that in one meter we get
out hundreds of MeV particles. That would have untold applications. If it were
really possible to do that, and to make these accelerators compact, they could be
produced in large numbers and used for many of the applications I talked about.
For example, I mentioned free-electron lasers. One could imagine that someday
people will know the biological consequences of radiation of certain frequen-
cies. They would know that certain kinds of cancer may be very sensitive to a



146

certain frequency, maybe somewhere in the infrared, and those particular cells
will be readily killed. Wouldn't it be nice to just tune up that frequency and
then iadiate the patient? Imagine that down in the basement of every hospital
there is an accelerator, and a free-electron laser, and a light pipe, and just as one
now turns a spigot and gets nitrogen and oxygen in a hospital, one could dial up
whatever frequency one wanted and radiate the patient.

Theodore Geballe: May 1 comment on that? First, on the free-electron laser.
That's probably going to happen before the twenty-first century. I've seen de-
signs of free-electron lasers that will go into hospitals and are designed so that the
surgeon can tune the radiation to do a little cutting, and then tune it a little differ-
ently to do a little stitching, and he can tune it to do a little burning. By being
able to tune and concentrate, you can perform surgical and radiation operations
controlled by your foot, almost like a dentist controlling a drill. That's already
designed.

I think the issue of what should come out of high-energy physics should be
addressed primarily on the level of what we're going to find out about the pri-
mary structure of matter, because if you start discussing spin-off, then it be-
comes a national debate again, and the question of a Department of Science or
something like that arises. Can we get more spin-off by putting 100 research
centers around universities, or by building a Superconducting Super Collider?
It's not clear to me where the answer would lie if one tried to decide that ques-
tion rationally.

As a matter of fact, I raised a question in my own mind: How are we going
to resolve the issues of priorities, as far as science is concerned, in the twenty-
first century? If we rule out a Department of Science, which brings with it all
the difficulties we know about, then the debate goes to Congress. Maybe that's
where it should be. Questions such as, how much we should put into searching
for elementary particles or other fundamental knowledge, sequencing the human
genome versus exploring particle physics, are questions that I don't have the an-
swers to nor do I know the rational procedure one follows to arrive at an answer.
I think it is a question of where the best and the brightest and the most articulate
spokesmen are on the national scene. I actually can't think of a better way of
doing it, but maybe someone else can.
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Lundy: What Bill Hess said reminded me of something that couples into the
subject of things that will happen before the twenty-first century. As part of our
Loma Linda effort, I recently visited the Loma Linda Hospital. Something be-
came very obvious to me. The problem with brain tumors, especially in children,
is that the usual way of detecting them is noting that severe behavior changes
have occurred. The tumors grow very rapidly and by the time the behavior
change is noted, it is usually too late to save the child. However, with magnetic
resonance imaging, you can see these tumors at a much earlier, curable stage.
It's obvious that as soon as the machines are cheap enough, or flexible enough,
or well enough accepted, children will get an MRI checkup just like they get a
preschool physical. We'll just screen out these brain tumors at the curable level
rather than have a situation where an eight-year-old child suddenly begins to
stumble and fall, and then dies a few months later. This won't take until the
twenty-first century, warm superconductors will help it. Cheaper large-scale
computer diagnostics will help it. Perhaps you won't even need an expensive
physician to look for the brain anomaly.

Sessler: There is a conference once a year on that very subject. Last year
there were 15,000 physicians at the meeting. Physicians are becoming very in-
terested in that capability. I recently heard an hour-long lecture on the use of
lasers in medicine. The audience was fascinated by the different ailments that
can be cured with lasers. Three different lasers are used just to treat the eye, de-
pending on whether you have trouble with the front of the eye, the back of the
eye, or the middle. They use different wavelengths and so on. It's fascinating.

Nash: So far, it seems our answers to the question regarding the justification
of the SSC have been in terms of technology transfer, and I'm trying to under-
stand why we're being so defensive at such an innocent question. I think I un-
derstand that this was a very friendly question, but there was something about it
that set us off. There are two halves to that question, if I remember correctly.
One is, what are we going to learn? Then there was the question about societal
consequences. I suspect some combination of that is what set us off.

Let me comment on what we are going to learn. I think a lot of us believe
that we really do know what the theory of everything is, if s bound up with
superstrings. The problem is that we don't know how to calculate it, we don't
know how to predict with it, we don't know if it really is right, we don't know
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which aspects of it are right. So we are going to go through a period of attempt-
ing to check out various ideas and this process is going to take a long time. We
are still way, way below the level of understanding the superstring as the iheory
of everything. But why do we want to do that? Well, if you have traveled in the
Third World, and if you look at history, you see that a lot of humanity has to spend
most of its time just feeding, clothing, and housing itself. It has very little time
for much else. It is really a luxury to be as rich as we are. People in other cen-
turies, like the Medicis, who were as rich as we are now, used their money for
culture and knowledge and to try to understand in their own way what the world
was all about. In some sense we're the Medicis of our time. We are too rich to
just sit around watching television.

As to societal consequences, any new technology is going to create the poten-
tial for disaster through misapplication. I believe the solution to this problem is a
question of adequate dissemination cf culture and learning, and figuring out how
to deal with new developments in rational ways. By not shooting from the hip all
the time, we can deal with these new technologies. There is nothing that difficult
about technology, except that being scared of it is like being scared of the devil.

William O'Neill (Continuous Electron Beam Accelerator Facility): I'd
like to make a comment on the value of research. I did some work with the Na-
tional vScience Foundation a few years ago. One of my assignments was to
study what the statisticians thought were the most important elements in the in-
crease in the United States' productivity since World War II. I looked at the
work of John Kendrick of Georgetown University. His studies showed that
about 75% of productivity growth is attributed to advances in education and re-
search. In measuring R&D input versus productive output, Kendrick deter-
mined that the gains in productivity by secondary and later users of research dis-
coveries exceeded primary applications ten fold. For example, microchip re-
search discoveries have led to significant productivity gains by computer
manufacturers. These gains in turn have been dwarfed by the gains of computer
users, and so on to the ultimate user whose objective is generally far afield from
the original research objective. I believe that a quote from T.S. Elliot coin
cidentally explains the purpose of laboratories like Fermilab and CEBAF: "We
shall not cease from exploration and the end of all our exploring shall be to ar-
rive where we started and know it for the first time."
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Lundy: Let me try and deflect the discussion a little bit to the possible
downside of some of these technological advances. I was teasing Tom Nash be-
fore this meeting by suggesting that the fust application of artificial intelligence
will be to turn the staffing of the programming over to a supercomputer which
will decide how many programmers of what kind to hire, and it will validate
them yearly as to the lines of code they'd been writing and whether it was di-
gestible or not. The supercomputer will do the programmers' performance re-
views and it will fire them if they are bad programmers. The ACLU is certainly
going to become concerned about some of these possibilities. But when is the
technology going to start dominating the most important research tool, the re-
searcher himself? When do human freedoms die? Is it in the twenty-first cen-
tury? Is anyone worried about the programmers being hired by the super-
computer? I'm convinced that, in some cases, the computer would do a better
job of hiring than we do.

Thorndyke: I recall that when the first lathe was introduced into the shop
environment, it did a better job than the people that cut all the material with
files. Therefore, it was a threat to the people that knew how to use files, but
they learned how to use this new tool. They leveraged their capability. The
lathe certainly eliminated a few people who stuck to their files, so to speak, but
those who adapted to the new technology kept their jobs and increased their
productivity. I tend not to think that every time we increase the productivity of
tools it immediately requires that the technological advance decimates a group
of people or society in the long run.

Sessler: I would be more concerned about the military use of technology
and the danger that is going to engender. I look back over the past and, as I
said, I see the development of nuclear weapons, I see the use of lasers for guid-
ing smart bombs; I see the use of computers for acquiring data and for control;
and I wonder, with other technology and more computers, if we're getting close
to the point where computers are going to send us into war. I can see many
other concerns, but that is one that would put our nation in real peril. I think
that is the real issue.

Nash: This is not only a societal-consequences issue. I think the problem
really comes down to the fact that our technology is advancing so rapidly, we
are outrunning the educational level of most of our society's law makers, and as
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a result, of our laws. As many of you are no doubt aware, new technologies are
giving rise to all kinds of legal problems in the patent area, in the software pro-
tection area, and so forth. Our laws are just not keeping up. I think the funda-
mental societal consequence of computers taking over is whether the body of
society, the democracy, as Jefferson would say, is educated enough to respond
swiftly and rationally to the legal implications of rapid technological advance.
I'm very pessimistic about that possibility.

Lundy: One way to measure the pace of research development is to deter-
mine how soon a technology becomes obsolete. It occurred to me that the 17-
year life of a patent is a strange number. I thought there must be a reason why it
is 17 years. It's not 17 years in all countries, but it's in that range. I was talking
to one of the patent attorneys before the meeting. I asked him about this, and he
thought that somewhere back in 1804 this number more or less became estab-
lished. Somewhere out of the blue somebody decided that the life of a patent
should be 17 years. There really is no good basis for it. Is it concerns like that
17-year patent that keep people from picking up a technology that might solve
problems like garbage barges and what not?

Sessler: I think that is part of it, but I think there is much more to the problem.
Take acid rain, for example, which is a big subject between the United States
and Canada, and a big subject right here in the United States. We know how to
handle that, but it costs lots of money. So it becomes a question of priorities,
and laws, and whether we want to insist that industry have adequate scrubbers
on their stacks. The same question applies for land fill versus burning garbage
as a source of energy, as well as many other subjects. We have the technology,
but we have been reluctant to use it because of economic forces.

Geballe: I think what is needed is risk-benefit analysis. We have finite re-
sources. We are putting 10% of our national budget into health right now and
we are probably not investing it in an optimum way. We are keeping some peo-
ple alive whose quality of life is not improving and we're missing a lot of peo-
ple whose quality of life could be improved substantially.

I happened to have a son who looked into the question of acid rain and dis-
covered that we don't have a good data base. Sure, we could spend a lot of
money scrubbing the gases, but that may not be the major problem. Where we
have a limited amount of information, we don't have a way of taking that lim-
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ited amount of information and rationally using our resources to nc on it. As a
country, we're very hidebound. There are some things that we simply will not
take any risk on. One death is enough to change the whole law and practice of
our country, while at the same time we are willing to put up with automobiles
that kill 40,000 or 50,000 people a year and do very little about it. In my opin-
ion, if we can do any one thing in the twenty-first century to improve the quality
of life, it would be to educate people to a rational understanding of risk-benefit
analysis. There was an article in Science a few weeks ago by Bruce Ames
which pointed out the scale of irrationality that exists today.

Nash: That's exactly what I was trying to get at. We're just not, as a so-
ciety, analytical enough. We shoot from the hip, we are irrational in so many
different ways.

Brian R. Frost (Argonne National Laboratory): I have to come back to
high-temperature superconductors. Bill Hess said that we shouldn't have a De-
partment of Science. I agree. But here we have high-temperature superconduc-
tivity, with all of its promise that Ted Geballe talked about for the twentieth and
twenty-first century. The government is probably putting more money into high-
Tc superconductors than industry is at the moment. At least three agencies in
Washington are funding those activities. As you probably know, there are con-
gressional hearings about whether we should have some kind of a national czar
or super agency to handle high Tc, and about how to get our act together so that
the Japanese don't forge ahead and capture the whole market. On the other
hand, when I talk to my basic-science friends, they say they don't want any
more control than they're under at the moment, but they want to be able to inter-
act with their peers in a competitive way, create programs very rapidly, and then
interact with industry in a natural way. How do you organize a process like
that? Do you run it, as some people suggest, like the Manhattan Project: find a
Leslie Groves to come in and strong-arm everybody? How do you handle that
problem?

Thorndyke: As far as the Manhattan Project was concerned, there was an
end use that drove the technology for its product goals. However, it is not clear
to me exactly which product goal one would pick for warm-temperature super-
conductors while ignoring everything else. Therefore, the basic research has to
continue. But to attempt to choose one end use and concentrate on it to the ex-
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elusion of everything else will, in my estimate, result in 10 years of debate be-
fore anything is started.

Frost: You may be right. But 1 see the Department of Defense already look-
ing at possible applications of warm superconductors in computers and devices
that could give them an edge pretty quickly. And then I see the Department of
Energy dusting off 10-year-old studies on applications of superconductors of
niobium-titanium and niobium-tin and seeing what the consequences are for cer-
amic superconductors without any clear indication as to what could come out as a
winner. The federal government doesn't seem to know what to tell industry.

Sessler: I don't have an answer, but I think we will find out in about 10
years because the Japanese are really getting involved. We just have to watch
what the Japanese do and then we will learn.

Frost: On Tuesday of this week, I happened to sit down with two gentlemen
from Mitsui Corporation who wanted to know how they could get involved with
Argonne and superconductivity. I said, "With difficulty." But I turned the
tables on them and asked them what was happening in Japan. Is it true that the
Ministry of International Trade and Industry (MITI) is just one big program?
They said that it's three agencies: There's MITI, then SDA, which runs the na-
tional laboratories, and finally, the Ministry of Education, which runs the uni-
versities. They are all carving out their own turf and arguing with each other.
So don't believe all that you read in the newspapers.

Sessler: While I was in Japan a year and a half ago, I had an opportunity to
sit in on their Committee on Free-Electron Lasers. I didn't even know there was
a Japanese Committee on Free-Electron Lasers and I was very interested in what
went on there. They mostly spoke in Japanese, with just a little bit of English
for my benefit, but it was interesting for me to see the make-up of this com-
mittee. It consisted of almost no one who knew anything about free-electron
lasers. There were some people from government, there were some people from
industry, there were people from the national laboratories, and a couple of uni-
versity types. It was a consortium of a kind I've never seen in the United States.
They meet once a month and it's all very formal. They have minutes, they ap-
prove the minutes from the last time, and then they go on to some presentations
and talks. As I emphasized, hardly anybody on the committee knew anything
about free-electron lasers, but they are watching that particular field, so they
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formed a committee. We don't have a committee on free-electron lasers in the
United States. Maybe it's not advisable to have one, but it's very interesting to
see that the Japanese are just watching and waiting, and they will be ready. I
don't know if free-electron lasers will ever break out, but if they ever do, I think
they will break out in Japan.

Hess: Let me pick up on the question that Frost from Argonne posed. I
would suggest that having the system of free enterprise operate in government
as it does now, with researcher access to DOD, DOE, and NSF, is probably the
optimal way to handle this process of government participation. The inves-
tigators who work in the area of warm superconductivity should, at this point,
all be able to get funding. The DOD is talking about doubling the amount of
money they're putting into warm superconductors next year. I know that DOE
is discussing much the same level of funding. I don't see the need for a czar in
all of this. It would be a very good idea to have some kind of workshop appara-
tus or meetings where people exchange ideas to try and insure that there were
not large areas that were not being covered for one reason or another. But if
there is a general feeling that the whole subject is moving ahead, well, then the
idea of trying to bring uniformity or order into it is a bad idea.

Geballe: If a request is made through the National Institute of Health (NIH)
to sequence the human genome, which is a project of the same magnitude as the
SSC, and for some reason these two projects were to be undertaken on the same
time scale, where are those decisions made?

Hess: That would require a combination of decisions. The human genome
study is in the main a Department of Energy study, although there is NIH activ-
ity in it as well. If you pit that against the SSC, then the process would involve
an internal Department of Energy study of budget priorities, followed by a con-
gressional study of budget priorities.

Nash: I would like to ask Bill Hess a related question. I think most of us
agree that there are many advantages to having a variety of different potential
funding agencies. We wouldn't like a centralized Department of Science. One
of the reasons people talk about a Department of Science is because that implies
a Secretary of Science, which implies that we might get back to a point where
the President has to talk to somebody who knows something about science
rather than avoiding science advisors as has been the case in recent history.
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How do we get a Cabinet-level secretary of basic science? None of this applied
defense science stuff, a basic-science secretary. Isn't that what we really need?

Hess: If your intent is to get the ear of the President, I think that you would
try to have thai done by a presidential science advisor. It's a better mechanism.

Nash: But it doesn't seem to work.

Hess: Well, that depends upon the interests of the President and whether he
wants to listen to that kind of advice or not. If we look at what has happened
during the last six years, I think one could make the argument that Jay Keyworth
and Eric Bloch have done a very good job of convincing the President that there
is merit in basic science. As a result, the National Science Foundation budget is
going up healthily. The idea of a Secretary of Science as an advocate who will
help the science establishment is one that I am not sure is correct.

Thorndyke: I'd like to go back to the question of funding technology. In
my estimation, one of our great problems here in the United States has been in
the area of semiconductors. I think there is an analogy there. The United States
has been very adept at developing the technology of semiconductors. We are
leading, or on a par with, the Japanese. What's been lacking is a firm commit-
ment to take that technology and move rapidly into manufacturing so that we
can use it in products. In Japan the technology is immediately put into ad-
vanced production because government and industry are working together. As a
result, their technology hits the prototype stage well ahead of U.S. technology.
From that point on, we are behind the eight ball and wringing our hands. We
can no longer be competitive because we did not commit to putting the technol-
ogy into production. Right now, we can do a lot of R&D on the new supercon-
ductors and put a lot of the new technology in place, but we must have a com-
mitment to put that technology into some form of product for the use of a multi-
plicity of disciplines. I don't object to the Department of Defense putting the
money in to develop technology. What I object to is that no one, including
DOD, is committed to making a product out of this technology so that we in
commercial industry can start to use it.

SessJer: We are also keenly aware of a big gap between basic research and
getting products out. We emphasized it in talking about MITI in Japan and I
think it has just been emphasized again. I think that's a real hole in this country.
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What we are talking about here is beefing up something that already exists. Per-
haps the Department of Commerce could become more like MITI. We don't
need a change in the basic-research part of the government as much as in a dif-
ferent part of the government which should be involved with industry in getting
products out.

Lederman: How much of this is the fault of industry? For example, our
own personal experience here at Fermilab has shown that if you want a gadget
that is unusual and has no immediate implications for production-line status,
you can't get a bid from an American company. Hitachi or Toshiba will bid im-
mediately. As far as I can see, the only criterion they have is to ask if the com-
pany can learn something by making this crazy thing. In the 1950s we had a
much better response from American companies. Lee Iaccoca, an American
folk hero, recently said, "We're not making product, we're making take-overs."
That's the measure of success these days in American industry. What can we do
to fix that?

Sessler: It was so different when I was in Japan. Their research institutions
have no in-house fabrication capability. That's the converse of our situation in
the United States, but the good side is that everything is done by industry. When-
ever they think up some new thing, they begin to talk at a very early stage with a
particular industry that then goes ahead and builds a product. I was aghast that
there wasn't open bidding. Our lawyers would never allow it. Everything is built
by a company, it doesn't matter whether the company makes money or not, that
isn't the criterion at all. They emphasize that. So there is a much closer cou-
pling between the labs and industry than I have seen in this country and it seems
to be very good.

Lundy: I'm sure that Carl Rosner has some points of view about Japanese
industry and U.S. industry.

Carl H. Rosner (Intermagnetics General Corp.): Actually I have more
comments about U.S. industry. Rather than blaming Japan, I think it's quite ap-
propriate to fault U.S. industries for a lot of the problems that we now have. We
have been short-sighted in the past, and are being even more short-sighted today,
in being unwilling, or perhaps powerless, to invest for the long term. As long as
you're looking to Japan, or trying to copy what Japan is doing, or even worse,
waiting for them to demonstrate how things are done, that is barking up the
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wrong tree. It will get us into a position where we are going to be the twenty-
first-century Britain. I think we need to come up with much more imaginative
ideas and find ways to really capitalize on our strengths. Creating a single
Cabinet-level department obviously won't do the job, because that would just
cast us in the mold of Japan. What works in Japan may not work anywhere else.
But there must be something in between our present system and the Japanese
system. The innovative spirit that resides in this country, more so than in any
other place in the world, isn't being brought to the marketplace.

I'd like to ask the panel how laboratory and government representatives feel
about industry dictating the use of 20 or 25% of laboratory budgets to bring new
ideas from the invention stage to the product stage. The problem is, industry,
and especially large industry, makes a cost-benefit analysis and they see that
they could be faced with a limited market. The larger these companies get, the
higher the level of what they're going to get involved with. That's why Leon
doesn't get any responses to requests for quotations. I used to be in a laboratory
and we were able to do almost anything. That is no longer possible today, not
even in a smaller company. You can't replicate that environment for achieve-
ment because we don't have the resources. We certainly have the projects to work
on, but there is nobody out there to fund them. The Japanese or Koreans will jump
on those projects because they know that a $100 billion business starts with a $1
billion business or a $10 million business. You've got to start slowly.

Large companies today don't want to touch anything that doesn't have a
$100 million potential next year. That's where we're going to lose out to com-
panies in foreign countries. They will get funded by hook or by crook and they
still have the larger company centers where they are willing to set aside com-
petitive restrictions for the moment so that industry and government can coexist.

We have to find a way to really work together, at least at some level of col-
laboration, rather than saying "we" and "they" and so ignore the fact that this is
a very small world and if we don't get our act together, we will watch somebody
else do it for us.

Geballe: One way that the government is trying to help universities with this
problem is by doubling the budget of the National Science Foundation, under
Eric Bloch's leadership, in the next five years. Most of that funding is going to
go into these centers of excellence, research centers which are going to involve
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universities and industry working together. It is a question of small science now
turning into big science or bigger science. Whether it is successful or not remains
to be seen; it is an experiment. I can foresee difficulties with the plan, but it's
one answer to filling the gap that Carl just was talking about. It will allow the
small companies to work with the universities in a cooperative environment.

In the last few months we have been approached by 10 or 15 companies
which are not IBM or AT&T, but they're not small companies. None of them
have the resources to start using these high-temperature superconductors. They
all want to keep up with what's going on, they all want to put two or three of
their best scientists into experimenting so that they can get a window on the
field and then, as soon as something is developed, run with it. This country may
be putting as much manpower into high Tc as Japan is, but we may be too de-
centralized. If you have n two-man operations looking at what's happening in
the field and then seeing how that can apply to your company in the next few
years so that you can come up with something which is going to be a SI00 mil-
lion business, we're just not going to make it. I think I've seen evidence of that
happening. NSF centers, or centers in national laboratories, have worked that
way, but that doesn't seem to me to be the right answer. I don't know what is
the right answer.

Lundy: Carl, let me ask you, or anyone else who cares to respond, do you
think that the recent change in the laws affecting the rights of individual work-
ers in a laboratory like Fermilab to share in the proceeds from an idea by licens-
ing or by holding a patent is going to solve the problem you are talking about?
Is it going to lead us, as individuals working at national laboratories, to seek a
solution to your problem in our spare time, patent it, and license it to you to en-
able you to get on with what you want to do? I know it's too early to have any
concrete evidence of this.

Rosner: This may be a step in the right direction, but when I look at what's
going on, using the Argonne approach to high-temperature superconductors as
an example (perhaps my view is naive because I don't know enough about that
situation), I think that approach is going to build a protective wall around the
information, first when they apply for a patent and, secondly, when they make
the long-term search. Who's going to pay Argonne the most for what they've
done? I think the approach may ultimately deteriorate even if it is managed
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right. I think, however, there is a germ of an idea. If we really take advantage
of that opportunity in a collaborative way in order to work the problem to the
ultimate end and arrive at some successful examples, that would be a great thing
to do.

Nash: We feel, on the one hand, a strong encouragement for technology
transfer. But when we do it, certain procurement questions arise immediately,
as well as fairness questions. Why did we do it with this particular company as
opposed to others? Are we doing it openly? There are all kinds of awkward-
nesses about that and they aren't necessarily possible to deal with. So far, we're
managing to wiggle our way through, but it's a mine field.

Robert Seymour (GTE Laboratories): I think a gap exists in terms of get-
ting the research into products. We haven't addressed the question of where the
gap is. The gap is not between the idea itself and that first patent stage. The
gap is not between the basic research and implementing it at the centers of ex-
cellence, because industrial companies' central research labs have exactly the
same problem. They can come up with ideas, collaborate with universities,
bring an idea to the point where they start doing the real technology develop-
ment, and eventually, product development. That's the point where a financial
commitment has to be made and that's where the gap exists. The problem that
we're facing in the LJ'iited States is that most companies are not willing to make
that financial commitment, particularly if they don't see an immediate large
return. If the time scale is too long, the commitment won't be made.

Lundy: This is just a problem of economic confidence, not a lack of tech-
nology or of implementing something outside this laboratory.

Frost: What has the new law done? It has encouraged people to be more
adventurous. Filings of invention reports have gone up 50% and people think
they're going to get some money out of this. The things that major agencies
fund us to do, allow us to take an idea and go only so far. Most of what we pro-
duce in the way of instruments and so on are not sufficiently developed for in-
dustry. The problem is finding the money to do that. In some cases, industry
will come in and provide funding. We're being somewhat aggressive in taking
licensing actions. We want to generate royalty income so that we can put that
money into product development and take a product to the stage where it is use-
ful to industry. I don't see the Department of Energy or anybody else providing



\5<)

that funding. You might want to develop products for commercialization on a
shared basis with industry. It's a matter of getting to the stage where you've got
a prototype with a price tag on it.

Hess: I'd like to go back and try to understand what was just said. You're
saying that the gap in the technology-transfer business is all interior to industry,
if I understood you correctly. And that says there isn't anything the government
can do to help. We can try to do the best job possible getting the information
put together, but industry has to make the dollar decision on going forward with
the project.

Seymour: There are going to be times when the technology has to come out
of government laboratories. Help may be needed in making this transition. Cer-
tain technologies are being transferred. But what I'm saying is, the problems
involved in taking technology out of the national laboratories and getting it into
industry are the same problems that the industries themselves face in taking tech-
nology out of their central research labs and moving it to their divisions. That's
almost as difficult as bringing technology in from an outside organization.

Hess: Is there anything we can do from our side to make it more successful?

William J. Dyess (Major Tool & Machine, Inc.): More protection from
raiders. There is also another problem. In the U.S., long-range planning means
you are worried about the third quarter. I've had recent dealings with Ameri-
can, European, and Japanese businessmen. Europeans think of long-term plan-
ning as being four to six years down the road. The Japanese think in terms of 12
years. I know an individual from a very large American firm who is senior ex-
ecutive vice-president in charge of long-range planning. He's working on prob-
lems that are 9 to 60 months down the road.

Thorndyke: If you go back and look at the growth of the semiconductor
business, it was not the big vacuum-tube companies that did the job. It was
small, entrepreneurial firms that had a lot of financial backing. These days,
with the tax law that discourages anything more than a six-month investment,
you can't fund a three-year start-up for $50 million. We need changes in the tax
law that will allow a three-year or five-year entrepreneurial start-up investment
to be tax-free to encourage the venture money. Today the venture money goes to a
three-month softv/are job so they can realize their gain and find another one.
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Seymour: Technology needs much more money to get to market now. Just
as the SSC is much more expensive than the first cyclotron, putting in a new
semiconductor line with the latest technological advances may take a $150 mil-
lion investment.

Sessler: I have had two experiences that are relevant to this and support
what people are saying. In both cases we had good technological spin-off of
products from the laboratory and they weren't picked up. One occurred about
10 years ago during the time when there was a scare about mercury contamina-
tion of fish. Scientists at Berkeley got very interested in the problem. They
worked all through the Christmas holidays and devised a very elegant method of
determining the amount of mercury in fish by using x-rav fluorescent and Raman-
shifted lines to make little detectors. Of course, we were not in the business of
producing these devices, but we had made one prototype and we wanted to get
the idea into use. So we went to the various instrument companies in the United
States. No one was interested. We went to the Food Canning Association,
which is involved with canning tuna among other products. We asked them if
they were interested enough in this project to invest in it. They said no. The
tuna that they were ca* hing were over the federally regulated limit of mercury
for tuna sold in the United States, but not over the limit for sale in Italy, so they
could sell the tuna there. There was no interest in the United States. Finally,
Hitachi became interested in the device. Hitachi now builds, produces, and mar-
kets the device.

The second was a very recent experience. A year or so ago, my associates at
Lawrence Livermore Laboratory developed a high-powered magnetic switching
unit. Again, there was no domestic interest. The Japanese took a look at it and
they were quite interested. So we gave them blueprints of model #1, because
we had by that time gone to model #2 and we weren't going to use the blue-
prints of model #1. I got a letter from the Japanese recently, saying that they
now have a high-powered magnetic switching unit! It was not built in the lab,
I'm sure, because I know there are no facilities in the KEK laboratory; the de-
vices have been built by Japanese industry. That's wonderful technology trans-
fer, at least in my judgment, because these people are learning how to make
high-powered magnetic switching units. I don't know whether the payoff is in
the third quarter or not, but there's certainly going to be a payoff a decade from
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now. So the problem is not invention in the laboratory. It's not even telling in-
dustry about these things. It's beyond that.

Nash: Are the Japanese tax laws fundamentally different from ours, or is it
just that the culture and attitude are different?

Thorndyke: I can comment on that. One factor is that the Japanese capital
costs are greatly reduced in relation to U.S. capital costs. Also, the interest rates
and the availability of capital are more advantageous. The Japanese benefit
from long-term availability of capital, not one month, or three months, or six
months, but long-term availability.

Lundy. The time has come to close. Next year the Roundtable topic will
have to be innovative tax strategy for the twentieth century.

UL
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Interacting with the Technology at Fermilab

Richard A. Carrigan, Jr.
Head, Office of Research and Technology Applications, and

Coordinator, Fermilab Industrial Affiliates
Fermi National Accelerator Laboratory

The Fermilab Industrial Affiliates organization was initiated in 1980 to im-
prove university-industrial research communications and facilitate the "spin-off
of state-of-the-art developments from the Laboratory. As one of the premier
high-energy physics installations in the world, Fermilab is the off-campus re-
search facility for some 70 U.S. universities. Our experience in cooperative de-
velopment of complex technical components has encouraged us to seek a more
systematic format for the exposure of our needs, problems, and our achieve-
ments to industry.

The Affiliates are a group of more than 35 organizations with some interest
in the research and development work under way at Fermilab. They include a
wide spectrum of high-technology companies from the very large to vigorous
new organizations. We hold a two-day annual meeting for company research
directors and other senior personnel. This is a direct opportunity to see the work
here at Fermilab. We encourage Affiliate staff visits to Fermilab and visits of
our staff to Affiliate organizations. We also distribute Fermilab technical re-
ports on a monthly basis to the Affiliates, based on their particular technical in-
terests. Last, but not least, we know the Affiliates are interested in the Labora-
tory and that often means they are the first ones to know about interesting ac-
tivities going on here.

These are some of the specific activities of the Industrial Affiliates. Mere
generally, we are looking for concrete and effective v.ays to enhance collabora-
tion of industrial research organizations, academic institutions, and national
laboratories. Of course, the interest of the Affiliates also serves to support the
Laboratory in its dealings with the Department of Energy and the general public!

The annual membership fee for the Affiliates is $1000. If you are interested in
membership, please get in contact with Dr. Richard Carrigan, (312) 840-3200. or
Dr. Leon Lederman, (312) 840-3211, at Fermilab.
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Technology at Fermilab

In this Roundtable publication, Peter Limon and Chris Quigg discussed the
prospects for the Superconducting Super Collider in some detail. Technically
that project is a direct outgrowth of the TEVATRON at Fermilab. The TEVA-
TRON is the world's first (and only) superconducting synchrotron. It is also the
most powerful accelerator in the world. It operates like a Swiss clock. The
TEVATRON is, by far, the largest superconducting project ever built.

How did the technology for the TEVATRON come about? The answer is
several-fold: partly through a concerted program at Fermilab to develop a new
magnet technology and partly through an informal program between U.S. indus-
try and Fermilab to develop the superconducting wire technology. Parentheti-
cally, that relationship had its genesis more than a quarter of a century ago as a
collaborative effort between the Westinghouse Research Laboratory and some
particle physicists. This wire development has been technology transfer in the
"good old-fashioned way," namely, a laboratory and vendors working together
to develop an industrial-scale supply of superconducting wire. Today, we have
a TEVATRON and billion-dollar medical imaging using superconducting wire.
The success of that industry, with a quick start in the early eighties, must have
been due in part to the wire R&D for the TEVATRON in the seventies.

"Ah," the skeptic says, "that's the old-fashioned superconductivity. How
about those new room-temperature jobbies I keep reading about?" A lot about
this new development is mentioned in this Roundtable. Here at Fermilab we see
it as a really exciting scientific advance. Many of our old industrial friends
from the TEVATRON are already involved. In this publication, Limon points
out that these developments will not have an impact on the SSC design. On the
other hand, it is interesting to ask what Fermilab has in the way of technology
that could facilitate the adoption of the new developments for other purposes.
Let's take the case where development grows up around the nitrogen-temp-
erature conductors. There is much valuable and relevant information and tech-
nology at Fermilab on dewars, sensors, oxygen deficiency hazards, quench
protection, controls, and on and on. Fermilab is where industrial-scale super-
conductivity is at!

Another technology at Fermilab is the award-winning Advanced Computer
Program, or ACP for short. This is a good illustration of a technical develop-
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ment needed for special work here that has already gone on to become an indus-
trial product marketed by an Affiliate, Omnibyte. Technology transfer has been
an intrinsic part of the activity from the outset. Watch this program in the fu-
ture! There should be further developments as the researchers set out to address
the knotty problem of quantum chromodynamics, or QCD.

Another major effort has been the Loma Linda-Fermilab proton medical ac-
celerator. This is a so-called "work-for-others" project. From the outset it was
envisioned that Loma Linda would find an industrial partner to commercialize
the technology. That has now happened - the partner is an Affiliate, SAIC.
Clearly, one can expect to see more technology spilling out of this unique
hospital-industry-national laboratory collaboration. For example, there may be
developments that could be important for the construction of compact synch-
rotron light sources for microchip lithography. By the way, an important mem-
ber of the team fostering the transfer of this technology has been the State of Il-
linois. This was done through a grant from the Department of Commerce and
Community Affairs. In effect, it created about a hundred man-years of employ-
ment in the state.

There are many other technologies that we have not discussed in detail at the
meeting. These include such areas as software, controls, VME, and fast elec-
tronics. Some of these are summarized in the box on page 169. If you are inter-
ested, get in contact with us.

How to Interact with Fermilab

The best way for industry to interact with Fermilab is to join the Fermilab
Industrial Affiliates. As noted earlier, the purpose of the organization is to set
up a two-way street where we can work together. We're willing to try any good
idea as long as it's legal. Remember, though, Fermilab is not an engineering ex-
periment station. Our activities have to fit the Fermilab profile, and they can't
be breaking somebody else's rice bowl.

The good old-fashioned way to interact mentioned earlier still holds. Suc-
cessful bidders on Fermilab contracts can carry away a lot of very useful ex-
perience. Our sister laboratory. CERN, once estimated that most CERN con-
tracts led to several times the business elsewhere.
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Fermilab is now moving into a new area for us - licensing. We have much to
learn. If there are technologies at Fermilab that you are interested in licensing,
let us know. You may have to teach us how to do it, but we are willing learners.

The Loma Linda project is an illustration of another way to interact. This is
as a joint project or a work-for-others arrangement. From our standpoint these
are fraught with problems. On the other hand, the Loma Linda project has been
very successful as a technology transfer. Some of our Affiliates have also sug-
gested some interesting ideas. A good arrangement is one where the Laboratory
gets some direct benefit or service out of the collaboration, both parties contrib-
ute equally, and the company goes away with a technology they can pretty much
call their own. But remember, DOE and our business people see this as trouble,
trouble, trouble.

In some cases we have "modest" requests for technology. These are requests
for individual circuit board layouts, items of software, or access to some special
measuring equipment here. Even these can get to be complicated, but we are
trying to handle them as flexibly and quickly as possible on a direct cost recov-
ery basis.

Finally, there are many possibilities for individual visits. Fermilab is about
the best place in the world to visit. There are very few complications about
passes or permission. It's certainly easier to park here than at most university
campuses.

Summary

Clearly, there is lots of technology at Fermilab. This includes superconducting
and cryogenic technology, advanced computer concepts, and accelerators to be
used for medicine. There is a Chinese menu of other possibilities. The last year
has seen a real breakout in the tools available to transfer this technology. URA
wili now own the Fermilab inventions, and Fermilab inventors will share in
royalties. In addition, the Laboratory is developing a marketing arm and has re-
tained legal counsel in the area of patents and licenses.

There are now many ways to access the Laboratory technology, including the
Affiliates, the normal process of working on Fermilab procurements, licensing,
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joint projects such as Loma Linda, a willingness to support "modest" requests
for specific items, and the obvious possibility of visits.

We are pleased with your interest in Fermilab. If you are an Affiliate, we are
very gratified for your involvement with the Laboratory. If you are not an Af-
filiate, please join! We are not exclusive.

Some Fermilab Technologies

* Accelerators - Some of the most powerful and sophisticated accelerators
in the world are in operation at Fermilab. A sparkling new development is
the proton accelerator for medicine being built for Loma Linda Medical
Center.

* Superconducting Magnets - Fermilab is the world center for super-
conducting magnets. This technology has relevance to many fields, in-
cluding medical diagnostic imaging.

* Large-Scale Cryogenics - A substantial portion of the helium liquifica-
tion facilities in the world are installed at Fermilab. Laboratory staff mem-
bers have extensive experience in cryogenic control, compressor systems,
simulation, and other areas of large-scale applied cryogenics.

* Radio-Frequency Systems - Fermilab has extensive experience in if, in-
cluding traveling-wave technology.

* Supercomputer Architecture - New, award-winning approaches to very-
high-speed parallel computing have been developed at Fermilab.

* Fast Electronic Data Handling - A number of control and data transmis-
sion systems using the FASTBUS, CAM AC, and VME standards are in
operation.

* Particle Detectors - The heart of the Fermilab experimental program is
detection and tracking of particles - protons, neutrons, photons, and
charged ions. This has required the development of sophisticated scin-
tillators, lead glass, wire chambers, and silicon detectors.

* Neutron Therapy - Fermilal's Neutron Therapy Facility, using the
Linac beam, has treated more than 1400 patients - more than any other
facility. Operation has now been turned over to a private, not-for-profit
organization, the Midwest Institute for Neutron Therapy (MINT).
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What Fraction of the U.S. GNP Makes Use
of Devices Invented as a Result of the Success of the

Quantum Theory of the Atom?

Leon M. Lederman and Richard A. Carrigan, Jr.

Preamble

In the years 1900 to 1930, data from observations of the atom were studied in
order to understand the structure of the atom. The motivation was classical: a
curiosity-driven quest stimulated by the lure of a new level of understanding.
The questions: What are the constituents of the atom, and what are the laws of
nature (forces) to which the atomic constituents are beholden? Data consisted
of the periodic table of the elements, the spectral radiations emitted from "hot"
atoms, and the chemical behavior of atoms in combinations. Theorists entered
the atomic domain armed with fairly sophisticated and quantitative mechanics,
based upon Newton's theory and a powerful, mathematically elegant set of
equations describing electrical and magnetic phenomena.

It turned out that this pre-existing knowledge was inadequate to explain the
data which eventually included the existence of electrons (1900), nuclei (1910)
with electrons capable of emitting photons of particles of light energy (1923).
Success was only achieved with a revolutionary new concept of nature. It was
called the Quantum Theory. By the 1930s it was clear that this theory was
indeed able to explain all the data on atoms. The theory was quickly applied to
chemistry and the behavior of solids - metals, insulators, semiconductors. It ap-
plied to molecules, the radiation from atoms and the interactions of light and
matter. In the 1940s, this theory was applied successfully to nuclear structure,
nuclear radiations and reactions. Out of these understandings came a vast tech-
nology which includes transistors, lasers, genetic engineering, modern chem-
istry, nuclear medicine, power, and weapons.

Warning! Use only for occasional discussions. For more serious matters you
should consult your personal economist.
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If all solid-state quantum devices were to cease functioning the instantaneous
GNP would fall to zero. All communication would cease. TV and radio sets
would go off. All newer cars with fuel injection would stop. Airplanes would-
n't fly, computers would be off, hospitals with their medical instruments and x-
ray machines would reduce operations greatly, and production lines could not be
controlled. In short, almost nothing would work. Clearly one could restore
many of these functions which do not require solid-state devices, but the GNP is
defined by economic activity and even non-essential activity contributes.
Nevertheless, we do not believe that the quantum theory is responsible for 100%
of the GNP. What is the fraction?

In what follows, the plan is to try to estimate the fraction of the economic ac-
tivity that makes use of quantum mechanical devices. Our questionable method-
ology estimates the fraction of a given economic activity which uses post-atomic
technology, for example, 100% of electronics and 0.1% of lumber production.
Clearly the 100% is very close to being correct, but the 0.1% can be in serious
error. In any case, our scheme arrives at 23% over a given set of direct acti-
vities. We argue that this fraction also works on the infrastructure. Whether the
number is 20% or 30% makes very little difference to the bottom line: Scien-
tists in a curiosity-driven quest for an understanding of what, in 1900, was a
dimly conceived exotic concept, stimulated, by their discoveries, economic ac-
tivity amounting to about $1000 billion (1987 dollars) of our annual GNP, which
is about $4 trillion. One quarter of this part of the GNP, or $280 billion, is paid
back to the federal government in taxes annually. This number can be very
wrong, but still be an impressive return from science, compared to the $10 bil-
lions of federal funding which OMB defines as basic research.

What are the Technologies?

1) Transistors. The discovery and development of transistors is completely
dependent on the theory of quantum mechanics. Some communications might
have been possible without electron beams and transistors - after all, the tele-
phone and telegraph predate these developments. What wouldn't have been
possible is the rich fabric of modern communications.

2) Computers. Modern computers rely on three developments that spring
from quantum mechanics and the experimental techniques that evolved with nu-
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clear physics: the transistor, magnetic memories, and the flip-flop circuit that
lets computers count.

3) Lasers. Lasers are a practical deployment of quantum mechanics. It is
hard to imagine the laser principal being discovered without that theory. Soci-
ety is approaching the point of a laser in every house (the compact disc [CD]
player) and five in every supermarket (the bar code reader).

4) Television. The modern television tube is almost an exact embodiment of
one of the first particle physics experiments, the measure of the charge and mass
of the electron. All the elements of modern physics experiments appear in a TV
tube - an accelerator, beam steering, and a detector. By now there have been a
billion replications of this turn-of-the-century experiment with profound impli-
cations on our lives.

5) Nuclear Energy. Experiments to understand atomic structure naturally
led to unlocking the tremendous energy inside the atomic nucleus. We do not
yet know how man will be served by unlocking this genie. The problems may
be with man, not the fruits of nature.

6) DNA. DNA is the stuff of biology, you say. True, but the techniques for
understanding the structure relied heavily on quantum chemistry and x-ray crys-
tallography. These, in turn, depend on the insights of quantum mechanics.

What are the Specific Revenues from These Technologies?

1) Transistors. Direct sales for 1984 were $9.6 billion. But note that there
is an effective multiplier of a factor of nearly 15 here. The amount of electronic
equipment containing transistors that was sold was $144.0 billion. (Note that
this item partially double-counts items 2 and 4.)

2) Lasers. The magazine Laser Focus (January 1986 p. 84) reports that
world-wide direct sales of laser components for commercial purposes amounted
to $0.46 billion in 1985. Military systems sales exceeded $1.5 billion. This
number does not include the associated equipment to operate the lasers. The
markets are growing about 20% a year with one area, optical memories such as
CD systems, expected to see very large growth.
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3) Computers. The 1983 computer shipments had a value of $56.4 billion.
Datamation (June 1, 1985) estimates 1984 U.S. revenues of the 100 largest
companies active in the computer field as $106 billion.

4) TV. $50 billion (1984 dollars). This includes direct sales of television
equipment and television-station revenue.

5) Nuclear Energy. In 1984, U.S. nuclear power plants produced 341 billion
kwh of power. At $.07/kwh this corresponds to $24 billion.

6) DNA. Figures for the emerging biotechnology field are difficult to ob-
tain. The Department of Commerce has projected that the domestic sales of
biotechnology-based pharmaceutical and agricultural products was $0.2 billion
in 1985. Investments in the field over the last five years has averaged $0.5
billion/year {Science Magazine, January 3, 1986).

What Fraction of the Gross National Product
is Impacted by These Developments Now?

Making a concrete estimate here is fraught with pitfalls. What follows can eas-
ily be criticized. To get an estimate, the 1982 standard statistical categories for
agriculture, mining, contract construction, manufacturing, transportation, com-
munications, and utility revenues have been analyzed. An effort has been made to
weight product categories appropriately. For many of these, R&D costs are know
and have been added in as shown. The detail is contained in Attachment A.

In brief we attribute 23% of the 1983 gross national product to activities that
are heavily influenced by developments stemming from the investigation of the
atom at the turn of the century. While this number may seem high we also find
reasons to believe that it is low. Consider the material that follows.

What Fraction Will They Be at the End of the Decade?

The figure on page 177 is taken from the book The Microelectronics Revolu-
tion, T. Forester, ed., (MIT Press, 1981). It shows the changing composition of
the U.S. work force from 1860 projected to 1990. By then nearly 50% of the
work force will be involved in information activities. A very large fraction of
these activities rely strongly on the developments in basic physics in the early
part of the century.
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These Technologies are the Bow Wave of the Future

What determines the future is what we do today and what our forefathers did
75 years ago. An important question to ask is what are the critical technologies
today. We know of one germane list, "The Military Critical Technologies List,"
October 1984 (DOD AD-A146 998). This list is no doubt biased. For example,
it doesn't touch on the important areas of health and nutrition. Twenty arrays of
know-how are listed. Fundamental understanding of the nature of the atom
plays a very major role in 16 of these.

Does All This Matter? The Twenty-First Century is Only a Decade Away

There is an interesting anecdote from the last century that speaks directly to
this point. Heinrich Hertz, an eminent physicist of his day and the discoverer of
radio waves, tried to measure the properties of what we now know as the free
electron in the mid-1880s. In the process he built the first prototype of what has
become the modern TV tube, but he did not find any electrons. Partly because
of his reputation the search slowed. It was more than a decade later before J. J.
Thompson actually measured the properties of the electron. All of modern elec-
tronics flowed directly out of that discovery. One might argue that the weight
of Hertz's negative result slowed the development of modern electronics by 15
years and thereby affected every aspect of the twentieth century. Just imagine
the development of commercial TV before World War II. Would history have
been affected?

Are we missing similar opportunities now?
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Attachment A

Fraction of 1983 Gross National Product (National Income) Attributable to Modern
Physics. Source data from 1986 Statistical Abstracts of the United States, p. 437. R&D
numbers are drawn from Science Indicators 1985, p. 254. Numbers are in billions of dollars.
Totals may not add because of rounding and omissions for clarity.

CATEGORY
Agriculture
Mining

gas
Contract constr.
Manufacturing

Durable
Lumber

Furniture, etc.
Stone, etc.
Primary metals
Fab. metals
Machinery-ne
Elec, electron
Trans, equip.
Motor vehic.
Instruments
Misc. indust.

Non-durable
Food, etc.
Tobacco
Textiles
Apparel
Paper
Print & Pub.
Chemicals
Petroleum
Rubber
Leather

INCOME
60.9
40.0
(26.4)
112.3
579.9
329.5

15.5
9.5
16.6
28.6
41.2
64.3
57.5
31.6
34.4
21.7
8.6

250.4
46.9
5.3

15.4
19.2
22.6
36.9
44.8
36.6
18.5
4.0

R&D

0.17
••

0.49
1.10
0.63
8.38
. 3.65
1.3.74
5.49
4.39
0.61

0.88

0.14
t i

0.75

7.39
2.23
0.82

ATTRIBUTE

6.6

0.1
I I

0.2
0.6
0.3
4.2
43.1
23.1

i t

21.7
0.3

0.2

0.1

0.4

22.4
18.3
4.6

COMMENT

25% explor

50% R&D

40% R&D
50% R&D
50% R&D
50% R&D
75%
a.
a.
All
50% R&D

20% R&D

50% R&D
w. apparel
50% R&D
w.print
50%
50%
25%

a. For motor vehicles and transportation equipment have assumed
and missile R&D ($13.74B) and 50% of the other R&D (S5.49B) plus
tured product.

100% of the aircraft
10% of the manufac-
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Transportation
Railroad
Local
Trucking
Water trans.
Air trans.

Communications

87.7
15.9
4.6

36.7
5.8

16.4

60.1

Utilities

TOTAL

64.3

1005.2

3.7
0.6
8.2

45.1

32.1

235.9

inc. unlist

10% f. electr.
10% f. eiectr.
50% (Mowery)

75%

50%

23%

INFRASTRUCTURE ACTIVITIES (see below)

Trade
Finance
Service
Government
Other

386.4
394.0
426.6
391.7
48.3

TOTAL 1646.0

Infrastructure activities are assumed to have the same factor as the other sector. As an
example, T. Breshanaham of the Stanford University Center of Economic Policy estimates
that the financial services i-iustry has a direct return of at least a factor of three for invest-
ments in computer hardware. If the overall impact of the computer field is assumed to follow
the same picture and financial services participate proportionally (16% of the GNP) there is a
12% impact of computers on financial services. We estimate that the other portion of elec-
tronic sales (e.g., in cosnmunications) impacts at the same level.
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Appendix A

The Fermilab Industrial Affiliates
AT&T Bell Laboratories

Air Products and Chemicals, Inc.
Ameritech Development Corporation

Amoco Corporation
Babcock & Wilcox
CBI Services, Inc.

Commonwealth Edison Company
Control Data Corporation

Cray Research, Inc.
CVI, Inc.

Digital Equipment Corporation
Digital Pathways, Inc.

Eaton Corporation
General Electric Company

GTE Laboratories
W.W. Grainger, Inc.

Harza Engineering Company
Hewlett-Packard Company

IBM
State of Illinois

Intermagnetics General Corporation
Kinetic Systems Corporation

Litton Industries, Inc.
Mayar Tool &. Machine, live,
NALCO Chemical Company

New England Electric Wire Corporation
Nuclear Data, Inc.

NYCB Real-Time Computing, Inc.
Omnibyte Corporation

Oxford Superconducting Technology
Plainfield Tool and Engineering, Inc.

Schlumberger-Doll Research
Science Applications International Corporation

Signal UOP Research
Sulzer Brothers

Union Carbide Corporation
Varian Associates, Inc.

Electric Corporation



184

Appendix B

Agenda of the Fermilab Industrial Affiliates
Seventh Annual Meeting:

Research Technology in the Twenty-first Century

Fermi National Accelerator Laboratory
Batavia, Illinois

May 21 -22, 1987

Thursday, May 21

11.00 a.m. Fermilab Seminar: Prof. Theodore Geballe
High-Temperature Superconducting (Stanford Univ.)
Perovskites - Science and Technology

1:00 p.m. Introduction Dr. Leon M. Lederman
(Fermilab)

2:30 p.m. Status of the SSC Dr. Peter Limon
(SSC Central
DesignGroup)

3:00 p.m. Roundtable: "Research Technology in the Twenty-First Century"

Moderator: Dr. Richard A. Lundy (Fermilab)

Keynote: Mr. Lloyd Thorndyke (ETA Systems, Inc.)

Panelists: Prof. Theodore Geballe (Stanford Univ.)

Dr. Wilmot N. Hess (U.S. Department of Energy)

Dr. E. Thomas Nash (Fermilab)

Dr. Andrew Sessler (Lawrence Berkeley Laboratory)

7:00 p.m. Banquet

Speaker: Dr. Alvin Trivelpiece (American Association for the
Advancement of Science)

"The Marketing of Science in the Twenty-First Century"



Material Developments (Univ. of Wisconsin)

10:00 a.m. Progress on the Medical Accelerator Dr. Francis T. Cole
(Fermilab)

11:15 a.m. Particle Physics and Fundamental Dr. Bernard Sadoulet
Scientific Problems (Univ. of California,

Berkeley)

12:00 noon Access to Technology at Fermilab Dr. Richard A. Carrigan
(Fermilab)

1:30- Tours: 1) General, superconducting magnets, and CDF
3:30 p.m. 2) Advanced Computer Program
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Appendix C

Other Volumes in the Fermilab Industrial Affiliates
Roundtable Series

1982: Fermilab Roundtable on Technology Transfer and the University-
Industry Interface

1983: Fermilab Industrial Affiliates Roundtable on Supercomputer
Developments in the Universities

1984: Fermilab Industrial Affiliates Roundtable on Industrial Participation
in Large Science Projects

1985: Fermilab Industrial Affiliates Roundtable; Applications of Particle
Physics: Out on the Limb of Speculation

1986: Fermilab Industrial Affiliates Roundtable on Science, Economics and
Public Policy

Copies of these monographs can be obtained by writing to:

Fermilab Industrial Affiliates Office
Fermi National Accelerator Laboratory

P.O. Box 500 - MS 208
Batavia, IL 60510


