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Preface

Physics traditionally serves mankind through its fundamental discov-
eries, which enrich our understanding of nature and the cosmos. While
the basic driving force for physics research is intellectual curiosity and
the search for understanding, the nation’s support for physics is also
motivated by strategic national goals, by the pride of world scientific
leadership, by societal impact through symbiosis with other natural
sciences, and through the stimulus of advanced technology provided
by applications of physics.

This Physics Survey volume looks outward from physics to report its
profound impact on society and the economy through interactions at
the interfaces with other natural sciences and through applications of
physics to technology, medicine, and national defense. Six other
volumes recount the status, progress, and promise of physics as
scientific enterprise in the major physics subfields of particle physics;
nuclear physics; plasma physics and fluids; condensed-matter physics;
atomic, molecular, and optical physics; and cosmology, gravitation,
and cosmic-ray physics. An overview volume addresses the overall
progress, opportunities, and needs of the field; analyzes the status and
trends of U.S. physics on the world scene; and discusses funding,
manpower, and demographic issues.

The vital role of physics in propelling the entire scientific enterprise
and in providing the basis for new technologies of immense economic

ix
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X PREFACE

importance is evident throughout this Survey, but it is the present
volume that focuses on technological applicability.

New scientific disciplines are arising from the scientific interfaces
between physics and biology, geology, and materials science. The
traditional interfaces with chemistry and mathematics are acquiring
new connections that promise revolutions in the way that research is
conducted. These scientific interfaces are explored in 6 chapters that
illustrate selected examples of the progress and trends that appear in
appropriate symbiotic relationships. The emerging impression is a
scientific whole that greatly exceeds the sum of its parts. Interdiscipli-
nary science at the most fundamental research level is shown to be one
of the most exciting promises for the coming decade.

The interfaces between physics and the various engineering disci-
plines are not treated explicitly. But the crucial continuum of physics
activity from the most basic research to engineering applications is
emphasized. Its reality must be recognized, supported, and strength-
ened for the national good. Indeed, more people trained in physics are
engaged in applications or engineering than in pure research or
academic pursuits.

Microelectronics, optical communications, and new instrumentation
exemplify the major technological applications of contemporary phys-
ics research. A diversity of physics applications contributes to ad-
vances in medical diagnosis and treatment, to national defense sys-
tems, and to solutions of energy and environmental problems. Six
chapters of this volume discuss these important areas of application of
physics, largely in terms of their societal and economic impact.

Consideration of the interfaces and applications of physics leads
naturally to recommendations aimed at strengthening the vital contin-
uum joining science, technology, and our national prosperity. They are
specified and explained at the conclusion of Chapter 1, Summary and
Recommendations.
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Executive Summary

Physics research combines a drive for understanding of the natural
universe with a pervasive influence on the quality of human life through
the technology that it generates. The exhilarating twentieth-century
pace of discovery and application has accelerated in the past decade.
New technologies, such as high-speed electronics, optical communi-
cation, advanced medical instrumentation, exotic defense systems, and
energy and environmental systems, have nucleated and grown to
maturity within only a few years after the physical discoveries on
which they are based. At the same time, new ideas and methods born
at the scientific interfaces are evolving scientific capability to address
ever more complex problems. Physics has both contributed to and
drawn from the sciences of chemistry, biology, and mathematics in
entirely new ways. Computer science, geology, engineering, and
materials science have become fully symbiotic with physics, to the
benefit of humankind.

This volume illustrates these advances through representative exam-
ples and recommends actions to enhance the value of physics to
society through both its scientific interfaces and its technological ap-
plications. Recognizing the importance and complexity of the science-
technology-economy continuum, it seeks to strengthen these intercon-
nections in key areas.

In addition to general recommendations put forth in the Overview
volume of the Physics Survey, we propose the following:

Copyright © National Academy of Sciences. All rights reserved.
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2 SCIENTIFIC INTERFACES AND TECHNOLOGICAL APPLICATIONS

® Funding agencies should devise procedures to evaluate and sup-
port interdisciplinary research collaborations involving participants
from deep within the associated disciplines. Special attention should be
given to start-up research grants for young faculty to begin interdisci-
plinary programs.

® The universities should promulgate interdepartmental, interdisci-
plinary research programs and centers to transcend barriers among the
traditional disciplines, to provide transdisciplinary education, and to
attract and utilize interdisciplinary research funding.

® Universities and funding agencies should organize to accommo-
date and enhance the engineering-physics interface in both education
and research.

® The federal government should encourage in-house industrial
fundamental research and cooperative industrial research with univer-
sities, national laboratories, and other industry through appropriate tax
and antitrust policies.

® The support of long-range fundamental research should be shared
by the mission-oriented agencies, particularly the U.S. Department of
Defense, and be restored to at least pre-Mansfield Amendment (1970)
levels.

Copyright © National Academy of Sciences. All rights reserved.
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1

Summary and
Recommendations

PERSPECTIVES FOR SOCIETY: APPLICATIONS,
IMPLICATIONS, AND INTERFACES OF PHYSICS

Research in physics increases our fundamental understanding of
nature, generating knowledge with far-reaching consequences for
humankind. The new technology that it has spawned is so ingrained in
our civilization that its scientific origins are often overlooked. This
volume of Physics Through the 1990s reports on the profound societal
impact of physics through its applications in technology and its
interfaces with other sciences.

As a fundamental science, physics presents some of the deepest
challenges ever to engage the human mind. The excitement of discov-
ery in physics has accelerated its pace throughout this century. The
other volumes of this survey detail these discoveries in the subfields of
elementary particles; plasmas and fluids; nuclear as well as atomic,
molecular, and optical physics; condensed matter; and cosmology and
gravitation.

Unlike the sometimes altruistic patronage of the arts by medieval
authorities, the substantial level of contemporary federal support of
physics research is motivated by the anticipation of practical benefits.
Yet despite media accounts of spectacular discoveries in such areas as
elementary-particle physics, interplanetary science, nuclear fusion,
and exotic superconductors, scientific research often seems to remain

Copyright © National Academy of Sciences. All rights reserved.
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4 SCIENTIFIC INTERFACES AND TECHNOLOGICAL APPLICATIONS

disconnected in the public mind from practical concerns of the U.S.
economy. This volume demonstrates the value of physics to society
and conveys a sense of the importance to the economic health of the
United States of its world leadership in both fundamental research and
technological innovation.

From the breadth of physical activities that compose the applications
of or scientific interfaces with physics, this volume reports on several
fields of current excitement and future potential, as well as several
fields of immediate importance to society. The selected interfaces
represent those in which interdisciplinary interaction is particularly
vigorous at fundamental levels: biophysics, materials science, the
chemistry-physics interface, geophysics, and mathematical and com-
putational physics.

From among the innumerable applications of physics, we have
selected several areas that combine pivotal dependence on recent
research with an identifiable large-scale industrial technology. We
highlight applications of physics in electronics, in optical information
technologies, in new instrumentation for both science and society, in
the fields of energy and environment, in national security, and in
medicine.

In many of these applications the lines between physics and engi-
neering are frequently and necessarily crossed. Although engineering is
not treated explicitly within this volume, its crucial role permeates
essentially every aspect of the technologies represented here. Contin-
ued technological progress depends on intense interaction between
physics and engineering just as continued scientific progress depends
on interactions between physics and other sciences. Indeed, the
continuum of viewpoints shared by science, technology, and engineer-
ing is a major underlying theme of this volume.

In each of the chapters the major advances of the past decade are
surveyed within the framework of physics research, focusing on
representative examples rather than exhaustive compilations. Specific
recommendations of a particular technology or scientific interface
appear in the appropriate chapters. Recommendations that transcend
individual specialties and suggest programs by which society and
science may continue to benefit from progress in physics are drawn
together in the final section of this chapter.

SCIENTIFIC SYNERGY: THE SCIENTIFIC
INTERFACES OF PHYSICS

Because the principles of physics serve as a foundation for other
sciences, new discoveries in physics frequently stimulate research in

Copyright © National Academy of Sciences. All rights reserved.
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SUMMARY AND RECOMMENDATIONS 5

associated sciences. In turn, problems of other sciences can present
physicists with profound challenges.

Each of the 6 interfaces presented here illustrates different implica-
tions of physics, presents its own opportunities, and leads to particular
conclusions and recommendations.

Although the interfaces of physics with the various engineering
disciplines have not been addressed here explicitly, we note emphati-
cally that there exists in physics a continuum of technical activities
without any sharp distinctions from the most fundamental scientific
research to the most immediate technological applications. Thus, in
those areas of technology where new physical science is moving
rapidly into application, there is no point in attempting to distinguish
between physics and engineering.

Biological Physics

The elegant complexity of life often diverts our attention from its
ultimate reliance on the principles of physics. The tools of physics have
always been involved in biological research, and the fundamentals of
biological phenomena have increasingly challenged physicists. Early
optical microscope observations of bacterial motion (Brownian mo-
tion) led Albert Einstein to formulate the basic statistical mechanics of
fluid diffusion, and it was modern electron microscopy that identified
the structure of molecular photodetectors packed in a two-dimensional
lattice of cell membrane.

Biophysics is, however, more than the application of physical
methods to biological systems. Fundamental biological challenges
stimulate new applications of concepts of theoretical physics. Today,
for example, the biopolymers—the proteins and genetic materials DNA
and RNA—have a well-established empirical chemistry thanks to
continuously improving physical experiments. Fundamental under-
standing of protein structure and function now appears to be a realistic
research objective. Quantum-mechanical calculations of structure and
dynamics in terms of molecular fluctuations are beginning to reach a
satisfactory level of approximation with the help of models, tech-
niques, and computational capabilities derived from physics.

In both cell physiology and neurobiology, physical methods have
long been crucial to understanding molecular transport, membrane
structure, and signal processes in the brain, nerves, and muscles. New
physical measurements of ion currents through single transmembrane
molecular channels have provided the first direct access to the central
molecular mechanisms that govern signaling processes in the brain and
nerves.
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Gene manipulation biotechnology now makes possible the system-
atic modification and production of potentially any protein. Thus, for
the first time, rare proteins can be produced in quantities sufficient for
structural studies by physical and chemical methods, and the expres-
sion of natural or modified proteins in living cells can be controlled to
identify structure-function relations. The combination of biotechnol-
ogy and biophysics offers a splendid promise for future productive
research.

The multicellular organization of the brain and its principles of
information storage and retrieval pose fundamental questions about
physical networks that are currently attracting the attention of mathe-
matical physicists. The theoretical physics of partially ordered systems
has recently been applied with dramatic success to model aspects of
the brain function. This could lead to significant interdisciplinary
synergism involving the fields of neuroscience, statistical physics, and
computer science, with implications extending to robotics and artificial
intelligence. Perhaps ultimately the understanding needed to treat
organic failures of the brain will emerge.

One might say that physics has advanced to a level on which it can
now begin to address the imposing complexity of fundamental biolog-
ical science at both molecular and many-body organizational levels.
Yet institutional organization of both education and funding for bio-
logical physics often seems to impede progress at this fruitful interface.
Few university physics departments accommodate biophysics. Bio-
physics is incorporated effectively in many biological science research
programs, but the cross-fertilization between modern physics and
biology does not often seem to be adequately supported. We can point
to an opportunity here for effective interdisciplinary interaction
through the funding of interdisciplinary centers that parallels that
initiated so effectively in materials science 20 years ago.

Physics and Materials Science

In the past three decades, materials science has developed as an
independent discipline from a fusion of metallurgy, chemistry, and
ceramics engineering with aspects of condensed-matter physics. To-
day, at their common boundary, the fields of materials science and
condensed-matter physics are distinguishable primarily by the view-
points of their complementary educational disciplines.

The interface between physics and materials science is continuously
innovative. The spectrum from basic problems to applications in
technology is truly continuous. The. challenge of problems in materials
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science attracts the theorists, while experimentalists respond enthusi-
astically to new compositions and conditions of matter provided by
new technology. Research in new materials, processes, and analytical
methods involves many areas of physics. Ion-beam etching, sputtering,
and molecular-beam interactions with surfaces involve plasma physics
- and atomic physics. Analytical methods in materials science include
those of atomic physics, such as Rutherford scattering and particle
beams. As statistical physics has succeeded in the analysis of partially
ordered many-particle systems, the understanding of glasses and
amorphous materials has advanced. The amorphous state is a topic of
great current interest, attracting investigators with both fundamental
-and applied motivations. The dynamical theory of nonlinear systems is
an extremely lively topic in mathematical physics that has immediate
applications to important materials-science problems, including crys-
tal-growth instabilities and dynamic structure modulation.
Interdisciplinary research centers in universities have proven re-
markably effective in initiating and sustaining progress at the materials-
science/physics interface. The large industrial research laboratories
also provide a primary force for progress at this interface since their
most valuable successes are typically based on interdisciplinary re-
search. It is important to note that the condensed-matter-physics/
materials-science interface calls mainly for small-group research, in
which individual investigators are the source of ideas and progress. But
lack of funds for equipment and instrumentation to provide state-of-
the-art technology for materials fabrication, processing, and analysis
often retards progress in academic laboratories. Sophisticated facilities
in the million-dollar range (such as molecular-beam or electron-
microscopy apparatus) are required at numerous locations to carry out
this productive small-group research. While research centers can
efficiently provide advanced-technology facilities, it is also appropriate
to support smaller user groups that can share facilities.

The Physics-Chemistry Interface

The interface between chemistry and physics is enduring but con-
stantly changing. Physical chemists and chemical physicists are often
hardly distinguishable. Recently, the interdisciplinary associations
have begun to reach more deeply into both fields, as when, for
example, synthesizing chemists collaborate with atomic and optical
physicists.

The chapter in this volume on the physics-chemistry interface treats
several topics of broad current interest and technological applicability

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

8 SCIENTIFIC INTERFACES AND TECHNOLOGICAL APPLICATIONS

and omits, without prejudice, many other fundamental topics of
chemical physics that have been discussed in other volumes of this
Survey or in the recent chemistry survey (Opportunities in Chemistry,
National Academy Press, Washington, D.C., 1985). Emphasized here
are laser chemistry, surface science, neutron and x-ray techniques,
polymers and complex fluids, and electrically conducting organic
materials.

The development of tunable lasers has made possible spectroscopies
of spectacular sensitivity as well as exciting new strategies for obser-
vation of unstable and excited molecular states. The technologies of
molecular beams, transient surface states, optically driven chemical
processes, and laser excitation for isotope separation have all devel-
oped from applications of lasers to chemical physics.

Surface science is involved in some of the most important and
puzzling of chemical processes. Heterogeneous catalysis involves
profound interactions between surfaces and the chemical reactions
taking place upon them. These quasi-two-dimensional interfaces pose
fundamental challenges to both theory and experiment. The most
powerful tools are used to study the nature of surfaces, the states of
absorbed molecules, and the transient products of surface reactions.

While the fluids formed by simple molecules have come to be rather
well-understood subjects of condensed-matter physics, some of the
most interesting fluids are formed by large chemically exotic molecules
that pose a formidable array of challenges as diverse as chemistry
itself. Polymer physics poses some extremely difficult questions in
chain conformations, molecular dynamics, thermodynamics, and sur-
face properties. Elegant techniques are required for the observation of
dynamics on time scales from femtoseconds to hours. Massive com-
putation is generally required for theoretical analysis of the disordered
complexity of fluid behavior. Of great current interest are the liquid
crystals formed by strongly anisotropic molecules that exhibit simul-
taneously some properties of fluids and solids.

Electrically conducting polymers appeal to the solid-state physicist
as a potential source of new or enhanced phenomena, including
superconductivity, charge transport, and nonlinear response. Collab-
orations between the solid-state physicists and synthesizing chemists
have generated discoveries that present tantalizing prospects for future
research in this field.

Geophysics

Geology and physics interact through the application of physics to
understanding the structure and dynamics of the Earth and planets.
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Geophysics has developed into an independent subfield of geology. In
practice, the interdisciplinary interaction with physics is based more on
conversion of individual physicists to geophysics and on adoption of
physics-based methodologies than on the collaborative interdiscipli-
nary research characteristic of the other interfaces described here. This
characterization is, however, subject to some remarkable exceptions:
geophysical fluid dynamics presents problems that test the fundamental
understanding of turbulence and disordered nonlinear systems in
general. Thus, there is intense interdisciplinary study in major
geophysical institutions on a basic theory of turbulence. Some con-
cepts in mathematical physics that offer the hope of more-powerful
theoretical approaches to the complexity of geophysics are discussed
in Chapters 6 and 7.

Finding methods to make accurate measurements of geologic vari-
ables challenges physics. The limited accessibility of the interior of the
Earth, the depths of the seas and the atmosphere, as well as the sheer
volume of data involved in characterizing geophysical phenomena call
for heroic experimental measures. Measurement technology thus
draws heavily on new physics. Space science has provided an impor-
tant source of these new and powerful methods.

The most momentous development of the past few decades in
geophysics is plate tectonics—the hypothesis that large plates on the
Earth’s surface move with respect to one another, cycling the ocean
floor back into the mantle. Geophysical observations of alternating
bands of ocean-floor rock magnetism were a key factor in establishing
plate tectonics. The theory of plate tectonics is now being applied to
the study of volcanism, mountain building, and mineral distribution
through increased understanding of our planet’s internal mechanics
and the thermodynamic driving forces associated with internal temper-
ature gradients.

The geophysics of the oceans and the atmosphere—the structure and
dynamics of planets—all require sophisticated measurement technol-
ogy. For example, basic seismography can now be applied to less than
half of the Earth. Ocean-bottom seismology, only now becoming
possible, will expand that fraction. Laboratory measurements at
ultrahigh pressure of the properties of rocks and minerals today
provide the primary basis for determining the equation of state of the
Earth’s interior.

Physical methods for mapping, long-baseline interferometry, seis-
mology, gravity, terrestrial magnetism, sonic ocean probing, and
atmospheric probes were early measurement devices. In recent years
laser altimetry, precision radar, remote optical and physical sensing
from Earth satellites and planetary probes, mechanical reflection
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probes, and electromagnetic probes of the Earth and oceans have been
added to the repertoire. The overwhelming volume of data generated
by such measurements calls for extremely large-scale data-processing
and computing capability, including development of a global array of
modern digital seismic instruments. Tomography, developed by phys-
icists for construction of human organ images, is now proving valuable
in depicting the interior of the Earth and oceans.

Geophysical research has important immediate applications to the
environmental problems of society. Prediction of seismic activity,
volcanoes, climatic changes, and weather are all important to the
economy and welfare of mankind. The search for fossil fuels and the
understanding of the environmental impact of energy production and
consumption are based on geophysics. Some of these applications are
outlined in Chapter 5, on geophysics; others are raised in Chapter 11,
on applications of physics to energy and the environment.

Mathematical Physics and Computational Physics

From its beginnings, physics has relied on mathematics to formulate
and express quantitatively the basic concepts of physics. Therefore,
the limits of mathematical understanding present implicit limits to the
development of physical understanding. Today physics itself has
become so sophisticated that new discoveries often require deep
understanding of both sciences, and synergistic interchanges of ideas in
mathematics and theoretical physics enrich both fields. Mathematical
physics is currently a lively arena for discoveries of immediate
relevance to the understanding of complex observable phenomena,
particularly through the development of understanding of nonlinear
systems that may display disorder and chaos.

The hierarchy of the elementary particles is based on the develop-
ment of nonlinear gauge field theories. Field theories have guided
experiment to a long succession of discoveries of fundamental particles
predicted earlier by theory. This success, perhaps, presages the
unification of cosmology and elementary-particle physics. Physicists
and mathematicians alike have contributed to these theoretical devel-
opments, and there is noticeable role switching, as new mathematics is
introduced by the physicists and new physics by the mathematicians.

Statistical physics now begins to encompass chaos. The mathematics
of nonlinear equations that display disorder and instabilities provides
models for disordered physical systems, such as turbulent fluid flows,
glasses, and ensembles of living cells. These mathematical develop-
ments portend new understanding of nature’s most complex disorder.
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This lively development in mathematical physics is abetted by the
development of powerful, convenient computational machinery and
concepts. The complexity of the problems addressed in modern
mathematical physics frequently calls for numerical analysis. Today
new theory can be created through computer analysis. Nonlinear
problems with many degrees of freedom are now so prevalent that
computational physics has become an indispensable aspect of theoret-
ical physics. University-based centers for nonlinear studies have
played an important role in the development of this field.

Computers have now become a means for generating new theoretical
discoveries, transcending their more traditional roles as mere tools for
measurement and analysis. Nonlinear equations in nuclear reaction
theory, chemical kinetics, plasma simulation, galactic dynamics, and
quantum field theory are some of the outstanding successes in compu-
tational physics. Elementary-particle physics, quantum field theory,
and renormalization theory have all assimilated great amounts of
computational physics.

In statistical physics and condensed-matter physics, the only possi-
ble solution of many basic problems is through computational methods.
The new mathematics being developed to deal with chaos, the disorder
of fluid turbulence, and nonlinear dynamics is based firmly on interac-
tive machine computation as the theoretical research tool of choice.
Computational physics already constitutes a ubiquitous subfield of
physics.

Virtually every volume of this Physics Survey emphasizes the need
for larger or more interactive computer facilities. Computational
physics—not just computers—is assuming a role in nearly every realm
of physics. The diversity and speed of developments in computational
methods support the growth of a computational physics that requires
intense constructive interaction between physicists and computer
scientists. The interaction should develop as true intellectual exchange
rather than simply as an application of computer science to physics.
The recently announced National Science Foundation supercomputer
initiative will substantially improve university involvement and lead-
ership in research on and with computers. It is welcome indeed.

TODAY’S SCIENCE/TOMORROW’S TECHNOLOGY:
THE PROCESS OF INNOVATION

The applications of physics to technology generate substantial
benefits for the U.S. economy. They are currently most conspicuous in
the high-technology, high-growth areas, such as the electronics and
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information industries; but applied physics is an essential albeit often
inconspicuous ingredient of innovation throughout industry. The num-
ber of physicists engaged in applications of physics and in the associ-
ated technologies far exceeds those engaged in fundamental research
and academic pursuits. Indeed, discoveries and applications of physics
substantially support the national infrastructure for the technological
innovation process.

The economic benefits of innovation—the creation of new wealth for
society—require successful consummation of the entire innovative
process: the conjunction of invention and implementation. Typically,
several apparently unrelated discoveries are necessary before a new
technology can be successfully launched. Historically, the sources and
timing of these discoveries have been disparate and difficult to recog-
nize at the time. Of the several hundred tiny puddles randomly formed
during a rainstorm, imagine trying to predict precisely which ones will
contribute to the successful formation of a given stream as the rainfall
continues. Attempts to devise funding strategies or to manage research
to optimize its economic reward are analogous to trying to guide rain
into some puddles and not into others. The successful pattern is
difficult enough to discern after the stream is flowing; it is impossible to
ascertain in advance.

Even if economic return were the sole reason to support research,
our nation would have no choice but to support the widest range of
fundamental scientific inquiry in order to take advantage of the
serendipity that couples research, technology, and the economy.
Because the ultimate usefulness of any given discovery is so unpre-
dictable, the most appropriate sponsors of fundamental research are
those with the broadest technical needs, namely, the federal govern-
ment and a few major industries. Consequently, small businesses and
industries have not often participated directly in the initial stages of the
innovation process. The resulting lack of science-technology interac-
tion in small industrial organizations introduces a severe handicap in
dealing with technology transfer, that is, the transfer of new scientific
discovery to development and commercial implementation.

One might argue that commercial success—even in businesses using
the most advanced technology—has not required direct participation in
the discovery or research phase. Indeed, the recent example of Japan
appears strongly supportive of this view. Caution is in order, however,
about the continued validity of this argument for several reasons. First,
the Japanese successes of recent years have been more directly due to
excellence in management, manufacturing, and marketing than to
leadership in science. Second, as new technologies become more
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complex and science intensive, the sequential progression of techno-
logical effort from research to development to manufacturing to
marketing will be supplanted by increasing branching and complexity.
Our major international competitors, particularly Europe and Japan,
are consequently increasing their basic research efforts at a time
when—despite recent gains—our relative national effort in the United
States remains below that of 15 years ago. Fundamental research
activities are conspicuous by their absence from many of the largest
industrial concerns employing physics-based technology. The absence
portends future problems.

The symbiotic relationship between research and science on the one
hand and technology and economics on the other has not only created
economically significant new technologies but has also formed the base
for new generations of increasingly sophisticated research endeavors.
The selected applications of physics that follow here are chosen to
illustrate these themes.

Progress in the Applications of Physics: Microelectronics

The electronics industry illustrates a key principle in the exploitation
of advances in physics for the benefit of society. It is useful to
understand the distinction between creating wealth and merely making
money. Societal wealth is increased only when the totality of goods and
services produced grows both in an absolute sense and relative to the
population. This means that productivity must increase. The ability to
amplify the productivity of human beings rests largely on technology.
In the industrial age, machines replaced or supplemented human
muscle power. In the postindustrial or information age, devices that
control the machines as well as an effective networking of human
talents made possible through enhanced communications are providing
further increases in productivity.

From the invention of the transistor until recently, the trend in
electronics technology has been to enable the experts to perform the
tasks of their professions more efficiently and more accurately by
providing a better set of tools. The coming decades will be character-
ized by the growth of a societal information network. Information
sharing, together with increased sophistication of tools among techno-
logical experts, will reach a level whereby each expert may have access
to all the information and knowledge of every other expert. In a sense,
then, the power and productivity of each element in society will be
greatly amplified.

The societal network will extend well beyond the mere sharing and
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proliferation of knowledge and information to the evolution of a more
complex, highly productive society. Clearly, those nations that lead in
the implementation of technologies that support such a goal will benefit
most.

In the field of electronics, we have seen nearly a thousandfold
increase in information-processing power since 1970, while the cost per
logical operation has decreased by a similar factor. Progress in the
physics of materials processing has enabled industry to incorporate
into a single fingernail-sized silicon chip the computing power that two
decades ago would have required a room-sized computer. Entirely new
kinds of devices have been conceived that use photons (light) instead
of electrons for the handling, processing, and modification of informa-
tion. Miniature lasers and photodetectors are already in large-scale
manufacture based for the most part on discoveries of solid-state and
materials physics that occurred within the past decade. Optoelectronic
devices that combine electronic and optical functions for undreamed of
processing power are already on the horizon. Physicists have learned
how to speed the flow of electrons through solid materials to the point
where they begin to approach the speed of light. The combination of
this high electronics speed with the ability to make nearly atomic-scale
structures using methods originating in high-vacuum and surface-
physics research promises computational and communication speeds
that are thousands of times greater than anything available today.

The physics of disordered or amorphous solids has not only provided
deep understanding of this novel state of matter but also has already
shown capabilities of very-high-speed switching. The exploitation of
amorphous semiconductors in technology is just beginning and could
form the basis for a novel energy technology. In the pursuit of
fundamental understanding of electronic materials, physicists have
achieved atomic-scale insights into defects, dopant atoms, and inter-
faces between different materials that will ultimately determine the
performance of future devices.

In electronics technology, a multibillion-dollar industry has emerged
over the past several years capable of exploiting rapidly such advances
in fundamental understanding. This industrial infrastructure is one of
the most valuable assets of the United States in international compe-
tition. Indeed, it has been largely responsible for the term ‘‘high-tech
industry.”’

Related future technological applications may be based on other
physical phenomena, such as superconductivity. Superconducting
Josephson devices, for example, may form the basis for new super-
computers. Current research in physics on novel quantum-mechanical
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behavior for superconducting amplifiers offers the prospect of en-
hanced signal detection, which will not only further other fields, such
as astrophysical observation, but will also permit technology advances
in both information processing and storage that extend significantly
beyond current levels.

The advances in magnetic processes for storage and manipulation of
information as magnetic bubbles or on magnetic tape or magnetic disks
have fostered magnetic memories with densities approaching one-
hundred-millon bits per square inch. Current research indicates possi-
ble improvements of at least a factor of 10.

Optical Technology

Optical information technologies have, perhaps, grown fastest of all
technologies during the past decade. It was only in 1973 that the first
continuous room-temperature semiconductor laser was operated. To-
day such lasers not only operate reliably with lifetimes in excess of 100
years, but they have been made smaller than a grain of sand. They can
send signals exceeding a billion bits of information per second. To
achieve these gains, the basic physics of the laser, which flowed largely
from molecular and atomic physics and optics, had to be importantly
supplemented in technology by the physics of materials and semicon-
ductors.

Basic' research into the optical properties of materials and the
fundamental processes of the absorption, fluorescence, and scattering
of light have all combined with the invention of the laser to make
possible today’s ultralong-distance optical-fiber communications sys-
tems. The ability to detect and refine impurity atoms to levels below
parts per billion in the materials that ultimately will form glass fibers
has its origins in the atomic physics and spectroscopy of the mid-
twentieth century. The novel processes based on the understanding of
physical chemistry and kinetics that use gas vapors to fabricate
ultrapure light-guide fibers are powerful illustrations of the transfer
from fundamental research to important technology within the span of
less than a decade.

New ultrasensitive photodetectors are based on understanding of
semiconductor physics as well as on the newly realized ability to
manipulate materials at the level of atomic layers to produce entirely
new kinds of materials and propertiés. New types of lasers have been
used together with novel optical-fiber light guides to transmit informa-
tion at several billion bits per second over distances exceeding 100
miles without the need for any signal regeneration or amplification.
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This capability opens the possibility of developing low-cost, high-speed
information systems that operate over distances typically encountered
among islands in chains such as Hawaii, Indonesia, and Japan.

The ability to carry so much information over a single hair-thin glass
fiber allows the transfer of thousands of times more information than is
possible with existing telephone technology. This information, in the
form of high-definition switched color video, high-fidelity sound, data
for computers and ultimately for life-sized, three-dimensional images
moving in real time, will undoubtedly transform the ways in which our
society works and lives.

New prospects for the processing of information through a marriage
of electronic and optical phenomena are already beginning to emerge.
Magneto-optic, electro-optic, and acousto-optic devices are already
finding specialty applications. Entirely new phenomena discovered by
physicists within the past decade offer prospects for processors and
memory devices with orders-of-magnitude greater density and speeds
than those of even the fastest and most miniaturized electronic
computers available today. Optical bistability makes possible the
prospect of an all-optical or photonic computer. Physics has already
identified the fundamental processes and the basic concepts required.
Further research can confidently be predicted to bring many of these
ideas to practical reality and probably to commercial use within the
next decade.

Instrumentation

The advances of physics instrumentation have traditionally served
two major purposes. There are those advances that make physics
research more precise or more effective, and there are those (some-
times members of the same class) that find application primarily in
other fields of science or technology or perhaps in society at large. The
laser is a prime example of a device that fits into both categories.

Large particle accelerators continue to play a dominant role in
high-energy physics, nuclear physics, and plasma physics. Increas-
ingly, however, condensed-matter and low-energy physics make use of
large machines and central facilities. As physics research has moved to
higher energies, the preceding generations of particle accelerators have
passed on to widespread application in other fields of science or in
technology. lon-beam accelerators are now routinely used in the
semiconductor industry. Neutron sources and synchrotron light
sources are increasingly used in the study of condensed matter. New
spectroscopies, such as x-ray-absorption fine structure and ultraviolet
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photoemission, are already greatly increasing our understanding of the
chemistry and physics of surfaces, the behavior of matter in two
dimensions, and the details of energy-band structure in more conven-
tional three-dimensional materials.

Electron accelerators are now being modified or even totally rede-
signed to produce new classes of radiation exemplified by the free-
electron laser, which offers the possibility for high-intensity tunable
radiation at wavelengths from the far-infrared into the extreme-
ultraviolet or soft-x-ray regions. Ultrahigh vacuum processing will
surely become commonplace in the production of future generations of
microelectronic devices. It has already proved to be an extremely
useful aid in understanding the formation, atom by atom, of new
materials on existing solid surfaces.

Diagnostic tools such as the electron microscope and high-power
x-ray sources have revolutionized our ability to characterize materials
with unprecedented detail. The ability to distinguish the chemistry of
only a few atoms buried deeply in virtually any material will be
absolutely necessary for future technologies as devices become ever
smaller. The recent invention of the vacuum tunneling microscope has
made possible for the first time real-space resolution of surface features
on an atomic scale.

The development of ultrashort laser pulses by physicists only 3 years
ago permits examination of phenomena in real time only a few
quadrillionths (10~'5) of a second in duration. It has opened entire new
fields of phenomena in physics, chemistry, and biology to detailed
examination never before possible.

Physics-based instrumentation of direct benefit outside the field has
included the development of medical instrumentation, such as the
various tomographies (nuclear magnetic resonance tomography being
perhaps the most exciting); the widespread use of lasers in industry for
manufacture, monitoring, and control as well as the use of holography
in the reading and reproduction of images and even in the decoding of
information on product pricing; and the commercialization of laser
spectroscopy apparatus for routine characterization in biology and
analytical chemistry.

A resurgent field of great economic significance is that of manufac-
turing science. It embraces automated assembly and robotics for
manufacturing but covers as well computer-aided design and process
control. Manufacturing or production science must combine sensing
and monitoring hardware aspects with sophisticated software and
computer diagnostics and control. In future manufacturing facilities,
the versatility will reside in the hardware, which will permit a variety
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of measurements to be made and changes in configuration to be
implemented. The specificity will reside in the software, so that the
distinction between manufacturing one type of product or another may
be ultimately under control of the software program.

The major trends within physics as far as instrumentation is con-
cerned are the push toward higher energies and larger machines for the
high-energy and nuclear physicists; increased use of medium-scale
machines such as synchrotrons and neutron sources for condensed-
matter physicists; and increased use of microprocessors in small-scale
individual laboratories for the control, acquisition, and processing of
experimental data. The ability to run experiments under computer
control has permitted experiments that would have been impossible
only a few years ago.

Unfortunately, many U.S. university physics laboratories today lack
modern electronic and computing equipment. Physics faculty and
students are often thus forced to build equipment that they could
purchase were the modest necessary funds available. Although there is
some pedagogical advantage in the construction of equipment, we
believe that it is more productive to build on the state of the art rather
than to reproduce it.

Energy and Environment

The relationship between physics and the production and use of
energy is much more complex than the mere application of physics
techniques or principles to energy technologies; it involves the com-
plicated feedback of applications-related discoveries to the fundamen-
tal research challenges of physics itself.

Among the important contemporary examples is the relationship
between condensed-matter physics and solar electrical power genera-
tion and storage. Semiconductor physics research has made possible
achievements of 20 percent solar-to-electrical conversion efficiency in
single crystals. On-site solar generation of electrical power in small-
scale typically Third World applications could soon prove practical as
the conversion efficiencies demonstrated in the laboratory are brought
further along in the development phase. The use of electron, ion, and
laser beams in materials processing may soon affect solar-cell technol-
ogy significantly. The role of physics-based instrumentation for anal-
ysis of both the materials and the electronic and optical phenomena
that govern their device performance continues to expand.

The promise of controlled nuclear fusion for the generation of energy
involves multiple challenges to the application of physics. Progress to
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date has been substantially propelled by physics discoveries such as
high-field superconducting magnets, laser- and particle-beam-driven
inertial-confinement schemes, plasma/electromagnetic-wave interac-
tion phenomena, and particle/solid interaction effects. The last-named
phenomena are particularly important because the fundamental reac-
tion in controlled nuclear fusion liberates highly energetic neutrons,
which inevitably interact with the structural materials of the reactor.
Such interactions may lead to embrittlement, loss of ductility, swelling,
creep, and other destructive effects.

Whereas solar and nuclear fusion technologies may offer significant
promise for our long-term energy needs, combustion is at present
responsible for more than 90 percent of the power generated in the
world. Research in physics and physical chemistry related to improved
efficiency of combustion processes clearly offers significant near-term
potential returns. For example, a 1 percent increase in automotive fuel
efficiency would save approximately $1 billion a year in energy costs in
the United States alone. Related problems such as air pollution, acid
rain, and combustion-driven corrosion are of extreme economic and
social importance, and efforts to solve them will continue to benefit
from the techniques and discoveries of physics research.

All methods for energy production, transformation, or transmission
have significant environmental implications. Environmental physics is
concerned primarily with the mechanisms, rates, and pathways for the
transport of matter and energy through the atmosphere, the oceans,
and the entire ecosystem. Atmospheric science confronts the complex
problems of weather patterns, thermal fluxes, and radiation balance as
well as the generation and transport of particles and pollutants.
Advances in mathematical techniques for modeling complex fluid flows
and chemical reactions are beginning to provide quantitative descrip-
tions of the atmosphere’s dynamics. New analytical techniques, such
as neutron activation analysis and remote laser spectroscopy, are
making possible unprecedented precision in determining the composi-
tions and distributions of pollutants.

The overall radiation balance of the Earth represents one of the most
important questions for the future of life on this planet. Probably the
most important single environmental factor associated with the pro-
duction and use of energy is the atmospheric concentration of carbon
dioxide. The burning of fossil fuels over the past century has increased
that concentration from 280 to 335 parts per million. At the same time,
particulates generated by coal burning, for example, have changed the
Earth’s reflectivity. The net effect of these and associated phenomena
on the average Earth temperature is a continuing source of controversy
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and debate. Because the systems are so complex and inadequately
understood and because the carbon dioxide problem is so important,
existing long-range fundamentally based research activities should be
strengthened, broadened, and placed in an international context to
increase underlying knowledge necessary to develop prudent strategies
regarding the use of fuels in the coming decades.

National Security

A strong scientific base is essential to the national security. As a
consequence, U.S. Department of Defense research and development
programs represent a substantial fraction of the total national research
and development effort. Of all the disciplines, physics has provided an
exceptional fraction of the novel developments both in defense systems
and in the verification of arms-control agreements. The past decade has
seen the development of sophisticated laser systems for target desig-
nation, underwater communication, isotope separation, and meteoro-
logical long-range sensing. It has seen the development of atomic
clocks for precise navigation and secure communication, the develop-
ment of high-speed electronics made possible by compound semicon-
ductors, and the development of magnetic bubble technology for
ultrarobust, high-density memories operating in harsh environments.
Indeed, as a market for the highest-technology products, the national
defense establishment serves an important role in fostering and fi-
nancing the developments of many technologies whose initial commer-
cial potential alone would not justify the involved expense. Military
systems, largely because of the microprocessor and both optical and
electronic communications technologies, will become more intelligent
and more network oriented. New means must be found to reduce the
detectability of our military systems. Moreover, as potential ad-
versaries’ capabilities for concealment of weapons evolve, we shall
require more-effective detection systems. These must be based both on
more-sophisticated signal-processing methods and on a deeper under-
standing of the interaction of the various optical and electronic probes
with materials. The current quest for directed energy weapons, if it is
ever to succeed, must explore imaginative and currently unrealized
applications of physics principles.

Strategies of national security continue to press the bounds of
technology and even of basic physical understanding. From military
systems to arms-control verification, basic physical analysis becomes
anincreasingly necessary ingredient not only of technological advance
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but also of strategic decisions. The critical importance of national
security demands that all sectors (military, government, industrial, and
academic) cooperate to ensure that the basic store of physical knowl-
edge be both vigorously expanded and intelligently applied. An in-
creased portion of the military research and development budget
should be firmly assigned to long-range fundamental research. Espe-
cially in need of revitalization is the link with the universities where
future scientists are educated and where so many of the basic advances
in physics originate.

Medical Applications

In the medical applications of physics, both diagnosis and treatment
have been revolutionized during the past decade. The most spectacular
development is computer-aided tomography, for which two physicists
were recently awarded the Nobel Prize in medicine. This conceptual
advance has revolutionized x-ray radiology and ultrasonic scanning to
diagnose disorders of the brain and blood circulation as well as
malignancy. Computer-aided tomography techniques are also applica-
ble to more-exotic physical measurements, such as positron-emission
tomography and the promising technique of magnetic resonance imag-
ing, which is just now becoming commercially feasible. The latter has
been made possible not only by the technique of nuclear magnetic
resonance coupled with computers but also by the availability of
high-field superconducting magnets, both of which are based on
physics research.

Lasers have become an increasingly important tool for surgery,
making possible the effective treatment of disorders that formerly led
inevitably to blindness. The carbon dioxide laser has been used in
cancer surgery as well. Together with modern development in molec-
ular biophysics, lasers can provide powerful analytical techniques for
clinical biochemistry.

Within the next decade we foresee increased, accelerated applica-
tions of physical principles to the field of biosensors and real-time
monitoring of crucial physiological parameters. The continuous accu-
rate monitoring of blood pressure, blood sugar, heart rate, and other
functions will become routine and inexpensive, thanks to the combi-
nation of sophisticated physical sensory techniques, miniaturized
electronics and photonics, and low-cost microprocessors. All these
technologies directly trace their origins to the fundamental physics of
materials and phenomena developed within the past few years.
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RECOMMENDATIONS

It is demonstrated throughout this multivolume survey that funda-
mental research in physics generates discoveries and understanding of
substantial benefit to mankind. In this volume, the proposition is
extended to fundamental research at the interfaces of physics with
other sciences and shown to be similarly productive; furthermore, the
essential role in technology of applications of physics depends on
continuing strength in basic physics. The recommendations presented
are intended to improve the effectiveness of physics research at its
scientific interfaces and in its applications.

The implied categorizations into applications and interfaces are
diffuse; many exciting discoveries transcend the boundaries of scien-
tific disciplines, and distinctions between basic and applied physics are
often solely in the eye of the observer. There is a continuum of activity
in physics ranging from fundamental research to engineering applica-
tions and industrial product development that is characterized by
complex interconnections, parallel and competing pathways, unpre-
dictable time scales, and inescapable redundancy.

The unpredictability and complexity of this continuum preclude
simple strategies for program optimization in fundamental research and
limit the efficiency with which applied research can be directed to
optimize its economic benefits. Because the applicability of scientific
discovery is unpredictable, it is proper that purely scientific issues
should dictate the selection of fundamental research areas. Our rec-
ommendations thus reflect two features of the innovation process—its
unpredictability and its technological span from basic to applied. The
recommendations also recognize the quickening pace and increasing
complexity of the process, and their object is the long-term health of
both the U.S. economy and the U.S. scientific enterprise.

The intellectual boundary between engineering and physics is van-
ishing in many areas of advanced technology, and the continuum thus
created speeds technology transfer and innovation. The postgraduate
career demands of most scientists and of engineers caught up in
research and development pull them inexorably into this continuum
and away from disciplinary boundaries. Of course, academic disci-
plines serve a traditional and necessary role in maintaining standards
and systematic programs in education; although the best programs
adapt smoothly to changing demands, the time may have come to
initiate a strategic reconsideration of the formal disciplines to reflect
modern science and technology. The engineering-physics and applied-
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physics programs in a few universities represent only limited response
to a problem that appears overdue for a national study. Within the
funding agencies, it may be appropriate to consider linking the corre-
sponding parts of the basic science and engineering sections, and
agency support of academic engineering research should cover the
same long-range time horizon that agency support of basic physics
research covers.

We recommend that universities and funding agencies organize to accommo-
date and enhance the engineering-physics interface in both education and
research.

Although the proper role of government in industrial development of
technology involves complex issues beyond the scope of this survey,
several recommendations have surfaced in the deliberations of the
Panel on Scientific Interfaces and Technological Applications. Partic-
ipation of U.S. industry in basic physics research should, for the health
of the economy, be extended beyond the current participating handful
of large companies. The probability that results of sponsored basic
research are likely to be applicable to sponsors’ problems increases
with the breadth of their interests. Thus investment in basic research is
most appropriate for large, versatile sponsors. Nevertheless, small
firms that are active in advanced technology benefit from participation
and association in fundamental science through intellectual stimulation
and technology transfer at the least. Facilitation of collaborative
activities can be an effective approach to coupling smaller firms to
fundamental research. Government programs to encourage industrial
innovation, such as the Small Business Innovative Research program,
are also laudable. However, the funding algorithm for this program in
particular has the effect of subsidizing private commercial develop-
ment. Care should be taken to ensure that such subsidy does not occur
at the expense of long-range university research.

Tax policy should encourage both in-house industrial research and cooperative
research programs with universities and government laboratories. Antitrust
laws and policies should be modified or reinterpreted to facilitate and en-
courage industrial and institutional collaborative research combinations and
associations that enhance the national competitive position and economic
welfare.

The interfaces of physics with other sciences call for special atten-
tion by the universities, the scientific societies, and the government
agencies to accommodate their interdisciplinary essence. Appraisal of
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research proposals along the lines of the traditional scientific disci-
plines helps to preserve standards of quality, but greater flexibility and
innovation in the funding agencies is needed to accommodate the
intellectual activity at the interdisciplinary interfaces.

Funding agencies should devise procedures to evaluate and support interfacial
and interdisciplinary research collaborations involving participants from deep
within the associated disciplines. Special provisions should be made for initial
research grants for young faculty beginning interdisciplinary programs.

A notable example of an administrative scheme that created the
successful nucleus of a productive interaction and was a strong factor
in the actual founding of the field of materials science is the set of
interdisciplinary centers that has matured into the materials-research
laboratories found on several campuses today. Biophysics and medical
physics are interdisciplinary fields that would benefit from similar
centers.

Universities should encourage the formation of interdepartmental, interdisci-
plinary research and research centers to attract and utilize interdisciplinary
research funding to transcend communication barriers among the traditional
disciplines and provide multidisciplinary and transdisciplinary education.

We note that the large-scale applied research and development
programs of the mission-oriented agencies, in funding the federal
government’s research and development programs, place heavy de-
mands on the scientific community. Consequently, it is appropriate
that those agencies should share both in the support of basic research
in related fundamental areas and in the education of scientists to
contribute in these areas. Two such areas are addressed specifically in
this Physics Survey: plasma physics, which is strongly supported with
the specific goal of developing controlled nuclear fusion power, and
national security.

It is our recommendation that the U.S. Department of Defense restore its
investment in long-range fundamental research to pre-Mansfield Amendment
(1970) levels in order to enhance the Department’s connections with the
physics research community for the mutual benefit of science and national
security. The general fields of research selected for supplementary funding
should be chosen to meet needs for applicable physics in mission-oriented
agencies.
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We recommend that mission-oriented agencies support fundamental
physics research at levels appropriate to sustain the research and
development program of their missions. With guidance from the
research community, these programs should adopt long-range goals
and a broad selection of topics, and they should incorporate peer
review for quality control.
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Biological Physics

INTRODUCTION

The magnificent complexity of life that we study as biology reflects
ultimately the underlying principles of physics. The goal of biological
physics is understanding of this physical basis of biology along all the
complex pathways from atomic and nuclear physics, quantum mechan-
ics and statistical physics, through the biopolymers (proteins and
genes) and supramolecular structures to individual cells, and finally to
the behavior of organisms. Biological physics comprises both applica-
tions of physics and fundamental problems in physics at the interface
between physics and biology.

Biophysics serves humankind through its part in all applied biolog-
ical sciences and through medical physics. (Medical physics is dis-
cussed in Chapter 13 as an application of physics, whereas biological
physics is reported as an interscience interface because the present
scientific trends and orientation of these two related fields are quite
different.) Today’s biophysics anticipates tomorrow’s medical physics
with a trend from large-scale diagnostic imaging to probes of cellular
and molecular-scale processes.

New developments in both physics and biological science portend
extraordinary opportunity in biophysics: Physics has developed to the
stage from which it can broadly address the complexity of biological
systems from basic principles. Physical theories of the hierarchy of

26
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disordered systems begin to encompass biological systems’ variability,
and computational power begins to bring proteins and genes within
reach of first-principles calculations. Proteins and DNA present great
fundamental challenges as complex physical systems. Experimental
sensitivities of physical probes now reach to the level of sparse
molecular populations of individual cells and probe the correlations of
complex cellular networks; neuroscience and cell physiology pose
fundamental problems of biophysical organization that are beginning to
become approachable through modern physical theory of complex
systems.

Because multidisciplinary collaborations drawing on diverse special-
ties from cell biology to mathematical physics are frequently advanta-
geous in biophysical research, we recommend organization of research
funding to accommodate and promote it.

The new biotechnology provides through gene manipulation the
tools for genetic engineering. Cloning of rare gene products makes
available large quantities of protein for fundamental studies. Protein
engineering through directed manipulation of DNA sequences permits
systematic modifications of natural enzyme structures. Stimulation or
suppression of the expression of selected genes in living cells and
organisms permits direct observations of function. Monoclonal anti-
bodies provide molecular specificity for biophysical probes in living
cells. Physical studies of protein configurations modified by genetic
manipulation offer vast potential to develop the basic understanding of
protein structure and function needed for effective protein engineering
capability.

The molecular understanding of photosynthesis is only the beginning
of applications in agriculture; biophysical studies of climatic tolerance
and injury in plant cells and the use of physical probes in plant-cell
physiology are promising trends. In the pharmaceutical industry sen-
sitive physical assays have become essential, and the potential of
protein engineering is motivating fundamental research.

Advances in physical measurements have generated many important
discoveries in biology, frequently following rapidly after new develop-
ments in physics. Not only have sensitive measurement technologies
permitted the study of minuscule quantities of material at high preci-
sion but also the strategies of physical theory have provided penetrat-
ing views of biological phenomena. Many physical techniques have
become so fully integrated into biological research that their origin in
physics is forgotten until some underlying physical advance in the
method provides a reminder; recent examples include various
spectroscopies, electron microscopy, x-ray crystallography, and nu-
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clear resonance. The synergistic combination of biological physics and
biotechnology, especially genetic engineering, lends new power to
biophysical research.

Three levels of biological problems stand out in current molecular
biophysical research: (1) molecular biology—proteins, DNA, and
RNA; (2) membrane and cell biology—cellular organization and func-
tion; and (3) cooperative multicellular systems such as the brain. A
broad range of experimental and theoretical physics is involved in
addressing these problems. Five themes of biophysical research are
selected to illustrate extraordinary recent progress and current oppor-
tunities: (1) molecular physics of biopolymers, (2) experimental meth-
ods of molecular biophysics, (3) biophysics of membranes and cell
physiology, (4) biophysics of brain and nerve, and (5) theoretical
biology. As is typical of biophysical problems, our themes are inter-
woven and interdependent.

The biopolymers—the proteins and polynucleotides—are the macro-
molecules, with the lipids and polysaccharides, on which the chemical
machinery of life is based. Vast and diverse knowledge of their
physical and chemical structure, dynamics, and function has accumu-
lated. Now the goal is to extract the basic principles of protein
structure and function from an enormous variety of complementary
experiments and empirical models. Genetic engineering extends the
realm of protein biophysics to elucidation of protein structure and the
creation of novel proteins.

The physical methods of molecular biophysics are discussed in the
second section of this chapter. They represent a large fraction of recent
biophysical research. A continuing stream of physical technologies has
become absorbed into biology. Application of x-ray physics, advances
in magnetic resonance and laser techniques, optical microscopy, and
molecular spectroscopy have all become established as powerful
biophysical tools.

Biophysical research on membranes and cell physiology has focused
on the biological membrane processes that mediate all communication
between the cell and its environment. Cell physiology involves com-
plex molecular function and supramolecular organization of structure
and dynamics of cell membranes and organelles—sometimes only a
few thousand molecules per cell provide total control. The processes of
visual transduction, auditory transduction, nerve signal transmission,
ion channel molecules, ion pumps, and the bioenergetic machinery in
the cell membrane are all exciting areas of research. Membrane fusion,
a hydrodynamic process involved in excretion, hormone control, and
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signal transmission, has become a focus of research that requires more
basic physical and physiological facts.

The biophysics of the brain and nerve amplifies many features of cell
membrane physiology. Essential are the transmembrane channel mol-
ecules responsible for electrical signals. Current research aims to
understand mechanisms of ion selectivity and gating at the molecular
level. Understanding the global organization of the multicellular as-
sembly of the brain (how memory works, how information is processed
and perceived) is a major challenge for biophysical research. New
concepts in theoretical physics and mathematics appear to be applica-
ble to organization of neural networks. There is also a lively reciprocal
flow of insights from studies of the brain to the development of
concepts of artificial intelligence, computational strategy, and robotics.

Theoretical biology is generally becoming an important component
of biophysical research at the levels of basic molecular structure and
dynamics, cellular functions, and cooperative cellular systems. Much
new mathematics and recent physical theory are proving highly effec-
tive tools for understanding the complex hierarchy and partial disorder
of biological systems. In recent years theorists have become closely
associated with experiment in effective interdisciplinary synergism.
Thus, the span of physical disciplines involved in research on biolog-
ical problems now extends from the most abstract mathematical
theories of chaos, automata, and nonlinear dynamics to the most
exacting experimental technologies.

BIOLOGICAL MACROMOLECULES

Biological macromolecules have evolved to perform specific func-
tions. To follow the same selection principles in genetic engineering,
we must understand the function of biological macromolecules on the
basis of their chemical and geometrical structure. Both the
polynucleotides, which carry the genetic information, and the proteins,
which make up the molecular machinery ofthe cell, are linear polymers
of covalently linked building blocks that differ only in their distinctive
side groups. Their characteristic three-dimensional structures are
dynamically stabilized by numerous weak interactions. In the
polynucleotides, sets of four bases with matching hydrogen bonds form
complementary pairs that play the fundamental role in structure and
function. In DNA the resulting polymer usually assumes the geometry
of the famous Watson-Crick double helix, a highly periodic molecular
structure composed of many millions of atoms. Other less regular
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nucleic acids form important but less permanent parts of the cell’s
machinery. Recent discoveries of new DNA helix structures have
redirected attention to the basic physics of polynucleotides; the
molecular mechanisms of interaction between DNA and the regulatory
histone proteins are being uncovered.

Proteins are linear polymers each containing hundreds of amino
acids. The 20 different side groups permit an immense number of
conceivable sequences, but the naturally occurring proteins represent
only a small subset of the possibilities, each with three-dimensional
equilibrium structural distributions controlled by weak interactions.
The prediction of the equilibrium structure of a protein, given the
amino acid sequence, remains an unsolved problem, although current
empirical approaches have generated some success. Many proteins can
be reversibly unfolded and refolded within seconds, suggesting a
predetermined kinetic pathway rather than a random sampling of all
conceivable configurations. The elucidation of the mechanism of this
dynamic process is of fundamental interest.

Biological macromolecules are distinguished from the standard sol-
ids or liquids of condensed-matter physics by their size, by their linear
polymer structures, and by their distinctive interatomic forces. Each
macromolecule contains typically more than 10* atoms; its structure
accommodates large, cooperative conformational fluctuations that
provide for essential functions. For example, enzyme function is based
on the binding of substrate molecules at specific binding sites, often
with induced conformational changes involved in cooperative chemical
reaction or catalysis. This is shown for a typical enzyme in Figure 2.1.
The unique system of secondary forces and linear structure permits the
large fluctuations associated with these functions.

Since the biopolymer backbone consists of relatively strong covalent
bonds, whereas the interactions between side groups are quite weak,
the normal vibrational mode frequencies cover the broad range from
10" to 10'* Hz. In principle, all these modes and the slower thermally
activated transitions could be functionally important in chemical
kinetics, but fortunately some reactions can be approximated at low
temperatures with just a few relative motions. There is hope that
consistent connections between fluctuation dynamics and chemical
reaction kinetics can be found. These unusual fluctuation dynamics,
that is, the large amplitudes and the broad range of characteristic
frequencies, are being studied by computer simulations of molecular
dynamics based on theoretical concepts developed to understand the
physics of fluids. At present, small proteins can be studied empirically
with encouraging results. The future is promising as more-powerful
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FIGURE 2.1 Molecular dynamics. Enzyme function depends on dynamical fluctua-
tions of protein molecular conformation. Here normal-mode calculations plotted in
stereo show displacements associated with two of the normal modes in the enzyme
bovine pancreatic trypsin inhibitor. SOURCE: N. Go, T. Noguti, and T. Nishikawa,
Proc. Natl. Acad. Sci. USA 80, 3696 (1983).
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computers make possible the more nearly accurate calculations that
should provide incisive new insights. Development and application of
fundamental theory of molecular physics to the biopolymers is an
approach that shows great promise and should be supported with the
necessary provision of large-scale computing power.

The functional transport of ions and electrons through proteins raises
some particularly profound problems. In many essential enzymes, such
as those that compose the reaction center described below, it appears
necessary for physical electron transport by tunneling to occur before
essential charge movement can take place, but basic details remain
controversial. Similarly, the mechanisms of ion transfer across mem-
branes induced by the membrane ATPases that serve as ion pumps
seem to defy definitive determination. We shall return to another
difficult problem—ion selectivity in ion channels—in discussing bio-
physical problems in neuroscience.

EXPERIMENTAL METHODS OF MOLECULAR BIOPHYSICS

Notable advances during the past decade have derived from x-ray
and neutron crystallography, electron microscopy and diffraction,
magnetic resonance (both nuclear magnetic resonance and electron
paramagnetic resonance), optical absorption spectroscopy at wave-
lengths from infrared to x rays, laser Raman spectroscopy, fluores-
cence spectroscopy, and many physical probes of chemical kinetics.
New capabilities for physical measurements of structures and pro-
cesses provide much of our progress in biophysics.

X-ray crystallography has shaped our view of nucleic acids and
proteins most profoundly and is likely to remain a rich source of
information. For biopolymers the major breakthroughs came only in
the 1950s with the discovery of the DNA double helix by Watson and
Crick and the structure determination by Kendrew and Perutz of the
oxygen-carrier proteins myoglobin and hemoglobin. Today’s powerful
x-ray sources and computers permit elucidation of the structure of very
large proteins at high resolution; for example, catalase is an enzyme
that measures roughly 10 nm X 10 nm X 5 nm and contains four
identical subunits of 506 amino acids each. All amino acids have been
assigned unambiguously at a resolution of 0.25 nm, explaining many
interesting biochemical details. Figure 2.2 shows an x-ray diffraction
pattern and a computer-simulated diffraction pattern for a protein
crystal.

Synchrotron radiation offers a powerful source of high-intensity x
rays for experiments. In the study of time-resolved diffraction of
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FIGURE 2.2 Time-resolved x-ray diffraction. Left: X-ray Laue diffraction pattern from a single crystal of horse methemoglobin, using x rays
derived from the Cornell High Energy Synchrotron Source with a mean wavelength of 1.30 A and a bandpass AA/A of 0.30. General crystal
orientation; I-min exposure on Polaroid Type 57 film. SOURCE: K. Moffat, D. Szebenyi, and D. Bilderback, Science 223 1423 (1984).
Copyright 1984 by the AAAS. Right: Corresponding computer simulation.
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contracting muscle fibers, for instance, the thousandfold increase in
intensity over conventional sources has provided dynamical data on
conformational changes during contraction. Dynamical x-ray diffrac-
tion and absorption fine structure experiments using synchrotron
radiation are also being applied to enzyme kinetics and membrane
phase transitions. Functionally important transient structures that
emerge as intermediates in biochemical reactions are being studied by
time-resolved x-ray diffraction and by extended x-ray absorption
fine-structure (EXAFS) spectroscopy. The time stability of intermedi-
ates can sometimes be extended by optical pumping, rapid flow
transfers after excitation, and low-temperature trapping. As syn-
chroton radiation sources become more available, they can also
enhance standard protein structure determinations as well.

Single-crystal neutron diffraction also provides a powerful probe, but
its use has been limited by availability of suitable neutron beams.
Inelastic neutron scattering, which probes the vibrational spectra of
biopolymers, should be useful for protein and DNA dynamics as more
cold neutron beams become available.

Genetic engineering is revolutionizing the production of proteins: the
fastest way to obtain amino acid sequences now is by sequencing of the
genes encoding the protein. Growing suitable crystals is still difficult,
however. (Progress in understanding protein crystal growth would be
invaluable; even the modest success already achieved with membrane
proteins has resulted in biotechnological uses.) But once a crystal is
formed, the chance that a structure can be determined is high. It is
instructive to trace a few structural developments, since they illustrate
the evolution of new concepts and the impact of improved experimen-
tal methods.

Myoglobin and hemoglobin serve an essential role as carriers of
oxygen in tissue and blood. While the three-dimensional structures of
these proteins could be rationalized on the basis of the known
interatomic forces, the early models had problems accounting for the
kinetics of their crucial function, the reversible binding of oxygen by
the heme group buried inside the protein. Present views of protein
structure and function resolve this apparent discrepancy by taking
explicit account of structural fluctuations that give access to the buried
binding site. Hemoglobin, the primary oxygen carrier of the blood,
consists of four myoglobinlike subunits that bind oxygen cooperatively
rather than as four independent subunits. Cooperativity is a wide-
spread phenomenon in multisubunit systems, but the underlying mech-
anism continues to be elusive even in hemoglobin, an ideal model
system. The important transient states in these molecules are illumi-
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nated by many time-resolved spectroscopies, including EXAFS and
Raman spectroscopy. X-ray diffraction crystallography data, in prin-
ciple, yield measurements of both static and dynamic atomic displace-
ment from the most probable lattice sites through their effect on
diffraction peak intensities expressed as a Debye-Waller factor and
through diffuse scattering. The Mossbauer effect also provides a
measure of the vibrational dynamics of some of the heavy atoms. Both
of these methods have illuminated studies of the heme proteins and
have shown potential for broader applicability.

The early model of DN A was so successful that the recent discovery
of additional structural types of double helices came as a surprise. An
equally exciting development concerns the regulatory proteins, which
bind to segments of double helix with specific base sequences, thereby
regulating the transcription of DNA. Restriction enzymes similarly
have the ability to recognize certain DNA base sequences. Thus the
question arises of how the apparently regular DNA double helix
reveals its base sequence to a protein. X-ray diffraction has shown the
dependence of specificity of enzyme-substrate binding on the matching
of shapes of the molecules that allow favorable contacts to be formed.
Recent high-resolution x-ray studies on fragments of DNA with
different base sequences are said to demonstrate irregularities of the
double helix. Raman spectroscopy, low-energy optical absorption, and
new theoretical analysis of nonlinear molecular excitation modes are
already providing an attractive basic physical description. Apparently,
specific base sequences give rise to local distortions, which may be
recognized by the regulatory proteins. Complementary work on re-
striction enzymes including the first crystal structure of a restriction
enzyme complex have recently been reported. We are thus beginning
to understand on an atomic scale some of the basic genetic control
processes that are utilized at the molecular level.

Membrane proteins have essential functions in energy conversion,
active transport, and the communication of the cell with its environ-
ment. Many are complex assemblies of subunits that perform a
sequence of coupled reactions. Among the first to be studied and
understood biophysically is the reaction center from photosynthetic
bacteria, which converts light into electrochemical energy. Photosyn-
thesis as the origin of our food chain is a broad research area that
touches on many different sciences from physics to agronomy. The
primary events of photosynthesis, light-induced charge separation and
the subsequent chemical reactions, are becoming understood at the
molecular level. Besides its scientific interest the photosynthetic
reaction center may also have technical implications as the basis for
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efficient synthetic energy converters. A significant triumph of x-ray
crystallography is the determination of the structure of the reaction
center, which showed atomic placements that implicate mandatory
tunneling processes in its function. The simplest reaction center
consists of three proteins, two molecules of chlorophyll (which absorb
the incident light), four chlorophyli-like molecules, and a ferroquinone
complex. Years of research with a combination of different techniques
have identified the sequence of events triggered by the absorption of
light. The first electron is thought to transfer within picoseconds,
followed by a second transfer to the ferroquinone. Quantum-
mechanical electron tunneling is clearly involved, but it is still not clear
how the rates are controlled by the electronic properties and relative
positions of the active groups. A combination of electron paramagnetic
resonance (EPR) with picosecond laser pulse spectroscopy has delin-
eated the elementary processes from photoexcitation to electron
transfer and radical formation and has given preliminary insight into
the mechanisms of oxygen evolution in the green plants. Recent
advances in the physics of lasers have increased the time resolution of
pulsed laser spectroscopy another factor of 10, thus providing access to
even faster biomolecular processes.

Most experimental methods in molecular biophysics are based on
some type of spectroscopy. They often probe the electronic state or the
dynamical properties of the complex active center of a biomolecule and
have been particularly effective in the study of photoreceptors and the
heavy-metal-based enzymes of bioenergetics. Useful wavelengths
range from radio to x rays. We report here on a few recent new
directions.

The profile of metal-atom EXAFS contains information about the
electronic state of the metal and its surroundings. It is used to study
metalloproteins and became practical with the introduction of synchro-
tron radiation only a few years ago. Although theoretical problems of
interpretation remain, the full potential of the method should be
realized as synchrotron radiation facilities become more available.
Already EXAFS has provided insight into the binuclear functional
groups that serve for oxygen transport and reduction in hemerythrin,
hemocyanin, and cytochrome, for example.

Magnetic resonance has had a great impact on the biomolecular
sciences since it was first discovered. Technological advances have
kept the field productive, and now the enhanced resolution of the
high-frequency and multiple pulse methods have made it possible to
assign all the proton resonances in small proteins and nucleic acids,
compare structures in solution with the crystalline structure, and probe
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dynamical features. Relevant isotopes other than 'H, such as 2D, '*C,
and *'P, are now accessible with high resolution. Nuclear magnetic
resonance (NMR) of phosphorus allows one to follow the transforma-
tions of the phosphorylated compounds that play a fundamental role in
cellular intermediary metabolism. NMR now provides real-time mea-
surements of the concentrations of many important compounds of
metabolic control that make possible physiological studies in living
animal models and even in humans. The high resolution provided by
higher frequencies continues to find new applications, and pulse
techniques developed for solid-state physics are applicable to slowly
tumbling or nearly rigid biomolecules and membranes. The great
promise of NMR imaging in medical physics is reported in Chapter 13.
It may eventually be possible to incorporate this chemical sensitivity
into a clinical imaging capability.

Many biological processes revolve around the transfer of electrons,
most obviously in photosynthesis and in respiration, the source of
energy of all organisms, but also in various enzymatic reactions. In all
these processes compounds such as metalloproteins and free radicals
with unpaired electrons can be studied by EPR. Multiple resonance or
pulse techniques provide even more powerful tools as the technology
transfers from physics research. EPR has contributed to elucidating the
reaction mechanism of metalloproteins and the chemistry of radical
reactions. It also probes molecular motion, and spin labels introduced
into membranes provide a measure of the degree of order and the
fluidity of the lipid bilayer that complements NMR data. An unex-
pected, conceptually important discovery came recently from a careful
spin-relaxation study of metalloproteins, which showed that interac-
tions can be described by fractals, surprising geometries with non-
integer dimensions. The concept of the fractal description of irregular
geometrical structures from coastlines to polymer clusters has recently
attracted much attention in physics and is potentially applicable to
many aspects of disordered biological structures.

Fluorescence spectroscopy provides dynamical information since
emission probes the processes that occur during the fluorophore-
excited state through effects on the quantum yield, the emission delay,
and the changes in energy and polarization of the fluorescence. The
random reorientation of the excited complex owing to thermal motion,
the relaxation of the atoms surrounding the complex, energy transfer,
and collisions with molecules such as oxygen that quench the fluores-
cence are among a host of possibilities that can be studied. The
accessible time range is ordinarily within the lifetime of the excited
state, typically a nanosecond, but processes as slow as 1073 s are
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accessible by triplet conversion. The latest developments in light
sources and electronics have also pushed the time resolution into the
subpicosecond range and have thus opened a new window on fast
processes. Fluorescent markers, especially those conjugated to spe-
cific antibodies, are powerful tools for mapping molecular distributions
in living cells. Their versatility is enhanced by modern monoclonal
antibody techniques.

Infrared spectroscopy has become useful for studying naturally
occurring biopolymers through extraction of difference spectra by
using the new Fourier transform instruments. For instance, in the
optical pigment rhodopsin, changes in vibrational modes are discern-
ible when the protein-bound molecule retinal is excited; in myoglobin
the difference spectrum similarly reveals the additional oxygen-oxygen
stretching mode that occurs on the binding of oxygen. The advent of
the laser, with its intense monochromatic beam, permitted Raman
scattering to become a practical tool for studying biopolymers. Some
scattering occurs at a slightly shifted energy corresponding to the
vibrational frequencies of the target molecules, and the scattered
spectrum therefore yields the normal modes. Raman scattering and
infrared absorption give complementary information. Tuning the inci-
dent laser light to an electronic transition for resonance Raman
scattering strongly enhances the scattered intensity and provides
information about the electronic state of the complex. The mechanisms
of photon absorption and detection by the visual pigment rhodopsin
and bacteriorhodopsin, along with reaction dynamics in chlorophyll,
the light-harvesting pigment in photosynthesis, and the heme group,
have yielded a wealth of data through Raman spectroscopy. Recent
applications of Raman spectroscopy to DNA probe the dynamics of the
various helical forms of DNA and the transitions among them.

BIOPHYSICS OF MEMBRANES AND CELL PHYSIOLOGY

The cell membrane mediates all cell interaction with its environment
and regulates molecular traffic into and out of the cell. It consists of an
amphiphilic lipid bimolecular layer less than 10 nm thick that provides
a two-dimensional liquid environment for the set of specialized mem-
brane glycoproteins that provide pathways for molecular transport,
transmit transmembrane signals, serve as sensitive receptors for hor-
mone and immunological responses, and provide intercellular commu-
nication and cell recognition. An epithelial cell membrane is shown in
Figure 2.3. Membranes are involved in cellular mechanics by the
adhesion, fusion, and stabilization of unique surface supramolecular
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FIGURE 2.3 Membrane structure. Cells’ membranes can join to seal along a line of
tight junction, which prevents fluid flow between the cells in an epithelium. This picture
shows a structure for the tight junction deduced from electron microscopy on fast-frozen
fractured membrane fragments. It consists of a line defect in the lipid bilayer membranes
that is understandable in terms of physical defects seen in smectic liquid crystals.
SOURCE: B. Kachar and T. S. Reese, Nature 296, 464 (1982).

structures, such as microvilli, coated pits, and synaptic junctions. Each
cell membrane may contain a trillion molecules in total, yet many
individual molecular species serve their purpose with populations of
only a few thousand. This delicate membrane-based machinery of the
cell requires remarkably sensitive biophysical measurement methods
to reveal the underlying mechanisms. Several current problems are
discussed here, and more appear in the next section of this chapter, on
the biophysics of brain and nerve, where the dominant role of
transmembrane channels is described.

Microscopy with visible light and with electrons provides an essen-
tial fundamental tool for research in cell physiology where topography
is critical. Digital video image recorders and analyzers with diode
photon-detector arrays and electronic image intensifiers, sometimes
with laser illumination for dynamic analysis, enhance the contrast of
light microscopy for the detection of particles far smaller than the
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wavelength of light and the fluorescence from small numbers of
molecules—all in living cells. Three-dimensional reconstruction from
two-dimensional optical and electron-microscopy images is facilitated
by large-scale computation using array processors and new software
extending that developed for commercial television and satellite image
analysis. (More-powerful procedures developed for military applica-
tions are unfortunately not yet available for use in biophysical re-
search.) The capability of electron microscopy, although it is generally
still restricted to preserved structures, has advanced with scanning
instruments for transmission and backscattering images and for
microbeam excitation of elemental x-ray fluorescence to map chemical
composition. Now Rutherford backscattering and spatial-imaging mass
spectrometry further enhance the topographical microanalytical tools.

Biophysical methods have recently become a natural partner of cell
biology. The sensitive optical detectors and intense fluorescence labels
specifically directed with monoclonal antibodies permit mapping of the
distribution and dynamics of sparse populations of receptors and
sometimes individual molecular receptors on living cell surfaces. A
fluorescence study of low-density lipoprotein particles on a cell surface
is shown in Figure 2.4. Molecular structures have been determined
only for the few receptors that naturally occur in larger quantity, as in
a special organ, but genetic engineering techniques offer the possibility
of providing sufficient quantities of many for molecular-structure
studies. Fast freezing of preparations followed by fracture to provide
replicable surfaces for electron microscopy provide high-resolution
maps of the topography and supramolecular organization of membrane
and cell structures. The basic dynamics of cell-membrane receptor
responses have posed some difficult biophysical problems that have
now yielded to theoretical analysis, providing new insight about
mechanisms of the chemoreceptor function in hormone response,
chemotaxis, and immunology. Modern concepts in statistical physics
have been assimilated into theoretical biology for studies of multivalent
ligand binding.

The conventional fluid-mosaic model of the cell membrane has the
membrane glycoproteins immersed in a two-dimensional lipid liquid.
Hydrodynamic theory for fluid membranes suggests weak dependence
of diffusibility on molecular size, so any molecule should diffuse across
a cell in less than a minute. Extensive physical measurements of
molecular mobility using time-resolved fluorescence microphotometry
for fluorescence photobleaching recovery have shown, however, that
in cell membranes all protein diffusibilities are many orders of magni-
tude smaller than expected for free diffusion because of ubiquitous
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FIGURE 2.4 Cell biophysics. Individual receptor molecules on a cell surface are
detected and mapped by fluorescence micrography using a brightly fluorescent ligand.
About 75 percent of the light dots are individual low-density lipoprotein (LDL) particles
bound to their receptors, and the remainder are clusters of two or three. These human
mutant fibroblasts are derived from a familiar hypercholesterolemia in which, unlike
normal fibroblasts, the few thousand LDL receptors on the mutant cells are not clustered
in coated pits. In this case they have been segregated on the living cell surface by
application of a small electric field in the direction of the arrow and are concentrated near
one edge of the cell. The depleted edge of the cell is marked by a white line. SOURCE:
D. W. Tank, W. J. Fredericks, L. S. Barak, and W. W. Webb. J. Cell Biol. 101, 148
(1985).

natural restraints in the cell membrane. The mechanisms and regula-
tion of molecular diffusion across cell membranes remain a current
problem. Some natural constraints to stabilize surface organelles and
systematic lateral transport are expected. Membrane flow and contrac-
tile processes generate systematic molecular motion that is involved in
various essential cellular processes. The mechanisms of these impor-
tant motions are under active study with the help of new physical
methods that enhance sensitivity and image analysis in light micros-
copy. Fluorescence microscopy provides sensitive measures of mem-
brane potential changes and intracellular pH and calcium-ion concen-
trations.

Fusion of cell membranes is a well-known and essential step in
secretion, vesicle formation, viral infection, and endocytosis that
presents a puzzling problem because it seems to be precluded by
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elementary physical considerations. Stable membranes repel each
other at close separations because of the exponentially increasing
hydration force required to displace water bound to the polar groups
that stabilize the membrane surface. Current theoretical analysis of the
physics suggests that nonlocal dielectric response dominates these
interactions. At the biochemical level, it appears that the changes in
membrane chemical composition that suppress hydration promote
fusion: Proteins at some virus membrane surfaces may promote
infection by exposing their nonpolar interiors so as to induce mem-
brane fusion. Topological defects and cooperative distortions associ-
ated with the structural changes at phase transitions are also involved
in fusion. The basic problem of membrane fusion has taken on practical
importance in biotechnology through its role in gene and drug delivery
systems. Membrane phenomena seem to be involved in effects of
applied electric fields, which induce membrane fusion and move
proteins on the cell surface. Medical reports have attributed a potential
for the promotion of healing of injury to applied electric fields, although
the mechanisms are not yet known.

Smectic liquid crystals provide useful membrane model systems
through which membrane interactions, topological defects, and phase
transitions can be studied. They resemble a stack of complete mem-
branes separated by a thin layer of water. Modern physical theory of
phase transitions is applicable. Molecular mobility on membranes can
also be profoundly altered by phase transformations such as those in
the liquid crystals. Membrane defects associated with phase transitions
of charged phospholipids have been implicated in putative mechanisms
of membrane fusion, osmolarity control, and enzyme regulation.
Again, sensitive physical methods provide crucial information: fluo-
rescence and NMR probe the dynamics and spatial segregation,
synchrotron x-radiation diffraction is particularly useful for structural
determinations, and electron microscopy of fractured fast-frozen sec-
tions delineate some macroscopic patterns. Lively research activity is
beginning to generate some useful insights.

BIOPHYSICS OF BRAIN AND NERVE

The physical basis of the electrical activity responsible for signal
generation and transmission in the nervous system has been recognized
for 40 years, and many elegant details of this membrane function are
understood. However, the biophysics of the brain continues to con-
found its students at many levels. Now several opportunities for
progress in profound understanding of the most fundamental properties
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of the nervous system confront us. We discuss two here: membrane
channels and multicellular organization of brain and memory.

New experimental technology provides direct access to the electrical
activity of individual molecular channels in membranes, thus allowing
the discovery and characterization of many of the channels present in
the nervous system. Figure 2.5 shows sodium channel currents. Some
of the molecular mechanisms of sensory transducers are partially
understood: photon detection is understood at the molecular level,
phonon detection is not; initial signal amplification in both cases
remains elusive. Basic molecular mechanisms of memory and higher
learning still elude us. But putative molecular mechanisms of learning
have been identified in elementary organisms, and many important
facets of the organization of optical image collection and projection on
the visual cortex have been mapped in higher animals. These successes
guide much current research. The system problems in organization of
the brain, organization of memory, development of intelligence, and
processing of sensory data remain profound. These problems have now
developed a new dimension through connections with the technology
of artificial intelligence, robots, and more-sophisticated computers.
The current cross-disciplinary interplay of ideas among neurobiology,
theoretical condensed-matter physics, and computer science is stimu-
lating and lively. Prospects are good for the generation of profound
new concepts.

Membrane Channels

The integral membrane proteins responsible for the electrical activity
of the nervous system form transmembrane channels. There are
perhaps several hundred channel species, but the precise number is not
yet known. All channels permit the selective flow of ions through a
pore of atomic dimensions. This flow is a selective, passive, possibly
complex, diffusionlike process in which ions move down their electro-
chemical gradient. Different channel types have different selectivity;
one may pass sodium ions but exclude potassium ions, whereas
another may admit potassium ions but exclude sodium ions.

Most channels are gated; that is, their pores are not always open but
rather are opened and closed through conformational changes of the
channel protein. Two general classes of gating mechanism are recog-
nized: voltage dependent and ligand dependent. The conformation
states of voltage-gated channels are coupled to the transmembrane
electric field through their dipole moments so that a change in the
membrane voltage can change the probability that the channel is open
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FIGURE 2.5 Biophysics of brain and nerve. Individual molecular channel currents
recorded from a few sodium channels isolated in patches of cell membrane show the
stochastic switching of the 1.2-pA channel current from which the opening delay latency
L and open channel time D can be statistically derived. The opening probability P(¢) for
the sodium-channel component of the macroscopic-nerve action potential can be derived
from the single-channel measurements and compared with actual nerve signals to
identify the contribution of the sodium channels. SOURCE: R. W. Aldrich, D. P. Corey,
and C. F. Stevens, Nature 306, 436 (1983).
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or closed. Binding of specific small ligand molecules induces the
conformational change that opens ligand-gated channels. Usually, a
particular channel is either voltage or ligand gated, although sometimes
it is both. Voltage-gated channels are responsible for the nerve impulse
and for the encoding and transmission of information in the brain,
whereas ligand-gated channels function in cell-to-cell communication
at synapses.

Despite rapid advances in recent years, we still lack satisfactory
theoretical explanations for gating mechanisms and pore selectivity.
The central problems remain: How do channels gate and how do they
discriminate? The main biophysical principles involved are under-
stood, but techniques for relevant high-precision measurements are
still developing. The recent development of single-channel recording
methods for measuring the currents flowing through the pore of just
one channel is providing much needed information. However, under-
standing of channel mechanisms requires not only functional but also
structural analysis. Information on the primary structure of channels is
coming from protein biochemistry and particularly from the sequencing
of cDNA clones coding for the proteins involved. Higher-level struc-
tural information is derived from a theoretical analysis of primary
structure and from diffraction experiments. Methods for obtaining
three-dimensional crystals of channels are just now being developed
and should yield high-resolution structural information. Structural
analysis should become an important area of channel research. Theo-
ries can be tested by perturbing the structure of the proteins involved
by using techniques of molecular biology such as site-directed muta-
genesis. For example, one could formulate a theory about the role of a
particular amino acid that forms part of the walls of the pore in
discrimination among different ionic species and then predict the
effects of changing it. The required structural modification could be
made and the predictions of the theory tested.

The ligand-gated acetylcholine receptor (AChR) is at present best
understood since the large quantities of receptors available from
electric organs have facilitated biochemical studies. These AChRs
appear electrophysiologically identical to receptors from the neuro-
muscular junction when reconstituted into lipid vesicles. All the
subunits of the AChR have been cloned and are being reassembled,
portending early progress in this case. By using a combination of
biophysical, electrophysical, and molecular biological methods, we
have the prospect of developing a detailed understanding of channel
mechanisms and thereby an insight into the basis for the brain’s
electrical activity.
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Organizatibn of Brain and Memory

The cellular machinery of neurobiology displays some exquisite
analytical tuning in signal propagation and processing. A highlight of
neurobiology is the remarkable understanding of the organization of
the visual cortex. Many aspects of the correspondence of its spatial
organization to pattern recognition have been worked out. Dendritic
nerve cells involve many branches with many intracellular connections
at synapses; this system serves as an analog computer in signal
processing and storage. Modifications of the strength of the synaptic
connections are implicated in learning. But mechanisms for both fast
temporary memory and long-term memory have yet to be found.

Discovering how the brain is organized as the most complex known
computer in solving real-world problems in real time is a great
challenge to theoretical biophysics. Our biophysical studies of the
neural hardware and the wealth of available anatomical data leave the
brain’s organization, viewed as a wiring diagram, sketchy at best.
Current experimental capability limits signal recording to, say, 10 or 20
cells in a network that may contain tens of thousands. New physical
methods of optical recording of membrane potentials may help, but the
experiments have far to go to match other areas of experimental
physics. New experimental discoveries in anatomy, biochemistry,
electrophysiology, and biophysics have a way of revising profoundly
our views of brain function. One approach to theoretical formulation of
the organization of the brain is to reduce the complexity by expressing
it in terms of the simpler laws governing its component parts. Such
reductionist extrapolations have yielded some understanding of many
of the complex partially disordered phenomena of physics. Critical
phenomena, dissipative systems, stellar atmospheres, and hydrody-
namic chaos are surely unexpected guides to understanding the organ-
ization of the brain. The theoretical physicist hopes that the apparent
complexity of the components and architecture of the brain is to some
extent due to our present inability to recognize the simpler system of
basic rules that generates the system. Ideas for such fundamental rules
for neural networks are stimulated by the many recent successes in
cooperative systems of condensed-matter physics. Analogies with
disordered interacting arrays called spin glasses are particularly ap-
pealing: Application of their cooperative features in representing
memory states reflect distinctive features of the human brain, including
errors encountered when overloading, unlearning, and the chaotic
states that are supposed to be associated with certain nervous disor-
ders.
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Neuroscience is presented here as the source of challenging funda-
mental problems for scientific exploration. Humankind, however,
would look to neuroscience research to discover how and why the
brain fails us and thereby support medical treatment. Medical physics
has contributed new and powerful tools for macroscopic mapping of
some physiological functions in the brain; notable among these are
x-ray tomography, NMR scanning, magnetoencephalography, posi-
tron-emission tomography, and digital differential radiography.
Neuropharmacology has revolutionized the treatment of many mental
disorders, and one can hope that basic understanding of the molecular
and organizational biophysics of the brain will serve in the next
generation of medical advances.

THEORETICAL BIOPHYSICS

Physical and mathematical theory appears above as a component of
each of the illustrative themes but is again addressed here to present
productive current trends that we label theoretical biology. Population
genetics, ecology, epidemiology, physiology of multicellular systems,
and the mechanics of motility from the flight of birds to slime mold
aggregation represent some of the theoretical problems traditionally
addressed with success by theoretical biology. Here we emphasize a
new trend in theoretical biology toward applications of microscopic
theory and complex systems theory at the cellular and molecular
levels. Revolutionary progress in understanding various processes in
cell biology is under way through application of recent theoretical
discoveries in mathematical physics and condensed-matter physics.
The theoretical search for order in biology has often faltered in dealing
with the inevitable partial disorder of biological systems. Now mathe-
matical physics is beginning to deal successfully with disordered
systems in condensed matter, for example, in critical phenomena,
amorphous glasses, chaotic flows, and disordered dynamic patterns.
These concepts appear to be broadly applicable to biological systems
and are discussed in other chapters of this volume.

In developmental biology, ideas about how zebras get their stripes
and how cellular slime molds aggregate are being based on theories of
pattern formation in nonlinear continuum reaction-diffusion systems
and in hydrodynamic instabilities. Systems theory concepts also pro-
vide for analysis of systems of cells. For example, discrete mechanical
models of the system of cells in the developing embryo indicate that
individual cells subject to chemically controlled cytoskeletal contrac-
tion appear to develop the standard embryonic patterning as a natural
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consequence of their growth. Geometric scaling theory, the concepts
of fractal dimensionality in diffusion, and cluster aggregation all have
biological applications not only to clustering of cells but in molecular
reactions and even in description of the fluctuations of protein and
DNA structure. Solitary waves (solitons) on the helical structure of
DNA provide a representation of structural transitions that may
suggest mechanisms of control of gene expression, a crucial basic
problem of molecular genetics.

Like the human brain, the human immune system consists of a
collection of about a trillion cells. Its function, to protect from disease,
is regulated by complex interactions that provide global system oper-
ation and regulation, which are in turn subject to numerous disorders.
As experimental definitions of the cellular and molecular ingredients of
this system improve, the basis and the need for a comprehensive
theory of this cooperative system are evident.

Applications of the mathematical theory of nonlinear dynamics are
explaining many critical biological processes based on limit-cycle
oscillations, particularly in biological clocks from the heart beat to the
menstrual cycle. Even the daily rhythms of life may be attributable to
oscillatory enzyme processes. Cardiac arrhythmias and fibrillation are
understood as oscillator instabilities associated with the notion of
reentrant disturbances in the mathematical system describing the
coupled system of contracting heart muscle cells. The theoretical
descriptions of the regulation of the heart beat are remarkably accurate
and detailed. The physiological response to electrical stimuli is highly
predictable and sufficiently reliable to form the basis for pacemaker
diagnosis and design. Similar theory describes peristaltic motion in the
gut and bursting irregularity of insulin secretion from pancreatic beta
cells. In these areas the connections between experimental observa-
tions and the mathematical analysis have become well established in
many laboratories.

The kinetics of receptor-ligand reactions on cell surfaces that medi-
ate transmembrane signals or ligand internalization often involve
multivalent ligands that induce clustering or trigger discontinuous
switching signals. In the allergic response, cross-linking of IgE anti-
bodies on mast cells may either trigger histamine release or alterna-
tively desensitize the cells. Theoretical analysis of the basis of these
signals is providing new insight into allergic response. It may seem
strange to analyze hay fever in terms of the theoretical instabilities of
a multidimensional lattice, but in fact lattice gas models are highly
applicable to allergen sensitivity. Analogous kinetic problems arise in
immunology, chemotaxis, and mitosis. Modern physical experiments
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are providing data to test theoretical ideas about these crucial pro-
cesses in cell biology, which is advancing rapidly on the basis of lively
interdisciplinary exchange.

Molecular biophysics has its own theoretical component, which has
already been discussed. Here we have outlined a new trend in
conjoined theoretical biology and theoretical biophysics in which
modern concepts of statistical physics and condensed-matter physics
are applied to biological systems at the cellular level. The cooperative
dynamic processes at the level of molecular reaction and transport
kinetics, cellular organization, and cell system organization are proving
particularly amenable to these approaches. In many cases the theoret-
ical analysis makes possible systematic experimental planning of the
characterization of seemingly chaotic problem systems. We anticipate
that theoretical biophysics will become a routine ingredient of cell
biology, but maintenance of interdisciplinary connections with the
applied mathematics and theoretical physics communities appears
necessary to accommodate the continuous flow of new and relevant
concepts from mathematical physics.

CONCLUSIONS AND RECOMMENDATIONS

We have defined biological physics as the application of physics to
biological problems and as the scientific interface between biology and
the underlying physical principles. The complexity of biological prob-
lems at all levels and the sophistication of the applicable physics of
measurement technology and the theoretical concepts raises an impor-
tant practical issue for this field: How is it possible to acquire the range
of expertise needed for effective research at this exciting frontier?
Often collaborations provide an effective pathway for researchers, but
the diversity and sophistication of the specialties that are becoming
involved compound the difficulties.

Today’s biophysicist may have been trained in any science. Many
begin with a Ph.D. degree in physics or physical chemistry or with an
M.D. degree, since there are relatively few formal graduate school
programs in biophysics, and have acquired multidisciplinary training
through experience or multiple degrees.

The graduate student in biophysics is hard pressed to learn enough
modern physics and enough biological science; it may be appropriate to
recognize the extra burden through multiple degree programs. The
success of M.D.-Ph.D. programs in educating biophysics researchers
suggests the potential of joint programs between physics and other
areas of basic or applied biology. With the growth of basic research in
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plant science and biotechnology, multidisciplinary training programs
with physics and these areas of applied biology could be highly
effective.

Few academic physics departments now include biological physics
as an option within the discipline of physics. Our experience suggests
that the physicist finds it easier to learn the necessary biology for
biophysics research than the biologist does in trying to learn physics.
It is timely to recognize that the rich and uniquely significant dynamic
physical systems presented by life and its origins are intimately
associated with the rest of physics, including particularly germane
problems in the current study of the general properties of dynamical
systems, chaos, and self-organization.

Funding of research in biological physics is difficult to appraise since
it blends into that for medical research. Qualitatively there are short-
ages of funding on the basic physics side of the interface, particularly
where new directions in physics first appear and in those areas of
biophysics not associated with human health. Although the National
Science Foundation is supposed to meet these needs, its program
appears to be spread so thinly over a range of cell biology, biochem-
istry, physiology, and biophysics that the intimate relationship be-
tween biophysics and the rest of physics tends to be overlooked. New
research patterns derived from modern advances in theoretical and
experimental physics are not readily accommodated by the established
support system.

Several current scientific opportunities in biological physics offer
great promise: they are the possibilities to (1) develop basic physical
understanding of biological macromolecules to the stage at which
structure and function are quantitatively related; (2) understand the
organization and basic molecular mechanisms of the brain; (3) establish
working connections between genetic biotechnology and biophysics;
and (4) explore theoretical analyses of biological systems as physical
problems encompassed by general dynamical systems with potential
for chaos and self-organization.

It is essential that the sizable growth of support for genetic control of
protein structure and function be linked with fast and effective methods
for determining those structures, particularly the important active
sites. Thus biophysics and biotechnology need to become partners.

Research on the brain at the biophysical level represents a special
opportunity at an exquisitely poised state of the field. The national
need for progress in this area is all too well expressed by the
health-care costs associated with failure of the brain’s function, which
exceed even the costs of its education. The opportunity for biological

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

BIOLOGICAL PHYSICS 51

physics at the supramolecular, cellular, and multicellular levels is
extensive. Physiology and neuroscience pose problems in biological
physics that appear ready for sizable progress.

Although biophysics research can, like most lively research fields,
benefit from substantial increases of research funding, great benefit
could also accrue from some restructuring of funding. For example,
funding of basic structural and theoretical research on protein and
polynucleotide structure and function seems to have been following
parallel, rather institutionalized disciplinary pathways in the chemis-
try, biology, and biophysics communities, whereas more interdiscipli-
nary viewpoints are now more appropriate. It is recommended that
systems be explored within the funding agencies to accommodate
interdisciplinary research that draws from deep within physics far from
the usual methods of biophysics. For example, in the biophysics of
brain and nerve, the principal funding pathways seem to support either
a rather institutionalized neurophysiology or the now fashionable fields
of computer science, robotics, and automation. The now fruitful
conjunction of these disparate viewpoints in interdisciplinary biophys-
ics research seems to be difficult to fund or publish. New funding in this
sort of area might provide for more innovative and productive inter-
action.

The conjunction of molecular biophysics and genetic biotechnology
is shaping up as one of the greatest areas of opportunity for fundamen-
tal biophysical processes. Here the problem is that the two fields are so
disparate that progress in establishing contact between them is very
slow. The potential is sufficient that specific postdoctoral, sabbatical,
or research-level funding to facilitate cross-disciplinary learning and
experience is appropriate and should be made.

Interdisciplinary research in biophysics would be facilitated and
stimulated by formation of a few university centers for biophysics.
Interdisciplinary laboratories have revolutionized research in the ma-
terials sciences and in some special areas of biology. The sophistication
of physical methods now used in biology makes experimental biophys-
ics a demanding and expensive discipline even before the profound and
complex questions of contemporary biology are addressed. Funding of
centers for biophysics can bring together the potential of the latest
experimental methods of both biology and physics through their central
facilities. Collaborations between the associated biologists and physi-
cists for advanced biophysical research and for interdisciplinary edu-
cation stimulate experts from both sides of the biology-physics inter-
face to productive and creative interactions.

Among the relevant physical and biological methodologies that can
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be exploited in this way are synchrotron radiation facilities for dynamic
diffraction and EXAFS; digital image-intensified laser light and fluo-
rescence microscopy; scanning transmission and microprobe electron
microscopy; NMR in its high-frequency, pulsed, and multidimensional
elaborations; single-channel electrophysiological recording; cloning in
higher cells and plant cells; multidimensional fluorescence-activated
cell sorting; and large-scale computing. Since the basic physics of
complex cooperative systems is reaching the degree of sophistication
at which it can begin to address biological systems as fundamental
problems in physics, pure physics becomes an important component of
such centers. Combining these capabilities in several interacting bio-
physical research communities is recommended to exploit the conspic-
uous opportunities in biophysics in our time.

In summary, this chapter describes a productive and lively interdis-
ciplinary field that calls for permissive support patterns to promote
innovation and diversity through multidisciplinary approaches to bio-
logical problems. Support of increased biophysical research in non-
health-related biology as well as the biophysics associated with medi-
cine would address perceived opportunities.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

3

New Aspects of the
Physics-Chemistry Interface

INTRODUCTION

The interface between physics and chemistry has been crossed so
often in both directions that its exact location is obscure: its passage is
signaled more by gradual changes in language and approach than by
any sharp demarcation in content. It has been a source of continual
advances in concept and application all across the science of molecules
and atoms, surfaces and interfaces, and fluids and solids. Yet, in spite
of this, the degree of direct, collaborative interaction between physi-
cists and chemists in the United States, especially at universities, has
remained surprisingly limited. These relationships have recently begun
to grow, especially in the region of interdisciplinary overlap. This
chapter outlines some of the science responsible for the changes,
suggests the kinds of opportunities that these changes represent, and
examines means of exploiting them for new science and technology.

In preparing this summary, we have borne in mind that the robust
subfield of chemical physics has already been treated in detail in the
report of the National Research Council Committee to Survey Oppor-
tunities in the Chemical Sciences (Opportunities in Chemistry, Na-
tional Academy Press, Washington, D.C., 1985). We do not attempt to
reproduce that discussion here, but rather we concentrate on the
particular emerging interactions between chemists and physicists.

Much of the traditional interaction between physics and chemistry
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has not been of the direct, collaborative nature. Rather it has occurred
by the transfer of techniques or experimental and theoretical discov-
eries following their introduction in one field. In classical thermody-
namics; in the quantum mechanics of atoms and molecules; and in
x-ray crystallography, optical spectroscopy, and magnetic resonance,
physicists have often laid the basic foundations; but both physicists
and chemists have built on and enriched them to create new subfields.
In statistical mechanics, irreversible thermodynamics, and some as-
pects of fluid mechanics, chemists have often made the fundamental
discoveries that were taken up by physicists. These patterns of
scientific transfer have recurred continually over the past century and
do persist today. As important as they have been, however, they do not
constitute true interdisciplinary science.

The advent of new instrumentation of unprecedented power has
required chemists either to develop instrumentation in the traditional
fashion of physicists or else to enter into close collaboration with
physicists in order to address the microscopic properties of complex
molecules, materials, and interfaces. For their part, condensed-matter
physicists, propelled by instrumentation, theory, and technology
toward materials of increasing complexity, find themselves often
confronting questions requiring increased chemical insight and tech-
niques for their answers. Finally, new complex materials displaying
remarkable new chemical and physical properties have nucleated a
coalition among synthetic chemists, physical experimentalists, and
theoretical physicists from deep within their respective fields, far from
the traditional interface. Each of these currents has already created
new fields and produced new discoveries in established fields. As the
principals continue to collaborate and to learn one another’s language,
there is reason to expect much more.

We concentrate in this chapter on a few examples chosen to illustrate
some of these themes. Our emphasis on these particular examples does
not necessarily reflect the actual proportion of research activity
devoted to them but rather the importance of the new modes of
interaction that they represent. The next section reviews the impact of
advances in instrumentation (lasers, surface-science probes, neutrons,
and synchrotron radiation) whose influence at the interface is rapidly
evolving and is fostering stronger collaborations between chemists and
physicists. The section that follows it treats the physics of the
traditionally chemical subject of polymers and complex fluids, and the
next section discusses the physics-chemistry synergism that has begun
to generate organic electronic materials. The final section summarizes
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some of the nontechnical issues associated with research at the
interface and presents some recommendations for dealing with them.

INSTRUMENTATION-DRIVEN COLLABORATION

Laser Science

One traditional area of interaction between chemistry and physics
has been the realm of spectroscopy. Some of the most exciting
advances occurred in these areas in the past 10 to 15 years, particularly
as a result of major advances in instrumentation and measurement
techniques but also as a result of advances in theory. The advent of the
laser as a source of coherent, tunable, monochromatic radiation in the
ultraviolet to the far-infrared regions of the spectrum has led to a
number of important advances.

First, in gas-phase molecular spectroscopy it has become possnble to
test our understanding of the atomic and molecular hyperpotential to
unprecedented levels, including aspects of intramolecular dynamics.
The simple elegance of the coherent spectroscopies belies the immense
scientific and technological challenges that had to be met to make them
possible. Some of these experiments provide the scientific basis of such
diverse technologically important areas as laser isotope separation,
detection of pollutants, control of chemical processing, and the impor-
tant science of combustion and the intricate details of the mechanism
of surface chemical reactions.

Further advances in laser spectroscopy concentrate on probing
liquids and polymers as well as molecules bound to surfaces at complex
interfaces. Our understanding of surface-enhanced Raman spectros-
copy has made it possible, under the right circumstances, to probe
surface-bound molecules specifically at the liquid-solid interface.

The important development of supercooled molecular-beam spec-
troscopy not only simplifies the study of molecular spectra but makes
it possible to explore problems in solvation and material synthesis. It
now provides a new focus for all aspects of molecular spectroscopy,
from laser-isotope separation to the production of naked metal clusters
that simulate molecular surfaces. The next 10 years will see much new
science generated here.

The availability of intense, monochromatic coherent light that can
excite specific vibrational modes in specific complex molecules has
spurred the rapid evolution of laser chemistry over the past decade.
New developments include multiple photon dissociation, which is
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important not only for isotope and isomer separation but also to probe
fundamental aspects of unimolecular and bimolecular reaction rate
theory. Laser chemistry has also generated significant insight into the
flow of energy in molecular systems. The availability of efficient
ultraviolet lasers has stimulated work in radical chemistry leading to
new and more efficient photochemical processes to produce circuits
and materials.

A new frontier in laser chemistry involves shorter times of excitation
and further exploration of the problem of energy equipartitioning in-
chemical reactions. During the past 15 years the shortest optical pulses
that could be generated have decreased from picoseconds to about 8
femtoseconds long (about four vibrations of a visible light wave). With
pulses this short the dynamics of almost any chemical or electronic
process can be directly probed. Laser chemistry, spectroscopy, and
theory are also having a profound effect on our understanding of
reaction dynamics and on our ability to detect transition state species.
This should lead to the capacity to monitor and control processes on a
practical basis.

The spectroscopy of solids has been important not only for examin-
ing the electronic and vibrational structure of solids but also for
studying the subtle effects of solid-state phase transitions. As we note
in the next section, these spectroscopies have been extended to study
surfaces and the interactions of molecules with surfaces.

Laser physics will play an extremely important role in all these
areas, especially as the availability of laser sources extends well into
the ultraviolet and into the soft-x-ray regime. Efficient new devices will
open up new areas in the chemistry and physics of molecular ions in the
gas and liquid phases as well as at interfaces. Although there is
considerable speculation about the role of ions in chemical reactions,
such as combustion, soot formation, nucleation, electrochemical reac-
tions, and even catalytic processes, there has been little opportunity to
explore ions experimentally in anything but gaseous systems. Signifi-
cant theoretical advances are likely in these areas as well. Much early
work using multiphoton ionization has stimulated the field, but its
advance is limited by lack of readily available sources.

Surface and Interface Probes

During the past decade we have witnessed spectacular strides
toward achieving a molecular-level understanding of chemistry at
interfaces. Ultrahigh-vacuum and surface-preparation techniques per-
mit exploration of the chemistry on nearly perfect single-crystal faces
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that remain free of contamination for the duration of the experiment.
Powerful analytical techniques characterize structural and electronic
properties of the surface and chemically active adsorbates. Ultraviolet
photoemission spectroscopy, analytical electron microscopy, low-
energy analytical diffraction, and electron energy-loss spectroscopy
are just a few of the new tools that have emerged during this period.
With the advent of synchrotron sources, new surface-sensitive tech-
niques such as inverse photoemission spectroscopy and photoelectron
diffraction have permitted unprecedented measurements of the elec-
tronic states of surfaces and adsorbates. Molecular-beam techniques
have dramatically enhanced our ability to control and follow fast
chemical changes on the surface. Lasersare utilized both for diagnostic
purposes and to initiate or alter chemistry on the surface. Hand in hand
with these experimental advances, the theory of electronic structure
and dynamics has developed rapidly and, in some cases, provided
valuable leadership to experiment.

In molecular-beam scattering experiments, temporally modulated
monoenergetic beams of reactant molecules impinge upon a well-
characterized surface; and the angular, time-of-flight, and internal
energy distributions of gaseous products are detected. The ability to
observe nascent reaction products free from subsequent gas-phase or
surface encounters on a microsecond time scale, with control over
incident gas conditions, coverages, and surface temperatures, has
proved useful in uncovering the mechanisms and rates of elementary
reaction steps. Furthermore, the use of lasers to prepare reactant
molecules in specific initial quantum states, and to detect the final
quantum states of products, has for the first time permitted exploration
of the flow of energy during elementary surface reactions. These
studies are beginning to reveal such energy mechanisms as the nature
of reaction barriers, the dynamics of surmounting the barrier, the time
scale for energy equilibration, and the nature of sequential reaction and
desorption steps. This knowledge, in turn, may lead to optimal design
of surface composition and topography to produce a desired chemistry.

Exciting progress notwithstanding, there are serious limitations to
our current experimental capabilities. Modulated molecular-beam
studies with laser diagnostics characterize gas-phase products but do
not yet adequately concurrently monitor adsorbed species. The general
requirement is for a time-resolved spectroscopy that can follow the
rapid changes on the surface as they evolve during a modulated
molecular-beam cycle. A high-resolution vibrational spectroscopy
would be of the most value because of its potential to reveal the
identity, bonding, and local environment of transient surface species.
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Recent advances in time-resolved electron-energy-loss spectroscopy
promise to fill this need and to make possible a new depth of inquiry in
the near future.

The role of defect, or active, sites in surface chemistry has been
discussed for decades. Recent molecular-beam studies have docu-
mented dramatically the pervasive influence of defects on low-
coverage Kkinetics; and static spectroscopies such as angle-resolved
electron-stimulated desorption, extended x-ray absorption fine struc-
ture (EXAFS), and nuclear magnetic resonance have characterized the
active sites in a number of catalytic materials. Time-resolved vibra-
tional spectroscopy now offers the possibility of following, through
changes in spectral features, the diffusion of adsorbates to active sites,
the formation of intermediates and products, and subsequent escape
from the sites. Another exciting new tool, the scanning tunnel micro-
scope, will have an extraordinary impact in this area as well. It may
soon be possible to image individual atoms of an adsorbate-defect unit
to determine definitively the identity and bonding of active sites.

The precise data now attainable on rates, mechanisms, and energetic
constraints of elementary reaction steps provide unprecedented infor-
mation about the potential energy hypersurfaces that govern the
motions of rearranging atoms. Significant progress has been made by
theoretical chemists and physicists in semiempirical and first-principles
calculation of such potential energy hypersurfaces and in the tracing
out of classical or quantal trajectories of atomic motion over the
hypersurfaces through the course of a reactive event. Theory has
provided critical insights into geometric, electronic, and vibrational
properties of adsorbates, into the promotion and inhibition of reactivity
on metals by electron-donating or -withdrawing elements into the rates
and energy distributions of thermally and laser-desorbed molecules,
and into the involvement of phonons and electron-hole pairs in energy
transfer. It is encouraging to note that the relationship between
band-structure physicists and small-molecule quantum chemists has
evolved rapidly from the neglect or hostility of 10 years ago to a current
state of mutual appreciation. We look forward to future cooperation
that fully exploits the strengths of both approaches.

Another emerging field is the physics and chemistry of small
clusters. It is now possible to prepare clusters of from two atoms to
several hundred atoms with a precise number and a narrow size
distribution. Methods for their structure determination are rapidly
being developed. Organometallic clusters in gas, liquid, or crystal
phases; supported catalytic particles; suspensions of small colloidal
semiconductor particles; and naked gas-phase semiconductor and
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metal clusters are all being actively studied. Data on metal-metal and
ligand-metal bonding obtained from studies of organometallic clusters
will provide an invaluable foundation for understanding bonding to
metal surfaces. The chemical and electronic properties of naked
gas-phase clusters, synthesized in free-jet expansions, constitute an
ideal testing ground for electronic structure theories as well as provid-
ing new insights into size effects and the approach to bulk behavior.
Although currently the major focus in cluster research is synthesis and
structural characterization, the evolution toward an emphasis on the
chemical properties of clusters that is now beginning promises substan-
tial achievements in understanding, in addition to the possibility of
accomplishing highly specific chemistry on clusters of selected size and
structure.

The next decade promises to clarify substantially our previously
murky picture of chemistry occurring at the gas-solid and liquid-solid
interfaces. One reason for great excitement here is the potential impact
on such processes as corrosion, oxidation, combustion, passivation,
adhesion, heterogeneous catalysis, crystal growth, molecular-beam
epitaxy, chemical vapor deposition, and plasma etching. Ultimate
optimal control of these processes will require a knowledge base that
extends to the molecular level. Single crystals under ultrahigh vacuum
are not, of course, found in commercial plasma etching chambers or
catalytic reactors. But several recent studies have demonstrated a
remarkably close correspondence between chemical reactivity on
single crystals and on surfaces of practical interest. Experimental
techniques are being developed to probe high-pressure surface and
liquid-surface chemistry. Laser microchemical techniques already
have important applications in fabrication of electronic devices. Major
progress is forecasted not only in our understanding of interfacial
chemistry but also ultimately in our ability to tailor interfaces specifi-
cally to achieve a desired chemical behavior.

Neutrons and Synchrotron Radiation

Two especially powerful probes of the microscopic properties of
complex materials have their origins at the frontiers of physics.
Synchrotron radiation was originally used to investigate elementary-
particle interactions, and use of controlled neutrons arose, of course,
from the investigations of nuclear physics. Both, however, are now
often used for the investigation of the microscopic properties of
complex materials. Synchrotrons provide over one million times more
intensity of x rays and ultraviolet radiation than is available from
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laboratory-based x-ray tubes or discharge lamps. The high intensity
and collimation of synchrotron radiation make it ideal for studies of
small amounts of material, such as surface adsorbates or novel
compounds available only as very small crystals. Neutrons have
special sensitivities to lattice vibrations, magnetic excitations, and
hydrogen. This evolution has been directed primarily by physicists
involved in the emergence of condensed-matter physics over the past
four decades, but from the beginning it has also had a significant
chemistry component. The combination of increasing materials com-
plexity and instrumental sophistication often requires partnership
between physicists and chemists with complementary skills. Indeed,
today interdisciplinary teams, sometimes from different home institu-
tions, working together at large off-site facilities is the norm rather than
the exception. The advances in characterization capabilities provided
by these large facilities and the richness and control of novel materials
are already producing significant advances and promise many future
scientific and technical innovations. ‘

Among the significant accomplishments of neutron scattering are the
study of tunneling modes in chemical systems such as deuterated solid
methane, the determination of single-polymer-chain configurations in
bulk and composite polymers, and the chemical crystallography of
several solid-state and catalytic materials.

The future opportunities for chemical research using neutrons in-
volve both dynamical and structural studies. Low-energy cold neutron
spectroscopy can now be used to study rotational processes, tunneling
phenomena, and ionic and molecular diffusion mechanisms in both
homogeneous and heterogeneous chemical media. These studies
should provide valuable insight into the behavior and activity of
catalysts, chemical adsorbates, and intercalated and layered materials.
High-energy neutron studies will test dynamic models of molecules
bound to chemical systems such as adsorbates on supported catalysts
as well as the dynamical behavior of molecular liquids and colloid and
micellar complex solutions.

Structural studies, particularly powder diffraction techniques to
study materials that cannot be prepared as single crystals, will be
extended by both source and detector developments to the study of
more complex and metastable systems under various temperature and
pressure conditions. These include studies of ionic conductors, con-
ducting organic solids, ceramics, and catalysts.

The unprecedented brightness of synchrotron radiation, its tunability
throughout the electromagnetic spectrum, and major advances in
techniques and instrumentation have resulted in a revolution in ana-
lytical capability for complex materials. The three major techniques are

Copyright © National Academy of Sciences. All rights reserved.



http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

NEW ASPECTS OF THE PHYSICS-CHEMISTRY INTERFACE 61

EXAFS, photoemission, and diffraction. EXAFS has been used to
study near-neighbor atomic distributions in complex enzymes, amor-
phous solids, atomic absorbates, and thin epitaxial layers on crystalline
solids. This technique often provides complementary structural infor-
mation to that provided by other techniques such as x-ray diffraction,
but it is sometimes a unique tool, especially for studies of the
coordination about an element at low concentration. For example,
catalytic systems under real reaction conditions have been studied with
tens of parts per million sensitivities for the catalytic site. Photoemis-
sion spectroscopy has provided detailed understanding of the elec-
tronic structure of many interesting systems, such as gaseous mole-
cules, adsorbates, reactive surfaces, and bulk solids. The high bright-
ness of synchrotron radiation can be used to determine by standard
crystallographic techniques the structure of important complex mate-
rials such as zeolites, which can be grown only in 1-10-um sized
crystals. Also, the techniques of surface diffraction and surface
EXAFS are providing for the first time reliable structural information
on reactive surfaces. Submonolayer sensitivities have been demon-
strated for adsorbate systems.

The future promises even greater brightness of synchrotron radiation
with the use of special magnetic insertion devices called undulators.
This will further extend all the capabilities described above. In
addition, we expect the development of an x-ray microscope and other
imaging techniques that will permit study of heterogeneous chemical
systems in situ. Real-time experiments in which the structural changes
associated with reactions are followed will become a possibility. The
use of storage ring technology for the free-electron laser opens the
possibility of developing new tunable laser sources into the ultraviolet
that will provide a formidable new probe to the chemical physicist.

The collaboration between physicists and chemists that is occurring
at major synchrotron facilities will result in many future advances in
both fields. The major neutron and synchrotron facilities are being
exploited by a new team of forefront physicists and chemists. The two
cultures are merging, providing an integrated study of many complex
materials of interest to both.

POLYMERS AND COMPLEX FLUIDS

Over the past decade condensed-matter physicists have become
increasingly concerned with problems involving macromolecular sys-
tems. In this area the traditional boundaries between chemistry,
physics, and, to some extent, biology have become blurred. The
development of this convergence has, however, sometimes been
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hindered by the insular nature of typical university departmental
organization, providing part of the rationale for a recommendation of
our final section.

Recent experimental and theoretical developments have stimulated a
renaissance of interest and activity for both random and organized
macromolecular structures. On the experimental side, the emergence
of advanced structural probes such as neutron and x-ray scattering
enable us to investigate conformations on a broad range of length
scales ranging from atomic to optical dimensions. Selective labeling
and contrast matching permit molecular specificity. For example,
selective perdeuteration of a small fraction of polymer chains in an
entangled network yields single-chain conformations. The brightness
provided by synchrotrons helps us to study weakly scattering struc-
tures, such as surfactant monolayers, liquid-crystal films, and surface-
adsorbed polymers.

On the theoretical side, application of modern critical phenomena
and liquid-state theories to polymer solutions, colloidal suspensions,
and microemulsions has begun to generate a new level of understand-
ing of these complex systems. The discovery that the excluded volume
interaction in polymer solutions can be mapped onto an n = 0 field
theory and the discovery of related scaling behavior have yielded a
reasonable understanding of entangled transient networks. The van der
Waals theory for binary mixtures has been usefully applied to model
the phase behavior of microemulsions. Similarly, percolation concepts
have been extended to produce generic gelation phase diagrams. These
are but a few examples of the penetration of critical phenomena theory
into the field of macromolecular structure. Liquid-state theory is
providing a detailed interpretation of the correlations in colloidal
suspensions and, augmented with hydrodynamic interactions, of both
linear and turbulent response.

The field of liquid crystals epitomizes the interplay among sophisti-
cated diffraction studies, creative synthesis, and phase transition
theory that has generated a deep understanding and appreciation for
the role of symmetry in these exotic fluids. These advances have
provided spin-offs to other areas, such as two-dimensional melting and
even lattice gauge theories in elementary-particle physics. Multicom-
ponent systems often exhibit some degree of self-assembly, which
naturally gives use to materials with unusual interfacial properties. The
basis required to elucidate macromolecular interfaces and the related
special surface states such as prewetting and critical wetting is now
rapidly emerging.

Many macromolecular systems exhibit short-range order and long-
range disorder; examples are lyotropic phases, micellar and colloidal
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crystals, birefringent microemulsions, and blue phases. Over the next
few years, a unified understanding of this weak ordering will develop,
with important implications for the consideration of biological self-
assembly. Research opportunities abound in the elucidation of aqueous
solutions for general polyelectrolyte problems, membrane structures
and activity, and emulsification. The relatively unexplored area of
conjugated chain solutions will receive much attention.

As understanding of complex physical-chemical systems develops,
some measure of control will follow. The relationships between
molecular structure and macroscopic properties should enable us to
develop algorithms for constructive interplay between chemical syn-
thesis and physical properties for predictive chemical and biological
engineering. Powerful computational methods and tools are already
making important contributions to the properties of fractal and more
local random structures.

If the arbitrary chemistry-physics-biology barriers can be effectively
broken down and continued growth in our technological capabilities is
maintained, the macromolecular interface should experience signifi-
cant development in the next decade.

ORGANIC ELECTRONIC MATERIALS

Before 1972, no known organic compound was a metallic conductor
of electricity. Now there are two broad classes of such conductors
whose electronic and physical behavior can be quite different from
those of conventional materials: the charge-transfer salts [e.g.,
tetrathiafulvalene (TTF)] and polymeric systems such as doped
polyacetylene. Among the most prominent examples are organic
superconductors, nearly one-dimensional metals with unique collec-
tive ground states, polymers whose conductivities can be controlled
over 12 orders of magnitude, and nonlinear optical materials of
exceptionally high efficiency. With the new materials have emerged
new physics and new chemistry. Equally significant are the synergistic
interactions that they have engendered among synthetic organic chem-
ists, experimental physicists, and theorists.

Conducting Molecular Crystals

The charge-transfer salts are molecular crystals in which stacks of
planar aromatic molecules have been partially ionized to form conduct-
ing paths along the stacks. Because of their anisotropic structures, the
charge-transfer salts display all the instabilities long predicted for
hypothetical one-dimensional metals—charge-density waves, spin-
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density waves, complete localization in the presence of disorder, and
large fluctuation effects. Because they are narrow-band materials
(typical conduction bandwidths are less than 0.5 eV), they also display
phenomena associated with the near breakdown of the metallic state—
polaron formation, magnetism, strong Coulomb interactions, anoma-
lous optical properties. Finally, many of the properties are quite
sensitive to chemical changes. Through relatively minor manipulations
of molecular architecture such as substitution of selenium for sulfur, or
of fluorine or a methyl group for hydrogen, we can pass systematically
from magnetic insulators through semiconductors to semimetals and
metals. The culmination of this process has been the development of
the first organic superconductors. In the future, it may be possible to
design organic molecules to produce specific solid-state properties
directly.

Conjugated Polymers

The second, somewhat newer, class of organic conductors consists
of doped conjugated polymers such as polyacetylene and a variety of
polyaromatics. These can be prepared as large-area films of reasonable

-molecular weight. They are usually insulators in their pristine state, but
their conductivity can be varied over as many as 12 orders of
magnitude by controlled doping. At low doping levels some fascinating
physics has been attributed to neutral radical defects or charge carriers
combined with associated lattice distortions to form mobile solitons,
polarons, and bipolarons; the theory of such states is in fact similar to
some of those developed by field theorists to explain the nature of
fundamental particles. At higher doping levels a semiconductor-to-
metal transition occurs.

The nonlinear optical responses of extended conjugated systems,
especially in polydiacetylenes, more specifically the third-order
nonlinear optical susceptibilities, are 3 orders of magnitude greater
than those of conventional materials. Spectroscopic studies of the
excitations in polyacetylene have shown that photoexcited carriers are
produced by the trapping of a few percent of the electrons or holes at
neutral soliton defects, while the rest recombine from an exitoniclike
state. This behavior is quite novel and different from the behavior of
such excitations in inorganic semiconductor systems. A full under-
standing of the excitation spectra, carrier dynamics, and optical
nonlinearities in polymeric systems will likely emerge in the near
future.

From a materials point of view, the polymers are probably more
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attractive than the charge-transfer salts by virtue of their greater
strength, but at this point only limited processibility has been achieved.
The development of fully processible forms remains a central synthetic
problem but may open the way to applications such as lightweight
conductors to antistatic and radar-absorbing materials.

More broadly, it is important to recognize that the class of conduct-
ing polymers is still small and simple compared with the range of
synthetic possibilities. As better-characterized materials are prepared
and fundamental understanding grows, the power of organic synthesis
ought to be directed to produce specific electronic properties in these
materials and perhaps some technologically important applications.

Molecular Assemblies

As biological examples demonstrate dramatically, organic matter is
capable of structural and functional self-organization on a remarkably
complex level. The organic materials in which interesting electronic
properties have been attained—molecular crystals and simple conju-
gated polymers—exploit this capability only in its most primitive
forms. As a next step, it is natural to consider the prospects for
incorporating such properties into more complex organic assemblies.

The simplest set of examples consists of noncrystalline charge-
transfer complexes, such as dispersions of tetracyanoquinodimethane
(TCNQ) in processible polymers or polycrystalline films of organic
semiconductors. The former exhibit unexpectedly high electrical con-
ductivities without compromising the mechanical properties of the
polymers, and the latter exhibit reversible subnanosecond switching
phenomena in response to light or electric fields.

Still under development are electrically conducting liquid crystals
and polymer gels. These are of interest not only for the expectedly new
physics of interaction between electronic and mechanical or flow
properties but also for the prospect of controlling electronic behavior
through various applied stresses or orienting fields.

Especially promising are techniques for preparing monolayer molec-
ular films and complex multilayer composites. This is usually accom-
plished by Langmuir-Blodgett techniques, but other approaches such
as solution epitaxy have also proved fruitful. In some cases monomer
films can be polymerized in situ for strength or conductivity.
Langmuir-Blodgett films may have interesting active electronic or
optical properties of their own. Such assemblies have been used to
elucidate mechanisms of light-induced charge and energy transfer by
systematically varying the separation between active molecules and as
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light-trapping nonlinear optical devices. Little has been done, how-
ever, to introduce electrical conductivity into the films and to construct
sandwich or multilayer superlattice structures with new composite
electronic properties. This seems an area ripe for further development.

The organic electronic materials of the past decade have stimulated
our curiosity. They have introduced high electrical conductivity and
associated electronic properties into new parts of the periodic table,
and they have exhibited new phenomena that have helped to generate
new intellectual thrusts in condensed-matter physics. They have drawn
organic chemistry, physical experiment, and condensed-matter theory
together in new ways. Yet, for all that, they have barely begun to
address all possibilities for the organic synthesis or the special material
properties of organic structures. With appropriate support, we expect
their second decade to be highly productive.

RECOMMENDATIONS

Education

It is our sense that neither in chemistry nor in physics departments
have formal education patterns adequately accommodated areas of
overlap, nor have they kept pace with the new developments at the
interface. Barriers remain in language, orientation, and traditional lack
of collaboration between scientists in the two fields.

We recommend that transdisciplinary courses be designed to teach physics
and materials science, particularly condensed-matter physics, with full rigor to
chemistry students, in ways that make connections with what the students
have already learned through their grounding in chemistry.

In physics and the material sciences, there is need also for the
language of chemistry but more importantly for learning of chemical
information and understanding of chemical reasoning as well as expo-
sure to the complexity of real materials that makes up much of
materials science.

We recommend the design of courses that take advantage of the basic
background of physics students to teach them chemical principles and reason-
ing at their full elegance for complex materials and their variation across the
periodic table. In addition, exposure of physics students to the properties of
real complex materials and the ways in which they are likely to differ from
idealized models is essential.

Both in chemistry and in physics, such courses are useful on the
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graduate level, but their content will be of maximum benefit when it is
integrated into the undergraduate curriculum from an early stage.

Academic Research

The usual organization of academic physics and chemistry depart-
ments does not encourage the kind of interdisciplinary research that we
have described. Although chemical physics is a well-established com-
ponent of most chemistry departments, synergistic interactions be-
tween physicists and chemists far from the traditional interface have
usually occurred in spite of departmental structures rather than be-
cause of them. What is needed is not necessarily a major realignment
of departments: it is important that collaborators from both sides of the
interface continue to draw intellectual sustenance from their parent
disciplines. Rather, the trend toward extradepartmental institutes as
centers of interdisciplinary activity should be encouraged, both orga-
nizationally and financially. It is particularly important that university
hiring patterns attach priority to this kind of enterprise.

Further, at least in areas of overlap, faculty, staff, and postdoctoral
positions in a given department should be filled by candidates from
both disciplines or by candidates with joint appointments. This method
is being actively pursued in Europe—especially in France—as well as
in Japan to enhance direct interdisciplinary science. Indeed, major
industrial research and development laboratories often are organized in
interdisciplinary teams. Many of the advances in those laboratories
could not have occurred if they were organized by discipline, as they
are in universities. Students already familiar with such an interdisci-
plinary approach would presumably be better prepared for the indus-
trial environment.

Funding

Funding agencies have been both enthusiastic and sophisticated in
their support of rescarch at the physics-chemistry interface. On the
other hand, it is important to recognize that interdisciplinary research
is apt to be collaborative and that in such cases the levels and patterns
of traditional single-investigator funding may no longer be appropriate.
This is especially true of the newer kinds of synergistic programs
involving synthesis, physical characterization, and theory.

Funding agencies should give special attention to mechanisms for maintain-
ing the minimum funding levels necessary to sustain interdisciplinary research
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involving multiple principal investigators, often in different departments and
institutions.

This entails the support not only of personnel and supplies but also of
small instrumentation and computing facilities.

SUMMARY

While the importance and future contributions of physics and
chemistry as separate disciplines and their traditional interfaces will
certainly continue, there are new opportunities for scientific and
technological interactions that will grow relatively in importance.
Interdisciplinary, multi-investigator investigations of complex materi-
als by physicists and chemists have grown rapidly over the past §
years, with many accomplishments to their credit, some of which have
just been described. The next 10 years should see not only a continu-
ation of this growth but a blossoming into a well-established pattern
that has significantly contributed to our understanding of complex
material systems with significant associated technological benefits. If
the potential of these interactions and those of the physics-chemistry
interface in general are to be realized fully, education, research, and
funding patterns should be modified to continue to nourish this
extremely important interface.
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Physics and Materials Science

INTRODUCTION

Many of the most significant applications of physics have occurred at
or near its interface with materials science. The changes in our society
that have followed the invention of the transistor and the subsequent
emergence of ever more sophisticated computers and scientific instru-
ments seem as profound as those brought about by the Industrial
Revolution. It is evident throughout this Physics Survey that these
developments, in return, have had a major effect on the style and
methodology of research in physics, most especially in materials
science itself. New techniques and new points of view in this interdis-
ciplinary area are posing interesting challenges both for scientists and
for policymakers.

In this chapter we focus attention on some of the most basic
scientific issues that arise at this interface. That is, we are concerned
primarily with the way in which materials scientists acquire the new
fundamental insights upon which new technologies are based. Appli-
cations of the current state of the art in this area are described in many
of the chapters that make up this volume. There is, of course, no clear
separation between pure and applied research in materials science.
New fundamental understanding can have immediately foreseeable
practical consequences, and, conversely, problems arising in detailed
technological applications can often be seen to have broad basic
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significance. This intertwining of basic and applied research will be a
central theme in what follows. It may be useful at the outset to
distinguish two complementary trends in modern materials research.
First and most visibly, a great deal of attention is being paid to new
materials, to new methods of preparation, and to new modes of
analyzing materials as based on novel understanding or novel interpre-
tations. Second, perhaps less visible but equally important, is the
growing realization that many of the long-standing problems of mate-
rials engineering are, in fact, scientific questions of deep fundamental
significance. The problem of metallurgical microstructures, to be
discussed in more detail below, is a prime example of this trend. Here,
new interest in an essentially macroscopic problem of old-fashioned
classical physics has been stimulated by its apparent relation to
problems of nonequilibrium pattern formation in a wide range of
physical and even biological situations. Of course, both of these trends
owe their vitality to modern instrumentation and computational capa-
bilities. The new convergence of interest in interdisciplinary classical
problems is specially conditioned on our growing ability to deal with
the mathematics of complex nonlinear systems. In the long run, new
fundamental discoveries emerging from the latter kind of research may
turn out to be the most important of all. In the second section of this
chapter, we present some of the outstanding highlights of the interac-
tions that have occurred in the past at the physics/materials-science
interface.

A common theme running throughout this volume is the involvement
of materials in the impact of physics on other disciplines and areas of
application. Many of the exciting interactions between physics and
materials are covered in other chapters. In the third section of this
chapter we develop these connections and point out where the reader
should look in other chapters for details.

In the last two sections of this chapter, we describe two special areas
of ongoing research that are not covered in other chapters. A section
on amorphous and disordered systems is primarily an illustration of
problems encountered in the study of novel materials, but it also has
underlying elements pertaining to unsolved fundamental questions in
statistical physics. Then we describe current efforts by physicists to
understand the genesis of metallurgical microstructures. We conclude
by offering some observations about institutional problems facing this
field.
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HISTORICAL HIGHLIGHTS

The interface between materials science and physics, especially
condensed-matter physics, has been a fruitful area of scientific re-
search throughout the modern history of both disciplines. The follow-
ing selected highlights are of both historical and current interest. Note
that each of these developments remains relevant to materials research
in the 1980s.

The need for a systematic description of the various equilibrium
phases of matter provided much of the motivation for the development
of thermodynamics and statistical physics in the nineteenth and early
twentieth centuries. Conversely, these theoretical advances provided
the basis for exploration of the mechanical and thermodynamic prop-
erties of complex substances, and the resulting information continues
to be essential for the design of new materials.

One of the classic problems in materials science involves the
strength of materials, that is, the way materials deform and break when
they are subjected to stress. Since the 1930s, quantum physics has
provided the basis for calculations of the cohesive forces between
atoms in solids. A major advance came with the understanding that
mechanical behavior of real materials depends on the presence of
defects, especially dislocations whose motions permit layers of atoms
to slip over one another during large-scale deformations.

Defects in materials dominate many of their properties. For exam-
ple, point defects such as vacancies and interstitials are responsible for
solid-state diffusion. The defects or impurities in ionic crystals often
determine the color of the crystals. Defects and dopants in semicon-
ductors control their electrical properties. The dislocations that can be
generated by deformation in semiconductors will interact with other
defects and impurities to destroy devices. Many important questions
remain unanswered. Although many of the defects in metals can be
adequately described by Ping-Pong ball models, the properties of other
materials are more complex. The bonding configuration in single
defects in silicon, such as at a vacancy, at an interstitial, at a
dislocation, or even in the 7 X 7 structure observed on a clean [111]
silicon surface are the subject of intense interest and controversy. And
our understanding of defects in other semiconductor materials is
primitive by comparison. Powerful new experimental methods such
as capacitance spectroscopy and atomic resolution microscopy are
being brought to bear on these problems. Figure 4.1 shows a direct
image of a defect in silicon. There is an important role in this area for
physicists, both theorists who can devise tractable models and exper-
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FIGURE 4.1 The electron microscope is capable of resolving, with atomic-scale
resolution, the structure of defects in crystal lattices, such as this defect in a silicon
crystal.

imentalists who may now be able to observe in detail what is actually
happening.

The invention of the transistor in 1947 is the single most important
example of the interaction between physics and materials science.
Note that this extraordinarily practical invention was based directly on
the quantum theory of electrons in crystalline solids—then not much
more than a decade old. Note also that the realization of these quantum
ideas was a materials problem; the transistor became a feasible concept
when semiconducting materials of sufficient purity and crystallinity
became accessible.

The discovery of a theory of superconductivity in the mid-1950s has
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led to deep new understanding of the properties of materials at low
temperatures. Direct technological applications of superconductivity,
such as in electric generators or transmission lines, are still specula-
tive, but the implications of superconductivity for scientific instrumen-
tation have been profound. Superconducting magnets that produce
extremely stable, high fields have revolutionized the design of magnetic
apparatus used in areas as diverse as medicine, geology, and elemen-
tary-particle physics. The same can be said of the family of extraordi-
narily sensitive measuring devices based on the Josephson effect. The
design and fabrication of superconducting materials have generally
been joint efforts of physicists and metallurgical engineers in which the
physicists have contributed the fundamental insight that is needed in
the search for new substances and the metallurgists have learned how
to process these substances in ways that make them usable in real
devices. An especially promising development has been the recent
discovery of some superconducting organic polymers. Here the crucial
collaboration has been between physicists and organic chemists. This
potentially large and important area of materials research is just in its
infancy as this report is being written.

The laser was viewed initially more as a scientific curiosity than as a
technological innovation. Only the most visionary anticipated its
widespread use in such diverse fields as surveying, manufacturing,
medicine, and optical communications. Whereas the invention of the
laser was based on a profound understanding of quantum physics, its
development has depended on close cooperation between physicists
and materials scientists, initially to provide uniformly doped single
crystals for ruby laser rods and even now to develop novel semicon-
ductor laser materials and structures. In turn, the laser has been used
as a powerful probe of the optical properties of the new materials on
which further important advances in quantum electronics depend.

A theoretical development of the 1970s that has profound implica-
tions for materials research is the new understanding of phase transi-
tions that has been brought about by renormalization-group theory.
This theory focuses primarily on critical phenomena, the large fluctu-
ations that occur, for example, in a ferromagnet when it is heated to the
point at which it loses its spontaneous magnetism or in a fluid when it
is heated and compressed to the point at which the distinction between
liquid and vapor phases disappears. It turns out that understanding
what happens at critical points is crucial for the understanding of phase
transitions in general. Armed with a first-principles theory of critical
phenomena, physicists have begun to explore systematically the com-
plex forms of phase equilibria that occur in multicomponent systems.
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Results of work along these lines include the interpretation of what are
now known as multicritical points in alloy phase diagrams and numer-
ical techniques for predicting such diagrams by using only previously
known atomic properties of the alloy constituents. A related develop-
ment is the growing understanding of the kinetics of phase transforma-
tions, that is, the way in which transformation actually occurs during
such processes as precipitation and solidification. This is an especially
interesting topic about which we shall have more to say later.
Essential to any understanding of present opportunities for interdis-
ciplinary research in materials science is an appreciation of the
extraordinary progress that has been made in computation and scien-
tific instrumentation during the past decade. The rapid growth in the
speed and capacity of computers has enabled scientists to deal quan-
titatively with complex materials problems that seemed completely out
of the range of possibilities only a few years ago. Of special importance
to theorists is the growing availability of interactive computing systems
with sophisticated graphics capabilities. The major significance of this
research tool is only now beginning to be understood. The decade has
also seen the emergence of physics-based instrumentation capable of
probing properties of materials with a spatial resolution of atomic
length scales (1078 cm) and a temporal resolution of 10~!% s, faster than
molecular vibration periods. Note, for example, the atomic-scale
resolution of the electron micrograph shown in Figure 4.1. More
detailed discussions of both computation and instrumentation may be
found in Chapters 6 and 10. '

THE PHYSICS/MATERIALS-SCIENCE INTERFACE

There is a continuum of activity between the physicist’s desire to
understand the physical world better and the materials scientist’s
desire to shape and control materials. As wasillustrated in the previous
section, many significant advances have depended on close coopera-
tion between physicists and materials scientists, with physics pointing
the way to new phenomena and materials science providing novel
materials for realization. In many situations the boundary between
physics and materials science is rather seamless and its exact location
a matter of definition or personal preference. Advances in understand-
ing of physical phenomena often result in new understanding of
materials. These in turn can have important applications in diverse and
unpredictable ways. So it is perhaps not surprising that many of the
interfaces between physics and other disciplines, and many of the
applications of physics, involve materials. This is a common theme
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running throughout this volume. In many of the chapters, there is a
discussion of the materials that are involved in the various interactions
and applications of physics. In this section we gather and regroup these
interactions so that some of the dominant themes of materials science
become apparent and so that the scope of this interaction can be seen.
We do not discuss these topics in detail, but rather we present a matrix
that the reader can use in referring to other chapters for detail. The
natural groupings into which these interactions fall are new materials,
new processes, chemical separation and analysis, surfaces, defects,
instrumentation, and theory and modeling.

Each of these will be discussed briefly below. The interactions are
not spread evenly across all chapters and groupings on this list, as can
be seen from Table 4.1, in which are indicated the materials topics that
are discussed in various chapters of this volume. It is an indication of
the widespread nature of this interaction that nearly three quarters of
the spaces are filled. It should be emphasized that this listing is not
all-inclusive, just as the various chapters of this volume do not treat
their topics exhaustively. The table and the rest of this section indicate
the topics mentioned in the rest of this volume. Many readers will be
able to provide additional examples.

In the next two sections of this chapter, we discuss in more detail
two areas in which there are vigorous interactions between physics and
materials science. In this section as well, we emphasize not only areas
of past and present interaction but also some of the problem areas of
materials science in which future cooperation can be expected not only
to develop a deeper understanding of our physical world but also to
improve our ability to shape and control materials.

New Materials

The contributions of physics to new materials and new uses of
materials are discussed in several chapters of this volume. In micro-
electronics, modulation-doped structures, which were predicted to
have dramatic effects on electron transport, have resulted in a new
class of high-speed devices and in the observation of the quantized Hall
effect. The concept of storing information in magnetic domains has led
to the development of materials for magnetic bubble memories. New
magnetic recording materials have been developed. Amorphous silicon
and silicides are now used in silicon integrated-circuit fabrication.
Amorphous silicon solar cells for the photovoltaic conversion of
sunlight into electricity are discussed in Chapter 11, and insights into
device operation continue to improve efficiencies. Optical communi-
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TABLE 4.1 Interaction Between Materials Science and Physics Applications and Interfaces

Chemical
Separation Theory
Chapter Subject New New and Instru- and
(Chapter No.) Materials Processes Analysis Surfaces Defects mentation Modeling
Applications
Microelectronics (8) X X X X X X X
Optical information technology (9) X X X X X X X
Medical physics (13) X X
National security (12) X X X X X X
Energy and environment (11) X X X X X X X
Instrumentation (10) X X X X X
Interfaces
Biological physics (2) X X X X
Geophysics (5) X X
Chemical physics (3) X X X X X X X
Materials science (4) X X X X X X X
Computational physics (6) X X X X
Mathematical physics (7) X
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cations technology is based on the physical concept of the light pipe,
but high-purity glasses and methods of fabricating them into fibers were
needed before a practical system could be made. The other compo-
nents of optical communications systems, such as semiconductor
diodes, lasers, and detectors, are all based on semiconductor physics
and are the subject of intense device-research activity at present. An
important outgrowth of the development of fibers for optical commu-
nications has been the development of a wide variety of fiber-optic
sensors. These are finding increasing applications in a variety of fields,
including medicine.

Physicists have also contributed to the development of conducting
molecular crystals, to conducting polymers, and to understanding of
molecular assemblies, such as tetracyanoquinodimethane (TCNQ), as
described in Chapter 3. Prosthetic materials represent an important
area of interaction between materials science and medicine, which
presents a major challenge in understanding the complex phenomena
that occur at the interface between manufactured materials and living
systems.

New Processes

Physics has contributed to processing technology primarily by
providing new techniques, such as ultrahigh-vacuum technology and
laser processing, and also by providing new insights into existing
processes and new methods of analysis. Many of the thin-film tech-
niques used in microelectronics have their origin in physics research.
The most recent example of this is molecular-beam epitaxy, based on
ultrahigh-vacuum technology and used, for example, for the fabrication
of the modulation-doped structures mentioned above. As microelec-
tronics continues to shrink its feature size and increase chip areas,
physics-based methods such as ion implantation and laser annealing
are of increasing importance in semiconductor-device fabrication.
These processes have also been essential to the development of solar
cells for energy conversion. The packaging of semiconductors presents
a variety of important but widely ignored problems, for example, the
role of surfaces in adhesion, to whose solutions physics is contributing.
Many more opportunities exist in this area. New methods of solidifi-
cation processing, such as rapid solidification and laser melting, are
based on an improved understanding of crystallization processes and
microstructure formation, as discussed below. Computer modeling of
fluid flow, thermal diffusion, and mass transport are increasing the
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sophistication that can be brought to bear on the design of processing
equipment.

Chemical Separation and Analysis

Physics has contributed heavily to chemical separation and chemical
analysis through the development of novel methods and instrumenta-
tion. Lasers are now used extensively for spectroscopic studies of
materials, not only for analysis but also for the exploration of the basic
properties of materials including both the energetics and the kinetics.
Time-resolved spectroscopy has been pushed to new limits with laser
pulses as short as a few tenths of a femtosecond—comparable with
atomic-vibration periods. The new regime of time opened up by this
development is discussed in Chapter 9. Lasers are now being used to
make ultrapure chemicals by photodissociation, and this technique is
also used to prepare nuclear-reactor-fuel materials. The stringent
control of purity necessary both in semiconductor materials and in
glass for optical fibers is well known, and in both these cases there has
been close interaction between physical analytical methods and chem-
ical processing in the development of these ultrapure materials.

Surfaces

Surface science is an important branch of physics that has a direct
interface with materials science. Surfaces are of greater importance
than is often appreciated because most of the interactions between bulk
materials and other substances take place at their surfaces. The
properties of the bulk phases determine the thermodynamics, but the
surfaces usually control the kinetics. The small volume of material at
surfaces means that special techniques must be developed to study
them. Surface science has contributed many such techniques, includ-
ing electron-energy-loss spectroscopy (EELS), extended x-ray absorp-
tion fine structure (EXAFS) spectroscopy, ultraviolet photoelectron
spectroscopy (UPS), low-energy electron diffraction (LEED), high-
energy electron diffraction (HEED), and Auger electron spectroscopy,
which have contributed to our understanding of surfaces. Two surface-
dominated processes, catalysis and corrosion, are often cited to
emphasize the importance of surfaces. Neither of these processes,
catalysis (which generates billions of dollars in revenue annually in the
chemical processing industry) nor corrosion (which annually destroys
billions of dollars’ worth of property), is well understood at present.
For research into the dynamics of both catalysis and corrosion,

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

PHYSICS AND MATERIALS SCIENCE 19

advances are being made by cooperation among physicists, materials
scientists, and chemists. The physicist brings the experimental tools of
surface science and insights into surface electronic states; the materials
scientist concentrates on the role of the structure, the grain size, and
the surface and grain boundary segregation in these processes; and the
chemist brings his knowledge of chemical reactions and a keen interest
in applying the results. Surfaces and interfaces are also of great
importance in microelectronics. For example, the properties of the
semiconductor-oxide interface are of prime importance in devices, and
the electrical properties of interfaces such as Shottky barriers are
poorly understood but must be carefully controlled during device
fabrication. Grain boundaries are internal surfaces that contribute
importantly to the properties of metals, as discussed below in the
section on Metallurgical Microstructures. Grain boundaries must be
controlled in polycrystalline solar cells in order to achieve reasonably
efficient solar-energy conversion. The study of surfaces continues to
present a great challenge, both experimentally and theoretically, with
great potential for practical applications.

Defects

Materials in single-crystal form are critical in many advanced
applications. None of these crystals is perfect, and their properties of
interest are often dominated by defects. The defects may be isolated
point defects, or they may be line defects such as dislocations or even
larger defects such as precipitates. The control of defects is often
imperative in single-crystal applications. Physicists have contributed
extensively to the understanding of the structure and properties of
defects at the atomic level, of how the defects contribute to macro-
scopic properties, and also of the processes by which they originate.
The defects in silicon have now been investigated in some detail, as
discussed in Chapter 8, but even so, many problems remain. Defects in
other semiconductors are even less well understood and under less
control. For example, dislocation-free silicon crystals are grown rou-
tinely in production, but dislocation-free semi-insulating GaAs crystals
(the most important semiconductor material after silicon) have not yet
been grown, in spite of the considerable effort that has been expended.
There is a significant challenge here to improve our basic understand-
ing of defects, which will make a major contribution to the manufacture
of microelectronic devices and solar cells. As is discussed in Chapter
11, the control of defects in solar cells has in the recent past contrib-
uted significantly to increased efficiencies.
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Defects are important in non-single-crystal materials as well. For
example, in Chapter 11 it is pointed out that radiation damage resulting
from the generation of point defects by atomic displacements in
reactor-wall materials and swelling resulting from the generation of
helium from fission products in reactor fuel elements continue to be
major problems.

Instrumentation

There is a separate chapter in this volume devoted to the contribu-
tions of physics to instrumentation, and it is clear that novel instru-
mentation for examining materials has been an important area of
interaction between physics and materials science. This is exemplified
by the ubiquitous electron microscope. This instrument is used exten-
sively for examining biological materials, in microelectronics for the
analysis of defects and devices, in energy conversion to examine the
structure of solar cells, and in optical communications to study
semiconductor lasers. X rays, which are a much older contribution of
physics, are still widely used, not only in biophysics but as a major tool
in many materials studies. Novel x-ray methods are also continually
being developed, some based on new instruments such as the synchro-
tron and some based on novel analysis such as x-ray standing-wave
studies of surfaces. Improved detectors have made energy-dispersive
analysis of x rays a standard attachment for both scanning and
transmission electron microscopes. EXAFS using synchrotron radia-
tion is used for the study of surfaces of semiconductors and metals as
well as biological materials. EELS is used for surface analysis and
elemental analysis at high spatial resolution in the electron microscope.
This method provides a unique analytical capability for using light
elements in microelectronics as well as in biology, where tagged
molecules can be followed. Laser-based instruments are used exten-
sively for chemical analysis not only for process chemistry but also for
analyses of the atmosphere.

Theory and Modeling

Theoretical and computational contributions to materials science are
numerous and varied. Some are direct, but many are indirect. For
example, Chapter 6 discusses new capabilities for modeling fluid flow.
The results of such calculations are directly applicable to materials
processing. But the general development of computational physics is a
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widely used new tool for the material scientist. The development of
quantitative models is another major component of the interaction
between physics and materials science. Many of the detailed models of
material processes have been contributed by physicists, and, as is
emphasized in the next section, the problems of materials science
continue to offer fertile ground for this. An exciting area of current
activity discussed in the next section is modeling of the pattern
formation that occurs during the formation of metallurgical micro-
structures. But novel concepts in physics also frequently find applica-
tion in materials science. For example, fractals are an important new
theoretical concept with many potential applications in the areas of
phase changes and microstructural development. Statistical-mechanics
methods such as renormalization group theory used to model phase
transitions are of great importance in chemical phase changes and in
microstructure development. Crystal growth, which is the sine qua non
of microelectronics, has been the subject of considerable modeling and
computer simulation, so this complex process is now understood in
considerable detail at the atomic level. Percolation concepts have been
applied to phase separation and to the structure of glasses. The theory
of phase transitions in liquid crystals has been related to the function-
ing of biological membranes. But there are many remaining challenges.
For example, the structural and relaxation properties of glasses are
poorly understood. The electronic properties of amorphous semicon-
ductors are poorly understood. New theoretical insights are needed for
understanding the structure and the electronic properties of defects in
many materials. There have been many important theoretical contri-
butions of physics to materials science, and the large number of
remaining challenges makes this an exciting area of interaction.

AMORPHOUS AND DISORDERED MATERIALS

In the final two sections of this chapter we discuss in more detail two
examples of the interactions between physics and materials science.
These more extended discussions are intended to give some insight into
how this interaction takes place. It will be evident that these areas of
current interaction also present opportunities for future interaction. In
this section we discuss amorphous and disordered systems, and in the
next section, metallurgical microstructures.

One of the most interesting modern trends in materials science has
been the attempt to understand the properties of amorphous and
disordered materials. Until recently, most of the more visible achieve-
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ments in the physics of materials have had to do with crystalline
substances. In dealing with regularly ordered structures, one can talk
with confidence about phonons, electrons, holes, Fermi surfaces, and
other -related physical terms that are now accepted as essential
concepts by electrical engineers and metallurgists. However, many of
the most interesting and useful materials are intrinsically irregular in
their underlying structures. Some, such as glasses, are amorphous at
the molecular level. Their constituent molecules are arranged irregu-
larly, more like the molecules in a liquid than like those in a crystalline
solid. Other materials, such as many naturally occurring rocks, are
composites consisting of irregularly arranged small crystals. In fact, most
real substances, including even metallic alloys, ordinarily are found in
the form of multicrystalline composites. Thus, the problems of disorder
are generally present whether one wishes to consider them or not.
Current technological interest in disordered materials is as varied as
the materials themselves. Optically transparent glasses are being
studied intensively for use as fast, accurate signal transmitters. Amor-
phous semiconductors are useful as photovoltaic materials and possi-
bly for fast electronic devices. Metallic glasses have been found to
have unique magnetic properties. They also have remarkable mechan-
ical strength, as have certain artificially produced metallic composites.
Plastics, of course, are amorphous solids made of organic polymers.
The relevance of fundamental physical problems to materials tech-
nology is nowhere more apparent than in this area of disordered
systems—which is, of course, why we have chosen this area as a prime
example of interdisciplinary interactions. One such problem, which has
become familiar to physicists in recent years and which is described in
more detail in the Condensed-Matter Physics volume of this survey, is
the localization of electronic states. In crystalline solids, the electronic
wave functions extend indefinitely throughout the system, and this
quantum-mechanical uniformity is the basis for much of our under-
standing of the electronic properties of crystals—the freely moving
electrons and holes referred to above, for example. In disordered
systems, on the other hand, we now know that electrons of sufficiently
low energy become quantum mechanically trapped by irregularities in
their environment and that this localization has a profound effect on
how those electrons behave in response to applied fields or other
perturbations. Physicists have made important progress in understand-
ing the localization effect and its implications, but the problem is by no
means solved. We are not yet able to provide the materials engineers
with a set of tools for dealing with electrons in amorphous systems
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comparable with those available for crystals. For example, electrons in
solids repel one another by means of Coulomb forces.

These many-body interactions may play an even more important role
in disordered systems than in ordered ones, but we do not yet have a
sufficiently reliable and general theory of these effects. Another
incompletely solved problem concerns the way in which localized
electrons may be affected by thermal fluctuations of their environments
in a disordered system. In a normal metal, these fluctuations scatter
freely moving electrons and thus add to the electrical resistance. In a
disordered material, on the other hand, such fluctuations may help
electrons to escape from localization sites; thus, the resistance may
decrease with increasing temperature. It would clearly be useful to
have a quantitative understanding of such effects when one is devel-
oping amorphous materials for electronic devices.

An even more fundamental set of unanswered questions concerns
the underlying geometry of amorphous structures. At present we do
nothave a systematic mathematical way of characterizing the degree of
molecular order or disorder in such structures, and, as a result, we do
not even know what rules to follow in carrying out thermodynamic
analyses or applying the laws of statistical physics. The same structural
order that we use to describe model crystals makes x-ray diffraction a
powerful tool for determining their crystallographic structure. But the
underlying disorder in amorphous materials makes this tool much less
effective. The diffraction peaks from amorphous materials are quite
broad and contain relatively little information about the local structure;
or, rather, the local structural information is averaged over so many
sites that detailed information is lost, and the resultant diffraction
patterns cannot be used to distinguish among several distinct models of
the local atomic structure.

Computer simulation has proved to be a valuable aid in understand-
ing the local atomic arrangement of simple liquids such as argon where
central forces are appropriate. Many properties have been described
by computer simulations or in terms of models based on the simula-
tions. Slightly more complex liquids—such as water—are much more
difficult to simulate because of the shapes of their molecule, but
simulations have given considerable insight into the local structure and
into macroscopic properties. Computer simulations of glasses, on the
other hand, quickly develop problems associated with long structural
relaxation times. At some temperature, depending on the cooling rate,
the structure of a glassy material is fixed. The glass transition temper-
ature is the temperature below which a glass-forming material is
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essentially solid, and it is defined as the temperature at which the
viscosity reaches 10'* poises on cooling. However, it is well known
that most of the properties of a glass, such as its density, refractive
index, and resistivity, depend on how fast the glass was cooled.

The structure and properties of a glass depend on the entire thermal
history of the sample since it was last a fluid, that is, when it was last
in a thermodynamic equilibrium state. This has led glass scientists to
introduce the concept of the fictive temperature, which is the effective
temperature at which the structure is fixed because of loss of mobility
during cooling at a finite rate. The fictive temperature is defined as the
temperature at which some property would have achieved its actual
value had the sample been cooled infinitely slowly. This concept helps
in rationalizing the measured properties of glasses, but in general the
fictive temperatures for various properties, such as the specific heat,
density, and viscosity, are not the same, since the various properties
are not uniquely related to one another in a glass.

The most difficult questions about the amorphous state relate to
structural relaxation. There are empirical descriptions of the structural
relaxation of glasses that adequately describe the observed behavior,
but, in general, the relaxation rates differ for various properties. The
empirical models characterize the relaxation processes as occurring
with a range of relaxation energies and rates, which presumably derive
from the randomness of the structure. There is no adequate micro-
scopic basis for these empirical descriptions, although they are all that
the glass scientist has to work with at present. A particularly valuable
method of gaining entry to the states available to glasses at low
temperatures has been devised through studies of tunneling states at
low temperatures in glasses. In a wide variety of glassy materials,
coherent phonon echoes have been observed that can be used to
measure dephasing times and relaxation processes in a regime that is
not accessible to other measurement techniques. A useful description
of the glassy state will have to be based on a systematic mathematical
way of describing the structural disorder and will have to be couched
in terms of Kinetics, that is, of nonequilibrium concepts. Nonequilib-
rium statistical mechanics is one of the most challenging areas of
theoretical physics.

The combined efforts of materials scientists and physicists working
with a variety of experimental techniques, coupled with improvements
in mathematical modeling and use of the increasing power of computer
simulation, are expected to make significant advances in our under-
standing of this important and challenging class of materials. But this is
a major undertaking, and it may well require novel experimental

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

PHYSICS AND MATERIALS SCIENCE 85

methods as well as the development of entirely new mathematical
methods of describing the structure and modeling the relocation
processes.

METALLURGICAL MICROSTRUCTURES

The typical appearance of the interior of a metallic alloy as seen, say,
by observing a polished surface through an optical or electron micro-
scope is that of a myriad of intricate patterns (Figure 4.2). The material
is made up of crystalline grains whose typical sizes might be tenths of
a millimeter. If the sample has not been deformed or annealed after
solidification, and if the surface has been appropriately etched, one
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FIGURE 4.2 This complex composite structure in a metal alloy is an intimate mixture
of two phases formed by dendritic growth of one of the phases during solidification.
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may see dendritic—that is, snowflakelike—patterns on the scale of a
few micrometers within each grain. These patterns are formed by the
partial separation of the chemical constituents of the alloy that takes
place during solidification. In alloys that have undergone heat treat-
ments there will be evidence of further solid-state phase transforma-
tions. Precipitates may appear at grain boundaries or in regular
patterns within the grains; altogether new crystalline particles may
emerge; initially uniform solid solutions may give way to multiple new
phases growing cooperatively in colonies of regularly spaced cellular or
dendritic structures. The result may look like an array of feathers, a
basket weaving, or a herringbone tweed.

These often complex patterns make up what is known as the
microstructure of metallic alloys. (Similar patterns can be found in
many other, nonmetallic, multicomponent materials.) Along with-the
structure of the grains themselves, it is this microstructure that
determines the strength of the material, its electrical and magnetic
properties, and how it behaves under heat treatment or mechanical
deformation. For example, the speed at which dendrites grow into the
molten alloy as it cools determines the sizes and shapes of the grain
structure, because each dendrite determines the crystalline orientation
of the material that solidifies around it. The composition variations
created by the process of dendritic solidification or by later precipita-
tion or growth of new phases control how easily dislocations move
through the material and, thus, how easily the material can be
deformed. Microstructural variations of composition or crystalline
order provide nucleation sites for new thermodynamic phases that may
appear during heating or aging and in that way control the properties of
processed materials. For reasons such as these, the study of
microstructures has always been central to metallurgical science.

A crucial feature of metallurgical microstructures is that they are
intrinsically time-dependent, nonequilibrium phenomena. Like snow-
flakes, microstructural patterns are far from being stable, equilibrated
forms of the crystalline materials of which they are made. If one waits
awhile, snowflakes revert to compact ice crystals, and similar things
happen in alloys. Complex patterns can occur only when the processes
of formation take place in times much shorter than those required for
the constituents of the system to find their most stable configurations.
The latter times, however, may be years or even millenia. Whether one
is dealing with fast or extremely slow processes, one finds qualitatively
new and challenging problems in the physics of nonequilibrium phe-
nomena. Important progress has been made in recent years, but many
of the most fundamental of these problems remain unsolved.
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One of the problem areas related to microstructures in which
progress has been made during the past decade or so has to do with the
atomic processes that occur at a solidification front, that is, at the
moving interface between a growing crystalline solid and its melt.
Under some circumstances, this interface is an atomically smooth
crystalline facet. Such interfaces grow relatively slowly by means of
mechanisms in which atoms attach themselves only at energetically
favorable steplike irregularities. Under other circumstances, the inter-
face is atomically rough and shows little if any evidence of crystalline
anisotropy. We now understand that the transition between faceted
and rough interfaces is, itself, a kind of thermodynamic phase transi-
tion. We are also beginning to understand how the atomic structure of
an interface controls the growth rate and chemical composition of the
emerging crystal. Theoretical techniques that have been playing major
roles in these investigations have included renormalization group
methods for studying the roughening transition and computer simula-
tions of atomic kinetics at moving interfaces. Experimental methods
have included light scattering using lasers to probe geometric features
of nonequilibrium interfaces and a wide range of surface-scattering
techniques using x rays, electrons, and ions, for example, to probe
chemical composition.

A related area in which progress has been made, but whose story is
still far from complete, is the study of pattern-forming instabilities of
solidification fronts. Here we are talking about processes that occur on
length scales much larger than atomic—tens of micrometers, for
example—but for which the atomic nature of the solid-liquid interface
is a controlling factor. A solid object growing into an undercooled or
chemically supersaturated liquid characteristically undergoes a series
of morphological instabilities in which small irregularities begin to grow
increasingly rapidly, producing ever more complex patterns of defor-
mations. It is this instability of simple shapes under nonequilibrium
conditions that we now understand to be the generating mechanism for
metallurgical microstructures as well as for many other kinds of
patterns seen in nature (Figure 4.3).

Simple shapes of growing solids are unstable for reasons that have
been understood for about 20 years. The mathematical theory of the
onset of these instabilities is closely analogous to the theories of
Rayleigh-Benard and Rayleigh-Taylor instabilities in hydrodynamics,
an old problem in which there has recently been a major revival of
interest among physicists investigating chaotic behavior. The metallur-
gical version of this problem, that is, solidification, seems much in need
of the quantitative methods of investigation that physicists might bring
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FIGURE 4.3 Pattern forming in nature leads to the intricate pattern of crystallization
known as dendritic growth.

to bear on it. The need for new ideas is particularly acute as regards the
obviously most interesting and important part of this problem, the
question of how pattern selection occurs after the onset of morpholog-
ical instability. Only during the past year or so have we begun to think
that we know how to predict the growth speed of an isolated dendrite,
the sharpness of its tip, and the spacing of its side branches. The new
theory on which these predictions may be based, however, remains
incomplete in some fundamental aspects. Generalization of these
ideas, say, to arrays of dendritic structures or to cooperative growth of
more than one solid phase as in directional solidification of eutectic
solutions seems considerably more difficult—but even more important
for practical metallurgical applications.

A principal reason that progress can be made in this area in ways that
were not possible only a few years ago is the growing power of
computers. The mathematical equations that describe even the sim-
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plest nontrivial models of pattern formation have novel features that do
not yield easily to standard methods of analysis. We can now solve
these equations numerically, and we can then use those solutions both
to compare models with experiments and to gain fundamentally new
insight into the mathematics. Another use of computers that is of
special importance in this area is in the collection and interpretation of
experimental data. An evolving solidification pattern presents the
observer with a huge amount of information that must be stored and
interpreted in ways that allow meaningful conclusions to be drawn
from it. Digital image processing, for example, seems to be an ex-
tremely promising technique for this field.

A third large area of overlapping physical and metallurgical interest
in microstructural problems pertains to phase transformations that
occur after solidification. We have already alluded to the facts that
solidified alloys generally are nonequilibrium structures and that the
study of relaxation to thermodynamic equilibrium in such systems is at
the very frontier of research in physics. A prime illustration of the state
of the science in this area is the theory of nucleation and growth of
precipitates. The chemical constituents of liquid or solid solutions
often tend to separate when the system is cooled to sufficiently low
temperatures. In dilute solutions, the minority constituents may come
out of such a metastable solution in the form of small droplets, like fog.
A relatively simple theory of the rate of nucleation of such droplets was
developed more than 50 years ago; but it is only during the 1980s that
the first direct tests of this theory are finally being carried out. Needless
to say, there have been innumerable studies of nucleation in a vast
range of fluid and solid systems during the past half century. But either
these studies have been indirect, for example, measurements of cloud
points rather than reaction rates, or else they have not been performed
on carefully characterized systems in which the theory can be tested
with confidence and without adjustable parameters. An especially
useful technique in the latest investigations has been to look at model
systems in which nucleation occurs near a critical point. Because of the
progress that has been made recently in our understanding of equilib-
rium critical phenomena, it has become possible to use near-critical
mixtures for accurate studies of nonequilibrium behavior. This use of
physically well-characterized model systems for the study of funda-
mentally important materials processes is likely to be a recurring theme
in the next decade or so.

As in the case of pattern formation, many of the most interesting
problems having to do with the kinetics of phase transformations
remain unsolved. A few examples should make it clear that there are
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excellent opportunities here for interdisciplinary research. Although
some aspects of the nucleation problem seem to be coming under
control, we do not yet have a reliable, quantitative method for
predicting the actual numbers and sizes of droplets as functions of time
after quench. In more technical language, we do not yet have a method
for combining theories of nucleation with theories of growth. A related
problem has to do with the behavior of systems that are quenched into
thermodynamically unstable, as opposed to metastable, phases. This
class of processes in phase-separating mixtures is usually called
spinodal decomposition, and it is quite common in metallurgical alloys.
Considerable progress has been made recently, again in conjunction
with experiments on near-critical fluids, in understanding the early
stages of spinodal decomposition; but as in nucleation, the problem of
extending early-stage theories to quantitative predictions of the coars-
ening of later-stage precipitation has proven difficult to overcome.
Apparently, some new ideas are needed. A special challenge to the
theory of nonequilibrium systems, mentioned in the previous section,
is to explain the range of slow relaxation rates observed in amorphous
materials. Presumably, these rates are associated with metastable or,
perhaps, weakly unstable states of such systems; but only little
progress has been made so far in understanding the kinetics of this
extremely important class of materials.

CONCLUDING REMARKS

As should be evident from the preceding discussion, the boundary
between physics and materials science or engineering has never been
sharply defined and is becoming even less distinct in the course of
modern developments. The principal remaining distinction is one’s
point of view. The physicist, ideally at least, sees intellectual challenge
in this area because novel materials pose qualitatively new conceptual
questions or because familiar phenomena are recognized as specially
tractable cases of far more general problems. The question is irresist-
ible: Might a deep understanding of dendritic solidification provide
some clue to mechanisms for cell differentiation or galaxy formation?
The materials scientist, on the other hand, often seeks the best answers
to specific complex problems and may have to substitute empirical
knowledge for fundamental understanding in order to find them. The
physicist may be unrealistic and the materials scientist shortsighted,
but they are converging on identical scientific questions. Moreover,
because of the remarkable advances in the tools available to these
investigators, answers to many of those questions suddenly seem
accessible.
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Geophysics

INTRODUCTION

Geophysics is at the interface between physics and the geological
sciences. It concerns the application of physics to understanding the
structure and dynamics of the Earth and other bodies in the solar
system. Geophysics includes meteorology (atmospheric science) and
oceanography as well as solid-earth geophysics. Geophysics has de-
veloped as a discipline associated with the earth sciences more closely
than with other fields of physics. Geophysics research, however, is
firmly based on basic physical principles and presents complex prob-
lems that push the frontiers of fundamental physics; an outstanding
example is the basic theory of fluid turbulence, which is the subject of
intense interdisciplinary research at major geophysical laboratories.
The concept of fractals and the renormalization group approach as
applied to scale-invariant phenomena is applicable to many
geophysical problems. Measurements of the inaccessible dynamic and
static variables of geophysics present a continuing challenge that
depends on new physics research for development of new physical
methods; major experimental advances in geophysics since ancient
times have been associated with the introduction of new or improved
physical methods. Notable examples in recent years include deep
seismic profiling, side-scanning studies of bathymetry, mass-spectro-
metric studies of isotopes, remote sensing from satellites, measure-
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ments of the turbulent spectra in the oceans and the atmosphere, and
measurements of rock properties at ultrahigh pressures.

Until 1967 solid-earth geophysics included primarily the study of
seismology, gravity, and magnetics. Geodesy provided the basis for
map making and the orbital mechanics of the Earth. In 1967 the
hypothesis of plate tectonics was proposed, and its subsequent accept-
ance provided a unifying basis for understanding a wide range of
geological phenomena. In the past 15 years a rapidly advancing
understanding of most geological phenomena has evolved: these in-
clude the worldwide distribution of seismicity, volcanism, and moun-
tain building. Geophysics has made a substantial contribution to these
advances.

The atmosphere and oceans form an interlinked system. The trans-
port of gases, heat, moisture, particulate material, and momentum
across the air-sea interface influences the evolution of climate, weather
prediction, and the distribution of trace chemicals and human-
generated pollutants. On both sides of this interface lie turbulent
boundary layers. The interface itself is a convoluted surface, with
breaking surface waves that inject bubbles into the sea below. Recent
advances in observational oceanography and boundary-layer meteo-
rology have led to substantial improvements in our understanding of
small-scale mechanisms. For problems of global scale, we are coming
to rely on remote sensing, particularly from orbiting satellites, to
provide air-sea transfer maps.

Studies in geophysics have a wide range of practical applications.
They provide the basis for the discovery and recovery of fossil fuels.
Geophysical phenomena are also important to nuclear and geothermal
energy. Geophysics provides the basis for understanding the major
environmental hazards that are due to hurricanes, tornadoes, earth-
quakes, and volcanic eruptions. Weather, geodetic, seismic, gravity,
and magnetic studies have a wide range of applications in terms of
national security. Some of these applications are summarized here, and
more appear in Chapter 11 of this volume.

Space missions have provided a wealth of data with a fundamental
geophysical importance. Observations of the Earth have upgraded the
data base in oceanography, meteorology, geodesy, gravity, and mag-
netics. Missions to the Moon and the planets have provided the basis
for comparative planetology. Rocks returned from the Moon provide
invaluable data on the early evolution of the solar system. Theories for
the evolution of the Earth must be consistent with the data recently
obtained from Venus.

A variety of experimental and theoretical studies in solid-state

~t
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physics have direct applicability to geophysics. The complex nature of
geological problems is ideally suited to such concepts as fractals and
chaos; making large computers available to implement these mathe-
matical models is also a high priority.

SCIENTIFIC BACKGROUND

Plate Tectonics

During the past 20 years a scientific revolution has occurred in
geology; geophysics has made a substantial contribution to this revo-
lution. Twenty years ago the worldwide distribution of mountain
building, earthquakes, and volcanism was not understood. There was
no systematic basis for predicting the location of fossil fuels and
minerals. The hypothesis of plate tectonics changed all this. In the
period from 1967 to 1970 this hypothesis first was proposed and then
became generally accepted by geologists, geophysicists, and geochem-
ists. Plate tectonics provides a natural explanation for continental drift;
a small minority of earth scientists has given qualitative arguments for
continental drift since the pioneering work of Arthur Wegener in the
1920s. Although the discovery of plate tectonics has been compared by
some with the discovery of quantum mechanics, it is probably more
appropriately compared with the discoveries of Newton.

Undoubtedly any reader of this volume is familiar with the basic
axioms of plate tectonics: that the surface of the Earth is broken into
a series of essentially rigid plates that are in motion with respect to one
another with velocities of 1-10 cm/year, that new ocean floor is created
at midocean ridges and old ocean floor is recycled into the interior of
the Earth at ocean trenches, that the basaltic rocks of the ocean floor
have a young average age of about 5 x 107 years because of the
continuous recycling of the sea floorinto the mantle, that the buoyancy
of the thick continental crust prevents the continents from participating
directly in the plate tectonic cycle (thus, the mean age of the continen-
tal crust is about 1.5 x 10° years), and that a substantial fraction of
mountain building, seismicity, and volcanism occurs at the boundaries
between plates.

The Earth as a Thermodynamic Engine

It has long been recognized that the propagation of shear waves
through the Earth’s mantle requires that the mantle be solid; yet the
relative motion of the surface plates implies a fluidlike behavior. This
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apparent contradiction can be explained in terms of accepted solid-
state creep processes; thermally activated creep, which is due to the
migration of vacancies and dislocations, leads to a fluid rheology.
Laboratory studies of the dominant mantle mineral olivine have shown
that thermally activated creep processes yield reasonable mantle
rheologies. Direct observational evidence for the viscosity of the
mantle comes from studies of postglacial rebound. Data on dated
elevated beach terraces have been inverted to give the viscosity as a
function of depth in the mantle. This inversion gives a near-uniform
mantle viscosity of 10?2 poise (glacier ice has a viscosity of 10'# poise).

Once a fluid behavior for the mantle is accepted, plate tectonics is
easily explained in terms of thermal convection. The surface plates are
the thermal boundary layers of mantle convection cells. The cold rock
of the oceanic lithosphere is denser than the mantle rock at depths
when it is adiabatically compressed to the same pressure. There is a
large downward (negative) bouyancy force on the sinking plates. The
plates act as stress guides, transmitting the gravitational body force to
the surface plates. This process is referred to as trench pull. Another
major force on the surface plates is gravitational sliding off oceanic
ridges. This force is entirely equivalent to a horizontal pressure
gradient since the elevation of the ridge acts as a hydraulic head. This
process is referred to as ridge push. Trench pull and ridge push are the
dominant driving mechanisms of plate tectonics.

There are two primary energy sources that drive mantle convection
and plate tectonics. The first is the heat released by the decay of the
radioactive isotopes of uranium, thorium, and potassium. The second
is the secular cooling of the Earth. Because the viscosity of the mantle

- has a strong temperature dependence there is a feedback between the
rate of secular cooling and the efficiency of the convective heat
transport mechanism. Calculations of the secular cooling contribution
give values between about 15 and 50 percent. This result has important
implications with respect to the early evolution of the Earth and the
distribution of elements within its interior. The energy associated with
seismicity, volcanism, and mountain building is about 0.1 percent of
the energy available from radioactive decay and secular cooling.

Continental Deformation

The structure of the ocean basins can be largely explained by plate
tectonics. However, the deformation of the continental crust is more
complex. The structure of the Andes in South America can be
attributed to the descent of the ocean plate along that continent’s
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western margin. But the deformation of the western United States is
much more complex. In general terms, the San Andreas Fault in
California accommodates a fraction of the relative motion between the
Pacific and the North American plates. However, the entire United
States west of the Colorado front represents a broad zone of deforma-
tion accommodating the motion between the two plates.

The most spectacular mountain belt in the world is the Himalayas.
This belt and the broad zone of deformation that extends throughout
much of China is the result of a continental collision between the Indian
and Eurasian plates. Broad zones of deformation are found in conti-
nents but not in the oceans. Continental plates appear to deform more
easily than oceanic plates. An important area for future studies is the
rheology of the continental crust. Mechanisms such as pressure
solution are likely to be important and are poorly understood. The
physical processes associated with folding and faulting are also poorly
understood.

An important source of data concerning deformation in the conti-
nental crust is the Consortium for Continental Reflection Profiling
(COCORP) project. This project, supported by the National Science
Foundation, involves a full-time seismic reflection crew that utilizes oil
exploration techniques to study the fundamental processes of crustal
deformation. One result of this study is a better understanding of the
formation of the southern Appalachians when the proto-Atlantic Ocean
closed about 400 million years ago, resulting in a continental collision.
A thin sheet of proto-Africa was thrust some 300 km over proto-North
America along a low-angle fault. Another study has shown that the
major mountain ranges of the overthrust belt of the western United
States result from horizontal displacements along faults with a near-
constant dip of about 30 degrees.

GEOCHEMICAL RESERVOIRS

Studies of the chemical evolution of the Earth are an important new
frontier of research in geophysics. These studies involve an integrated
approach to the evolution of the atmosphere, the oceans, and the solid
earth. They emphasize the use of isotopic systems to monitor the
evolution of the Earth. The Earth is divided into a series of reservoirs.
In addition to the atmospheric and oceanic reservoirs, there are either
three or four solid-earth reservoirs. These are the continental crust, the
Earth’s core, and either one or two mantle reservoirs. Those scientists
who favor layered mantle convection argue that the chemical charac-
teristics of the upper and lower parts of the mantle can be substantially
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different. They further argue that the lower mantle is the source of the
anomalous chemical characteristics of the intraplate and hot spot
volcanism (e.g., Hawaii and Iceland). Normal midocean-ridge basalts
are extracted from the upper-mantle reservoir, which is depleted in
many incompatible elements. The complementary enriched reservoir is
the continental crust.

Important questions concern the formation of the reservoirs and the
transport of material between them. There is considerable evidence
supporting the very early formation of the core, oceans, and atmo-
sphere. Although the core formed early, it is possible that there is
transport from the core to the mantle. As the Earth cools the solid inner
core is expected to increase in size. It is likely that the light alloying
elements in the outer core come out of solution and rise to the core-
mantle boundary. Some geophysicists argue that the motion induced
by the rise of these exsolved elements drives the dynamo that creates
the Earth’s magnetic field. But the details of the dynamo mechanism
remain one of the major unresolved problems in geophysics.

Radioactive dating of continental rocks shows that a substantial
fraction of the continents have an age between 2 billion and 3 billion
years and that the continents have continued to form until the present.
There is considerable controversy concerning the recycling of conti-
nental crustal material into the mantle. Some scientists argue that
substantial quantities of sediments are entrained in the oceanic crust
when it is subducted into the mantle at ocean trenches.

The continental crust is a strongly enriched chemical reservoir that
contains a substantial fraction of the incompatible elements in the
Earth. Studies of isotopic distributions indicate that the mean age of
the continents is 2 + 0.5 billion years. Volcanic processes at island arcs
transport strongly fractionated magmas into the continental crust.
There is strong evidence that the depleted, stratified oceanic plate is
mixed back into a nearly homogeneous (upper) mantle reservoir by
vigorous mantle convection. This mixing must be substantially com-
pleted in less than 500 million years. However, the continental crustal
reservoir is further differentiated and stratified by a variety of mag-
matic and hydraulic (particularly hydrothermal) processes. These
processes lead to the formation of economic mineral deposits and are
currently the subject of extensive study.

The oceans play an important role in the cycling process. Rivers and
erosion provide a source of many elements to the oceans. Sedimentary
processes return many of these elements to the seafloor. Studies from
submersibles have demonstrated the importance of hydrothermal pro-
cesses on ocean ridges. These processes transport elements from the
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oceans to the oceanic crust and from the oceanic crust to the oceans.
The atmosphere plays a similar role for gases.

Isotopic determinations using mass spectrometry provide many of
the relevant data concerning geochemical cycles. Extreme precision is
required to study radioactive systems such as neodymium-samarium
and lutetium-hafnium. Future developments in mass spectrometry are
expected to make a number of other isotopic systems accessible to
study.

The Atmosphere and Oceans

What makes the geophysical fluid dynamics of the atmosphere and
oceans challenging is the factor-of-10'° difference between the scales of
motions of planetary scale and the motions of smallest scale, where
molecular diffusion is important. Thus, a theory or computer simula-
tion of the weather must incorporate the cumulative effect of all the
smaller-scale fluid dynamics: internal waves, fronts, two- and three-di-
mensional turbulence, and convective clouds. Intense studies of these
intermediate scales of motion are being pursued with applications to
severe storms, cloud modeling, and frontal dynamics.

A simulation of climatic change must accurately account for the
many years of weather, whatever its cumulative effect may be. A
theory of ocean circulation, on the other hand, must cope with the
vastly slower response of the ocean to changes in atmospheric winds
and heating. It must account also for the differing behaviors of salinity
and temperature, both of which influence the fluid buoyancy. The
worldwide disruption of weather by the 1982-1983 El Niiio event in the
tropical Pacific Ocean shows the powerful interactive nature of oceans
and atmosphere. Analytical theories for the propagation of geostrophic
waves have successfully described several of the links in the sequence
of tropical and global change. Future studies will require the most
modern computational facilities.

Beyond these short-term events we turn to the global effect of
increasing carbon dioxide in the atmosphere. The prediction of climate
change over the next half century relies on complex fluid dynamical
modeling of the general circulation and its heat and moisture balances.
These problems involve ocean-atmosphere interactions and the input

- of biota. Remote sensing from space vehicles is a promising source of
new data.

Turbulence remains one of the major unsolved problems of physics.
The geophysical aspects of turbulence are an interesting special case.
The atmosphere and oceans are the greatest natural laboratory for
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turbulence. It is not an exaggeration to say that weather prediction, the
understanding of the general circulation of the atmosphere-ocean
system, and the evolving states of climate are all problems of fluid
dynamical turbulence.

There are two distinct kinds of geophysical turbulence: small-scale
turbulence, which is generally isotropic, and large-scale turbulence,
which is affected by stratification and planetary rotation. In fact, when
these geophysical constraints are added, the turbulence problem is
related to both wave propagation and flow stability.

Of particular interest is the manner in which turbulence and waves
interact in systems with buoyancy and rotation. These chaotic motions
interact with the general circulation of the fluid in a strong manner. A
key question subject for current study is the way in which eddies and
the mean circulation influence one another. We are now approaching a
clear dynamical understanding of diverse phenomena, such as the
Southern Oscillation, stratospheric sudden warming, quasi-biennial
oscillations of the atmosphere, and the wind-driven gyres and deep
thermodynamically driven circulation of the oceans. At smaller scales
turbulent mixing of the oceans determines the gross structure of the
temperature, salinity, and trace chemistry.

Changes of phase of water are at the heart of climate dynamics.
Evaporation at the sea surface and recondensation in tropical cumulus
clouds provide the principal force for the atmospheric circulation. The
evaporation process is embedded in turbulent boundary layers both
above and below the sea surface. The condensation of water vapor into
clouds requires condensation nuclei, and there is a complex of surface
chemistry and particle kinetics interactions with the fluid dynamics of
the convecting cloud. Beyond the dramatic examples of these heat
engines, such as hurricanes, the dynamics of tropical cloud clusters is
a central problem in atmospheric dynamics. Parameterization of cloud-
iness and precipitation in numerical models of the circulation is a
significant unsolved problem. Successful three-dimensional simula-
tions of rudimentary, individual convecting clouds are now being
carried out; they require the fastest available computers.

On land, the hydrologic cycle is a fluid-dynamical problem involving
phase change and flow through a complex porous medium. As with the
ocean, the groundwater and snow cover act as a memory for climate
evolution and long-range weather predictions.

We are seeing rapid progress in the understanding of the general
oceanic circulation, both the mechanical response to the stress exerted
by the winds overhead and the thermodynamic response to the heat
flux and the moisture flux between the air and the sea. These theories
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of the circulation, wave propagation, turbulent cascades, and the
induction of mean circulation by eddy motions are laying the ground-
work for the coupled model of the ocean-atmosphere system. The close
interaction of theory, observation, and computer and laboratory ex-
periment is characteristic of the work.

Comparative Planetology

THE MOON

The first manned landing on the Moon took place on July 20, 1969,
and introduced a decade of comparative planetology. Studies of the
physical properties and chemistry of the rocks returned from the Moon
provided a wealth of information on the early solar system. Chemical
studies showed that the lunar maria are composed of basaltic rocks
similar in major element chemistry to basaltic rocks of the Earth’s
oceanic crust. Radiometric dating of these rocks gave crystallization
ages of 3.16 billion to 3.9 billion years. Rocks returned from the lunar
highlands had a much more complex chemical history and had been
extensively altered by meteorite bombardment. Dating of these rocks
gave ages of about 4.5 billion years, close to the estimated age of the
solar system.

Although we know a great deal more about the Moon today than we
did 1S years ago, the question of its origin remains unresolved. There
are three hypotheses: (1) that the Moon was originally a separate planet
and was captured by the Earth, (2) that the Moon was originally part of
the Earth and that the Earth fissioned into two parts, and (3) that the
Earth and the Moon formed as a binary planet. Each hypothesis has
strong advocates and substantial difficulties.

MARS

Detailed photographs of Mars returned by the Mariner and Viking
spacecraft have provided a wealth of information. It is clear that Mars
bears little resemblance to either the Earth or the Moon. The most
striking global feature of the Martian surface is its hemispheric
asymmetry. Much of the southern hemisphere of Mars is covered by
densely cratered terrain that is probably the remnant of the postac-
cretionary surface of the planet, whereas most of the northern hemi-
sphere is made up of high-standing lightly cratered plains that are
younger and probably of volcanic origin.

There are shield volcanoes on Mars that dwarf the largest volcanic
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structures on the Earth. The largest of the Martian volcanoes are in the
northern hemisphere in an area of elevated terrain known as the
Tharsis uplift. Four of these volcanoes are about 21 km above the Mars
reference level; the most spectacular of these is Olympus Mons, with
a mean diameter of 600 km and a summit caldera 80 km in diameter.

Although the Viking landers provided some information on the
composition of the surface rocks, hypotheses concerning the evolution
of the body must await the return of a variety of surface samples to the
Earth. Recent studies have associated several classes of meteorites
with a lunar and Martian origin. Nevertheless, a Mars sample-return
mission, either manned or unmanned, must be one of the highest-
priority space missions in the next 25 years.

VENUS

In terms of comparative planetology, Venus closely resembles the
Earth; its overall mass and mean density are quite similar to those of
our planet. However, the thick cloud cover prevents direct observa-
tions of its surface. Earth-based radar studies and the radar altimeter
on the Pioneer Venus orbiter have provided detailed data on the
surface topography of Venus. The planet is remarkably smooth: 64
percent of the surface is a plains province with elevation differences of
2 km or less; highland areas stand as much as 10 km above the plains,
but they constitute only about S percent ofthe surface; lowlands are 2-3
km below the plains and occupy the remaining 31 percent of the
surface. Most of the highlands are concentrated in two main continent-
like areas: Ishtar Terra, the size of Australia, in the northern hemi-
sphere, and Aphrodite Terra, about the size of Africa, near the
equator. The summit of Maxwell Montes, a possible volcano in Ishtar
Terra, is the highest point on Venus, about 11 km above the mean
reference surface. The lowest point on Venus is in a trench or rift
valley about 3 km below the reference surface. Clearly we must learn
much more about Venus. However, the high surface temperature and
corrosive atmosphere make accurate surface measurements extremely
difficult to obtain.
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APPLICATIONS
Hazards
SEISMICITY

Earthquakes present a serious hazard to life and property, particu-
larly in the contiguous western United States and Alaska. At present
there is no way to predict seismic events, but plate tectonics provides
arational basis for hazard evaluation on a limited basis. The recurrence
of large earthquakes (greater than magnitude eight) on the San Andreas
Fault is well established. The recurrence period is about 150-200 years.
Since the last great earthquake in the Los Angeles area occurred in
1857 (49 years before the great earthquake in San Francisco), it is
generally accepted that the next great earthquake will occur in the near
future in Southern California. Clearly, precautionary steps should be
carried out. Emergency preparations are fully justified. The greatest
hazard to life would result from the failure of dams. Such a catastrophe
came close to realization in the 1972 San Fernando earthquake. Based
on experience in other parts of the world, the risk of landslides in
general and in particular landslides into the major reservoirs in the San
Gabriel Mountains constitute a major peril. -

Severe hazards are also posed by smaller earthquakes on the San
Andreas system. The 1972 San Fernando earthquake occurred on a
fault whose existence was not even known before the earthquake.
Similar faults pervade the heavily populated Los Angeles basin. The
seismic risk extends throughout the western United States. One
example is the Wasatch Fault, which is a documented, highly active
fault in Utah. The fault scarp in Salt Lake City is the site of extensive
apartment and real-estate developments because of the excellent views
that the scarp provides. Although seismic activity in the eastern United
States is much less frequent, large earthquakes do occur. The 1812
earthquake in New Madrid, Missouri, may have been the largest shock
to have occurred in the United States in the past 200 years. The origin
of these intraplate earthquakes is poorly understood.

VOLCANIC ERUPTIONS

The eruption of Mount Saint Helens provided dramatic evidence of
the threat to life posed by the active volcanoes in the western United
States. It was the latest in a series of major explosive eruptions that
have occurred in the Cascade volcanic chain. There is also a risk of
massive eruptions in other parts of the western United States. Fortu-
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nately, the prediction of volcanic eruptions using seismic and geodetic
techniques has been quite successful.

Energy

FOSSIL FUELS

The largest demand for trained geophysicists comes from the petro-
leum industry. Seismic reflection profiling is the dominant technique
for discovering petroleum and natural-gas reserves. Sophisticated
data-processing techniques using the largest available computers allow
reservoirs to be identified directly from reflection records. This is a
highly proprietary, rapidly developing field.

Another major application area involves down-hole logging.
Geophysical observations in wells provide a wealth of information
necessary for the evaluation of reservoir properties. A major source of
petroleum in the short term results from secondary and tertiary
recovery techniques. These techniques have substantially increased
the fraction of the petroleum that can be recovered from a reservoir.
The physics of multicomponent flows in porous media is poorly
understood, and its elucidation requires a high priority.

Although we are now enjoying a period in which the supply of
petroleum exceeds the demand, it is only a matter of time until the
available reserves are exhausted. Recent oil company explorations in
the offshore Atlantic, eastern Gulf, and offshore North Slope failed to
find large hydrocarbon deposits and are evidence that few new major
oil fields will be found. Nevertheless, fossil fuels will be the major
source of energy for the foreseeable future. There are immense
reserves of tar sands, oil shales, and coal. Recovery is primarily an
economic and environmental problem, but basic research on new
recovery techniques obviously should receive a high priority.

Although the environmental hazards associated with nuclear energy
receive a large fraction of the attention of environmentalists, there are
certainly environmental hazards associated with the combustion of
fossil fuels. One that is receiving considerable attention is acid rain.
Another is the climatic effects associated with the increased production
of carbon dioxide. The geochemical cycle of carbon dioxide is poorly
understood, and its study also should receive a high priority.

Copyright © National Academy of Sciences. All rights reserved.



http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

GEOPHYSICS 103

NUCLEAR ENERGY

Two of the major problems affecting the nuclear-energy industry are
directly related to geophysics. The first is the seismic hazard to nuclear
power plants, and the second is the problem of waste disposal. A
primary factor in the escalating cost of nuclear power plants is the
construction codes dictated by seismic-risk assessment. Although a
rational basis for risk assessment exists in plate boundary areas such as
California and, to a lesser extent, the rest of the western United States,
there is little or no basis for risk assessment in the eastern United
States. As we mentioned above, although the frequency of seismicity
in the eastern United States is low, large earthquakes are known to
occur. The 1812 earthquake in New Madrid, Missouri, had a magnitude
comparable with that of the 1906 San Francisco earthquake. The
possibility that another earthquake of similar magnitude could occur
throughout much of the eastern United States has led to extremely
conservative building codes that greatly escalate building costs of
nuclear power plants. A better understanding of the seismic hazard
within plate interiors could make nuclear energy economically feasible,
at least in parts of the United States.

The problem of nuclear-waste disposal is now receiving a high
priority. A variety of sites have been proposed for nuclear-waste
repositories. The long-term integrity of the various sites poses a
number of geophysical questions, including the effects of heat produc-
tion on a site, the mobility of groundwater, and the basic geological
stability of the various sites.

GEOTHERMAL ENERGY

On a local basis geothermal reservoirs can provide clean, cheap
power. The primary example in the United States is the Geysers field
north of San Francisco. At present, sufficient power is being generated
from this field to meet the power requirements of the city of San
Francisco. The Geysers field produces clean dry steam that can be run
directly through turbines.

Because of the proprietary nature of the search for geothermal
reservoirs, few data on reserves are available. It is doubtful that other
fields as productive as the Geysers exist in the United States. The
Imperial Valley of California contains large reserves of geothermal
energy, but the corrosiveness of the hot brines presents severe
technical problems that have not been solved.

The fundamental physical processes associated with geothermal
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reservoirs are poorly understood. Reservoirs are treated as nonrenew-
able gas fields. It is generally accepted that the high temperatures
required for steam are associated with solidifying magma bodies. If
geological conditions restrict groundwater circulations, the groundwa-
ter may be heated sufficiently to form reservoirs of wet or dry steam.

It has been proposed that heat be extracted from hot, dry rock. Cold
water would be injected into one well, and the heated water would be
extracted from a second well. The circulation path would be continu-
ously altered so circulation would take place through hot rock.
Although the process is feasible in principle, the technical problems
may be impossible to overcome.

It is highly unlikely that geothermal energy will be a major source for
this nation’s energy supplies. However, on a local basis, geothermal |
reservoirs can provide significant amounts of cheap energy.

Data Acquisition from Space

Data acquired from satellites have provided a wealth of geophysical
data. Satellite tracks can be inverted to obtain the Earth’s gravitational
field. An accurate gravitational field is required to predict satellite
orbits. Modern geodetic observations from space require an orbit
location of better than a meter. The GEOS-3 and SEASAT satellites
mapped the sea-surface height to an accuracy of better than 10 cm.
This not only provided an accurate geoid map over the oceans but also
provided important data on ocean currents and tides. MAGSAT and
other satellites have provided an accurate map of the Earth’s magnetic
field.

A series of LANDSAT missions has provided a wide range of
spectral data on the Earth’s surface. These data can be used to produce
geological maps of areas of sparse vegetation. An important new data
base is being collected by the use of side-scanning radar to obtain maps
of the Earth’s surface.

National Security

Detection of underground nuclear explosions provided the basis for
modern seismology in the 1950s. Today, the most sophisticated seismic
arrays are dedicated to this purpose. Research on the behavior of
substances subjected to high pressure, carried out to elucidate the state
of the Earth’s interior, is used to increase our understanding of the
effects of a nuclear explosion.

Geophysical observations have long been of fundamental importance
to national security. Topographic maps provide the basis for military
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operations and have secret classification in many parts of the world.
Detailed swath mapping of bathymetry was highly classified for a long
period. Mapping of the Earth’s gravitational field provides the basis for
plotting missile trajectories and navigation, and maps of the Earth’s
magnetic field also provide an important aid in navigation.

FUTURE DIRECTIONS OF RESEARCH

Seismic Studies of the Continents

Seismic studies of the continents complement the seismic reflection
studies being carried out by the petroleum industry. Seismic studies in
sedimentary basins are the primary basis for finding new petroleum
resources. COCORP has carried out reflection studies for scientific
purposes for the past 10 years. Major scientific discoveries have been
made, and potential oil and gas provinces have been discovered. Many
other countries have undertaken similar projects.

Despite efforts made over the past 10 years the structure of the
continents remain largely unexplored. Modern tomographic analysis
techniques are enhancing the effectiveness of seismic reflection and
refraction studies. The major benefits in terms of the discovery of
resources, the mitigation of seismic and volcanic hazards, and major
scientific discoveries that can be easily envisaged suggest the need for
strong support for these studies.

Deep Drilling in the Continents

The Soviet Union is currently drilling a continental well that has
reached a depth of 12 km. The well has been drilled entirely through
crystalline rock and is 5 km deeper than the deepest previous well,
which was drilled entirely through sedimentary rock. Preliminary
information indicates that the Soviet Union has made a number of
important scientific discoveries concerning heat flow, the presence of
mineralized water, and the type of rock present. Deep drilling in
selected areas, such as that proposed by the corporation for the Deep
Observation and Sampling of the Earth’s Continental Crust
(DOSECC), should provide exciting new discoveries.

Global Digital Seismic Array

Studies inverting the travel times of both body and surface waves
generated by earthquakes show great promise for determining the
structure of the interior of the Earth. These studies utilize the latest
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developments in tomography. In order to obtain an accurate, small-
scale distribution of seismic velocities within the Earth a global
distribution of digital seismic stations is required. The technology that
is available is not suitable for use at deep ocean sites, thus leaving holes
in the network to be resolved through future research. Deep ocean
seismometers need to be developed. Such a global network would also
be of great value in the detection of underground nuclear tests.

Large-Scale Computing Facilities

There is a multitude of demands for large-scale computing facilities
in geophysics. They are essential for performing calculations of the
circulations of the oceans and atmosphere. Inversion of seismic
reflection profiles and data from the global seismic network requires
the use of the largest available computers.

Studies of Crustal and Mantle Materials Under High Pressure

In order to understand processes that are occurring within the Earth
it is necessary to know the physical properties of the relevant minerals.
One of the most successful devices developed recently is the diamond
pressure cell. Combined with the high level of radiation available from
synchrotrons, this device can produce a wide range of important
results on phase diagrams and reaction kinetics. Some studies of
physical properties require larger sample sizes than can be accommo-
dated in diamond cells. An example is creep experiments to determine
the rheology of relevant minerals at high pressures. A variety of
experimental facilities for high-pressure studies is needed.

Remote Sensing from Space

Remote sensing of the Earth from space provides a variety of data
concerning fundamental geophysical processes. Optical and micro-
wave studies provide a range of information on meteorological and
ocean processes. With future developments direct observation of
precipitation may be possible. An important objective is to improve the
prediction and tracking of hurricanes and tornadoes.

The use of the Global Positioning System (GPS) is certain to
revolutionize geodesy: absolute positions will be routinely determined
with centimeter accuracy at little cost. Such observations will greatly
improve our knowledge of seismic and other tectonic processes. The
GPS will be extremely useful for many commercial fields involving
surveying and navigation.
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Other Geophysical Data Sets

Understanding fundamental geophysical problems requires exten-
sive data sets. This is particularly true in meteorology and oceanogra-
phy. Extensive and detailed studies of velocity fields and spectra are
required. Measurements of temperature, salinity, and moisture content
are also necessary. In solid-earth geophysics, electromagnetic studies
show considerable promise toward helping us to determine the tem-
perature, fluid content, and composition of the crust and upper mantle.
Heat-flow measurements provide information on mantle convection
and heat-transfer processes.
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Computational Physics

INTRODUCTION

Computational physics extends theoretical physics beyond the lim-
itations of analytic techniques. This extension has become essential to
the advance of many different subfields of physics as systems of
interest have become more complex, moving from a few degrees of
freedom to many degrees of freedom and from linear to nonlinear
problems.

Computational physics is not a subfield of physics, as is, e.g.,
elementary-particle physics or condensed-matter physics. Nor is com-
putational physics a third mode of physics, parallel to experimental
physics and theoretical physics—although the misconception is some-
times adduced. Computational physics, since it does not adduce new
experimental facts about the physical universe, must lie wholly within
the sphere of theoretical physics. It is distinct from, and should not be
confused with, the essential uses of modern computers in physics
experimentation.

As today’s experimentalist relies on the power of the computer to
extend his or her abilities to gather and process data, many theorists of
today (and, we think, most theorists of tomorrow) are coming to rely
on computational power to extend the mind’s ability to imagine
theoretical models and to discern the often complex and subtle
consequences and predictions of those models.

108
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Computational physics is an interface subject not only to fields
outside physics but also (and perhaps more importantly) among the
various subfields of theoretical physics, among them particle and field
theory, condensed-matter theory, plasmas, fluids, and atomic physics.

In this chapter, our agenda is threefold:

® First, we elaborate on the different types of complexity which lead
theoretical physics naturally and inevitably into the computational
realm; we start in general terms and then give specific examples from
a number of different subfields of physics.

® Second, we discuss the distinctive nature of computational phys-
ics as it affects the lives and perspectives of its physicist practitioners.

® Third, we try to extract sensible policy implications: What needs
to be done to ensure that computational physics, and the information
science revolution generally, is optimally harnessed in the service of
the advance of our knowledge of the physical universe?

A number of recent panel and committee reports have addressed
these and related issues and can usefully be read in parallel with this
one. The 1981 Report by the Subcommittee on Computational Facili-
ties for Theoretical Research of the National Science Foundation’s
Advisory Committee for Physics (Press report) is similar in scope to
this chapter; its descriptive material has been drawn on heavily for
this chapter. The 1982 Report of the Panel on Large Scale Computing
in Science and Engineering (Lax report) looks at computation not only
in physics but also in other disciplines. In the context of a parti-
cular funding agency, the National Science Foundation, the 1983
report A National Computing Environment for Academic Research
(Bardon report) makes detailed, and to our minds cogent, recommen-
dations.

THEORETICAL INVESTIGATION OF COMPLEX SYSTEMS

As the fields of physics advance, theory naturally evolves from a
stage where the most important problems can be solved analytically to
a stage where numerical and other computational techniques (such as
computer symbolic manipulation) become essential. At any one time,
different subfields are in different stages of this process. However, one
can identify—even across the boundaries of different subfields—
common features that drive this evolution. In general terms, one moves
from a few degrees of freedom to many degrees of freedom and from
the linear or linearized to the intrinsically nonlinear.

Complexity sometimes emerges in moving from ordinary differential
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equations to partial differential equations for the solution of interesting
problems. This has happened, long since, in the fields of fluid and
plasma physics, and for the Schrodinger equation in noncentral or
many-body problems, for radiative transfer problems in astrophysics,
and in other areas. Similarly, in areas such as nuclear reaction theory,
many coupled integrodifferential equations naturally arise and must be
solved self-consistently.

Complexity also increases dramatically whenone moves from simple
or one-dimensional models of physical processes to realistic simula-
tions. One sees this in research on the phases of fluids and solids and
lattice models, in plasma simulations, in many-body calculations of
galactic dynamics, and in quantum field theory.

Complexity can come from the impetus to move from low order to
high order in any of several mathematical expansion schemes. This is
the case in quantum electrodynamics and quantum chromodynamics;
in high-temperature and other expansions for liquids, solids, and lattice
systems; and in high-partial-wave expansions for nuclear reactions.
When the expansion techniques are algebraic, one moves from hand
algebra to symbolic manipulation on the computer.

Complexity arises in moving from scalar systems to vector or tensor
systems and from linear systems to nonlinear systems. A striking
example of this is gravitation theory (general relativity), whose partial
differential equations are both tensor and highly nonlinear. Another
example is the physics of many-component mixtures of fluids. In all
these cases, one sees that complexity arises not from an injudicious
choice of problems but inevitably as theory advances. Surveying the
scope of subfields of physics, as we shall now do at least in part, one
finds over and over again that (1) there are important problems whose
solutions must be found by computational techniques and (2) even the
best investigators lack sufficient resources for accomplishing even the
tasks already at hand.

ELEMENTARY-PARTICLE PHYSICS

In quantum electrodynamics it is possible to extend perturbative
solutions to high order, and large-scale computing has played an
essential role. The calculations of the sixth-order and eighth-order
magnetic moment of the electron, and their impressive agreement with
experiment to 1 part in 108, have provided one of the most accurate
verifications of a fundamental theory in all of physics.

It has now become necessary to carry out equally complex calcula-

Copyright © National Academy of Sciences. All rights reserved.



http://www.nap.edu/catalog.php?record_id=19211

Scientific Interfaces and Technological Applications
http://www.nap.edu/catalog.php?record_id=19211

COMPUTATIONAL PHYSICS 111

tions for quark theory (quantum chromodynamics) in order to make
realistic comparisons of theory with experiments. The algebra of these
calculations, in particular, is extremely complex, and computer-based
algebra programs such as SMP and MACSYMA have become crucial.
In addition, the integrals can usually be found only through numerical
Monte Carlo integrations.

In continuum quantum field theory, there is no known method for
numerical approximation of the nonperturbative regime. However, the
formulation of lattice versions of currently viable gauge theories has
led to substantial new insights into the theory of quark confinement and
has also opened up the application of statistical-mechanical high-
temperature expansion techniques to study the behavior of gauge
theories for large values of the gauge coupling constant. Monte Carlo
calculations for the pure gauge theory have already had a substantial
impact on elementary-particle theory. However, such calculations are
just a beginning. Substantial increases in computing power are needed
to permit more realistic calculations that use lattice sizes large enough
to show independence of the lattice itself, to incorporate quarks in a
realistic way into the calculations, and to use the physically relevant
color SU(3) group in place of the simpler models mostly studied to
date.

Efforts are under way in several laboratories to meet the need for
enormous computing power for quantum chromodynamics problems
by constructing special-purpose parallel processors dedicated to this
problem. Although such computers are not yet operational, their
published designs indicate (special) capabilities that dwarf currently
available general-purpose vector computers. This fruitful general ap-
proach is likely to stimulate theorists to invent special-purpose com-
puters and to seek their construction.

One of the most fundamental and baffling problems facing elemen-
tary-particle theorists is to understand dynamical breaking of chiral
symmetry, namely, a breaking that does not require Higgs fields. This
occurs in strong interactions and is an essential part of a major class of
unified theories of weak and electromagnetic interactions. It occurs
only in strongly interacting field theories, so it cannot be studied
perturbatively. To date, no lattice approximation has been found that
maintains continuous chiral symmetry. An important research effort at
the moment is the search for a framework that permits the numerical
study of dynamical symmetry breaking. If such a framework is found,
it is certain that the computing requirements to study this problem
(which involves both fermions and gauge fields) will be immense.
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STATISTICAL MECHANICS

An important chapter in the history of the theory of critical phenom-
ena in matter (magnets and fluids, for example) was the use of
high-temperature expansions, to very high order, to compute critical
exponents. Large-scale computing was required to push the series
beyond the level computable by hand; this was done to check the
consistency of extrapolations to the critical temperature from very high
temperatures. This work established the failure of mean field theories
of critical behavior and paved the way for the renormalization group
approach to describing critical behavior. This effort continues both
through higher-order calculations for simple systems and through new,
more complex, applications. Some new applications (e.g., multicritical
points) involve expansions in several variables that require consider-
able computing power.

Another fundamental result in computational statistical mechanics
was the calculation of the equation of state of the hard-sphere liquid
using molecular-dynamics methods. Many detailed studies of the liquid
state have been made by using perturbations of this model. Molecular-
dynamics and Monte Carlo methods are now being used to investigate
increasingly complex liquid systems, such as the simulation of liquid
water.

CONDENSED-MATTER THEORY

New computational methods have been developed recently that
allow, for the first time, accurate solutions of the complex many-body
problems of condensed-matter theory. Many of these developments
have been sparked by the increasingly urgent demands of experimen-
talists for theoretical interpretation of data obtained with new, sophis-
ticated techniques. Many such problems are in the area of real
materials and effects where techniques are now available to calculate
answers to many vital questions in condensed-matter science. These
include electronic structure determinations of complex bulk solids,
polymers and biomaterials, impurities and vacancy defects, superfine
particles, disordered solids, and amorphous materials such as modu-
lated (superlattice) structures and sandwiches. Several of these prob-
lems focus on the unexplored regime that lies between molecules and
solids, which is important for the future development of electronic
devices.

Problems in which increased computational capacity and innovative
numerical techniques are having wide impact include: static and dy-
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namic structure of quantum liquids and their surfaces, the static and
dynamic structure of classical liquids and their surfaces, the nature of
homogeneous systems (the microscopic description of liquid-solid
interfaces, for example), solitary excitations in extremely nonlinear
systems, the vast area of nonequilibrium properties of solids and
liquids (for example, the microscopic simulation of shock fronts in
condensed matter), turbulence in both classical and quantum fluids, the
simulations of lattice defects, and the electronic structure of bounded
systems such as thin films, slabs, and absorbed layers.

To give some idea of the impact of increased computational capacity,’
it may be worth expanding on the last item by way of example. Only
with the advent of the linearized, augmented plane-wave method did
realistic self-consistent calculations of the electronic levels of thin
metal films, including films with ordered overlayer absorbates, become
possible. Even so, relatively modest systems strain the resources of
most computers. Although further improvement in calculational
schemes can be expected, these will come only from the understanding
of extensive calculations of related systems, if the experience with bulk
systems is any guide. Of greater interest is the construction of potential
surfaces for molecules outside a transition metal surface, a project
requiring a 10- to 100-fold improvement in computational capacity.
Such surfaces can be the input for studying the sticking of atoms on
surfaces, the absorption and disassociation of molecules, and the
subsequent motion and reaction of atoms on the surfaces. All these
have been the subject of primitive calculations, which could be
improved if the requisite computational facilities were available. For
the more distant future, there is the problem of the simulation of finite
temperature surfaces, where the entropy aspect of reactions must be
included.

ATOMIC AND MOLECULAR PHYSICS

Atomic and molecular science today is characterized by rapid
advances in experimental technique, especially the ability to prepare
and control a wide variety of atomic and molecular states. Highly
ionized species, atoms in strong external fields, states with many
electrons excited, states with dimensions approximating the macro-
scopic, and high-angular-momentum states are but a few examples.
The properties of such states and their interactions play a central role
in atomic physics research.

The availability of powerful computers has enabled theorists to make
significant contributions to the rapid growth of atomic and molecular
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physics during the past 15 years. Old methods have been applied to
more-complex problems, and new methods have been developed for
the study of many of the processes that are now amenable to experi-
mental study or are of interest to applied physicists. In the determina-
tion of electronic structure, calculations of wave functions for atoms
and small molecules have progressed well beyond the Hartree-Fock
level. However, present computing power and theoretical techniques
are insufficient for accurate multiconfiguration calculations for heavy
atoms in which relativistic effects are important. Such calculations will
be required in the study of heavy-ion fusion and are needed, for
example, for the analysis of the experiments searching for parity-
violating atomic transitions. Further development of radiation physics
and laser optics will require broader and more detailed studies of
photon-atom interactions, often with highly ionized or perturbed
atoms. Recent investigations of bremsstrahlung, Rayleigh scattering,
Compton scattering, and the photoelectric effect have revealed inter-
esting new phenomena that have been explored by only a few groups
with extraordinary access to fast computers. At lower energies better
calculations of photoionization will be necessary to interpret the wealth
of new data generated with synchrotron light (for ground-state atoms or
molecules) and with infrared or visible lasers (for highly excited states).
With respect to larger systems, self-consistent field calculations can be
carried out using the local density or local spin-density approximations
for polyatomic molecules, including polymers and weakly bound
clusters, and for molecules absorbed on surfaces. Calculations by
better methods will facilitate the assessment of the accuracy of these
approaches, and further applications of these methods should encour-
age greater collaboration among atomic physicists, quantum chemists,
solid-state physicists, and biochemists.

In the study of atomic collisions, theory is now capable of verifying
and augmenting experimental measurements on many processes in
electron-atom collisions. There have been some notable successes in
the theory of electron-molecule and ion-atom collisions at both high
and low energies. Serious problems remain, particularly at intermedi-
ate energies and for collisions involving molecules in which electronic
or vibrational excitation is important. Useful calculations on rearrange-
ment collisions, energy transfer, excited-state reactions, and breakup
processes will require new methods and increased computing power.
The successful methods should be extended to treat collisions with
atoms or molecules on surfaces. Many of the new diagnostic tech-
niques for studying plasmas and solid surfaces involve atomic colli-
sions, and more detailed calculations of the energy, angular distribu-
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tion, and polarization of scattered particles will be needed if these
techniques are to be utilized fully. Studies of electron-atom and
atom-atom collisions in the presence of a laser field give information
not otherwise obtainable. The calculations are necessarily difficult,
however, and require extensive computational effort.

Monte Carlo techniques have been introduced into the study of the
electronic structure and interactions of atoms and molecules within
quantum, semiclassical, and purely classical theories. Simulations are
also being used to relate the macroscopic behavior of ionized gases to
the properties of the individual atoms and molecules. These simula-
tions have led to significant improvements in transport theory and to a
better understanding of swarm measurements of the reactions of
atomic ions. However, further studies of energy exchange between
molecular ions and neutral ions and molecules are needed. Better-
designed simulations would be valuable in the exploration of the
many-body effects that occur in dense gases, about which little is
currently understood. For example, computer simulations of three-
body recombination should help to clarify many of the mysteries
concerning combustion at atmospheric pressure.

PLASMA PHYSICS

Theoretical plasma physics today includes many active subfields.
Their common theme is the importance of collective processes, which
dominate the interaction of ionized gases with electric and magnetic
fields. Basic plasma theory addresses the fundamental natures of
plasma turbulence, statistical mechanics, and magnetic-field topology.
Equally important are the major applications of plasma theory to
controlled fusion research, solar-system and magnetospheric plasmas,
and astrophysical plasmas.

Areas of basic plasma physics theory that have shown rapid and
exciting advances in the past few years include strong turbulence,
soliton formation and dynamics, magnetic reconnection, plasma heat-
ing by intense beams, and single-species plasmas.

Numerical techniques for computational plasma physics can be
grouped into two classes:

1. Techniques that follow the microscopic electrogmagnetic fields
and particle-distribution functions are ideal for providing detailed
information on the effect of turbulence and on the