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June 1972

Dear Dr. Handler:

As outgoing chairman of the Committee on Science and Public Policy
I'take pleasure in transmitting to you the report of the Physics Survey
Committee, chaired by Professor D. A. Bromley of Yale University. This
has been reviewed by cospup, and the final version reflects our comments.

This is the second report on the physics disciplines undertaken under the
auspices of COSPUP, the first, Physics: Survey and Qutlook, having been
completed in 1966 under the chairmanship of Dr. George E. Pake. Both
physics itself and the environment in which it operates have changed
enormously since the first report. In a number of ways the present report
is considerably more ambitious than the earlier one, both in what it attempts
to accomplish and in terms of the effort and number of people involved in
the Survey Committee and its panels and reviewers. It may be worthwhile
to list a few aspects of this report that distinguish it from earlier efforts.

1. The report contains a much more extensive analysis of the manpower
and educational problems of physics. With the aid of the American
Institute of Physics and with tapes provided by the National Register, new
data on mobility of physicists, the sociological aspects of physics, and the
future supply and demand for physicists have been presented.

2. The report documents the rapid growth of several fields at the inter-
faces between physics and other disciplines, such as physics in biology,
in chemistry, and in earth and planetary physics, and gives much more
extensive coverage to some of the more “classical” areas of physics such as
acoustics, optics, and the physics of fluids. Thus physics is presented in a
larger scientific context than it was in the earlier report, with more emphasis
on the interaction between physics and other sciences as well as with
engineering.

3. Rather than recommending specific funding levels for physics and
for the various subdisciplines covered, the report attempts to delineate the
scientific, and to some extent the social, cbnsequences of several different
rates of funding increase or decline for each subdiscipline. This proves
much easier to do in fields requiring expensive equipment such as
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elementary-pariicie phiysics, nuclear physics, and astrophysics than in fields
consisting of many smaller, relatively independent projects such as
condensed-matter physics or atomic, molecular, and electron physics.
Nevertheless, the scientific opportunities foregone because of constricted
funding are fairly clearly spelled out.

4. In Chapter 5 the report develops a rather elaborate scheme of criteria
for assessing priorities among program elements within the subdisciplines.
It presents one example of an attempt at a jury rating among program
elements, which demonstrates that it is possible for a group of scientists
from diverse branches of a broad field to reach a fairly good consensus on
the relative importance of particular areas of research at the moment. It
should not be inferred from this exercise, however, that such a set of
priorities will have more than temporary validity, since the field as a
whole and the interactions between its parts are constantly changing. This
is by far the most sophisticated attempt at assessing scientific priorities
within a broad discipline that we have yet seen, but the very magnitude of
the effort shows how difficult the problem is.

Two general impressions emerge from the reading of the report. First,
despite the growing funding difficulties of recent years, American physics
has enormous intellectual vitality and has made considerably greater
progress than was anticipated in the Pake report of six years ago. Although
the rest of the world has been catching up rapidly, American physics is
still strong, although there is increasing doubt in the physics community
whether this relative strength can last very much longer in the current
environment.

Second, the nature of physics is such that increasing concentration of ‘
effort in major facilities or “critical-size” research groups is necessary.
Even if there were no restrictions on funding, the optimum development of
the field would lead to the concentration of activities in fewer major
laboratories, especially in elementary-particle physics, nuclear physics,
and astrophysics but to some extent in all subfields. Restrictions on future
available funding will greatly accelerate this trend and lead to increasingly
severe sociological problems in the field. The “user-group” mode of
operation will increasingly have to be recognized as a way of life if physics
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is-to retain its vitality at the frontier while still maintaining necessary

diversity, competition, and close involvement with education.
Finally, it is clear that physics is increasingly an international enterprise,

and that it should be viewed not in terms of international competition
but rather in terms of each nation making a contribution to a worldwide
cooperative effort that is commensurate with its available talent and
‘Tesources.

COSPUP is not in a position to endorse or criticize the specific priorities
or programs recommended in the report, but we believe that the Survey
Committee has made a well-documented case for its conclusions and
recommendations.

Sincerely yours,

HARVEY BRrooks
for the
Committee on Science and Public Policy
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This report, the latest in a series of comprehensive surveys of science
disciplines, represents a major achievement. It offers an impressive and
balanced picture of progress in physics and its subfields and relates the
contribution of physics to progress in other scientific disciplines and the
manner in which all of these have been utilized by our civilization. Further,
the report suggests the future course of endeavor in the various subfields
of physics and the extent to which these will require resources of manpower,
facilities, and funding; it then assays the ratjonal responses of the total
research effort in physics to alternative funding levels. This constitutes the
most successful effort, to date, to establish intradisciplinary priorities.
Those who conducted this most impressive exercise in science policy
formulation are much to be congratulated.

On behalf of the Academy, I wish to express our appreciation to the
Committee on Science and Public Policy for its general guidance and
extensive consultations with the Physics Survey Committee during the
course of this work. For this prodigious accomplishment, I extend our
gratitude to the Survey Committee and most especially to its energetic,
imaginative, and dedicated chairman.

PHiLip HANDLER
_ President
Washington, D.C. National Academy of Sciences
June 1972
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PREFACE

The Physics Survey Committee was appointed by the President of the
National Academy of Sciences in mid-1969 and charged with an examina-
tion of the status, opportunities, and problems of physics in the United
States. The Committee has interpreted this charge broadly and has at-
tempted to place physics in perspective in U.S. society. It has evolved an
approach to the establishment of priorities and program emphases that
may have wider potential application; it has conducted detailed studies on
education in physics and physics in education, on the production and
utilization of physics manpower, on the dissemination and consolidation
. of physics information. It now presents a status report on both the core
areas and interfaces of physics. Most striking among the findings of this
Survey are the overall power and vitality of American physics—a power
and vitality that are a tribute to generous support from the U.S. public
over the past two decades.

But this strength is in danger. In this report we consider the sources
of this danger and the changes that we believe are required to retain a
leadership role for U.S. physics in international science.

Although we have dealt principally with problems of particular impor-
tance to the physics community, it is clear that many of these problems
are much more general and affect all science. Our statistical data and
discussions are necessarily rooted in physics, but it is our hope that our
conclusions and recommendations may be of use in a broader context.
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xiv Preface

Throughout this Survey we have been reminded repeatedly of the great
unity not only of physics but also of all science. This unity is all too often
forgotten or ignored.

By its very nature a survey committee explores many alternatives and
options in developing its report. We emphasize that the lack of explicit
mention of one of these in the Report does not imply that it has not been
examined or considered.

Our Survey has involved more than 200 active members of the U.S.
physics community, listed in Appendix A; we are grateful to them for
their most effective help and cooperation. Support for the Survey activity
has been provided equally by the Atomic Energy Commission, the Depart-
ment of Defense, the National Aeronautics and Space Administration, and
the National Science Foundation. Additional assistance has been provided
through grants from the American Physical Society and from the American
Institute of Physics.

Members of all the federal agencies engaged in the support of physics
have given generously of their time and effort in searching out and provid-
ing answers to innumerable questions. Those persons listed in Appendix A
have participated also in long days of discussions as the Report developed.
We are deeply grateful to all of them.

We cannot hope to acknowledge in detail all the assistance that we have
received from many persons throughout the country during the course of
this Survey, The Committee is greatly indebted to George W. Wood and
Charles K. Reed and to Miss Bertita Compton, without whose continuing
assistance this report would never have been completed. We would be
remiss indeed, however, if we did not especially recognize the work, far
beyond any call of duty, of Miss Beatrice Bretzfield, who has acted as
Secretary to the Physics Survey at the National Academy of Sciences since
1970, and of Miss Mary Anne Thomson, my administrative assistant
at Yale.

D. ALLAN BROMLEY, Chairman
Physics Survey Committee
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ORIGIN,
OBJECTIVES,
AND
ORGANIZATION

BACKGROUND OF THE REPORT

The Survey described in this report began only months before Armstrong’s
first footprint on the lunar surface—a footprint marking the spectacularly
successful completion of an age-long dream and the culmination of the
greatest of man’s technological adventures. Paradoxically, perhaps, the
stimulus for the Survey was recognition of the rapidly growing problems
affecting the continued progress and well-being of all science and technology.

This report deals principally with the opportunities that physics faces
during the 1970’s. These opportunities are of several kinds: opportunities
for fundamental new insight into the nature and causes of natural phe-
nomena; opportunities for the development of new devices and technologies;
and opportunities for greater service, both direct and indirect, to U.S. so-
ciety, of which physics forms an integral part. The problems addressed are
largely those that we foresee in the realization of these opportunities.

Although it is clear that physics cannot speak for all science—much less
technology—-as one of the most basic natural sciences it has close ties
and interactions throughout both science and technology. It underlies many
of the new developments in these fields and shares many of the problems
of the overall intellectual and practical enterprise.

In large measure these problems reflect significant changes that have
occurred in recent years. Among these have been striking changes in the
different subfields of physics, a marked change in the growth rate of federal
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support for physics, changes in many aspects of contemporary U.S. society,
changes in an ill-defined but nonetheless real ordering of priorities in the
public mind, and changes in both the academic and federal communities
that have particularly affected the motivation and basic philosophies of
much of a student generation.

Why a New Report?

These changes, too, provide much of the answer to the very real question:
Why yet another major survey report on a scientific field? In 1966, under
the aegis of the Committee on Science and Public Policy of the National
Academy of Sciences, a national committee chaired by George E. Pake
published an extensive report on the status and opportunities of U.S. physics
entitled Physics: Survey and Outlook. Why then the present Report?

The previous survey was completed at a time when the growth rate of
U.S. science in general, and of physics in particular, was at an all-time high
and the field was in a state of robust health. Under these circumstances, and
within the framework of a burgeoning national economy, it was not surpris-
ing that physics was considered in a relatively narrow context that justified
extrapolation of the needs and objectives of the field on the basis of internal
considerations and the anticipated exploitation of most of the new oppor-
tunities that the field then presented (see Figure 1.1).
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Contingency Alternatives

These extrapolations have not been realized. Although it is extremely im-
portant for physicists to continue to emphasize these potentials, it has
become necessary to address the difficult question of priorities among and
within subfields of physics. Many of the frontier areas of physics, because
of the scope and scale of the activity and instrumentation required, are in-
escapably dependent on federal support. And the competition for available
federal support is increasing steadily as new attacks are mounted on major
problems of national and social concern. Therefore, this Committee has
attempted to define and develop contingency alternatives in an effort to
ensure the most effective use of the available support throughout physics.

But there should be no misunderstanding: The opportunities and chal-
lenges for both internal growth and external service to society are still
present; however, if current trends in the growth of support for U.S. physics
continue, only few of these opportunities will be realized and the relative
position of the United States in the international physics community will
inevitably decline.

Physics and Society

Physics has contributed and continues to contribute to society in a great
many ways through its concepts, its devices and instruments, and, more
especially, the capabilities and activities of its people. Basic to the training
of a physicist is the effort to reduce complex situations to their most funda-
mental aspects so that they can be subjected to mathematical tools and the
philosophic rigor of natural laws. The research style and approach that
characterize the physicist frequently constitute his major contribution to
attacks on problems outside his own specialized field. In the past, the
training of a physicist was characterized also by a breadth and flexibility
that permitted him to range widely in his search for challenging problems,
not only in physics but in other disciplines.

As the problems of society have multiplied—problems of population,
poverty, and pollution, to name only three—largely coincidentally and
unhappily, an erosion of these characteristics of breadth and flexibility has
occurred, with a corresponding reduction in the effectiveness of physicists
as partners in the solution of societal problems. This situation led the
Committee to a much more intensive study of educational and manpower
questions in physics than has been undertaken previously and to explicit
recommendations to the scientific and academic communities for steps to-
ward the resolution of problems in these areas.

Further, because our study has convinced us that a significant part of



4 PHYSICS IN PERSPECTIVE

the apparent alienation of students and younger members of the scientific
community in recent years and the growing tension between them and the
academic, industrial, and federal institutions have reflected both lack of
historical perspective and lack of awareness of current goals and objectives,
we have included significantly more discussion of these aspects than has
been the case in earlier surveys. .

Interfaces with Other Sciences

Again in contrast to earlier surveys and in recognition of the rapidly grow-
ing importance of work at the interfaces between physics and other sciences
and disciplines, we have devoted extensive effort to the achievement of a
better understanding of what contribution physics might make in these
interface areas and what implications such activity might, in turn, have for
the structure of and activity and training in the physics enterprise. Work at
the interfaces ranges from the most abstruse to the most practical. An ex-
ample of the former is the astrophysicist’s search for understanding of the
mechanism for the total collapse of a star into inconceivably small dimen-
sions, together with the study of its light, its magnetic fields, and all other
evidence of its former presence. The search for better isotopes for diagnosis
and treatment of cancer, or the search for understanding of the mechanisms
of nerve action in biophysics, to alleviate ever more of the crippling afflic-
tions that plague mankind are examples of the latter. In geophysics and
planetary science, as a single additional example, the long-awaited under-
standing and prediction of major earthquakes may be at hand, with most
profound practical and social consequences.

In short, in this Report the Committee has attempted to consider not
only the internal logic of physics but also to put physics into a much broader
context and perspective both in science and technology and in U.S. society.
It has also addressed the crucial problems of priority involved in working
toward most effective utilization of support under conditions in which that
support may well be inadequate to permit pursuit and exploitation of many
excellent new opportunities and ideas in the science.

ORIGIN OF THE SURVEY COMMITTEE AND PANELS

The Survey Committee

Early in 1969 and as a consequence of extended discussions within and
among the Committee on Science and Public Policy of the National
Academy of Sciences, the Division of Physical Sciences of the National
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Research Council, the Office of Science and Technology, the President’s
Science Advisory Committee, and several of the major federal agencies
that support physics, a decision was reached to initiate this Survey of the
U.S. physics enterprise. Some of the Survey Committee members were
appointed by then president of the National Academy of Sciences Frederick
Seitz and others by Philip Handler, following his assumption of the presi-
dency during the summer of 1969. At about the same time, a parallel
committee, chaired by Jesse Greenstein, was charged with the responsibility
of surveying the opportunities and needs of astronomy. Both committees
have functioned under the auspices of the Committee on Science and Public
Policy, chaired by Harvey Brooks.

The Subfield Panels .

In developing its report, the Survey Committee early decided that it was
essential that it obtain detailed input from panels of experts in each of a
number of subfields. Several of these subfields have relatively well-defined
and traditional boundaries in physics. These include acoustics; optics; con-
densed matter; plasmas and fluids; atomic, molecular, and electron physics;
nuclear physics; and elementary-particle physics. In addition, there are
several important interfaces between physics and other sciences. In the case
of the interface with astronomy, which is a particularly active and overlap-
ping one, the Physics and the Astronomy Survey Committees agreed to use
a joint panel to report on astrophysics and relativity, an area of special
interest to both. The broad area of overlap of physics with geology, ocean-
ography, terrestrial and planetary atmospheric studies, and other environ-
mental sciences was defined as earth and planetary physics, and a panel
was established to survey it. In covering the physics—~chemistry and physics—
biology interfaces, the broader designations physics in chemistry and
physics in biology were chosen to avoid restricting the study panels to the
already traditional boundaries of these interdisciplinary fields.

Although each panel, particularly those in the core subfields, was asked
to consider the interaction of its subfields with technology, the Committee
anticipated that the emphasis would be on recent developments that ad-
vanced the state of the art and on what is generally known as high tech-
nology. Therefore, to include also the active instrumentation interface
between physics and the more traditional manufacturing sectors of the
economy—steel, drugs, chemicals, and consumer goods, to name only a
few in which many old parameters are being measured and controlled in
new and ingenious ways—a separate panel was established with the specific
mission of examining the entire range of U.S. instrumentation activities.

For each of these subfields and interfaces a chairman was appointed by
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the Chairman of the Survey Committee, and groups of recognized experts,
representing a cross section of activity in each, were brought together.
Two additional panels were appointed to centralize the statistical data-
collection activities of the Survey and to address the questions of physics
in education and education in physics. An extended report on the dis-
semination and use of the information of physics was prepared by one of
the Committee members. In addition, the Survey benefited enormously
from assistance on a wide range of topics from a number of smaller work-
ing groups and individuals.

The Nuclear Physics Panel was established on an accelerated time scale,
and in greater depth as compared with the remaining panels, in response
to a specific request from the President’s Science Advisory Committee
(psac). The request was for a preliminary version of this panel’s report
for PsAc use in policy and planning discussions.

Appendix A provides a listing of the Committee and Panel members
and their affiliations.

A number of subjects in classical physics, such as mechanics, heat,
thermodynamics, and some elements of statistical physics were not con-
sidered explicitly in the Survey. This omission in no sense implies any
lack ‘of importance of these fields but merely indicates that they are mature
ones in which relatively little research per se currently is being conducted.

Early in the Survey Committee activity, a lengthy charge, which appears
as Appendix B, was developed and addressed to each panel. This charge
was broad ranging and dealt with the structure and activity of a subfield,
viewed not only internally but also in terms of its past, present, and poten-
tial contributions to other physics subfields, other sciences, technology, and
society generally. Consonant with the overall survey objectives, each
panel also was asked to develop several detailed budgetary projections
ranging from one that would permit exploitation of all currently identified
opportunities in a subfield to one that continued to decrease during the
period under consideration.

Clearly, the charge was most directly relevant to the more traditional
subfields; in the case of the interface panels, some questions were inevitably
unanswerable without a survey of equivalent scope of the field or fields
on the other side of the interface. In astronomy such a survey was avail-
able. The panels on statistical data, education, and instrumentation were,
of course, special cases. As Volume II of this Report shows, the panels
responded in depth to the questions asked.

Initial draft responses to the charge were presented to the Survey Com-
mittee by the panel chairmen during an extended working session in June
1970, and, following subsequent discussions and reviews, preliminary
panel reports were submitted to the Committee during the summer of
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1971. Whenever possible, each of these preliminary reports was forwarded
also to a group of some ten readers, selected jointly in each case by the
panel chairman and the chairman of the appropriate division of the Ameri-
can Physical Society or other Member Society of the American Institute
of Physics. These readers were chosen, insofar as possible, to include
very active scientists in each subfield, with particular emphasis placed on
the inclusion of younger scientists who had not been previously involved
with the Survey activity. The Committee received excellent cooperation
from all these readers, who provided fresh insight and new viewpoints
concerning many aspects of the panel reports. Their comments and those
of the Survey Committee and other reviewers were carefully considered
by the panels in the preparation of the final reports that appear in
Volume II. Appendix C provides a listing of the readers who participated
in this activity.

In the preparation of its Report the Survey Committee drew heavily on
the panel reports for information on the various subfields and specialties.
The panel chairmen also were most effective participants in many of the
Survey Committee meetings and working sessions.

ORGANIZATION OF THE REPORT

The present volume of Physics in Perspective comprises Volume I of the
complete Physics Survey Committee Report; it is divided into 14 chapters,
including this one. It may be useful to provide here a brief summary of
its contents.

Recommendations

Although recommendations occur throughout the entire report, together
with appropriate background material and discussion, for convenience
we have grouped major recommendations and basic premises in Chapter 2.
In each instance we have indicated both the audience to which the recom-
mendation is primarily directed and the specific chapter in this volume
in which further supporting discussion may be found. More specialized
recommendations and conclusions also appear in each of the panel reports
in Volume II.

The Nature of Physics

Chapter 3 presents a discussion in some depth of the nature of physics as
a science and as a part of Western culture. It addresses such basic ques-
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tions as: What is physics? Why are physicists interested in it? Why
should anyone else be interested in it?

The Subfields of Physics

Chapter 4 includes a summary for each subfield of physics and for the
interface areas considered in the Survey. Each summary describes the
present status, recent developments and achievements, and outstanding
opportunities now identified, together with illustrations selected to demon-
strate the vital unity and coherence of physics. This unity is the subject
of the concluding section of Chapter 4, in which we illustrate first the
remarkable similarity of concepts and theoretical techniques that are em-
ployed in condensed matter, atomic and molecular, nuclear, and ele-
mentary-particle physics, and then the even more remarkable extent to
which almost every branch of classical and modern physics contributes to
the understanding of the recent beautiful measurements on pulsars. In con-
sidering achievements and opportunities we have focused on those relating
to the solution of major national problems and to other fields of science
and technology as well as those internal to physics.

To facilitate a more detailed examination of each subfield, we have
divided each into what we have defined as program elements. These are
scientific subgroupings having reasonably identifiable and unambiguous
boundaries with which it is possible, with reasonable accuracy, to associate
certain fractions of the total manpower and federal funding in each
subfield.

Priorities and Program Emphases in Physics

Chapter 5 is in many ways the heart of the report in that it attempts to
address the very difficult questions of priority, program emphases, and
levels of support. Because new developments and discoveries can change
situations and priorities in physics, as indeed in any human enterprise, in
rapid and unexpected fashion, the Committee thought it desirable to em-
phasize and develop the criteria that could be used as a basis for priority
decisions rather than the specific decisions. Exceptions, of course, occur,
as in the case of major facilities.

To this end we have examined in detail many of the approaches to
priority determination in science that have been discussed in the literature
in recent years, and we include in Chapter 5 our evaluation of the positive
and negative aspects of each. From this broader examination we have
evolved our own set of criteria—much modified in the course of trial appli-
cation to the sets of program elements developed in Chapter 4. We have
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found it convenient and effective to divide these criteria into three classes:
intrinsic, relating to the internal logic of a science and its fundamental
bases; extrinsic, relating to its potential for application in other sciences;
and structural, relating to available manpower, instrumentation, and institu-
tions and to questions of opportunity and continuity,

We have refined these criteria by applying them, in a jury rating sense,
to the program elements of the core subfields of physics. In Chapter 5 we
also illustrate the application of the first two classes of criteria. Because
the structural criteria depend to a much greater extent on detailed knowl-
edge of the individual research project and investigator or group, we have
not attempted any equivalent general illustration of their use. Instead, we
have selected as illustrations certain situations in which structural considera-
tions play a predominant role; for example, situations in which major
facilities, approved and placed under construction in the mid-1960’s, when
quite different conditions and expectations in regard to the growth of federal
support for science prevailed, are now becoming operational and require a
step-function increase in funds for operation. If it should become neces-
sary, under declining or even level support conditions, to obtain these incre-
mental funds through selective termination of other ongoing programs, the
much greater size and costs of the new facilities would require the elimina-
tion of much of the present high-quality activity in each of the subfields
concerned. .

Finally, we address the difficult questions involved in any attempt to
establish a national funding level for physics—or indeed for any science or
other activity that depends heavily on federal funds. We present our evalua-
tion of these difficulties in relation to several recently proposed mechanisms.

We do not recommend an overall detailed national physics program
level. As we emphasize later, this omission reflects the Committee’s con-
clusion that it is impossible for any such group to develop, within the
relatively limited time and level of activity that are possible, either adequate
information or insight to make such a detailed attempt meaningful. Nor
are we convinced that it is inherently desirable for any such small group
to attempt to determine national priorities at this level of detail.

What we have attempted to suggest are criteria and a mechanism for their
use that may enable intercomparison among subfields, or fields, of science
on a more objective basis. We have elicited from the various panels detailed
budgetary projections adequate to permit interpolation to match a wide
range of possible funding levels and thus have attempted to provide con-
tingency alternatives. Finally, using data from the panel reports, presenta-
tions by panel chairmen, and all other information available to us, we
have selected some 15 program elements from the total of 69 that were
subjected to our jury rating procedure that we believe to be particularly
meritorious of increased support and attention.
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In Chapter 6 we attempt to describe the short- and long-range consequences
for physics, science, the U.S. research enterprise, and the nation as a whole
of continued deterioration of federal support. Beginning in 1967 with the
abrupt change in the growth rate of support for physics, a wide variety
of what were regarded as temporary or short-term mechanisms were devel-
oped to sustain individual research programs or groups until better days.
Some of these measures had beneficial effects in forcing maximum efficiency
in the use of available resources. But at the same time many of these
have other effects—some of very subtle character—that in the long run
can seriously weaken or destroy whole segments of the research community.
Measures that are tolerable for a few years as stop-gap measures become
frozen or institutionalized if too long continued—and often with very un-
fortunate consequences.

We do not claim any special position or consideration for physics, al-
though for a variety of reasons that we discuss throughout the Report its
problems are among the more serious in U.S. science. We recognize that
other segments of the U.S. scientific, industrial, and technological sectors
have suffered major disruption also. Our discussion focuses on physics
because we know it intimately. However, we believe that the phenomena
that we observe may have much greater generality and that it is extremely
important that there be greatly increased public awareness of the conse-
guences of a continuing deterioration in the support of US. science.

Physics and U.S. Society

Chapter 7 considers the role of physicists and physics in U.S. society. It
iltustrates through the discussion of selected examples the contributions
that both have made and continue to make to society. It also highlights
some problems that have developed in the interaction between physics and
society in recent years. Here, too, we include a discussion of the connec-
tions between physics and the health of the national economy through the
channel of high-technology industries, in particular, and a comparative
discussion of research and development activities in a number of selected
foreign countries.

International Aspects of Physics

The physics community has from its earliest days displayed a truly inter-
national character. Chapter 8 considers the implications of international
interaction and cooperation for U.S. physics and the contributions that
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the physics community can make to better international understanding and
communication.

The Institutions of Physics

In Chapter 9 we discuss the nature of physics and its institutions and show
how the evolution of the science has led naturally to the development of
three major foci—the universities, the industrial laboratories, and the na-
tional laboratories; we present a brief discussion of their historical evolution
and of the career patterns of typical physicists in each.

In view of a continuing trend toward user-group activity in physics, in
which experimental or even theoretical studies are necessarily conducted
at a site remote from a scientist’s home base to take advantage of a tele-
scope, accelerator, computer, or magnet, we discuss in some detail the
structural and organizational problems that can arise in such user-group
situations and present some recommendations for their alleviation. We
discuss, too, possible mechanisms for increasing the interaction among the
various institutions and the changes in each that such increased interaction
might require or imply.

The Support of U.S. Physics

Closely linked to the growth of U.S. physics has been the development
of a complex federal support structure; indeed, the multiplicity of support
channels has been one of the major sources of strength of U.S. physics.
Because information concerning the way that this complex support structure
functions has not been readily available in the past, and because we believe
that much misunderstanding and misinformation are current throughout
the physics community, we have attempted to provide a brief sketch of the
historical origins of the present support mechanisms and of their current
operation as viewed by a prospective recipient of federal support. Finally,
we briefly discuss the structure and functioning of the many federal agen-
cies that provide funds for research in physics.

Physics in Education and Education in Physics

Because education is so vital to the entire physics community and because,
in turn, physics has much to contribute to education in its broadest in-
terpretation, we have devoted extensive effort to an examination of the
entire U.S. educational enterprise as it relates to both education in physics
and physics in education. This examination encompasses the range from
elementary school to graduate and midcareer education. At all levels we
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found significant problems that must be considered if physics is to realize
its potential contributions to U.S. society, and we address recommendations
to the institutions and agencies that we believe are best qualified to resolve
these problems. We discovered in our study a wide variety of statistical
information that was new and often surprising, at least to members of this
Survey Committee. All this information, with discussion and recommenda-
tions, appears in Chapter 11. '

An important aspect of education, broadly interpreted, is public aware-
ness of science and of its possible contributions to a better life. In the
United States, efforts to inform and educate the public about science are
few and usually of poor quality. The scientific community must accept a
large share of the responsibility for this situation. If the present antiscience
trend is to be reversed, individual scientists and scientific organizations must
be prepared to spend more of their time and money than has been the case
previously in fulfilling their obligation to inform a much larger segment of
the U.S. public.

Manpower in Physics: Patterns of Supply and Use

Using the extensive information that we have extracted from the National
Register of Scientific and Technical Personnel data tapes as well as input
from our own questionnaires and those of the Manpower Committees of
the American Physical Society and the American Institute of Physics, we
have assembled what we believe to be the most complete information
concerning the training and use of U.S. physicists yet available. We include
data on mobility, sociological aspects of physics, and a brief historical
study, and we develop projections for physics manpower needs using
several different models. Although serious problems clearly exist in regard
to employment opportunities in the traditional types of jobs that physicists
have held, there is also evidence to suggest that the scientific and academic
communities are in some cases overreacting, and that unless some action is
taken the oscillatory phenomena associated with the supply of U.S.
physicists in the recent past will not be adequately damped. What emerges
clearly from these studies is that the growth in tenured academic employ-
ment opportunities during the 1960’s was indeed anomalous, and that it
is essential to take steps to broaden the motivations and interests of young
U.S. physicists beyond the academic sector—as was typical prior to the
late 1950’s, for example—or serious dissatisfaction and alienation will re-
main. We discuss these considerations in Chapter 12.
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Dissemination and Use of the Information of Physics

Unfortunately, the available mechanisms for disseminating and consoli-
dating the information of physics so that it is readily and conveniently
available to all potential users have simply failed to keep pace in many
areas with the rapidly increasing rate at which individual facts can be
wrested from nature in modern research laboratories. Consequently, in
many branches of U.S. physics a situation has developed in which it fre-
quently is simpler, faster, and less expensive to remeasure a desired datum
rather than to find its previously measured value in the scientific literature.
This situation represents an unacceptable waste of the time and resources
of the entire scientific community. In Chapter 13 we describe in detail the
functioning of the various media for the communication of the information
of physics. Again, we have developed an extensive body of new statistical
information. We discuss these data in relation to current problems and
develop specific recommendations directed toward different sectors of the
physics enterprise. These recommendations suggest steps that, if imple-
mented, can alleviate or resolve the present difficulties.

Policy Considerations: Conclusions and Findings

In addition to the major recommendations that we have collected in
Chapter 2, the Committee activities during the Survey also led to a number
of conclusions and findings that we believe are important for longer-range
planning for U.S. physics and for the most effective use of the resources
that become available to it. Many of these findings and conclusions may
be found throughout the Report, with their supporting discussion and
statistical information. However, for convenience, we have collected our
conclusions and findings in Chapter 14 together with brief introductory
remarks for each. We have grouped them according to the different audi-
ences most directly concerned.

Consequently, Chapters 2 and 14 constitute a condensed presentation
of the recommendations and conclusions that the Committee developed
during the course of its Survey. The entire report (including both this
volume and the one containing the reports of the various subfield panels)
provides the detailed support and justification for these recommendations
and conclusions,.
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RECOMMENDATIONS

INTRODUCTION

Science is knowing, and the most lasting and universal things that man
knows about nature make up physics. As man gains more knowledge, what
would have appeared complicated or capricious can be seen as essentially
simple and, in a deep sense, orderly. To understand how things work is
to see how, within environmental constraints and the limitations of wisdom,
better to accommodate nature to man and man to nature.

For more than 25 years physics in the United States has set the style
and pace of worldwide activity in this discipline. The major thrust of this
Report is based on the belief that the interests of both the nation and this
science will continue to be served best by the maintenance of physics as a
vigorous enterprise at or near the frontiers of activity in each of its various
branches. Such an objective is consistent with the vital role that physics
plays in society, the unity of science, the importance that pre-eminence in
science implies for the nation, and the expressed intent of both the execu-
tive and legislative branches of the U.S. Government.

The achievement of this objective in the face of changing national goals
will require both making the most effective use of present resources and

14
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finding new sources of support for physics. Some of the difficult choices
that may lie ahead, together with their probable consequences, are detailed
in Chapter 5 of this Report and form the basis for the recommendations
that follow. These recommendations are addressed to the community of
physicists, which holds the responsibility for utilizing existing resources as
wisely as possible, and to the federal government, from which additional
support must be sought. They are augmented by the conclusions and find-
ings ‘presented in Chapter 14. Each has been cross-referenced to the
chapter, or chapters, of the Report upon which it is based and to the
specific audience to which it is addressed. More specific recommendations
are to be found throughout the Report and in the panel reports in Volune
II, with the discussion that supports them.

Throughout the Report, and in many of the recommendations that follow
in this chapter, we necessarily have addressed problems that are not unique
to physics but common to all the sciences. Our discussions and recom-
mendations relate almost entirely to the physics aspects of these more
general problems and must be understood in this context as a contribution
from one of the sciences to what must be, in many cases, much broader
considerations.

SOURCES OF SUPPORT

Let there be no misunderstanding. Even with the most judicious use of
existing resources, this nation cannot continue as a leading contributor to
world physics without support greater than is now available. This objective
faces the hard facts of changing national goals. Three of the four federal
agencies that currently are responsible for more than 90 percent of the
federal support of U.S. physics—the Atomic Energy Commission (AEC),
Department of Defense (pop), and National Aeronautics and Space Ad-
ministration (NASA)—continue to suffer reduced funding, especially for
their fundamental research programs; only the National Science Founda-
tion (NSF) has experienced budget increases, and these have been largely
offset by the transfer of basic research projects from other agencies and by
the diversion of funding to more technologically oriented projects. In
general the federal component of support is by far the largest and con-
sequently commands greatest attentjon. To satisfy the new national priori-
ties and make possible the achievement of the stated objectives of many
of the new federal agencies, it will be necessary both to maintain and
expand the research programs of the agencies that presently support
physics and to develop other appropriate sources of funding for physics
within the federal government.
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Recommendations

FEDERAL GOVERNMENT
Support Agencies
Chapter 5

Chapter 14

FEDERAL GOVERNMENT
Support Agencies
Chapter 10

Chapter 14

1. The federal agencies that have a long-
term dependence on physics (the Atomic En-
ergy Commission, Department of Defense, and
National Aecronautics and Space Administra-
tion) should expand their support to a level
more nearly commensurate with their stated
needs. A strong reversal of the present down-
ward trend in the support of basic science
components of their programs is required to
ensure the long-range capabilities of these
agencies to fulfill their responsibilities.

2. All federal agencies with missions that
rely to some extent on basic physics should
accept the support of physics research as a
direct responsibility. These agencies include,
among others, the National Institutes of Health,
Department of Transportation, Department of

Housing and Urban Development, Department
of the Interior, Environmental Protection
Agency, and Department of Commerce. The
Office of Science and Technology should work
with these agencies to develop general guide-
lines for such support. A 100:10:1 ratio,
corresponding to the value of the high-tech-
nology product, the support of the related de-
velopment, and the support of the underlying
basic research, has characterized some mission-
oriented federal agency and industrial programs
in the past. The new agencies should strive
for such a ratio in the allocation of their re-
sources. If the side effects as well as the
major thrust of each new development are to
be understood and steps taken to mitigate or
avoid possible undesirable consequences, it
will be necessary in the future to continue
research as an integral part of the development
process. This added requirement will inevita-
bly increase tie fractional research cost for
new developments.
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Recommendations (Continued)

FEDERAL GOVERNMENT

The Congress

Atomic Energy Commission
Chapter 10

Chapter 14

FEDERAL GOVERNMENT

The Congress

Atomic Energy Commission
Chapter 10

Chapter 14 -

FEDERAL GOVERNMENT
Support Agencies

National Science Foundation
Chapter 10

Chapter 14

3. The recent addition to Section 31 of
Paragraph (6) of the Atomic Energy Act as
well as the revision of Sentence 1, Section 33,
which now give the Atomic Energy Commis-
sion a general responsibility for research on
energy, should be interpreted as encouraging
support of those areas of basic research in
physics that underlie this broadened responsi-
bility of the Commission. To reflect the
seriousness of the energy problems of the
United States and the world, research appro-
priations of this agency should be increased
substantially to permit vigorous attack on all
aspects of research into energy generation and
transmission. (See also page 50.)

4. In view of the outstanding success with
which the U.S. Atomic Energy Commission has
developed and supported a broad program of
fundamental physics research, both in the past
and at present, the Atomic Energy Commission
should seek the necessary support—and the ap-
propriations to this agency should be cor-
respondingly increased—to enable it to main-
tain and expand its support of basic physics
research programs in both the universities and
the national laboratories.

5. In accordance with its primary respon-
sibility for federal support of basic science, the
National Science Foundation should seek to
maintain the integrity and balance of the na-
tional physics program through selective em-
phasis on those segments of basic physics that
have less obvious relevance to the missions of
other federal agencies supporting physics re-
search. Balance in the national physics enter-
prise should take priority over balance of the
National Science Foundation physics program
itself. To function adequately in this role the
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Recommendations (Continued)

national support in basic physics now provided
by the National Science Foundation should
roughly double, and appropriations to this
agency should be increased for this purpose.
This increase should not be at the expense of
the ongoing programs of the mission-oriented

agencies.
PHYSICS COMMUNITY 6. In certain areas of basic physics, industrial
Nonacademic support is comparable with that from federal
Chapter 4 sources. It is desirable that this industrial sup-
Chapter 7 port be maintained or increased to reflect the

probable increased relevance of such knowl-
edge to industry in the future, in relation to
both productivity and the increasing need for
foresighted technology assessment prior to the
marketing of new products. Productivity will
be of rapidly growing importance in maintain-
ing the international competitiveness of U.S.
industry over a broad range of product sectors.

STABILIZATION OF SUPPORT

As in any enterprise involving long-range goals, specialized facilities, and
highly trained people, a degree of stabilization and continuity in the support
of physics is essential to minimize the dislocation and waste of opportunity
and training that all too frequently follow sharp changes and fluctuations
in support. The consequences of the abrupt 1967 change in the rate of
growth of U.S. physics support provide an instructive example and empha-
size the need for developing and implementing long-range projections.

At the heart of the stability problem is the fact that the funding cycle has
been an annual one, while the cycle for an experimental program, the
completion of a graduate program of study, or the development of new
research concepts to the stage at which they are widely used is more typi-
cally three to five years—if not longer. Many of the consequences of
uncertainty could be removed if it were possible for funding agencies to
provide investigators with reasonable assurances of support over this
longer period. Certain agencies have attempted to establish their support
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of physics on such a forward-funding basis. Introduced some years ago
during a period of increasing support, forward funding was rejected by
most physicists because they felt that it would limit the flexibility and
growth potential of their research programs. In the present period of more
restricted funding, the advantages of forward funding have become much
more widely appreciated and sought after. Unfortunately, however, this
funding mechanism was an early casualty of the increasing pressure on
agency budgets.

It should be emphasized that forward funding as such does not imply
increased support levels. If the appropriations for a given fiscal year can
be increased adequately to permit agencies to provide assurance of support
for a portion of their programs for three to five years in advance, greatly
increased stability can be obtained without increased treasury withdrawals
for any given year. The annual cash flow would not be changed by such a
procedural change, yet the return to science and the nation could be great.
However, it will be important to avoid loss of flexibility, with the resultant
inability to respond rapidly to new opportunities and needs; an appropriate
balance between stability and flexibility might be achieved initially if one
third of the program support were provided on a forward-funding basis.

Recommendations
FEDERAL GOVERNMENT 7. The federal agencies supporting physics
Support Agencies should seek an increase in their appropriations
Office of Management and in fiscal year 1974 and any necessary authority
Budget such that approximately one third of their phys-
Office of Science and ics projects could be assured support for a
Technology three- to five-year period. This particular in-
Chapter 6 cremental appropriation should be carefully
Chapter 14 supervised by the Office of Management and

Budget to assure that it is used only as needed
for the purposes of stabilization and not for an
increase in program expenditures. It would im-
ply that for those projects supported under the
forward-funding programs, planning would al-
ways cover a minimum of three years.

ALLOCATION OF SUPPORT

One of the difficult decisions that must be faced in allocating available sup-
port involves the balance between two important national goals: the mainte-
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nance and advancement of the most innovative and significant science
and the distribution of the available support to as many promising indi-
viduals and institutions as possible. When support is level or decreasing,
these goals frequently are competitive and the choices are especially diffi-

cult to make.

The support of the highest quality activity and most promising people
has long been a feature of the U.S. funding pattern; under conditions of
limited funding this feature takes on increasing importance.

Recommendations

FEDERAL GOVERNMENT
Support Agencies
Chapter 5

FEDERAL GOVERNMENT
Support Agencies
Chapter 5

FEDERAL GOVERNMENT
Support Agencies
Chapter 5

8. Under current and foreseeable economic
constraints it is not possible to support ade-
quately all those individuals and research

- groups identified as having excellent research

ideas and high research potential as judged by
federal agency review procedures and peer
evaluations. In decisions on the allocation of
funds, therefore, preference must increasingly
be given to maintaining the position of indi-
viduals and groups who are at, or very near,
the forefront of world activity in their subfields,
consistent with maintenance of balance in the
overall national program of physics.

9. Under conditions of limited support, pro-
grams should be terminated and facilities
should be closed in preference to continued
operation of all under marginal conditions.

10. The construction of new facilities and
the initiation of new programs should be re-
stricted to situations in which clearly defined
new needs or opportunities exist; under condi-
tions of limited funding, programs and facilities
justified primarily on the basis of geographical
or institutional equity should be deferred. At the
same time it must be emphasized that failure to
respond to new needs and opportunities, when
a clear consensus regarding them exists in any
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Recommendations (Continued)

scientific field, can have an unusually detri-
mental impact on the overall progress of that

field.
PHYSICS COMMUNITY 11. While physics departments should con-
Academic tinue to give students as wide a choice of fields
Chapter 11 of specialization as feasible, they should not
Chapter 14 support or initiate programs in areas of phys-

ics simply to have activity in all its major sub-
fields. They should concentrate on those areas
in which they can meet or exceed the critical
level of activity required for high-quality work.
Significant progress has already been made in
the physics community in evolving regional
cooperative arrangements to utilize most effec-
tively particular strengths of the participating
departments. These cooperative arrangements
must be pursued with even greater vigor in the
future.

PHYSIcs AND NATIONAL GOALS

Limitations on man’s ability to fulfill human needs often have technical
components that can be removed only through research and development.
Therefore, many industries and many federal agencies, such as the poD,
NASA, AEC, National Institutes of Health, and Department of Agricuiture,
invest heavily in research and development. However, some large indus-
tries and a number of federal agencies support little or no research and
development.

Transportation, housing, and environmental quality recently have been
designated national problem areas, and large federal agencies have been
established to deal with them. To realize their potential for national
service it is important for these new agencies to find ways to bring science
fully to bear on the achievement of their missions.

Environmental monitoring provides an example of a problem area in
which physics has an immediate and important role. The contaminants
of greatest significance are frequently present in the natural environment at
concentration levels so low that they elude detection with conventional
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monitoring instrumentation, yet the long-term consequences of their pres-
ence could be serious. Fundamental to any effective program of environ-
mental improvement or control is the ability to detect these contaminanis
accurately with reliable and often portable instrumentation. The physics
community has already responded effectively with a whole range of new
ultrasensitive monitoring devices, but much remains to be done.

Recommendations

FEDERAL GOVERNMENT 12. The Department of Transportation, De-
Support Agencies partment of Housing and Urban Development,
Chapter 7 and Environmental Protection Agency, as well
Chapter 10 as other agencies, should be encouraged by the
Chapter 14 Congress, the Office of Science and Tech-

nology, the Office of Management and Budget,
and the scientific community—through legisla-
tion, directed funding, and proposal pressure,
respectively—to undertake and support sub-
stantial research and development programs
in physics relevant to their missions, including
the basic rescarch that contributes to their tech-
nical capability.

By making physicists partners in the enterprise, several benefits will accrue
to both the agencies and the national scientific and technical effort. First
will be the advantages of a plurality of decision centers and a consequent
diversity of criteria and viewpoints. This situation is healthy for science
itself and also ensures an agency influence on the direction of evolution
of the subdisciplines likely to be of particular significance to the agency
in the future. Second, the association of both in-house and external scien-
tists with the mission of an agency will assist it in the identification and
appraisal of scientific discoveries made elsewhere in terms of their potential
applicability to agency problems. Third, this association will help the
agency in recruiting scientists who might later move into the more applied
problem areas of the agency, or identify new significant areas of basic
research deriving from the technology of particular concern to the agency.
In this way agency support of basic and long-range applied research can
serve to sensitize portions of the scientific community and the educational
system to particular societal problems that are the responsibility of the
agency. During the 1950’s and 1960’s the poD played such a role. It was
beneficial to both defense technology and the development of science, but,
because defense support assumed a very large relative role, particularly
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in physics and engineering, some unbalance of effort may have resulted.
Today national priorities are changing, and physics has much to contribute
to the solution of the newly emerging problems, but a serious effort is
required to discover and establish the appropriate links between physics
and these new areas. Relevance is not always obvious at first, and its
discovery requires serious intellectual effort from both scientists and
potential users of science.

Paysics AND THE NATIONAL EcoNoMY

The relationship of technology to a healthy economy and a high standard of
living has received much study. Advanced technology is also widely re-
garded as playing a crucial role in maintaining U.S. leadership in interna-
tional trade, as is discussed in Chapter 7.

Although a direct connection between the health of a nation’s scientific
enterprise and its economic strength may be difficult, if not impossible, to
establish unambiguously, there is growing evidence to suggest that economic
strength is linked not only to science itself but also to the scientifically
trained manpower that flows into industry. In any steps taken by the
federal government to improve the U.S. economy, certain measures relating
particularly to the scientific aspects appear vitally important.

Recent developments have created serious demoralization in the scientific
and technological community, largely because of the coincidence of three
events. First, the financial crisis of the universities, cutbacks and policy
changes in federal support of academic science, and rapid phase-out of
student aid programs have combined to reduce abruptly the demand for
new science facuity. Second, after 20 years of uninterrupted growth relative
to manufacturing output, industrially financed research and development
-have been declining because of the national economic recession, and indus-
trial basic research has been particularly seriously affected. Third, federal
cutbacks of research and development programs in aerospace and elec-
tronics, which have been going on since 1965, have produced serious
employment dislocations among technical people, accentuated in certain
geographical areas. These three trends reinforcing each other after a
long period of scientific and technological prosperity have had a truly
devastating effect on the physics profession. Yet these trends have come
at a time of growing realization that the nation faces serious challenges
in the fields of energy, transportation, and environmental protection and
management and a breakdown in the delivery of several important public
services such as education, health care, social welfare, and other urban
services. All of these challenges have important scientific and technological
content.
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Recommendations

FEDERAL GOVERNMENT
Chapter 7

SCIENTIFIC COMMUNITY
FEDERAL GOVERNMENT
Support Agencies
Chapter 7

Chapter 14

13. The federal government should take im-
mediate steps to develop new mechanisms and
incentives for the support of substantially ex-
panded industrial basic and applied research
programs. The support by industry of the basic
science that can contribute to its products and
services—both in-house research and coopera-
tive efforts with universities and governmental
laboratories—should be strongly encouraged as
one approach to strengthening the base of the
nation’s industrial economy. Means should be
sought to stimulate support of basic research
by associations of all member companies in an
industry. The benefit to the nation’s industry
as a whole, resulting from any typical piece of
industrial research, can usually be shown to be
considerably greater than the benefit received
by the particular industry that supported this
research.

14. During the last decade there has been
rapid growth in economic research on comput-
ing rates of return on investments in the inno-
vation process in both industry and agricul-
ture. Nevertheless, this field of research is still
in a very rudimentary state, and very few de-
finitive conclusions are possible. Furthermore,
there is almost no adequate understanding of
the interrelationships or relative contributions
of the various components of the total inno-
vation process ranging from basic research
through development to production and mar-
keting. Greater collaboration is strongly urged
among natural scientists, economists, and SOCi-
ologists in developing a more coherent and
usable theory of the innovation process, and we
urge federal agencies such as the Department
of Commerce and the National Science
Foundation to identify and support worthwhile
projects in this area. At the same time great
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caution should be exercised against drawing
practical policy considerations from such stud-
ies prematurely.

PuBLIC AWARENESS OF SCIENCE

Science is generally regarded as a vital element of western culture. Physi-
cists, and indeed all scientists, owe it to themselves and to society to
develop increased public awareness of this relationship. Yet, despite much
lip service, little use has been made of public information media to fulfill
this obligation to the public, and the potential of the professional and
scientific societies for creative activity in this area also has been too little
utilized. The time has come for individual physicists to demonstrate in
more tangible fashion their support for oft-repeated statements of principle
in this area. The BBC second channel, for example, presents an hour-long
scientific documentary for each of 40 weeks each year; competing in prime
time, these documentaries have an audited response that has reached five
million persons, or some 11 percent of the British population. In con-
trast, U.S. television coverage of science is in a sorry state.

Recommendations
PHYSICS COMMUNITY 15. All physicists, whatever the nature of
Chapter 11 their professional activity, should encourage

those members of the physics profession with
talent for such activity to devote a significant
fraction of the time and resources available to
them to introduce as many of their fellow citi-
zens as possible—children and adults alike—
to the pleasures and satisfaction that come from
greater understanding of natural phenomena
through application of the concepts and laws,
as well as the style and approaches, of physics.
A small but increasing number of physicists
have written books and articles presenting the
activities in their field at a level accessible to
an interested public. Very much more remains
to be done.
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Recommendations (Continued)

PHYSICS COMMUNITY
Chapter 11

PHYSICS COMMUNITY
Chapter 11

PHYSICS COMMUNITY
Nonacademic
Chapter 11

PHYSICS COMMUNITY
Chapter 11

16. The member societies of the American
Institute of Physics should assess each of their
individual members not less than ten dollars
per year to create a fund that would be used
by the American Institute of Physics as seed
money, and with matching assistance from
foundations and other private sources, to fur-
ther the use of mass media for informing the
public in an understandable and interesting
fashion concerning physics and its role in con-
temporary society.

17. Recognizing the dominant position that
television now enjoys in reaching the U.S.
public and the future potential of cable tele-
vision in particular, the American Institute of
Physics, with support such as that recom-
mended above, should actively explore the
presentation of a continuing series of television
programs concerning physics. A joint venture
with other major scientific societies such as the
American Chemical Society should be con-
sidered in order to reach a critical size at the
earliest possible time. The National Academy
of Sciences should take the lead in bringing
together the interested parties and in coordinat-
ing this effort.

18. Industries and foundations should fur-
ther develop channels and mechanisms for sup-
porting the creative utilization of public com-
munication media in areas of science. The
U.S. Steel Foundation, for example, annually
awards, through the American Institute of
Physics, prizes for distinguished scientific
journalism and scientific writing directed to-
ward a broad public audience.

19. Physicists should work actively to en-
courage and support science museums as ef-
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fective approaches to furthering public aware-
ness of science. Washington, Boston, Chicago,
New York, and San Francisco are examples
of major U.S. cities with established science
museums that are used as centralized teaching
resources for the entire urban communities they
serve. The San Francisco Exploratorium con-
cept, which makes possible greater interaction
between visitors and the museum displays,
marks an important advance in the effective-
ness of such institutions; other possibilities exist
and should be developed.

PHYsICS AND PRECOLLEGE EDUCATION

In a viable democracy it is essential that each participating citizen appre-
ciate the scientific and technological bases of his society. Unless the gen-
eral public can understand something of the world of science and appreciate
the nature and goals of scientific activity, it will not be able to fit science
and technology properly into its perspective of life. As that life becomes
increasingly conditioned by the products of science and technology, dif-
fidence and even apathy grow, ultimately having adverse effects on the
nation’s capacity to maintain leadership, whether it be moral, intellectual,
or economic. The science education of the general public beginning in the
earliest school years should be a matter of grave concern to the physics
community.

The typical U.S. teacher, at both elementary and secondary levels, is not
well equipped to guide his pupils in learning that science is more than a
collection of facts to be memorized or technigues to be mastered but is
instead an inquiry carried on by people who raise questions for which
answers are unknown and who have gained confidence in their ability
to reach conclusions, albeit tentative ones, through experiment and care-
ful thought sharpened by the open criticism of others. At the same time
science is that body of established fact that is the common heritage of all
men.

This inability of most teachers to impart some understanding of the
nature of science results largely from a science education that fails to give
the potential teacher an adequate appreciation of either of its above aspects.
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Thus we recycle the attitudes that sustain widespread illiteracy about sci-
ence and technology. There is a point of leverage in the cycle; all future
teachers should receive increased exposure to science and appropriate
mechanisms should be developed to this end. Physics departments and
faculties in universities and colleges cannot afford to ignore the opportunity
thus presented to initiate a long-term but sure approach to public under-
standing through education of the teachers who will provide the main point
of contact between science and the average educated member of the public.

At the same time current indicators suggest that elementary and sec-
ondary school teaching is an oversubscribed employment market. These
teachers typically acquire tenure after three years (as opposed to the seven
years characteristic of college and university teachers). As a result, only
a relatively small fraction of the total number of U.S. schoolteachers will
be replaced in the near future. Consequently, changes in the education
of new recruits to the teaching profession are not enough; the retraining
and continuing education of the present teachers are essential and major
components of any realistic effort to improve the quality of precollege
education in the United States.

Recommendations

PHYSICS COMMUNITY 20. Physics faculties in colleges and univer-
Academic sities should acknowledge their clear respon-
Chapter 11 sibility for science education of the general

public by developing and staffing courses, suit-
able for all the teachers of our young, that em-
phasize individual inquiry, contact with phe-
nomena, and critical evaluation. Excellent
models for these courses already can be found
in the new elementary school science curricula
to which physicists have made major contribu-
tions. Because such courses have merit for the
nonscience student more generally, faculties of
institutions not offering a degree program in
education should involve themselves just as
intensively in this effort as should those having
direct responsibility for teacher preparation.
Science is too vital a part of modern life to be
taught only as a separate unit. More emphasis
should be given to the importance of physics
in other fields of endeavor.
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PHYSICS COMMUNITY
Academic
Chapter 11

FEDERAL GOVERNMENT
Office of Education
Chapter 11

Chapter 14

PHYSICS COMMUNITY
Chapter 11
Chapter 14

PHYSICS COMMUNITY
Academic
Chapter 11

21. U.S. colleges and universities should de-
velop and make available to science majors, as
well as recent graduates, the courses that would
be required to enable them to meet state cer-
tification requirements for teaching in public
schools. The justification, in principle, for ap-
priate methodology requirements is recognized.
However, many excellent candidates are pres-
ently precluded from precollege teaching be-
cause of certification requirements that fre-
quently emphasize methodology at the expense
of content.

22. The Office of Education should en-
courage all state departments of education to
work toward a uniform set of certification re-
quirements with enhanced emphasis on content
as opposed to methodology. Progress in this
direction would serve to increase the pool from
which scientifically talented and trained person-
nel might be attracted into precollege teaching.

23. The physics community should expand
its current involvement in local educational
activities and should actively support and en-
courage those of its members with talents for,
and interest in, the improvement of science
teacher training and of the science content in
precoliege curricula. Cable television, with its
greatly increased capability for educational use,
should not be overlooked by physicists as a tool
in their attempts at improving physics educa-
tion at all levels.

24. Universities and colleges should make a
particular effort to develop and make available
to schoolteachers, in their local areas, courses
designed to improve the level of their training
in their various fields of academic specializa-
tion.




There is abundant evidence that practically all those who major in physics
in college and go on to a PhD have taken at least one physics course in high
school. Thus high school physics enrollment is a good indicator of the
potential future supply of physics and, to some extent, engineering man-
power. High school physics enrollments have been going sharply down-
ward for several years, as discussed in Chapter 12, and the decline may
well become even sharper in view of the present employment situation
for physicists. As a practical matter there is approximately an 11-year
lead time in the production of PhD physicists; therefore, it is important
to keep careful watch on the pool of high school physics students. Both
the scientific community and the federal government must take active
measures to alleviate the possible consequences of overreaction to present
employment problems insofar as this results in decreased scientific exposure
in precollege education.

Recommendations

PHYSICS COMMUNITY 25. The physics community and the federal
FEDERAL GOVERNMENT government should monitor the potential pool
Chapter 12 of high school graduates from which future

physicists are drawn. There is an urgent need
to develop more sophisticated dynamic models
of the manpower flows in physics that take into
account the influence of economic factors on
the supply of potential talent at all levels and
the demand for physicists at the BS and PhD
levels. The government and the physics com-
munity should move to counteract present tend-
encies to escalate formal educational qualifi-
cations for employment and give more publicity
to the career opportunities, including teaching
below the college level, that are available to
BS and MS level physicists.

Puysics AND UNDERGRADUATE EDUCATION

The goal of physics is a deep understanding of nature economically reduced
to a few broad principles. Therefore, it provides a foundation on which
other sciences and engineering can build. But physics is also a vital part
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of human cultures, as Chapter 3 indicates. During the past decade U.S.
colleges and universities have emphasized the preprofessional aspects of
undergraduate physics, frequently to the exclusion of courses directed to-
ward nonscientists or nonphysicists. Frequently, too, this preprofessional
bias has led to the exclusion from undergraduate curricula of courses in
more applied subfields of physics such as optics, acoustics, and hydro-
dynamics.

Recommendations

PHYSICS COMMUNITY 26. Physics departments should place re-

Acadermic newed emphasis on the teaching of physics to

Chapter 11 nonphysicists. To do so requires the develop-
ment of curricula parallel to those designed
for preprofessional majors. Much progress has
already been made in this direction in recent
years.

PHYSICS COMMUNITY 27. The physics community and physics

Academic departments should make a determined effort

Chapter 11 to regain the breadth and flexibility that have
traditionally characterized education in physics.
Accomplishing this objective will require a re-
emphasis on many branches of classical physics
in undergraduate and graduate curricula, stimu-
lation of broader interests among students, and
exposure to the opportunities and challenges
presented outside the core areas of contempo-
rary physics and other than those that academic
teaching and research can offer.

FEDERAL GOVERNMENT 28. As noted above, the federal government

PHYSICS COMMUNITY and the physics community should act to

Chapter 12 maintain a level of BS physics production ade-

quate to the nation’s needs. The number of
BS degrees granted in physics should not be
allowed to fall much below the present 5000
per year if a supply of manpower adequate to
fulfill future teaching and research needs is to
be maintained. Current trends suggest that un-
less vigorous corrective action is taken now, the
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Recommendations (Continued)

PHYSICS COMMUNITY
Chapter 11

PHYSICS COMMUNITY
Academic
Chapter 11

nation will experience yet another major oscil-
lation wherein the supply of and need for
trained physicists become grossly mismatched.

29. The physics community, acting through
the American Association of Physics Teachers,
should prepare and publish objective de-
scriptions of the curricula and the facilities
available for the teaching of physics in all those
institutions that now offer a stated undergrad-
uate major in the field. This measure will not
only act to provide much needed information
to secondary school graduates embarking on a
career but also will foster upgrading or elimina-
tion of marginal programs. The American In-
stitute of Physics currently publishes an annual
Directory of Physics Departments. This Direc-
tory, however, is all too rarely accessible to
undergraduates and is not designed to provide
information adequate for an informed choice
of graduate programs. Too many physics
students, having invested one or more years
in graduate programs, find themselves trapped
in schools or programs with faculties and facil-
ities inadequate to provide them with an edu-
cation of high enough quality to enable them to
compete effectively in the employment market
or to enable them to realize their inherent
potential for career growth.

30. Greater emphasis must be placed on
regional cooperation wherein individual physics
departments can specialize in their research
activities to achieve ‘“‘critical mass” while at
the same time providing an adequately broad
educational exposure to their students through
cooperative utilization of faculty to teach ad-
vanced courses in their areas of specialization.
A number of successful examples of such coop-
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eration already exist in the physics community.
The physics community should face the fact
that faculty requirements for teaching and re-
search have very frequently been mismatched.
All too often such mismatches have been ef-
fectively hidden by funding from external
sources. In many physics departments the
numbers of undergraduate physics majors and
physics graduate students simply do not justify
a faculty of adequate size to mount research
programs of critical mass in all the areas in
which they currently pursue research.

GRADUATE EDUCATION IN PHYSICS

Traditionally, graduate education in physics has involved a style of activity
and a flexibility of approach that prepared students for a broad range of
activities. Departments of physics in major institutions have a continuing
responsibility to provide the best possible graduate education to those who
want it and can profit from it. However, for at least the next few years
it should be recognized that holders of advanced degrees in physics will
less easily realize their aspirations, if these lie in the academic sphere, than
in the 1960’s. This rather abrupt shift in the market for physicists places
an especially heavy responsibility on teaching faculties to provide realistic
advice to their students concerning their projected career opportunities.

A number of current problems in graduate education in physics reflect
the rapid growth of both faculties and facilities in the nation’s physics
departments during the 1960’s. (See Chapter 12.) Although it is obvious
that the quality of many of these departments improved markedly during
this process, a fundamental instability was built into the academic system
through the generally accepted practice of using federal grant and contract
support to pay increasingly large fractions of the salaries of faculty mem-
bers. Many departments used this mechanism to expand the size of their
faculties, both tenured and nontenured, beyond the number that their
institutions could afford to carry during periods of reduced federal funding
of academic physics.
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Recommendations

PHYSICS COMMUNITY
Academic

Chapter 11

Chapter 12

PHYSICS COMMUNITY
Academic
Chapter 14

31. Physics department faculties should de-
vote particular attention to the counseling and
guidance of students who wish to undertake
graduate education in physics to ensure that
their career choice is a well-considered one.
This responsibility involves an honest and real-
istic appraisal of the faculty and facilities of the
institution involved and of how their contribu-
tions to the educational needs of the student
compare with those obtainable elsewhere. It
also involves supplying students with realistic
assessments of the job market and of their
abilities to compete in it. Physics depart-
ments have an obligation to offer an education
that provides maximum flexibility in adapting
to career options.

32. University administrations should recog-
nize their local responsibility for the mainte-
nance of the viability of their scientific depart-
ments. In many fields, and especiaily in physics,
dependence on external support for research
has become so great that fluctuations in that
support can be disastrous, unless damped by
local action. The present tendency to shift this
responsibility to the federal government alone
can have serious and unfortunate consequences,
as the current situation all to clearly indicates.
In particular, university administrations should
exercise restraint in the establishment of new
or expansion of old programs simply because
of the apparent availability of federal or other
external support. They should exercise equal
restraint in terminating established and ongoing
programs simply because of the disappearance
of this same external support and, to a degree
much greater than has recently been the case,
should be prepared to devote institutional re-
sources to the orderly readjustment of the many
high-quality programs that have experienced
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PHYSICS COMMUNITY
Academic

Chapter 9

Chapter 14

drastic reductions in their external support.
University departments and administrations
should take steps to reduce their dependence
on funding sources external to their institutions
for the support of academic-year faculty
salaries.

33. Physics departments should abandon the
idea that to achieve or maintain greatness they
must maintain research activity simultaneously
in all the major subfields of physics. Rather,
under conditions of limited funding they should
select those areas in which they have the
faculty and facility resources to achieve or
maintain excellence and, if necessary, sacrifice
marginal programs to permit the development
of these selected areas. Many of the established
physics departments, indeed, have long ago
made such hard decisions; if many of the other
departments do not follow this example, they
risk mediocrity. Obviously, such actions, at the
same time, place a high premium on the de-
velopment of local or regional cooperative ar-
rangements among institutions whereby the
specialized training and research facilities of
each are available to all. Otherwise there is a
real danger that graduate education can become
even more specialized and inflexible than it
frequently is now.

INTERDISCIPLINARY ACTIVITIES

Physics and physicists have significant contributions to make to the solution
of major national problems, many, if not all, of which require concerted
attack by a wide variety of disciplines. The attention these national prob-
lems have received recently has fostered the rapid development of inter-
disciplinary programs, majors, and departments in various U.S. colleges
and universities, Although many of these activities are of high quality,
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great care is needed io prevent the programs, the teachers, and the taught
from becoming divorced from the underlying disciplinary roois. The prob-
lem of the second and later generation in interdisciplinary areas requires
particular attention. Although the first generation comes, necessarily, from
well-established fields with clearly defined requirements and intellectual
standards, there is a tendency, in response to the often broader spectrum
of activities related to an interdisciplinary field, to substitute, in the training
of second-generation students, a somewhat cursory or introductory expo-
sure to many subjects for fundamental mastery of a few basic subjects.

Recommendations

PHYSICS COMMUNITY 34. Since it is reasonable to assume that per-

Acadermic sons with a solid foundation in and open com-

Chapter 11 munication with a particular discipline can

Chapter 14 make the most significant contributions to in-
terdisciplinary activities, colleges and univer-
sities should guard against proliferation of in-
terdisciplinary degree-granting educational pro-
grams at the undergraduate level. Rather, they
should concentrate on providing a strong
grounding in the fundamental disciplines and
use interdisciplinary programs to produce in-
creased awareness of the application of these
fundamentals.

PHYSICS COMMUNITY 35. Universities should facilitate the study

Academic of interdisciplinary and interdepartmental prob-

Chapter 11 lems at the graduate level and should be pre-

Chapter 14 pared to recognize imaginative and innovative

contributions to the solution of such problems
as equivalent to the traditional departmentally
oriented dissertations in satisfaction of degree
requirements. At the same time the intellectual
standards of the participating disciplines should
be clearly maintained in the graduate course
work components of these degree requirements.
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THE ROLE OF PHYSICISTS IN THE EDUCATIONAL AGENCIES

Scientists in the United States in general, and physicists in particular, have
had little direct contact with the activities of the Office of Education of
the Department of Health, Education, and Welfare. Consequently, they
have had relatively little influence in the community of professional educa-
tors or the development of national policies affecting education. This situa-
tion also exists at state and local levels. The major interaction between
scientists and the professional education groups has occurred through the
Education Directorate of the NSF.

Recommendations

FEDERAL GOVERNMENT 36. Legislation should be sought that would

The Congress require the establishment, in the Office of

Chapter 11 Education, of advisory committees of scientists
and educators for each of the major scientific
fields, including physics.

FEDERAL GOVERNMENT 37. The Office of Science and Technology

Office of Science and should take the initiative in ensuring that physi-

Technology ~cists and other scientists have access to the na-
Chapter 11 tional educational policy levels through the
Chapter 14 above and other appropriate mechanisms.

ALLEVIATION OF SHORT-RANGE MANPOWER PROBLEMS

One of the most serious problems resulting from the abrupt change in the
growth rate of physics in the United States is that of finding career oppor-
tunities for the young men and women who began their professional edu-
cation during a period of expansion but now face a situation in which many
of them will be unable to use more than a small part of their special train-
ing. Qualitative changes in physics department activities can alleviate
some of the short-term™ aspects of this problem, albeit without really
addressing its very serious long-range aspects. In the present difficulties
the physics community may have to meet its responsibility to its recent
graduates at the expense of at least a temporary reduction in the number
of those entering the field. It is vastly preferable to exercise control at the
beginning of the educational pipeline. (Chapters 6, 11, and 12 address the
manpower problem in physics in greater detail.)
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Recommendations

PHYSICS COMMUNITY
Academic

Chapter 6

Chapter 11

PHYSICS COMMUNITY
Academic

FEDERAL GOVERNMENT
Support Agencies
Chapter 6

38. Admission of graduate students pri-
marily on the basis of their anticipated con-
tribution to the undergraduate teaching process
should be abolished. Indeed, under the present
employment conditions, departments that have
traditionally used large numbers of graduate
students as teaching assistants should consider
replacing many of them with postdoctoral in-
structors. All too frequently, graduate educa-
tion in physics, as indeed in all the sciences, has
been looked on as a necessary by-product of
the education of undergraduates, largely because
graduate students have long provided a rela-
tively inexpensive component of the undergrad-
vate teaching staff. This problem has been a
particularly severe one at some of the larger
public universities under the pressures of bur-
geoning undergraduate enrollments.

39. Where feasible, physics departmental
research groups should replace a significant
fraction of their present graduate student com-
plement with postdoctoral research associates.
Evidence exists that such replacement is al-
ready in progress in many physics departments.
Federal support agencies should also view post-
doctoral positions supported by research grants
with greater sympathy than has been the case
in the past, even at the cost of supporting
fewer graduate research assistants.

Both of these recommendations are intended to reduce temporarily the
entering graduate student population and provide additional job oppor-
tunities for recent graduates. These measures offer no lasting solution to
the current employment problem inasmuch as such positions are at best
temporary, but they do provide a “holding period” for adjustment and for
exploration of wider employment horizons.

Earlier, the support of excellence in allocating available funds for re-
search was recommended. Yet, as discussed in this Report, the sharpest
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decrease (50 percent between 1969 and 1971) in the entering graduate
student population in physics has occurred at the most distinguished physics
departments in the nation. Thus, an increasing fraction of the young
men and women of this country who are interested in physics are being
educated in institutions with less than the best available faculties and facili-
ties at a time when the highest quality institutions are operating far below
capacity. This situation has been, in part, the result of a federal policy
decision to phase out national fellowship and traineeship programs rapidly.

Recommendations

PHYSICS COMMUNITY 40. The nation’s most able physics depart-
Academic ments have a responsibility to make their
Chapter 11 faculties and facilities available to as many well-
Chapter 14 qualified candidates as can properly be accom-

modated. They should resist pressures toward
reduction of their entering graduate student
populations because of the general national
reduction in employment opportunities for MS
and PhD graduates. New student-support
methods must be developed to prevent a de-
terioration in the average quality of U.S. gradu-
ate education that this, and other, present
trends portend.

One of the fundamental problems here is the very natural desire of physics
faculties in all colleges and universities to work with graduate research
students. The problem is particularly severe in schools with marginal
physics facilities and physics faculties of marginal quality and size that
increasingly contribute a significant fraction of the total number of new
PhD’s each year. While attention is directed here to this problem as it
affects physics, it is by no means unique to physics.

Recommendations

FEDERAL GOVERNMENT 41. To the extent that they can make fund-
Support Agencies ing available in competition with the needs of
Chapter 11 the nation’s most able research groups (see

Recommendation 1, page 16), federal agencies
should develop, for at least the immediate
future, research funding mechanisms and ap-
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priate criteria that would permit selected phys-
ics faculty members and colleges or smaller
universities to engage in research without train-
ing graduate students. This they might do either
locally or as members of user groups at regional
or national facilities or as part-time members of
research teams at the major universities. The
research support could include short-term post-
doctoral staff. In recognition of the special
character of this support, it would be hoped that
colleges and universities involved would agree
not to initiate doctoral training programs (or
to admit new students to existing programs) in
the corresponding areas of physics.

INSTRUMENTATION

One of the major areas of contact between physics research and society
is through physics-derived instrumentation. Devices and concepls origi-
nating in physics research now play primary roles in medicine and industry
and throughout all of technology and other science. And, indeed, the
quality of physics research itself depends in no small measure on the
quality of its instrumentation. For decades the United States has been a
world leader in the commercialization of new instruments, and the instru-
ment industry, though relatively small, has been an important source of
favorable trade balance. Among the early casualties of reduced funding
in major Iaboratories have been both instrumentation activities and instru-
mentation groups. Although the scientific groups in these laboratories, as
discussed throughout this Report, continue to originate new ideas and
concepts relating to instrumentation, their instrumentation activities have
been markedly reduced because of budgetary pressures. At the same time
the flow of new ideas and new devices from the dwindling instrumentation
groups -themselves, which have long been a steady and continuing source
of innovation in instrumentation, has almost ceased.

Furthermore, with increasing pressures on budgets throughout the econ-
omy, the purchase rate for new instrumentation has decreased markedly,
with research, engineering, and medical groups living on their instrumenta-
tion capital. Continuance of this trend can strangle the U.S. instrumenta-
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tion industry, which remains as the source for innovation following the
effective withdrawal of the university and national laboratories from this

activity.

The short-range instrumentation economies now apparent throughout
physics, and science more generally, can have the most serious long-range
consequences in significantly weakening the U.S. instrumentation industry
both nationally and internationally.

Recommendations

SCIENTIFIC COMMUNITY
Chapter 4
Chapter 14

'FEDERAL GOVERNMENT
Support Agencies
Chapter 14

42. The National Academy of Sciences and
the National Academy of Engineering should
jointly establish a committee to assess the needs
of the U.S. instrumentation activity and the
ways these might most effectively be met. The
recent NSF summer study on instrumentation
provided a start in this direction; however, it
was limited in scope and was also limited to
instrument procurement and even then to pro-
curement of relatively low-cost instrumentation.
The questions of instrumentation development
and the procurement of major instrumentation
require comprehensive analysis and assessment.

43. The National Science Foundation,
Atomic Energy Commission, and other agen-
cies supporting physics research and devel-
opment should seek funding specifically for
support of instrumentation development and

- instrumentation development groups. The

committee recommended in 42 above, working
with agency representatives, should develop the
detailed criteria to be applied to those seeking
support. In any program to support instrumen-
tation development in universities and national
laboratories, it is essential that mechanisms be
included to ensure close and continuing interac-
tion with active research groups; otherwise, the
development activities can become sterile and
instrumentation can be pursued for its own ends
rather than as a support to research. and de-
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velopment activities. It is recommended that
instrumentation groups and activities be inte-
gral parts of the scientific departments or divi-
sions of their host institutions.

CONSERVATION OF HELIUM RESOURCES

An adequate supply of helium is of crucial importance to any future imple-
mentation of superconducting technology—as in the transmission of elec-
trical power or in new computer memory configuration, to give only two
examples. Moreover, large components of contemporary physics research
—in condensed matter, elementary particles, and nuclear physics—are
entirely dependent on liquid helium in achieving adequately low working
temperatures. While it may be argued that eventually superconducting
systems may be found that can operate at the higher temperatures char-
acteristic of liquid hydrogen, none has yet appeared.

In the meantime, although the United States holds a major fraction of
the world helium supply in its natural gas wells, this irreplaceable resource
is being squandered in alarming fashion. Current estimates suggest depie-
tion of world reserves by the year 2000 or shortly thereafter.

During the past decade, pursuant to the Helium Act Amendments of
1960 (Public Law 86-777, 13 September 1960), the federal government
has maintained a conservation program involving helium extraction from
natural gas at the well heads and its underground storage against future
national needs. This program was slated for termination by the fiscal year
1972 federal budget, but this termination has not been exercised because
of a subsequent injunction against it, pending an environmental impact
statement under the National Environmental Protection Policy Act. The
Physics Survey Committee notes in passing the recommendation of the
Committee on Resources and Man of the National Academy of Sciences—
National Research Council (see Resources and Man, W. H. Freeman and
Company, San Francisco, 1969) that deals with the importance of con-
tinuing such a conservation program.

Recommendations
FEDERAL GOVERNMENT 44. The helium conservation program main-
The Congress tained during the period 1960-1970 should be

PHYSICS COMMUNITY continued pending new legislation to replace
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Chapter 4 the Helium Act Amendments of 1960. The
new legislation should provide, on a viable and
stable financial basis, for the maximum tech-
nically feasible and economic extraction - of
wasting helium, with storage of the excess over
consumption. It should also provide for dis-
couragement of wasteful consumption and of
the development of critical uses likely to de-
pend on a helium requirement incompatible
with long-term supply.

A NATIONAL SCIENCE STATISTICAL DATA BASE

Fundamental to any long-range planning at a national level is the avail-
ability of reliable statistical and other information concerning the various
scientific disciplines. The only current coherent program for the collection
of such data in the United States comprises the various NSF survey series,
such as Federal Funds for Research, Development, and Other Scientific
Activities and the National Register of Scientific and Technical Personnel.
These surveys do not give sufficient information broken down by disciplines
to be very useful for long-range planning. The National Register, which
is the most fruitful source of longitudinal data on scientific manpower and
which has been maintained for over 20 years, is being terminated in fiscal
year 1972.

In the present survey, as in all others previously, extensive effort has
has been devoted to the development of the pertinent statistical data for
the field under study. Unfortunately, no mechanism exists for maintaining
these individual field data bases on the completion of the survey activities,
although maintenance would be relatively simple compared to the com-
pletely new start that has been necessary in the past whenever a detailed
examination of any scientific discipline was undertaken,

A major problem, too, is the lack of agreement concerning the types of
statistical data collected by, or available from, different agencies, the defini-
tions of such central items as scientific man-years and of the boundaries
of different scientific disciplines and areas of specialization, and the allo-
cation of funds and manpower among activities ranging from basic re-
search to product development.

O~
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Recommendations

FEDERAL GOVERNMENT

Office of Science and
Technology

SCIENTIFIC COMMUNITY

Chapter 12

Chapter 13

Chapter 14

SCIENTIFIC COMMUNITY
Chapter 12
Chapter 13
Chapter 14

FEDERAL GOVERNMENT
Support Agencies
Chapter 12

Chapter 14

45. A coordinating committee should be
established by the Office of Science and Tech-
nology and the National Academy of Sciences
to develop, in collaboration with federal agen-
cies, guidelines and definitions for use in the
collection and reporting of manpower and fund-
ing data in major scientific, engineering, and
other professional-technical disciplines. This
committee should familiarize itself with previ-
ous and current efforts to clarify and coordinate
federal reporting procedures and build on these
efforts. It is essential that, to the greatest pos-
sible extent, intercomparability among the data
from different disciplines be ensured.

46. The National Academy of Sciences, with
funds provided by the National Science Founda-
tion, should contract with the organizations
representing major disciplines, for example,
the American Chemical Society and the Ameri-
can Institute of Physics, to collect and con-
tinuously update manpower and funding data
in these disciplines (drawing as necessary on
existing compilations such as the National Sci-
ence Foundation’s series on Federal Funds for
Research, Development, and Other Scientific
Activities). Appropriate statistics on primary
and secondary publications and other informa-
tion-exchange media also should be compiled
for each discipline. There should be a con-
tinuing program of operational research to as-
sure that the implications of the data to be
collected are developed and made available
to all concerned audiences.

47. Recognizing that the National Science
Foundation has the statutory responsibility to
maintain a register of scientific and technical
personnel and to make available such informa-
tion, we strongly recommend that the National
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Register of Scientific and Technical Person-
nel, or an appropriate equivalent, be rein-
stated promptly. An important function of any
such data compilation is to provide insight into
systematic changes and trends. The Register
data have only recently encompassed a time
interval sufficient to be useful for this purpose.
To permit an extended hiatus in statistical data
collection would destroy the necessary con-
tinuity and detract from the utility of this
resource.

DISSEMINATION AND CONSOLIDATION OF RESEARCH RESULTS

In many areas of science the problems involved in making the results of
on-going research available to potential users have reached crisis propor-
tions. The sheer volume of new research results, in the absence of effective
consolidation and review, renders many of them inaccessible to most users.
Several major activities are involved, including indexing, abstracting, cur-
rent awareness services, and the preparation of critical reviews and data
compilations in the different areas of specialization. Considerable progress
has been made toward more effective abstracting services, although much
remains to be accomplished; the situation in regard to compilation and
consolidation becomes increasingly critical. Chapter 13 of this Report con-
siders these problems in detail.

Recommendations
SCIENTIFIC COMMUNITY 48. All groups involved in the conduct or
Chapter 13 support of basic research should pay greater

attention to the extent of dissemination of the
journals in which they publish. The physics
community should work even more strongly
toward a system in which prerun costs of pub-
lication are borne by the research itself, and
primary publications are distributed at runoff
cost. The same consideration also applies to
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FEDERAL GOVERNMENT
Support Agencies
Chapter 13

PHYSICS COMMUNITY
Chapter 13

many kinds of secondary services, such as ab-
stracts, and to critical reviews,

49. All federal agencies supporting physics
research should allocate a specific small frac-
tion of their resources for grants and contracts
that would help to fund the abstracting services
that are necessary to make the results of their
work known and accessible and the data com-
pilation and consolidation activities that will
make it more easily applied. With rare ex-
ceptions, such services are performed most
effectively by continuing groups assembled
specifically for the purpose, which, in the ab-
sence of such specific allocations, are frequently
early casualties of budgetary limitations.

50. The physics community should strongly
support and encourage those of its members
with the talent for, and interest in, preparation
of critical reviews. In particular, preparation
of such reviews should be treated on an equal
basis with original research in terms of logistic
and other ancillary support provided. Specifi-
cally, this should include support for post-
doctoral and student assistants and for various
types of computer and information retrieval
assistance.

INTERNATIONAL COMMUNICATIONS

During the past 25 years, because of international pre-eminence in almost
all fields of science, U.S. institutions experienced a steady influx of foreign
students, postdoctoral fellows, and scientists. Those foreign scientists who
remained in the United States contributed in very significant fashion to the
strength of the U.S. scientific enterprise; those who returned to their home-
Jands provided a strong nucleus for the development of stronger national
programs in science. They also played an important role in interpreting
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U.S. aspirations to their countrymen and linking U.S. scientific activities
with those in their countries.

As other national scientific programs increase in strength, dependence
on the United States for leadership and training in science and the flow of
foreign scientists to this country will decrease. As a result, the vital ex-
change of information between U.S. and foreign scientists will also decrease,
unless measures are adopted to preserve and foster such communication.
In addition, U.S. scientists increasingly will seek access to foreign facilities
on a collaborative or user basis. Dollar for dollar at present levels, funds
spent for these purposes probably vield a larger scientific return than addi-
tional funds for domestic research. Unfortunately, recent policy decisions
concerning the use of federal agency funds for foreign travel or research
at foreign centers and postdoctoral fellowship policies, particularly those
of the NsF, have made such international activities increasingly difficult.

Recommendations
FEDERAL GOVERNMENT 51. The National Science Foundation should
Support Agencies reinstate and enlarge its program of postdoc-
Chapter 8 toral and senjor faculty fellowships. Other
Chapter 11 federal agencies should be encouraged to estab-
lish parallel programs.
FEDERAL GOVERNMENT 52. The present budgetary ceilings for for-
Support Agencies eign travel and for collaborative research at
Chapter 8 foreign facilities that exist in some agencies
Chapter 14 should be removed. They are detrimental to
international communication and advancement
in science. However, requirements for prior
justification and for posttravel reporting ade-
quate to ensure, and to document, proper use
of the funds involved must be retained. Within
these limitations, the allocation of available
funds among travel, other foreign activities,
and other aspects of a research program should
be the acknowledged responsibility of the prin-
cipal investigator in optimizing the overall re-
search return for a given level of support.
FEDERAL GOVERNMENT 53. In view of the particular importance to
Support Agencies the nation of furthering scientific cooperation

Chapter 14 with its closest neighbors and the importance
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of travel in such cooperation, Canada and
Mexico should not be considered as foreign
countries within the context of federal foreign
travel regulations,

PROGRAM PRIORITIES AND EMPHASES

Chapter 5 describes a series of criteria—intrinsic, extrinsic, and structural
—for possible use in establishing program priorities and emphases. Intrinsic
criteria are those relating to the potential of a field for fundamental new
discoveries and insight into natural phenomena and are intimately related
to the internal logic of the field. Extrinsic criteria are related to the poten-
tial benefits from interaction of a field with other sciences, with technology,
and with society generally; they draw heavily on considerations external
to the field. Structural criteria relate to both internal and external consid-
erations, to questions of continuity, return on scientific and economic invest-
ments, interdependence of different scientific fields, and the like. The appli-
cation of the first two of these classes of criteria is illustrated through
detailed consideration of the program elements of each of the core subfields
of physics in a jury rating sense. Because the structural criteria frequently
require in each particular case a detailed knowledge of sociological, politi-
cal, and other nonscientific factors for their evaluation, no equivalent
detailed jury rating has been attempted. A recommendation wherein the
structural criteria are of overriding importance will be found in the next
section. In the selection of certain program elements for special considera-
tion herein, however, structural criteria have been included implicitly, if
not explicitly. In making this selection the Committee has considered the
panel reports in Volume 1T in detail and, working with panel chairmen, has
evolved the program elements for each subfield, as presented and discussed
in Chapter 4. The selection has been based on the Committee consensus
that in each case these were program eclements wherein the gain in terms
of new scientific knowledge, new applications, new technology, and new
contributions to society would be especially large in proportion to the addi-
tional support required, provided that the specific projects and scientists
were selected on the basis of excellence adjudged by their peers. Chapter 5
includes a detailed listing of the selected program elements.

It must be stressed that the selection of particular program elements for
emphasis should in no way result in a compromise of the intellectual
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standards in the selection of individual projects. It is the Committee’s
expectation that the proposals and people associated with these selected
program elements will probably be a little more interesting and of a little
higher quality than those that might be associated with program elements
to which a lower jury rating has been given. Furthermore, the Committee
recommends that somewhat more benefit of doubt be accorded to
projects in the selected program elements when they appear risky or con-
troversial. At the same time, it should be clearly recognized that if only
the selected program elements were supported, the overall physics research
program would be totally unbalanced.

Recommendations

PHYSICS COMMUNITY 54. The selected program elements discussed

FEDERAL GOVERNMENT in Chapter 5 represent the core subfields of

Support Agencies physics meriting incrementally increased sup-

Chapter 5 port in terms of their potential return to phys-
ics, to science, or to society. It should be em-
phasized that this increased support should not
be at the expense of eliminating support of
other program elements, although clearly some
readjustment is not only necessary but healthy
as the different program elements attain dif-
ferent levels of scientific maturity. The physics
community is urged to consider whether read-
justment of its activities to place more relative
emphasis on these selected program elements
might be in order. The federal support agen-
cies are urged to encourage such examination
and to support increased activity where pos-
sible in these selected areas.

FEDERAL GOVERNMENT 55. The criteria, the subfield program ele-
Support Agencies ments, and the procedures for applying the
Chapter 5 criteria to the program elements presented in
Chapter 5 represent a first attempt at deter-
mining program emphases or priorities in a
semiquantitative manner. Physicists, agency
program officers, and review committees are
urged, through study and application, to de-
velop and refine this procedure further or to
devise improved alternatives to the same end.
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DEVELOPMENT OF FUSION POWER SOURCES

Occasionally, developments in a field of science or technology reach a
stage at which the major impediment to substantial progress can be iden-
tified as the actual scale of activity in the field. In short, the fundamental
scientific and technological questions have reached the point at which
solutions and applications appear to depend in considerable measure on the
fevel of effort, and a substantial increase in support might be expected to
yield rapid and far-reaching returns. Before proceeding, the gamble must
be balanced against the potential benefits.

The goal of fusion power, with its potential advantages in terms of cost
and reduced environmental side effects, is of such significance to the nation
and the world that the progress made toward its realization in recent years
suggests that an enlarged national program directed toward achieving this
goal is in order. Although we still cannot predict with confidence precisely
when a self-sustaining fusion system will be demonstrated, there has been
enough progress in the past several years to give distinct indjcation that this
goal is attainable. Additional support seems to us an entirely worthwhile
deployment of national resources.

In all these discussions the tendency to confuse fusion systems based on
the deuterium—deuterium reactions with those based on deuterium—tritium
should be avoided. There has been a tendency to combine the anticipated
greater technical feasibility of the latter with the anticipated lower costs
and lesser environmental problems of the former.

Recommendations

FEDERAL GOVERNMENT 56. The federal government should an-

Support Agencies nounce a commitment to a full-fledged pursuit

Chapter 4 of fusion power with the immediate aim of

Report of the Panel on achieving a self-sustaining reaction, provided
Plasma Physics and the that no scientific obstacles are found that would
Physics of Fluids (in thwart this aim. The program to achieve fusion
Volume II) should be an orderly but vigorous one, and ad-

ditional appropriation to support this program
should be made. Significant industrial partic-
ipation in the proposed program would be
essential for most rapid development and utili-
zation of this new energy source.
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AREAS OF STRUCTURAL URGENCY

At the present time there are several areas in which the structural criteria,
which we define above and in Chapter 5, assume an overriding importance.
These are found in the subfields of astrophysics, elementary-particle physics,
and, to a certain extent, nuclear physics, where work at the scientific
frontiers requires major facilities or instrumentation such as satellites, tele-
scopes, or accelerators. Because of their large size and large unit con-
struction and operating costs, such facilities tend to dominate the funding
but not necessarily the manpower or activity level in the respective subfields.

As discussed in some detail in Chapter 5, both the National Accelerator
Laboratory (NAL) and the Los Alamos Meson Physics Facility (LAMPF)
were approved and construction initiated during a period in the mid-1960’s
when support for physics was at an all-time high. In both cases there was a
clear expectation that, while orderly termination or phasing down of some
existing facilities was reasonable at the time of completion of the newer
facilities, the support that could reasonably be diverted by the closing of
these facilities would be much less than that required to operate and
provide user funding for the newer ones, and that, while the new facilities
would not be complete add-ons to the existing program, some incremental
funding would be necessary and would be made available, if the overall
program were to be scientifically viable.

These new facilities are now or will shortly be ready to begin operation.
Yet, unless incremental operating funds are made available in fiscal year
1973, even fractional research utilization will be possible only at the
expense of termination of significant segments of other research activities
in their corresponding subfields. Despite the fact that a number of facilities
have been closed since the mid-1960’s, any flexibility that this might have
introduced has been virtually eliminated by the leveling-off of support in
physics and the increasing costs of doing research.

The investment in these facilities, both financial and in terms of scientific
man-years, their potential for research at the frontiers of understanding,
and their importance to the future of their subfields are so great that the
Committee believes failure to exploit their potential would be unacceptable.
At the same time, operation of these new facilities at the cost of terminating
support for one third of the personnel and three fourths of the existing
installations in the corresponding subfields is equally unacceptable.

Recommendations

FEDERAL GOVERNMENT 57. The Atomic Energy Commission and
Support Agencies the National Science Foundation should seek
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Chapter 5 and the Congress should provide incremental
appropriations in fiscal years 1973 and 1974
sufficient to permit orderly and effective initia-
tion of research operations—both in-house and
through user-group activities—at new research
facilities as they are ready to become opera-
tional.

NATIONAL SuPPORT LEVELS FOR PHYSICS

From the start of its deliberations this Committee has realized that it is
unrealistic to consider a single level of support that physics “must have”
over, say, the next five years. Rather, the proper level of support will
necessarily be a compromise in which the benefits of work in physics are
matched against national resources and against needs in other areas. Con-
sequently, the charge to each panel asked for an assessment of consequences
to the subfield, and to the nation, that would result from each of several
conceivable levels of support. Specifically, details of program, funding, and
manpower were requested for several different program levels, which, as
they finally evolved, can be described as:

1. An Exploitation Program designed to exploit all the currently foreseen
opportunities, both scientific and technological, in a subfield and to main-
tain a healthy development program directed toward long-range future
facilities and approaches

2. A Level Budget Program designed to utilize a funding level held con-
stant (after correction for inflation) in the most effective fashion

3. An Intermediate Program designed to exploit a moderate growth rate
intermediate between the above two programs

4. A Declining Budget Program designed to expiore the consequences
of a funding level that, after correction for inflation, decreased at about
7.5 percent per year

The panels responded to these challenges. Consequences to the pro-
grams at various funding levels were much easier to predict in subfields
centering on large facilities than in others. What emerged from the panel
considerations, with reasonable consistency, was that an annual growth rate
of 11 percent in fiscal year 1970 dollars would permit full exploitation
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of the opportunities presented by each subfield. Chapter 5 shows, quite
independently and following a rather detailed examination of manpower
figures and projections, that this growth rate would also permit most of
the 1500 new PhD physicists who could be produced in each of the
next five years to be absorbed into the general U.S. physics endeavor
(university, government, and industry), with an approximate annual 3
percent escalation in the real cost of doing research. Even at a full 11
percent growth rate through fiscal year 1977, again as illustrated in
Chapter 5, U.S. physics support would not regain the level that it would
have reached had it been possible to maintain a steady 5 percent growth
rate since fiscal year 1967 when the field was in a state of robust health.

Consideration of the effects of level funding tends to show that a wide
variety of interim measures, introduced throughout a subfield to maintain
viability during a hopefully brief funding pause, will necessarily be institu-
tionalized and made permanent. This situation can result in major and
serious consequences.

The Declining Budget Programs, almost without exception, demonstrate
that whole areas of the different subfields would be abandoned; U.S. physics
would no longer be, as it is at present, close to the forefront of progress
in the great majority of areas. Contributions to the nation and to the
national economy would be seriously eroded. In the face of burgeoning
activity in other countries, the United States would find it necessary to
accept a secondary role, attempting to retain a response capability such
that important new discoveries, if not made in the United States, could
nonetheless be exploited for U.S. society. The Committee believes that the
U.S. public would not be willing to accept the consequences of such a
situation. Development of declining budget programs, however, as is
apparent in the panel reports, has forced a very salutary examination of
the internal priorities in each subfield and has made more apparent the
seriousness of the consequences of an extended period of deteriorating
support, not only for science but for the nation.

Finally, the Intermediate Budget Program—typically involving a 6.5
percent annual growth rate—indicates the advances that can be made and the
opportunities that can be followed up, as well as those that must be deferred
or foregone. The individual panel reports of Volume II discuss all these
programs in detail in terms of both support and manpower, in addition
to their scientific consequences.

The fact that the Committee does not recommend a detailed national
physics program appropriate to different possible levels of support in the
growth range from O to 11 percent does not reflect an unwillingness to face
the difficulties inherent in any such attempt. Rather it reflects the con-
clusion that it is impossible for such a group to develop either adequately
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complete information or insight to make such a detailed attempt meaning-
ful. It is unrealistic to look upon the total support of U.S. physics as a
reservoir from which funds for individual program elements may be
distributed without cognizance of all the internal and external pressures
and constraints within both the different funding agencies and the physics
community. These, moveover, change rapidly with the magnitude of the
overall funds available.

Furthermore, any detailed funding program for physics recommended
by a single committee, no matter how wise, would tend to impart a rigidity
to the effort that would soon become stultifying to further progress. Physics
is a dynamic subject, which means that each major new discovery tangibly
alters the priorities in the entire field. To recommend a funding plan that
would inhibit responsiveness to such developments would be a serious dis-
service to the field. However, it is possible to provide a framework for
evaluating the opportunities and needs of physics subfields according to
various criteria. This the Committee has done and hopes that others will
further refine and apply the procedure.

The pre-eminence of U.S. physics owes much to the complex process by
which decisions determining the research to be supported by the nation are
reached. It involves many working scientists, federal program administra-
tors, economists, and legislators. In general, the science program is prob-
ably subjected to greater review than any other item in the federal budget.
This Report represents only one small part of such a continuing review,

but i involved the efforts of several hundred pthinicfe
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THE
NATURE
OF
PHYSICS

scire—to know
scientia—knowledge

Nam et ipsa scientia potestas est

FRANCIS BACON (1561-1626)
Of Heresies

INTRODUCTION

Science is knowing. What man knows about inanimate nature is physics,
or, rather, the most lasting and universal things that he knows make up
physics. Some aspects of nature are neither universal nor permanent—
the shape of Cape Cod or even a spiral arm of a galaxy. But the forces
that created both Cape Cod and the spiral arm of stars and dust obey
universal laws. Discovering that has enabled man to understand more of
what goes on in his universe. As he gains more knowledge, what would
have appeared complicated or capricious can be seen as essentially simple
and in a deep sense orderly. The explorations of physical science have
brought this insight and are extending it—not only insight but power.
For, to understand how things work is to see how, within environmental
constraints and the limitations of wisdom, better to accommodate nature to
man and man to nature.

These are familiar and obvious generalities, but we have to begin there

55
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(Above) Hurricane Gladys was stalled west of Naples, Florida, when photo-
graphed from Apollo 7 on October 17, 1968, Its spiraling cumuliform-cloud bands
sprawled over hundreds of square miles. A vigorous updraft hid the eye of the storm
by flatiening the cloudtops against the cold, stable air of the tropopause (then at
54,000 feet) and forming a pancake of cirrostratus 10 to 12 miles wide. Maximum
winds near the center were then 65 knots. [From National Aeronautics and Space
Administration, This Island Earth, O. W. Nicks, ed., NASA SP-250 (U.S. Government
Printing Office, Washington, D.C., 1970).]

(Below) NGC 3031, spiral nebula in Ursa Major photographed with the 200-inch re-
flector of the Palomar Observatory. [Courtesy Hale Observatories]
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if we want to discuss the value of physics in today’s and tomorrow’s world.
Going beyond generalities evokes sharp questions from several sides. Will
the knowledge physicists are now striving to acquire have intrinsic value
to man, whether it has practical application or not? Is it possible to promise
that material benefits will eventually accrue, at least indirectly, from most
of the discoveries in physics? How does technology depend on further
advances in physics (and vice versa)? How does physics influence other
sciences? Is vigorous pursuit of new knowledge in physics still beneficial, as
it demonstrably was in the past, to chemistry, astronomy, and the other
sciences for which physics provided the base? Is physics perhaps approach-
ing the end of its mission, without very much more to discover? Has the
physicist himself an intrinsic value to human society? Must he justify his
work by relating it to pressing social problems? Only one person in several
thousand is a physicist; will it matter to the others what he does, or that
he is there at all? Or is that the right test to apply, no matter how it comes
out?

We speak briefly to such questions in this and the following chapter.
The entire Report, including the reports of the various subfield panels,
provides in copious detail answers to some of these questions or facts
from which a reader can form his own judgment, for these are not questlons
that even all physicists would answer in just the same way.

FUNDAMENTAL KNOWLEDGE IN PHYSICS

Mathematics deals with questions that can be answered by thought and
only by thought. A mathematical discovery has a permanent and universal
validity; the worst fate that can overtake it is to be rendered uninteresting
or trivial by enclosure within a more comprehensive structure. Mathema-
ticians make up, or one could say discover, their own questions in the
timeless universe of logical connection. In a science such as geology, on
the other hand, the questions arise from local, more or less accidental
features of nature. How was this mountain range formed? Where was
Antarctica two billion years ago? To answer such questions one has to
sift physical evidence. The answers are not universal truths. Geology, as
its name attests, differs from planet to planet.

Physics, like geology, is concerned with questions that cannot be decided
by thought alone. Answers have to be sought and ideas tested by experi-
ment. In fact, the questions are often generated by experimental discovery.
But there is every reason to believe that the answers, once found, have a
permanent and universal validity. AM the evidence indicates that physics
is essentially the same everywhere in the visible universe. A physicist who
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asks, “Does the neutron have an electric dipole moment?” and turns to
experiment to find out, could as well perform the experiment on any planet
in any galaxy—it is just more convenient here at home. The question itself
concerns a fact as general as (and perhaps even more basic than) the size
of the universe. Physics is the only science that puts such {undamenial
questions to nature.

Take the question: Do all electromagnetic waves, including radio waves
and light waves, travel through empty space at the same speed? Present
theories assume so, but the contrary is at least conceivable. Perhaps there
is a difference so slight that it has not been noticed. To decide, the physicist
must turn to experiment and observation. In fact, this particular question
has recently received renewed attention. As not infrequently happens, the
most sensitive test was applied by asking what sounds like a different ques-
tion but can be shown to be logically equivalent. Indeed, the experimental
evidence shows that the speed of long and short electromagnetic waves
is the same to cxtraordinarily high precision. The result implies that the
light quantum, the photon, cannot have an intrinsic mass as great as 10-20 *
of the mass of an electron. No one was astonished by the result. Most
physicists have always assumed the photon rest mass to be exactly zero
and can only be relieved that such peculiarly perfect simplicity has survived
closer scrutiny. Those who examined the evidence may have been a little
disappointed—but their time was not wasted.

This quite unsensational episode is characteristic of fundamental in-
quiries in several ways. Fundamental experiments in physics often—indeed
usually—yield no surprises. However, had the result been otherwise, it
would not have demolished electromagnetic theory. A generalization or
enlargement of the theory would have been necessary. Finally, the test, sen-
sitive as it was, couid not settle the question once and for all, for no real ex-
periment achieves infinite precision. So the question will doubtless be raised
again, in one form or another, should a new experimental technique or a
bright idea create the opportunity for a significantly more stringent test.
An equally fundamental assumption, the proportionality of inertial and
gravitational mass, was tested in experiments of successively higher preci-
sion by Newton (1686), Bessel (1823), E6tvds (1922), and Dicke (1964)
—in the last case to an accuracy of 101

Thanks to such relentless probing of its foundations, even where they
appear comfortably secure, physics has acquired a base far more solid
than is popularly appreciated. When a physicist states that a proton carries

* Physicists commonly use powers of 10 as a convenient shorthand for expressing
large numbers. Thus, for example, 1000 becomes 10° and 1,000,000 becomes 10°, The
numeral 1 followed by zeros equal in number to the value of the exponent is the rule
of thumb. This notation is used throughout the Report.
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a charge equal to that of the electron, he can point to an experiment that
proved any inequality to be less than one part in 10%°. When he expresses
confidence in the special theory of relativity, he can refer to a multitude of
experiments under ultrarelativistic conditions in which even a slight failure
of the theory would have been conspicuous. Electromagnetic interactions
are today more completely accounted for—that is to say, better under-
stood—than any other phenomena in physics. Quantum electrodynamics,
the modern formulation of electromagnetic theory, has now been tested
experimentally over a range of distance from 10° cm down to 10~ cm, a
range of 10°°. This theory was itself developed in response to experiments
that revealed small discrepancies in the predictions of the much less com-
plete theory that preceded it. No one will be much surprised if quantum
electrodynamics in its present form fails to work for phenomena involving
still smaller distances; that will not diminish its glory or its validity within
the vast range over which it has been tested. Nor did the extension of
electromagnetic theory into quantum electrodynamics deny the essential
truth of Maxwell’s equations for the electromagnetic field. Knowledge
thus won is about as permanent an asset as mankind can acquire.

The most fundamental aspects of the physical universe are manifest in
symmetries. In the history of modern physics, the concept of symmetry
has steadily become more prominent. The beautiful geometrical symmetry
of natural crystals was the first evidence of the orderliness of their internal
structure. Exploration of the arrangement of atoms in crystals by x-ray
diffraction, begun 60 years ago, has mapped the structure of thousands
of substances and is now revealing in detail the architecture of the giant
molecules involved in life. Meanwhile, physicists became concerned with
more than just geometrical symmetry. Symmetry, in the broadest sense,
involves perfect indifference. For example, if two particles are distinguish-
ably different in some ways but show absolutely the same behavior with
respect to some other property, a physicist speaks of symmetry. The notion
of identity of particles is intimately related. All these ideas acquire their
real importance in quantum physics, where an object, a molecule for in-
stance, is completely characterized by a finite number of attributes.

In probing questions of symmetry in the domain of elementary particles,
the physicist is again, like the first crystallographers, seeking a pattern of all-
pervading order. A sobering lesson learned from modern particle physics,
a lesson the Greek atomistic philosophers would have found unpalatable, is
that man is not wise enough to deduce the underlying symmetries in nature
from general principles. He has to discover them by experiment and be
prepared for surprises. No one guessed before 1956 that left and right
made a difference in the interaction of elementary particles. After it was
found that the true and perfect indifference in the weak interactions is not
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left/right but left-electron/right-positron, it was again disconcerting to
find even this rule of symmetry violated in certain other interactions. But
it has by no means been all surprises. Symmetry rules guessed from
scattered clues often have been amply corroborated by later experiments;
and in particle physics, thinking about symmetries has been enormously
fruitful. A grand pattern is emerging, largely describable in terms of
symmetries, that makes satisfying sense.

The primary goal of research in fundamental physics is to understand
the interactions of the very simplest things in nature. That is a basis,
obviously necessary, for understanding larger and more complicated organi-
zations of matter anywhere in the universe. The shape of a particular
galaxy is not, from this rather narrow point of view, a fundamental aspect
of nature, but the motion of an electron in a magnetic field is fundamental
and has implications for many things, including life on earth and the shapes
of galaxies.

However, physics has to be concerned with more than the elementary
few-body interactions of particles and fields. It can be a gigantic step
from an understanding of the parts to an understanding of the whole. To
appreciate the total task of physics, a broader view of what is fundamental
is necessary. Consider, for example, man’s practically complete ignorance
of the evolution of the flat, patchily spiral distribution of gas and stars that
he calls his own (Milky Way) galaxy. (Only very recently some plausible
theories have been developing; it is too early to say how much they can
explain,) The interaction of molecules, atoms, ions, and fields is now
well enough known for this problem, and Newtonian gravitation, on this
scale, is unquestionably reliable. With these simple ingredients, why doesn’t
the problem reduce to a mere mathematical exercise? One good reason—
perhaps not the only reason—is that a complete and general theory of
turbulence is tacking. It is not just a lack of efficient methods of calculation.
There is a gap in man’s understanding of physical processes, which remains
unclosed, even after the work of many mathematical physicists of great
power. This gap is blocking progress on several fronts. When a general
theory of turbulence is finally completed, which probably will depend on
the work of many physicists and mathematicians, a significant permanent
increase in man’s understanding will have been achieved. That will be
fundamental physics, using both fundamental and physics in a broad sense,
as, to take an example from the recent past, was the explanation of the
mystery of superconductivity by Bardeen, Cooper, and Schrieffer. Although
pedantically classifiable as an application of well-known laws of quantum
mechanics, it was truly a step up to a new level of understanding.

These two examples, turbulence and superconductivity, stand near op-
posite boundaries of a wide class of physical phenomena in which the
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behavior of a system of many parts, although unquestionably determined
by the interaction of the elementary pieces, is not readily deducible from
them. Physicists know how to deal with total chaos—disorganized com-
plexity. Statistical mechanics can predict anything one might want to know
about a cubic centimeter of hydrogen gas with its 10’® molecular parts. As
for the hydrogen molecule itself, it presents the essence of ordered simplic-
ity. Its structure is completely understood, its properties calculable by
quantum mechanics to any desired precision. What gives physicists trouble,
to continue the classification suggested by Warren Weaver, is organized
complexity, which is already present in a mild form in so familiar a
phenomenon as the freezing of a liquid—a change from a largely dis-
ordered to a highly ordered state. Here a general feature is that what one
molecule prefers to do depends on what its neighbors are already doing.
How drastically that feedback changes the problem is suggested by the lack
of a theory that can predict accurately the freezing point of a simple liquid.
In the physics of condensed matter, many such problems involving coop-
erative phenomena remain to challenge future physicists. A turbulent
fluid, on the other hand, confronts the physicist with a system in which
order and disorder are somehow blended. Complex it certainly is, but
not wholly disorderly, admitting no clean division between the random
flight of a molecule of the fluid and the organized motion of a row of eddies.

The solution of these major problems of organized (or partly organized)
complexity is absolutely necessary for a full understanding of physical
phenomena. Extraordinary insight and originality will surely be needed,
as indeed they always have been. The intellectual challenge is as formidable
as that faced by Boltzmann and Gibbs in the development of statistical
mechanics. The consequences for science of eventual success could be as
far-reaching.

Broadly speaking then, the unfinished search for fundamental knowl-
edge in physics concerns questions of two kinds. There are the primary
relations at the bottom of the whole structure. How many remain to be
discovered and how small the number to which they can ultimately be re-
duced are not yet known. Then there is the knowledge needed to understand
all the behavior of the aggregations of particles that make up matter in
bulk. Here the mysteries are perhaps not so deep, although the remaining
unsolved problems are of formidable and subtle difficulty. It is easier to
imagine how this part of the development of fundamental physics could
be concluded, if the even more difficult problem of organized complexity
in living organisms is left for the physiologist, assisted by the biochemist and
biophysicist, to solve,

What has been learned in physics stays learned. People talk about
scientific revolutions. The social and political connotations of revolution
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evoke a picture of a body of doctrine being rejected, to be replaced by
another equally vulnerable to refutation. It is not like that at all. The
history of physics has seen profound changes indeed in the way that
physicists have thought about fundamental questions. But each change
was a widening of vision, an accession of insight and understanding. The
introduction, one might say the recognition, by man (led by Einstein) of
relativity in the first decade of this century and the formulation of quantum
mechanics in the third decade are such landmarks. The only intellectual
casualty attending the discovery of quantum mechanics was the unmourned
demise of the patchwork quantum theory with which certain experimental
facts had been stubbornly refusing to agree. As a scientist, or as any
thinking person with curiosity about the basic workings of nature, the reac-
tion to quantum mechanics would have to be: “Ah! So that’s the way it
really is!” There is no good analogy to the advent of quantum mechanics,
but if a political-social analogy is to be made, it is not a revolution but the
discovery of the New World.

THE QUESTION OF VALUE

Most people will concede that fundamental scientific knowledge is worth
its cost if it contributes to human welfare by, even indirectly, promoting the
advance of technology or medicine. It is easy to support a claim for much
of physics. But now that some frontiers of fundamental research have
been pushed well beyond the domain of even nuclear engineering, that
justification is not always plain to see. A connection between many-body
theory and the latest semiconductor device is not much more difficult to
trace than the connection between thermodynamics and a jet engine. But
it is not easy to foresee practical applications of the fundamental knowledge
gained from very-high-energy experiments or, say, tests of general relativity.

Two responses can be made, each of which has some validity. First,
inability to foresee a specific practical application does not prove that there
will be none. On the contrary, that there almost certainly will be one
has become a tenet of conventional wisdom, bolstered by familiar examples
such as Rutherford’s denial of the possibility of using the energy of the
nucleus. Applying this principle to strange-particle interactions will prob-
ably raise fewer doubts among laymen than among physicists. Even here
the conventional wisdom may be sound after all. High-energy physics is
uncovering a whole new class of phenomena, a “fourth spectroscopy” as it
is termed elsewhere in this Report. In the present state of ignorance,
it would be as presumptuous to dismiss the possibility of useful application
as it would be irresponsible to guarantee it.
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A secondary benefit that can be expected, as a return for supporting
such research, is the innovation and improvement in scientific instrumenta-
tion that such advanced experiments stimulate. (This point is discussed in
a subsequent section of this chapter on the contributions of physics to
technology.) Other sciences also benefit from the development of experi-
mental techniques in physics.

But these responses do not squarely face the question: What is funda-
mental knowledge itself worth to society? Elementary-particle physics
provides an example. A permanent addition to physicists’ knowledge of
nature was the recognition, several years ago, that there are two kinds of
neutrino. This fact, although compatible with then existing theory, was not
predictable a priori, nor is the reason understood. The question was put to
nature in a fairly elaborate high-energy experiment, at a total monetary
cost that reasonable accounting might put at $400,000 (not including beam
time on the Alternating Gradient Synchrotron Accelerator). The answer
was unequivocal: The electron neutrino and the muon neutrino are not
identical particles.

For physics this was a discovery of profound significance. Neutrinos are
the massless neutral members of the light-particle or lepton family, of
which the familiar electron and its heavier relative, the muon, are the only
other known members. Just how these particles are related—even why
there is a muon—is one of the central puzzles of fundamental physics, a
puzzle that is as yet far from solution. Obviously, it was not about to be
solved while physics remained ignorant of the fact that there are two kinds
of neutrino, not just one.

Still, how does this bit of knowledge benefit the general public, interesting
as it may be to the tiny fraction of scientists who know what “two kinds”
means in this connection? The answer must be that the discovery was a
step—a necessary step—toward making nature comprehensible to man.
If man is going to understand nature, he has to find out how it really is.
There is only one way to find out: Experiment and observe. If man does
not fully understand the leptons, he cannot claim to understand nature.

On the other hand, the neutrino is a rather esoteric creature. It would
be absurd to expect wide and instant appreciation of this fundamental
discovery. Even of fundamental knowledge there is too much for most
people to absorb. Many a physicist who could calculate on the back of an
envelope the neutrino flux from the sun remains complacently ignorant of
the location and function of the pituitary gland in his body. The point is
that the value of new fundamental knowledge must not be measured by
the number of people prepared to comprehend it. To say that man
understands this or that aspect of nature usually means that some people do,
and that they understand it sufficiently well to teach it to any who care to
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learn and to maintain a reliable base from which they or others can explore
still turther. The great thing about fundamental scientific knowledge is that
it is an indestructible public resource, understandable and usable by anyone
who makes the effort. When so used in its own domain, it is a thing of
beauty and power.

The great American physicist Henry Rowland once replied to a student
who had the temerity to ask him whether he understood the workings of the
complicated electrostatic machine he had been using in a demonstration
lecture: “No, but I could if I wanted to.” Knowledge of fundamental
scientific laws makes for economy of human thought. It is the great simpli-
fier in a universe of otherwise bewildering complexity. It is not necessary
to analyze every cogwheel in an alleged perpetual motion machine to know
that it will not work or to keep tracking all the planets to be sure that they
are not about to collide. The revelation that the electron and muon neu-
trinos are different, although it might appear to have complicated matters,
was in fact a step toward ultimate simplicity, because it brought closer the
essential truth about leptons.

Some of the fundamental ideas of physics have slowly become part of the
mental furnishings of most educated people. The following statements
probably would elicit general assent: All substances are composed of atoms
and molecules; nothing travels faster than light; the universe is much larger
than the solar system and much older than human life; energy cannot
be obtained from nothing, but mass can be turned into energy; motions of
planets and satellites obey laws of mechanics and gravity and can be pre-
dicted precisely. That is surely a rather meager assortment, but, even so,
what an immense difference there is between knowing these few things and
not knowing them—a difference in the relation of a person to his world.
A child asks his father “What is a star?” or “How old is the world?”
In this century he can be answered, thanks to hard-won fundamental
knowledge. What is that worth? The answers can hardly contribute to
anyone's material well-being, present or future. But they do enlarge the
territory of the human mind.

Much of what modern physics has learned has not yet become common
knowledge. Here is an example. Not only physicists but everyone who
has studied quantum mechanics knows that all known particles, without
exception, fall into one or the other of just two classes, called fermions and
bosons, which differ from one another profoundly on a certain gquestion
of symmetry. The difference is as fundamental as any difference could be.
Although usually expressed somewhat abstractly, the distinction is less
recondite than some theological distinctions over which men have quarreled
fiercely. Its concrete manifestations are vast, among them the astonishing
properties of superfluid helium (a boson liquid), the electrical properties



The Nature of Physic& 65

of metals, and, indeed, through the Pauli exclusion principle, the very
existence of atoms and molecules, hence of life. Now it would seem that
this profound, essentially simple truth about the physical universe ought
to be known to most fairly well-educated persons, to as many, perhaps, as
understand the difference between rational and irrational numbers. Yet,
it is probably safe to say that a majority of college graduates have never
heard of fermions and bosons, and that an even larger majority is not
equipped to understand what the distinction means. Probably far less than
10 percent of current college graduates have had a course in physics or
chemistry in which the exclusion principle was mentioned. Perhaps 10
percent will learn enough mathematics so that, if they are interested, they
could be made to understand a statement such as “the wavefunction changes
sign on exchange of particles.”

But can anyone except physical scientists be interested in such a ques-
tion? History suggests that it is possible. Long before the atomic bomb
made mc® a catchword, the theory of relativity (both special and general)
engaged the public interest more intensely than anything else in twentieth
century physics. The fascination lay not only in the enigmatic figure of
Einstein and the notion of a theory that, as the newspapers were fond
of claiming (quite erroneously), only 12 men could understand. There
was at the same time a sustained, genuine intellectual interest, at all levels
of understanding commencing with zero, in the puzziing implications of
new ideas about space and time. To this day, nothing beats the twin
paradox for stirring up spirited argument in an elementary physics class.
People who have any interest at all in ideas seem to be more interested,
on the whole, in fundamental questions than in practical questions. It is
usually easier to interest an intelligent layman in the uncertainty principle
than in how the mass spectrograph works. Of course, that is true only
if he or she can be given some idea, not wholly superficial, of the meaning
of the uncertainty principle. This can be done; it has been accomplished
many times, in different styles, by imaginative teachers and writers. Nor is
it hard to convey to a thoughtful person the essential notion of antimatter,
or the question of left- and right-handedness in nature, both ideas that
intrigue many nonscientists. It may even turn out that nonphysicists of
the next generation, many of whom were brought up with the new math
and are on speaking terms with computers, will find the abstract rules of
particle physics a more satisfying statement about nature than would an
old-fashioned physicist.

Admittedly, there are difficulties in engaging the active interest of non-
scientists in some of the most fundamental ideas of physics. They
are illustrated in the example of the fermion—boson distinction. Unlike
relativity, this subject makes no connection with familiar concepts such as
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time, space, and speed. No paradox or controversy stirs the imagination in
first acquaintance. The intelligent layman can only listen to the explanation
of fermions and bosons as if he were hearing a story about another world.
There is nothing to argue about. It may serve as brief intellectual enter-
tainment; most likely it will not impinge on or disturb the ideas he aiready
has. He may not be eager to tell someone else about it. In that case it
can hardly be claimed that the person has gained something of permanent
value to him. And yet, when followed to a slightly deeper level, this idea
has a direct bearing on a question that has engaged human throught for
2000 years—the ultimate nature of substance. It gives a most extraordinary
answer to philosophical questions about identity of elementary particles,
questions that were already implicit in the cosmology of Democritus but
were never faced before quantum mechanics. Here, too, is a key to the
wave—particle duality with which the quantum world confounded man’s
mechanistic preconceptions. The philosophical implications of the fermion—
boson dichotomy are still, after 40 years, poorly understood by philosophers.

So the problem is one of teaching. Very many people who are not
scientists are interested or can be interested in the basic questions that have
always attracted human curiosity. The discoveries of physics, even those
presently described in abstruse language, bear directly on some of these
questions—so directly that when understood they can transform a person’s
conception of the atomic world or the cosmos. To promote that under-
standing is a task for the scientist as teacher, in the broadest sense of
teacher. In the short run, drawing a potential audience from college
graduates of the past 20 or 30 years, and perhaps the next 10, the physicist
must apply his imagination and ingenuity to convey interesting and mean-
ingful, and essentially true, accounts of some of the fundamental develop-
ments in physics. It is to be hoped that some day the educated layman
he addresses will have had enough physical sciences and mathematics in
his general education to turn a discussion of the symmetries of elementary
particles into some sort of dialogue.

The audience need not be of a size that would impress a national
advertiser but only a few million people—a few hundred, say, for every
physicist. Of course, the distribution of potentjal interest and comprehen-
sion is a many-dimensional continuum. Everyone ought to be, and can be,
given some glimpse of what fundamental physics is about. However, it is
impossible to compare the value of a brief exposure of 10* people to news
of a discovery in physics with the value of sustained and active interest on
the part of 10° people. Both are valuable now, and both will help, in the
long run, to make the fundamental knowledge that physics is securing mean-
ingful and useful to all people.

The value of new fundamental scientific knowledge is not, after all,
contingent on its appreciation by contemporary society. It really does not



The Nature of Physics 67

matter now whether Clerk Maxwell’s ideas were widely appreciated in
Victorian England. Their reception is interesting to the historian of science,
but mainly as a reflection of the attitudes and structure of the society in
which Maxwell worked. The full value of a scientific discovery is concealed
in its future. But even as the future unfolds, the value that one may set
on an isolated piece of fundamental knowledge often becomes uncertain
because of the interconnection in the growing structure. In the end, one is
forced to recognize that there is just one structure; understanding of the
physical universe is all of one piece.

PHYSICS AND OTHER SCIENCES

Physics is in many ways the parent of the other physical sciences, but the
relation is a continually changing one. Modern chemistry is permeated with
ideas that came from physics, so thoroughly permeated, in fact, that the
sudden demise of all physicists—with the exception of an important class
calling themselves chemical physicists—would not immediately slow down
the application of physical theory to chemical problems. The last great
theoretical contribution of physics to chemistry was quantum mechanics.
For another such contribution there is no room, almost by the definition
of chemistry. From the point of view of the physicist, chemistry is the
study of complex systems dominated by electrical forces. Strong inter-
actions, weak interactions, gravitation—these are of no direct interest to
the chemist. There is no reason to doubt, and voluminous evidence to show,
that quantum mechanics and electromagnetic theory as now formulated
provide a complete theoretical foundation for the understanding of the
interactions between atoms and molecules.

An immense task remains for the theoretical chemist, a task that is in
some part shared by the physicist interested in the same problems. One area
of common interest is statistical mechanics, especially the theory of “coop-
erative” phenomena such as condensation and crystallization, where, al-
though the forces that act between adjacent molecules are known, the
behavior of the whole assembly presents a theoretical problem of singular
subtlety. Other problems that attract both chemists and physicists include
phenomena on surfaces, properties of polymers, and the fine details of the
structure and spectra of simple molecules. A subject of very intense
research in which physics and chemistry are thoroughly blended is the
study, both experimental and theoretical, of reactions in rarefied partially
ionized gases. This study has direct applications in plasma physics, the
development of high-power lasers, the physics of the upper atmosphere, and
astrophysics.

There is really no definable boundary between physics and chemistry.
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There never has been. Approximately 5000 American scientists, on a rough
estimate, are engaged in research that would not be out of place in either
a physics or a chemistry department. Some call themselves physicists and
their specialty chemical physics or just physics. Others are physical chem-
ists. The label generally reflects the individual’s graduate training and
correlates with some differences of interest and style. These chemical
physicists have illustrious predecessors, including Michael Faraday and
Willard Gibbs. And those who, like them, have made a permanent mark
on both sciences are likely to be thought of as physicists by physicists and
chemists by chemists.

Physics serves chemistry in quite another way. It is the source of most
of the sophisticated instruments that the modern chemist uses. This
dependence on physics has been, if anything, increasing. Perhaps the in-
frared spectrograph and the x-ray diffraction apparatus should be credited
to the physics of an earlier era; their present highly refined form is largely
the result of commercial development stimulated by users. But mass spec-
trographs, magnetic resonance equipment, and microwave spectrometers,
all of which originated in physics laboratories in relatively recent times,
are found in profusion as well as are the more general electronic com-
ponents for detecting photons and atoms—electron multipliers, low-noise
amplifiers, frequency standards, and high-vacuum instrumentation. One
might follow a research chemist around all day, from spectrograph to com-
puter to electronic shop to vacuum chamber, without deducing from ex-
ternal evidence that he was not a physicist, unless, as might still happen
today, the smell of his environment gave it away.

Radiochemistry is in a class by itself. The radiochemist and the nuclear
physicist have been partners indispensable to one another since before
either specialty had a name. The dependence of experimental nuclear
physics on radiochemical operations is perhaps less conspicuous, seen
against the whole enterprise of nuclear physics, than it was 10 or 20 years
ago. On the other hand, advances in the use of labeled elements and
compounds in chemical, biochemical, and medical research continue to be
paced by improvements in detection methods. These came directly from
physics. A spectacular recent example is the solid-state particle detector,
with parentage in nuclear physics and solid-state physics.

Instead of viewing physics and chemistry as different though related
sciences, it might make more sense to consider a science of substances,
with its base in quantum physics and objects of study ranging from the
crystalline semiconductor (now assigned to the solid-state physicist) to
the alloys of the metallurgist, to the molecular chain of high-polymer
physics and chemistry, to the elaborate molecular structures of the organic
chemist. Through this whole range of inquiry one can discern a remark-
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able convergence in theoretical treatment, and also in experimental meth-
ods. The first comes about as fundamental understanding replaces phe-
nomenology. When the properties of the complex system, be it a boron
whisker or a protein molecule, can be systematically deduced from the
arrangement of its elementary parts, which are nothing but atoms gov-
erned by quantum mechanics, a universal theory of ordinary substances
will be at hand. Such a theory has not yet been achieved, but as theoretical
methods become more powerful, they become, as a rule, more general,
and there is steady progress in that direction. Already the language of
theory in organic chemistry is much closer than it used to be to the language
of theory in solid-state physics.

The convergence in experimental methods, which of course should never
become complete, also reflects the tendency of more powerful analytic
methods to be more general. The scanning electron microscope is equally
precious to the biochemist and the metallurgist. The infrared spectrograph
is almost as ubiquitous as the analytic balance. Radioactive labeling is
practiced in nearly all the physical sciences.

Notwithstanding the staggering accumulation of detailed information
in the materials sciences, a drastic simplification of scientific knowledge
is occurring in these fields. As the facts multiply, the basic principles
needed to understand them all are being consolidated. To be sure, the need
for specialization by individuals is not declining; the quantity of information
vastly exceeds what one mind can assimilate. But the specialist is no longer
the custodian of esoteric doctrine and techniques peculiar to his class of
substances. Quantum physics is replacing the cookbook, and the mass
spectrograph is replacing the nose. The future organic chemist acquires
a rough working knowledge of quantum mechanics very early—often
earlier, the physicist must concede with chagrin, than his roommate who
is majoring in physics. Soon, if it is not already so, any single section of
this enormously rich and varied picture will be understood at a funda-
mental level by anyone equipped with a certain common set of intellectual
tools.

Well under way here is nothing less than the unification of the physical
sciences. This unification is surely one of the great scientific achievements
of our time, seldom recognized or celebrated, perhaps, because, having
progressed so gradually, it cannot be seen as an event. Nor can it be
credited to one science alone. The influence of quantum physics on
chemistry was clearly a central development, and, if one wishes to sym-
bolize that development by one of its landmarks, there is Linus Pauling’s
The Nature of the Chemical Bond. In physics there are many landmarks
in the theory of condensed matter, from the first application of quantum
theory to crystals by Einstein and Debye to the solution of the riddle of
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superconductivity, among them the quantum theory of metals, the under-
standing of ferromagnetism, and the discovery of the significance of lattice
imperfections in crystals. But the basic contribution of physics is the
secure foundation on which all this knowledge is built—on understanding,
confirmed by the most stringent experimental tests, of the interactions
between elementary particles and the ways in which they determine the
structure of atoms and molecules. The fruits of this immense achievement
are only beginning to appear.

Biology obviously derives part of its nourishment from physics by way
of chemistry. Biochemistry and molecular biology are equally dependent
on physical instrumentation. X-ray diffraction, electron microscopy, and
isotopic labeling are indispensable tools. Modern electronics is important
in physiology, most conspicuously in neurophysiology, where spectacular
progress has been made by observing events in single neurons, made ac-
cessible by microelectrodes and sophisticated amplifiers. Other examples
are described in the Report of the Panel on Physics in Biology.

These are products of past physics. One might wonder whether future
physics is likely to prove as fruitful a source of new experimental techniques
for biology and medical science. There are two reasons for thinking that
it will. First, there is no apparent slackening of the pace of innovation
in experimental physics. In almost every observational dimension, short
time, small distance, weak signal, and the like, the limits are being pushed
beyond what might have been reasonably anticipated. If there is one thing
experience teaches here, it is that quite unforeseen applications eventually
develop from any major advance in experimental power. Through the
Mossbauer effect, preposterous as it seems, motions as slow as that of the
hand of a watch can be measured by the Doppler shift of nuclear gamma
radiation. Even after this discovery, when Md&ssbauer experiments were
going on in dozens of nuclear-physics laboratories, a physiological appli-
cation would have seemed rather fanciful. In fact, the Mossbauer effect
is being used today to study, in the living animal, the motion of the
basilar membrane in the cochlea of the inner ear, perhaps the central
problem in the physiology of hearing.

There is another reason to look forward to contributions to the life
sciences from inventions not yet made. It is the existence of some obvious
and rather general needs, the satisfaction of which would not violate
fundamental physical laws, for example, an x-ray microscope with which
material could be examined in vivo with a resolution of, say, 10 A or a
better way of seeing inside the body than the dim shadowgraphs, remark-
ably little better than the first efforts of Roentgen, that medical science
has had to be content with for half a century. But the breakthroughs prob-
ably will again come in unexpected ways; one cannot guess what will
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play the role of Roentgen’s Crookes tube. The physicist can only feel
rather confident that an active, inventive period in experimental physics
eventually will have important effects on the way research is done in the
biological sciences.

The intellectual relations between physics and biology are changing,
perhaps more because of what is happening in biology than what is
happening in physics. Most physicists who have any acquaintance with
biology, if only through semipopular accounts of the latest discoveries,
find the ideas of current biology, especially molecular biology, intriguing
and stimulating. No physicist could fail to be stirred by the elucidation
of the genetic code or by the other glimpses into primary mechanisms
of life. This wonderful apparatus works by physics and chemistry after
all! But it is far more ingenious and subtle than any contrivance of wires,
pulleys, and batteries. From the intricate engine of muscle fiber to the
marvelous information processer in the eye, plainly there are hundreds of
mechanisms in which physics, chemistry, and biological function are
inextricably involved. Also, the evident universality of basic processes in
the cell appeals strongly to a mind trained in the physicist’s approach to
structure and function. There is no doubt that biology is going to attract
some students who would have made good physicists, which cannot be de-
plored. It is to be hoped that there soon will be a growing number of biolo-
gists who are not only well grounded in physics but who share, and possibly
derive some encouragement from, the physicist’s conviction that the be-
havior of matter can be understood in terms of the interactions of its
elements; this behavior and these interactions are the goals of experimental
study.

At the other end of the scale is astronomy. Physics began with astron-
omy, but after the foundations of Newtonian mechanics were secured,
astronomical observations (not counting as such the observations of cosmic
rays) did not directly generate new fundamental physics. However, as-
tronomy did provide a rich field for the application of physics. Great
advances in astronomy such as the elucidation of the structure and evolu-
tion of stars depended on an understanding of the structure of atoms. That
came from the physics laboratory and from quantum theory as it developed.
Then it was nuclear physics that supplied the keys to the generation of
energy in the stars and to the production of the elements. These questions
were highly interesting to physicists and inspired both theoretical and
experimental work. But, broadly speaking, this work was merely physics
applied to astronomical problems.

At a different level, though, astronomy has always had a powerful intel-
lectual influence on physics. The heavens confronted man with tantalizing
mysteries. His conceptions of what he saw there strongly influenced
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philosophical attitudes toward nature. Astronomy has given the physicist
confidence that the universe at large is governed by beautifully simple laws
of physics, discoverable from earth by man. That belief gives the explora-
tions of physics a wider purpose and significance. It attracts the physicist’s
attention to cosmological questions, to the physics of gravitation, and to
phenomena occurring under conditions utterly unattainable in a terrestrial
laboratory.

Today the interaction of physics and astronomy is more vigorous than
at any time since Newton. Astronomy has entered an astonishingly rich
period of significant discovery. This is due, in part, to observing over a
greatly widened spectrum, from the long waves of radio astronomy, which
have in 25 years greatly increased the knowledge of the large-scale universe,
to x rays and gamma rays, which are just beginning to produce interesting
information. In part, too, it reflects the increased power and scope of
astrophysical theory, working from a more complete base in atomic and
nuclear physics. Also, nature has provided some incredibly marvelous,
totally unexpected features for telescopes to discover, displaying on a grand
scale phenomena that involve most of physics. Less than ten years after
the maser was invented in a physics laboratory, the maser process was
found to occur in clouds of interstellar gas. It is typical of the present
intensive involvement of physicists in astronomy that this discovery was
made by some of the same physicists, now turned radio astronomers, who
had participated in the microwave spectroscopy that led to the invention
of the maser.

Nuclear physicists and astrophysicists have been engaged for more than
20 years in a collaboration from which has come not only an understanding
of the source of energy in stars but of the production of the chemical ele-
ments found in the universe. This knowledge bears directly on the history
of the universe, providing much of the solid evidence against which cosmo-
logical theories can be tested. More surprising is the emerging importance
to astronomy of elementary-particle physics. The opacity of matter to
neutrinos turns out to be relevant not only to the reconstruction of a
primordial big bang but to what is going on now at the centers of galaxies.
Inside pulsars there is almost certainly “hyperonic” matter, composed of
particles more massive than protons, known only in the laboratory as
evanescent products of high-energy collisions. Perhaps a not negligible
fraction of the matter in the universe is compressed into this state, a form
of matter hardly speculated about before pulsars were discovered five years
ago. It may be difficult to forecast commercial applications on planet Earth
for high-energy physics, but its importance in the universe as a whole may
have been greatly underestimated.

Of course, cosmic rays have been studied by physicists, not astronomers,
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for 50 years; and these particles, still the most energetic a physicist can
hope to see, have been transcendentally important in the development of
modern physics. It is hard to imagine how elementary-particle physics
would have progressed if the earth had been shielded from cosmic rays.
Although the source of cosmic rays was obviously astronomical, it is only
rather recently that the importance of cosmic radiation as a constituent of
the interstellar medium has been appreciated. Something like a merger
of cosmic-ray and related high-energy physics with astrophysics has taken
place; the new Division of Cosmic Physics in the American Physical
Society is one indication. Magnetohydrodynamics and plasma physics are
very lively subjects of common interest to members of both groups. Beyond
these obvious cases of interest, even solid-state physicists have been drawn
into astrophysics by the discovery of neutron stars.

In the same period, a resurgence of interest in gravitation has occurred
among both astronomers and physicists—among astronomers because of
the discovery of systems close to the theoretical conditions for gravitational
collapse and among physicists because of experimental developments that
bring some predictions of gravitational theory within the range of significant
laboratory test.

All these developments are bringing again to physics and astronomy a
wonderful unity of interest. Never before have so many parts of physics
directly concerned astrophysicists; seldom before have astronomical phe-
nomena so stirred the imagination of physicists.

The cosmos is still the place where man must look for answers to some
of the deepest questions of physics. Were the fundamental ratios that
characterize the structure of matter as found here and now truly pre-
cisely constant for all time? Observations of distant galaxies offer a
view backward in time to an earlier stage of the universe. Is Einstein’s
general relativity an exact and complete description of gravitation? Is the
visible universe a mixture of matter and antimatter in equal parts, or is
what is called matter overwhelmingly more abundant throughout? Already
astronomers have observations that bear on these questions. The conclu-
sions are only tentative now, but it seems quite certain that the questions
will be answered.

As for the earth sciences, a gap no longer exists between astronomy
and geology. A look at the relation of physics to the earth sciences shows
a network of interconnected problems, stretching from the center of the
earth to the center of the galaxy. The earth’s magnetic field provides a
good example. How it is generated has always been a puzzle. Now it
appears, although the explanation is not complete, that magnetohydro-
dynamic theory is about to produce a convincing picture of the electric
dynamo that must be at work within the earth’s fluid core. Furthermore,
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the same ideas may explain the generation of magnetic fields of stars and
even, when applied on a very different scale, the magnetic fields that
pervade the whole galaxy. These developments are the work of both
geophysicists and astrophysicists, many of them people whose breadth of
interest would justify both titles. In addition, the interplanetary magnetic
fields in the solar system, which are dominated by the solar wind, are of
interest to both the planetary physicist and the solar physicist.

The theoretical base for these interrelationships is the dynamics of
highly conducting fluids, including ionized gases, which is also the base for
such potentially important engineering developments as the magnetohydro-
dynamic generator. Not new fundamental physics but ingenious and in-
sightful analysis and the development of more powerful theoretical tools are
needed.

From the point of view of physics, the other sciences might be grouped
into four very broad divisions: a science of substances, including chemistry
and also a part of physics; life sciences; earth sciences plus astronomy (for
which a good name that will comprehend the range from meteorology to
cosmology is lacking); and engineering science. These divisions are, of
course, multiply overlapping, with a topology that would defy a two-
dimensional diagram. A category of current interest, environmental science,
would overlap all four.

Engineering science is suggested as a fourth division, although it is not
as extensive or as well recognized as the others, to emphasize a disiinction
between the products of technology and the growing body of knowledge—
scientific knowledge—that constitutes the intellectual capital of engineering.
To this knowledge both engineers and physicists contribute continually,
with a mutual stimulation of ideas. To call different portions of this body
of knowledge mere applied mathematics does not do justice to the imagina-
tive work that goes on or to the potential influence on the other sciences
of the ideas generated. A previously mentioned example is the important
subject of fluid dynamics, with its ubiquitous problem of turbulence, in
which engineering science naturally has a big stake. Consider, as another
example, communication theory, developed in its many aspects by people
calling themselves variously engineers, mathematicians, and physicists.
Sophisticated treatments of fluctuation phenomena, including quantum
effects, the relation of information to entropy, and the rich ramifications—
including holography—of Fourier duality are just a few of the ideas it
encompasses. Or consider the theory of automatic control with feedback,
which was developed mainly within engineering science but is now an indis-
pensable aid in most experimentat sciences, including physics. The point is
that between physics and engineering science there are strong intellectual,
one might even say cultural, links. That is only one aspect of the relation
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of physics to technology, a topic explored more fully in the following
section.

No one would question the importance of physics in the development
of these fields of science. However, because chemistry needed physics does
not necessarily imply that chemistry now needs help from physicists.
Physicists have made fairly direct contributions to chemistry, even recently;
and physics, at least as a source of new experimental tools and techniques
for other sciences, may be as fruitful a source in the immediate future
as it has been in the past. But can essential contributions from physics to
the other sciences in the form of new and basic ideas be expected? Do the
chemists or the earth scientists, who have fairly well assimilated the appar-
ently relevant parts of physics, need the physicist for any service except to
teach physics to their students? What is their interest in his hunt for quarks
or gravity waves?

There are two ways to answer such questions from the physicist’s point
of view. One can meet example with example, explaining, for instance
(as will be done in Chapter 4 when this question is addressed with
specific reference to high-energy physics), how the isolation of the quark
could have immense practical consequences. Or one can make a more
general reply along the following lines. The increasing unity of the
physical sciences at the basic level and the proliferation of interconnec-
tions among the fields, and especially with physics, make intellectual vigor
widely contagious. New ideas tend to stimulate other new ideas. As
long as physics has great questions to work on, its discoveries can hardly
fail to excite resonances in neighboring fields.

TECHNOLOGY AND PHysics: THEIR MUTUAL DEPENDENCE

Everyone knows that today the main sources of new technology are
research laboratories of physics and chemistry and not the legendary
ingenious mechanic or Edisonian wizard. Actually, the relation of tech-
nology, that is, applied science, to basic science has been close for more
than a century. Think of Faraday, Kelvin, Pasteur. It is true that Morse
and Bell were amateurs in electricity, while Maxwell, it is said, found
the newly invented telephone not interesting enough to serve as a subject
of a scientific lecture. But the sweeping exploitation of electromagnetism
that began in the latter half of the nineteenth century was based directly on
the fundamental understanding achieved by Maxwell. No one would suggest
that today’s semiconductor technology could have been created solely by
engineers ignorant of the relevant fundamental physics. Research in physics
provided the base from which present technology is developing.
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But physics research did, and is doing, more than that. Research is a
powerful stimulator of fresh ideas. One reason is that in research, and
especially in the most fundamental research, the scientist is often trying
to break new ground. He may need to measure something at higher energy
(remember Van de Graaff and the electrostatic generator) or closer to
absolute zero (Kamerlingh Onnes discovering superconductivity) or in a
previously inaccessible band of the spectrum. Years before World War 11
the magnetron was first exploited for the generation of 1-cm waves by the
physicists Cleeton and Williams at the University of Michigan. They
used it to make the first observation of the inversion resonance of the
ammonia molecule,

Also, and this applies to both experimental and theoretical research, to
be challenged by a puzzling phenomenon stimulates the imagination. One
is likely to try looking at things from a new angle, questioning assumptions
that had been taken for granted. P. W. Bridgman once described the
scientific method as “the use of the mind with no holds barred.” The unin-
hibited approach of the research scientist to a strange problem has even
generated a whole discipline—operations research. Prominent among its
creators were scientists like P. M. S. Blackett and E. G. Williams, who
came from fundamental physics research, both experimental and theo-
retical, of the purest strain.

The research laboratory, including the theoretical physicist’s blackboard
or lunch table, provides the kind of freewheeling environment inn which
an idea can be followed for a time to see where it leads. Most new ideas are
not good. In a lively research group these are quickly exposed and dis-
carded, often having stimulated a fresh idea that may be more productive.

In such a setting, physicists are not generally intellectually constrained
by the distinction between fundamental science and technology. For one
thing, experimental physics heavily depends on some very advanced
technology. The research physicist is not only at home with it, he has
often helped to develop it, adapt it, and debug it. He is part engineer by
necessity—and often by taste as well. An experimental physicist who is
totally unmoved by a piece of excellent engineering has probably chosen
the wrong career. One cannot make such a sweeping statement about
theoretical physicists, but even they, as was spectacularly demonstrated
long ago in the Manhattan Project, frequently can apply themselves both
effectively and zestfully to technological problems. Currently, in fields
such as plasma physics and thermonuclear research, there are many theo-
retical physicists, with a broad range of interest and expertise, some with a
background in elementary-particle physics, intimately concerned with engi-
neering questions.

Ongoing basic research is necessary for the translation of scientific dis-
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covery into useful technology, even after the discovery has been made.
As a rule, the eventual value to technology of a discovery is seldom clearly
evident at the time. It often emerges only after a considerable evolution
within the context of fundamental research, sometimes as an unexpected
by-product. Nuclear magnetic resonance (NMR) is now widely used
in the chemical industry for molecular structure identification. This pos-
sibility was totally unforeseeable in the early years of NMR research. It
came to light only after a major improvement in resolution had been
achieved by physicists studying NMR for quite different purposes. How-
ever, a backlog of unapplied basic physics is not all that it takes to gen-
erate new technology; it may not even be the main ingredient.

Some of the most startling technological advances in our time are
closely associated with basic research. As compared with 25 years ago,
the highest vacuum readily achievable has improved more than a thousand-
fold; materials can be manufactured that are 100 times purer; the submicro-
scopic world can be seen at 10 times higher magnification; the detection of
trace impurities is hundreds of times more sensitive; the identification of
molecular species (as in various forms of chromatography) is immeasur-
ably advanced. These examples are only a small sample. All these develop-
ments have occurred since the introduction of the automatic transmission
in automotive engineering!

On the other hand, fundamental research in physics is crucially depend-
ent on advanced technology, and is becoming more so. Historical examples
are overwhelmingly numerous. The postwar resurgence in low-temperature
physics depended on the commercial production of the Collins liquefier, a
technological achievement that also helped to launch an -era of cryogenic
engineering. And today, superconducting magnets for a giant bubble
chamber are available only because of the strenuous industrial effort that
followed the discovery of hard superconductors. In experimental nuclear
physics, high-energy physics, and astronomy—in fact, wherever photons
are counted, which includes much of fundamental physics—photomultiplier
technology has often paced experimental progress. The multidirectional
impact of semiconductor technology on experimental physics is obvious.
In several branches of fundamental physics it extends from the particle
detector through nanosecond circuitry to the computer output of analyzed
data. Most critical experiments planned today, if they had to be con-
strained within the technology of even ten years ago, would be seriously
compromised.

The symbiotic relation of physics and technology involves much more
than the exchange of goods in the shape of advanced instruments traded
for basic ideas. They share an atmosphere the invigorating quality of
which depends on the liveliness of both. The mutual stimulation is most
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obvious in the large indusiriai laboratory in which new technology and
new physics often come from the same building and, sometimes, from
the same heads. In fact, physics and the most advanced technology are
so closely coupled, as observed, for example, on a five- to ten-year time
scale, that the sustained productivity of one is critically dependent on the
vigor of the other.

EXPERIMENTAL PHYSICS

An experimental physicist is usually doing something that has not been
done before or is preparing to do it, which may take longer than the
actual doing. That is not to say that every worthwhile experiment is a
risky venture into the unknown. Many fairly straightforward measure-
ments have to be made. But only fairly straightforward! The easy and
obvious, whether in basic or applied physics, has usually been done. The
research physicist is continually being challenged by experimental problems
to which no handbook provides a guide. Very often he is trying to extend
the range of observation and measurement beyond previous experience.

A most spectacular example is the steady increase in energy of accel-
erated particles from the 200-keV protons, with which Cockcroft and
Walton produced the first artificial nuclear disintegrations in 1930, to the
200-GeV protons of the National Accelerator Laboratory—in 40 years a
factor of a million! This stupendous advance was achieved not in many
small steps but in many large steps, each made possible by remarkable
inventions and bold engineering innovations produced by physicists. Al-
though numerical factors of increase do not have the same implications
in different technologies, few branches of engineering have come close to
that record. A possible exception is communication engineering. Trans-
mission by modulated visible light, now feasible, represents an increase
in carrier frequency of roughly a million over the highest radio frequency
usable 40 years ago. What is really more significant, the information
bandwidth achievable has increased by a comparable factor. This great
advance was, of course, made possible by development in basic physics
and at many stages was directly stimulated by the basic research of physi-
cists. Even accelerator physics contributed at one stage by stimulating
the development of klystrons. The accelerator physicists have a remarkable
record of practical success as engineers. From the time of the early
cyclotrons to the present, no major accelerator in this country, however
novel, has failed to work; most of them exceeded their promised per-
formance.

In other branches of experimental physics, too, people are doing things
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that would have appeared ridiculously impractical only 10 to 20 years
ago. For example, a discovery in the physics of superconductivity (the
Josephson effect) made it possible to measure precisely electric voltages
and magnetic fields a thousand times weaker than could be measured
previously. Electrons, also positive ions, can be electrically caged, almost
at rest in space, for hours. By another technique, neutral atoms can be
stored in an evacuated box for minutes without disturbing a natural internal
oscillator that completes, in that time, about 10® cycles of oscillation.
One by-product is an atomic clock that is accurate to about a second in
a million years. By recent laser techniques, light pulses of only 10-** sec-
onds’ duration have been generated and observed. The local intensity of
light that can be created with lasers is many million times greater than any-
thing known in the laboratory ten years ago. Effects can be readily observed
that in the past could be only the subjects of theoretical speculation, thus
opening to investigation as entire field of basic research—nonlinear optics.
Within the same decade, the highest magnetic-field strengths easily avail-
able in the laboratory, which had hardly changed in a century, were
roughly quadrupled by superconducting magnets. In the same period, low-
temperature physicists extended downward by a factor of 10 the tempera-
ture range usable for general experimentation.

These developments and others mentioned subsequently in this Report
show that experimental physics is not running out of ideas or becoming a
routine matter of data-gathering. In fact, experimental physics could be
entering a new period, distinguishable (by criteria other than austerity of
budgets!) from two preceding periods of conspicuous experimental advance
in modern physics: the decade before World War II, which, in terms of
tools and techniques, could be called the “cyclotron and vacuum tube”
period, and the immediate postwar period, in which microwave electronics
and nuclear technology, largely the fruits of wartime physics, made possible
an enormous advance in experimental range. Within the past 10 to 15
years, several postwar developments have come of age that, considered
as a group, promise a comparable advance in experimental capability.
These include cryogenics in all its ramifications, semiconductor tech-
nology, laser—maser techniques, and the massive exploitation of computers.
One trouble with any such historical formula, and the glory of physics as
an adventure, is the existence of the important and unclassifiable exceptions.
For example, the continuously spectacular progress in high-energy accelera-
tors fits only very loosely into the scheme just outlined. A more modest
exception is the simple proportional counter, one of the most elegant and
sensitive devices of physics since the torsion pendulum, which has survived
through all three periods, earning in each a new lease on life.

Whether it signifies a new era or not, the enormous advance in observa-
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tional power that is occurring now will in all likelihood open still more
fields of research in physics. It will certainly lead to applications yet
unforeseen in other sciences and technology.

Puysics—A CONTINUING CHALLENGE

It is possible to think of fundamental physics as eventually becoming
complete. There is only one universe to investigate, and physics, unlike
mathematics, cannot be indefinitely spun out purely by inventions of the
mind. The logical relation of physics to chemistry and the other sciences
it underlies is such that physics should be the first chapter to be com-
pleted. No one can say exactly what completed should mean in that
context, which may be sufficient evidence that the end is at least not
imminent. But some sequence such as the following might be vaguely
imagined: The nature of the elementary particles becomes known in self-
evident totality, turning out by its very structure to preclude the existence
of hidden features. Meanwhile, gravitation becomes well understood and
its relation to the stronger forces elucidated. No mysteries remain in the
hierarchy of forces, which stands revealed as the different aspects of one
logically consistent pattern. In that imagined ideal state of knowledge, no
conceivable experiment could give a surprising result. At least no experi-
ment could that tested only fundamental physical laws. Some unsolved
problems might remain in the domain earlier characterized as organized
complexity, but these would become the responsibility of the biophysicist
or the astrophysicist. Basic physics would be complete; not only that,
it would be manifestly complete, rather like the present state of Euclidean
geometry. Such an outcome might not be logically possible.

One might be more seriously concerned with the prospect of reaching a
stage short of that, in which all the basic physics has been learned that is
needed to predict the behavior of matter under all the conditions scientists
find in the universe or have any reason to create. From chemistry to
cosmology, let us suppose, all situations are covered, but one cannot predict
with certainty the scattering cross section for e-neutrinos on g-neutrinos at
10%° V. Suppose further that the experiments required to explore fully
all the physics at 10%*° V are inordinately costly and offer no prospect of
significantly improving physics below 10?° V, which is already known to
be sufficiently reliable. If some such state were reached, one might reason-
ably expect that research in fundamental physics would be at least brought
to an indefinite halt if not closed out entirely as being in the state of per-
fection previously postulated. It would be said that all the physics that
mattered had been learned.
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Some physicists are supposed to have made this statement about physics
at about the end of the nineteenth century. That they were wrong,
spectacularly wrong, is a reminder that human vision is limited; it proves
nothing more. For the state of knowledge of physics today is essentially
different from that in 1890, just before the curtain was pulled back, so to
speak, from the atomic world. Where the problems lie is evident. As
far as the behavior of ordinary matter is concerned, it is hardly con-
ceivable that the detailed picture of atomic structure, the product of
quantum theory and exhaustive experimentation, should turn out to be
misleading or that the main problem in nuclear physics should suddenly
be revealed as one hitherto ignored. There are mysteries, but they lie
deeper. If it were possible to fence off a particular range of application, for
example, chemistry at temperatures below 10° deg, then a state in which
all the relevant fundamental physics is essentially complete could be
reasonably anticipated. Indeed, for a sufficiently restricted application, the
day might already have arrived.

The trouble is that the range of interests continues to widen, and in
unexpected ways. Because of pulsars, the structure of atoms exposed to
a magnetic field of 10*2 G (ten million times the strongest fields in labora-
tory magnets) becomes a question of some practical concern, as does the
shear strength of iron squeezed to a billion times its ordinary density. Just
now astronomy seems to be making the most new demands on fundamental
physics; there the end is not in sight.

Even if the physicist could reliably and accurately describe any ele-
mentary interaction in which a chemist or an astronomer might be inter-
ested, the task of physics would not be finished. Man’s curiosity would
not be satisfied. Some of the most profound questions physics has faced
would remain to be answered, if understanding of the pattern of order
found in the universe is ever to be achieved. The extent of present
ignorance still is great.

It is far from certain that in the presently recognized elementary particles
the ultimate universal building blocks of matter have been identified. The
laws that govern the behavior of the known particles under all circum-
stances are not known. It is even conceivable that the study of particle
interactions at ever higher energy leads into an open domain of never-
decreasing complexity. Probably most physicists would doubt that. Cosmic
rays afford an occasional glimpse of matter interacting at energies very
much greater than particle accelerators provide, and no bizarre conse-
quences have yet been observed. It seems rather that physicists now face
not mere complexity but subtlety, a strangeness of relationship among
the identified particles that might render the question of which of them
is truly elementary essentially meaningless.



82 PHYSICS IN PERSPECTIVE

Even if physicists could be sure that they had identified all the particles
that can exist, some obviously fundamental guestions would remain,
Why, for instance, does a certain universal ratio in atomic physics have
the particular value 137.036 and not some other value? This is an experi-
mental result; the precision of the experiments extends today to these
six figures. Among other things, this number relates the extent or size
of the electron to the size of the atom, and that in turn to the wavelength
of light emitted. From astronomical observation it is known that this
fundamental ratio has the same numerical value for atoms a billion years
away in space and time. As yet there is no reason to doubt that other
fundamental ratios, such as the ratio of the mass of the proton to that
of the electron, are as uniform throughout the universe as is the geometrical
ratio 7=3.14159. Could it be that such physical ratios are really, like
=, mathematical aspects of some underlying logical structure? If so, physi-
cists are not much better off than people who must resort to wrapping a
string around a cylinder to determine the value of »! For theoretical physics
thus far sheds hardly a glimmer of light on this question.

The question was posed in even sharper form 40 years ago by Eddington,
who argued that the structure perceived in nature can be nothing but a
reflection of the methods of observation and description that must be
employed. That view would reduce fundamental physics to metaphysics.
But Eddington’s own conception of the structure did not survive. Such
evidence as he had adduced was soon washed away in a flood of discovery.
The whole history of physics since then gives no sign that physics is about
to become an exercise in deduction. Every attempt to close the theoretical
structure to all changes except refinements has been confounded by an
experimental discovery. This has happened so often that there has been
some accession of intellectual humility along with the vast increase in
knowledge of the underlying structure of matter. Surely the end of the
story is yet far off.

The fundamental question survives, if not the attempts to answer it:
Is there an irreducible base, or design, from which all physics logically
follows? The history of modern physics warns that the answer to such a
question will not be attained just by thinking about it. To be sure, brilliant
theoretical ideas, probably many, will be needed, and some future Bohr
or Einstein may become renowned for the flash of insight that eventually
reveals a key to the puzzle (or the absence of a puzzle!). But without
experimental exploration and discovery, new ideas are not generated.
Physics will remain an experimental science at least until very much more
is known about the fundamental nature of matter,
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THE
SUBFIELDS
OF
PHYSICS

INTRODUCTION

This chapter provides a brief status report on physics and its subfields,
including the historical background that has brought each subfield to its
present status, current scientific activity in each subfield, and the distribu-
tion of activity in each.

Although each subfield is considered in some detail, to bring out its
internal logic, emphasis is placed on the underlying unity of physics. Much
has been said in recent years about the extent to which physics and, indeed,
many of the other sciences were fragmenting with ever-increasing special-.
ization, so that effective communication within and among sciences is
rapidly dwindling. We believe that, although there are obvious dangers
that must be guarded against, the often discussed fragmentation of physics
is exaggerated. For the entire field of physics is tightly linked by common
techniques—both experimental and theoretical—but most of all by a
common style or approach to problems. With increasing specialization,
what tends to be forgotten is the remarkable extent to which techniques
and concepts diffuse rapidly throughout physics and the degree of com-
monality that exists. This underlying unity is illustrated in the closing
section of this chapter in discussions of the four spectroscopies and of one
of the most exciting new objects found in nature—the pulsar.

The basic principles of classical and quantum mechanics and of rela-
tivity provide a unifying framework for all activity in physics. Modern
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physics encompasses a remarkable range in both space and time, as illus-
trated in Figure 4.1. The characteristic dimensions of the entities of physics
span a range of some 10%°; strangely enough, the range of characteristic
times—from the lifetime of the metagalaxy to a time characteristic of sub-
nuclear phenomena, say the passage of a photon over a typical elementary
particle—is again some 10*°. It is these enormous ranges that provide
physics with much of its richness and challenge.

In moving from the macroscopic systems of classical physics and astron-
omy to the atomic domain, physicists found no necessity to add to their
two natural forces—gravitation and electromagnetism. But they were

Diameter of the metagalaxy  10,000,000,000 light-years

10%*¢m  ——
Diameter of our galaxy 100,000 light-years
(Milky Way)
10°cm  ——
Distance to the nearest star 4 light-years
15 ——
10*> cm Distance to Pluto 5 light-hours
Distance to sun 8 light-minutes
101 ¢m = —— Distance to moon 1 light-second
Radius of earth
105 cm —_— 1 kilometer
Man 1 meter
lem — 1 centimeter

105 cm —_—

10%em ——

Atomic nucleus |

FIGURE 4.1 The range of sizes in physics. Each step corresponds to a factor of 10
increase in size,



PLATE 4.1 Nature's quartet of forces.
We can detect a proton only through its
forces. It is the sum of four effects. The
gravitational force, surrounding all mat-
ter in all directions to infinity, controls
the stars and galaxies, The much
stronger electromagnetic force cancels
out at long range, since there are equal
numbers of positive and negative charges
in the universe. It controls the world of
atoms and molecules. The weak nuclear
force is known to exist, but its carrier
has not yet been detected. The strongest
force—the strong nuclear force—con-
trols most effects in the compacted nu-
clear and subnuclear world. [Source:
Science Year. The World Book Science
Annual. Copyright © 1968, Field En-
terprises Educational Corporation.]

Nature's Quartet of Forces

Gravitational force

Weak nuclear force

Strong nuclear force

Located deep
within particle
(not yet found)

Extends 1 fermi
from center
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forced to develop a new arithmetic—quantum mechanics—whose assump-
tions reflect the indistinguishability of the microscopic constituents of matter
and the abandonment of mechanical determinism. On moving deeper into
the microcosm to the nuclear realm, physicists found that they had to double
the number of kinds of natural forces, adding the weak and the strong
nuclear interactions, but they were pleased to find that quantum mechanics,
augmented with appropriate relativistic corrections required for high accu-
racy, was entirely adequate to describe the nuclear system, just as it had
been in the case of the atom.

In moving on to elementary-particle physics, relativity has come to the
forefront in all considerations. Fundamental interest has centered on
whether additional natural forces, or modifications of quantum mechanics,
or, more generally, quantum electrodynamics (QED) would be required to
reproduce the new phenomena. Much effort has been devoted to these
questions. At present there are hints that a superweak nuclear force may
be required, but there is no evidence yet to suggest that QED is not entirely
appropriate for the description of all phenomena in the range of energies
and linear dimensions thus far accessible.

Ignoring for the moment the possible existence of a superweak nuclear
force whose effects would be entirely negligible in all save the most esoteric
situations, physicists have a mathematical framework—quantum electro-
dynamics—and four natural forces—gravitation, electromagnetism, and the
two nuclear forces, strong and weak—within which they attempt to encom-
pass and explain all natural phenomena (Plate 4.I). This economy of
basic input and this focus on fundamental phenomena are the hallmarks of
physics. But no less a part of physics is the development and application of
new insights; in both areas, fundamental and applied, physics has played
and continues to play an important role in education, in interaction with
other sciences, in interaction with technology, and in addressing pressing
problems facing man and society.

In developing this Report the Survey Committee early decided that it was
essential to obtain detailed input from panels of experts in each of a
number of subfields that it had identified. Several of these subfields have
relatively well-defined and traditional boundaries within physics, for ex-
ample, acoustics; optics; condensed-matter physics; plasma and fluid
physics; atomic, molecular, and electron physics; nuclear physics; and
elementary-particle physics. Even here, however, there is a considerable
overlap of specific activities within subfields. For example, laser techniques
appear in several of the subfields, as do those of colliding atomic and
molecular beams. This situation reflects the close coupling within physics,
as is emphasized in the section on The Unity of Physics at the end of this
chapter. In addition to the subfields noted above, several important inter-
faces between physics and other sciences were identified.
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There are several areas of classical physics, such as mechanics, heat,
thermodynamics, and some elements of statistical physics, that have not
been considered explicitly in this Survey. This omission in no way implies
any lack of importance of these subjects but merely reflects the fact that
they are mature areas of science and that relatively little research per se is
currently taking place in them.

Early in the Survey, we, as a Committee, developed a lengthy charge,
which was addressed to each of the panels. It is included as Appendix B to
this volume of the Report. This charge was a broadly ranging one dealing
with the structure and activity of each subfield, as viewed not only internally
but also in terms of its past, present, and potential contributions to other
physics subfields, other sciences, technology, and society generally.

Clearly the charge was most directly relevant to the traditional subfields;
in the case of the interface panels some questions were inevitably unanswer-
able without a survey of equivalent scope of all fields working at the inter-
face. In the case of astronomy, such a survey was available. The panels on
data, education, and instrumentation clearly were special cases. As Volume
11 will show, the panels have responded in depth to the questions asked.

In Appendix 4.A to this chapter, activity in the subfields has been divided
into program elements—components large enough to have some internal
coherence and reasonable boundaries, and for which it might be possible to
estimate present funding levels and PhD manpower involved. As discussed
in Chapter 5, the purpose of this exercise was to divide the subfields into
units of activity that the Committee could evaluate in terms of intrinsic,
extrinsic, and structural criteria. In developing these program elements, the
Committee worked with the panel chairmen; however, in some cases the
elements used here are not identical with those suggested by the panel chair-
men. In the subfields of elementary-particle physics and nuclear physics, it
was possible to assign funding levels and manpower rather precisely. Simi-
lar assignments for some of the program elements in the other subfields may
be in error by a factor of 2.

The principal objective in this chapter is to provide a summary of each of
the panel reports, thus giving an overview of U.S. physics—its history,
status, opportunities, and problems—as seen by a representative group of
active physicists in 1970-1971.

General Activity in Physics

Although manpower, publication, and support data are presented in detail
in Chapters 12, 13, and 5 and 10, respectively, to place the discussions of
this chapter in perspective we include a number of figures showing some of
these data for each subfield (with the exception of interfaces for which data
are not fully available). (See Figures 4.2 through 4.8.)
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FIGURE 4.2 Distribution of physics manpower (PhD’s and non-PhD’s) by subfield.
[Source: National Register of Scientific and Technical Personnel, 1970,]
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DISTRIBUTION OF PHYSICISTS BY
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FIGURE 4.4 Distribution of physics manpower (PhD’s and non-PhD’s) by employ-
ing institution. [Source: National Register of Scientific and Technical Personnel,
1970.]



90 PHYSICS IN PERSPECTIVE
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The manpower data were derived from the National Register of Scientific
and Technical Personnel for 1968 and 1970; the publication data were
based on a sample of every tenth article listed in the 1969 issues of Physics
Abstracts; and the information on support shown here was based largely
on the reports of the panels. It should be noted that the totals here need not
agree with those appearing in the National Science Foundation’s publica-
tion, Federal Funds for Research, Development, and Other Scientific Activi-
ties (FFRDS) and elsewhere in this Report. Some of the panels carried out a
more detailed examination of the overall funding pattern, and differences in
categories and definitions in some cases have yielded numbers different
from those in FFRDS.

Migration data for PhD physicists are displayed in Appendix 4.B to this
chapter. As shown there, physics PhD manpower is much more mobile
than has been commonly believed. During the period 1968—-1970 about
one third of the PhD’s changed their subfields of major interest. This is a
strong indicator of the unity of physics; the subfield interfaces are highly
permeable.

For we do not think that we know a thing until
we are acquainted with its primary conditions or
first principles and have carried our analysis as
far as its simplest elements,
ARISTOTLE (384-322 B.C.)
Physics, Book 1, 184

ELEMENTARY-PARTICLE PHYSICS

Introduction

Elementary-particle physics is concerned with the determination of the
fundamental constituents of matter and energy, the behavior of matter
under the most extreme conditions, the mathematical laws of nature gov-
erning this behavior, and the related underlying nature of microscopic
space-time itself. The forms of elemental matter that occur naturally, or
can be produced in the laboratory, include electrons, photons, protons, and
neutrinos. They also include a great (and surprising) variety of unstable
particles that are produced in very energetic collisions between the stable
particles or between atomic nuclei.

Experimental observations range from measurements of fundamental
properties of the particles, made with the greatest imaginable precision, to
gross observations of the qualitative behavior or a particular form of matter
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under the extreme conditions of high-energy impact. Theoretical work
includes interpretation of experimental observations based on generally
accepted principles, suggestions for new directions of experimentation to
answer well-defined questions, the invention of theoretical models and
experiments to test them, speculations on the ultimate nature of matter and
energy, speculations concerning the generalization of the laws of nature
needed to overcome the inadequacies and paradoxes in the existing theory,
suggestions of experiments to test these speculations, and deep mathematical
investigations of the nature of the theory to reveal its strengths and weak-
nesses,

Theoretical research in this subfield requires a knowledge of the founda-
tions and methods of most branches of physical theory, including both
classical theory and relativistic quantum theory. The required mathematical
techniques encompass a wide variety of fields and methods of applied
mathematics. Experimental work requires access to a source of particle
beams, usually an accelerator, although some types of investigations are
carried out successfully with cosmic rays. The experimenter must also have
access to very sophisticated instrumentation capable of identifying particles
moving at speeds close to that of light or of measuring specific properties of
the particles with great precision or of both. The large amount of informa-
tion that must be sorted to make sense of the behavior of these particles
under the extreme conditions to which they are subjected requires the use
of very large computers. The development of accelerators (see Figures 4.9
and 4.10), detectors, and other equipment involves a major engineering
effort. The people involved in the work include a large coterie of engineers,
technicians, programmers, and scanners as well as physicists.

Historical Background

Elementary-particle physics has its roots in all aspects of physics that are
historically concerned with the structure of matter, because the questions of
structure and constituents of structure are closely related. The interpreta-
tion of the term elementary particle has a history going back to the original
atomic theory. One need note only the use of the term chemical element,
identifying an atomic species, to recognize the beginning of the subject.

The concept of basic building blocks from which the real world can be
composed dates back to the ancient Greek philosopher Democritus, whe
coined the word, gropos or atom, that is, indivisible particle. During the
seventeenth and eighteenth centuries, the development of physics concen-
trated on macroscopic physical properties such as optics, heat, and mechan-
ics, which did not emphasize the atomistic concept. With the develop-
ment of chemistry and spectroscopy during the nineteenth century, however,
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FIGURE 4.9 Aerial view of the Stanford Linear Accelerator Center. The 22-GeV
electron accelerator at this center is the only controlled source of electrons in the
world for research in the energy range above 12 GeV. In addition to electrons, this
accelerator can provide many beams of secondary particles—pions, muons, kaons,
and neutrinos. [Source: Stanford Linear Accelerator Center.]
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FIGURE 4.10 The AGs magnet ring and linac junction. This 33-GeV accelerator
at the Brookhaven National Laboratory is the principal source in the United States
for research using protons in the energy range 12 to 33 GeV. The acs has been un-
dergoing a major conversion that is now nearing completion., The purpose of this
conversion is to provide higher-intensity beams of protons and secondary particles
and increased experimental capability, thereby making it possible to carry out re-
search of a qualitatively different character than before. [Source: Brookhaven Na-
tional Laboratory.]

the study of atoms, molecules, electrons, and ions became a most in-
fluential part of physics, culminating in the formulation of modern quantum
theory in the 1920’s. That the atom turned out to be a structured system,
made up of electrons and nucleons, was the first in a series of experiences
demonstrating the elusiveness of the ultimate elementary constituents of
matter. A complete answer to this question is still lacking.

To determine its constituents, it is necessary to break matter apart until
it is reduced to an unbreakable minimum. Thus, matter is subjected to
extreme conditions by making the components collide with great vigor and
break one another apart. This vigor is usually measured in terms of the
energy of collision. The energy provided by a flame is great enough to
break molecules apart into atoms (fractions of electron volts), but greater
energy is needed to strip electrons from the atom (electron volts). After
the electrons are stripped off, the bare nucleus of the atom might appear to
be elementary unless even greater energy is brought to bear to shatter it.

The magnitude of energy needed to tear the nucleus apart is measured
in millions of electron volts, that is, it is of the order of one million times
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greater than that required to tear electrons out of atoms. Sources of
particles with such energy are naturally available in the emissions from
radioactive nuclei, in cosmic radiations, and in the interiors of ordinary
stars. Some of the earliest controlled experiments used radioactive sources,
but an attack on the nuclear structure problem over a broad front was not
possible until Cockeroft and Walton, Van de Graaff, and Lawrence
developed machines (electrostatic generators and cyclotrons) capable of
accelerating particles to energies of millions of electron volts.

At this stage, in the 1930’s, physics appeared to have attained the goal
of determining the ultimate constituents of matter and energy. The ele-
mentary particles of which atoms and ordinary matter are constituted were
clearly the electron, proton, and neutron. The proton is the positively
charged nucleus of the simplest atom—hydrogen. The neutron is its
neutral counterpart, discovered by Chadwick in 1932. All other normal
nuclei consist of neutrons and protons bound together.

The simple notion that all matter is made up of these three particles was
augmented by the concept of the photon as the elementary particle or
quantum of electromagnetic energy, a concept that came from the quantum
theory of radiation. In this case, the particle is not a constituent of matter
but a manifestation of energy released in the transition of matter from a
state of higher energy (or mass) to a state of lower energy (or mass). This
example shows the interchangeability of matter and energy, a well-known
aspect of Einstein’s special theory of relativity.

The theory of relativity combined with quantum theory also led to the
suggestion that for every particle there should be a corresponding anti-
particle, having the same mass but opposite electromagnetic properties, as,
for example, the sign of its charge. This hypothesis was first suggested as a
result of Dirac’s relativistic version of the quantum mechanics of the elec-
tron. The positron, which is the antiparticle to the electron, and the first
known antimatter, was discovered experimentally by Anderson in 1932.

Another elementary particle that appears only as a result of transitions
between different states of matter is the neutrino. The existence of the
neutrino (and of the antineutrino) was hypothesized by Pauli in that same
era (about 1932) to account for what would otherwise have been gross
violations of a fundamental law of nature—conservation of energy and of
angular momentum—in the beta decay of radioactive nuclei. It is a particle
having no charge or mass, and it has only recently—in very sophisticated
experiments—been detected directly. The attempt to detect solar neutrinos
is critically important for all of astrophysics. For example, their detection
will provide the most direct test of the hypothesis that the sun is generating
thermonuclear power (see Figure 4.11).

Although a rather complete picture of the basic constituents appeared to
exist in the 1930’s, little was known about the properties and structure of
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FIGURE 4.11 The Brookhaven solar neutrino experiment located 4850 ft under-
ground in the Homestake Gold Mine at Lead, South Dakota. Detection is based on
observing the neutrino capture reaction “Cl+4r — “Ar--e- in 100,000 gallons of per-
chloroethylene, C.Cl,. The radioactive “Ar (35-day half-life) is removed from the
liquid by a helium gas purge and placed in a small low-level proportional counter to
observe the electron capture decay of “Ar,
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matter at the nuclear level. Even the strong forces responsible for holding
nuclei together (against the tendency of the positively charged protons to
repel each other and push it apart) were a complete mystery. It was known
that these forces were strong and acted over very short distances (short-
range forces) of the order of nuclear dimensions—typically 100,000 times
smaller than those of the atom. The shape of the potential, if indeed these
forces could be described by a potential, and its other features were the
subjects of intense experimental and theoretical investigation.

Investigation of the shape of such a short-range potential implied that
measurements over very short distances were needed. Such measurements
could be made only with particles of high energy, because the character-
istic wavelength associated with a particle, in accordance with quantum
mechanics, is inversely proportional to its momentum, and very short wave-
lengths are needed to see structure over very small distances. The energy
corresponding to a proton wavelength comparable to the range of nuclear
forces is about 10 million electron volts (MeV). Therefore, to study effects
over much smaller distances requires proton energies of the order of at
least 100 MeV (the energy goes inversely as the square of the distance
scale).

For this reason, accelerators in the 100- to 600-MeV range were built in
the late 1940’s and early 1950’s when methods to build such machines
(synchrocyclotrons, linear accelerators) had been devised. However, there
were mainy other reasons, (0o, not the least of them being simpie curiosity
regarding the open-ended question: How does matter behave under more
and more extreme impact? From the viewpoint of particle physics the most
important reason was given by Yukawa in 1935 when he proposed a field
theory of the nuclear force analogous to electromagnetic theory.

Prior to the study of nuclear phenomena, the forces of nature were
assumed to be two in number, gravitational and electromagnetic. Both
were known to obey an inverse-square law, with the force, albeit rapidly
weakening, extending to arbitrary distances from the force center. It was
clear from the very earliest measurements, that the nuclear forces had a
quite different character; within an exceedingly short range they were very
much stronger than the electromagnetic forces, but they vanished abruptly
beyond a distance characteristic of nuclear dimensions. Yukawa showed
theoretically that the range of a natural force field was tied inversely to the
mass of the characteristic particle or quantum of the field; this finding was
in accord with the known zero rest mass of the photon and the effective
infinite range of the electromagnetic field. It also suggested that the graviton,
the quantum of the gravitational field, should have zero rest mass. To
match the short range of the strong nuclear force, however, Yukawa was
forced to postulate the existence of a nuclear field quantum of finite mass—
roughly one tenth of that of the proton.
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Because nuclear forces are capable of exchanging electric charge between
neutrons and protons, the nuclear quanta had to appear in charged as well
as neutral forms. Because the mass of this quantum corresponds, according
to the relationship E=mc?, to an energy between 100 and 200 MeV,
energies in this range are required to produce them. They were first identi-
fied in cosmic rays in the late 1940’s. They are produced in great abundance
by machines giving protons with energies of 400 MeV and higher.* The
strong nuclear field quanta are called pi-mesons or pions. Beams of these
pions are now an essential tool for elementary-particle and nuclear physics
research and are rapidly finding applications in medicine.

A major puzzle emerged after the initial postulation of the pion by
Yukawa, By its very nature it was expected to interact strongly with
neutrons and protons, hence with nuclei. But when particles of approxi-
mately the right mass and charge were first identified in the cosmic radia-
tion, it appeared that, having passed through much of the earth’s atmo-
sphere before detection, they interacted very weakly with nuclei. It was
finally realized that the difficulty arose because the free pion was itself
unstable against decay. In a time of about one hundredth of a microsecond
after being produced, the pion transforms spontaneously into a somewhat
lighter particle called the mu-meson, or muon, and a neutrino. Because the
muon interacts only weakly with nuclear matter, it can survive passage
through the earth’s atmosphere after being produced from the decay of
pions, which result from the interaction of the primary atomic radiation
with the matter in the upper fringes of the atmosphere. The muon was
initially, and incorrectly, thought to be Yukawa’s meson.

This muon is unstable and transforms spontaneously into an electron, a
neutrino, and an antineutrino about 1 usec after production (in essence, it
beta-decays). Its observation at sea level simply shows that it is normally
produced with very high kinetic energy following the initial cosmic-ray
interaction, and the relativistic time dilation (rapidly moving clocks appear
to run slow) is such that it survives passage through the atmosphere before
decay. Some pions also survive passage through the atmosphere for similar
reasons, despite their much shorter lifetime and the much higher interaction
probability. Every observation made to date indicates that the muon
behaves in every way like a heavy electron. It is not subject to strong
interactions (of nuclear strength), it has identical electromagnetic inter-
actions, and, as far as has been determined, it is subject to the same weak
interactions that are responsible for beta-decay, except that the muon has

* The extra energy is needed in any collision process because the struck particles are
not infinitely massive and recoil; in doing so they retain some of the available energy
so that less than the total incident energy is available in the interaction itself. In the
jargon of collision physics this is referred to as energy in the center-of-mass system as
opposed to energy of the center of mass.

c -5
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its own distinct neutrino (and antineutrino) associated with weak decay
processes. It represents a major puzzle; physicists simply have no idea why
there should be such a heavy electron or, indeed, whether still heavier
electrons remain to be discovered.

Electrons, muons, the two kinds of neutrino, and all their associated
antiparticles form a special class of particles called leptons. So far there is
no evidence that they interact in a strong way with any form of matter or
radiation. Possibly, for this reason, they appear to be truly elementary,
that is, irreducible particles.

Particles like the proton, neutron, and pion that do interact strongly,
that is, with interaction energies comparable with the potential energies
between nucleons, are referred to as hadrons. There are also a great many
other kinds of hadron with quite remarkable properties. The first hint of
their existence came, again, from cosmic-ray observations, in which a few
examples of what are now called hyperons and K-mesons were recognized
as unusual events in cloud chambers and emulsions.

The characterization of these particles, their classification, and the
relationships between them began to unfold only when the first accelerators
in the billon-electron-volt (GeV)* range came into operation. The first
such proton accelerator, the 3-GeV Cosmotron at Brookhaven, was planned
before the existence of these strange particles was known, but their
existence was clearly indicated by the time the Cosmotron was turned on.
It was only shortly afterward, as a result of experiments at the Cosmotron,
that the principle of associated production of strange particles, which is one
of the fundamental concepts in the understanding of strangeness, was well
established. Just as in moving from the atomic to the nucleon quantum
system it was necessary to introduce a new quantum number, the isotopic
spin, to characterize the different charge states of the nucleon—the neutron
and proton—so also in going to these elementary-particle systems the addi-
tion of yet another label or quantum number, strangeness, was required.

The Cosmotron was built to study nuclear forces at a deeper level than
had been possible before and to observe the behavior of matter under more
energetic impact. Experiments showed that matter behaved in a totally
unexpected manner, thus an entirely new field of investigation emerged.
The Bevatron, at the University of California at Berkeley, planned for
similar purposes, was completed shortly thereafter. In view of the theo-
retical reasons for believing that for every particle there is a corresponding
antiparticle, the selected energy was sufficiently high (6 GeV) to produce
antiprotons. (The first triumph of this theory had been the discovery of
the positron.) The mass of the proton is large (about 1 GeV/c? in energy
units), and antiprotons must be produced in proton—antiproton pairs (just

* For giga electron volt; this abbreviation has now replaced the formerly used BeV.



The Subfields of Physics 103

as positrons are produced in electron—positron pairs), requiring the con-
version of 2 GeV of energy. This amount of useful energy (in the center-
of-mass system) is produced in the collision of a 6-GeV proton with a
proton at rest. Thus, the Bevatron produced antiprotons as well as other
known particles.

At this point, it should be clear that the original objective of determining
the constituents of matter is not distinguishable from the determination of
the possible forms of energy. Not only are the photon and neutrino pro-
duced in transitions between energy states of matter, but electron—positron
pairs, pions, proton—antiproton pairs, associated pairs of strange particles,
and any other form of matter can be created in this way. The distinction
between matter and energy has vanished.

Recent Developments in Elementary-Particle Physics

A continuous unfolding of surprises concerning the forms that elementary
matter and energy can take characterizes the recent history of this subfield.
The intrinsic properties, interactions, reactions, and all aspects of the
behavior of these constituents, which are found under more and more
extreme conditions, have led to entirely new concepts of the nature of the
physical universe. Higher-energy machines, in the 10- to 70-GeV range,
that became operative throughout the world during the past 15 years, and
the great number of experiments conducted at them, produced many of
these revelations. The nature of many of the most important discoveries
could not have been anticipated when the machines at which they occurred
were being planned.

Among these recent discoveries are the following:

1. Discovery of parity violation in weak interactions (that is, nature
distinguishes between right- and left-handedness in these interactions);

2. Discovery of two kinds of neutrino;

3. Confirmation of the idea that the vector part of the weak nuclear
interaction is generated in a manner remarkably similar to the generation
of electromagnetic interactions;

4. Discovery of a difference between the world of particles and the world
of antiparticles, even when the latter is viewed in a mirror (that is, violation
of CP invariance), and the associated discovery that there is some aspect
of the weak interactions that depends on the direction of flow of time;

5. Elucidation of the structure of neutron and proton in terms of their
internal charge and current densities;

6. Discovery that protons appear to have an internal point particulate
structure;

7. Realization that electromagnetic propertles of particles not only relate
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to the usuai massiess photons but aiso invoive very massive vector mesons
that are subject to strong (nuclear) interaction (reflecting the large masses,
these interactions are of very short range);

8. Exploration of the limits of relativistic quantum electrodynamics to
a distance of the order of 10-** cm;

9. Opening of the field of hadron spectroscopy (Table 4.1) and dis-
covery of the underlying SU(3) symmetry relating the hadrons;

10. Realization of phenomenological theories for dealing with rela-
tivistic reactions between hadrons and interpreting them, especially at
very high energy.

The report of the Panel on Elementary-Particle Physics in Volume 11
discusses a number of these findings in greater detail. What emerges is a

TABLE 4.1 Stable Hadrons

Electric Mag. of Isotopic Strange

Name Symbol Charge mc*(MeV) Spin  Parity Spin ness

Pion w* *e 140 0 neg. 1 0
" 0 135

K-meson K* +e 494 0 neg. 1%} +1
K° 0 498

K-meson K- _e o o « “ 1
K° 0

Nucleon p +e 938.3 %) pos. 23 0
n 0 939.6

Antinucleon p —e ¢ ° N ° 0
n 0

Lambda A 0 1116 %) pos. 0 -1

Antilambda A 0 ° e “ - +1

Sigma == +e 1197 1 pos. 1 —1
o 0 1192

Antisigma T +e e e ° a +1
o 0

Cascade o —e 1321 %3 pos. %) —2
o 0 1314

Anticascade o +e a o a « +2
o 0

Omega minus o —e 1672 15 pos. 0 -3

Antiomega minus ar +e “ a a a +3

® Masses and indicated quantum numbers are the same for particle and antiparticle of opposite charge.
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continuing progression of new discoveries and new surprises that represent
salients into entirely virgin territory in man’s understanding of the nature
of space, time, and the basic laws that govern all natural phenomena. This
push into the unknown is one of the greatest adventures of the human
intellect; but it is much more. It is a continuing challenge to further
exploration and fuller understanding of natural phenomena. It commands
the devotion and attention of some of the most intellectually gifted scientists
of this age.

Interactions with Technology

Successes in elementary-particle physics have depended heavily on the
discoveries and developments made in almost all subfields of physics and
in engineering. Many new technical developments were needed. The de-
mands of this subfield presented a challenge to technology as great as any
offered by either space research or military requirements. As the magnitude
of the energy needed for exploration has increased, the size of the required
apparatus has increased enormously and so has the degree of ingenuity
required both to reduce costs and to provide methods for making the
necessary measurements.

The development of new concepts in machine technology made the
building of giant machines feasible. The particle beams of very high energy
produced by these machines had to be manipulated in a way that required
the development of intricate beam-transport devices, including huge bending
magnets, magnetic lenses, electrostatic and radio-frequency velocity
selectors, computer monitoring and control of beams, and the like. The
detection and measurement of particles at high energy and intensity require
special detection devices such as bubble chambers, Cerenkov and other
counters, spark chambers, and wire chambers, all in combination with
on-line computers (see Figure 4.12). Some of these devices must be
capable of measuring time intervals of a few billionths of a second or of
handling millions of particle events in seconds. Measurements on the
photographic film on which information is stored has led to the develop-
ment of automatic pattern-recognition devices that have many other appli-
cations. Computer and special methods had to be developed to perform
the many intricate calculations that are needed before the physics can be
recognized in the enormous mass of data emerging from an experiment.
This task has strained the capabilities of the largest computers. Without
such methods, the emergence of hadron spectroscopy, for example, would
have been impossible.

Big superconducting magnets (see Figure 4.13) have been designed
and built to provide the large magnetic fluxes needed to deflect high-energy
particle beams at a reasonable cost, because the power requirements for
some individual magnets would be as high as 10 MW. More recently,
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FIGURE 4.12 The 12-ft-diameter bubble chamber that operates in conjunction with
the 12-GeV zGs proton accelerator at the Argonne National Laboratory. The cham-
ber, which can be filled with hydrogen or deuterium, is the largest particle detector of
its type in operation in the world today. The early work with the chamber has con-
centrated on neutrino physics experiments but will soon make use of more conven-
tional beams, for example, pions, kaons, and antiprotons. [Source: Argonne National
Laboratory.]
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FIGURE 4.13. The 184-in. superconducting magnet (18 kG) built for the Argonne
National Laboratory 12-ft bubble chamber. The 100-ton magnet consumes only 10 W
of power, much less than the several megawatts required for conventional magnets of
the same field strength. This is the largest superconducting magnet operating in the
world. [Source: Argonne National Laboratory.]

alternating current and radio-frequency superconducting systems have
become feasible and should soon make possible the building of accelerators
at higher energy or with an improved duty cycle * without an increase in
size or power requirements. Such concepts as the electron ring accelerator
may also make it possible to go to much higher energy at reasonable cost.

This dependence of high-energy physics on technology and engineering
frequently stretches the capabilities of existing technology to the utmost,
requiring innovations and extrapolations that go well beyond any present
state of the art. Because the resulting technological developments have
implications much broader than their use in particle physics, all technology

* In lower-energy electrostatic accelerators, for example, the stream of particles in the
beam current is constant in time, that is, it is a dc beam. In the larger accelerators,
however, as a consequence of the accelerating mechanisms, the beam particles occur
in bursts of greater or lesser length, with intervening periods in which there are no
particles. The duty cycle is a measure of the extent to which a given accelerator ap-
proaches a dc beam character.
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benefits from the opportunity to respond to this pressure. New technical
developments occur sooner—sometimes much earlier—than they would in
the absence of such pressure, and they often present new engineering
opportunities, unrelated to high-energy physics, that can be exploited im-
mediately. Examples of such engineering developments are manifold:
large volume, very-high-vacuum systems; sources of enormous radio-
frequency power; cryogenic systems; large-scale static superconducting
magnets; variable-current superconducting systems; pattern-recognition
devices; very fast electronic circuits; and on-line computer techniques. In
this sense, elementary-particle physics has had a major impact on technol-
ogy, but the effect has been an indirect one resulting from the urgency of
the research requirements rather than the results of the research.

The history of physics offers many examples of the discovery of ele-
mentary particles, or properties of elementary particles, that have had
extremely important applications. These examples are the basis of a belief
that it will happen again. Examples of important innovations in technology
based on particles whose existence is yet to be established have been sug-
gested. Of course, physicists are on tenuous ground here, because such
speculations could be based on falsc premises. That is why more research
is needed—to determine the validity of the premises. If they are not
correct, past experience suggests that the results could be completely unex-
pected and might have greater impact on technology than can be imagined

at the present time.

It may be helpful to include an example of such a speculation suggested
by recent discoveries in particle physics. The discovery of a multitude of
particle resonances led to the development of hadron spectroscopy. This
study has revealed many remarkable regularities in the relationships among
the hadrons, which, in turn, have been classified in terms of several
parameters that take on a very limited set of values and are called internal
quantum numbers.

The situation is analogous to that which occurred in the nineteenth
century in connection with the concept of chemical valence, which also can
be regarded as an internal quantum number of the atom; the regularities
exhibited a pattern that led Mendeleev to construct the periodic table of
elements, which not only systematized existing information but also had
predictive power. Every gap in the table was later filled by a chemical ele-
ment whose existence was unknown at the time that the table was
constructed.

In regard to the regularities of hadron spectroscopy, the internal quantum
numbers have been associated with the symmetry patterns (representations)
related to the group SU(3) (long familiar in group theory) of simple three-
dimensional unitary transformations. These patterns also can be used to
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predict the particles that should exist and some of their properties. The
predictions thus far have been remarkably successful, although there are
some contradictions and controversies that must be resolved.

The remarkable successes of the SU(3) scheme, for which Gell-Mann
was awarded the 1969 Nobel Prize in physics, have led to the type of situa-
tion of which physicists dream. In the case of the particle, then unknown,
the theoretical prediction was remarkably specific. It included the mass,
spin, charge, and all observable characteristics of the particle. Moreover,
substantiation of the entire theory depended on its existence. Thus, dis-
covery of the omega minus, with all the predicted properties, was a major
vindication of this approach and the underlying understanding of funda-
mental phenomena on which it was based. Even more recently, the anti-
particle, the antiomega minus, has been observed after strenuous effort by
a group at Berkeley (Figure 4.14). Its discovery fills all the existing gaps
in the SU(3) ordering; however, this does not preclude the possible dis-
covery of deeper symmetries or a broader ordering involving yet unknown
species of particles.

The physics of the periodic table of the chemical elements was ultimately
elucidated in terms of the electron structure of the atom, the quantum
mechanics of the electron, the spin of the electron, the Pauli exclusion prin-
ciple, and the like. To make an analogy with the situation in particle phys-
ics today, one could ask how the periodic table of elements might have
been interpreted if the quantum mechanics of elementary particles had been
known but the existence of the electron had not. It is not too difficult to
imagine that someone could have come to the conclusion, on the basis of
the periodic table of the elements, that the atom consisted of particles of
spin one-half, satisfying Fermi-Dirac statistics (that is, the Pauli exclusion
principle) and moving in a central field of force. This conclusion would
not have been sufficient to characterize the electrons in atoms completely;
but, in the context of the analogy, it would have been cause for subjecting
atoms to severe collisions involving energies of kilovolts, which would have
been high energy in the nineteenth century, to knock some of the particles
(electrons) out of the atom for further study.

The corresponding problem in particle physics is the explanation of the
observed SU(3) symmetry of the hadrons. It has been suggested that SU
(3) may represent the structure of the hadrons as composites of ultimate
particles of three distinct kinds, which have been given the name quarks.
All mesons would be composed of appropriate pairs consisting of one quark
and one antiquark each; the baryons, which are particles like the proton
and neutron, would consist of three quarks.

To keep the model simple, that is, to limit it to just three kinds of
quark and their associated antiquarks, it is necessary that the electric
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FIGURE 4.14. Almost all of the antibaryons have been observed in experiments, the
most recent being the antiomega particle (2), in 1970, by a group from the Univer-
sity of California, Berkeley. The bubble chamber event is shown in the above figure.
The experiment involved was a study of the K'd interaction at 12 BeV/c carried out
in the 82-in. Stanford Linear Accelerator Center bubble chamber. The production re-
action is K'd— OAAps'm, and the decay is 2 — A K. [Courtesy of Gerson
Goldhaber.]

charges of these particles occur in units of one third of the elementary
charge, e. There is, of course, no evidence whatsoever that this is actually
possible. The three different kinds of quark would necessarily have charges
of +~e/3 and 2e/3. The antiquarks would have charges of the opposite
sign. The quark idea leads to simple interpretations of many of the known
characteristics of hadrons, but the particles have other peculiarities and
suggest many unanswered questions. That very massive quarks can com-
bine, at least theoretically, to give much lighter resulting particles is simply
a reflection of the correspondingly large binding energies that would be
involved,

The key question is: Does the quark really exist? The energy of colli-
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sions between hadrons required to produce quarks depends on the as yet
unknown quark mass, and it may be very high. They have not been
detected at existing accelerators, either because the available energies were
inadequate or because the quarks are a mathematical fiction, serving only as
a simple and graphic representation of something even deeper in the theory.
Despite this situation, one of the earliest experiments with the new National
Accelerator will be a search for the quark. There is an elegance and an
economy about this quark hypothesis that has great aesthetic appeal. (See
Plate 4.11.)

The connection with technology is highly speculative and depends on the
anticipated stability of the hypothesized quark. This stability implies that
there may be ways to store quarks after producing them at an accelerator.
The storage of quarks would correspond to the storage of enormous
amounts of energy, and this energy could be released in a controlled fashion
by allowing quarks and antiquarks to recombine at the desired rate.

Because electric charge is conserved in all reactions, there is no way for
a quark to disappear in ordinary matter; therefore, it is stable not only in
vacuum but also in the presence of matter. The making of exotic atoms by
binding a proton to a negatively charged quark is conceivable. Since the
quark is expected to be the more massive, the proton would play a role
similar to that of the electron in an ordinary atom. Possibly, exotic atoms
could form exotic molecules. One can immediately speculate that such
exotic atoms and molecules might be used to catalyze thermonuclear reac-
tions between protons and deuterons, because they would provide a mech-
anism to juxtapose the nuclei in spite of the repulsive forces caused by their
positive electric charges. Relatively few quarks should be needed, since
their release for reuse at each thermonuclear interaction would be expected.
Thus, it is possible to imagine a controlled source of thermonuclear power
consisting of a vessel of deuterons into which just enough quark impurity
has been introduced to produce power at the desired rate. Although this
speculation may seem farfetched, thermonuclear catalysis by muons in an
analogous process already has been observed; only because muons are
unstable are they useless as a practical source of energy.

It is quite possible that quarks do not exist. But the investigation of
this question almost certainly will lead to the discovery of an even more
fascinating world.

Impact on Other Sciences

Since elementary-particle physics has its origin in nuclear physics, there is
a particularly close connection between these two subfields. They depend
on one another in many ways. The research results of particle physics
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having the greatest direct bearing on nuclear physics are those that throw
light on the nature of nuclear forces and those that provide methods for
the study of nuclear structure. (See the following section on Nuclear
Physics. )

Not only are there results of research that are of interest to both sub-
fields, but there is a substantial overlap in the instrumentation, so that each
learns from the other. There also has been a strong mutual impact in regard
to methods for handling data, use of on-line computers, and the like.

High-energy physics also plays a special role in relation to astrophysics,
because the astrophysicist is concerned with matter under the most extreme
conditions. At sufficiently high temperatures the exotic and unstable
particles produced by accelerators will exist in thermal equilibrium with
matter and influence the equation of state of matter under these extreme
conditions as well as determine the reactions that occur. Thus a knowledge
of all the elementary particles and how they behave is essential to a full
understanding of interstellar matter under some conditions. There is also
an important relationship with the work in space-radiation physics. The
cosmic rays were the first source of high-energy particles, and the study of
these particles in space makes full use of both existing knowledge of their
properties and instruments and techniques developed for their study.

In subfields other than nuclear physics and astrophysics, the connection
is less direct. New instruments developed for particle physics are useful
in many disciplines. For example, various pattern-recognition devices for
scanning and measuring film from bubble chambers and spark chambers
are valuable for a variety of applications in biological research, two of which
are chromosome counting and measuring cross sections of nerve bundles.
Image intensifiers, developed to photograph particle tracks in scintillators,
have proved useful for quantitative observation of chemical luminescence
in biological systems, Another important medical application has arisen in
connection with the development of techniques for making and handling
thin but very tough plastic films as support for multiwire particle detectors,
plastic plumbing for very rugged thin-walled targets, and other plastic
systems (Figure 4.15). Elementary particles could open new fields of
research in medicine. For example, there is reason to believe that irradia-
tion of tumors with pion beams may have therapeutic value because of the
particular properties of the pion. To establish the validity of this idea
requires extensive research on the biological effects of pion beams.

Theoretical methods of one branch of physics are usually applicable in
others. The history of physics has been characterized by the unity of the
theories (as discussed in the final section of this chapter). Elementary-
particle theory is no exception. The methods of quantum field theory,
developed to answer fundamental questions concerning particles, have
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FIGURE 4.15 A preliminary version of a small, inexpensive ($15) artificial kidney,
which has been developed at the High Energy Facilities Division of Argonne Na-
tional Laboratory. It has been used successfully by nine patients at an Illinois Vete-
rans Hospital, It has small enough volume (622 in.") to be suitable for a child,
and it is hoped that it can be made inexpensive enough to be used daily. The basic
configurations of these dialyzer designs are also being explored for their potential as
membrane oxygenators for heart-lung machines. [Source: Argonne National Labo-
ratory.]

proved to be applicable to problems in many other subfields such as the
nuclear many-body problem, many-body problems in condensed matter,
superconductivity theory, and statistical mechanics. Methods for treating
resonance reactions, a field that had its beginning in atomic physics and
flowered in nuclear physics, have required deeper investigation to under-
stand their meaning in the relativistic processes that occur at high energy.
The result has been more general methods and insights into scattering
processes in general, with applications whenever they occur,

The methods for dealing with the general problem of relativistic reactions
have been the subject of intense investigation, with results that have wide-
spread use and add to current understanding of all similar physical pheno-
mena. However, not only the methods but also the content of these theories
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can be of great importance in other subfields of physics. Just as the full
panoply of elementary particles and their excited states can exist in stellar
interiors, so in atoms and molecules such particles exist in virtual form for
minuscule instants of time and thus have a tiny influence on atomic and
molecular properties that will eventually be detected when measurements
become sufficiently precise. Therefore, it is possible that the limits of the
known theory of electrons and electromagnetism will be passed by high-
precision measurements of an atomic nature before they have been reached
by high-energy experiments. The two approaches are complementary, and
both have been pursued vigorously, but the only certainty is that a limit will
eventually be reached, a limit such that even the theory of the electronic
structure of atoms will require modification.

Although there are many specific examples of the impact of elementary-
particle physics on other sciences, especially on other subfields of physics,
it is not these details that represent its most significant contribution. This
contribution is associated with the whole flavor and character of scientific
exploration and discovery. The entire scientific organism flourishes when
its major fields and subfields are flourishing and feeding the whole. In
different fields, and in different subfields of physics, the nature and style of
the work varies greatly, but all science gains strength when any subfield
contributes in a substantial way to the overall store of knowledge or under-
standing. Certainly all of physics gains from any significant new discovery,
idea, information, or theory in any of its major subfields.

Of course, there is no way to guarantee the unexpected, and the pursuit
of it is a gamble. But the gamble has been paying off handsomely, and
there is no reason to believe that it will not continue to do so.

Distribution of Activity

Elementary-particle physics grew from academic research in atomic, nu-
clear, and cosmic-ray physics, and, in spite of its enormous development
in scale, its roots have remained in the universities. The early accelerators
and the devices for studying the behavior of particle beams emerging from
them were built at the universities, A few accelerators at universities con-
tinue to be used for elementary-particle physics experiments, but the
emphasis has shifted to much greater energies and more complicated equip-
ment than can be managed within the usual university framework. There-
fore, the accelerators at these higher energies have been built at National
Laboratories, some of them managed by single universities and others by
consortia of universities (see Chapter 9). Although each of these labora-
tories has its own in-house research activity, by far the larger part of the
research in the National Laboratories is conducted by groups of professors,
research associates, and students from universities throughout the country.
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Table 4.2 lists the operating high-energy accelerators of the world.
The Cosmotron, a 3-GeV proton accelerator at Brookhaven, was shut down
several years ago, and, as noted in the table, the Princeton Particle Ac-
celerator (pPA) has been shut down as an elementary-particle physics
laboratory. These shutdowns resulted from funding limitations, not from
any significant obsolescence of the scientific value of the equipment.

The 200-500-GeV proton accelerator at the National Accelerator Lab-
oratory is nearing completion. It is possible that the first experiments will
be carried out there in mid-1972. Already initial design work has begun

TABLE 4.2 Accelerators Operating above 1.5 GeV ¢

Acceler-

ated

Particie United States Western Europe Soviet Union

Proton PPA’ 3 GeV Saturne 3 GeV

Proton Bevatron 6.2 GeV Nimrod 7 GeV ITEP 7.5 GeV
Proton ZGS 12.7 GeV 10 GeV
Proton AGS 33 GeV CERN-Ps 28 GeV Serpukhov 76 GeV
Electron Bonn 2.3 GeV Kharkov 2 GeV
Electron CEA ° 6.3 GeV NINA 5 GeV

Electron Cornell 10 GeV DESY 6.2 GeV Yerevan 6 GeV
Electron SLAC 21 GeV

¢ Abbreviations, names, and locations shown in table:

United States

PPA Princeton Particle Accelerator, Princeton, N.J.

Bevatron Lawrence Berkeley Laboratory, Berkeley, Calif.

ZGS Zero Gradient Synchrotron, Argonne National Laboratory, Argonne, Il.

AGS Alternating Gradient Synchrotron, Brookhaven National Laboratory, Upton, Long
Island, N.Y.

Cornell Cornell University, Ithaca, N.Y.

CEA Cambridge Electron Accelerator, Harvard University, Cambridge, Mass.

SLAC Stanford Linear Accelerator Center, Stanford, Calif.

Western Europe

Saturne Commissariat 4 ’Energie Atomique, Saclay, France
Nimrod Rutherford Laboratory, Chilton, Berkshire, England
CERN-PS Proton Synchrotron, CERN, Geneva, Switzerland

Bonn Physikalisches Institut, Bonn, Germany

DESY Deutsches Elektronen-Synchrotron, Hamburg, Germany
NINA Daresbury Nuclear Physics Laboratory, Daresbury, England

Soviet Union

ITEP Institute of Theoretical and Experimental Physics, Moscow
Serpukhov Institute of High Energy Physics, Serphkhoy

Kharkov Physical Technical Institute, Kharkov

Yerevan Institute of Physics (GKAE), Yerevan, Armenian SSR

» Shut down as an elementary-particle physics facility at end of fiscal year 1971.
¢ Being used only as an intersecting-beam device.
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that will extend the capability of this facility to 1000 GeV through the
addition of a ring of superconducting magnets immediately above the
present magnet ring (Figure 4.16).

At the present time, there are approximately 50 U.S. universities heavily
involved in elementary-particle physics. In addition, the number partici-
pating to some degree, with hope of greater involvement, is about 125,

The sociology of high-energy physics has become rather complicated
because the determining factors in the research and training activities in
the universities are the decisions made concerning the experiments to be
carried out or the ancillary equipment to be developed at the large accelera-
tors at the National Laboratories. In order that the judgments and needs
of the participating research community may be taken into account, an
elaborate system of advisory committees and corporations formed by con-

FIGURE 4.16 Aerial view of main accelerator at the National Accelerator Labora-
tory. This 200-500-GeV proton accelerator will be for some years the only con-
trolled source of protons in the world for research in the energy range above 80 GeV
and the only one in the United States above 33 GeV. In addition to proton beams,
the accelerator will provide many beams of secondary particles—neutrinos, pions,
kaons, photons, and antiprotons. [Source: National Accelerator Laboratory.]



Combining Quarks

PLATE 4.1I(a) Combining quarks, Three kinds of object, shown as colored trian-
gles can be arranged into ten pDSSlb]B groups of three. In The El,ghlfold Way. each

: ion of three fictitious objects, called quarks, makes a different baryon.
[Spnrca‘ Science Year. The World Book Science Annual. Copyright © 1968, Field
Enterprises Edncahcmal Corpmauon.]




One Baryon Family

FIGURE 4.1I(b) One baryon family. Complex combinations of the three qnarb
species form other families of aryons, according to The Eightfold Way. The neutron
and proton are in the top row. [Source: Science Year. The World Book Science
Annual. Copyright © 1968, Field Enterprises Educational Corporation.]
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sortia of universities has come into being. The arrangements are tailored
to each laboratory and its special problems and needs. They seem to work
rather well, at least as judged by the success of the research programs (see
also Chapter 9).

There are approximately 1700 PhD physicists and engineers who can
be identified as working on projects supported by federal particle-physics
funds. Of these, about one third are theoretical physicists, the rest, experi-
mental. This figure probably does not include a substantial number of
theoretical particle physicists who do not receive federal support.

The number of graduate students at the thesis level working on programs
supported by federal particle-physics funds is about 1100. A substantial
number of students supported by other funds should probably be added to
this number. Well over 300 PhD’s annually are being granted in this
subfield, and more than half of them are based on theses in theoretical
physics.

About half of these particle physics PhD’s have gone into other subfields
after receiving their degrees. Those who remain usually spend from two
to four years as research associates, or in equivalent temporary postdoctoral
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FIGURE 4.17 Manpower, funding, and employment data on elementary-particle
physics, 1964—-1970.
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positions, in either a university or a National Laboratory. Because of the
current limitations on permanent job opportunities, many research associ-
ates are extending their appointments beyond even the fourth year, and the
number of PhD’s leaving the subfield is increasing (see Appendix 4.B).

Elementary-particle physicists comprise about 10 percent of the physics
PhD population, as reported in the 1970 National Register of Scientific
and Technical Personnel. They work principally in academic institutions.
One fifth were employed in research centers (for the most part, National
Laboratories). The number of PhD’s in the subfield has grown at an annual
rate of 10 percent since 1964 (see Figure 4.17). Approximately 33 percent
of the federal funds for basic research in the various subfields of physics in
1970 were allocated to the support of research in elementary-particle phys-
ics; there is essentially no direct industrial support (see Figure 4.18).

Problems in the Subfield

Funding The funding of high-energy physics has developed serious incon-
sistencies in the past few years. Although the present capability, measured
in terms of both equipment and manpower, probably provides the United
States with the greatest potentiality for research in this subfield of any
country in the world, the bleak funding pattern that has characterized
federal budgets of recent years seems likely to lead to rapid dissipation of

ELEMENTARY-PARTICLE PHYSICS
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FIGURE 4.18 Manpower and federal funding in elementary-particle physics in
1970.
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this strength. Accelerators are being utilized at less than 75 percent of
capacity because of financial stringencies and are facing even further cuts.
University groups are finding it increasingly difficult to obtain the funds
needed to mount experiments that will take advantage of the available
facilities.

The total funding of operations and equipment of the principal accelera-
tor laboratories has been decreasing in absolute dollars at a time when one
new major accelerator (sLac) has come into operation, when a major
improvement program increasing the capability of the AGs is being com-
pleted, and when university groups from all parts of the country are trying
to prepare for experiments at the National Accelerator Laboratory (NAL).

As NAL operations get under way, it is essential that incremental funding
be provided in the total operating and capital equipment budgets for all
accelerators. Otherwise, the exploitation of NAL, which offers the most
important opportunities in this subfield, will certainly force the demise of
some of the lower-energy accelerators and a drastic reduction in the level
of activity of others. Under these conditions much of the important work
that remains to be done throughout the spectrum of energies below the 200
GeV available at NAL could not be carried out. This situation would
seriously weaken elementary-particle physics research in this country.

Manpower The employment problem for theoretical particle physicists
appears to be even more serious than it is for other physicists. The large
number of such theorists produced in recent years and their high degree of
specialization are often given as the causes of this difficulty. This narrow
specialization is already an indication that the student of particle theory has
been allowed to choose unwisely, because real success in any part of physics
requires more breadth, and both great breadth and depth of perspective
are required for a significant contribution, especially in theoretical particle
physics.

It is imperative that university groups in elementary-particle theory act
to discourage all but the most able potential students and that even these
should be made fully aware of the employment problems and restricted
career opportunities that now appear probable. University groups have a
responsibility to expose their most brilliant and able students to the oppor-
tunities in all subfields of physics, particularly under present circumstances
in which such students will be needed as effective partners in national
attacks on major problems affecting society now and in the future. Because
a sizable fraction of the most able students are attracted to elementary-
particle physics, a correspondingly heavy responsibility rests on those who
are now active in this subfield to provide objective and realistic advice
concerning these career opportunities.
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First we must inquire whether the elements are
eternal or subject to generation and destruction;
for when this question has been answered their
number and character will be manifest.
ARISTOTLE (384-322 B.C.)
On The Heavens, Book 111, 304

NuUCLEAR PHYSICS

Introduction

Nuclear physics includes the study of the structure of atomic nuclei and
their interactions with each other, with their constituent particles, and with
the whole spectrum of elementary particles that is now provided by the
very large accelerators. The nuclear domain occupies a central position
between the atomic range of forces and sizes and those of elementary-
particle physics, characteristically within the nucleons themselves. As
the only system in which all the known natural forces can be studied
simultaneously, it provides a natural laboratory for the testing and extend-
ing of many of the fundamental symmetries and laws of nature.

Containing a reasonably large, yet manageable, number of strongly
interacting components, the nucleus also occupies a central position in the
universal many-body problem of physics, falling between the few-body
problems, characteristic of elementary-particle interactions, and the extreme
many-body situations of plasma physics and condensed matter, where
statistical approaches dominate; it provides a rich range of phenomena
and the hope of understanding these at a microscopic level.

Although still a relatively young science, nuclear physics has already
had a profound effect on both peace and war and on man’s view of his
universe and himself. The release of nuclear energies in fission reactors
holds high promise of providing the energies for civilization until fusion
systems can be perfected or, perhaps, indefinitely; radioactive techniques
have already had a major impact on technology and on both clinical and
research medicine and biology.

Historical Background

The experiments of Rutherford and his colleagues at the beginning of this
century established the basic structure of the atom and located the nucleus
as a massive, positively charged, and very much smaller (by a factor of
some 100,000) entity at the atomic center. Over the next four decades, the
gross characteristics of nuclei were established—their sizes; their basic
components, the neutron and proton; the characteristic energies by which
they were bound together (some millions of times those in atomic systems);
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and the nature of the radiations that were spontaneously emitted by some
heavy nuclear species. Much of this information came from the study of
collisions between nuclei and the nuclear projectiles as more of these
became available at increasingly higher energies. In the beginning only
the naturally occurring nuclear emanations—the alpha particles (helium
nuclei) so dear to Rutherford—were available; the development of the
early accelerators by Cockcroft and Walton, Van de Graaff, Lawrence, and
many others led to a new era of experimentation in that, for the first time,
the experimenter could choose and vary the nature and energy of his
projectile, albeit within rather strict instrumental limits, instead of making
do with what nature had provided.

Indeed, the development of accelerators of ever-increasing power and
sophistication has been one of the main themes of nuclear technology;
along with this has gone the development of nuclear radiation detectors of
increasing sensitivity and resolution adequate to the challenge of sorting
out the products and results of the accelerator projectile-induced nuclear
interactions.

By 1949, a considerable body of knowledge had been accumulated
on the simpler properties of the 300 or so stable nuclei found in nature
and of the perhaps 500 additional radioactive isotopes that had been
produced from these using either accelerators or the newly developed
nuclear fission reactor. Apart from its energy-generation capabilities, the
reactor for the first time made it possible to produce many of these
radioactive species in relatively large quantities for study and application.
While only a modest amount of information was available concerning any
given nucleus, certain striking regularities already were becoming evident
as the number of neutrons or protons was varied. These regularities led
Mayer and Jensen to propose their remarkably successful shell model
of the nucleus, quite analogous to the Bohr model of the atom in that
the single nucleons were assumed to move almost independently in well-
defined orbits in a central potential well.

This model proved to be a key idea in the understanding of nuclear
structure and dynamics. But it was far from obvious! The success of the
Bobr-Wheeler liquid-drop nuclear model in explaining the gross charac-
teristics of nuclear fission in 1939 rested on the basjic assumption that
the nuclear constituents, the nucleons, interacted so strongly that the
mean free path between interactions was much less than the diameter of
the nucleus itself. This assumption was in apparent direct conflict with the
well-defined orbital motion of the shell model, and it was not until 1956
that Weisskopf explained this apparent paradox as a consequence of the
operation of the Pauli principle within the nucleus.

In the 1950’s, a phenomenal increase in the anfount of nuclear informa-
tion available occurred as new accelerators, detectors, and instrumentation
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FIGURE 4.19 The nuclear stability diagram is obtained by plotting the nuclear
binding energy as a surface deformed by the number of protons (Z) and the number
of neutrons (N) present. For low N and Z the most stable species are those having
N=2Z; but with increasing Z, the electrostatic repulsion between the protons forces
the stability toward nuclei where N is greater than Z. The black squares represent
the nuclei that are stable in nature; this simply means that their lifetime against spon-
taneous decay is long compared with the lifetime of the solar system. There are
some 300 in all. The region outlined with a light line is that which has been explored
thus far in nuclear physics; it contains some 1600 different nuclear species (isotopes).
The outer solid lines define the region in which it can be calculated that nuclear spe-
cies should be stable against instantaneous decay via the strong nuclear forces. The
lower line is the so-called neutron-drip line in that any species formed below it spon-
taneously and instantaneously emits neutrons and moves to the left until it reaches the
line and the boundary of stability. Emission of tightly bound alpha particles (helium
nuclei containing two protons and two neutrons each) competes favorably with direct
proton emission at the upper boundary, and spontaneous fission limits the stability
region for very heavy nuclei. B,=0 indicates zero binding against such spontaneous
fission as does B.=—0 against neutron emission. Two of the postulated islands of sta-
bility far beyond the natural range are indicated at Z=114 and Z=126. It is clear
from such a figure that a vast range of nuclear species remains to be explored. While
the most stable uranium isotopes have masses of 235 and 238, respectively, as shown
here, uranium isotopes ranging in mass from 195 to 302 would be expected to be
stable against instantaneous breakup.
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derived from wartime technology became operational. Not only was
much more known about each nucleus, but also many more nuclear species
were produced and studied as the new facilities permitted forays from the
valley of nuclear stability, which runs diagonally through any map of
the nuclear domain wherein the number of neutrons is plotted against
the number of protons. Such a map is shown in Figure 4.19. The total
number of known nuclear species increased to about 1200, and, instead of

FIGURE 4.20 The first of the Emperor class of electrostatic Van de Graaff accelera-
tors, installed in the Arthur Williams Wright Nuclear Structure Laboratory at Yale
University. This accelerator is the largest of the tandem configurations in research
use and is the first to make available all the nuclear species to precision study. Termi-
nal potentials in excess of 11 MeV have been obtained on the machine. The large
pressure vessel in the background contains the electrostatic accelerator structure; the
magnetic systems in the foreground are part of the beam energy control and distribu-
tion system.



124 PHYSICS IN PERSPECTIVE

typically three or four quantum energy levels known for ecach, numbers
such as 20 to 50 became typical.

Yet another wave of innovation and development in the instrumen-
tation of nuclear physics took place in the 1950°s. The large higher-energy
electrostatic accelerators, for the first time, made all nuclei accessible to
precision study with a very broad range of projectiles (see Figure 4.20);
the semiconductor nuclear detectors improved the attainable energy reso-
lution by factors between 10 and 100 (see Figure 4.21), and on-line
computer techniques not only produced striking improvement in the quality
of the available data but also made it possible to digest and analyze the
flood of new results efficiently and effectively.

These instrumental innovations were reflected in a massive increase
in the scope and quality of information about nuclei. Not only did the
number of known nuclear species grow to some 1600, but the information
on the quantum structure of each of these increased by orders of magnitude.
In addition, entirely new insight into the nature of nuclear interactions and
dynamics was gained—that is, how energy and linear and angular momen-
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FIGURE 4.21 Comparison of the gamma radiation spectra, from Coulomb excita-
tion of osmium-188 nuclei by a 70-MeV beam of oxygen ions, as measured with a
sodium iodide spectrometer and with a lithium—germanium semiconductor spectro-
meter. In the region of channel number 200, for example, three isolated transitions
appear in the latter spectrum that are entirely masked in the former. This is typical
of the enormous improvement in resolution that has been attained with these new
detectors.
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tum are absorbed or emitted by nuclear systems; how nucleons or clusters
deform, rotate, and vibrate; and how entirely new nuclear species might be
created.

As a result of these studies, the fundamental modes of nuclear excitation
are being uncovered and their microscopic structure analyzed. Crucial
to this progress was the availability of a large number of complementary
means of probing nuclear excitations, of many well-understood ways of
building up an excitation, and of examining the way in which the funda-
mental modes vary systematically from nucleus to nucleus. It is perhaps
particularly characteristic of nuclear physics that some of the most far-
reaching discoveries came not from increasingly detailed study of a given
nuclear system but rather from the recognition of certain underlying
systematics traceable from nucleus to nucleus. A very broad effort—broad
in kinds of facility and program-—was required and has grown in response
to this need.

Major progress has been made in understanding the general charac-
teristics of the lower-lying nuclear excitations and nuclear dynamics. The
shell model, with appropriate modifications, continues to provide the
framework for a physically understandable picture of nuclear structure and
motions (see Figure 4.22). To do so it had to encompass phenomena that
at first seemed sharply at variance with the concept of single particles
orbiting their separate ways. The collective excitations that were dis-
covered and explored in the decades after its initial development clearly
pointed to the cooperative motions of many nucleons. Sets of excitations
that could only be interpreted as vibrations or rotations of large fractions
of the nuclear charge or mass were especially striking testimony to this.
The analysis of these collective modes in terms of the shell model appears
qualitatively possible and, in some cases, also quantitatively possible,
though complex. The new, unified shell model puts the single-particle
and collective aspects together by including the residual interactions
between the valence nucleons that tie their separate motions together and
by recognizing that the assumed spherical central potential, or core,
which defined the orbits in the initial shell model, is an oversimplification
that, in large regions of the periodic table, must be replaced by spheroidal
or ellipsoidal shapes. Besides forming a most useful physical model of the
nucleus, this enlarged shell model is also a quantitative bridge between
experimental findings and a deeper theory.

Development of a deeper theory has begun. The fundamental question
of nuclear theory always has been how to connect the forces between
the individual neutrons and protons of the nucleus and the observed
nuclear processes. The work of the last 15 years already has achieved
more than qualitative success in connecting these forces with both the
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FIGURE 4.22 This figure illustrates the effectiveness of comparison of model pre-
dictions with experimental data, which even simple on-line computer installations
make possible in nuclear experimental work. Shown here are elastic scattering cross
sections for O ions on O nuclei as functions of both energy and angle measured in
the center-of-mass system. The upper figure shows actual experimental data obtained
with an on-line computer-based data—acquisition system; the lower figure shows the
corresponding model predictions, From examination of such comparisons of data
surfaces rather than isolated angular distributions or excitation functions it is possible
to determine at a glance whether the model correctly reproduces gross features of the
experimental data without the confusion that otherwise arises from local detailed
fluctuations.
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gross properties of size and binding energies of nuclei and the chief
ingredients of the shell model—the central force and the residual inter-
action between the valence nucleons. This fundamental problem is not yet
wholly solved, for the agreement with observation is far from quantitative.
But this work is well begun.

Nuclear physics owes much in terms of insight, concepts, and tech-
niques of calculation used in advancing the theory of nuclear structure
to molecular physics and the physics of condensed matter. The concepts of
molecular physics have been extremely important in treating nuclear
rotations and vibrations; the pairing concepts evolved to explain super-
conductivity in condensed matter also have played a crucial role in the
nuclear physicist’s understanding of the excitation spectra of nuclei and
of the phenomenon of nuclear superconductivity. Much vital input con-
cerning the nature of the nucleon-nucleon interaction has come, of course,
from elementary-particle physics.

The early history of nuclear-reaction research was dominated by the
phenomenon of the very narrow resonances discovered with low-energy
neutrons. Such resonances correspond to the formation of a configuration
of the nuclear system that lives a relatively long time before breaking up
with the emission of a nucleon, a photon, or a more complex nuclear
fragment. The postwar developments in experimental techniques made
possible neutron beams of much greater energy range. A new phenomenon
was uncovered, complementary in character to the nuclear resonance.
A broad energy structure, which varied gradually and systematically with
the atomic number of the bombarded nucleus, was found in neutron
scattering. These regularities could be well described in terms of the
scattering of neutrons by a smooth central force field of nuclear dimen-
sions; in contrast to the longer-lived resonance phenomenon this is a
prompt mechanism. In addition to the scattering, of course, some absorp-
tion of the incident neutron beam occurred, and it was recognized that the
situation was analogous to the interaction of an incident light beam with
a rather cloudy crystal ball. This optical model clearly has connections
with the single-particle picture of the shell model. These concepts proved
applicable to all nuclear projectiles.

The prompt mechanism applies not only to simple scattering but also
to a great variety of transfer reactions in which one or a few nucleons
are transferred between projectile and target. Because the process is simple
and direct, these direct transfer reactions have provided a well-understood
means for studying the way nuclear excitations are built up, and very
much of the present detailed knowledge of nuclei comes about in just
this way.

In the 1960’s, nuclear physicists addressed themselves to the discernment
and study of reaction cross-section structures intermediate between the
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broad ones of the optical model and the very narrow resonances. The
underlying nuclear configurations are understood to be of a complexity
intermediate between the individual orbits of the optical potential and
the complications of the narrow resonances, which in many cases have been
interpreted as shell-model excitations. These intermediate structures have
implications for the unraveling of the nuclear dynamics and for nuclear
structure.

An example of such intermediate resonance phenomena is the isobaric
analog-state excitations in heavy nuclei that have been discovered and
extensively investigated in recent years. The isobaric spin quantum
number, discovered in the early days of nuclear physics, was long thought
to be useful only in light nuclei, where the Coulomb forces resulting from
the proton charges were still too small to destroy significantly the charge
symmetries that the isobaric spin quantum number described. Recently,
with the advent of precision techniques applicable to heavy nuclei, it was
found that this symmetry has much wider validity than was anticipated; in
retrospect, the reasons are clear. The isobaric analog of a state is one in
which structure is the same except that a neutron has been changed into
a proton, and therefore its level is higher by the extra Coulomb potential
energy. In heavier nuclei, this extra energy lifts the analog excitation into
the continuum. The importance of this finding for further nuclear-structure
studies is enormous. It shows that states whose structure is known from
the low-energy work on their analogs are available at high enough energies
for many reactions to be possible. The reactions to final states carry, then,
a great deal of information about the nature of these final states. A new
rich technique resulted that already has proved highly effective. Further,
shell-model concepts apply with textbook simplicity in these newly
accessible heavy nuclei—much more so than in the lighter regions where
they have been studied previously. (See Figure 4.23.)

So far only the relatively simple excitations and reactions have been
mentioned. But perhaps the most important characteristic of nuclear
physics is the diversity of phenomena that manifest themselves. The
fission of nuclei into massive pieces was discovered more than three
decades ago, quickly applied in a national emergency, and, subsequently,
stimulated entirely new industries; it was studied intensively throughout
this entire period. Discovery of a new and very interesting fission
phenomenon, the interpretation of which has great import for the field as a
whole and especially for its frontier extensions, occurred during the late
1960’s in the Soviet Union. It had long been thought that once a nucleus
had been stimulated to fission, it did so very rapidly. The Soviet scientists
found, surprisingly, that many nuclei had excited states with a very much
longer lifetime before fission than did the normal ground states—the
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FIGURE 4.23 Experimental single-particle and single-hole levels in the lead region.
“Pb is doubly magic, having 82 protons and 126 neutrons. “Pb states are formed by
adding a single neutron to the ®*Pb core; **Pb states are formed by removing a single
neutron from the *Pb core or by adding a single neutron to the *Pb core. As illus-
trated, ali these states are very conveniently studied by deuteron stripping and pickup
reactions. In addition to single-particle and single-hole states based on an unexcited
“Pb core, it has become possible to study equivalent states based on this core in any
of its excited configurations; shown here are the states that are based on the octupole
vibrational 3~ state at 2.6-MeV excitation in **Pb, While the ground state of ®Pb is
formed by the removal of a p? neutron from the ground state of **Pb, the closely
spaced doublet (5/2* and 7/2*) at 2.6 MeV of excitation is formed by removing a
p? neutron from the 3~ excited configuration of the core. Such systematic spectro-
scopic studies wherein the excited configurations are assembled, nucleon by nucleon,
have provided extensive new nuclear structure information and have shown that the
shell model concept of single-particle and single-hole orbits applies with classic sim-
plicity in the lead region. Before the recent advent of the large electrostatic accelera-
tors, this region of heavy nuclei was simply inaccessible to such high-precision studies.

so-called fission isomers. A massive international effort led to an under-
standing of these phenomena in terms of an outer balcony, which can
develop in the nuclear potential barrier. The fission fragments, in essence,
after penetrating the main barrier, can be trapped in the balcony, or
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<4 FIGURE 4.24. The upper figure shows experimental data on the variation of the
cross section for neutron-induced fission of plutonium-240 as a function of the neutron
energy. Particularly striking are the periodic maxima in the cross section, with, in
each case, a number of sharper resonances participating in the maximum. This
phenomenon has led to important new insight into the mechanism of nuclear fission,
as illustrated in the bottom figure, where the effective potential barrier is plotted
against a parameter measuring the departure of the plutonium-241 compound nucleus
from sphericity. In the past it was assumed that such a potential had only a single
minimum (I) corresponding to the equilibrium shape of this nucleus and a single po-
tential barrier through which the fission fragments tunneled before release. What the
experimental data shown here have indicated, however, is that a second minimum (IT) -
exists, How this reproduces the experimental results is shown schematically in the
center figure. In some appropriate neutron energy range En, the compound, plutoninm-
241, is produced by neutron capture by plutonium-240 at a level of excitation such
that the quantum states in the first potential well are separated by characteristic spac-
ing Di; because the second potential well is less deep, its quantum states at this same
energy are more widely spaced (Di:). An enhanced correction occurs when the fission
fragments tunneling through the first barrier find themselves at a quantum level energy
in the second, where there is enhanced probability of tunneling through the outer bar-
rier. These double potential shapes have now been recognized as being derivable from
more microscopic nuclear shell models; they provide a textbook example of quantum-
mechanical tunneling through barriers.

secondary minimum, for relatively long periods. Quite apart from some
highly useful consequences, this finding constitutes a textbook example of
penetration through a complex barrier. (See Figure 4.24.)

The existence of the second minimum had been predicted on the basis
of shell-model calculations of the energy of nuclear deformation. That
these calculations are closely related to those predicting the existence
of as yet unseen islands of supertransuranic nuclei has provided no small
part of the excitement (see Plate 4.I1I). '

Future Developments

The frontiers of nuclear physics research are diverse. One of the main
directions of general progress in the field has been toward the establishment
of a coherent central model that reaches into all its phenomenological
branches. As a result of this effort, the location of as yet uncharted regions
bas become clearer, and puzzles in the more definitely formulated areas
have been identified. The future progress of nuclear physics will depend on
a double-pronged attack against both kinds of problem.

Much of the progress in nuclear physics resulted from analyses of sys-
tematic studies of many types of systems and many nuclear properties.
These studies must be extended with the newer techniques that have only
recently become available. From 1900 to 1970, some 1600 nuclear species
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were identified and studied; reliable estimates suggest that collisions of
2-GeV uranium nuclei with uranium targets will produce at least 6000
different species. In addition, there is relatively little information as yet
concerning the behavior of any nucleus as more excitation energy.is
pumped into it. Very recent evidence suggests that, in addition to heating
and evaporating nucleons or fragments in analogy to a water drop, quasi-
molecular complexes of long lifetime may form in which most of the
available energy is bound in molecular fragments with the remaining
available energy appearing as kinetic energy of simple relative motion of
these fragments. This high-excitation energy region is still largely terra
incognita.

Although much of this work can be done with existing techniques and
probes, a quite different set of probes rapidly is coming into increasing
use. New accelerator sources and detection devices now under construc-
tion will lead to precise nuclear investigations by high-energy protons and
extend the capabilities of high-energy electrons. Examining the nucleus
with these two different short-wavelength beams will correspond to putting
the nucleus under high-resolution microscopes illuminated by comple-
mentary radiations. New copious sources of mesons will be used to probe
the nucleus for different specific components of nuclear motions (see Figure
4.25). Mesonic atoms, formed by mesons orbiting the nucleus, sampling
and reporting on the nuclear matter that they traverse, will provide still
different complementary nuclear information. The intensive study of
hypernuclei, formed by replacing one of the constituent neutrons or protons
by a strange particle—a hyperon uninhibited by the Pauli Exclusion
Principle—will provide yet another view from deep inside the nucleus.
The possibility of the existence of a region of stable superheavy nuclei,
lying well beyond the heaviest now known, has been much discussed. If
current ideas on element production are correct, the superheavies are
beyond nature’s capabilities and can be created only by a leap over the
instabilities that surround them. This leap can be achieved by the bombard-
ment of massive nuclei with massive projectiles at energies sufficiently
high for them to overcome their mutual repulsion and fuse. Such reactions
appear also to be fruitful sources of the many other nuclear species that
are sought. The new heavy-ion facilities now being planned will begin to
open these possibilities to exploration with as yet unknown nuclei. If the
superheavies do indeed exist, current calculations suggest that, among other
things, they should emit about three times as many neutrons per fission
as do the present fissile fuels. This capability could have major con-
sequences in the development of a more convenient, perhaps portable,
energy source.
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FIGURE 4.25 Aerial view of the Los Alamos Meson Physics Facility. This facility
features 1-mA proton beam at 800 MeV, plus simultaneously either 100-zA hydrogen
ions at 800 MeV or I-uA polarized hydrogen ions at 800 MeV. Beams of protons,
neutrons, muons, and neutrinos will be available for simultaneous use in a multi-
disciplinary program.

The use of heavy projectile beams is the most rapidly developing
frontier in nuclear physics both here and abroad. These beams have
become available under adequately controlled and precise conditions only
in recent years and already have been widely exploited. They not only
permit exploration of known nuclear phenomena in ranges of parameters
—energy, angular momentum, and the like—well beyond any previously
available, but they also give access to totally new phenomena—totally
new configurations (the nuclear molecules and possibly superheavies are
examples) and totally new dynamics (How do two heavy nuclei deform
during a collision? What happens to this deformation energy?) Massive
construction programs directed toward development of forefront facilities
for such investigations are currently in progress in the Soviet Union,
Germany, and elsewhere.



134 PHYSICS IN PERSPECTIVE

Applications of Nuclear Physics

The discovery and use of nuclear radioactivity, dating back to 1913, has
provided research and clinical workers in the biological and medical
sciences with a probe of unprecedented specificity and power and has
revolutionized these sciences; nuclear radioactivity has provided a tech-
nological treasure trove that, even now, remains only little exploited. The
discovery of nuclear fission in 1938 fundamentally changed the nature of
both peace and war. At the same time, and much more important, it
provided mankind with a wholly new resource of nuclear energy. In
loosing the constraints imposed by Nature’s caprice in locating her fast-
dwindling energy resources and by civilization’s prodigal use of them,
nuclear energy stands as one of man’s major weapons in his continuing
struggle against poverty, hunger, and despair.

Less well known than radioactivity and nuclear fission but, in sum,
perhaps equally important are the myriad small inventions, applications,
and ideas that have been a part of nuclear physics since its inception.
Even a cursory inspection of the intricate instrumentation in the intensive-
care section of a modern hospital, the control section of a modern manu-
facturing plant, the nerve center of a major defense establishment, or the
control rooms of Cape Kennedy or Houston reveals the debt owed to those
pioneers in nuclear physics, who, often by intuition as much as logic,
invented and devised the instruments that gave them a glimpse of the
nuclear world. The commercial application of nuclear radiations is in its
infancy but expanding rapidly; it ranges from the giant irradiation units
performing vital but unseen service on production lines to the minuscule
sources energizing, in virtually eternal and foolproof fashion, the emergency
and warning signs now used around the globe in languages from Hindi
to English. Medical applications of nuclear radiations run the gamut from
the now familiar clinical use of diagnostic x rays and of these and harder
radiations in the treatment of carcinomas to the newer uses of much more
sophisticated and specific diagnostic probes such as the Anger camera
(Figure 4.26), which probes lesions in the depths of the brain; neutron
radiography units that make visible for the first time the soft tissues deep
in the body; and new isotopes whose use permits unraveling of ever
finer details of the intricate biochemical and biophysical bases of life.

At the present time, taking the world population at 3.2 billion and the
total yearly consumption as approximately 3.5 million megawatt-years,
the average yearly energy comsumption per person corresponds to about
one ton of coal. Harrison Brown et al.* have estimated that by the year

#*H, Brown, J. Bonner, and J. Wier, The Next Hundred Years (The Viking Press,
New York, 1957).
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FIGURE 4.26 Brain tumor locator. The Anger camera forms an image of a por-
tion of the brain. Gamma rays from radioisotopes pass through collimators to scin-
tillators. Photomultiplier tubes detect signals, which are processed and displayed by a
computer. About 10 million scans on patients are performed each year (three fourths
of these in the United States). [Source: Brookhaven National Laboratory.]

2060, with a world population of 7 billion, this average equivalent per
capita energy consumption will have increased to ten tons—or to a total of
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70 billion tons of coal per year. At this rate, and, if anything, Brown’s
estimates seem conservative, for desalting of seawater is not taken into
account, the present fossil fuel reserves of perhaps 2400 billion tons of
coal equivalent would last only some 50 years. This provides the dimen-
sion of the problem that faces contemporary civilization; Table 4.3 gives
the projected energy production pattern developed by Brown et al. for the
year 2060. These estimates assume that nuclear sources will supply some
65 percent of the total world energy requirements. If desalting of seawater
is included, this fraction would rise to about 75 percent.

Similar estimates project that by the year 2000 nuclear energy will be
furnishing one half of the total electrical energy of the United States.
Annual investments in nuclear power plants during the next ten years are
expected to average some $3 billion. Nuclear power is fast becoming a
major industry, and a major program directed toward the development of
breeder systems has only recently been announced by the federal govern-
ment. This action is in recognition of the fact that available resources
of uranium-235 are limited; current reactors extract only 1-2 percent of the
energy potentially available from their uranium fuel and are dependent on

TABLE 4.3 Projected Energy Production Pattern for the Year 2060 ¢
(World Population 7x 10°)

Equivalent
Metric Tons Equivalent Heat Energy
of Coal
Source (Billions) 10* Btu * MW-yr Heat ¢
Solar energy
(2/3 of total space heating) 15.6 0.42 140 10°
Hydroelectricity 4.2 0.10 38 x 10°
Wood for lumber and paper 2.7 0.07 24 x 10°
Wood for conversion to liquid
fuels and chemicals 2.3 0.06 21x 10°
Liquid fuels and petrochemi-
cals produced via nuclear
energy 10.0 0.27 90 % 10°
Nuclear electricity 35.2 0.96 320 10°
TOTALS 70.0 1.88 633 x 10°

a From H. Brown, J. Bonner, and J. Wier, The Next Hundred Years (The Viking Press, New York,
1957).

® Btu: British thermal unit = 252 calories.

c MW-yr: megawatt-year.
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the availability of large amounts of low-price ores to keep their power
Costs economically competitive with those of fossil-fuel plants. Breeder-
reactor power costs are expected to be relatively insensitive to the cost of
uranium and thorium, thus making possible economic use of low-grade
ores. Development of a successful, commercially competitive breeder may
well be one of the most important scientific and technological tasks facing
mankind at the present time.

That nuclear data for these systems is not yet known with adequate
precision frequently is forgotten or ignored. Barschall, one of the pioneers
in the precise measurment of neutron cross sections, has noted that some
of the most basic cross sections used in the design of slow fission reactors
are uncertain by as much as 10 percent; in the case of the cross sections
needed in breeder-reactor work at higher neutron energies, uncertainties
in excess of 50 percent are common. The nuclear engineer, faced with
these uncertainties, is forced to more conservative and more costly designs
to incorporate larger margins of safety. The absence of these data simply
indicates that the necessary measurements are both difficult and sophisti-
cated; only very recently have they become possible. For example, mea-
surements on the ratio of the neutron capture to fission cross sections for
**Pu, when carried to presently available precision, demonstrated that one
particular breeder-reactor system, on which over $100 million in develop-
ment capital was planned, was not feasible.

In the case of conventional reactors based on the use of thermal neutrons,
the designs are not seriously limited by uncertainties or unknowns in the
nuclear data. But even these limits involve very high stakes. Among the
uncertainties are those associated with nuclear data affecting primarily the
fuel costs. These uncertainties are estimated to be of the order of only
0.02-0.03 mil per kilowatt-hour of electric power. But applied to the entire
projected nuclear power capacity of the United States, even this small uncer-
tainty will amount to $20 million to $30 million in annual fuel costs by
1980 and $140 million by the end of the century. And in the case of
breeder reactors, the uncertainties and possible cost savings, at present, are
much larger.

Further off on the nuclear power horizon is the fusion reactor (see section
on Plasmas and Fluids). While the main effort is in plasma physics, nuclear
physics and physicists are involved in a number of essential ways with the
primary nuclear phenomena. Also on the far horizon is an accelerator-
based power system, contemplated by Lawrence in 1948, then shown to be
much ahead of its time technologically but recently reinvestigated exten-
sively by Canadian groups. This system takes advantage of the fact that
neutrons produced by collisions of 1-GeV protons with matter cost roughly
ten times less in energy than do those produced-in fission; since neutron
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economy is all-important in fission energy sources, this low-cost aspect
is most attractive. In principle, this system appears less attractive than
fusion, but it is necessary to maintain a level of activity in related research
and technology such that it would be possible to move forward if major
breakthroughs here—or major disappointments with fusion systems—
should so dictate.

The many contributions of nuclear physics to the medical, industrial,
agricultural, and general technological fields are described in detail in the
report of the Panel on Nuclear Physics. Especially in technological fields,
a close and fruitful symbiosis has evolved. Nuclear physics interacts with
all these fields through five primary channels: radioisotopes as tracers,
radioactive nuclei as energy and radiation sources, nuclear methods of
materials analysis, direct utilization of electron and ion beams from acceler-
ators, and, finally, the great diversity of instruments developed by nuclear
physicists, or by others, in response to particular needs of nuclear research.

The availability of radioisotopes of all elements—and when desired, in
large quantities—has worked revolutionary changes in many fields but

perhaps most strikingly in medicine and the biological sciences. The
 specific example of the isotope **Tc is instructive. Technetium (Z=43)
was early recognized as one of the two elements missing from the
Mendeleev chart of the elements as far as terrestrial abundance was
concerned. Identified in the 1930’s as responsible for certain unassigned
lines in the optical spectra of some unusual stars, technetium was first
recovered in measurable quantities in the 1940’s from an old and much-
used molybdenum septum from the Ilinois cyclotron, where it had been
produced by the (p, n) reaction. Still it remained a laboratory curiosity.

By 1964 it had been recognized that °°Tc had unique qualifications for
use in brain scans. It had low-energy characteristic radiations that per-
mitted its detection and identification with minimal extraneous or un-
necessary patient exposure; it concentrated selectively and rapidly in
diseased tissues; its radiations were readily collimated, permitting precise
location of the isotope concentration; and its half-life (6 h) rapidly removed
it from the body. In 1969, a substantial fraction of the entire Oak Ridge
isotope separation effort was devoted to an attempt to meet the urgent
demands of physicians throughout the country, and it has been estimated
that **Tc production (through accelerator bombardment) and distribution
will shortly form the basis for a multimillion-dollar-per-year industrial
operation. Little did the nuclear scientists intent on separating micrograms
of technetium from the defunct Illinois septum in the 1940’s realize that
kilograms of the element would be the production unit in the 1970,
or that in 1969 alone use of their element would be responsible for
fending off death in literally thousands of cases. This example is perhaps
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extreme, but it illustrates the tangled and unpredictable linkage between
discovery and ultimate use.

The growth of radioisotope utilization in industry has been phenomenal.
In 1969, about half of the 500 largest manufacturing concerns used
radioisotopes. About 4500 other firms also are licensed to use radio-
isotopes. Virtually every type of industry is represented. The growth con-
tinues as new radioisotopes become available and as detector and instru-
mentation improvements continue to increase the sensitivity, selectivity,
and reliability of these techniques. The estimated saving to U.S. industry
resulting from the use of such methods in a myriad of flow-rate applications
was $30 million to $50 million in 1963—a year for which statistics are
available—and has increased greatly since then. Estimates in 1969 indi-
cated that radioisotope gauges, together with their associated instru-
mentation, comprised a $35-million-per-year market that was expanding
rapidly. The cost of nuclear oil-logging techniques amounts to some $25
million; the savings to the petroleum industry are many times that.
Sterilization of medical supplies and materials by nuclear radiations has
been put into routine production use and has led to new industrial ventures.

The technique of neutron radiography, long a workhorse in the field of
nondestructive testing (see Figure 4.27) has been greatly enhanced by
the availability of the new transuranic neutron-emitting radioisotope,
californjum-252.

Accelerators, developed as part of the nuclear-research program, have
been applied to many other purposes. Over 1000 such machines are at
work in medical, industrial, and technological operations. Some 200
accelerators around the country are furnishing the radiation therapy
required by more than 300,000 patients yearly. New accelerator develop-
ments are quickly translated into improved radiation facilities. Thus, the
high-energy machines, developed in the nuclear program, offer a narrow
pencil of radiation that allows the delivery of more radiation to the lesion
and less to surrounding healthy tissue. New advances in the technology of
linear accelerators were quickly recognized as offering more efficient
radiotherapy devices; many units are already in service, while others are
being installed. Industry has built accelerators into many other functions:
radiation processing, industrial radiography, and neutron radiography
among others. The investment in such accelerators, over $130 million,
affords some measure of these applications, independent of instrumentation
or plant costs. Radiation-processed products manufactured annually
amount to over $1 billion in sales.

The instrumentation of nuclear physics plays an important part in all
the above applications and in many other ways. The scientific instrumen-
tation industry is a key one, providing the tools on which much tech-
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<4 FIGURE 4.27 Top: Nondestructive testing. Neutron radiography. (a) Recently
developed neutron-radiographic camera, based on californium-252, offers the signifi-
cant advantage of portability (100-1b unit), so that the exposure may be conducted
in a manufacturer’s plant or at a field service facility, thus avoiding the necessity of
shipping the item being neutron-radiographed to an atomic reactor facility. (b) Com-
parison of photograph, x-ray radiograph, and neutron radiograph of bullets. (Battelle
Northwest,) [Source: John R. Zurbrick, Yearbook of Science and T echnology, 1971.
Copyright © 1971, McGraw-Hill Book Company, Inc. (Used with permission of
McGraw-Hill Book Company.)]

Bottom: Comparative radiographs of a combination lock. [Source: This photo-
graph was provided through the courtesy of Atomics Imematlonal a Division of
- North American Rockwell Corporation.]

nological progress depends. The nuclear-instrument section of this industry
is large and rapidly growing beyond the $100 million sales volume estimated
in 1970. Nuclear instrumentation sales abroad are also significant; in addi-
tion, they unite U.S. technology with that of the rest of the world.

Nuclear physics affects our technological society in other less tangible
ways than those exemplified by its tools and products. The development
of the computer industry provides an illustration. Much of the original
logical circuitry was based on the electronics developed for nuclear-data
purposes. Nuclear physicists were among the first to use a computer not
only to analyze raw data instantly but also, acting on this analysis, to con-
trol an experiment. Such on-line processing is now common throughout
industry, in high technology as well as the routine -production of basic
commodities. The sophisticated demands of nuclear applications have in
themselves provided important stimuli for computer developments. Thus
the need for analysis of nuclear explosions stimulated the development of
the very large digital computer and its associated software. At the other
extreme, the rapidly expanding minicomputer market owes part of its
success to the pioneering use of these small processors in nuclear instal-
Iations.

Much of the world’s military arsenal is nuclear. Almost all of physical
science is involved in describing a nuclear explosion or its effects; how-
ever, nuclear physics is central to this effort. Nuclear physics is equally
relevant to establishing and then monitoring international test ban and
disarmament agreements, the intention of which is to lessen or eliminate
the chance that nuclear explosives will ever again be used in war. Nuclear
physics and physicists continue to play important roles in every aspect
of the U.S. national defense effort: the design of nuclear weapons, the
testing program, the evaluation of weapons effects and a civil defense
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program, test ban monitoring and surveillance, and the arms-limitation
efforts.

Interactions with Other Sciences

Nuclear physics is an integral part of the physical sciences. The mesonic
nature of the force between the individual constituents of nuclei forms a
close connection with particle physics. Many basic phenomena first seen
in the nuclear domain apply in all of physics and the nucleus provides a
well-explored laboratory. The weak interactions were first seen in nuclear
radiations, and the violation of the fundamental parity law was demon-
strated in a nuclear experiment. The concepts evolved in the course of
developing nuclear physics have become part of the milieu of physical
ideas in which physics as a whole grows.

Astrophysics is perhaps most closely and particularly related to nuclear
physics, since nuclear processes produce much of the energy and achieve
the elementary composition of the matter in the universe. A special sub-
field, nuclear astrophysics, concentrates on these problems. Both the
problem of stellar evolution and the nucleosynthesis of the elements depend
on knowing the dynamic features of reactions among a great variety of
light and heavy nuclei at the energies of stellar processes. Although study
of these problems constitutes a separate subfield, it is one that remains
closely linked to the progress of nuclear physics. Thus the recent experi-
ment on the measurement of the flux of solar neutrinos by the inverse of
nuclear beta-decay has sharply thrown into question the picture of solar
energy production that has been developed over the years. The exciting
conjectures on the existence of neutron stars and other manifestations of
superdense agglomerations of matter offer another and rather different
example. It is a long extrapolation indeed from several hundred nucleons
to 10°° nucleons, from normal nuclear densitics to those so great that
strange particles must be considered along with the nucleons, and from
nuclear masses to those so enormous that nuclear and gravitational energies
vie with one another. This domain is wholly new, one that tests the ideas
and methods of nuclear physics, but one for which a solid conceptual
foundation has been laid.

Solid-state physics and nuclear physics have interchanged ideas and tools
for many years. Concepts based on many-body theory have proven of
fundamental value in explaining nuclear phenomena; thus the formalism
developed in understanding superconductivity has explained the pairing
correlations in nuclear wavefunctions. The theory developed for nuclear
matter has served for the many-body problems of condensed matter. The
use of radioactive nuclei to probe their electric and magnetic environments
in solids has been put to use in many problems of solid matter. The
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Mossbauer effect is now a tool of the solid-state physicist. The use of
neutrons to study the static and dynamic characteristics of solids is so well
established that such work pre-empts the largest share of research time on
the most modern reactors,

Chemistry, too, has formed two-way bonds with nuclear physics. A
substantial fraction of the nation’s nuclear research effort takes place in
chemistry departments and laboratories. Hot-atom chemistry forms a
classical region of overlap. Very-heavy-element chemistry and the dis-
covery of new very heavy elements have always been directly related.
Chemistry, like solid-state physics, has profited from the neutron capa-
bilities of research reactors. An interesting new effort of chemical kinetics
and structure is based on the study of elementary atom-atom, atom-—
molecule collisions, thus drawing directly on the methods and concepts of
nuclear-reaction work—just as earlier nuclear physics took over the
developments of atomic scattering methods.

From the time of the earliest studies of radioactivity, scientists realized
that there was at hand a dating method for geological processes, and, by
1905, the first dating of rocks had been accomplished. Geochronology is
now a fundamental part of the earth sciences and employs a great number
of isotopes and isotope chains in the study of the time domain from one
million to five billion years. Work on meteorites, lunar samples, and
ocean-bottom-sediment cores is of wide public interest. Archeological
studies based on the cosmic-ray-induced activity in carbon have provided
a time scale commensurate with man’s recent historical period. Radio-
carbon dating is now a standard working method of the archeological
laboratory.

Art history and forensic investigations also have profited from neutron
activation analyses. Beyond this, nuclear systems provide the only effective
clock, which has been running continuously since the formation of the
solar system, and thus provide the possibility of testing cosmological
speculations such as that concerning the fundamental physical constants
and their possible variation with time over cosmological periods. The
possibility that the elementary charge unit (that carried by the electron and
proton) might vary in such a way that its square was proportional to time
had been discussed for decades. Recently, examination of the stability
systematics of heavy nuclei has demonstrated conclusively that, if this
charge varies at all, its variation is less than 0.3 percent of that postulated
by the cosmological arguments.

The biological and medical sciences have used the whole battery of
radioactive isotopes to trace life processes. The materials as well as the
detectors and instrumentation to measure their progress in biochemical
reactions were the products of the nuclear laboratory.

Only recently, as part of the MAN Project at Oak Ridge, Anderson
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and his collaborators have begun to use centrifuges, developed in wartime
for possible use in the separation of uranium isotopes, for biological
research. For example, there have always been significant numbers of
persons who were unable to receive protection from influenza because of
marked allergy to the protein contaminants in the influenza vaccine. This
inability to receive such protection was particularly serious in the case of
older persons. During the past year alone over 50,000 of them were able
to receive protection, which would otherwise have been inaccessible to
them, because Anderson and his colleagues had discovered that ultra-
centrifuging the influenza vaccine effectively removes all the protein con-
taminants. This work is only the beginning of a major instrumental change
in the production and purification of biologicals.

Nuclear physics has also had a continuing interaction with the space-
science effort. Nuclear instrumentation was a crucial part of space probes
to measure the fluxes of high-energy electrons, photons, and nuclear
fragments that form important parts of the environment of space. The
radiation effects on spacecraft and the space traveler have been studied
with nuclear accelerators. The first on-site studies of the lunar material
were made by a nuclear scattering device; the instrumentation left behind
to record lunar events is powered by nuclear isotope sources. These are,
no doubt, mere preludes to man’s future probing of more distant planets.
The nuclear tools will grow in importance. Nuclear-powered rockets,
already developed in prototype, may well be the essential means to move
the huge payloads that currently are necessary. The connection will go
much deeper than devices and instruments, for space science and nuclear
physics share the problem of analyzing and understanding cosmic rays.

The Organizational Structure of Nuclear Physics

Nuclear-physics research is divided about equally between universities and
government laboratories. A little over half of the scientific effort is
university-based; most of the rest takes place in the AEC National Labor-
atories. If one includes both federal and nonfederal support, then the funds
for operating these facilities are also about equally divided.

The essential nature of nuclear physics requires a broad effort with
many kinds of programs. The present program utilizes more than 100
facilities—potential drop machines, cyclotrons (see Figure 4.28), and
linear electron accelerators—ranging from those capable of being used
by two or three scientists to major installations that require a large, trained
crew to operate. The number of separate projects based on these facilities,
or not requiring machines, is many times larger. There i$ a nearly con-
tinuous distribution of university-based projects from the very small to
those of the same order as the large National Laboratory programs.
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Nuclear physics has been largely an experimental program; only 15
percent of the scientific effort is devoted to theoretical research. The main
experimental efforts, comprising about half of the total experimental pro-
gram, have been based on Van de Graaff and cyclotron accelerators. This
emphasis, of course, will shift as the facilities designed to open new
phenomena to investigation come into operation, but a broad effort is
still to be expected.

Nuclear physicists comprise about 13 percent of the physics PhD popu-
lation, as reported in the 1970 National Register of Scientific and Technical
Personnel. They are generally academically based; however, the research
center is a close competitor for people. The number of PhD’s working in
the subfield grew at a rate of about 10 percent per year to 1968 but has
since leveled off (Figure 4.29). In 1970, approximately 16 percent of fed-
eral funds and 2 percent of industrial funds for basic research in the physics
subfields were allocated to this subfield. The federal entry includes $12
million in funding for basic nuclear-physics research supported under chem-
istry (Figure 4.30).

Problems in the Subfield

Funding trends in nuclear physics since 1967, if continued beyond the
present, would appear to imply a decision to phase down activity in the
subfield to a level at which it could no longer hope to remain at or near
the frontier in major areas of current activity.

Three major areas must be considered. First is the broadly based
activity involving a wide variety of techniques, facilities, and approaches
that constitutes the central core of nuclear physics and the base on which ali
future activity in the science and its external utility must rest. Second is
the group of major new facilities that received approval in the mid-1960’s
and are only now coming on-line, with corresponding large demands on
dwindling operational funds; the Los Alamos Meson Physics Facility is
the most visible example. Third are the major new starts that must be
undertaken in the subfield in the next few years if it is not to stagnate or
withdraw from the developing frontiers; a national heavy-ion physics
facility is the outstanding current example. No one of these areas is viable
over an extended period of time without the other two.
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And as regards the Atomists, it is not only clear
what their explanation is; it is also obvious that
it follows with tolerable consistency from the
assumptions which they employ.

ARISTOTLE (384-322 B.C.)

On Generation and Corruption, Book 1, 325

ATOMIC, MOLECULAR, AND ELECTRON PHYSICS

Introduction

At the beginning of the twentieth century it became clear that the atom was
not indivisible but consisted of a small, heavy nucleus and a cloud of
orbiting electrons. Although deeper probing of the nuclear structure led to
the development of nuclear and high-energy physics, the detailed study of
the properties of the electron clouds in atoms and molecules remained
the subject matter of atomic, molecular, and electron physics.

It should be emphasized that these properties determine the structure
of all chemical and biological compounds, and the forces between the
electrons are also responsible for the cohesion of matter in liquids and
solids. In fact, the electrical interactions between electrons and nuclei in
atoms and molecules largely determine the physical phenomena of every-
day life, for example, the emission of light in fluorescent bulbs, the boiling
temperature of water, the course of electron beams and the lighting of a
screen in television tubes, and the nature of chemical reactions such as
the burning of coal or oil.

Clearly, atomic, molecular, and electron physics occupies a central
position among the sciences and in the science curriculum. This subfield
reached perhaps its apex as a research frontier in the first quarter of this
century. The spectroscopic investigations of light emitted by atoms and
molecules established the facts on which the central physical theory of
quantum mechanics is based. In the late 1920’s and early 1930’s, the
understanding of chemistry made great strides based on the quantum theory
of electron orbits. Electronic technology was also rapidly developed during
this same interval and spurred the revolution in communications that is
exemplified by radio and television.

With the basic principles so well established, many physicists con-
sidered research in this subfield essentially complete; the most concentrated
effort in physics since 1930 has been directed toward nuclear and high-
energy physics. However, atomic, molecular, and electron physics con-
tinues to contribute substantially to the understanding of natural phe-
nomena. Four Nobel Prizes in each of the past two-decades were awarded
in this subfield. The interaction of electromagnetic fields and electrons has



PLATE 4.1V Mode pattern of coherent light from an optical gas maser. To pro-
duce these mode patterns the normal operation of a helium-neon optical maser is

perturbed by placing a pair of wire cross hairs in the cavity. These wires interact with
the mode structure of the unperturbed cavity, suppressing some modes and, in certain
cases, coupling others together. By changing the angle between the cross hairs this
interaction can be altered and different mode patterns can be produced. [Source:
Bell Telephone Laboratories,]



PLATE 4.V Experiments in laser machining techniques. [Source: General Electric
Company.]
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been pushed to new orders of magnitude in precision and intensity.
Within one decade of its invention, originating in atomic and molecular
physics, the laser has become a household word. Applications of this in-
strument appear not only in the physics laboratory but also in hospital
operating rooms, high-quality machine tool lathes, military range finders—
and even in James Bond movies!

Important Recent Developments and Current Activity

During the past ten years, the development of lasers and masers stands out
as a critically important scientific achievement with broad technological
relevance. The atomic hydrogen maser is the most accurate clock devised
by man and makes possible timekeeping with an accuracy of 1 sec in
30,000 years. Improvements in navigational systems are an obvious by-
product of this development. Lasers constitute a radically different and
new type of light source, characterized by the extreme directionality,
intensity, and color definition (wavelength) of the emitted light (Plate
4.IV). This new light source is used to measure distances with unprece-
dented accuracy for such diverse purposes as the precise control of machine-
tool operations (Plate 4.V), the measurement of distances between points
on earth (geodesy, continental drift, and crustal motion preceding earth-
quakes), and the measurement of the distance to moving objects (light
radar, including ranging of low-flying aircraft and the distance to the
moon). Measurement of the distance to the moon was accomplished with
an uncertainty of only 6 in., which gives an idea of the high level of
accuracy and great potential of this instrument.

The laser has rejuvenated the centuries-old science of optics and has
created the entirely new subfield of nonlinear optics, the study of the
necessary modifications of the well-known optical laws of refraction and
reflection at extremely high light intensities. A new branch of technology,
optoelectronics, is developing. The newly acquired physical knowledge
of lasers and nonlinear optics is applied to optical communications, in
which signals are transmitted and processed by light beams. Three-dimen-
sional optical displays, the picturephone, and optical computer elements
probably will be widely applied during the coming decade.

Another highly active field of investigation is the study of the inter-
action of individual molecules in specified states of vibration and rotation.
The experimental technique makes use of molecular beams colliding in
vacuum and gives much more detailed information about the causes and
fundamental characteristics of basic chemical reactions than was previously
attainable. This focus on the elementary chemical interactions holds high
promise of an entirely new understanding of chemical processes. Use of
merging beams, in which the relative velocities can be adjusted to permit
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study of collisions at relative energies measured in small fractions of elec-
tron volts, opens still further new vistas in basic collision phenomena.
Electron beams in high vacua are also used in electron microscopy, in
which under favorable circumstances individual atoms have recently been
made visible (see Figure 4.31), and in microprobe analysis of impurities
and surfaces. The improved vacuum and beam-handling techniques used
here hold high promise of increasing the present inadequate under-
standing of the physics of surfaces. The burgeoning low-energy electron

FIGURE 4.31 Single atoms and multiples of single atoms of thorium in the poly-
meric organic salt of 1,2,4,5-benzene tetracarboxylic acid are photographs on a 25-A
thick evaporated carbon film. The photograph is roughly 2100 A to a side and was
taken with the high-resolution scanning electron microscope in the laboratory of A. V.
Crewe.
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diffraction (LEED) field has opened up for study whole areas of surface
physics for the first time.

The new field of beam-foil spectroscopy has rejuvenated the study of
atomic spectra. In this work, high-velocity ions from accelerators are
passed through solid foils in which very highly stripped and highly excited
ionic species are prepared for spectroscopic examination in subsequent
flight. Geometric shifting of the observation point permits detailed study
of de-excitation and relaxation processes that previously were inaccessible.
By this method higher states of ionization can be obtained in the labor-
atory than by any other method, and some transitions previously observed
only in solar spectra have already been studied. *

Interaction with Other Subfields of Physics and Other Sciences

The nature of the collisions among electrons, atoms, and molecules has
implications for a variety of other subfields and sciences. In fact, much
atomic physics is supported and carried out in connection with other sub-
fields, such as plasma physics, atmospheric physics, optics, and space
physics. These elementary collision processes, which can now be studied in
fine detail by colliding beam techniques, play a role in practical problems
such as the re-entry of missiles and space vehicles into the atmosphere
and the initiation and containment of plasmas necessary for controlled
thermonuclear fusion; they are also extremely important in many problems
in astrophysics, radioastronomy, chemistry, and biochemistry. (See Figure
4.32.)

Since the interactions between electrons and atoms determine most
of the physical phenomena that man encounters, the central position of
atomic and molecular physics is obvious. It contributes heavily to other
disciplines and, in turn, benefits greatly from new developments in these
other disciplines. For example, the development of microwave radar
techniques during World War II contributed greatly to the rise of micro-
wave molecular spectroscopy. New laser technology, born from atomic
physics, provides better tools for spectroscopy and plasma diagnostics
and has made Raman spectroscopy a practical method in chemical
analysis. '

The interaction with the physics of condensed matter is particularly
strong, and the special field of quantum optics can be considered as a part
of either subfield or of both. Laser phenomena in solids offer entirely new
device possibilities, particularly when combined with some of the very

*Ad Hoc Panel on New Uses for Low-Energy Accelerators, NkRc Committee on Nu-
clear Science, New Uses for Low-Energy Accelerators (National Academy of Sciences,
Washington, D.C., 1968).
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recent tunable metal oxide surface situations developed in condensed-
matter studies. LEED and other studies on clean surfaces provide not only
the opportunity to study atomic and molecular interactions in two dimen-
sions in monoatomic or monomolecular layers but also access to entirely
new surface phenomena crucial to such applications as catalysis. With
the rapidly increasing interest in the control of industrial pollutants, under-
standing of such catalysis phenomena holds promise of widespread and
critically important societal applications.

Cold-field electron emission and field-ion microscopy have been de-
veloped to a point at which the diffusion of individual atoms along the
surface and the influence of atomic configuration along different crystallo-
graphic planes can be followed visually. Spectroscopic relaxation tech-
niques also are useful in the study of solid-surface interactions of atoms.
Electron and ion-beam sputtering and ion implantation, and especially
scanning-beam electron spectroscopy, provide other examples of the inter-
action of atomic, molecular, and electron physics with condensed-matter
surface physics and high-vacuum technology. Another interface with the
physics of condensed matter is the study of molecular fluids. Laser-beam
light-scattering techniques are contributing very much more precise infor-
mation about the mechanics and molecular arrangements in liquid crystal
transitions and in mixtures of fluids. This is a research area on which
atomic, molecular, and electron physics; condensed-matter physics; chem-
ical physics; and biophysics all impinge.

Fundamental measurements of characteristically high precision (parts
per million) in atomic and molecular physics have complemented those
in elementary-particle physics in exploring the possible limits of validity of
quantum electrodynamics. Such measurements provide crucial inputs to the
precision determination of some of the fundamental physical constants
and have other more esoteric physical uses. Atomic-beam measurements
have been used to establish limits on possible mass anisotropies in the
universe and to set stringent upper limits on possible differences in the
electrical charge of various elementary particles. Atomic and molecular
physics continues to stand at the forefront of ultrahigh-precision physical
measurements. It has exported metrology and other precision tech-
niques to all of science and engineering. )

This subfield interacts also with nuclear and high-cnergy physics, as
charged fundamental particles, such as positrons and mesons, antiprotons
and hyperons, lead to the formation of artificial atoms, called, for example,
positronium, muonium, and mu-mesic and pi-mesic atoms, in which one of
the named particles substitutes for a normal atomic electron. Somewhat
unexpectedly, the study of positronium annihilation in gaseous and con-
densed media paved the way for useful advances in chemistry and con-
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densed-matter physics. The interaction of a polarized laser beam with an
electron beam to obtain polarized high-energy gamma rays is another
example of interaction with high-energy physics. Optical and radio-
frequency pumping are also used to obtain polarized targets in nuclear
and particle physics, an investigative area exciting much current interest.

Moreover, the experimental and theoretical analysis techniques per-
fected in nuclear physics for the study of elementary collision phenomena
are now being exploited in atomic and molecular physics. Studies of
resonance phenomena, originally exported to nuclear and particle physics,
have been refined and extended and are once again being applied to
atomic and molecular problems. It is not surprising, in view of the
pervasiveness of electromagnetic interactions in determining the structure
of all commonly known materials, that atomic physics also interacts
strongly with technology.

The traditional physics subfields of acoustics, fluid mechanics, and
optics have particularly close ties with atomic, molecular, and electron
physics. Brillouin, Rayleigh, and concentration scattering have yielded new
information about damping and kinetics in fluids, and the venerable science
of optics has been rejuvenated by its contacts with this subfield. Holog-
raphy, photon statistics, and the study of the concept of coherence have

progressed rapidly in the past five years. Ultrahigh-resolution spectroscopy
by means of correlations in photon arrival times has been developed. The
field of nonlinear optics is approaching a peak of activity, and many new
industrial applications appear likely.

This subfield also has strong ties with chemistry. Colliding-beam
techniques have greatly advanced the study of low-energy atomic and
molecular collisions. It is now possible to study a chemical reaction, not
as a statistical thermodynamic average but with details about individual
rotational and vibrational states. Experiments involving elastic, inelastic,
and reactive scattering of atoms and simple molecules have led to an
evaluation of interatomic forces and other phenomena, and even to the
angular distribution of the products of elementary chemical reactions. The
existence of relatively long-lived complexes or reaction intermediates in
certain systems has been demonstrated. Evidence of the importance
of the relative orientation of the colliding partners in a chemical reaction
has been acquired. Obviously, atomic, molecular, and electron physics
substantially overlaps chemical physics and physical chemistry.

In addition, atomic, molecular, and electron physics interacts strongly
with plasma physics, astrophysics, and atmospheric physics. As men-
tioned earlier, atmospheric physics is determined by collisional rate
processes involving electrons, atoms, ions, molecules, and electromagnetic
radiation, as is also the study of the earth ionosphere, radiation belts, solar
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and stellar atmospheres, supersonic flight, shock waves, space vehicle
entry, and the like. To draw a line between this subfield and plasma
physics or space physics is difficult. In fact, a rigid definition of boundaries
is neither useful nor meaningful. The rapidly expanding amount of
basic data available on highly jonized atoms and collisions between more
energetic particles obviously are of interest to all the subfields mentioned
above. Beam-foil spectroscopy is proving extremely useful in this context.
Atomic, molecular, and electron physics has always been important to
the interpretation of astrophysical phenomena. Recently developed ob-
serving techniques are opening new regions of the electromagnetic spectrum
in which the universe can be observed; greatly improved precision in the
basic data of atomic, molecular, and electron physics is required for the
interpretation of these observations. In addition, deeper understanding
of the enormous variety of processes that can occur in the universe is
required. This subfield is of obvious relevance to cosmology. To cite one
example, optical observation of the relative absorption by the two lowest
rotational levels of cyanogen was the first measurement of what may be
the temperature of the blackbody radiation remnant of the primordial
explosion that is believed to be the origin of our present universe.

Interaction with Technology and Society

Some examples of the interaction of this subfield with technology and
society were mentioned in connection with present communications capabii-
ity. It should be noted that entirely new technologies are emerging in,
for example, thermal imaging and communications (see Figure 4.33).
Society’s continuing need for improved channels of communication, with
ever-increasing capacity, is reflected in the growth in capacity of long-
distance telecommunication links (see Figure 4.34). Improved individual
communication media could alleviate travel problems in commerce, indus-
try, government, and other enterprises and also could enhance entertain-
ment, education, and recreation. The picturephone has come into being
and probably will be widely accepted, thus necessitating a large increase
in communication channel capacity, which can be provided by laser beams.
Three-dimensional television, using holographic techniques, is more dis-
tant. However, holography has important applications in information stor-
age and is used industrially for the detection of small mechanical deforma-
tions of large objects, for example, automobile tires. (Several of these
applications are discussed in greater detail in the section on Optics.)

More immediate applications of light sensing and optoelectronics are in
short-range control and guidance. Light radar and range finding are already

Q-7
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FIGURE 4.33 Crystal of lead—tin telluride. Magnification < 60. Lead-tin telluride
forms the basis of a new semiconductor device sensitive to infrared radiation of
wavelength 8—14 um, developed by Plessey. With a detectivity D* =2 10" cm Hz'
W-' and a response speed of 10 nsec, the device, which operates at —77°C, opens a
new field of technology in thermal imaging and communications, where it can be
used to produce more noise-free systems through heterodyning laser beams. [Photo-
graph courtesy of Stereoscan Micrograph—Cambridge Scientific Instruments Limited,

England.]
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FIGURE 4.34 Increase in capacity of a single installed long-distance telecommuni-
cation link (left). Increase in number of long-line circuits in the Bell System (right).
The upper curve shows thousands of interstate voice channels in the United States.
The lower curve shows channels used for conventional telephone conversations. The
difference between the lower and upper curves represents equivalent voice circuits for
data transmission, facsimile, television, and special services. [Source: J. Martin and
A. R, D. Norma, The Computerized Society (Prentice-Hall, New York, 1970).]

in use and may become important in air-traffic control. Public transporta-
tion, an increasingly important problem of the coming decades, also would
benefit from better monitoring and control devices.

Although the conservation of resources and protection of the environ-
ment are primarily matters of economics and priorities in public policy,
atomic, molecular, and electron physics can contribute to their solution
through better instrumentation, which is essential for the development of
the effective control devices that will inevitably be needed to implement an
antipollution program. Laser-beam probing of the atmosphere and of
smokestack exhausts is a new method for monitoring individual chemical
constituents through high-resolution absorption and Raman spectroscopy
and by Rayleigh scattering from dust particles. Measurement of tempera-
ture and water-vapor profiles in the atmosphere are essential to improved
weather prediction and to possible future weather-modification programs.
In the longer range, conservation of resources and preservation of the
environment will require extensive and imaginative use of new technology.

This subfield also contributes, through better instrumentation, to the
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biomedical and health fields. Electron microscopy, holography, and various
spectroscopic techniques are important analytic tools that require con-
tinuing improvement (see Figures 4.35-4.37). Fiber-optics cardioscopes,
laser retina welding and cauterization, measurement of blood flow, auto-
mated spectroscopic analysis of body fluids—these all offer further possi-
bilities for beneficial application.

It should not be forgotten that one of the most important diagnostic and
clinical tools at the disposal of the medical profession is the x ray. Recent
development of image intensifiers and computer techniques for image
enhancement have vastly increased the potential for the use of x rays with-
out dangerous radiological side effects. Imaginative and innovative use of
x-ray diffraction also has contributed to the study and description of the
structure of large biological molecules, as recounted in, for example, J.

FIGURE 4.35 A three-dimensional view of a cancer cell magni-
fied 3000 times shows how these cells reach out to engulf neighbor-
ing cells. [Photograph courtesy of E. J. Ambrose, Chester Beatty
Research Institute, London, England, and the Cambridge Instru-
ment Company, which provided the stereoscan microscope.]
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FIGURE 4.36 Human blood was allowed to clot in moist air, fixed in formalde-
hyde, and viewed in the scanning electron microscope. The sample is magnified
15,000 diameters. The disks are red blood cells, held in a meshwork of fibrin strands.
The cells are somewhat shrunken, [Photograph by L. McDonald provided through
the courtesy of T. L. Hayes, University of California at Berkeley.]
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FIGURE 4.37 Visualization of bacterial genes in action by electron spectroscopy.
Genetically active and inactive portions of Escherichia coli chromosomes are shown.
The polyribosomes attached to the active segments exhibit imperfect gradients of in-
creasing length. The shorter, most distal polyribosomes may have resulted from
m-RNA degradation. The arrow indicates putative RNA polymerase molecules presum-
ably on or very near the initiation site of these active loci. [Photograph courtesy of
O. L. Miller, Jr., B, A. Hamkalo, and C. R. Thomas, Jr.. Oak Ridge National
Laboratory.]

Watson’s The Double Helix. More generally, x-ray diffraction techniques
continue to play a central role in crystallography and in much of the
research on the physics of condensed matter.

Atomic, molecular, and electron physics also makes major contributions
to national defense and space programs. Lasers and masers, for example,
are used in radar defense, nighttime visual surveillance, bomb sighting, and
satellite tracking (Figure 4.38). Molecular physics and infrared spectro-
scopy are employed in the detection and tracking of rockets and in studying
space-vehicle and re-entry problems. The use of high-power laser beams
for energy transmission in space, for antiballistic missile (ABm) defense
purposes, and for possible ignition of thermonuclear plasmas also has
received much attention. Realizing the relevance of atomic, molecular, and
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FIGURE 4.38 This huge horn antenna, weighing 380 tons, is used for satellite
communication experiments at Andover, Maine. Small dish antenna in upper right
of photograph was recently installed for special tests with the Communication Satellite
Corporation experiments. [Photograph courtesy of American Telephone and Tele-
graph Corporation.]

electron physics research to questions of national security, the Department
of Defense and the Atomic Energy Commission have supported a large
fraction of the work in this subfield.

Future Activity

In the coming decade, much activity in a previously rather inaccessible
region of the electromagnetic spectrum, the far infrared or submillimeter
wavelength, will take place. Laser techniques have sparked a revolution in
infrared spectroscopy that will have an impact on infrared molecular
astronomy, thus continuing a historic trend as optical and microwave
techniques finally converge and overlap. Extension of the new techniques
of laser and quantum electronics deeper into the ultraviolet region will
receive increasing emphasis in coming years. Chemical and biological
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laboratories are adopting physics-based methods and applying them in new
ways. Nonlinear spectroscopy, made possible by these techniques, has just
begun and promises exciting results. Its present state could be compared
with that of radiowave and microwave spectroscopy in 1950. The huge
development of these fields between 1950 and 1960 is well documented,
and a similar development can be expected for nonlinear and quantum
optics during the 1970’s.

Work in beam-foil spectroscopy is increasingly important for the inter-
pretation of observations of plasmas and astrophysical phenomena.

Continued progress in the making of precise measurements and the
development of more accurate standards of length and time can be expected.
These, in turn, will have applications in navigational systems and precision
micromachining operations and will increase the sensitivity of seismic and
other such monitoring devices. Direct time measurement recently has been
extended to the region between 10-** and 10-"* sec. Consequently, details
of intermediate products in chemical and biochemical reactions may be
studied directly; this capability can lead to extremely valuable information
about the mechanisms involved.

The colliding atomic and molecular beam techniques have attained a
level of refinement that permits the details of chemical reactions and
atmospheric and astrophysical collision processes to be studied in the
laboratory. An entire new line of research is now possible and is under-
going rapid growth throughout the United States.

These various opportunities are also widely recognized outside the United
States, notably in the United Kingdom, West Germany, France, and the
Soviet Union. These and other European nations have devoted a somewhat
larger fraction of their total physics effort to atomic, molecular, and elec-
tron physics than has the United States. Their research output in this
subfield relative to that of the United States reflects this emphasis. Whereas
in many other subfields of physics, notably high-energy and nuclear physics,
the United States holds a clear lead, it does not hold such a lead in this
subfield. (Research effort in this subfield in the United States is about on
a par at the present time with that in other countries. )

Distribution of Activity

The central position of this subfield in science and technology and its many
direct interactions with other subfields of physics, other sciences, and
technology are apparent in the distribution of its workers. Atomic, molec-
ular, and electron physics accounts for approximately 6.5 percent of the
physics PhD population, as reported in the 1970 National Register of
Scientific and Technical Personnel. Approximately one half of these 1,964
physicists work at educational institutions, one fourth in industry, and one
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fifth in government laboratories and research centers (see Figure 4.39). A
special characteristic of this subfield, in contrast to nuclear and elementary-
particle physics, is the absence of large permanent installations; con-
sequently, the cost of research per unit of scientific output is relatively low.
Atomic, molecular, and electron physicists combine a variety of skills and,
in contrast to some of the other subfields of physics in which greater
specialization and division of labor are necessary, are often well versed in
both theory and experiment. Not only is this subfield well suited to the
training of future scientists, but it also acquaints them with problems and
techniques relevant to the demands of a technological society.

In 1970, approximately 3 percent of federal funds and 7 percent of
industrial funds used for basic research in physics were allocated to this
subfield. A substantial amount of research in atomic, molecular, and
electron physics is supported by sources outside the subfield. If included,
these might double the above percentages (Figure 4.40).

Problems in the Subfield

Because of its relevance to defense questions and to technology, atomic,
molecular, and electron physics has received a large share of its funding
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FIGURE 4.39 Manpower, funding, and employment data on atomic, molecular,
and electron physics, 1964-1970.
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FIGURE 4.40 Manpower and funding in atomic, molecular, and electron physics
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from the Department of Defense (poD) and from industrial sources. Even
though support of relevant research should be less susceptible to cuts, a
general and rather rapid decline in DOD and private industrial funding of
all types of physics research appears to be under way. This trend could
greatly affect the conduct of atomic, molecular, and electron physics in
university settings. Support from the National Science Foundation (NSF)
in this subfield, especially at the larger academic institutions, has been low.
Although some correction of the distribution of NsF funding among physics
subfields has occurred in recent years, it is not sufficient to offset the drastic
reductions now taking place in the support of this subfield by other agen-
cies. Federal agencies concerned with pollution, health, and transportation,
which would reap long-range benefits from a vigorous program in atomic,
molecular, and electron physics, should assume greater responsibility for
its support.

There has been an increasing need for sophisticated data-processing
equipment. Molecular-beam apparatus now requires a mass spectrograph
as a standard detection instrument, and optical spectrographs, costing
$2000, have been replaced by integrated spectrometers that cost ten times
as much. The need for updating equipment is felt most severely at the
universities. Unless a substantial increase in support for research in this
subfield at educational institutions is forthcoming, most of the equipment
in these institutions will become obsolete within five years. If support were
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to remain at its present level, a choice between continuing most small-scale
efforts or sacrificing many of them to allow the conduct of a few more-
expensive major experiments would be necessary. No single research area
would deteriorate entirely, but general progress would be sluggish. Equip-
ment could not be upgraded, and a general erosion of experimental facili-
ties would begin.

Again matter is a relative term; to each form

there corresponds a special matter.
ARISTOTLE (384-322 B.C.)
Physics, Book 11, 194

PHYsICS OF CONDENSED MATTER

Introduction

Condensed matter consists of solid as well as liquid, glassy, and other
amorphous substances. All these substances have in common atoms so
closely packed that interactions among atoms play an important role in
determining their properties. The largest class of such substances is that
of the crystalline solids. Their mechanical, electrical, magnetic, optical,
and thermal properties have been investigated and now are understood in
a general way. Such properties have been of interest since man first con-
cerned himself with the advantages of bronze over stone or the puzzle of
why bits of iron cling to a lodestone. Condensed matter was the focus of
physics and much of chemistry in the nineteenth century.

Historical Background

Modern physics of condensed matter has several roots: the discovery of the
structure of the atom in the early part of this century; the discovery at
about the same time of quantum mechanics, which made possible the
quantitative understanding of the behavior of atoms, and their constituents,
the nucleus and its electrons; and the discovery in 1912 of x-ray diffrac-
tion, which gave the first quantitative information on the ordered arrange-
ments in other forms of condensed matter. In the late 1920’s and during
the 1930, the new tool of quantum mechanics was applied with vigor to
develop a more complete picture of condensed matter, and quantitative or
semiquantitative understanding of the more prominent physical properties
emerged rapidly. Today solids are classified according to the dominant
binding forces that hold them together (molecular, metallic, ionic, or
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covalent bonding) and according to their electrical properties (conducting,
semiconducting, or insulating). Some substances move from one part
to another of the latter classification, with changes of temperature, pressure,
or magnetic field, or with variations of purity. Indeed, the range spanned by
the physical properties of condensed matter is probably the largest en-
countered in physics; as an example, the resistivity of common substances
ranging from insulators to metals varies by more than 10,

Extremes of temperature and extremes of pressure have revealed aston-
ishing variants on these usual states of matter. Thus, at very low tempera-
tures some solids abruptly lose all resistance to the passage of electricity.
This characteristic is called superconductivity. Although it was first discov-
ered in 1911, at which time it was thought to be a property of only a small
number of simple metals, it has been shown in the last decade that a remark-
able variety of alloys and intermetallic compounds, and apparently some
semiconductors as well, exhibit the property. A theoretical explanation of
the phenomenon was not found until 1957, and many aspects of super-
conductivity are not yet properly understood.

A somewhat analogous loss of all resistance to flow (and other anomal-
ous attributes) occurs in the liquid form of ordinary helium when this
substance is cooled to within 2° of absolute zero. This condition is called
superfluidity. Superconductivity and superfluidity depend on the quantum
mechanical, as distinct from the Newtonian or classical, behavior of aggre-
gates of atoms and electrons.

Mechanical properties of solids, such as strength, hardness, elasticity,
plasticity, and the like, depend on cohesive qualities related to interatomic
binding forces and also on certain characteristic imperfections in the ideal
lattice structure of the solid. These imperfections, or lattice defects, have
been the subject of intensive study in the last 25 years and now are generally
understood; however, many parts of the picture, including most of its
accurate quantitative features, still are lacking,

Similarly, electrical, magnetic, optical, and thermal properties of solids
also are understood in general terms, and much quantitative knowledge
has been achieved. The richness of the phenomena that matter can present,
however, is enormous, and it is possible that today’s understanding will one
day be considered as crude and naive as that of half a century ago now
appears.

Recent Developments

Many important developments have occurred in the study of condensed
matter in recent years. Among them are advances in the understanding
of the electronic structure and the elementary excitations of solids; the
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vast increase in knowledge of macroscopic quantum systems (super-
conductors and superfluids) and their interplay with other systems; the
improvement in the ability to produce many substances in states of great
purity and crystalline perfection; experimentation with matter under ex-
treme conditions and the resulting increased theoretical understanding of
phenomena observed under such conditions; the achievement of broad
understanding of lattice defects; the beginning of a quantitative science of
amorphous materials; and the much deeper understanding of cooperative
and many-body effects in condensed matter. In addition, there have been
many applications of these and earlier developments to other sciences and
to technology.

The electronic structures of a large number of simple crystalline solids
have now been calculated from first principles in considerable detail. These
calculations provide a good account of the binding and elastic properties of
the substances. The motions of the carriers of electric charge have been
studied, and transport properties are becoming rather well understood.
Theoretical information has been checked with a variety of sophisticated
experimental techniques—cyclotron resonance, de Haas-van Alphen ex-
periments, magnetoacoustic experiments, optical absorption measurements,
photoemission measurements, and many others. From this work a remark-
ably broad and detailed knowledge of electronic properties of a variety of
pure substances resulted. This knowledge played a vital role in the design
of solid-state electronic devices, solid-state lasers, and many other tech-
nological developments. This information also gives the necessary back-
ground for understanding solid surfaces (important for controlling corro-
sion, catalysis, adhesion, and other surface phenomena) and the effects of
impurities, dopants, and alloying agents.

A solid can be regarded as possessing a state of lowest energy and many
states of higher energy that correspond to various excitations. These are
organized into elementary excitations of several kinds: the various modes
of lattice vibration (phonons); excitation of individual electrons; excita-
tions of the magnetic system, if any (magnons); collective excitations of
conduction electrons (plasmons); and various combinations of these, which
also can act as elementary excitations (excitons, polarons, and the like).
Rapid progress in both theory and experiment has occurred in recent years
in regard to the understanding of excited states of solids in these terms.

Although superconductivity and superfluidity have been known for
decades, they continue to be subjects of great excitement, with important
advances, both scientific and technological, taking place. The modern
theoretical understanding of superconductivity dates from 1957, when
Bardeen, Cooper, and Schrieffer proposed their now-famous theory. An
outgrowth of this understanding was the proposal by Josephson in 1962
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that a junction between two superconductors separated by a very thin
insulating layer should possess anomalous properties. Josephson predicted
that a current of limited magnitude could pass through such a junction
with zero voltage between the two superconductors and that the magnitude
of this current would be highly sensitive to magnetic fields, going periodi-
cally to zero as the field is changed. He also predicted that if a constant
voltage bias were imposed across the insulating layer, an alternating cur-
rent would flow with a frequency proportional to the voltage bias. These
predictions were quickly confirmed by experiments and have led to the
production of numerous practical laboratory instruments of unparalleled
sensitivity and to better methods of measuring certain fundamental con-
stants of nature. Superfluids also have exhibited a rich and astonishing
range of phenomena in recent years, and a close parallel between proper-
ties of superconductors and superfluids has been found. The ideas involved
have had important applications to theories of the atomic nucleus and
the interior of certain kinds of stars.

The transistor and a number of other solid-state electronic devices
require materials of unprecedented purity and perfection, for the electrical
properties of semiconductors are influenced dramatically by impurities
and crystalline imperfections. Techniques of producing many materials of
exquisite purity, and in the form of nearly perfect single crystals, have
been developed by necessity as a part of semiconductor technology. These
methods have been useful in producing much better materials for research
than were previously available. As a result, elucidation of the intrinsic
properties of these substances and the extrinsic properties associated with
impurities and imperfections became possible. These sensitive and far-
reaching distinctions are a hallmark of modern experimentation in the
physics of condensed matter.

An offshoot of the development of the high-purity germanium and silicon
required for the device market has had revolutionary impact on nuclear
and atomic physics. With adequate purity it was possible to construct
semiconductor radiation detectors—in essence, solid ionization chambers—
that provided energy resolutions typically one to two orders of magnitude
better than those previously attainable; moreover, this paramount advan-
tage is coupled to a wide variety of other inherent advantages including
small size, elmination of high-voltage requirements, and insensitivity to
magnetic fields and, when so designed, to ambient radiation backgrounds as
well.

Continuing feedback into technology also occurred. Turbine blades for
jet engines, for example, are now made in single crystals of metal, using
well-developed techniques for crystal growth. These single-crystal blades
have superior ductility and strength, because the boundaries between
crystallites, present in ordinary metals, give rise to brittleness.
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Interesting modifications occur in many substances when they are sub-
jected to very high pressures. The material in the interior of the earth is
subject to such pressures, which can now be attained in laboratory ex-
periments. Static methods are used to reach pressures of several hundred
thousand atmospheres. Shock waves, produced by chemical high explosives
or other means, produce transient pressures into the range of millions of
atmospheres. Theories of interatomic binding are tested by such experi-
ments, Extension of the theoretical treatment to still higher pressures gives
an account of matter in the interior of stars and is necessary in completing
the understanding of astrophysics. Modern ideas of the mechanisms of
crystal growth have guided the production of useful substances by means
of high pressures combined with high temperatures. Thus diamonds have
been made artificially, first of industrial quality, more recently of gem
quality.

Very high magnetic fields have been developed for laboratory purposes.
Static fields are produced in conventional coils, supplied with heavy cur-
rents, and in the coils made of recently discovered hard superconductors.
Short-term transient fields of still higher strength are produced in various
kinds of pulsed coils. These high magnetic fields subject the electrons in a
solid to a perturbation that tests and elucidates the electronic structure
of the solid. Such work has produced a vast amount of new information
on electronic structures of solids.

Very high and very low temperatures have also been used to extend the
knowledge of condensed matter. Ultralow temperatures are being achieved
by sophisticated combinations of new methods, including the *He—*He dilu-
tion refrigerator, and new kinds of cooperative phenomena are being
sought. The quantization of magnetic flux in superconductors and of flow
velocity in superfluids are two of the striking experimental findings relating
to macroscopic quantum phenomena that have emerged recently from this
work. Polarization, that is, spin alignment, of atomic nuclei has become
a commonplace achievement. This is particularly interesting as a tool for
the nuclear physicist. A number of new superconductors and new magnetic
transitions have been found.

Lattice defects can be divided into two classes: point defects, which
are of atomic scale, and extended defects, which are of macroscopic scale
in one or two directions. Vacant sites on the lattice are point defects;
lattice mismatches along an extended line, called dislocations, are extended
defects. In many solids diffusion occurs by the hopping of vacancies from
one lattice site to another, under the influence of the thermal agitation of
the lattice. Catalytic effects often depend critically on the presence of lattice
defects at a crystalline surface. Irradiation of metals by nuclear radiation,
as in a reactor, causes important changes in properties, because of the
point lattice defects produced by the radiation. Strength and plastic
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properties of solids depend markedly on the presence of dislocations and
on point defects that impede their motions. All of these defects have been
studied for almost three decades, but in the last decade the generally
qualitative understanding is becoming quantitative. The variety of possible
defects in different crystalline substances is enormous, and the quantitative
knowledge that is in hand is but a small fraction of that which would be of
immense practical value.

Glasses, liquids, and many other condensed substances are said to be
amorphous; in other words, the arrangement of their atoms is only semi-
regular. For many years electronic properties, such as electrical conduc-
tion, as well as lattice vibrations were treated by quantitative theories only
in crystalline solids. Recently, these phenomena have been studied in
amorphous substances, and a theory of electronic properties and lattice
dynamics in such substances is beginning to emerge. Computer studies
entailing the analysis of the behavior of models of amorphous substances
have been of benefit as stimulants to intuition and guides to theory. Com-
puter studies of the atomic dynamics in model liquids have been especially
useful.

The sharp transition from a solid to a liquid, which occurs at the melt-
ing temperature, is an example of what is called a cooperative effect.
Another example is the abrupt loss of long-range order in the magnetiza-
tion of the atoms of an iron lattice when a certain characteristic temperature
is reached. These phenomena depend on the cooperative interaction of
many elements of a dynamical system and have been objects of study in
physics for years. Recently, advances in theory have shown that many
disparate cooperative phenomena are mathematically related. Many new
examples of cooperative transition have been found and studied by dynami-
cal as well as static methods. The scattering of laser light and thermal
neutrons by such systems afforded new experimental information on the
dynamical and static properties of these systems. Cooperative phenomena
occur in what may be called many-body systems. Every system studied
in the physics of condensed matter is actually a many-body system. At an
earlier stage, physics usually progressed by reducing the many-body sys-
tems, conceptually, to an approximate replica in which one body at a time
could be considered as moving. Although it is not yet possible to give a
rigorous dynamical treatment of general many-body systems, much im-
provement has been made in methods of calculation so that good correc-
tions for many-body effects can be made in an increasing array of prob-
lems. The understanding of superconductivity requires explicit allowance
for such effects, and a great deal of the theoretical effort in the physics of
condensed matter in the last decade has been devoted to understanding
many-body corrections to earlier one-body models.
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Other branches of physics have interacted recently in vital symbiosis
with the physics of condensed matter. The Mdssbauer effect is the phenom-
enon of emission of a nuclear gamma ray by an atom imbedded in a
solid, without the recoil of that atom, that would ordinarily occur and
somewhat reduce the energy of the gamma ray. This phenomenon com-
bines the realms of nuclear physics (the emission of the gamma ray and
its dependence on the state of the nucleus) with the freedom from recoil
that is a consequence of the binding of the radiating atom into a crystalline
lattice. The effect has been an important tool for learning about crystalline
binding and the magnetic field (and the gradient of electric field) at the
nucleus of the emitting atom. Some of this information complements that
which can be obtained by the older phenomenon of nuclear magnetic
resonance. Another measure of the magnetic field at the nuclens of an
atom in a lattice results from observations of the angular correlation be-
tween two successive cascade gamma rays emitted by the nucleus. The
phenomenon of radiation introduces lattice defects into a solid and con-
stitutes a tool for studying lattice defects.

Still another example is the process of channeling of energetic charged
particles by a crystal lattice (see Figure 4.41). In channeling, a nuclear
particle, such as a proton or an alpha particle of a few million electron
volts energy, when falling upon a single crystal at a direction nearly parallel
to a prominent axis of the crystal, tends to be guided into a channel ac-
curately parallel to this axis and to lose energy more slowly under these
conditions than when going through the crystal in a random direction. Not
only has this process added to the understanding of the process of energy
loss by fast charged particles in solids (which is an old subject), it has
also provided a new tool for investigating the perfection of crystals and
learning the configuration of point defects in crystals. Even more recently,
it has been used to measure nuclear lifetimes in the range of 10-'* sec,
which previously have been completely inaccessible, through effective
observation of flight times between lattice sites.

Relationship with Other Sciences

The physics of condensed matter has strong interactions with chemistry
and metallurgy and with the broader field of materials science. These
interactions are too numerous, and most are too obvious, to catalog
here. Usually the solid-state physicist and the solid-state chemist are
distinguishable only by their backgrounds or, occasionally, the emphasis
in their work. The chemist is more often concerned with complex sub-
stances (although this difference is decreasing); methods of preparation,
synthesis, crystal growth, and the like; and use of chemical methods of



172 PHYSICS IN PERSPECTIVE

channelling

blocking

collimated
: detector %\
_ e a particle
_- \
string - -3

of atoms - B\
\
®©® @@® ® ®©® ® ® ® :

FIGURE 4.41a Channeling of charged par-

INTENSITY (cpm)

-8-6-4-2 0 2 4 6 8
EMISSION ANGLE (6°)

ticles through a crystal matrix can occur
only if the incident angle is less than a cer-
tain critical value. Then the incident parti-
cles suffer a series of gentle repulsions from
the string atoms and remain in the channel.
When the angle is too large, the particle is
strongly deflected and can no longer be
channeled. The opposite process is known
as blocking; particles originating in the
center of the string cannot be channeled.
Here alpha particles are shown being emit-
ted from radioactive radon atoms situated
on lattice sites in tungsten, Along the di-
rection of the string, which corresponds to
an emission angle of 0°, the intensity of the
emission goes through a minimum value
caused by the blocking phenomenon.

analysis. Metallurgy has been strongly influenced by concepts of electronic
structure and binding originally developed by physicists. The large and
productive field of defects in metals has become increasingly the province

of the metallurgist.

A few selected examples will illustrate the widespread impact of the
physics of condensed matter on other subfields of physics and other
sciences. The Josephson effect, as noted above, consists of an oscillating



The Subfields of Physics 173

FIGURE 4.41b Position of the collimated
detector imposes a simple geometrical boun-
dary condition on the number of particles
that are detected after they leave the chan-
neling planes. Only those particles that leave
the crystal in a direction very near to the
plane can be detected if the detector is
placed far enough away. This makes it
easier to study the processes by which parti-
cles lose energy, by limiting quite drastically
the number of oscillations that are observed.
In the diagram above, the boundary condi-
tion allows only three oscillations to reach
the detector, producing the three peaks in
the energy spectrum (left). Studies of this
kind, although difficult, make it possible to
obtain information from the energy spectrum 45 50 55
about the electron distribution and inter-
atomic potentials in the individual atoms — ENERGY OF IODINE IONS (MeV) -
in the crystal lattice.

DETECTOR COUNT RATE

current between two superconductors in weak contact maintained at some
potential difference V. The frequency of the oscillation is given by
v=2eV /h, where e is the charge on the electron and A is Planck’s constant.
From a measurement of » and of V, this relationship determines the im-
portant natural constant e/h. This method of obtaining e/h is several
orders of magnitude more precise than any alternative experimental
method. In conjunction with other measurements, this method has resolved
a long-standing discrepancy in the quantum electrodynamic theory of the
hydrogen atom and certain other clementary physical quantities. This
finding reinforces belief in the validity of quantum electrodynamics, which
is one of the most basic and far-reaching components of the current con-
ception of the physical world. Thus, an understanding of the superconduct-
ing state in solids has had implications for the seemingly unrelated fields of
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quantum electrodynamics and atomic physics. The Josephson effect also
promises to provide the basis for a very compact, high-efficiency computer
memory system; such systems are being developed at the present time.

The impact of condensed-matter physics on nuclear physics is multi-
dimensional. Nuclear magnetic resonance of atoms in solids, the Mdss-
bauer effect, angular correlation of successive gamma rays, and blocking
effects in crystals are examples of effects that, through sophisticated knowl-
edge of solids, allow measurement of major parameters of nuclei. Perhaps
the most dramatic impact of condensed-matter physics and associated tech-
nology on experimental nuclear physics, however, has been through semi-
conductor detectors of nuclear radiation.

In theoretical nuclear physics, major progress resulted from the applica-
tion of the Bardeen-Cooper-Schrieffer theoretical breakthrough concerning
superconductivity in condensed matter. This recognition of the joint
dependence of these subfields on many-body phenomena greatly enriched
both. The Josephson effect between superconducting solids, discussed
above, is now being actively sought in the nuclear realm in the interface
between colliding superconducting nuclei such as selenium and tin.

Physicists and chemists concerned with solids have devoted much effort
to the study of surfaces. In spite of this work, heterogeneous catalysis
remains a highly empirical field. Condensed-matter physics has contributed
techniques that promise increased understanding. Thus it is now possible
to cleave single crystals in very high vacuum to produce ciean and regular
surfaces that can be microscopically characterized. Then, by means of
low-energy electron diffraction, two-dimensional order in a monatomic layer
of adsorbed gas can be studied. Recently, a new technique, ion-neutraliza-
tion spectroscopy, has been developed that is sensitive to processes going
on within an atomic diameter of the metal surface by ions of noble gases,
and the energy of the ejected electrons is measured. From these data infor-
mation about the chemical bonds in molecules adsorbed on the surface can
be deduced. Such molecules differ in interesting ways from free molecules,
because they are constrained by the solid and can have structures that do
not occur among free molecules but are likely to be of prime importance in
both corrosion and catalytic reactions.

There are many ways in which condensed-matter physics is impinging
on earth and planetary physics (an example is given in Figure 4.42). Our
knowledge of the earth and its history is based to a large extent on solid-
state physics and chemistry. The model for the composition of the mantle
is based on the phase equilibria determined for different germanate systems
that can be extrapolated to the silicates, which comprise the earth’s mantle.
The knowledge of the response of a solid to sound waves and studies of
the equation of state of liquids allow one to hypothesize a liquid core; set
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FIGURE 4.42 Apollo 11 moon rock sample. Micrometeorite impact crater on the
surface of a glassy sphere showing a central crater (produced by melting) standing
on a boss with irregular vertical fractures, surrounded by petal-like conchoidal (brit-
tle) fractures. The small black areas are bubbles in the original glass which have
been cut by the fracture or burst on the natural surface of the sphere. Magnification
% 520. [Photograph courtesy of Stereoscan Micrograph—Cambridge Scientific Instru-
ments Limited, England.]

a limit of the temperature and pressure in the mantle; and set some limits
to the accuracy of the extrapolations that are made concerning the prop-
erties of materials in the earth.
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Impact on Technology

Over the past several decades, the physics of condensed matter has had
great impact on technology; its influence shows no sign of abating. Indeed,
technological benefits from this subfield probably will emerge even more
rapidly in the future. (Section 2 of the report of the Panel on Condensed
Matter, in Volume II, presents an outline of recent developments in
condensed-matter physics that have direct technological importance; Sec-
tion 3 gives case histories of selected innovations; and Section 5 discusses
the economic and social consequences of these technologies.)

Perhaps the single development with the most far-reaching consequences
is the transistor, development of which began in 1947 with the discovery of
the transistor effect by Shockley, Bardeen, and Brattain (see Plate 4. VI).
An enormous number of solid-state electronic devices have evolved since.
Today’s large-scale integrated circuitry is even farther ahead of the
original transistor than that device was ahead of the old vacuum tube (see
Figure 4.43 and Plate 4. VII). Control circuits and computers of high
speed, high reliability, low cost, and small size are only a few of the benefits

FIGURE 4.43 First commercial use of integrated circuits was made in 1966 Rca
television receivers. [Source: Science Year. The World Book Science Annual.
Copyright © 1966, Field Enterprises Educational Corporation.]
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that these devices have made possible. Small chips of silicon are now made
in routine fashion containing hundreds of thousands of electronic compo-
nents. In the past five years, integrated circuits have come to account for
sales of $500 million per year, which is 30 percent of the total semiconduc-
tor market. Recent innovations are solid-state microwave diodes and
optoelectronic devices. The former, including Gunn-effect oscillators,
probably will be widely used in communication and radar equipment. Opto-
electronic devices include solar cells, which provide power for satellites,
and light-emitting diodes, which make possible new indicator devices and
display screens.

On the horizon are optoelectronic devices that include laser light sources,
sophisticated large-scale computational elements, and very-large-scale
memories, all fabricated within the same crystal wafer. Even more ex-
citing is the possibility of overlapping multiple systems through the same
optical channels, each operating on its own wavelength of radiation. Such
devices, with ultraminjature size, microscopic power requirements, effec-
tively infinite lifetime and reliability, and low intrinsic cost cannot fail to
have at least as revolutionary an effect on society as did the introduction
of computer techniques. (See Plate 4.VIIL.)

Optoelectronic techniques also hold great promise for the development
of whole new generations of visual displays in the all-important man—
computer interface; these can be cheaper, safer, more compact, and more
convenient by orders of magnitude than the typical cathode-ray tube band
systems now in use.

Magnetic materials are widely used now and comprise many substances
besides the steels of transformer cores and electric motors. Ferrites, which
are in effect ferromagnetic insulators, are used in television transformers
and computer memories. Other new magnetic substances appear in ferro-
magnetic memory devices, such as tapes, drums, and disks. Magnetic
materials that can be stimulated by optical means, such as laser pulses, may
also have an impact on display and information-storage devices.

Magnetic bubble technology has provided a radical new way to store
information in magnetic bubbles in thin, transparent, magnetic crystals and
to carry out logical operations by moving the bubbles over the crystal (see
Figure 4.44). Magnetic bubble memories may replace both the core and
disk file memories in computers and electronic central offices and interface
directly with fast semiconductor devices. They may prove to be a very
fast, compact, and inexpensive way to store and process data. .

Superconducting materials have come into use for a variety of specialized
needs, particularly for providing high magnetic fields for laboratory pur-
poses. The greatest impact of these new materials, and of others under
development, probably lies ahead, with power transmission lines (see
Plate 4.IX), transformers, motors, mass-transport levitation and guide-
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FIGURE 4.44 Tiny computers and electronic telephone switching systems of the
future may accomplish counting, switching, memory, and logic functions all within
one solid magnetic material, employing new technology now in exploratory develop-
ment at Bell Telephone Laboratories. Looking more like a block diagram or a flow
chart, this actual circuit, a photolithographic pattern on the surface of a sheet of
thulium orthoferrite, can move magnetic bubbles (large white dots) through a shift
register. The magnetic bubbles are 0.004 in, in diameter. [Source: This photograph
was provided through the courtesy of Bell Telephone Laboratories.]
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ways, and computer memories being potential areas for future application.
Ultrasensitive electric and magnetic measuring devices, another application
of superconductors, already have been developed.

Of crucial importance to any future implementation of superconducting
technology, as, for example, in transmission of electrical power or in new
computer memory configurations, is the maintenance of an adequate supply
of helium. Helium is unique in its combination of unusual properties and
critical uses. It is essential for cryogenics, superconductivity, some types of
breeder reactors, and the space program. Moreover, large components of
contemporary physics research—in condensed matter, elementary particles,
and nuclear physics—are entirely dependent on liquid helium to achieve
adequately low working temperatures. According to available estimates,
this irreplaceable resource is in short supply, yet it is being wasted in
alarming fashion.

Solid-state lasers of various kinds have had tremendous impact in many
fields and promise further developments, including light-beam communica-
tion systems with a carrying capacity far greater than any system available
today.

Secondary emission is a phenomenon from condensed-matter physics that
has long found application in the electron multiplier. Image-intensifying
devices based on this effect provide the starlightscope, a medical x-ray
technique that permits much lower exposure of the patient to radiation
and sensitive detectors that improve the seeing power of astronomical
telescopes by large factors. New compounds have made possible sensitive
detectors for the infrared. One example of their use is in the military
SNOOPETSCOopE.

Fundamental discoveries in polymers, crystallization, morphology, radia- |
tion damage, point defects, dislocation, diffusion, and annealing have aided
the development of a host of new materials: new rubbers and new com-
posites, alloys for use in nuclear reactors, high-temperature and high-
strength material, and new steels and alloys. Better materials are being
developed for biological and medical uses. These include membranes for
artificial organs and strong inert materials for replacement of joints and
for heart-valve implants. Although progress has been made, the potential
uses of biocompatible materials are just beginning to be realized.

Future Activity

Forecasting the trends of any active scientific field is difficult and uncertain.
However, based on present activity, it appears reasonable to predict that
the areas of vigorous activity and rapid progress in the physics of condensed
matter in the next several years will include the following:
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1. Surfaces and interfaces. New experimental techniques and increased
theoretical attention should result in new breakthroughs.

2. Optical properties of solids. Lasers and new radiation sources, includ-
ing synchrotrons for the far ultraviolet, have reinvigorated this field. Non-
linear optical properties of solids, exciton absorption and luminescence, and
optical properties in the far ultraviolet and soft x-ray region offer a wealth
of new opportunities.

3. Scattering studies on solids and liquids. New techniques and more
intense sources of neutrons and photons have opened entirely new areas of
research. This work has large potential for providing fundamental informa-
tion on liquid and solid structure, and through that the potential for the
development of both improved and entirely new devices.

4. Complex crystalline substances. Most of the substances that have
been extensively investigated are relatively simple ones in which phenomena
are not hopelessly complex and well-characterized specimens have been
available. Silicon, germanium, the simple metals, and alkali halides have
been among the most commonly studied solids. Not all useful solids are
simple, however; the number of little-studied substances vastly exceeds the
number of well-studied ones. Attention is turning now to a much wider and
more complicated realm of substances, with three, four, or many atoms per
unit cell.

5. Disordered condensed materials. The conceptual framework of the
electron theory of solids and of lattice dynamics is being extended to include
disordered materials. New materials in this category are being discovered
and synthesized with new techniques. The development of useful electronic
devices from such substances is likely.

6. Electrons and phonons as elementary excitations in solids. The
motion of free charge carriers in solids and its elaborations offer rich ground
for discovery and innovation. Bulk negative conductance in gallium arse-
nide, many-body effects in solid-state plasmas, propagation of helicon waves
in high magnetic fields, and plasma instabilities arising from nonequilibrium
conditions are examples. Investigation of the vibrations of crystal lattices
(lattice dynamics) also continues to be an active area. Lattice vibrations
play an important role in a wide variety of phenomena, for example, super-
conductivity, ferroelectricity, and antiferroelectricity. Moreover, significant
advances have occurred in experimental techniques, including inelastic
scattering of neutrons, Raman scattering of laser light, electron-tunneling
spectroscopy, and ultrasonics.

7. Channeling, blocking, and related phenomena. These phenomena
are finding important applications in studies of lattice structures and lattice
defects. They provide insight into radiation damage and have important
applications in nuclear physics, such as the measurement of very short
lifetimes of nuclei. The related technique of jon implantation is becoming



PLATE 4.V1 This is the first transistor ever assembled; the year was 1947. It was
called a point contact transistor because amplification or transistor action occurred
when two pointed metal contacts were presented onto the surface of the semiconductor
material. The contacts, which are supported by a wedge-shaped piece of insulating
material, are placed extremely close together so that they are separated by only a
few thousandths of an inch. The contacts are made of gold, and the semiconductor is
germanium, The semiconductor rests on a metal base. Public announcement of the
transistor was made July 1, 1948, by Bell Telephone Laboratories. In 1956, John
Bardeen, Walter Brattain, and William Shockley shared the Nobel Prize, the highest
honor in science, for their discovery of the transistor effect. [Source: Bell Telephone

L.aboratories.]



PLATE 4.VII Close-up of a single microminiature beam-lead circuit, This circuit
was developed by Bell Labs for possible use in electronic switching system equipment.
A dual five-input NAND gate, it has 10 transistors, 18 diodes, and 12 resistors. Actual
size of the circuit is (0.053 in. from beam tip to beam tip. [Source: This photograph
was provided through the courtesy of Bell Telephone Laboratories.]



PLATE 4.VIII Weaving back and forth between two
spherical mirrors, this laser beam travels nearly two miles.
The beam forms an optical delay line on which information
may be stored. In time, devices like this one at Holmdel
might store telephone numbers, billing information, or other
data for the telephone central offices. [Source: This pho-
tograph was provided through the courtesy of Bell Tele-
phone Laboratories,]



PLATE 4.1IX A 40-ft section of high-voltage (450,000 V) cryogenic transmission
cable undergoing testing at the General Electric Company.
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increasingly important in the production of complex semiconductor devices.

8. Low-temperature phenomena and superconductivity. An important
frontier of solid-state phenomena lies at the extreme low temperatures.
New experimental techniques have pushed this frontier back, and new
phase transitions and novel collective phenomena are sure to be found.
Better understanding of superconductivity and superfluidity will follow.

9. Applications to astrophysics and extreme states of matter. Many of
the principles in the theory of condensed matter at extremely low tempera-
tures can be extrapolated to white dwarfs, neutron stars, and other prob-
lems in astrophysics. Along somewhat different lines, laboratory work in
the extreme ultraviolet is called for in connection with the discovery of
stellar x-ray sources. Matter under very high pressure, and also under very
high magnetic fields, is being more widely investigated, both theoretically
and experimentally.

All the foregoing areas appear ripe for vigorous exploitation, and un-
foreseen developments in this rich and rapidly moving subfield will un-
doubtedly play a prominent role in the years immediately ahead.

Distribution of Activity

The study of the physical properties of condensed matter and the search
for understanding of these properties constitute, by a substantial margin,
the largest subfield of physics. Condensed-matter physicists account for
about 25 percent of the physics PhD population, as reported in the 1970
National Register of Scientific and Technical Personnel. Figure 4.45 shows
the distribution of these physicists among employing institutions. About
40 percent of these work at educational institutions, 38 percent in industry,
and about 18 percent in government laboratories and research centers.
The physics of condensed matter differs sharply from most of the other
subfields because industrial support of the subfield exceeds government
support. Much of the industrial effort is applied in character, but there is
a continuous gradation between the application-oriented efforts and the
basic efforts, and the industrial contributions to the basic side are highly
significant. According to recent estimates, approximately 53 percent of
the basic research in the subfield takes place in universities, 20 percent in
government laboratories, and 25 percent in industry. About 75 percent
of the more applied work is found in industrial laboratories. The industrial
component of support cannot be assumed to act as a ballast, rising when
the federal support decreases and decreasing after federal support rises.
In fact, the trend over the past 20 years has been for the two to move

synchronously.
The typical research project is relatively small in cost; and large devices
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FIGURE 4.45 Manpower, funding, and employment data on the physics of con-
densed matter, 1964-1970.

do not consume a major portion of the funds. The contrast with elementary-
particle physics and nuclear physics, in this regard, is particularly sharp.
The diversity of the subfield manifests itself in the number and variety of
research topics being pursued, as well as in the interplay of fundamental
and applied research. The separation between basic discoveries and appli-
cations in condensed matter is less distinct than in many other areas of
physics.

In 1970, approximately 12 percent of federal funds and 75 percent of
industrial funds for basic research in physics were allocated to research in
condensed-matter physics (Figure 4.46).

Problems in the Subfield

As noted before, the physics of condensed matter consists for the most part
of many small to medium-sized research efforts widely dispersed in uni-
versities, industries, and governmental and national laboratories. Such a
diverse effort, which has few individual projects with an immutable claim
to survival, js at a disadvantage, in a time of retrenchment, in the compe-
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FIGURE 4.46 Manpower and funding in the physics of condensed matter in 1970.

tition with other subfields built around large projects that represent major
items in the budget. In these circumstances, the small projects tend to
become unduly eroded. At the same time, the condensed-matter subfield
is developing an increasing need for large facilities: sources of intense
magnetic fields, sources of high pressures and high temperatures, large
computers, more-intense beams of thermal neutrons, improved electron
microscopes, improved synchrotron sources of far-ultraviolet radiation,
expanded facilities for preparation of pure materials, and special sources
of particle radiation. These are not being provided in the United States at
present, and, indeed, some existing facilities have recently been closed.
Moreover, the increasing sophistication of the best laboratories in the
subfield works to the increasing disadvantage of the smaller laboratories,
which have always played a significant role.

To an increasing degree, research in condensed-matter physics, and
other subfields of physics, is based on a wide array of experimental tech-
niques that are applied to a single scientific question; the smaller labora-
tories cannot mount such broad attacks. Regional facilities that supple-
ment the apparatus available to physicists in many small laboratories are
needed, but new facilities of this character are not being set up. University
departments with strong specialties in the subfield are now severely ham-
pered by lack of funds for fellowships and for the research costs incidental
to training.
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All men by nature desire to know. An indication

of this is the delight we take in our senses; for

even apart from their usefulness they are loved

for themselves; and above all others the sense

of sight.
ARISTOTLE (384-322 B.C.)
Metaphysics, Book 1, 980

OpPTICS

Introduction

Optics is a basic and applied subfield of physics traditionally divided into
physical optics, geometrical optics, and physiological optics. Although the
major emphasis has always been on visible light, optics usually is general-
ized to include the techniques and phenomena of electromagnetic radiation
extending from the far ultraviolet to the far infrared and occasionally to
X rays, microwaves, and even electron optics.

Classical nineteenth-century optics emphasized optical instruments such
as the microscope and telescope; visual phenomena such as the sensation
of color; and physical optics of interference, diffraction, spectroscopy,
polarized light, and crystals. Modern optics has added a tremendous num-
ber of intricate new phenomena produced by the interaction of light with
matter. Holography, photon counting, the biochemistry of vision, photog-
raphy, photoconduction, light-emitting diodes, photoemission, and the laser
arc examples. Modern optical instruments include luminescent display
panels, image intensifiers, electrooptic light modulators, tunable lasers,
guided waves, amplifying fibers, pulse compressors, image-enhancement
systems, tracking devices, and combinations of these and other new tools.

Throughout the nineteenth century, optics was a central subject of
physics and commanded the attention of the greatest physicists of the time,
but the skill and insight of these great physicists seemingly exhausted the
topics to which they addressed themselves. For example, the Abbé theory
of the microscope established a clear-cut limit to the resolving power of
the instrument and, when commercial instruments reached that limit, the
subject was seemingly closed. The major exception in optics—the subject
that was not exhausted—was the field of atomic and molecular spectros-
copy. This subject, which still challenges many physicists, now constitutes
a separate body of knowledge in atomic, molecular, and electron physics,
though it still is closely related to optics.

Much of the stimulus to optics in the last two decades developed as a
deeper understanding of the limiting factors in many experiments and
devices was achieved. Many problems throughout science were found to
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be “optics-limited.” That is, the speed or accuracy with which a measure-
ment could be made, a device controlled, an object detected, or a chemical
analysis completed often was limited by fundamental optical problems of
intensity, resolving power, stability, or photon statistics. The search for
ways to overcome these limitations led to extensive programs of applied
optical physics. In addition, the astonishing attributes of the laser made
it productive to re-examine all these optics-limited situations. For ex-
ample, it is now possible to determine with unprecedented precision the
Raman spectrum of a few milligrams of a water-soluble biological com-
pound using a laser as a light source. Without the laser, only massive
samples can be analyzed. A laser beam shining on a beam of high-energy
electrons suffers Compton scattering and is shifted in wavelength to the
gamma-ray region without loss of polarization; the scattering cross sec-
tion is Jow, but the intensity of the laser beam is high. This technique has
already provided a powerful new tool for elementary-particle physicists.

There appears to be no shortage of frontier areas in optics at this time,
partly because so many situations are still optics-limited, so that each new
fundamental development has a rapid and direct effect on applied optics.
The need for re-examination of long-established assumptions has had many
important consequences in optics. Abbé and Rayleigh had assumed that
the purpose of the microscope was to see small opaque or self-luminous
objects, thus they defined the figure of merit according to this purpose.
Zernike chose a different figure of merit—the ability to see small trans-
parent living objects. He discovered the phase microscope, a simple
method of great subtlety, and won a Nobel Prize.

The pattern continues today. The majority of optical scientists (and
there are some 6000 members in the Optical Society of America) cur-
rently work on practical problems in optical engineering or applied optics.
But questions arise frequently that challenge present understanding of the
basic physics, demonstrating that there are not only unanswered questions
but that the classical questions often are not the correct ones.

Spectographic instruments provide an important contemporary example.
Every physics student is taught something about the wavelength resolving
power of a spectrometer and shown how it depends on the properties of
the dispersing element, but the arguments that he hears do not deal with
the time devoted to the observation or the signal-to-noise ratio. The
modern Fourier-transform spectrometer, built by Pierre and Janine Connes,
has produced planetary spectra with 100 times greater resolving power and
10 times better signal-to-noise ratio than the best prism spectrometers.
Much of their success arises, of course, from their technical skill, but the
underlying physics is beautiful and profound. Their new atlas of planetary
spectra shows more detail in the absorption spectra of the atmosphere of
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Venus than is shown in corresponding spectra of the earth’s atmosphere
that have been obtained with prism spectrometers (so-called solar atlases).

New Developments in Optical Physics

Although optics is now predominantly an applied science, advances in
basic optical physics continue to occur. By far the most important recent
advances in optical physics are the laser and the new devices and tech-
niques that it has made possible. The invention of the laser can be credited
to atomic and molecular physicists, but optical specialists played a basic
role from the beginning. The availability of copious coherent light has
made possible a wide variety of new optical techniques such as the holo-
gram and related image-processing methodology (see Figure 4.47), and
the high intensity of lasers has led to the development of the exciting new
work in nonlinear optics.

Currently there is no apparent slowing of the pace of development asso-
ciated with the laser and laser devices. Laser techniques are being extended
into new wavelength regions; lasers are being made tunable to different
wavelengths; and new techniques are being developed for deflecting and
modulating laser beams and producing and controlling extremely short
pulses of light. (See Plate 4.X).

A wide variety of special situations has resulted from the use of this new
tool. The ability to produce ultrashort pulses of light, for example, has
opened the time domain in chemical kinetics to investigation in a way
that was impossible with more conventional sources; now the sequence of
events can be unraveled and followed. Very short pulses can also pro-
duce fantastically high-power densities and field strengths—so high that
even nuclear forces may be affected. A completely new tool thus becomes
available for studies of nuclear fusion as well as for other purposes. Even-
tually, these high photon densities may allow the direct experimental
observation of the scattering of light by light; however, a vacuum more
perfect than any now obtainable will be necessary.

The frequency stability of even a simple laser gives light of quite remark-
able purity, but stabilized lasers can be built whose frequency is fixed to
one part in 10*', The application of this stability to phenomena now
thought to be well understood will certainly result in surprises. Meanwhile,
even much simpler lasers in unequal path interferometers allow measure-
ment of strain, tilt, and shear in the earth so that earthquakes can be
studied and perhaps predicted with new accuracy.

A particularly significant development arising from the laser is the inven-
tion of the modern hologram in 1962 by Leith and Upatnieks. Gabor
had formulated the conceptual base for the hologram in 1949, but it was
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Deblurring Photographs by Holography
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FIGURE 4.47 A photograph taken out of focus can be sharpened with the use of
holography. First, a conventional hologram is made, above left, as laser light from a
sharp source simultaneously interferes with light from each blurred point in the scene.
If the hologram were then illuminated with a sharp light source, the same blurred
scene would be reconstructed. In a technique created by George Stroke of the State
University of New York at Stony Brook, the image is instead reconstructed, above
right, using a point of light made out of focus by the same camera. Each point on the
reconstructed scene then appears as sharp as the sharp light source originally used to
make the hologram, [Source: Science Year. The World Book Science Annual. Copy-
right © 1968, Field Enterprises Educational Corporation.]

not until coherent light was available in copious supply that large-scale,
intense holographic displays became possible. The theory of the nature
of optical images has been challenged by the hologram, and a wide variety
of new experimental techniques have become necessary. Throughout this
decade of development of holography, optics has been stimulated constantly
by the prospect of useful devices, and so substantial investments of money
and manpower have been made in this subfield.

The hologram can preserve and reproduce an image, and, within certain
limits, a three-dimensional image of an extended object is possible. The
image need not arise from a real object; a hologram can be produced from
a computer printout. Thus, it is possible to generate an image of an object
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that did not exist or to tabulate the sound field around an object illuminated
with coherent ultrasound or to recreate an image of the object for visual
examination.

In principle, holography also is useful as a means of storing data for
use in a computer or other information-retrieval system. Because the infor-
mation in the hologram is not localized, scratches, dirt, or other blemishes
in it do not introduce errors or destroy information. In the same way that
communications engineers have learned to analyze signals in either the
frequency domain or the time domain, the hologram makes it possible to
transform images between object and aperture spaces. It is not always
clear which type of space has practical advantages over the other, but the
analysis of the hologram has increased understanding of information
storage systems and offered new possibilities for extending their scope.

The scope of image storage can be increased in another respect as photo-
chromic materials with improved properties become available. With such
materials, it is possible to generate and record an image using one wave-
length of light, to read it or extract information from it by using a second
wavelength, and, finally, to erase it with a third wavelength or the appli-
cation of heat.

Holographic interferometry has begun to have substantial application in
engineering. If a hologram of an object is made and subsequently com-
pared with the real object, any change in the object can be seen as an
interference pattern spread over the surface. Thus the elastic modes of
vibration of complex objects can be determined readily. This technique
is already in routine use, for example, as a production-line test method in
the fabrication of automobile tires (see Figure 4.48). The number of
applications of lasers and laser technology is legion and growing rapidly.
At the moment, the only limitations appear to be the imagination of the
user.

It would be wrong, however, to suggest that contemporary optics is
concerned only or even primarily with lasers. Optical physicists are still
very much concerned with atomic and molecular spectroscopy and solid-
state optical phenomena. In much of this activity, the useful devices that
are anticipated motivate and justify financing the work, but the research
involved is frequently of the most fundamental character.

One of the older but still highly productive branches of modern optics
is that concerned with thin films (Plate 4.XI). It is now possible to
design and construct multilayered thin films that will reflect chosen wave-
lengths and transmit others in complete analogy to the much more familiar
electrical filter systems. These may find very important applications in the
large-scale utilization of solar power in which they can be designed to



PLATE 4.X Stop-motion photograph of ultrashort green pulse in flight through a
water cell. The green pulse was moving from right to left. The scale is in millime-
ters. The camera shutter opening time was about 10 psec. The red spot is the im-
pression left on the high-speed Ektachrome film by an infrared laser pulse used to
activate the ultrafast shutter., A neodymium glass laser generates the infrared pulse,
which in turn gives rise to the green pulse by passing through a nonlinear optic
crystal (not shown). This photograph is thus simultaneously an illustration of second
harmonic generation from the infrared (red spot) to the green. [Source: M. A.
Duguay. Bell Telephone Laboratories.]



PLATE 4.XI A thin-film prism. A ZnS film was deposited on a glass substrate. The
film in the triangular area is thicker than that in the rest of the area. A helium-neon
laser light propagating in the film was deflected after passing through the triangular
area that acted as a prism. [Source: P. K. Tien and R. Ulrich, Journal of the Optical
Society of America, 60, 1325 (1970).]
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FIGURE 4.48 Nondestructive testing. Up-
per left: Beam-path scheme for the laser
hologram process. (a) Construction of a
hologram diffraction pattern in a photo-
graphic emulsion. (b) Reconstruction of
the three-dimensional image in space.

Right: Testing of automobile tires. (a)
Holographic tire analyzer reveals (b) hid-
den tire defects, such as tread- and shoulder-
area ply separations, when the tire is in-
flated or subjected to various temperatures,
captured here by double-exposure inter-
ferometry, Real-time viewing of a defect
may be likened to observing the telltale mov-
ing ocean-wave patterns in the vicinity of a
sunken rock. (GC Optronics, Inc.)

[Source: J. R. Zurbrick, Yearbook of
Science and Technology 1971. Copyright
© 1971, McGraw-Hill Book Company, Inc.
Used with permission of McGraw-Hill Book
Company.]
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inhibit reradiation of the absorbed energy in the form of infrared radia-
tion as described earlier in this section. High-pass, low-pass, bandpass, Of
low-band filters can be built economically and reliably. An interesting
class of such filters transmits only a narrow band of wavelengths; when
made with one or more layers tapered in thickness, the filter will transmit
different wavelengths in different regions. Such wedge filters can be used
to build a particularly simple and compact spectrometer for use in space
vehicles or in inexpensive commercial instruments.

Another important development of thin-film technology is the high-
efficiency mirror, reflecting 99.6 percent to 99.8 percent of the incident
light in a chosen wavelength region. The availability of such mirrors has
been one of the indispensable tools of the technical development of the
laser. Still another by-product is the well-known low-reflection coating.
Without such coating, complex microscope or camera lenses produce
images having only low contrast because of the veiling glare of multiple
reflected light inside the barrel of the lens. With such coating, complex
- high-performance lenses become possible.

Optical thin films have also played an important role in military infrared
devices by making them wavelength-selective so that military targets can
be distinguished from background sunlight. Progress in the design of very-
high-precision optical systems, using large-scale computer techniques, has
reached its highest point in the development of such remarkable systems
as thosc used in the U-2 high-altitude planes and surveillance satellites.
The possibility of such surveillance is fundamental to current discussion of,
and hope for, international disarmament activities.

One of the most striking new developments in optics is the use of large-
scale digital computer techniques for image enhancement in such fields as
clinical x-ray fluoroscopy and the analysis of the Mariner photographs of
Mars (see Figure 4.49). Not only can substantial improvement be
achieved in apparent signal-to-noise ratios in such photographs; but also,
the final images can be corrected for either deficiencies in the original
optical system or lack of adequate focusing during the original exposures.
The apparent improvements are frequently startling. The development of
practical, mass-produced image-intensifier systems has dramatically re-
duced the radiation exposure required in medical fluoroscopy and has
pushed back the observable frontiers of our universe when used with large
optical telescopes. Paralleling this conquest of the ultralarge is that of the
ultrasmall. Within the past year Crewe and his associates have succeeded
in photographing the outlines of the double-helix structure of the DNA
molecule through judicious tagging with thorium atoms.

Indeed, the scanning electron microscope, in itself, has given biologists,
metallurgists, and all who deal with microscopic phenomena a perspective
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FIGURE 4.49 Example of preliminary computer enhancement of Mariner 6 near-
encounter picture 18 of Mars. A portion of this frame, as originally recorded, is
shown at the upper left. Apparent in it is a faint basket-weave pattern due to elec-
tronic pickup in the sensitive preamplifier of the camera system, as well as a general
softness due to the limited resolution of the vidicon image tube. Computer analysis
reveals the pickup pattern shown at the upper right, When the appropriate numeri-
cal value, determined from this pattern, is subtracted from each of the 658,240 ele-
ments of the picture, the result is as shown at the lower left. Two further computer
programs may then be used to compensate for the smearing due to the vidicon tube,
with the result shown at the lower right, The final processing procedure will involve
more refined versions of these steps, as well as programs designed to remove the nu-
merous small blemishes, correct for electronic and optical distortions of the image,
and correct for the photometric sensitivity of each picture element of the vidicon tube.
The computer will also be used to combine the digital and analog video data into a
single, photometrically accurate picture, [Source: Yearbook of Science and Tech-
nology 1971. Copyright © 1971, by McGraw-Hill Book Company, Inc. Used with
permission of McGraw-Hill Book Company.]

and depth of focus that, in effect, offer an entirely new window on their
subjects (see Figure 4.50). The contrast between the visual impact and
the immediate information content of a transmission electron micrograph
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FIGURE 4.50 A single-celled animal captures and devours another in this sequence
of pictures taken with the aid of the electron microscope. Exceptional details in the
drama indicate the potential of this instrument. [Source: This photograph was pro-
vided through the courtesy of G. Antipa and H. Wessenberg, Argonne National
Laboratory, and the Journal of Protozoology.]

as recently as a few years ago and what is routinely available now from
even relatively inexpensive scanning electron microscopes is remarkable.
It is worth noting, too, that a significant fraction of the new technology
underlying these new instruments—ultraprecise magnetic lenses, super-
conducting lenses, and the like—has been derived from frontier projects in
subfields as diverse as elementary-particle and condensed-matter physics.

Physiological Optics

Physiological optics has always been an important part of optical science,
and physicists still have a role in it, although it is secondary to the work
of electrical engineers and psychologists. Observations of the eyes of
animals and humans enhance the understanding of the scientific basis of



The Subfields of Physics 193

pattern recognition. Mechanisms have been found in the eye of the frog
that respond to certain moving patterns and not to others. The human eye
loses its response if an image is held stationary on the retina, showing that
fremor is a necessary condition, not a defect, of vision. New adaptive
mechanisms have been found in the eye to assist in the perception of color
and contrast. That some parts of the pattern-recognition process are
visual instinct in nature and some computed in the brain is now recognized.
The human eye remains one of the truly remarkable optical instruments
in its sensitivity, range, and efficiency. The processes of human vision
retain large areas of mystery. Research in these areas is of direct physio-
logical value and affords possibilities of guiding certain optics technology.

Applications of Optics in Other Sciences

Because observations are at the heart of all experimental science, optics
plays a crucial part in research in nearly all disciplines. The range of opti-
cal instruments and techniques involved in physics beggars description.
They are so widespread and commonplace that their origin in optics is
frequently entirely forgotten. However, there are many specific and spe-
cialized applications.

The use of optical techniques in astrophysics and astronomy is obvious
and requires little comment. New techniques of image enhancement, image
digitization, aperture synthesis, and long-baseline interferometry have only
very recently revolutionized broad areas of research in these fields.

When light from a laser beam is scattered by high-energy electrons from
an accelerator, the scattered light has a higher frequency because of the
Doppler effect. If the electrons have very high energies, the scattered
photons become nearly monochromatic gamma rays, with energy in the
range of several billion electron volts, and retain the polarization of the
original light. The polarized gamma-ray beam obtained in this way is
nearly free of low-energy background radiation and is ideal for many
studies in particle physics.

Optical monitoring of the earth’s atmosphere already has become an
important tool for weather prediction with now-familiar global cloud cover
satellite pictures—pictures that even a few years ago would have been
considered little short of miraculous. In addition, and perhaps more im-
portant, the properties of the upper atmosphere can be measured and the
effects of pollutants on the lower atmosphere can be determined from the
satellite and rocketborne spectral observations of various atoms and mole-
cules. Satellite observational techniques, using ultraviolet, visible, and
infrared spectroscopy, make it possible to monitor continuously the global
distribution and vertical profiles of natural and man-made variations of
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specific chemicals in the earth’s atmosphere and to have rapid knowledge
of changes. These techniques provide an immediate means by which a
physicist can apply his specialized knowledge to problems of pollution and
ecology. They also have provided a new observational basis for earth and
planetary science.

Recent developments in frequency synthesis from the microwave to the
optical region make it feasible to consider defining length and time with
the same molecular transition. These achievements, coupled with the stabili-
ties obtained through coherent laser stabilization by saturated absorption of
molecules, probably will lead to the development of new and more-precise
standards. Frequency synthesis to a CO, laser transition near 10.6 pm
and stabilization of this transition by saturated absorption in SF, have
already been demonstrated. The application of similar techniques to the
near infrared is anticipated in the next few months, and following that,
their extension to visible frequencies.

The newly developed saturation absorption (Lamb dip) spectroscopy
can attain spectral resolution exceeding one part in 10'°. Thus an addi-
tional powerful tool is available for studying spectral line shapes and level
splittings to within natural line widths of atoms and molecules. The new
super-Kerr cell systems (see Figure 4.51), developed by Duguay and his
collaborators, with effective shutter times of picoseconds, will make pos-
sible the detailed following of atomic and molecular interactions in a
totally new fashion. These phenomena will be widely exploited in atomic
and molecular physics and in chemistry.

There are many other applications of optics. Of particular interest
recently are the laser measurements that will show variations in the earth—
moon distance during the next few years and should offer a new and
highly accurate check of gravitational theory. These data also will improve
substantially present knowledge of: (a) lunar size and moment of inertia,
(b) the earth’s rotation rate and polar rotation, and (c) the present rate
of continental drift. Uncertainties of iess than 6 in. are involved. Further,
satellite-based optical navigational systems hold promise of unprecedented
precision, measured in inches anywhere on the earth.

Future Opportunities in Optics

Optical scientists and optical techniques can make major contributions in
a variety of fields in addition to those already described. Consider, for
example, the wretched state of technology in the Postal Service compared
to that in color television or the telephone system. Or consider the frag-
mented leadership and lack of innovation in crime prevention and detec-
tion. A rather trivial optical system, introduced a few years ago to keep
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FIGURE 4.51 Setup used to photograph a green laser pulse in flight through a water
cell. A drop of milk was added to the water to enhance light scattering and thus ren-
der the pulse brightly visible from the side. The ultrafast shutter is essentially an
electrodeless Kerr cell. A powerful ultrashort infrared laser pulse is used to induce
Kerr birefringence in the liquid, thus opening the shutter for ~10 psec. The filter
greatly attenuates the infrared pulse and prevents it from damaging the camera. Both
pulses are generated simultaneously by a Nd:glass laser. [Photograph courtesy of
M. A, Duguay, Bell Telephone Laboratories.]

track of at least some of the nation’s freight cars, excited wide newspaper
coverage and attention. A great stimulus to research and development, and
thus to the effective use of talented manpower, will arise as federal agencies
establish programs and laboratories of their own commensurate with the
complexity of their tasks and the importance to society of their missions.

The development of the picturephone is progressing and will require
substantial optical support. Optical communication through glass fibers is
beginning to be taken seriously, and useful links probably will be installed
experimentally within two years. These two efforts could stimulate one
another. Further, the picturephone will call for a wide variety of peripheral
devices to introduce signals into it and distribute the output.
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The importance of the picturephone concept can scarcely be over-
emphasized in the context of the congested traffic and travel systems.
Picturephone linkages of high quality, and with appropriate privacy con-
trols where required, can reduce substantially the amount of business travel
now considered essential. A linkage such as that now in experimental use
between the Bell Telephone Laboratories at Murray Hill and at Holmdel
permits effective large or small conferences, with participants at both
laboratories fully involved both technically and psychologically. This
mechanism may offer a partial solution to the national air and surface
traffic problems.

Optical memories for computers are still in the developmental stage,
and their utility is not yet fully demonstrated; but the need is so great and
there are so many possibilities in optical techniques that substantial addi-
tional work will undoubtedly take place. In particular, the costs and the
relationship between capacity and real-time appear favorable.

Further in the future lies integrated optics; this combines a laser beam
trapped in a surface film, which is modulated or deflected by electrical or
acoustical signals. In such devices, it is now possible to construct literally
thousands of gate and switching elements in optical paths of fractional
millimeter length and to operate them simultaneously in parallel with beams
of different frequencies from integrally constructed lasers. The possibilities
for miniaturization of digital instrumentation through this approach are
€normous.

Much emphasis today is placed on optical methods of detecting and
measuring atmospheric contaminants. Undoubtedly, there will be new
problems and jobs in this field, but it seems unlikely that they will be
sufficient to justify more effort than already is being allocated to this
branch of physics.

Fiber optics, which for a few years was both challenging and lucrative,
is now a mature and highly competitive industry with many groups ready
to take advantage of any new applications that are identified.

Pattern recognition seems to hold great promise. It is possible that
pattern recognition in the next ten years could change society in funda-
mental ways at the same time that it changes the understanding of the
ways man gains knowledge and interacts with his environment. Much of
the drudgery in which man engages in a highly industrialized society con-
sists of optical pattern recognition of some kind, from the checkout counter
in the supermarket to the reading of electrocardiograms. Physicists have
an opportunity to make a fundamental contribution to this growing field.

It is clear that optics will continue to be of great value in military
problems. Aerial Teconnaissance and the image-intensifier telescope have
proven invaluable to American troops in Vietnam. Reconnaissance is not
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only a tool for waging war more effectively but a tool for maintaining
peace. It is one of the few techniques available for verifying compliance
with international agreements such as arms limitations.

Structure of U.S. Optics Activity

The applied science character of optics led to a steady decrease in emphasis
on optics in the physics departments of U.S. universities until about five
years ago when the influence of the laser began to be felt. Through the
same period, however, the Optical Society of America continued to grow,
as more and more people found challenging opportunities in optics. There
were some 6000 members of this Society in 1970. In 1962, the Society
establishd a new journal, Applied Optics, which now publishes 50 percent
more pages annually than does the Journal of the Optical Society of
America, the traditional journal of this subfield. Optics thrives today
primarily through its applications, though it also has strong roots in funda-
mental physics.

Who are the optical scientists of today? The 1970 National Register
of Scientific and Technical Personnel shows 3280 physicists who indicated
optics as the specialty in which they were employed. Of these 3280,
one third (1111) held a PhD degree and accounted for 6.7 percent of the
total PhD population in physics. The number of PhD’s in this subfield
shows a substantial increase from the 743 included in the 1968 Register
survey, a growth rate of about 25 percent per year at a time when the rate
of increase of PhD’s for physics as a whole was about 7 percent per year.
(See Figure 4.52).

Of the physics participants in the 1970 Register survey, 2494 indicated
membership in the Optical Society of America. Other disciplines with
substantial representation in the Society are psychology, chemistry, and
electrical engineering. In addition, many of the members are technicians
and manufacturers of optical products.

Because many practical devices are optics-limited, strong optics groups
engaged in applied research and design and development work have been
established in many industrial laboratories. Half of the optics PhD’s work
in industry. This pattern is well illustrated by the development of the ruby
laser at Hughes Aircraft, the gas laser at the Bell Telephone Laboratories,
and the glass laser at American Optical Company. And this pattern con-
tinues. Exceptional work in ultrashort light pulses is taking place at United
Aircraft, 1BM’s Thomas J. Watson Research Center, and Bell Telephone
Laboratories. Liquid crystals were developed at Westinghouse, and stabi-
lized-frequency lasers at Perkin-Elmer.

One fifth of the optical scientists are working for the U.S. Government
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FIGURE 4.52 Manpower, funding, and employment data on optics, 1964-1970.

or in federally funded research laboratories. Since many of the laboratories
were established only recently, they probably represent a substantial frac-
tion of the new jobs in optics in the last decade. In addition, the equip-
ment needs and extramural research programs of these laboratories have
stimulated industry to employ many optical specialists (70 percent of all
optical scientists work in industry).

A remarkable development of optical skill has occurred in government-
sponsored nonprofit laboratories, such as the Cornell Aeronautical Labo-
ratory, University of Michigan Institute of Science and Technology at
Willow Run, and Lincoln Laboratories at Mit. Most of these groups are
concerned principally with the development and operation of large special-
purpose optical equipment, but many of them conduct significant funda-
mental studies of the underlying physics. Some have made major contri-
butions, such as the development of the hologram by Leith and Upatnieks
at Michigan.

Finally, a smaller part of modern optics has developed in university
laboratories. For example, nonlinear optics was discovered at Michigan
and has been studied with notable skill by Bloembergen at Harvard. But,
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although a very large fraction of contemporary optical scientists were
trained in physics, optics has received relatively little emphasis in most
physics departments. Most scientists entering this subfield have been
trained primarily in some other branch of physics. However, this situation
is changing rapidly. One fourth of the optics PhD’s now work in academic
institutions.

The hidden character of optics support makes it very difficult to estab-
lish its magnitude with any degree of certainty. Basic research in optics
as a branch of physics has had very little direct government support in the
past and seems unlikely to obtain it in the future. The estimate of 3 per-
cent of the total federal funds for basic research in physics, in 1970, shown
in Figure 4.53 may be in error.

Problems in the Subfield

Optics now draws its support primarily from industry and from government
mission-oriented agencies. Both sources have invested substantial sums in
basic research in optics. This pattern of support should be continued and
widened. There are optical needs in transportation, the Postal Service,
crime control, environmental control, printing and publishing, training
devices, mapping and surveying, earthquake prediction, and information
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FIGURE 4.53 Manpower and funding in optics in 1970.
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storage and retrieval that await exploitation. Many of these needs can be
funded only at the national level. Federal agencies should recognize their
opportunities and responsibilities for the support of research in optics.

Hearing may be devided into Direct, Refracted
and Reflex’d, which are yet nameless unless we
call them Acousticks, Diacousticks, Catacousticks,
or (in another sense, but with as good purpose),
Phonicks, Diaphonicks, Cataphonicks.
RT. REV. NARCISSUS, Lord Bishop of Ferns
and Leighton
Philosophical Transactions of the Royal
Society (London), 14, 473 (1683)

ACOUSTICS

Introduction

To most, the term, acoustics covers the process of hearing as well as those
devices, methods, and materials that assist the hearing process, for exam-
ple, hearing aids, microphones, loudspeakers, acoustical materials, and
room acoustics, but no more. The average physicist might add the study
of speech, high-frequency sound (ultrasound), and noise. However, a
perusal of the pages of the Journal of the Acoustical Society of America
will convince the reader that all elastic and inelastic waves in matter come
within the realm of modern acoustics. Therefore, music, architectural
acoustics, shock waves and sonic booms, vibrational phenomena, high-
intensity sound, and seismic waves are all part of acoustics. The problem
in this brief review is to group these manifold phenomena into a brief
presentation that indicates how such a wealth of subject matter has
developed.

Acoustics can be defined most succinctly as the study and use of me-
chanical waves in aggregate matter. The waves need not be elastic; they
can be inelastic, with attenuation and dispersion, and can have large
amplitudes, with consequent nonlinear effects. Acoustics deals in large
part with techniques and devices for the generation, transmission, and
detection of these waves. The study of the transmission of acoustic waves
in matter is one of three main techniques (acoustic, electromagnetic, and
the interaction of matter with particles) used to investigate the properties
of matter.

Because acoustics is so old a subject, early having been associated with
a basic sensory and perceptual mechanism, it sometimes is viewed only as



The Subfields of Physics 201

a part of classical physics and as a subject fully explored in the nineteenth
century, which is not true. Lord Rayleigh’s famous Theory of Sound, first
published in 1877, did not represent the end of acoustics. On the contrary,
the theory and Rayleigh’s subsequent research contained the elements of
a new beginning in which new concepts and techniques were generated.
These new approaches and methods not only caused but resulted from
new applications in science and technology. Consequently, acoustics has
today both a classical and a quantum character.

As with optics, and more generally with electromagnetic radiation,
acoustics has a wide spectrum ranging from approximately 10— to 10
Hz, as indicated in Table 4.4. Generally, the techniques differ greatly in
the different ranges, although the physical principles are similar.

Acoustic waves often penetrate media (for example, oceans or solids)
that electromagnetic waves do not enter. For example, all our knowledge
about the interior of the earth (liquid core, temperatures, and pressures)
comes from acoustical studies together with equations of state, which are
determined largely with acoustical measurements. This example is but one
of many in which acoustics provides the only means available for direct
study of the properties of matter.

Defining the scope of acoustics is difficult, for the subject matter of this
subfield cuts across the definitions of the subfields of physics selected by
the Physics Survey Committee. In fact, acoustics has extensive ramifica-
tions not only in the various subfields of physics but in many other scientific
disciplines and in technology. Consequently, people using the concepts and
techniques of acoustics can be found in many physics subfields, related
sciences, and engineering disciplines. However, in spite of the variety of
topics dealt with in acoustics and the strong association with other sciences,
engineering disciplines, and technologies, acoustics remains fundamentally
a part of physics. It includes all material media. It requires the mathe-
matics of theoretical physics. Its methods play a primary role in exploring
the characteristics of the various states of matter. In addition, it provides

TABLE 4.4 Frequency Ranges in Acoustics

Frequency (Hz) Name of Frequency Range
10-*-20 Infrasonic

20-2 x 10* Audio

2% 10*-5x 10° Ultrasonic

5% 10°-10% Hypersonic or praetersonic

10101 Thermal vibrations
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many techniques, devices, and inventions for other subfields. And, in
education, there is a unity about the subject of acoustics and its manifold
applications that tends to be lost if it is taught in a fragmented way in a
number of different courses.

The constantly changing nature of acoustics as new discoveries occur
also contributes to the problem of developing a practical definition of this
subfield. Subjects within acoustics grow and gradually separate from it as
understanding progresses through the development of the geometry of
transmission to the response of materials to acoustic waves. Thus, acous-
tics stimulates the development of new areas of investigation that later
become either independent or subdivisions of other physics subfields that
deal with the properties of matter. However, the techniques of generating
and receiving waves, as well as the geometrical aspects (as in geometrical
optics) of transmission, remain a fundamental part of acoustics.

The currently changing emphases in physics also have an impact on the
definition of acoustics. Emphasis on more applied work relevant to critical
national problems necessarily means increased attention to acoustical
studies. Examples of disciplines that are undergoing major development
with acoustical methods are biophysics and geophysics. The large programs
planned for oceanography and ocean engineering will be limited by the
available understanding of acoustics.

In addition, the shift in emphasis of federal programs from defense to
environmental and social problems (pollution, public transportation, hous-
ing, health and safety, and communications) will have an impact on the
relative place of acoustics in the hierarchy of physics subfields.

In public transportation, there are critical problems of noise, shock
waves, materials, communications, and control. Physics, and acoustics in
particular, has much to contribute to their solution.

Recent developments in acoustical holography promise to make striking
contributions to problems of health. One example is shown in Figure 4.54.
Further, safety devices necessarily involve electromagnetic and acoustical
signals. Electromagnetic—-acoustic devices now exist that will locate astro-
nauts to within 1 ft of a spacecraft at all times. The potential applications
of such devices have not yet been fully explored.

The recent developments of ultrasonic surface-wave physics will prob-
ably exert a strong impact on the communications and computer industries,
which by now pervade all aspects of modern life with examples familjar to
everyone.

In this brief summary, acoustics is discussed under the headings of
instrumentation and the relation of acoustics to the medium, to man, and
to society.



FIGURE 4.54 Reconstruction with
visible light of acoustic hologram
of a living human eye with a retinal
detachment. (P, Greguss, Jr.,, Bu-
dapest Medical University.) [Source:
Yearbook of Science and Technol-
ogy 1970. Copyright © 1970, by
McGraw-Hill Book Company, Inc.
Used with permission of McGraw-
Hill Book Company.]

Instrumentation

Seventy-five years ago the sound sources available to man were limited
largely to the human voice, musical instruments, and a few whistles and
other mechanical devices, all producing sound energy almost exclusively
in the range audible to the human ear—20 to 20,000 Hz. The discovery
of the piezoelectric effect by Jacques and Pierre Curie in 1880, the effect
in which mechanical stresses on many crystalline solids can produce elec-
trical voltages and vice versa, subsequently was used widely to produce
ultrasonic waves (ultrasound) whose frequencies can be as much as a
million times greater than the highest frequency audible to the human ear.
At the other extreme of frequency, the use of geophysical receivers (geo-
phones) and of low-frequency (infrasound) detectors has led to an entirely
new range of measurements. With a modern infrasound detector, for
example, it is possible for a detector in New York City to hear an Apollo
launch at Cape Kennedy. The range of acoustic measurements now ex-
tends from below 1 cycle per hour to well over 5x 10" Hz.

The individual techniques for the production of ultrasound are myriad.
The discovery, during World War II, that certain ceramic materials, such
as barium titanate, could be electrically polarized and used in a fashion
similar to piezoelectric crystals made available electromechanical trans-
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ducers that could be molded into virtually any shape or size. Another
technique involves the generation of ultrasound by means of semiconduct-
ing films, such as those of cadmium sulfide, painted onto the test material.
Most recently, the direct production of ultrasound through the impinging
of electromagnetic radiation on a metal surface has become a practical
method for the generation of high-frequency sound in solids.

Acoustics and the Medium

Although the mathematical analyses of the processes by which sound is
absorbed in its passage through air and other media were well developed
in the nineteenth century, accurate experimental measurements were lack-
ing even 50 years ago. The reason is not difficult to find. In the range
of audible frequencies, the absorption is so small that enormous path
lengths would be needed for measurement—distances that were simply too
great to be experimentally feasible. Furthermore, the wavelengths of such
sounds are so long that diffraction effects enormously complicate experi-
mental measurements. It was not until substantially collimated beams of
ultrasound became available that reliable measurements on acoustic propa-
gation were obtained—between 1920 and 1940 for gases, 1930 and 1950
for liquids, and more recently for solids.

These measurements produced a major surprise. In air, the absorption
coefficient, the measure of energy loss in the medium, was considerably
greater than that predicted through consideration of the viscosity and
thermodynamic conditions developed by Stokes and Kirchhoff in the mid-
nineteenth century. The corresponding measurements in liquids yielded
values for the absorption coefficients that were often 1000 or even 10,000
times the predicted ones.

These findings quite naturally led to vigorous activity, both theoretical
and experimental. The result was the identification of relaxation processes,
involving the excitation of internal rotational and vibrational states of the
molecules involved, as the cause of this extra absorption in gases. In
liquids, the relaxations frequently could be associated with structural re-
arrangements inside the molecule or aggregates of the molecules involved.
These studies resulted in a steady accumulation of acoustical information
about liquids and the successful use of this information as a probe to study
the structure of the substances involved. (See Figure 4.55)

Because sound absorption generally decreases as the medium becomes
more condensed, absorption measurements in solids at low frequency are
even more difficult than in liquids; therefore, it is not surprising that
absorption measurements in solids are the most recent. Measurement of
sound velocities and absorption in different directions in single crystals and
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FIGURE 4.55 Visible effect of sound on a layer of glycerin at 30 Hz and weak
amplitude., (Photo by J. C. Stuten, in H. Jenny, Cymatics, Basilius Presse, 1967.)
[Source: Yearbook of Science and Technology 1971. Copyright © 1971, by McGraw-
Hill Book Company, Inc. Used with permission of McGraw-Hill Book Company.]

in crystals under various external stimuli, such as magnetic fields, varying
pressures, or varying temperatures, have contributed significantly to the
understanding of crystalline imperfections, the behavior of superconductors,
and the nature of Fermi surface metals.

A number of areas in physical acoustics merit special mention because
of their recent rapid growth, for example, surface waves, acoustic holog-
raphy, high-accuracy velocity-change measurements, nonlinear acoustics,
acoustic emission and heat pulses, and infrasonics.

As a group, these research areas typify the steady evolution of investi-
gations in physical acoustics from basic physical research studies to appli-
cations in other sciences and in technology. Two examples are given in
Figures 4.56 and 4.57.

Surface waves, known from the days of Lord Rayleigh, only recently
have been exploited for their applications to electronic systems. They have
marked advantages over bulk waves in information storage and in signal
filtering. They require only a single surface and are better suited to piezo-
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FIGURE 4.56 Transducer configurations and corresponding insertion loss and phase
characteristics of electric filters: (a) interdigital construction; (b) amplitude weight-
ing technique; (c) graded periodicity technique. [Source: Yearbook of Science and
Technology 1971. Copyright © 1971, by McGraw-Hill Book Company, Inc. Used
with permission of McGraw-Hill Book Company.]
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electric amplification because of their low surface-to-volume ratio. As
filters, they allow the designer to prescribe the phase characteristic inde-
pendent of the amplitude characteristic.

Acoustic holography, through development of a water—air interface
method of acoustical imaging, allows the transfer of the spatial modulation
of a sound field onto a light field, which can then be used to produce
optical images. At the water—air interface, the surface of the water is
deformed by the incident sound pressures. A light beam is then reflected
from this deformed water surface to obtain the required spatial modulation.
Acoustic holography offers new possibilities for more accurate imaging
of objects within the human body and for nondestructive-testing applica-
tions generally.

The use of the ultrasonic imaging technique in nondestructive testing is
increasing rapidly. This technique is useful, generally, for detecting the
same types of flaw as those recommended for conventional ultrasonics tests.
In the medical field it may find use in studying the movement of fluids in
the body. An ultrasonic image of a fingertip is shown in Figure 4.58.

High-accuracy measurement of velocity change has proved useful in the
study of solids at low temperatures. With recently achieved increased
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FIGURE 4.57 A Zenith-engineered thick-film circuit (foreground) is designed to
replace the present-day large television intermediate-frequency amplifier in back-
ground. Its tiny ultrasonic filters (at pencil tip and left) select certain frequencies and
reject others. [Photograph courtesy of Zenith Radio Corporation.]

sensitivity, these measurements are now used in the determination of third-
order elastic constants, especially of soft materials. These constants have
application in many aspects of the solid state, for example, establishing of
equations of state, providing connections between measured mechanical
properties and thermal effects (through measurement of the Griineisen
constant), and developing an acoustic thermometer.

The work on third-order elastic constants in solids was preceded by a
burst of corresponding nonlinear acoustical research in liquids. This led
to the determination of higher-order coefficients in the adiabatic equation
of state for liquids, and also to the realization and study of the sound-with-
sound interaction and the practical application of high-resolution para-
metric sonar.

The discovery of emission from a single dislocation wall in a solid has
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<4 FIGURE 4.58 Top: Photograph and diagram of an ultrasonic inspection system
that yields a televised picture of the ultrasonic radiation reaching the pickup tube de-
tector. Water is used to transmit the ultrasonic vibrations in a flashlight-type beam
from the transmitting crystal (left) to the object and then to the detector. This detec-
tor is a camera in a closed-circuit television system. (Courtesy James Electronics,
Inc.)

Bottom: Television picture of a human finger obtained with the ultrasonic system
shown above, The image of the finger is the oval in the center of the round white
area, which is the image of the sensitive part of the television camera tube. The tip
of the bone in the finger is easily seen. The hand at left points to the television
image,

[Source: Atomic Energy Commission, Division of Technical Information.]

suggested the possible identification of characteristic signatures of various
solid defects, and thus the creation of yet another new nondestructive-
testing tool. The use of heat pulses as sources of acoustic waves in the
10*- to 10*2-Hz range has also become possible recently, leading to new
investigations in the physics of condensed matter.

Infrasound studies deal primarily with the pressure fluctuations in the
atmosphere, with periods from 1 sec to several hours. Causes of such
pressure fluctuations are mountain-induced vortex shedding by the jet
stream in the upper atmosphere, severe storm systems, aerodynamic turbu-
lence, and volcanic eruptions. Infrasound has defense applications in the
detection and identification of major rocket launches. It also offers the
possibility for major advances in the knowledge of the large-scale behavior
of the atmosphere, with applications to clear-air turbulence detection, the
tracking of severe weather systems, and the capability to provide advance
warnings of destructive open-sea earthquake waves or tsunamis.

When research in plasma physics bloomed, it was early noted that the
ionized medium was sensitive to the passage of sound waves. In addition
to the normal, longitudinal sound wave, an additional transverse wave
appears, which is known as the Alfvén wave, after its discoverer, the 1970
Nobel laureate in physics.

Study of the propagation of sound in liquid helium also has been pro-
ductive. In the 1940’s, Landau predicted the existence of a periodic tem-
perature wave in liquid helium below the A point. This wave, known as
second sound, was later detected experimentally by his colleague, Peshkov.
The study of first and second sound in liquid helium resulted in the iden-
tification of two other forms of sound. Third sound is the longitudinal
oscillatory motion of the superfluid component of a thin superfluid helium
film. The motion is parallel to the surface of the film and involves only
the superfluid component. Fourth sound, a compressional wave of the
superfluid component, moves through the pores of a finely dispersed solid
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when the pores have been filled with liquid helium. The study of all these
phenomena provides an important method for probing the physical char-
acter and quantum behavior of liquid helium.

In geophysics and ocean science, the respective media, the earth and
the ocean, provide gigantic laboratories in which ultrasonic, sonic, and
infrasonic waves are used routinely to provide data that frequently are
inaccessible by other means.

Study of the ocean requires a detailed knowledge of ocean depths and
the nature of the ocean floor. Information on both can be obtained from
a study of sound transmission and scattering. The problems of underwater
communication and sonar development have led to sophisticated use of
computer, correlation, and filter techniques to detect minute signals in a
world of noise.

In recent years, the observed periods and amplitudes of the fundamental
modes of vibration of the earth have enabled scientists to derive a more
accurate model of the earth’s interior. The implanting of a geophone on
the surface of the moon has produced similar data regarding the moon’s
interior. By the use of suitable systems of recording instruments, relative
changes in the earth’s internal displacements can also be monitored, so
that we now have a realistic possibility of achieving earthquake predic-
tions—a feat that could save untold thousands of human lives, quite apart
from the material advantages to be gained from such predictions.

Acoustics and Man

Speech 1t has long been a goal of speech scientists to produce synthetic
speech. The development of sound recording and reproduction techniques
already has been combined with the computer storage and retrieval of
information to such an extent that a breakthrough appears imminent. A
major problem has been the modifying effect that adjacent sounds (pho-
nemes) and near-adjacent ones have on any given speech sound. The
basic question is: How does one program a computer so that it will select,
modify, and present the sequence of sound that carries the desired meaning?

Hearing The process of hearing involves both psychological and physio-
logical acoustics. Two recent, fundamental discoveries have been made in
psychological acoustics. The first is that man apparently possesses an
internal psychological scale that enables him to express the experienced
auditory sensation magnitudes quantitatively, with reasonable consistency,
even when intersensory comparisons such as the loudness of a sound with
the brightness of a light are involved. The second discovery is that the
problem of auditory signal recognition reduces to a discrimination between
noise-plus-signal and noise-alone events. These discoveries have led to
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increased social and industrial applications and to increased rigor of psycho-
acoustic experimentation. For example, the instrumentation and method-
ology developed for acoustic impedance measurements at the eardrum have
recently been accepted for diagnosis of the highly prevalent middle-ear
disorders. An example of such instrumentation is given in Figure 4.59.
An exact knowledge of the working of the human auditory system still
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FIGURE 4.59 Acoustic bridge. Tep: For measurement of acoustic impedance at
the eardrum. Air volume V, is adjusted to match the residual air volume in the ear
canal. R, and V. are variable impedance elements. [Source: J. Speech Hearing Res.,
6,304-314 (1963).]

Bottom: Acoustic bridge held in the ear by hand. [Source: American Speech and
Hearing Association, AsHa Monograph 15, Washington, D.C. (1970).]

[Photographs courtesy of J. Zwislocki, Syracuse University.]
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is lacking. Extensive research is required. Among the goals of this re-
search are the determination of the way in which sound parameters are
encoded in the nervous system and the explanation of auditory character-
istics—that is, the nature of the sensory brain function.

Acoustic physicists have rapidly adapted techniques from other subfields
of physics to their specific purposes. As an example, the nuclear Mdss-
bauer effect has recently been used to measure precisely the normal motions
of the human eardrum and the components of the auditory mechanism
through appropriate deposition of a radioactive emitter on the drum or
bones. These measurements of velocities of the order of 0.1 mm/sec, or
equivalently, one mile per year, confirm the remarkable fact that the
threshold of human hearing corresponds to a drum motion of the order
of the diameter of a hydrogen atom. Still not understood is the mechanism
by which man can distinguish, with some reliability, tones differing by only
afew cycles in tens of thousands!

In these areas of speech and hearing, the application of ultraminiaturized

electronic components (implanted and otherwise), which are just now
coming into use as a consequence of continued research in both basic and
applied physics of condensed matter, undoubtedly will have revolutionary
consequences in the alleviation of defects that afflict a significant fraction
of mankind.
Medicine In addition to providing hearing and speech aids, tests, and the
like, acoustics has a special role to play in medicine. Most of the possi-
bilities for medical applications so far are underdeveloped or undeveloped.
The use of ultrasound in therapy is an example. Many ultrasonic genera-
tors are in active use, but accurate knowledge of how ultrasonic therapy
helps is still lacking. Evidence exists of acceleration of wound healing by
low-intensity ultrasound and of enhanced cancer radiation therapy effec-
tiveness through simultaneous administration of ultrasound and of x rays,
but general procedures have not yet been developed. Whether it is the local
heating or the modification of flow of body fluids that is the effective
characteristic is not yet known.

Ultrasound has been tested widely as a probe for the visualization of
internal body organs (see Figure 4.60). In this, it is similar to the x ray,
although lacking many of the latter’s side effects, but its use has been far
more limited. Its greatest success has been in providing information on
acoustic impedance discontinuities in soft tissues and in situations such as
examination of the brain, abdomen, and heart, where x radiation provides
litle or no discrimination. The use of acoustic holography in such non-
destructive testing of the human body is still in its infancy but holds
promise of success.

Other techniques that have reached the clinical stage are the application
of Doppler shift and returning echoes to the measurement of blood-flow



FIGURE 4.60 A typical ultrasonic scan of the pregnant abdomen at level of fetal
head. Echo pattern at left may be an extremity. (University of Colorado Medical
Center.) [Source: Yearbook of Science and Technology 1970. Copyright ©@ 1970,
by McGraw-Hill Book Company, Inc. Used with permission of McGraw-Hill Book
Company.|

rates, focused ultrasonic beams in neurosurgery to cause highly localized
damage deep in the brain without injuring surrounding tissues, and ultra-
sonic radiation of the ear to treat disorders of the balancing mechanisms.

Perhaps the medical ultrasonic application most familiar to the citizen
is in modern dentistry. Use of ultrasonic drills, with their ability to cut
hard dental structure without simultaneous damage to soft support tissue
and without generation of excessive heat, has done much to reduce the tradi-
tional, and often irrational, horrors of the dental chair.

Acoustics and Society

Music  The impact of acoustics on society through audio recording and
reproduction requires little comment. The production and reproduction of
music, speech, and other sounds by means of tape and disk recorders,
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pocket radios, and electronicaily ampiified musical instruments are com-
monplace.

The advent of electronic and computer music, however, has opened new
vistas for both composers and performers. After an initial period of bizarre
experimentation, the musical content of which may well have been debat-
able, a new stage has been reached. The music produced by a Moog
synthesizer, for example, has attracted serious interest. This instrument,
typical of others as well, is capable of producing virtually any desired
musical sounds, some of which resemble those of existing musical instru-
ments and some of which are entirely new. Soon a new version of musical
form and sound can be expected to evolve, and recreational composing
could very well occupy the leisure time of many individuals.

The on-line computer also will play its part by allowing traditional com-
posers to perfect their compositions with an entire orchestra effectively at
their fingertips through the medium of computer storage.

Perhaps the greatest progress will be made by those trained from youth
in both the musical arts and in physics, so that the novel ideas of both
disciplines can be combined to produce results inconceivable to the tra-
ditional composer. Early stages of this form of education already are
evident.

Architectural Acoustics  Serious musical performances depend on the
nature of the room in which they are given, so that architectural acoustics
must receive attention. Composers have always had some specific hall-
reverberation characteristics in mind, whether consciously or not, for each
of their works. Some modern composers now see the exciting possibility
of the expansion of artificial reverberation to permit reverberation times
that change for different parts of a composition and could be different for
different musical frequencies. Here again an entirely new musical experi-
ence becomes possible.

Recent research has made it clear that reverberation time is only one of
the factors contributing to acoustical quality in concert halls. Of greater
importance, probably, is the detailed signature of the hall reverberation—
the response during the first 200 msec after the direct sound from the
orchestra is heard.

There are many other subjective attributes to musical acoustical quality
besides the liveness (reverberation time), including richness of bass, loud-
ness, brilliance, tonal blend, and related binaural spatial effects. Although
the computer simulation of real halls could lead to the separation of a
number of variables, it is probable that model experiments, as well as tests
on full-scale halls, will be necessary to improve the basic understanding of
the relative importance of the many factors involved.
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Only recently have significant efforts been made to control the acoustical
environment of dwellings. Building codes on all government levels will be
required before major achievements can be realized. Essentially all the
fundamental acoustical knowledge exists to control the transmission of
sound from one apartment to another; however, new techniques of applica-
tion will only develop as standards for acoustical privacy become an ac-
cepted part of building specifications. With growing encroachments on the
privacy of the individual as the population burgeons, such standards are
already underdeveloped.

Noise Perhaps the principal impact of acoustics on society in the years to
come will be in relation to the problem of noise pollution. In addition to
the specific damage to the hearing process that can occur from excessively
loud or prolonged sounds, noise that is well below the physical damage level
is characteristic of contemporary urban civilization and interferes increas-
ingly with speech, relaxation, and sleep. Control of noise will not be
achieved, however, until society demands it and is prepared to pay the price
in both money and possible inconvenience.

The most intense sources of noise that an average person encounters are
those involving aerodynamic phenomena. The exhaust streams from jet
or rocket engines, the rotating blades of aircraft propellers, and, of course,
the sonic boom are all examples. It has been traditional in acoustics to re-
mark on the small amount of power dissipated in the sounds produced by
the loudest voices or musical instruments. (The analogy customarily used
is that all the shouting of the fans in a large football stadium would serve
only to heat one cup of tea!) Therefore, it may come as a surprise to many
to learn that the power radiated as noise by the engines of a large commer-
cial jet airliner would be sufficient to operate the average automobile, and
that the noise power radiated by the Saturn V rocket is of the order of that
required to propel a large aircraft carrier. Noise remains a big problem. It
is today one of the major roadblocks to the continued orderly development
of air transportation systems. Noise-control considerations and noise-
reduction technology are vital in the future development of aviation (and,
indeed, of mankind). Scientists from many different disciplines have made
and will continue to make important contributions toward both the under-
standing and the solution of aerospace noise problems.

Distribution of Activity

Because of the interdisciplinar'y character of acoustics, research is found not
only in physics departments but increasingly in engineering, geophysics,
oceanography, and life science as well as music departments. In regard to
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biology, most acoustics-related research is performed at universities and
medical schools. In addition to university activities, government labora-
tories are very active in acoustics research and development. The most
easily identified facilities are those operated by the U.S. Navy. These
laboratories are supplemented by other national security installations, the
National Bureau of Standards, and laboratories of the Environmental
Science Services Administration. Industry supports wide-ranging research
in this subfield.

Physicists who designated acoustics as their subfield of employment in
the 1970 National Register of Scientific and Technical Personnel repre-
sented 3 percent of the 33,336 participants in this survey. The PhD physics
population in acoustics represented 2 percent of the total number of PhD
physicists. These data indicate that acoustics is among the least populous
physics subfields and that a gradual decrease in the relative number of
physicists has occurred in recent years. For example, in 1964, acoustics
accounted for 6 percent of the total physics registrants,

Physicists identified with acoustics are found principally in industry;
44 percent reported employment in industry in 1970. More than one
fourth (29 percent) worked in government laboratories, and 17 percent in
colleges or universities (Figure 4.61). Academic employment of PhD’s
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FIGURE 4.61 Manpower, funding, and employment in acoustics, 1964-1970.
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was nearly four times greater than was the case for non-PhD’s, with roughly
equivalent percentages of doctorates indicating academic and industrial
employment. Substantially higher percentages of PhD’s in acoustics indi-
cated industrial and government employment than was true of all physi-
cists. Basic research and teaching received more emphasis among the
PhD’s in acoustics than the non-PhD’s, but involvement in these activities
was far less in acoustics than in all physics subfields taken together.

Data on the support of work in acoustics are difficult to obtain. The
DoD is the major source of support for basic research in acoustics. Some
relatively small-scale support comes from NAsA and the NsF. The heavy
concentration of acoustics personnel in industry suggests that this subfield
derives much of its support from the private sector. A very rough estimate
is that 3 percent of the federal funds and 1 percent of industrial funds allo-
cated to basic research in physics in 1970 were applied to basic research in
acoustics (Figure 4.62).

Problems in the Subfield

For many years, an outstanding problem facing acoustics as a subfield of
physics has been the preservation of its identity. Some subject matter has
been taken into other disciplines and subfields because acoustics provided
a successful tool (for example, ultrasonic measurements in condensed-
matter physics), some has always spread across other classifications (noise
vis a vis turbulence), and some has been so largely outside physics that it
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FIGURE 4.62 Manpower and funding in acoustics in 1970,
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has virtually been forgotter (speech, hearing, and bioacoustics). It matters
little what label attaches to the subfield, but it is important that it be
maintained.

A corollary of the problem above has been instruction in acoustics and
fields related to acoustics—mechanics, fluid dynamics, classical wave
theory. Whether or not it is called acoustics, the study of the whole area in
physics departments should be encouraged.

Finally, physical acoustics has had a long tradition of heavy support by
the Office of Naval Research. The amount of this support to universities is
now in the process of severe curtailment, and means to induce other agen-
cies to support a larger fraction of basic acoustics research that is relevant
to their needs must be found.

In the next place we have to consider that there

are diverse kinds of flames.
PLATO (c. 428-c. 348 B.C.)
Timaeus 58

The wind goeth toward the south and turneth
about into the north; it whirleth about continually
and the wind returneth again according to his
circuits.

Ecclesiastes 1:6

PLasMA AND FLUID PHYSICS

Introduction

The physics of fluids deals with the study of liquids and gases, and plasma
physics, with the study of ionized gases. Human beings spend their lives in
intimate contact with air and water, both inside and outside their bodies.
The science that studies the forces and motions of liquids and gases is called
fluid dynamics (the physics of fluids or fluid mechanics). Fluid dynamics
covers an enormous range of topics from the most basic to the most applied.
It is one of the oldest sciences in its hydraulics aspects, yet one of the newest
in fluidics, the basis for a new family of computational devices. Turbulent
fluids pose one of the outstanding challenges in theoretical physics; and
success in the understanding and control of turbulence will have far-reach-
ing consequences not only in all aspects of fluid dynamics but also in other
sciences and technology.

When a liquid is heated, it becomes a gas. When a gas is further heated,
the negative electrons are thermally stripped from the positive ions, giving
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FIGURE 4.63 The plasma state—density and temperature (by I. G. Spalding).

rise to an ionized gas or plasma. This so-called fourth state of matter *
exists with a very large range of physical parameters as illustrated in Fig-
ure 4.63. Particle densities range from 1-100 cm~ in interstellar gas,
through 10%-102° cm~?* in laboratory plasmas, to 1022-10% c¢m-? in stellar
interiors and nuclear explosions. Plasma temperatures range from fractions
of an electron volt in low-current discharges to 10° eV in fusion plasmas
and reach relativistic energies in cosmological plasmas, such as in the Crab
nebula.

In its simplest form, plasma consists of fully ionized hydrogen, and at
high temperatures and low densities collisional effects become negligible.
This is the realm of astrophysical and thermonuclear plasmas, which has
been established as an experimental science only in the last 15 years or so
and which is often called the physics of fully ionized gases. In lower-
temperature plasmas, the interactions among many different particle species,

* The designation, fourth state of matter, was used by Crookes in 1879; Langmuir in-
troduced the term plasma in 1928.
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positive and negative ions, molecular ions, and neutral atoms become im-
portant. In many laboratory plasmas, the interaction of these species with
surfaces of condensed matter must also be taken into account. Plasma
physics also incorporates many of the disciplines of magnetohydrodynamics,
since in many cases plasma behaves as a conducting compressible fluid
dominated by interactions with magnetic fields. In addition, studies of
hypersonics—shocks and detonation waves at high Mach numbers—and
high-temperature chemical flames are a part of plasma physics.

Almost all matter in the universe exists in the ionized state except for the
relatively small but important fraction in planets and gas clouds. Man
spends his life immersed in fluids but is surrounded on the cosmic scale by
plasma.

Since so much of man’s environment comprises either fluids or plasmas,
it is small wonder that so much intellectual effort has been spent attempting
to understand them. The most obvious and dramatic part of the environ-
ment, the weather, is the subtlest and most complicated problem in the
physics of fluids. There is only one other comparable problem in fluids—
comparable because there is not the slightest indication of its origin—and
that is how the first giant aggregates of matter, clusters of galaxies, were
formed during the early stages of an expanding universe. Between these
two applications, one of great social concern and impact and the other a
spectacular edifice of human reason, lies the science of fluids. An activity
in plasma physics that holds high promise of great success and concomitant
social impact is fusion research.

Plasma Physics and Fusion Research

Plasmas do not impinge on man’s immediate senses in any fashion so direct
as the weather. They exhibit a far more complex and intricate behavior
than do classical fluids. This very complexity allows modes of behavior that
are far removed from those normal to terrestrial matter. In particular, the
extreme of ultrahigh temperature makes feasible the release of controlled
fusion power on earth. This particular aspect of the behavior of plasmas—
the quest for fusion power—has by and large dominated plasma physics for
the last 20 years. The knowledge that has flowed from this quest has led to
scientific understanding of such diverse topics in plasma physics as the be-
havior of the magnetosphere around the earth, of magnetic fields in the
galaxy, and of the plasmas surrounding stars; the propagation of radio
waves in galactic and intergalactic space; and the embryonic considerations
concerning quasars and pulsars. This knowledge offers a dramatic example
of how man, in the pursuit of a very practical goal, must face the overriding
requirement of developing fundamental scientific knowledge.

The controlled fusion problem was not recognized initially as one requir-
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ing a great extension of the existing knowledge of plasma physics. Many
technical approaches were pursued in parallel; however, grave difficulties of
a plasma-physical nature seemed to frustrate them all. It gradually became
clear that much more basic research would be required before any practical,
large-scale device or fusion reactor would be possible. Theoretical effort
directed toward the fundamental understanding of plasmas received high
priority. This understanding was reinforced by many experiments in the
fusion program directed more toward the development of plasma physics
than toward the immediate objective of fusion power. The results were,
first, steady progress toward understanding plasma physics in detail and,
second, steadily accelerating progress toward controlled fusion power. A
variety of experimental approaches are being pursued in the United States
and abroad (see Figures 4.64 and 4.65), and technology is advancing on
several fronts (see, for example, Figure 4.66). Progress has now reached
the point at which realistic reactor designs and development time scales are
being discussed.

At the inception of the controlled fusion project, scientists knew that they
had to achieve a millionfold increase in both temperature and a somewhat

FIGURE 4.64 Controlled fusion research device of the Tokamak type (in toroidal
geometry) located at Princeton University Plasma Physics Laboratory. The principal
goal of this program is to measure particle and energy confinement times under many
conditions and to predict how these relationships may change as the size of the torus
is increased. [Courtesy Plasma Physics Laboratory, Princeton University.]
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FIGURE 4.65 Plasma experiments that have achieved temperatures near or above
the fusion ignition temperatures of a deuterium—tritium fuel (bottom horizontal line)
and a deuterium-deuterium fuel (top horizontal line) are identified by the name of
the experimental device and the country in which the experiment took place. The
diagonal line represents the limit beyond which the materials used to construct the
magnet coils can no longer withstand the magnetic-field pressure required to confine
the plasma (assumed to be 300,000 G in this case). Beyond this limit, only fast-
pulsed systems (in which the magnetic fields are generated by intense currents inside
the plasma itself) or systems operating on entirely different principles (such as laser-
produced, inertially confined plasmas) are possible. The record of 6 X 10°°C was
achieved with the aid of a high-energy ion-injection system associated with the pcx-2
device at the Oak Ridge National Laboratory. [Source: W. C. Gough and B. J.
Eastland, “The Prospects of Fusion Power,” Scientific American, 224, 55 (Feb.
1971) ]

abstract quantity called confinement. Confinement implies maintenance of
the reacting nuclei in a restricted volume to permit the reaction to continue.
At the required temperatures, no material container was conceivable, and so
development of the magnetic bottle began. (A more prosaic example of
confinement is the preservation of thermal energy in a thermos bottle with
a tight cork.) To achieve fusion power, these two quantities, temperature
and confinement, had to be increased simultaneously. The goal of past
work was to obtain a 102 increase in the conditions dealt with in ordinary
furnaces. Remarkable progress has been achieved. At present, this factor
has been reduced to about 103, and it is still decreasing rapidly.
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Practical fusion reactors will involve either the deuterium—tritium (D-T)
or the deuterium—deuterium (D-D) nuclear fusion reactions. The former
is technically more feasible in the early stages of the program inasmuch as
the ignition temperature for the D-T plasma is only 45 million deg, whereas
that of the D—D plasma is some 400 million deg. But the former has certain
disadvantages. The neutrons produced are of relatively high energy (~14
MeV), and these must be recycled in a lithium blanket to breed the tritium
fuel in a °Li(n,T)*He reaction. Not only will this create severe shielding
problems, but also the world supply of lithium is not greatly different from
that of uranium, hence ultimately limited. In the D-D case, on the other
hand, an essentially limitless supply of stable deuterium is available in the
oceans. Furthermore, the D-D neutrons are much lower in energy (~2.5
MeV) and consequently are much more readily handled. It seems clear that

FIGURE 4.66 Photograph of the 2X II pulsed magnet set prior to construction of
the external glass and epoxy reinforcement. The completed structure, which contains
approximately seven tons of plastic reinforced with glass cloth, is the latest and largest
experimental pulsed magnet to be built using techniques that were pioneered at the
Lawrence Livermore Laboratory and that are now commonplace in industrial appli-
cation. [Courtesy Lawrence Livermore Laboratory.]
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practical fusion reactors will be achieved via the D-T system, followed by
an eventual conversion to D-D systems.

Present progress in the U.S. program suggests the possibility of a self-
sustaining fusion system by 1980 and economically competitive fusion-
based power sources by 2000, assuming adequate support for the program.

As noted earlier in this chapter, too, the availability of very-high-power
lasers has stimulated great interest in the possibility of using such lasers to
stimulate fusion reactions in a small pellet of a frozen D-T mixture. The
target goal here is perhaps a tenfold increase beyond the Lawson criterion
of nr=10" needed to achieve a self-sustaining system. Here, n is the
plasma density of the reacting species in particles per cm® and r is the con-
tainment time in seconds. In the magnetically contained plasmas, the densi-
ties are low, hence, substantial containment times of the order of seconds
will be required. By starting with a solid-fuel D-T pellet, a very high n
value is obtained, and only a very short ~, comparable with that inherent in
the inertia of the interaction fuel following ignition, is required. Here again
the reaction neutrons would be used to breed tritium fuel in a lithium
blanket.

It is still too early to be able to estimate with any degree of certainty
exactly which approach to economic fusion power holds the highest promise
of early, or of ultimate, success. However, progress in recent years has
been so promising that significantly increased activity and support seem
imperative in view of the national and social benefits that success in this field
will bring. ,

The first and most important step in achieving this degree of success was
the expansion of basic knowledge of plasma physics. Without this knowl-
edge, either of two catastrophes could have taken place: (a) there would
have been inadequate clues to the most productive lines of research, with
a consequent delay in progress; and (b) had fusion power proved scien-
tifically impossible on this planet, resources of time, manpower, and money
would have been committed to countless costly trial-and-error experiments,
with no hope of success. There is an element of trial and error in every
experiment, but it is fundamental knowledge—mathematical theory and
physical understanding—that guides experiments toward what is called a
rational approach. In this way, the multidimensional infinity of possible
experimental attempts is reduced to a finite set of logically related steps.

The validity of the scientific method for the solution of man’s practical
problems is so well documented that the further example of fusion research
might seem redundant. Nevertheless, throughout the current pattern of
support for science, there is recurring overemphasis on immediate practical
relevance. The enthusiastic and optimistic attempts of the early 1950’ to
forge ahead to the development of a fusion reactor, without consideration
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of the gaping holes in the knowledge of plasma physics (many then totally
unrecognized), were doomed from the outset. A major fraction of the
knowledge that has guided the work in controlled fusion has been funda-
mental in nature; that is, the original creative thought did not arise in
response to a specific short-range goal but, rather, stemmed from a desire to
understand the nature of things. This pattern has implications for the
development of any national policy for science, either basic or applied.

Fluid Dynamics

Thousands of problems of the physics of fluids have been and are being
solved for the benefit of man. An enumeration of even part of these would
constitute a telephone directory of scientific achievement. Testifying to
these achievements are such stupendously successful engineering results as
airplanes, ships, rockets, oil pipelines, the functioning of the Weather
Service, and the understanding of the motion of galactic gas clouds.

Of principal concern in this brief review are the unknown and the
structure of a science that continually pushes back man’s frontiers to this
unknown. Flow of fluids separates into two broad classes, laminar and
turbulent. By and large, laminar-flow patterns, a flow that is smooth and
steady, are now understood.

But when flow stream lines become distorted, convoluted, and mixed in
that wondrous random pattern called turbulence (for an example see
Figure 4.67), the fundamental knowledge of fluids breaks down almost
completely. In leaning over the fantail of a ship and watching the compli-
cated ever-changing patterns of the wake in the ocean, the mind is teased
by the almost total unpredictability. The need to develop an adequate
description of turbulence motivates the largest fundamental effort in the
physics of fluids. To a certain éxtent, the lack of predictability of turbulence
can be predicted, but the problem of quantifying such a notion still remains.
Some examples of the inadequate predictability of unpredictability follow.

The problem of the motion of stirred tea leaves is familiar from allusions
to the tempest in the teapot, but the general convective patterns in a rotating
fluid are still far from solution. Rotating fluids with a turbulent boundary
layer are involved in many forms of pollution separators, and the short-
circuiting of the separation work by turbulent-flow patterns is a significant
and unresolved problem. The most important of these separators is, of
course, the atmosphere of this rotating planet, which encompasses the
extraordinarily complex phenomena of cyclonic storms, thunderstorms,
tornadoes, and smog. Each of these components may be many orders of
magnitude removed from full understanding, but in total they constitute an
overwhelming impact on our environment. Understanding of the electrifica-
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FIGURE 4.67 Air flowing past a cylinder rolls up into a regular succession of vor-
tices. A cross section of these vortices is made visible by injecting a sheet of smoke
in the center of a wind tunnel. (Photograph taken by Gary Koopmann at the Naval
Research Laboratory, Washington, D.C.) [Source: Yearbook of Science and Tech-
nology 1971. Copyright © 1971, by McGraw-Hill Book Company, Inc. Used with
permission of McGraw-Hill Book Company.]

tion process and subsequent precipitation in a thunderstorm still is lacking.
Arguments focus on whether a tornado requires electrical energy input to
release its awesome power; understanding is insufficient to reach an answer,

Two-dimensional turbulence describes many of the large-scale atmo-
spheric phenomena on this planet as well as on other planets. Two-dimen-
sional turbulence also describes much of the surface circulation on the sun
and the stars. Yet little is known about how to quantify and predict even
the behavior of such two-dimensional situations. An important phenome-
non resulting from two-dimensional turbulence is the jet stream that me-
anders across the continent at high altitude and affects so dramatically
many transcontinental airplane flights, quite apart from weather effects.
Another familiar example is the motion of a fish; in many cases, the
fish uses far less energy to move than would be predicted from normal
turbulence theory. Perhaps some particular waggle, developed in a long
evolutionary process, somehow sheds a turbulent boundary layer more
rapidly than otherwise would be the case. It is also possible that the skin
of some efficient swimmers, such as the porpoise, can be neurologically and
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physiologically active instead of passive, so that it can damp incipient
eddies in the boundary layer before they develop.

These, and many similar problems in turbulent flow, stimulate the
imagination of many scientists, but the creativity and effort of the theo-
retical hydrodynamicist is challenged most of all by the need to understand
the fundamental aspect of all these problems—namely, the behavior of the
turbulent fluid. An increase in the knowledge of such a fundamental aspect
of fluids could have wide impact and applications.

The current lack of understanding of thunderstorms, tornadoes, jet
streams, clear-air turbulence, and other atmospheric phenomena affects the
everyday life of society. With fuller knowledge, prevention of tornadoes in
some cases might be possible. Or scientists might be able to establish a
continuously operating thunderstorm in the Los Angeles basin and similar
areas during times of temperature inversion through the imaginative use
of the waste heat from a very large power plant. One such large thunder-
storm is enough to wash and purify the air of the Los Angeles basin every
12 hours.

The addition of traces of long-chain organic molecules to fluid streams is
already reducing turbulent drag by as much as 80 percent in certain cases;
with fuller understanding of the way that these additives work, further
improvements might be feasible, with a reduction in costs of pumping fluids
and of transportation through and on the surface of fluids.

Bistable fluid jet devices, which can assume either of two states and
which may be switched by a relatively small signal, may be used either in
logic circuits or as power relays (sce Plate 4.XII). As compared with
electronic or electrical devices, they are not nearly so fast, but they have
advantages in cost and in freedom from damage owing to heat (as in
proximity to jet engines) or to radiation fluxes (as in the interior of
nuclear reactors).

Plasma Physics Other Than Fusion Research

There are clearly important applied goals in plasma physics other than
fusion. New fundamental knowledge in plasma physics has been applied
also to the problem of direct conversion of electrical energy from hydro-
dynamic flow [the magnetohydrodynamic (MHD) generator] (see Figure
4.68). Progress has been made in MHD generation, using fossil fuels, to the
point at which it appears practical to consider power plants considerably
more efficient than the current ones and emitting significantly less pollution
in the atmosphere. Very large MHD stations are now under construction in
the Soviet Union for inclusion in that nation’s national electrical grids.
In the United States, MHD has been largely an industrial research problem,
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FIGURE 4.68 Magnetohydrodynamic (MHD) generator. In the MHD duct (a), the
electrons in the hot plasma move to the right under the influence of force F in the
magnetic field B. The electrons collected by the right-hand side of the duct are carried
to the load. In a wire in the armature of a conventional generator (b) the electrons
are forced to the right by the magnetic field. [Source: usatec/Division of Technical
Information.]

with federal funding sought on a matching basis. Unfortunately, the match-
ing federal funds for the presently proposed pilot plants have not been made
available, and the utility industry has been reluctant to invest in the develop-
ment of a new power source in the face of the immediacy of the present
power shortage. It would seem a wise federal policy to assure that new
power sources, with a potential for dramatic improvement in efficiency and
in the quality of the environment, are vigorously pursued.

The fundamental understanding of plasma physics will lead to a better
knowledge of conditions beyond the earth—the magnetosphere, solar wind,
solar corona, cosmic rays, and ionized clouds in galactic space. Most
matter outside the earth’s atmosphere is in the plasma state.

There is also a comparatively large research area of great potential im-
pact—the study of the dynamics of highly ionized plasmas—in which the
laboratory experimental work is beginning to expand in both the United
States and the Soviet Union. It includes wave motions in plasma, turbu-
lence (both MHD turbulence and electrostatic turbulence), shock waves,
instabilities, the generation and emission of high-energy particles and non-
thermal radiation, wave echo phenomena, and properties of relativistic
plasmas. These phenomena, which are increasingly invoked in the inter-
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PLATE 4.XII Fluidic devices are frequently based on one of four basic

concepts, The wall attachment switch will stabilize with the output wholly
along one channel, depending on microscopic asymmetry in manufacture
and other variables. But if the control nozzle on that side is turned on.
fluid is entrained (black arrows) and the asymmetry at once switches the
flow to the other output. Reblocking the control nozzle will not cause
the flow to revert (broken colored line); it will stay attached to the new
output. The turbulence amplifier has a supply tube and output tube in
alignment. Flow from any control pipe at once converts the laminar main
jet to turbulent flow, causing sudden and drastic reduction in pressure in

the output (original, full output shown as broken arrow). The beam de-
flection proportional amplifier divides its jet according to relative flows
through left and right control nozzles. In condition shown, the left con-
trol is greater, giving higher pressure in the right output. The vortex am-
plifier offers little resistance when the control flow is switched off (main
flow then following line of broken color). With control pressure applied,
the main jet is made to swirl round the vortex chamber so that resistance
rises and flow is reduced, High control pressure reduces main flow almost
to zero.
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pretation of astrophysical and space observations, are now being studied
under controlled laboratory conditions.

The study of the dynamics of plasmas in magnetic fields has broad
significance. Unlike most media studied by physicists in the laboratory,
plasmas cannot yet be fully controlled and are highly sensitive to the exact
details of the apparatus used to study and generate them, and especially to
impurities. Although magnetic control of plasmas has been the main aim
of thermonuclear research for many years, improvements in the under-
standing of plasma dynamics leading to better control of plasmas could
have an impact in many other fields. For example, applying existing
knowledge might lead to important developments in ion sources for ion
propulsion and heavy-ion sources for nuclear research. Many suggestions
have been made in the last ten years for accelerators incorporating plasma
in one form or another; recently, groups in the Soviet Union announced
the successful operation of the first electron ring accelerator (ERA) embody-
ing some of these principles.

In the general area of low temperatures and partially ionized plasma,
basic work is required that will improve the understanding of ionospheric
physics and reinforce various technological applications of plasmas. Three
areas are worthy of special attention. First, the discovery of gas lasers
provides powerful sources of radiation over an enormous range of the
electromagnetic spectrum, particularly in the three decades between 1-um
and 1-mm wavelength. Although the potential applications in this range are
many, the understanding of the physical processes in many gas lasers is
comparatively poor.

A further example is the interaction between plasmas and surfaces of
condensed matter. Here technological devices have been developed and
used for many years with comparatively little understanding of the basic
processes. For example, there is much dispute and uncertainty about the
basic physical principle of an arc spot, and spark erosion machines are used
with little understanding (other, perhaps, than crude energetics) of how
the metal is removed.

An essential feature of ionization-physics studies is the provision of in-
formation on elementary processes such as collision cross sections, reaction
rates, and details of atomic and molecular interactions with charged par-
ticles and radiation. At low gas pressures, sophisticated studies with elec-
tron, atomic, and molecular colliding beams, which can be readily carried
out in academic laboratories, will lead to new cross-section data that are
urgently required in many technical applications of plasma physics.

The recent development of high-intensity coherent light sources will lead
to advances in the understanding of the interaction of radiation with matter
and of mechanisms of plasma production in gases and solids. Improved
determinations of molecular structure will follow from investigations of the
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scattering of laser radiation in gases and liquids. Further high-power
laser development and extensions from the red end of the spectrum toward
shorter wavelengths in the ultraviolet are likely to make possible, with
the aid of nonlinear optical media, intense sources of ultraviolet radiation
that are urgently needed in other plasma studies.

Studies of the mechanism of the electric spark extended to high-gas
pressures and large-electrode separations will provide information on elec-
tron—atomic ionization and electron—ion recombination. All these investiga-
tions will be associated with the development of sensitive electronic
detectors, fast optical and electronic techniques, and computing methods.
Techniques involved in the production, separation, and detection of funda-
mental charged particles produced by high-energy nuclear accelerators are
also closely linked with developments in ionization physics.

The technological application of the results of basic studies in plasma
physics are widespread. Applications include electrical communications,
space-vehicle design, and the control and transmission of electrical power.
To a large extent the technical long-term future of ionization and plasma
physics will be concerned with the objectives of fusion power, plasma and
ion propulsion, and the development of MHD power generation and direct
conversion systems.

In the short term, improvements can be expected in a wide variety of
devices employing gaseous electronic phenomena, ranging from optical
frequency and microwave communication systems to ultrahigh vacuum
pumps and gauges, arc rectifiers, and lighting equipment. The possibility
of the full control of the basic physical processes that lead to an electrical
discharge opens the prospect of suppressing discharges for times sufficient
to effect electrical switching operations free from danger and unreliability.
Studies of the microplasmas at separating electrical contacts can lead to
improved switching technology in low-power applications. Associated
studies of the mechanism of electrical breakdown in gases at high pressures
could facilitate new developments in large circuit breakers and to improve-
ments in high-voltage power cables using high-pressure gas insulation.

Applications in high-power technology are perhaps more obvious but no
less important. Extension to yet higher power transmission voltages
(greater than 1 MV) will require basic studies of the physical mechanism
of the electrical breakdown of insulators of a wide range of media, includ-
ing gaseous, liquid, and solid insulators, as well as of vacuum.

Use of Computers in Plasma and Fluid Physics

Plasma physics is the most complex of the classical sciences, and the
mathematics needed to describe the phenomena are correspondingly



FIGURE 4.69 A computer’s view of ga-
lactic evolution. Astronomers at the God-
dard Institute for Space Studies, New
York City, used a computer to simulate
the growth of a galaxy. From top to bot-
tom, the frames show the initial shapeless
gas clouds, two growing spiral arms and
two condensations, the start of a spiral
pattern, and, finally, a well-developed
spiral, [Source: Science Year. The World
Book Science Annual. Copyright © 1971,
Field Enterprises Educational Corpora-
tion.]
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compiex. For this reason, computers have played an especially important
part in the development of deeper understanding of plasma and fluid
dynamics phenomena. For an example, see Figure 4.69.

Since von Neumann’s pioneering efforts in the use of computers in
weather prediction, the problems of the fluid physics of the atmosphere and
oceans along with nuclear weapons requirements, have excited the greatest
pressure for the development of ever larger and faster computers. And the
computer industry has responded. Experimental tests involve great costs,
and in some cases they are physically impossible to carry out in complete
fashion so that even partial replacement of them by numerical simulation
requires large funding and high priority. This close coupling between
plasma and fluid physics and computer technology will continue and even
grow.

International Cooperation

Both plasma physics and the physics of fluids have benefited from, and
added greatly to, the scientific knowledge of the world. They have been
among the subfields of most vigorous international interchange and
collaboration.

In the period from 1950 through 1958, controlled fusion research was
conducted secretly in the United States, the United Kingdom, and the
Soviet Union and to a much lesser extent in other countries, with major
emphasis on the production of a fusion energy source. The increasingly
evident long-range nature of the research task encouraged declassification
in 1958. It was then found that very similar theoretical approaches and
minor experimental achievements had characterized the different national
programs. Soviet—U.S. relations at this time were personally amiable but
distant and highly competitive.

The Geneva II Fusion Exhibits, particularly that of the United States,
stimulated worldwide participation in controlled fusion research in 1958.
The first International Atomic Energy Agency-sponsored: conference on
Plasma Physics and Controlled Nuclear Fusion Research was held in
Salzburg and attended by 29 national delegations. The conference was
marked by highly productive scientific exchanges, as well as by vigorous
controversies along national lines.

Since 1961, the worldwide fusion research effort has moved toward
real integration. There is a large-scale exchange of visitors and visitors-in-
residence among participating nations, including the Soviet Union. Personal
relations have become extremely cordial, and controversies, though still
lively, form along scientific rather than national lines. The scientific value
of this interaction has been so important for the U.S. fusion program that
it is difficult to imagine what alternate course it might have followed in the
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absence of declassification. Certainly the cost of research to achieve com-
parable progress would have been much higher.

A similar impact on East-West relations can be claimed for meteoro-
logical research. During the original development of computer analysis of
global circulation, the weather reporting of Soviet stations was crucial. The
initial cooperation—a direct Twx line into the Lawrence Livermore
Laboratory—has now been extended to the worldwide effort known as the
Global Atmospheric Research Program, in which almost all the nations of
the world are cooperating in an effort to understand weather on a world-
wide basis. The impact of this and other international programs of co-
operative meteorological research are of major importance to East~West
relations.

Distribution of Activity

Work in plasma and fluid physics is widely distributed throughout the
scientific and engineering communities. The major fraction of the PhD
scientists working in these areas—6.7 percent of the physics PhD popula-
tion as reported in the 1970 National Register of Scientific and Technical
Personnel—is concentrated in the universities (48 percent), with sub-
stantial percentages found also in industrial laboratories (22 percent)
and government and federally funded research laboratories (29 percent)
(see Figure 4.70). A large part of plasma and fluids research is performed
by people who consider themselves engineers or applied mathematicians.
The combined physics research in plasma and fluids produces roughly 7
percent of the world’s physics publications and 8 percent of the U.S.
publications. Of the physics theses produced in 1965 and 1969, roughly 4
to 5 percent were produced in plasma physics and only 1 percent in the
physics of fluids. On the other hand, 30 percent of those engineering
theses (in Dissertation Abstracts) that might equally have been classified
as physics were produced in fluid dynamics, so that the combined plasma
and fluid theses constitute 17 percent of the total number dealing with the
subject matter of physics, the contribution from fluids being about three
times that of plasma physics.

The total annual funding of physics of fluids by the federal government
amounts to approximately $37 million. By far the largest fraction of this
support is motivated by military objectives; ships, planes, missiles, fluidic
computers, and the like account for some $20 million a year. Much of
this research is applied, but it also contributes to the store of fundamental
knowledge. The pop funds some work in universities, though much Iess
than in previous years. The AEC, NASA, NsF, and NOAA each support the
physics of fluids at a rate of about $4 million to $5 million a year.

The current funding for plasma physics is about $30 million. Nearly 85
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