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PREFACE ix

Preface

This survey of plasma physics and fluid physics briefly describes present
activities and recent major accomplishments. It also identifies research areas
that are likely to lead to advances during the next decade.

Plasma physics is divided into three major areas: general plasma physics,
fusion plasma confinement and heating, and space and astrophysical plasmas.
Fluid physics is treated as one topic, although it is an extremely diverse research
field ranging from biological fluid dynamics to ship and aircraft performance to
geological fluid dynamics. Subpanels, chosen for their technical expertise and
scientific breadth, reviewed each of the four areas. The entire survey was
coordinated and supervised by an Executive Committee, which is also
responsible for the Executive Summary of this volume. Wherever possible,
input from recent Advisory Committees was used, e.g., from the Magnetic
Fusion Advisory Committee, the Space Science Board, and the Astronomy
Survey Committee.

This volume is organized as follows: Chapter 1 is an Introduction and
Executive Summary that outlines (a) major findings and recommendations; (b)
significant research accomplishments during the past decade and likely areas of
future research emphasis; and (c) a brief summary of present funding levels,
manpower resources, and institutional involvement. The subpanel reports
constitute Chapters 2-5 of this volume, including Fluid Physics (Chapter 2),
General Plasma Physics
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PREFACE X

(Chapter 3), Fusion Plasma Confinement and Heating (Chapter 4), and Space
and Astrophysical Plasmas (Chapter 5).

An important conclusion of this survey is that both plasma physics and
fluid physics are scientifically and intellectually well developed, and both areas
are broad subdisciplines of physics. We therefore recommend that future
physics surveys have separate volumes on the physics of plasmas and the
physics of fluids.

Finally, we are grateful for the technical contributions and conscientious
efforts of the individual subpanel members. In addition, we wish to thank the
many expert readers who have reviewed this report and provided useful
suggestions that improved the document. The readers include Stirling Colgate,
John Deutch, Herman Feshbach, George Field, William Fowler, Edward
Frieman, Harold Furth, Hans Griem, Robert Gross, Donald Kerst, Hans
Liepmann, Jeremiah Ostriker, Eugene Parker, David Pines, Marshall
Rosenbluth, Ascher Shapiro, Joseph Smagorinsky, and Edward Stone. We
appreciate their valuable contributions.
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1

Introduction and Executive Summary

GENERAL FINDINGS AND RECOMMENDATIONS

Findings

The Panel has the following general findings concerning plasma physics
and fluid physics:

In each area reviewed by the Panel, the level of basic understanding
increased significantly during the past decade.

Although most plasma and fluid research is motivated by applications
such as defense, fusion, space, communications, and atmospheric
modeling, the associated fundamental physics is at the very forefront
of knowledge and is characterized by high intellectual challenge.

All matter under physical conditions with energies exceeding 1
electron volt per atom above the ground state involves plasma-physics
phenomena. Plasma  physics combines concepts from
electromagnetism, fluid physics, statistical mechanics, and atomic
physics into a unified methodology for the study and practical use of
the nonlinear collective interactions of charged particles with one
another and with electric and magnetic fields.

The most important applications of plasma physics are to fusion and
space research, which have stimulated many recent advances in plasma
science. Other applications include new types of particle
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INTRODUCTION AND EXECUTIVE SUMMARY 2

accelerators and coherent radiation sources, isotope separation, and
astrophysics.

The technology needed to study hot plasmas in the laboratory and
natural plasmas in space has been developed largely over the past 25
years. As a result, plasma physics has become a well-developed
scientific discipline.

The 1970s saw the extensive development of coherent and turbulent
nonlinear plasma physics, which is proving to be fundamental. Many
nonlinear concepts and mathematical methods developed in plasma
physics, such as solitons and stochasticity, have found applications in
other areas of physics.

The above theoretical advances aided by rapid developments in
precision plasma diagnostics and data-acquisition techniques have led
to significant technical advances in the laboratory. These include, for
example, the demonstration of rf current drive in tokamaks,
observation of plasma solitons and cavitons, and magnetic braiding
and the development of new coherent radiation sources such as the
free-electron laser, the gyrotron, and the x-ray laser.

The increasing precision of measurements, numerical modeling, and
theory applied to space plasma problems amounts to a revolution in
technique relative to 10 years ago. As a result, the study of space
plasmas has become one of the primary motivations and experimental
arenas for basic plasma research.

The concepts and techniques of fluid physics find widespread use in
plasma physics, atmospheric science, oceanography, solid-earth
geophysics, astrophysics, biology, and medicine; in problems in laser
physics, combustion, and pollution control; and in the engineering of
transportation and defense systems, among others.

The understanding of turbulent fluid motion and the ability to control it
have increased dramatically during the past decade. The transition
from organized to chaotic fluid flow has become a principal arena for
testing recent conceptual advances in nonlinear mechanics.

The effectiveness of fluid-physics and plasma-physics research is being
revolutionized by the use of large-scale numerical computations to
investigate and solve previously intractable theoretical problems, as
well as to analyze and correlate large arrays of data.

Recommendations

In addition to the specific recommendations summarized in the following
chapters, the Panel makes the following general recommendations:
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* To advance our understanding of fusion and space plasmas, and to
maintain and extend U.S. excellence in plasma physics, we
recommend that the federal government proceed with the next
generation of major projects in fusion and space research that are
identified later in this report and in other reports referenced herein.

* To enhance progress in fluid-physics research, we recommend two
national research initiatives: one would develop and deploy the
simultaneous, multipoint flow instrumentation described later in this
report; the other would expand programs for research access to major
computational and experimental fluid-physics facilities.

* In view of the significant advances in plasma physics and fluid physics
during the past decade, we recommend a renewed commitment by the
federal government to basic research in these subjects. An adequate
level of basic research, free from short-term, application-oriented
goals, should be established in order to provide the foundations for
future scientific advances and new technologies.

In addition, the Panel makes the following recommendation to the
academic community:

* In view of the increasing precision of the experimental and theoretical
techniques of plasma and fluid physics, and their many applications,
we strongly recommend that senior-level courses in plasma physics
and fluid physics become a required part of university physics curricula.

INTRODUCTION

The Emergence of Plasma Physics

With the rise of electrical science in the nineteenth century came
intimations of what are recognized today to be plasma effects. In the 1830s,
Michael Faraday created electrical discharges to study the chemical
transformations induced by electrical currents. These discharges exhibited
unusual structured glows that were manifestations of a new state of matter. It
was impossible to go further until the discovery of the electron by J.J. Thomson
in 1895 and the elucidation of the atomic theory of matter by N. Bohr, E.
Rutherford, and others shortly thereafter. By the early twentieth century, the
subjects of electromagnetism, fluid mechanics, statistical mechanics, and
atomic physics had been clearly defined. These would eventually be assembled
into a unified methodology for the study of the nonlinear collective interactions
of electrically charged particles with one another and with
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INTRODUCTION AND EXECUTIVE SUMMARY 4

electric and magnetic fields, i.e., plasma physics. The realization that plasma is
the fourth physical state of matter was a major achievement reserved for
twentieth-century physics.

Advances in understanding plasmas in the laboratory, in space, and in
astrophysics occurred in parallel throughout the twentieth century. In the 1920s,
I. Langmuir discovered collective plasma oscillations in the laboratory, and G.
Breit and M. Tuve first reflected radio waves from the ionosphere—the very
edge of space. Between 1930 and 1950, the foundations of plasma physics were
created, largely as a by-product of ionospheric, solar-terrestrial, and
astrophysical research, motivated by such diverse concerns as understanding
how radio waves propagate in the ionosphere, how solar activity leads to
auroral displays and magnetic storms on Earth, and the role of magnetic fields
in the behavior of stars, galaxies, and the interstellar medium. H. Alfvén, E.
Appleton, S. Chandrasekhar, S. Chapman, T. Cowling, M. Saha, L. Spitzer, and
many others contributed to this research. During this period, laboratory gas-
discharge experiments multiplied in number and efficacy. In 1946, L. Landau
developed the first theory of the interaction between waves and resonant
particles in a plasma without collisions. By the 1950s, it was clear that the
collision-free nature of hot plasmas was an essential property that highlights the
collective interactions fundamental to plasmas.

Modern plasma physics began in the 1950s. Two events symbolizing the
deeper intellectual currents of those years were the first successful launch of an
artificial Earth satellite by the Soviet Union and the revelation, through
declassification, that both the United States and the Soviet Union had been
trying to harness the energy source of the Sun— thermonuclear fusion for
peaceful purposes. Then, as now, the obstacles to achieving controlled fusion
lay not in our ignorance of nuclear physics, but of plasma physics. In 1958, the
terrestrial radiation belts were discovered and in 1960, the solar wind, both by
spacecraft. These discoveries showed that our exploration and future
understanding of the Earth and Sun's space environment would also be couched
in terms of plasma physics.

Two powerful motivations stimulated the growth of plasma physics after
1960. Fusion research seeks a source of energy accessible to human use that
will last for a time comparable with the present age of the Earth. Space research
seeks useful comprehension of nature's processes on a global and, indeed, solar-
system scale, in recognition of Man's dependence on his environment, as well as
his curiosity about the cosmos.
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The international effort to achieve controlled thermonuclear fusion has
been the primary stimulus to the development of laboratory plasma physics. As
early as 1958, the theta-pinch configuration produced fusion temperatures at
high plasma densities. However, the energy confinement time was orders of
magnitude lower than that required for net energy production. The simultaneous
achievement of high temperatures, densities, and confinement times—similar to
the plasma conditions at the centers of stars—required significant
improvements in forming and understanding plasmas confined by magnetic
fields or by inertial techniques. It became possible to diagnose fusion plasmas
with increasing precision, and theoretical plasma physics was stimulated to
explain observations made possible by more detailed and complete
measurements. The technology needed to create fusion plasma conditions in the
laboratory—high magnetic field, large-volume superconducting magnets,
intense energetic neutral beams, powerful lasers, vacuum and surface
techniques, and high-power radio-frequency sources spanning a wide range of
frequencies—was systematically assembled. The scientific feasibility of
controlled fusion will likely be demonstrated in the coming decade, an event
that we expect will invigorate research in plasma physics, just as the emergence
of the tokamak as an attractive confinement approach in the late 1960s led to
strong growth of the fusion program in the 1970s.

As the science and related experimental techniques developed, other
applications of plasma physics came into view. One example, among many, is
the free-electron laser. The free-electron laser, which can generate coherent
radiation from microwaves to optical frequencies and perhaps even into the x-
ray range, will find applications in many branches of physics, other sciences,
industry, and medicine. Using collective plasma effects, it may also be possible
to create a new generation of accelerators, such as the beat-wave accelerator,
operating at the frontiers of high-energy particle physics.

A new and challenging application of plasma physics is to the separation
of stable and unstable isotopes, for nuclear fuels, for medical research and
diagnostics, for agricultural research, for tracking the motion of environmental
pollutants, and for other uses. Many subtle problems of plasma physics, plasma
chemistry, and plasma-surface interactions arise in isotope-separation research.

It is significant that the same discipline of physics—plasma physics—
defines the basic language now used both in fusion research and in solar-system
plasma physics. The experimental diagnosis and theoretical interpretation of
many space plasma processes now match in precision the best of current
laboratory practice. As a result, the study
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of space plasmas has become one of the primary motivations and experimental
arenas for basic plasma research. Moreover, the plasma phenomena in the solar
system have proven to be examples of general astrophysical processes. Not only
does plasma physics describe both solar-system and astrophysical phenomena,
but the solar system has become a laboratory in which astrophysical processes
of great generality can be studied in situ.

The study of plasmas beyond the solar system has developed more slowly
than space plasma physics for a fundamental reason: the microscopic plasma
processes that regulate the behavior of distant astrophysical systems cannot be
observed directly, as they can in space and in the laboratory. Now, however, the
modern theoretical and computational techniques developed to understand
fusion, laboratory, and space measurements have opened the door to modeling
of the plasmas in the still larger and more exotic environments of astrophysics,
ranging from stellar atmospheres to quasars.

Such numerical modeling, which is at the cutting edge of computer
physics, is applied to statistical mechanics, nonlinear dynamics, fluid
turbulence, and elementary-particle physics, as well as to plasma physics. In
plasma physics, it has made quantitative the study of complex
magnetohydrodynamic systems, and it has clarified the nonlinear collective
processes that regulate plasma transport in such systems.

Developed scientific disciplines are characterized by deep philosophical
motivations, a unified body of powerful theoretical and experimental
techniques, and a wide range of applications. It is our conviction that with the
growing integration of laboratory, fusion, space, and astrophysical plasma
research, plasma physics is becoming a well-developed scientific discipline.
When a scientific discipline matures, technological innovation follows. Plasma
physics, the only major branch of physics to come largely into being in the past
generation, is just beginning to have its impact.

Classification of Plasmas

The plasmas encountered in nature and studied in the laboratory can be
classified as tenuous or dense, classical or quantum. Given the wide range of
plasma types and phenomena examined in this report, it is useful to display this
diversity in a single plot of plasma temperature T (in kelvins) versus density n
(per cubic centimeter) as shown in Figure 1.1. Evidently, plasmas range from
the extremely hot, relativistic, classical, tenuous plasmas encountered in the
magnetospheres of
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pulsars to the extremely dense, cold, degenerate quantum electron plasmas in

white dwarfs.
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Figure 1.1

Classification of plasmas by temperature and density.

As a guide to Figure 1.1, we consider a plasma with average number
density n and mean kinetic energy (3/2)kgT per particle. (Here, kg is
Boltzmann's constant.) The average distance between neighboring charged
particles is 7, ~ n'3. Therefore, the average Coulomb interaction energy
between neighboring particles is (@ ) ~ e*/n"'3, where e is the electron charge.
Assuming a warm plasma with kgT exceeding the ionization energy FE; in
Figure 1.1, then the plasma is classified as an ideal classical plasma provided
kaT == ¢%ln"'" ie., provided the thermal kinetic energy is large in comparison
with the average Coulomb interaction energy. If both sides of this inequality are
raised to the 3/2 power, this condition can also be expressed as mhj == 1
where the Debye length hp = (#gT/4wne’)'? is the characteristic shielding
distance of the Coulomb interaction potential in a plasma. It is evident from
Figure 1.1 that an extensive region of (n, T) parameter space is located above the
curves nih = 1 and kgT ~ E,;, corresponding to ideal classical plasmas.
Although they have widely different densities and temperatures, such classical
plasmas include pulsar magnetospheres and other astrophysical systems, the
solar corona, the
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solar wind, and planetary magnetospheres, as well as a wide range of laboratory
plasmas characteristic of magnetic and inertial confinement fusion.

As the plasma density is increased, the average distance between
neighboring particles becomes very small, and quantum effects become
important when 7' is comparable to the thermal de Broglie wavelength
film (2kgl /m )" of an electron. The characteristic scale of electron kinetic
energy in such a quantum plasma is the Fermi energy Er ~4*[3w'n)i**2m,
where 2afi is Planck's constant and m, is the electron mass. Referring to
Figure 1.1, quantum effects become important when Er > kgT, i.e., when the
Fermi energy exceeds the classical thermal energy AgT. If the Fermi energy Er
also exceeds the average classical Coulomb interaction energy e?/n’', the
quantum plasma is ideal and weak-interaction models can be used to describe
such degenerate quantum systems. An example is the degenerate electron gas in
white dwarfs. On the other hand, in the region kgT << Ep << ¢*n’'3, which
includes the electron gas in metals in Figure 1.1, the quantum plasma is nonideal.

Finally, the small triangular region in Figure 1.1 bounded by #Af = 1,
kgT ~ E,, and kgT = Ep is referred to as strongly coupled plasma. Such plasmas
are classical (since kgT > Ey), but the Coulomb interactions are strong since €%/
n"'? is typically larger than kgT in this region. Unlike ideal classical plasmas
(where €/n™"3 << kgT) the correlations due to Coulomb interactions are
strong, and such systems are modeled by numerical simulation on high-speed
computers.

Fluid Physics*

Fluid physics, which is among the oldest branches of the physical sciences,
continues to fascinate scientists and engineers with an eclectic collection of
elegant problems. Our need to understand the world of flow around us,
encompassing the nature of transport across biological membranes to the
appearance of solitary waves in planetary atmospheres, remains a constant
stimulation and adventure.

Fluid motion, which can exhibit the apparent randomness of turbulent flow
as well as much larger-scale coherent structures, provides one

* The term "fluid physics" is appropriate in the context of this report. However, owing
to the broad range of interests of its practitioners, it uses several names, each of which is
proper in its own context. Therefore, terms such as "fluid mechanics," "gasdynamics,"
and "biofluid mechanics" are often used to describe special branches.
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of the premier testing grounds for new developments in nonlinear dynamics.
Wavelike fluid-mechanic teleconnections transmit information about the Earth's
tropical oceans over vast distances to alter patterns of global atmospheric
circulation. Swimming creatures are governed by the laws of efficient
underwater travel, providing insights' into the evolutionary pathways stimulated
by changing environments or vacant biological niches.

In common with many other branches of physics, fluid physics also finds a
driving force in the existence of important problems in engineering. The pacing
element for advances in many applications such as the efficiency of flight, the
effectiveness of heat engines, and the productivity of chemical processing
systems is our understanding of the fundamentals of fluid motion. There are
striking examples in the machines of engineering as they exist today, compared
with even the recent past, that measure the magnitude of the advances in our
understanding of fluid physics. As it is beyond the scope of this report to
delineate all of these advances, only a few are mentioned as examples.

The modern transport plane, with swept wings and quiet engines, reflects
the progress in the last few decades of our understanding of high-speed flows.
These configurations have been derived by a combination of originally
empirical and, more recently, theoretical and conceptual constructs made
possible by advances in our understanding of the physics of flow. The gas
turbine engine of today, although superficially similar to its historical
counterpart, includes major improvements made possible by extensive efforts in
fluid physics. The increased fundamental knowledge of combustion and heat
transfer, which was obtained with so much difficulty through research, has led
to lower exhaust pollution and longer life of the critical engine components.
Today's chemical engineering plants have a throughput and an efficiency
increase manyfold over those of only a decade ago, brought about by careful
analysis of fluid mixing and heat transfer. These examples illustrate that basic
knowledge in fluid physics moves quickly from research in flow physics to
application because of the intense competitiveness of today's technological
society.

In summary, fluid physics remains intellectually stimulating owing to the
elegance, widespread natural occurrence, and importance of its problems. In
addition, new levels of understanding of complex phenomena have further
vitalized this field. Much of this understanding has been created in the last
decade by the development of powerful new tools that enable us to investigate
the nature of complex phenomena that heretofore appeared to be intractable
mysteries. Thus, the study of turbulence, complex high-speed flows, biological
flows, and
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geological phenomena has been paced by new developments in powerful
computational and instrumentation techniques. We look forward to the next
decade as a time of excitement and adventure. The implications of mastering
many important practical problems so necessary for the well-being of the nation
and the world serve as further stimulus.

PRINCIPAL FINDINGS AND RECOMMENDATIONS

We summarize here selected major findings and recommendations that
pertain to the areas reviewed by the Panel on the Physics of Plasmas and Fluids.

General Plasma Physics

* The fundamental studies carried out during the past two decades
solidified the relatively new science of plasma physics. The
understanding of small-amplitude wave propagation and of fluctuation
phenomena achieved in the 1960s is a necessary prerequisite for many
plasma applications.

* The 1970s saw the extensive development of coherent and turbulent
nonlinear plasma physics, which is proving to be even more
fundamental. The development and widespread use of advanced
computational techniques provided an important link between theory
and experiment.

» Direct support for basic laboratory plasma-physics research has
practically vanished in the United States. The number of fundamental
investigations of plasma behavior in research centers is small, and only
a handful of universities receive support for basic research in plasma
physics. A striking example is the minimal support for basic research
in laboratory plasmas by the National Science Foundation.

* Because fundamental understanding of plasma properties precedes the
discovery of new applications, and because basic plasma research can
be expected to lead to exciting new discoveries, increased support for
basic research in plasma physics is strongly recommended. The
physics community should be encouraged to submit high-quality
proposals for basic research in laboratory plasmas.

* A dedicated study of plasma physics can be expected to lead to
important new research techniques and technological opportunities.
For example, dense nonneutral plasmas composed mainly of high-
energy electrons may become available with new types of accelerators,
taking advantage of collective processes. In a related area, new types
of particle accelerators using collective effects will contribute to
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nuclear and high-energy physics, energy-related applications, and
defense. New coherent radiation sources based on plasma technology,
particularly x-ray lasers and generators of submillimeter microwaves,
will have applications in materials research, medicine, defense, and no
doubt in other areas not yet perceived.

The impact of plasma physics on related sciences and on technology
has continued to grow since the birth of modern plasma physics in the
late 1950s and will continue to grow for the foreseeable future,
provided a strong research base for plasma physics is maintained by an
adequate level of support.

Fusion Plasma Confinement and Heating

We divide the major findings and recommendations into those that pertain
to magnetic confinement, in which strong externally applied magnetic fields are
used to confine a high-temperature fusion plasma, and those that pertain to
inertial confinement, in which a solid pellet is imploded to ultra-high densities.

MAGNETIC CONFINEMENT

In all the main approaches to the magnetic confinement of fusion
plasmas, the principal measures of performance—plasma density,
temperature, and confinement time—improved by more than an order
of magnitude as a result of intensified fusion research in the 1970s.
One approach—the tokamak has already come within a modest factor
of meeting the minimum plasma requirements for energy breakeven in
deuterium-tritium plasmas. These achievements have been made
possible by rapid advances in plasma science.

The techniques used for plasma control and heating, the technology of
high-power heating sources, and the precision of plasma measurements
all improved dramatically during the past decade. There were equally
rapid advances in plasma theory and numerical modeling, which are
now able to explain much of the observed dynamical behavior of
magnetically confined plasmas. The establishment of the National
Magnetic Fusion Energy Computer Center (NMFECC) made many of
these advances in theoretical modeling and data interpretation possible.

A particular strength of the U.S. fusion program is its broad base,
which includes research on several alternatives to the mainline
confinement concepts, to ensure that the maximum potential of fusion
is ultimately realized.
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* A new generation of magnetic fusion facilities, coming into operation

worldwide, will, in the mid-1980s, extend experimental plasma
parameters to reactorlike densities, temperatures, and confinement
times.

However, if the United States' preeminent position in the worldwide
fusion program is to be maintained into the 1990s in the face of
aggressive Japanese and European competition, the pace of new-device
authorization that characterized the early 1970s will have to be
restored soon.

A vigorous base research program that emphasizes both increased
scientific understanding and research on improved reactor concepts
(advanced tokamaks, tandem mirrors, and other approaches) is
essential. The purpose of concept improvement activities should be
both to increase scientific understanding and to improve reactor
prospects. Historically, the interplay between these two lines of effort
has led to our most creative physical insights and concepts. Such a
program is essential to technical progress and to the training of talented
new people.

The demonstration and experimental study of an ignited fusion plasma
is the obvious next research frontier after attainment of scientific
breakeven. Indeed, the achievement of fusion requires that this goal be
attained. While the scientific understanding of many key plasma
phenomena can best be gained on moderate-size experimental
facilities, ultimately plasma-confinement properties must be
investigated under conditions of intense alpha-particle heating, which
will require an ignited plasma core. The fusion program is at the point
where consideration of such experiments can proceed with some
degree of realism. Obviously, ideas will continue to evolve rapidly as
results from experiments, particularly the TFTR tokamak, become
available in the next several years. In the near term, studies for a
Burning Core Experiment should emphasize maximum scientific
output with minimum project cost, consistent with the recent
recommendations of the Magnetic Fusion Advisory Committee
(MFACQ)."

A vigorous research program is essential to technical progress in
mainline tokamak and mirror research. Moderate-size experimental
facilities are the primary sources of the scientific and technological
innovations required to develop fusion to its fullest potential.

* Magnetic Fusion Advisory Committee Recommendations on the Tokamak Fusion
Core Experiment, Department of Energy (July 1984).
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* Continued research on alternative fusion concepts is essential to
advance basic understanding of plasma confinement and to foster the
development of approaches that show significant promise of improved
reactor configurations.

 Intensive research must continue on the theoretical and computational
descriptions of magnetically confined plasmas and on supporting
experiments in basic plasma physics. These have been a source of
many promising new concepts in fusion research.

» Continued strong university involvement will be essential to fusion
research for the foreseeable future. Universities augment fusion
research in the national laboratories in several unique and important
ways. They educate and train professional fusion researchers, they
provide the fusion program access to a breadth of talent and intellect in
the sciences and engineering, and their research is a major source of
innovative ideas and scientific and technological advances.

INERTIAL CONFINEMENT

The United States has maintained world leadership in inertial-confinement
fusion research since its inception in the late 1960s. Its near-term applications
are military, with promising long-term applications to energy production. An
inertial-confinement fusion reactor would have a relatively small containment
volume, and its operation, maintenance, and repair may be relatively simple. An
issue important to inertial-confinement fusion research is that classification
limits access to technical information.

During the past decade, a vigorous international research effort was
established to investigate the inertial-confinement approach to fusion. An
impressive array of experimental facilities was developed, including
neodymium-glass and CO, lasers and light-ion accelerators, which has resulted
in considerable scientific progress. Investigations of laser-coupling physics over
a wide range of intensity and wavelength showed that lasers with wavelengths
of a micrometer and shorter have very good coupling. Deuterium-tritium fuel
was heated to thermonuclear temperatures in laser-irradiated implosions. Shells
were ablatively accelerated to speeds above 107 cm/s, with velocity
nonuniformities of less than 5 percent. In implosions, final fuel densities of 100
times the liquid density of deuterium-tritium were achieved with fuel
temperatures of about 5 million degrees. These fuel densities are within a factor
of 10 of the compression needed for a high-gain target.
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On the basis of the significant scientific and technological progress, we
recommend the following near-term emphasis and strategy for inertial-
confinement fusion research:

» Use present driver facilities to determine the physics and scaling of
energy transport and fluid and plasma instabilities to regimes
characteristic of high-gain targets.

* Use the new generation of drivers under construction to implode
deuterium-tritium fuel mixtures to 1000 times liquid density required
for high-gain targets and to implode scale models of high-gain targets
to the density and temperature of the full-scale target.

* Identify and develop cost-effective, multimegajoule driver approaches.

Timely execution of this strategy will provide the basis for a decision in
the late 1980s on the next generation of experimental facilities. Drivers in
excess of a megajoule would allow demonstration of high-gain targets for both
military and energy applications.

As a final point, research in inertial-confinement fusion is carried out
primarily in the national laboratories, with smaller but prominent efforts at
several university, industrial, and other research laboratories. In view of the
importance of basic physical processes in inertial fusion, and the requirements
for advanced technology development, there should be continued emphasis on
maintaining and strengthening the breadth of institutional participation.

Space and Astrophysical Plasmas

* Many practical systems, both civilian and defense, must operate in the
highly variable and potentially hostile plasma environment of the Earth
and solar system. Plasma processes in this environment also influence
and even disrupt important ground-based systems over local and
regional scales.

» The solar system, including the Sun itself, is the primary laboratory in
which astrophysical processes of great generality can be studied in
situ; these processes include magnetic reconnection, plasma heating
and particle acceleration, magnetohydrodynamic wave generation and
propagation, magnetoconvection, magnetoturbulence and turbulent
magnetic-field diffusion (including spatially intermittent magnetic
fields), collisionless shock formation, wave-particle interactions, and
the interaction of plasmas with radiation.

* Because of the wealth of pertinent information flowing from solar-
system plasma physics, and continuing advances in large-scale
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numerical modeling, magnetohydrodynamics and plasma physics are
becoming essential to the interpretation of many astronomical
observations.

Studies of plasma behavior in extreme astrophysical environments,
such as pulsars, enriches basic theory and may suggest future
laboratory investigations.

Cosmic-ray observations provide important information about space
and astrophysical plasmas. The plasma physics of cosmic-ray
acceleration and transport made especially rapid progress in the past
decade. The improved precision of cosmic-ray composition
measurements now makes possible quantitative tests of theories of
nucleosynthesis and galactic chemical evolution.

A vigorous program of observations, measurements, and experiments,
in space and on the ground, is key to productive research in space and
astrophysical plasma physics. We recommend implementation of the
comprehensive research strategy outlined in the Space Science Board
publication Solar-System Space Physics in the 1980's: A Research
Strategy (National Academy of Sciences, Washington, D.C., 1980).
These programs, including the International Solar Terrestrial Program,
are the primary ones that will explicitly contribute to our knowledge of
the physical processes in large-scale plasmas. We endorse the
programs proposed in the Astronomy Survey Committee report
Astronomy and Astrophysics for the 1980's (National Academy Press,
Washington, D.C., 1982), because they will make significant
contributions to many problems in plasma astrophysics.

We recommend establishment of a national computational program
dedicated to basic plasma physics, space physics, and astrophysics that
will maintain the state of the art in the technology appropriate to large-
scale theoretical models and simulations and provide access to users on
the basis of peer review. The implementation of such a program should
be studied forthwith by a committee drawn from the affected
disciplines.

In view of the increasing precision of its experimental and theoretical
techniques, and in view of its wide applicability to space physics,
astrophysics, and technology, we recommend that plasma physics
become a regular part of the university science curriculum.

In view of the many common processes underlying both laboratory and
space plasmas, such as reconnection of magnetic field lines and
particle acceleration by plasma waves, there should be an expanded
effort to simulate space- and astrophysical-plasma processes in the
laboratory.
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Fluid Physics

The diverse research field of fluid physics is vital to the country's
economic health and defense because of its direct impacts on transportation and
chemical and material processing systems and its central role in the
understanding of many geophysical and astrophysical phenomena. We
summarize here our findings and recommendations related to research support
and education in fluid physics.

* Access to major computational and experimental research facilities in
fluid physics is limited. The computer has emerged as a significant tool
whose applications range from the rapid organization of data and its
subsequent analysis and display to the direct numerical simulation of
the major features of limited volumes of turbulent flow. In many
applications of computational fluid dynamics, such as aircraft design,
there is aggressive competition from Europe with indications of similar
efforts in Japan. In addition, there are unique national experimental
facilities that are unavailable for basic fluid-physics research.

» It is strongly recommended that unique national fluid-physics facilities,
both computational and experimental, be made available to the
university and nongovernment communities for basic research. Direct
allocations of time and other resources will be necessary in order to
maintain an appropriate balance between basic research and
development and to assure steady operational funding of these facilities.

* Many of the recent advances in fluid-physics research have originated
with new instrumentation techniques coupled with an increasing ability
to analyze larger quantities of data, as for example in the study of
turbulent flow.

* We recommend a concerted research effort to devise instrumentation
for essentially simultaneous, time-resolved, multipoint measurements
of flow properties throughout large volumes. The instruments might be
based on laser holographic methods, on multiprojection (tomographic)
techniques, or on a combination of these and other as yet unexplored
methods. This will require the acquisition of major hardware
components, as well as identification of sufficient resources for their
development and deployment.

* The mathematical techniques that have been developed and refined
during the past 15 years have become increasingly important tools in
advancing fundamental understanding of complex flow and in

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

INTRODUCTION AND EXECUTIVE SUMMARY 17

improving numerical methods, as well as in testing the results of
numerical simulation.

Given the increasing importance of numerical simulation techniques,
we recommend that these techniques not be allowed to obscure the
fundamental importance of analytical methods.

Funding for basic research in fluid physics comes from a wide variety
of sources, but the field lacks an individual national identity. Despite
the common technical threads that bind fluid physics as a scientific
discipline, its basic research support is poorly organized and lacks
quantity, continuity, and the early recognition of significant new
opportunities.

We recommend that a continuing survey of research support in fluid
physics be established and monitored by an appropriate agency. The
information developed by this survey would help to coordinate
research and would identify basic areas that offer significant new
opportunities or are neglected because they are not included within the
mission of a support agency. Areas that receive excessive overlapping
support could also be identified.

Education and university research in fluid physics is conducted
primarily in engineering and applied mathematics departments in the
United States. During 1983, there were more than 50 times as many
fluid-dynamics-related Ph.D. theses in engineering departments as
there were in physics departments. Physics research in the United
States has been deprived thereby of the opportunity to participate in
many fundamental and applied problems involving fluid physics.

The use of fluid physics is pervasive in many areas of modern science
and technology. We strongly recommend that physics departments
consider requiring an undergraduate course in fluid physics. We
similarly recommend that engineering schools consider a required
upper-division undergraduate course in modern physics. These
important steps would enhance collaboration between the physical and
engineering sciences.

The need for dedicated, separate funding for modern laboratory
equipment in fluid mechanics is at least as severe as the well-
publicized needs in other branches of physics. Fluid-flow
instrumentation, especially optical, will continue its recent rapid
progress. Unfortunately, as a result, university laboratory equipment
will become even more out of date.

We recommend that this deficiency in instrumentation be addressed in
a timely manner.
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RECENT ACCOMPLISHMENTS AND FUTURE RESEARCH

In

OPPORTUNITIES

this section, we summarize selected significant research

accomplishments during the past decade and future research opportunities in
those areas reviewed by the Panel on the Physics of Plasmas and Fluids.
Considerably more detail is given in subsequent chapters.

General Plasma Physics

Significant Recent Accomplishments

Selected significant accomplishments in general plasma physics during the
past decade include the following:

Major advances in understanding the physics of nonlinear (i.e., large-
amplitude) plasma phenomena. These include experimental,
theoretical, and computational studies of large-amplitude plasma
waves, including the trapping of particles in the potential troughs of
these waves; the breaking of waves; and the passage toward turbulent
behavior. Also included is the discovery of two different types of
plasma solitons (Langmuir and ion-acoustic). Solitons are highly
localized, self-perpetuating wave entities with remarkable properties of
coherence. Other developments include the elucidation of the
ponderomotive forces (radiation pressure) exerted by large-amplitude
waves in plasmas, the understanding of "parametric” instabilities (two
coexisting plasma waves amplifying a third wave), and the prediction
and confirmation of radio-frequency driven dc currents in tokamak
magnetic confinement devices.

There have also been major advances in computer capabilities. These
led to realistic computer simulation experiments that follow thousands
of "particles" and model the collective behavior of real plasmas.
Another important advance was the use of on-line computers to
analyze, correlate, and immediately display synoptic data from the
plasma diagnostics on laboratory experiments.

Development of high-voltage, high-current accelerators that produce
10- to 20-million-megawatt pulses of power with applications to the
generation of intense charged-particle beams and x-ray pulses.
Development of highly collimated intense beams of energetic
electrons, at the million-megawatt level, as in the Livermore Advanced
Test Accelerator (ATA), and the study of beam propagation in vacuum
and in low-pressure gases.
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* Development of tunable, coherent "free-electron” radiation sources that

generate intense monochromatic radiation at wavelengths ranging from
centimeters to micrometers (microwaves, infrared and visible light).
These sources include relativistic magnetrons, gyrotrons (cyclotron
masers), and free-electron lasers.

* Major advances in atomic physics, including measurements of electron-

ion ionization and recombination processes, understanding of radiation
losses, interpretation of x-ray lines, and x-ray laser experiments. New
spectroscopic diagnostics making use of magnetic dipole transitions
and charge exchange were introduced into fusion research.

Minimum energy states have been predicted for a class of plasma-field
configurations, subject to the constraint of global helicity. The
tendency for reversed-field pinch and spheromak configurations to
relax toward these states has now been confirmed experimentally,
allowing unique approaches to configuration sustainment and current
drive. Understanding the basic physics of relaxation to a minimum
energy state under the constant-helicity constraint may have a wide
range of applications, e.g., to the magnetosphere as well as to magnetic
fusion configurations.

Future Research Opportunities

Particularly promising research areas are summarized below:

Development of new particle accelerators of two types: first, high-
current accelerators that necessarily involve collective effects, that is,
electric and magnetic fields generated by charged particles; second,
accelerators employing the intense electromagnetic fields generated by
high-power lasers to achieve ultra-high particle energies.

Further development of free-electron radiation sources, to produce
tunable radiation sources, some of exceptionally high-power output.
Applications include spectroscopy, condensed-matter research, isotope
separation, communications and radar, and biology and medicine.
Advances in understanding strongly coupled plasmas, i.e., dense
ionized matter where coulombic correlations among particles
determine bulk and dynamic properties. Such plasma states occur in
inertial fusion targets, large planets, and red giant and neutron stars.
The use of large computers and novel computer simulation techniques
is expected to lead to major developments in this important field,
which is central to the understanding of matter at ultra-high densities.
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Developments in the physics of nonneutral plasmas. A nonneutral
plasma is composed mainly of one species of charge (i.e., electrons or
ions). For example, a pure electron plasma confined by external
electric and magnetic fields has many unique properties, including
great stability. Indeed, confinement times of hours have been observed
for such plasmas. Theoretical predictions indicate that nonneutral
plasmas can be cooled to the point that the electrons enter a liquid or
even a crystalline state.

Advances in the understanding of the excitation, ionization, and
recombination of multiple ionized atoms. Quantitative plasma
spectroscopy is needed to test the validity of the atomic data base and
reaction kinetics, as are more precise wavelengths. Self-consistent
calculations of radiative and transport properties of dense and hot
matter continue to pose difficult challenges to many-body theory.
Further advances in computers and their use in plasma simulation to
the point where realistic three-dimensional plasma simulations can be
envisaged.

Fusion Plasma Confinement and Heating

Significant Recent Accomplishments—Magnetic Confinement

The last decade saw greater progress than any previous decade in fusion's
history. Many of the most significant accomplishments were achieved within
the U.S. magnetic fusion program. Among these are the following:

In the tokamak approach, the achievement of well-confined plasmas at
80-million-degree ion temperatures, approaching those needed for
fusion. Before these results were obtained, the theory of
microinstabilities in tokamaks had predicted that, at such temperatures,
new forms of fine-scale turbulence might arise, associated with the
entry of the ions into a previously unexplored low-collisionality
regime. Although enhanced fluctuations were indeed observed in the
experiments, energy transport was not affected significantly. These
results have led to a re-evaluation of, and fundamental improvements
in, the theory of anomalous transport due to microinstabilities in
tokamaks.

Also in the tokamak, the demonstration of energy confinement of
dense plasma (at a lower but significant temperature) for values of the
Lawson T parameter almost equal to those needed in a full-scale

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

INTRODUCTION AND EXECUTIVE SUMMARY 21

fusion reactor, and the identification of empirical energy-confinement
scalings that are favorable for reactor sizing. According to one
empirical scaling, which fits the data from ohmically heated tokamaks
over a wide range of parameters, the confinement time varies with the
cube of a plasma linear dimension, as would be expected for a
diffusive process in which the transport coefficient depends on
gradient-induced anomalous processes.

The successful use, in accordance with theoretical prescriptions, of
radio-frequency waves to drive plasma currents in tokamaks, thereby
permitting confining magnetic fields to be steady state, a property of
importance to the practicality of tokamak reactors. Experiments on
radio-frequency current drive have exhibited a hot-electron population
of current carriers in agreement with theory and have verified the
predicted dependence of current-drive efficiency on plasma density.
The achievement of beta values (ratio of plasma pressure to magnetic
pressure) in tokamak plasmas approaching those required for an
economic reactor.

In the mirror—the principal alternative U.S. approach to magnetic
fusion—the progressive elimination of high-frequency instabilities that
had been an obstacle to progress. It has been the development of a
detailed theoretical understanding of the dependence of these high-
frequency instabilities on the velocity distribution of mirror-confined
ions that has led to their suppression by a variety of techniques in
present-day experiments and to their predicted elimination in a thermal-
barrier tandem mirror.

The introduction of the tandem-mirror concept and the demonstration
that tandem mirrors can effectively suppress plasma leakage through
the ends, thereby pointing the way toward mirror systems adequate for
fusion applications. A tandem-mirror reactor would have mirror end
cells and an axial thermal-barrier potential profile to suppress end
losses from a large-volume, high-beta, ignited central-cell plasma.

The development and application of multimegawatt neutral-beam
sources that can heat both mirror and tokamak plasmas to fusion
temperatures. Neutral-beam heating experiments have verified that
beam ions deposit their energy in tokamak and mirror plasmas by
means of well-understood classical processes.

* Major advances in plasma theory and computation, which are now able

to describe in detail most large-scale phenomena of confined
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plasmas and which are beginning to provide valid understanding of
microscopic phenomena. Accomplishments of particular note include
(1) the successful description of the nonlinear regime of resistive
instabilities and the circumstances leading to disruptions in tokamaks,
(i1) the detailed delineation of stability limits on beta in a tokamak for a
wide variety of plasma profiles and cross sections, and (iii) the
accurate identification and characterization of the loss-cone
microinstabilities that are responsible for end losses in simple mirror
configurations.

* Major advances in the suppression of gross plasma instabilities by such
diverse means as hot electron rings (Elmo Bumpy Torus), relaxation to
minimum-energy-state profiles (reversed-field pinch), induced currents
in nearby conductors (compact toroids), and helical windings to
provide confining fields in a torus (stellarator).

Future Research Opportunities—Magnetic Confinement

Now that magnetic confinement has been shown to be a viable fusion
concept, at least qualitatively, the future emphasis of magnetic fusion research
will be on quantitative questions: What are the precise laws governing the fine-
scale stability and rate of transport of hot plasma from practically configured
magnetic confinement systems, and how are such systems to be optimized? To
answer such questions will require increased understanding of all aspects of the
plasma state, together with increased experimental sophistication. The goal: a
predictive capability that will lead to the identification of magnetic confinement
systems satisfying the rigorous requirements of practical fusion energy
applications.

Among the specific opportunities for future U.S. magnetic fusion research
are the following:

* In the tokamak approach, the identification and understanding of
physical scaling laws for confinement times. This will require well-
diagnosed and carefully analyzed experiments over a wide range of
parameters on tokamaks with both ohmic and auxiliary heating,
especially on the new generation of larger devices, which will provide
definitive information on size scaling. Although the fundamental
physical processes affecting confinement in tokamaks are clearly very
complex, sufficiently so to have defied accurate theoretical character
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ization to date, the development of a broader experimental data base,
accompanied by advances in the theoretical description of large- and
fine-scale turbulence in tokamaks, is almost certain to lead eventually
to a sound fundamental understanding of these processes.

Confirmation of tokamak scaling laws by means of the simultaneous
achievement of fusion temperatures, densities, and confinement times,
early in the second half of the 1980s as the new facilities now coming
into operation are brought up to full performance.

Optimization of the plasma beta (plasma pressure relative to magnetic
pressure) in tokamaks, to approach the limit predicted by theory (about
10 percent). Optimization of the tandem mirror so as to achieve the
projected beta values of about 40 percent. Achievement of these beta
values will require sound guidance from theory and computation as to
the detailed magnetic designs and the plasma profiles and shapes that
provide the greatest protection against various types of gross plasma
instability.

Detailed understanding of the physics of self-generated electric
potentials within plasmas, essential to the operation of tandem-mirror
systems. This will require well-diagnosed experiments on tandem
mirrors, aimed at determining the relationship between the axial
potential profile and the power applied to heating the electrons in the
thermal-barrier region.

Scale-up of the most promising alternative magnetic-confinement
concepts to experimental facilities capable of achieving reactorlike
plasma parameters. This will require: (i) the scale-up of reversed field-
pinch experiments to test sustainment of, and confinement in, stable
high-beta configurations at higher plasma temperature, (ii) the
improvement of formation techniques and the determination of energy-
confinement scaling as temperatures are increased beyond the present
100-electron-volt range into the collisionless regime in compact
toroids, and (iii)) the demonstration of stability and favorable
confinement at moderate beta values in stellarators at low plasma
collisionality. All of these advances depend critically on improved
understanding of the dynamics of confined plasmas.

* Increased fundamental understanding of hot plasmas made possible by,

and contributing to, these advances in fusion research. This will
require well-diagnosed experiments on the major facilities, a vigorous
program in plasma theory and computer simulation, and carefully
designed small-scale experiments that can be devoted exclusively to
detailed studies of fundamental plasma processes.
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Significant Recent Accomplishments—Inertial Confinement

Scientific advances in inertial fusion research were made by elucidating
basic physics, by conceptual breakthroughs, and by the development of
advanced technologies. They include the following:

* Advances in pellet design, which have high leverage, since they can
raise potential pellet gains, increase efficiency, and thereby reduce
driver and system requirements (and cost). For example, the idea of
using tailored laser pulses to increase gain and reduce the required
driver energy gave inertial confinement research its initial impetus.
The x-ray hohlraum approach to implode pellets may significantly
reduce the beam illumination uniformity requirements.

* Driver technology advanced steadily during the past decade. Lasers
progressed from the 10-joule range to present-day drivers (NOVA,
ANTARES, and PBFA 1II) with outputs of many tens of kilojoules.
Megajoule-class drivers, needed for reactors, are now within
technological reach.

* Light-ion driver technology progressed rapidly; highly efficient ion
diodes were developed; ion beams were transported more than 1 meter
from these diodes and focused to more than 1 terawatt per square
centimeter. Recent developments in ultra-fast plasma-erosion switches
are likely to lead to a new generation of high-power electron and light-
ion accelerators.

* The laser-target coupling processes were identified at 1- and 10-um
laser wavelengths. Although there are still many gaps, the
understanding gained thus far favors the shorter laser wavelengths,
where more efficient laser-plasma coupling was demonstrated.

* Cold targets were accelerated to speeds above 100 kilometers per
second with nonuniformities below 3 percent, close to the conditions
required for high-gain inertial fusion. Pellet shells must be uniformly
imploded at high speeds and yet remain cold to compress the fuel
properly.

* Deuterium-tritium fuel in laser-irradiated pellets was heated to
thermonuclear temperatures early in inertial fusion research. More
recently, ablatively imploded pellets compressed fuel to very high
density (100 times solid density). Simultaneous fuel heating and high-
density compression are needed for significant energy yields.

* There have been major advances in the development of the scientific
tools needed to understand the physics of the high-energy-density and
short-time-regime characteristic of inertial fusion. Espe
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cially noteworthy were advances in experimental diagnostics and
computer modeling.

e Parametric instabilities of the laser radiation in strongly
inhomogeneous plasmas, causing Raman and Brillouin scattering and
conversion to plasma and ion waves, were predicted by theory,
confirmed by experiment, and shown to be important processes
affecting laser-plasma coupling.

Future Research Opportunities—Inertial Confinement

Many scientific and technological issues will be addressed with the
hundred-kilojoule drivers that will be available in the mid-1980s, while others
await megajoule systems. Future research opportunities in inertial fusion
include the following:

* Detailed tests of the improved laser-plasma coupling with short-
wavelength light will be made. It is especially important that this
information be obtained under plasma coronal conditions modeling
those in a reactor.

» Experiments defining the hydrodynamic stability of accelerated targets
and imploding pellets will provide information essential to high-gain
pellet design, which will continue to have high leverage and will, in
large part, define future technological requirements.

» There are several approaches to making the deposition of driver-beam
energy on the pellet acceptably uniform. One promising approach,
converting the beam energy to x rays in a hohlraum, which in turn
drives the implosion, will be tested experimentally in detail.

» Several innovative ways of making laser beams much more uniform,
such as the induced spatial incoherence technique and precision beam
control, will be tested in large systems. Highly symmetric beam
illuminations would allow beam energy to be used directly for pellet
implosion.

* Driver technology will continue to advance toward a high-energy, high-
repetition-rate, efficient driver suitable for energy applications. One
promising system under development is the krypton-fluoride excimer
laser; megajoule-class glass-laser designs are also being evaluated.
Heavy- and light-ion beam drivers offer high potential efficiency and
repetition rates.

* There will be opportunities to study the properties of hot matter at
densities 100-1000 times solid densities.
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Space and Astrophysical Plasmas

Significant Recent Accomplishments

Selected significant accomplishments in space and astrophysical plasma
physics are summarized below:

The first spacecraft studies of the magnetospheres of Mercury, Venus,
Jupiter, and Saturn occurred during the past decade. The concepts used
to understand the Earth's magnetosphere were successfully extended to
these magnetospheres, and significant new physical phenomena were
discovered. The generality of the concept of a magnetosphere in solar-
system and astrophysical environments was recognized.

Rigorous models of magnetic-mirror confinement, radial diffusion, and
turbulent pitch-angle scattering of energetic ions and electrons were
created and successfully tested by observations in the magnetospheres
of Earth, Jupiter, and Saturn.

Rigorous analytical theory and numerical simulation established the
correct magnetohydrodynamical description of reconnection—the
conversion of configurational magnetic energy to plasma kinetic and
thermal energy. Theoretical understanding of the more fundamental
collisionless description was consolidated. Experimental evidence for
reconnection was provided by laboratory measurements and by
observations in the Earth's magnetosphere.

A coherent program of active and passive radar experiments, chemical
releases, rocket measurements, analytical theory, and numerical
simulations devoted to the equatorial ionosphere led to the most
complete analysis of the nonlinear development of the Rayleigh-Taylor
instability in plasma physics.

Detailed observations of the solar surface have forced a re-evaluation
of our current theoretical understanding of hydrodynamic and
magnetohydrodynamic flows: in consequence, sophisticated analytical
and numerical models that aim to describe the observed highly
intermittent magnetic fields on the solar surface have been initiated.
The detection by the Einstein Observatory spacecraft of stellar coronal
x rays proved that solarlike magnetohydrodynamic and plasma
processes are central to the physics of the atmospheres of all stars that
have convecting outer layers.

A clear understanding of electron heat transport in the solar wind was
achieved by systematic measurements of superthermal -electrons.
Quantitative studies of the conduction of heat between the solar corona
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and chromosphere, which promise to make interpretation of
chromospheric and transition-region line emissions more secure, were
initiated.

Synoptic measurements of the dependence of the Earth's bow-shock
structure on the properties of the upstream solar wind substantially
increased the basic understanding of collisionless shocks.
Measurements of the energetic particles and plasma turbulence
associated with interplanetary shocks and planetary bow shocks began
to be used to test self-consistent shock acceleration theories. These
results are providing a solid basis for theories of the acceleration of
cosmic rays by supernova shocks.

Measurements of the isotopic composition and elemental abundances
of cosmic rays defined the lifetime of cosmic rays in the galaxy and
suggested that they are accelerated directly out of the interstellar
medium after being produced by the stellar nuclear-burning cycle.
Detection of an x-ray line, plausibly at the electron cyclotron
frequency, provided the first experimental indication that neutron stars
have superstrong magnetic fields, of order 10'> gauss—a fundamental
hypothesis of pulsar and galactic x-ray source theories.

Energetic plasma jets were found to occur in a wide range of
astronomical objects, from compact stars to active galaxies and quasars.
Plasma theory, numerical simulation, and laboratory experiments
provided a basic explanation of the Alfvén critical flow velocity
criterion for the rapid ionization of the neutrals in a plasma-neutral gas
mixture.

Future Research Opportunities

During the next decade, the expected research opportunities and
accomplishments include the following:

The first stage in the exploration of solar-system plasmas, including
planetary magnetospheres and the large-scale heliosphere, will be
nearly completed by the Voyager encounters with Uranus and
Neptune, by the Galileo mission to Jupiter, and by the International
Solar-Polar Missions to high heliographic latitudes. The most
important remaining exploratory objective will be in situ
measurements of the solar corona.

The plasma environment of the Earth will be subjected to controlled
study, and, perhaps, to a measure of control, through the
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systematic use of active experiments and by synoptic observations
made by the International Solar-Terrestrial Physics Program.
High-spatial-resolution observations in the optical region by the Solar
Optical Telescope; in the radio region by the VLA, VLBI, and the
planned VLBA; and in the UV and x-ray regions by other planned
space experiments, such as the Advanced Solar Observatory, will
provide essential information for defining quantitative models of solar-
surface convection, surface magnetic fields and dynamics, solar flares,
and coronal heating, thereby creating the basis for general
understanding of stellar activity.

The growing ability to make a series of detailed high-resolution
observations in many wavelength ranges (such as in the x-ray range by
the Advanced X-Ray Astrophysics Facility) will render many
astrophysical objects increasingly subject to theoretical models that
explicitly take plasma processes into account.

Understanding of many space-plasma processes will be sufficiently
quantitative to make them reliable components of models of large-
scale space and astrophysical systems.

The first generation of large-scale numerical models of space and
astrophysical systems will be completed. Such models will likely make
plasma physics central to the interpretation of many astronomical
observations and motivate new and different kinds of observations.

Fluid Physics

Significant Recent Accomplishments

During the past decade, significant research accomplishments in fluid
physics included the following:

The revolutionary development of computational fluid dynamics,
which has made possible the solution of problems that previously
defied theoretical analysis and experimental simulation, such as
convection and circulation within the Sun and planetary atmospheres,
and the nonequilibrium flow surrounding the Space Shuttle on re-
entry. The time and expense required to design aircraft wings, internal
combustion engines, nuclear fusion and fission devices, and surface
and undersea naval vehicle components were reduced. Computational
fluid dynamics has increased the understanding of flows in the
presence of combustion, chemical reactions, and multiple phases.

An improved basic understanding and ability to model and compute
turbulent flows. These improvements include basic insight into

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

INTRODUCTION AND EXECUTIVE SUMMARY 29

how mechanical systems display chaotic behavior; a better
appreciation of the role, organization, and interaction of fluid
structures of all sizes; new diagnostics and methods of interpreting
data; and the use of large-scale computing.

Single and multiphoton excitation, as well as scattering techniques,
were developed to study the energy budgets of severe gas-dynamic
environments such as flames, permitting the first detailed
investigations of complicated chemically reacting flows.

Large-scale turbulent and coherent fluid-dynamic structures were
identified in the Earth's oceans and atmosphere and the atmospheres of
Jupiter, Saturn, and Venus. Their successful simulation using eddy-
resolving computer models gives a new view of laboratory turbulence
and the general circulation, storms, and weather of the atmosphere and
deep ocean.

Fluid-dynamic modeling led to basic new knowledge of our
cardiovascular, reproductive, and urinary systems and many other
internal organs of the human body. It has also illuminated the
locomotion of biological organisms, from a single ciliate cell to the
hummingbird and the tuna. Fluid-dynamic principles proved vital to
the design of artificial organs, cardiovascular implants, prostheses, and
the development of new clinical diagnostic methods.

Important advances were made in understanding the collective
behavior of dilute particulate and aerosol suspensions. New
mathematical methods were devised for treating large-amplitude
droplet deformation and the strong interaction between three or more
particles, which have potential application to denser systems. These
advances have led to new insight into the behavior of clouds, fluid
separation phenomena, geological magma chambers, climate
dynamics, and fluids with complex rheologies, such as blood.

The central unifying idea of modern geology is the fluid-convection
interpretation of the motion of the Earth's upper mantle. The
implications for planetary evolution, earthquakes, vulcanism, and
mineral and petrochemical resource exploration were made clear in the
last decade.

» Dimensional analysis and recent theoretical understanding of jet noise,

acoustic damping, and turbulent flows led to a thousandfold reduction
in the energy of acoustic emissions from aircraft, resulting in major
reductions in perceived noise levels.

An accelerated pace of accomplishment in understanding high-speed
flows has been made possible by improved analytical tools, numerical
simulation, and new experimental techniques. These technical
advances inspired significant improvements in the efficiency of
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commercial transport, in the effectiveness of high-performance
aircraft, and in manned re-entry from space.

Simple wavelike connections were discovered in terrestrial climate
studies. Circulation changes, like El Nifio of the tropical Pacific, are
communicated across the globe and have large effects on rainfall and
winds.

Noninvasive instrumentation techniques, such as those that detect
blood-flow-initiated acoustic emissions from the human body, or
neutrally buoyant probes that track, via satellite, the transient and mean
circulation of the oceans, significantly advance the understanding of
many fluid-flow phenomena.

New constitutive models based on molecular physical structure led to a
better understanding of the striking flow properties of non-Newtonian
fluids, such as polymer solutions and drag-reducing agents.

The synergistic interaction of chemical, fluid, and optical physics has
resulted in the new continuous high-power laser. This success led to
the identification of fluid phenomena important to the performance of
electric discharge and other gas-media lasers.

The development of numerical simulation techniques has permitted the
study of molecular motion in transition-regime gas flows, which occur
between the limits of collision-dominated continuum flow and
collisionless, free-molecular motion.

Future Research Opportunities

During the next decade, the expected research opportunities and
accomplishments in fluid physics include the following:

Rapid advancement in the basic understanding of the characteristics
and origins of turbulence, including investigations of the connection
between the routes to chaos found for systems with a finite number of
degrees of freedom and the continuous instability that is fluid-dynamic
turbulence.

Improvements in the ability to control turbulent flows will lead to
novel drag and noise-reduction techniques; increased combustion
efficiency; and control of separation, spreading, and mixing. Major
advances in technology will result from the ability to predict flow with
turbulent zones.

Continued rapid development of advanced computational techniques in
fluid dynamics, together with the next generation of computers, will
provide the opportunity to calculate and obtain a new level of physical
understanding of complex three-dimensional compressible
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viscous flows. It will then be possible to optimize more effectively the
design of high-performance aircraft, improve the forecasting of severe
storm formation, attempt to predict global seasonal and annual climate
changes, and realistically simulate and model planetary and
astrophysical fluid-dynamical behavior.

Development of powerful laser-based optical techniques for the rapid,
multipoint measurement of flow-field properties, in conjunction with
numerical techniques, will provide new types of information and
increase the usefulness of large experimental facilities.

In many technologically important fluid machines the flow is either
separated or unsteady or both. With the help of modern
instrumentation and computerized data analysis, we are beginning to
understand the physics of such flows and how, often in combination,
they can be used to improve technological devices ranging from heart
valves to aircraft. These possibilities will present a major research
challenge in the coming decade.

The subjects of combustion and reacting flows are likely to yield new
applications in the near future. Control of soot and other pollutants will
result from the understanding of their production mechanisms. Basic
studies of the interaction between chemical kinetics and fluid
instabilities will result in an understanding of deflagration and the
transition to detonation. Applications range from improved fuel
economy to fire safety.

We expect to see major advances in the understanding of multiphase
flow systems, including the macroscopic and microscopic interface
phenomena of interest in both industrial and geological processes, for
example, the stability of the liquid-liquid interface leading to fingering
in oil recovery, convective processes in the ocean, and the formation of
layered structures in magma chambers.

There will be increased interest in denser particulate systems, from the
multiparticle interaction of finite clouds of particles to, more generally,
the flow through porous media and filters based on the hydrodynamic
interaction with their microstructure.

Interdisciplinary study of basic cellular level biofluid dynamic
processes in the presence of molecular forces will expedite
explanations of such diverse phenomena as electrokinetic behavior in
pores and membranes, the microstructure of osmosis, cell division,
cellular transport function, gel hydration, and fluid motion in the
intracellular tissue matrix. This will lead to a better understanding of
basic cellular physiological function.

Increased computational and data-handling capability will permit
assimilation and understanding of the massive data sets required to
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describe complex natural flow phenomena. For example, global-scale
investigation of the oceans and climate dynamics is now possible using
satellites and shipborne instruments. Using Lagrangian mathematical
techniques and instruments that move with the fluid, we anticipate new
views of turbulent dispersion; of the interaction between waves,
turbulence, and mean flow in boundary layers; and in ocean-
atmosphere circulations.

* The development of Monte Carlo computational techniques, which
account for molecular motion in gas flows, will be extended to higher-
density flows, permitting meaningful modeling of highly
nonequilibrium, chemically reacting flow systems.

FUNDING AND MANPOWER RESOURCES

The present funding levels for the areas of research described in Chapters
2-5 are summarized in Table 1.1, including a breakdown by government agency.

The funding level in Table 1.1 corresponds to a total of approximately
8600 professional researchers, assuming an average expenditure of
approximately $150,000 per researcher. The incremental funding and
manpower required to carry out the recommended research programs over the
next 5 years are delineated in subsequent chapters. Specific areas in which there
is a critical manpower shortage are also identified (e.g., coherent radiation
generation, atomic physics, basic experimental plasma physics, computational
plasma physics and fluid dynamics, and plasma astrophysics).

INSTITUTIONAL INVOLVEMENT

The subjects of plasma-physics and fluid-physics research cover an
extremely wide range of interests and applications, from basic astrophysics to
such applications as fusion energy and long-range weather prediction.
Correspondingly, the institutional structure within which the studies are carried
out spans the entire range of research institutions from academy to industry. In
what follows, we give a brief description of the institutional makeup of the
subfields covered in this report.

General Plasma Physics

The funding for general plasma physics comes almost exclusively from
government agencies, with major contributions from defense-
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related agencies. The National Science Foundation provides only a small
fraction of the support for this research area.

TABLE 1.1 Fiscal Year 1984 Funding Summary (in $ Millions)
DOE NSF DOD NASA NOAA Total

General plasma physics 2.5 34 67.6 — 73.52
Fusion plasma confinement

and heating

(a) Magnetic 471 — — — — 47 1b
(b) Inertial 170 — — — — 170¢
Space and astrophysical 2 30 5 100 2 1394
plasmas

Fluid physics 25 80° 170 110 42 427°

2 DOD funding total includes: $4 million, ONR; $36 million, DARPA; $6 million, AFOSR; $1.6
million, ASD (Wright-Patterson); and $20 million funding of the Naval Research Laboratory
Plasma Physics Division. The $36 million DARPA total includes $10.5 million for operation of the
ATA facility at LLNL. The $2.5 million DOE total is for the Division of Advanced Energy Projects.
b Includes $88 million for fusion development and technology, $98 million for operation and
modification of the TFTR tokamak facility, and $55 million for construction (and supporting R&D)
of the MFTF-B tandem mirror. The FY 1985 funding for magnetic fusion is $437 million.

¢ Includes $85.1 million for glass-laser, $46.9 million for gas-laser, $23 million for pulse-power
research programs, and $1.8 million for university research; it also includes $12.9 million for
construction of the PBFA-II light-ion facility. The FY 1985 funding for inertial fusion is $169
million.

4 This total does not include launch vehicles and tracking of space vehicles; it is an estimate of the
funding for satellite plasma instrumentation and associated data analysis, theory, and numerical
simulation.

¢ This total includes $5 million for basic fluids research related to engineering support. The
remaining is for atmospheric sciences and oceanography.

f These are estimates of FY 1983 funding. Includes $230 million for national facility operation and
research field measurements; it does not include the substantial funding used for the development
testing of flight articles.

Most of the applied research in general plasma physics is performed at
government laboratories, such as the Naval Research Laboratory, at national
laboratories, or at industrial laboratories. A small portion of the research
(approximately 15 percent) is performed at universities. The university effort,
however, contains a major part of the innovative and basic components of the
research.

Plasma Confinement and Heating

Since plasma fusion research is a long-range, energy-related topic, its
support (except for relatively small industrial components) derives
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entirely from the Department of Energy (DOE). Correspondingly, the major
part of magnetic confinement research is carried out at national laboratories
(Livermore, Los Alamos, and Oak Ridge), at the Plasma Physics Laboratory at
Princeton University, and at the GA Technologies industrial laboratory.
Although representing a smaller fraction of the effort (approximately 10
percent), the universities represent a very important component, providing not
only innovative ideas and major technical advances but also manpower training.
Prominent among the universities involved in magnetic-confinement research
are Columbia University, the Massachusetts Institute of Technology, New York
University, the University of California at Los Angeles, the University of
California at Berkeley, the University of Maryland, the University of Texas at
Austin, and the University of Wisconsin. The Magnetic Fusion Advisory
Committee Report on the Long-Term Role of Universities in the Fusion
Program, Department of Energy (August 1983) provides a detailed delineation
of the university involvement (approximately 26 institutions) in magnetic fusion
research.

Similarly, the major part of inertial confinement research is carried out at
national laboratories (Livermore, Los Alamos, and Sandia), at the Naval
Research Laboratory, and at the KMS Fusion industrial laboratory. There is also
a major research effort in inertial confinement fusion at the University of
Rochester, with smaller but prominent research activities at Cornell University,
the University of Arizona, the University of California at Davis, the University
of California at Los Angeles, and the University of Maryland.

The present pre-eminence of U.S. research in magnetic-confinement fusion
and inertial-confinement fusion is evidence favoring the present mix of
institutions involved. However, as fusion comes closer to its goal of energy
applications, the involvement of industry, currently largely limited (except for
GA Technologies, TRW Systems, and KMS Fusion) to a technological support
role, would be expected to increase. A strong industrial participation in fusion
research and development is essential to eventual commercialization of fusion
and spinoff applications.

Space and Astrophysical Plasmas

Support for space and astrophysical plasma research comes almost
exclusively from three government agencies, The National Science Foundation
(NSF), the National Aeronautics and Space Administration (NASA), and the
Department of Defense (DOD), with some DOE and small industrial
components. The research itself is performed at
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various government and national laboratories, at a few industrial laboratories,
and at many universities. A large fraction of the scientists engaged in this
research are university based, yet much of the research is performed using the
facilities of national and government laboratories, a circumstance that can be
understood in terms of the obvious, necessary involvement of NASA. Although
this division of effort has thus far been successful, especially when viewed in
the light of the many recent accomplishments in space and astrophysical plasma
research, the decreasing frequency of flight opportunities presents serious
problems for university research, a situation that now requires urgent attention.
A more consistent policy of support for university participation in space science
is needed.

Fluid Physics

Fluid physics, consistent with the unusual breadth of its applications
(aeronautics, weather, and oceanography, for example), derives its support from
a variety of agencies, notably NSF, NASA, the Air Force Office of Scientific
Research, the Office of Naval Research, the National Oceanic and Atmospheric
Administration (NOAA), and DOE. Major funding is received by institutions
such as the National Center for Atmospheric Research (NCAR) in Boulder,
Colorado, and the NOAA atmospheric-science activity at Princeton University
(weather prediction), which in turn supports field studies and other related
activities. Universities are involved, at lower support levels, in a wide range of
activities ranging from fluid-related biological research to aerodynamics to
advanced gas-laser research. Fluid-physics research is at the forefront of many
current problems in applied physics. Thus its institutional composition is very
broad.
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2
Fluid Physics

INTRODUCTION AND OVERVIEW

Study of the physics of fluid motions or, in the present context, fluid
physics, is among the oldest branches of the physical sciences.” Despite this
seniority, it continues to fascinate its practitioners with an eclectic collection of
elegant problems. Our need to understand the world of flow around us,
encompassing the nature of transport across biological membranes to the
appearance of solitary waves in planetary atmospheres, remains a constant
stimulation and adventure.

Fluid motion, which can exhibit the randomness of turbulent flow as well
as much larger-scale coherent structures, provides one of the premier testing
grounds for new developments in nonlinear dynamics. We are all affected by
wavelike fluid-mechanic teleconnections that transmit information about the
Earth's tropical oceans over vast distances to alter patterns of global
atmospheric circulation. Swimming creatures, governed by the laws of efficient
underwater travel, provide insights into the evolutionary pathways stimulated
by changing environments or vacant biological niches.

* This review of fluid physics is restricted to arecas where fluid motions are of
dominant importance and have only included developments in the understanding of the
properties and statistical mechanics of liquids and gases that are directly related to fluids
in motion.
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In common with many other branches of physics, fluid physics also finds a
driving force in the existence of important problems in engineering. The pacing
element for advances in many applications such as the efficiency of flight, the
effectiveness of heat engines, and the productivity of chemical-processing
systems is our understanding of the fundamentals of fluid motion. There are
striking examples in the machines of engineering as they exist today, compared
with history, that measure the magnitude of advances in our understanding of
fluid physics. As it is beyond the scope of this report to catalog all of these
advances, only a few will be mentioned as examples.

The modern transport plane, with swept wings and quiet engines, is a
reflection of the progress in the last few decades of our understanding of high-
speed flows. These configurations have been derived by a combination of
originally empirical and more recently theoretical and conceptual constructs,
made possible by advances in our understanding of the physics of flow. The gas
turbine engine of today, although superficially similar to its historical
counterpart, includes major improvements made possible by extensive efforts in
fluid physics. Our increased knowledge of combustion and heat transfer, which
were bought with so much difficulty through research, have led to lower
exhaust pollution and longer life of the critical engine components. Many of
today's chemical engineering plants have a throughput and an efficiency
increased severalfold over those of only a decade ago, brought about by careful
analysis of fluid mixing and heat transfer. These examples illustrate that basic
knowledge in fluid physics moves quickly from research in flow physics to
application because of the intense competitiveness of today's technological
society.

In the following sections of this report we review significant recent
developments as well as indicate where the next decade will provide compelling
advances in our understanding. There is little doubt that these advances in
understanding will in turn be matched almost immediately by innovations in
technology.

We have also attempted to gain a useful measure of the scope and level of
effort that marks this field by a review of those agencies of the government that
support fluid-physics research. However, such a review cannot be exhaustive in
the sense that the definitions of fluid-physics research tend to vary significantly
with the nature and mission of the funding organization, nor are we able, in the
time available, to explore private industry under whose sponsorship valuable
contributions to the field have often been made. Nonetheless, these studies
proved useful to the panel in its efforts to develop a series of findings with
recommendations to both the funding and academic
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communities, which we hope will enable us successfully to support and extend
this important field of physics.

In the concluding section, we found it useful to subdivide fluid physics
into branches distinguished by common phenomena. While these are certainly
not unique, they do offer a convenience when one is attempting to obtain a
feeling for the diverse activities in the field. There are also topical subject areas
that are of current and future interest but that are not clearly highlighted by
subdivision into phenomena-related branches. As a result, selected subject or
discipline areas are also highlighted when they convey more clearly the main
directions in research that rely on many phenomena. Finally, there are basic
technical tools that are of fundamental importance to the advancement of fluid-
physics research. Their status and expected development are outlined.

In summary, fluid physics remains intellectually stimulating because of the
natural occurrence and importance of its problems. In addition, new levels of
understanding of complex phenomena have further vitalized this field. Much of
this understanding has been created by the development of powerful new tools
that enable us to attack the nature of complex phenomena that hitherto have
appeared to be intractable mysteries. Thus, the study of turbulence, complex
high-speed flows, biological flows, and geological phenomena has been paced
by new developments in powerful computational and instrumentation
techniques. We look forward to the next decade as a time of excitement,
adventure, and discovery. The associated implications for the mastery of many
important practical problems so necessary to the well-being of our nation and
the world serve as a further stimulus.

SIGNIFICANT ACCOMPLISHMENTS AND OPPORTUNITIES
IN FLUID PHYSICS

Significant Recent Accomplishments

* The revolutionary development of computational fluid dynamics has
been used to solve problems that have previously defied theoretical
analysis and experimental simulation, such as convection and
circulation within the Sun and planetary atmospheres and the
nonequilibrium flow surrounding the Space Shuttle orbiter on re-entry.
In conjunction with improved performance, time and costs have been
reduced in the design of aircraft wings, internal combustion engines,
nuclear fusion and fission devices, and surface and undersea naval
vehicle components. In addition, computational fluid dynamics has
increased our
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understanding of combustion, chemically reacting, and multiphase
flows.

The pace of accomplishment in high-speed flows has been accelerated
by analytical methods, numerical simulation, and new experimental
techniques. Inspired by these developments as well as by pressing
social needs, significant advances have been made in the efficiency of
commercial transport, manned re-entry from space, and the
effectiveness of high-performance aircraft.

Recent developments have led to exciting improvements in our
understanding of turbulent flows. This has enhanced our ability to
compute turbulent-flow characteristics and has provided new insight
into how mechanical systems can display chaotic behavior. This
understanding is being brought about by new measurement techniques
combined with the availability of new powerful computational tools.
Dimensional reasoning and recent theoretical understanding of jet
noise, acoustic damping, and turbulent flows have led to a
thousandfold reduction in the energy of acoustic emissions from
aircraft leading to major reductions in perceived noise level near
airports.

Important advances have been made in our understanding of the
collective behavior of dilute particulate and aerosol suspensions. New
solution methods have been devised for treating large-amplitude
droplet deformation and the strong interaction between three or more
particles with potential application to more dense systems. This
progress has led to new insight into the behavior of clouds, fluid
separation phenomena, geological magma chambers, climate
dynamics, and complex rheological fluids such as blood.

The central unifying idea of modern geology is the fluid-convection
interpretation of the motion of the Earth's upper mantle. Important
implications have been demonstrated for planetary evolution,
earthquakes, vulcanism, and mineral and petrochemical resources.
Large-scale turbulent and coherent fluid-dynamic structures have been
identified in the Earth's oceans and atmosphere and the atmospheres of
Jupiter and Venus. Their successful simulation using eddy-resolving
computer models gives us a new view of laboratory turbulence and the
general circulation, storms, and weather of the atmosphere and deep
ocean.

Simple wavelike connections have been discovered in terrestrial
climate studies. Circulation changes like El Nifio of the tropical Pacific
are communicated great distances across the globe with massive effect
on rainfall and winds.

Single-photon and multiphoton excitation as well as scattering
techniques have been developed to study the energy budgets of severe

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FLUID PHYSICS 40

gas-dynamic environments such as flames, permitting us for the first
time to see inside complicated chemically reacting flows.

Noninvasive instrumentation techniques that detect blood-flow-
initiated acoustic emissions from the human body, or neutrally buoyant
probes that track, via satellite, the transient and mean circulation of the
oceans, represent important achievements that have promoted
understanding of fluid-flow phenomena.

Fluid-dynamic modeling has led to basic new knowledge of our
cardiovascular, reproductive, and urinary systems as well as many of
the internal organs of our bodies and the locomotion of biological
organisms from a single-ciliate cell to the hummingbird and the tuna.
Fluid-dynamic principles have been vital to the design of artificial
organs, cardiovascular implants, prostheses, and the development of
new clinical diagnostic methods.

New constitutive models based on molecular physical structure have
led to a better understanding of the striking flow properties of non-
Newtonian fluids such as polymer solutions and drag-reducing agents.
The synergistic interaction of chemical, fluid, and optical physics has
created the new continuous high-power laser. The success of this
example has led to the identification of the importance of fluid
phenomena in the performance of electric discharge and other gas-
media lasers as well.

Significant Research Opportunities

Rapid advancement will continue in our understanding of the

characteristics and origins of turbulence, including investigations of
the connection between the routes to chaos found for systems with a
finite number of degrees of freedom and the continuous instability that
is fluid dynamic turbulence.
As a result of the accelerating pace of physical understanding during
the last decade, exciting improvements can be made in our ability to
control turbulent flows and thus change their nature significantly,
leading to novel drag and noise-reduction techniques; increased
combustion efficiency; and control of separation, spreading, and
mixing. Major advances in technology will be possible as a result of
our ability to predict and control flows with turbulent zones.

» Continued rapid growth in the development of advanced computational

fluid-dynamics procedures, together with the next generation of
computer resources, will provide the opportunity to calculate and
obtain a new level of physical understanding of complex three-
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dimensional, compressible viscous flows. It will then be possible to
optimize more effectively the design of high-performance aircraft,
improve the forecasting of severe storm formation, attempt to predict
global seasonal and annual climate changes, and realistically simulate
and model fundamental processes in planetary and astrophysical fluid
dynamical behavior.

Powerful laser-based optical instrumentation techniques will be
developed for the rapid, multipoint measurement of flow-field
properties—pressure, temperature, velocity, species concentration. In
conjunction with rapidly developing numerical techniques, these data
will be manipulated to provide new types of information as well as
increase the usefulness of large experimental facilities.

In many technologically important fluid machines the flow is either
separated or unsteady or both. With the help of modern
instrumentation and computerized data-analysis techniques, we are
beginning to understand the physics of these types of flows and how,
often in combination, they can be used to improve the efficiency of
technological devices ranging from heart valves to aircraft. We expect
these possibilities to present a major research challenge in the coming
decade.

The challenges of combustion and reacting flows are likely to yield
new understanding resulting in important applications in the near
future. Control of soot and other pollutants will result from
understanding of their production mechanisms. Understanding of the
interaction between chemical kinetics and fluid instabilities will result
in an understanding of deflagration and the transition to detonation.
Applications range from improved fuel economy to fire safety.

We expect to see major advances in our understanding of multiphase
flow systems, including macroscopic and microscopic interface
phenomena, which are of interest in both industrial and geological
processes, for example, the stability of the liquid-liquid interface
leading to fingering in oil recovery, convective processes in the ocean,
and the formation of layered structures in magma chambers.

There will be an increasing interest in the behavior of more-dense
particulate systems, from the multiparticle interaction of finite clouds
of particles to, more generally, the flow through porous media and
filters based on the hydrodynamic interaction with their microstructure.
Interdisciplinary cooperation in the study of basic cellular level
biofluid dynamic processes in the presence of molecular forces will
expedite explanations of such diverse phenomena as electrokinetic
behavior in pores and membranes, the microstructure of osmosis, cell

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

FLUID PHYSICS 42

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

division, cellular transport function, gel hydration, and fluid motion in
intracellular tissue matrix. All lead to a better understanding of basic
cellular physiological function.

Increased computational and data-handling capability will permit
assimilation and understanding of the massive data sets required to
describe complex natural flow phenomena as well as those in man-
made devices. For example, using satellites and shipborne instruments,
global-scale investigation is now possible of the oceans and climate
dynamics. Employing Lagrangian mathematical techniques and
instruments that move with the fluid, we anticipate new views of
turbulent dispersion; of the interaction between waves, turbulence, and
mean flow in boundary layers; and in ocean-atmosphere circulations.
The development of Monte Carlo computational techniques, which
account for molecular motion in gas flows, will continue to be
extended to higher-density flows, permitting meaningful modeling of
highly nonequilibrium chemically reacting flow systems.

FINDINGS AND RECOMMENDATIONS

Principal Findings

Support Structure

Support for basic research in fluid physics comes from a wide variety
of sources. This is both a strength and a weakness, but the field suffers
from the lack of an individual national identity. Despite the common
technical threads that bind fluid physics, its basic research support is
chaotic and limited. Considering its importance to technological
development and its potential for contribution to the understanding of
natural phenomena, fluid physics lacks sufficient visibility on a
national scale and suffers from a lack of both amount and continuity of
support from funding agencies, particularly for innovative new
research directions.

* Many unique national experimental and computational facilities are not

readily available to a large proportion of the research community. We
do recognize and applaud the U.S. government's efforts to make time
available for outside research in the National Aeronautics and Space
Administration's (NASA) National Transonic Facility at Langley
Research Center, in the 40 ft x 80 ft wind tunnel at Ames Research
Center, as well as provide computer access through the Numerical
Aerodynamic Simulation Program (NASP) also at Ames, and the
National Center for Atmospheric Research (NCAR) Comput
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ing Facility in Boulder. However, we believe that considerably more
could be done, producing benefits for both the research community and
the facilities that are involved.

Computational Techniques

* Numerous mathematical and experimental approaches are common
throughout fluid physics, such as the use of asymptotic methods and laboratory
flow simulations. In the last decade a new theme has emerged: the importance
of the computer with applications that range from the rapid organization of data
and their subsequent analysis and display all the way to the direct numerical
simulation of the major features of some turbulent flows. This expanding
capability provides rich opportunities for technological development and
increased understanding of natural phenomena. It is now possible to use new
scientific methods to tackle important but highly complicated phenomena, such
as two-phase flow, which to date have been treated primarily from an empirical
point of view. The mathematical techniques that have been developed and
refined during the last 15 years have become increasingly important tools in
advancing fundamental understanding of complex flows but also importantly in
improving the methods for testing the results of numerical simulations as well.
In the application of numerical simulation to technological problems, and most
especially to aircraft design, the Europeans have been quick to acquire the latest
high-speed computers and to implement the most advanced algorithms in the
design of aircraft.

Instrumentation Techniques

* The past decade has spawned a remarkable growth in nonintrusive laser-
based flow diagnostic techniques. Combined with equally spectacular
developments in imaging, data storage, and manipulation techniques we have,
during the decade, formed the beginning of what will become unprecedented
advances in flow diagnostics cooperatively coupled to computational fluid
dynamics.

Education

* The explosive growth of fluid physics into new areas involves
increasingly interdisciplinary research. Acid rain prediction, gas lasers, blood
flow, and the distribution of life in the sea are examples of strong interactions of
fluid physics with chemistry, physics, and biology.
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Fluid systems have motivated study of bifurcation theory, Lorenz
attractors, and chaos, which are prominent in the study of physics and applied
mathematics. This diversity of interests can be used to unify our understanding
of fundamental fluid behavior and should be a more prominent part of
university education. Education and university research in fluid physics is
conducted primarily in engineering and applied mathematics departments in the
United States. Last year only 1 percent of the Ph.D. theses in physics and
astronomy in the United States were in fluid physics, and approximately 7
percent were in plasma physics, whereas approximately 30 percent of the
engineering theses were on fluid-dynamics-related projects. This low emphasis
on fluid physics in our physics curriculum has deprived physics research in this
country of the opportunity to participate in many areas of technology that
generate exciting new fundamental problems.

Principal Recommendations

Research Support

* We urge that a mechanism be established to provide a continuing
survey of research support in fluid physics vis-a-vis the field's national
and intellectual needs. While we are unable here to make a detailed
suggestion about the form of this mechanism, it should provide
information that will be useful in identifying basic research areas in
this nationally important field that are neglected by omission or as a
result of not being within the immediate sphere of influence of a
support agency. Particularly, new research directions of great promise
could be identified earlier. Areas that receive excessive overlapping
support could also be identified.

* We recommend a targeted research initiative to investigate and develop
instrumentation for essentially simultaneous multipoint measurements
of flow properties throughout large volumes. The instruments might be
based on laser holographic methods, on multiprojection (tomographic)
techniques, or on a combination of these and other as yet unexplored
methods. The measurements are important to many national programs
in fluid physics. It should be recognized that the instruments will be
expensive, and hence it is imperative that sufficient resources be made
available to the research community for their development and
eventual use.

* We recommend the provision of funds and organizational mechanisms
to make unique national fluid-physics facilities available to the
university and nongovernment communities for basic research. Direct
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allocations of time and other resources will be necessary in order to
maintain an appropriate balance between basic research and urgent
development programs and to assure steady operational funding of
these facilities.

We strongly recommend the expansion of the role of the National
Science Foundation (NSF) in supporting basic fluid-physics research,
with a particular emphasis on the support available for basic fluid-
physics research related to engineering science. There is funding for
fluid-mechanics research embedded in the atmospheric and
oceanographic sciences programs. However, only extremely limited
funds are available for basic fluid-physics research in NSF's
Engineering Directorate. No funds have been available from the
Physics Directorate.

Education

* In view of the pervasive importance of fluid physics in many areas of

modern technology and the numerous unexplained phenomena
associated with these technologies documented in this report, we
strongly recommend that physics departments in this country consider
the inclusion of a required undergraduate course in fluid physics. We
similarly encourage engineering schools to consider a required upper-
division undergraduate course in modern physics. This would be an
important step in enhancing collaborative interdisciplinary
relationships between the physical and engineering sciences.

Fluid-flow instrumentation, especially optical techniques, are expected
to continue their recent exciting progress. Unfortunately this will cause
the state of teaching laboratory equipment in our universities to be
even more out of date. The need for dedicated, separate funding for
modern laboratory equipment in fluid physics is at least as pressing as
in other areas of science.

Advances in numerical simulation and experimental techniques must
not obscure the fundamental importance of analytical methods. These
methods have been instrumental in advancing our understanding of
complex flows and an aid in the development and verification of
numerical methods for computing fluid flows.

GOVERNMENT SUPPORT, MANPOWER, AND UNIVERSITY

RESEARCH

The major agencies that support external research in fluid mechanics and
combustion are the Air Force Office of Scientific Research (AFOSR), Army
Research Office (ARO), Department of Energy
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(DOE), National Science Foundation (NSF), National Aeronautics and
Space Administration (NASA), National Oceanographic and Atmospheric
Administration (NOAA), and Office of Naval Research (ONR). The FY 1983
research funding levels for these agencies and other in-house activities are
reviewed in Table 2.1. These numbers are of course sensitive to one's definition
of basic research and should only be used as an indication of the activity in fluid
physics not as a definitive compilation.

For the external research support, generally about 50 percent goes to
universities and 50 percent to private industry, with the exception of NSF.
These support levels are approximate numbers and nominally only refer to basic
research (i.e., DOD 6.1 funds). No attempt has been made to estimate the
amount of contractor Independent Research and Development (IR and D)
funding that perhaps should be added to these amounts. Our experience with the
use of these funds leads us to believe that in practice only small amounts
actually contribute to basic research. Also, no attempt has been made to
characterize company and other private research in the field.

An estimate of manpower in the field of fluid mechanics and combustion
research can be obtained by assuming an average of $150,000 per principal
investigator, which leads to a total of about 1000 full-time-equivalent principal
investigators in fluid-mechanics research and about 250 in combustion research.
Data from the National Bureau of Information indicate that approximately 900
Ph.D. theses are published each year in the general area of fluid dynamics.
While the numbers given here are only rough approximations, they do indicate
a notable national effort in the field.

There are large combustion and fluid-mechanics facilities maintained by
the Air Force (AECDC and WPAFB, for example), NASA (Ames and Lewis,
for example), NOAA, and NSF, which do not appear in the research support
levels presented above. The funding level for these facilities comes to around
$250 million per year.

The historical trends in support levels are of interest. These trends are
shown in Table 2.2 for fluid mechanics supported by two major research
funding agencies. During the same period inflation has overwhelmed the small
increases in support made available.

Despite the significant expenditures on fluid-physics-related activities,
there is only limited direct support available for innovative or discretionary
university research in fluid physics. Discretionary research support, such as
represented by the Fluid Mechanics Program in the Mechanical Engineering
and Applied Mechanics Divisions of the NSF Engineering Directorate ($5.4
million per year in 1984), is very
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small and shrinking in terms of inflation-adjusted levels (Table 2.2). There are
many areas of fluid physics that are simply neglected by the university research
community owing to a complete absence of support. The large number of Ph.D.
theses that are published per year in fluid physics is a result of the fact that fluid
physics pervades a host of natural and man-made phenomena. They are not
indicative of a high level of discretionary support for innovative, basic fluid-
physics research. We believe that this situation is a scientific and technological
mistake, with the potential for grave economic consequences.

TABLE 2.2 Historical Funding from Two Agencies for Fluid
Mechanics

] Change in
Fiscal Year Constant

Agency 1977 1978 1979 1980 1981 1982 1983 1984  Dollars®

NSF? 3.4 35 3.5 3.7 3.5 3.9 4.2 54 4%
AFOSR® — — 9.2 9.2 102 113 116 123 -8%

@ Based on implicit price deflator, GNP; Business Statistics, 1982; Survey of Current
Business, March 1984.

4 NSF Mechanical Engineering and Applied Mechanics Division, Fluid Mechanics
Program, AFOSR Directorate of Aerospace Sciences.

DETAILED REVIEW OF THE BRANCHES, SELECTED
TOPICAL SUBJECT AREAS, AND TECHNICAL DISCIPLINES
OF FLUID-PHYSICS RESEARCH

In this section we have attempted to present a detailed review of fluid-
physics research. First, there are fundamental-phenomena-related areas, which
we call branches, that we found convenient for describing the field. Following
are selected subject areas of current and future interest that we believe are
topical and important but not clearly brought out by the division into branches.
Finally, three technical disciplines that are of underlying importance to all of
fluid-physics research are discussed.

Branches of Fluid Physics
Combustion and Reacting Flows

Chemically reacting flows in general, and combustion in particular, are
branches of fluid physics for which the underlying equations
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usually are considered to be the Navier-Stokes equations augmented by the
equations of chemical kinetics. There are a number of aspects in which the
scope of the field extends beyond this limited domain. For example, long-time
correlations in kinetic theory, not described by the Navier-Stokes equations,
have been inferred to affect certain turbulent ignition processes, and radiation-
transport equations are needed in describing various radiant-interaction effects
in combustion and radiation hazards from fires and explosions. However, the
core of the subject is classical fluid mechanics coupled with chemical kinetics.
In common with most other areas of fluid mechanics but in contrast with many
other branches of physics, the underlying equations are known and the
challenges are to ascertain the implications of the equations (and the values of
the chemical-kinetic and transport parameters therein) for application to
scientific and real-world problems of interest.

In a practical sense, combustion and reacting flows hold positions of high
importance. The broad fields on which these topics have impact include those
of recovery of energy resources, efficient utilization of energy resources, power
sources for locomotion, atmospheric pollution, chemical lasers, waste disposal,
and safety hazards. Numerous examples of relevance to these areas can be cited.
Underground combustion, both reverse and forward, provides a potential means
for large-scale recovery of oil from oil shale and of energetically useful gases
from coal. Economies and improved efficiencies in natural gas, oil, and coal
burners are achievable to some extent through advances in the understanding of
combustion processes. Chemically reacting flows are of central relevance in the
chemical process industries and in fuel refining. Emissions of oxides of
nitrogen, of unburned hydrocarbons, and of soot and other particulates from
both mobile and stationary power sources could be reduced by more rational
means if better knowledge of salient combustion processes were available.
Novel methods for disposal of hazardous wastes by incineration rely on
knowledge of the fluid mechanics of the combustion processes involved. Fires
are an ever-present threat to health and safety that necessitate continuing
research on chemically reacting flows, e.g., to combat dangers associated with
the rapidly changing mix of combustible materials in the modern urban
environment. Importation of liquefied natural gas in large volumes has spurred
research on the fire and explosion hazards of combustible clouds. Even nuclear
reactors exhibit unique combustion hazards, as the Three-Mile Island incident
demonstrated. Although this list specifically calls out practical problems, there
are many scientifically challenging problems in the area that
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are not tied directly to applications; moreover, improved scientific
understanding increasingly is becoming a useful means for addressing the
practical problems cited.

There are a number of significant recent developments in the area of
combustion and reacting flows. In studies of burning of individual fuel droplets,
conditions have been measured and largely understood under which a bubble is
generated and grows within the liquid, shattering the droplet and in the process
producing more efficient combustion with less production of soot and oxides of
nitrogen. Modem diagnostic experiments, computational methods, and
analytical methods together have given greatly improved knowledge of
structures and propagation mechanisms of premixed laminar flames, thereby
offering ideas, for example, for achieving reliable combustion under highly fuel-
lean conditions in spark-ignition engines to improve performance. Significant
improvements in the understanding of laminar-flame instabilities have been
achieved, including interactions of hydrodynamic, diffusive, and gravitational
phenomena to shed light on the reasons why Landau's classical prediction of
absolute instability does not conform with experiment. Novel methods for
calculating heat-release rates and rates of production of oxides of nitrogen in
turbulent diffusion flames have been developed, contributing to understanding
of possible methods for reduction of pollutant production. Improved
understanding of extinction of diffusion flames has been achieved and applied
to problems of flame stabilization and fire suppression. The first steps have
been taken toward the development of rational descriptions of premixed
turbulent-flame propagation, so that prospects exist for the emergence of a
correct fundamental understanding of this intricate process. A number of recent
developments in theory and experiment on flame spread along surfaces of fuels
have improved our knowledge of mechanics of fire spread and led to new ideas
on fire safety. Plenty of problems remain, and useful new methods for attacking
them continue to be developed. The quality and number of young researchers in
the area are increasing. Great challenges in combustion and reacting flows that
are likely to be met and overcome at least partially in the near future may be
listed as follows:

* Develop an understanding of mechanisms of flame propagation in
areas ranging from fuel recovery to power production to fire safety.

* Develop descriptions of complex chemical-kinetic processes such as
soot production that are simple and accurate enough to enable their
overall rates and their influences on laminar-flame structures and
dynamics to be understood and calculated.
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* Develop firmly based and reliable methods for describing structures
and propagation speeds of premixed turbulent flames, applicable to
real combustors of practical importance.

* Clarify influences of chemical kinetics and chemical mechanisms on
instabilities of reactors and flames.

* Develop improved descriptions of burning of sprays, including
specifications of combustion regimes and more understanding of
influences of turbulence.

* Demonstrate explicitly how pressure waves develop and interact in
thermal explosions, in deflagration propagation, and in processes of
transition to detonation.

* Clarify the relative importance of phenomena contributing to limits of
flammability and of detonability, and describe near-limit propagation
mechanisms better.

» Ascertain the relative importance of chemical and physical phenomena
in contributing to flame extinction by different agents.

The list could be extended. In general, a broad range of methods,
theoretical and experimental, must be brought to bear in finding solutions to
these problems.

Non-Newtonian Fluids and Rheology

For over a hundred years, it has been customary in fluid mechanics to
accept the Newtonian constitutive equation, i.e., the proportionality between
stress and rate of deformation, as the standard fluid model that in conjunction
with the laws of mechanics leads to the well-known Navier-Stokes equations of
motion. Yet it has become increasingly apparent in recent years that there exist
a great many fluids whose flow behavior differs in such a striking and
fundamental way from that of their Newtonian counterparts that new
constitutive equations need to be developed in order to properly model such
systems theoretically. Examples of such fluids are blood, slurries, molten
plastics, emulsions, suspensions of fibers, pastes, foams, and polymer solutions,
so that it is being recognized that Newtonian behavior is the exception rather
than the rule for a large class of substances having practical importances in a
wide range of industrial processes.

Considerable effort has therefore been expended in an attempt to construct
constitutive equations that relate the stress to the rate of deformation for such
non-Newtonian materials, and indeed a large number of such equations have
been proposed by various investigations. Unfortunately, these equations are, as
arule, quite complicated,
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and it is far from clear at this stage which of them, if any, can properly account
for the multitude of the observed non-Newtonian phenomena. Thus, an
increasing amount of attention is currently being directed at evaluating the
usefulness and applicability of existing constitutive equations rather than
constructing new ones. This, however, is not an easy task, for, even when
inertia can be neglected—which in the corresponding Newtonian case renders
the Navier-Stokes equations linear—the resulting mathematical expressions are
still nonlinear, owing to the complicated form of the constitutive equations, so
that they can be tackled only via numerical techniques if the problem is
anything but very simple. Even so, difficulties remain to be overcome.

Since the system of equations for the non-Newtonian fluids is, in general,
higher order than for the Newtonian case, additional boundary conditions are
needed that, however, are not always obvious. Also, questions regarding
existence or uniqueness of the solution to the mathematical system as posed
need to be addressed in conjunction with the numerical computations.

A dimensionless parameter that often plays a crucial role in determining
the flow behavior of a non-Newtonian visco-elastic fluid is the Weissenberg
number W, which is defined as the ratio of the relaxation time of the fluid to the
characteristic time of the flow and which provides a measure of the non-
Newtonian character of the system. Unfortunately, it has generally been found
that conventional iterative numerical techniques fail to provide a solution to the
appropriate set of equations and boundary conditions beyond a relatively low
value of W, where the velocity field shows little difference from its Newtonian
counterpart. It is not known at present whether the failure of these numerical
solutions is due to deficiencies in the numerical schemes or whether it results
from the mathematical problem having been ill-posed. Certainly, the resolution
of this question is currently an important problem in this area of research.

Another non-Newtonian phenomenon, which is fundamentally different
from everything that has been referred to above, is that of drag reduction,
wherein it is found that the addition of certain macromolecules in minute
concentrations (parts per million) to Newtonian fluids (typically water) can
significantly reduce the pressure drop in pipes under turbulent flow conditions
even though, in a viscometer, these solutions behave as Newtonian substances
having virtually the same viscosity as the solvent. Drag reduction is therefore
not only of obvious practical importance—it has already been employed in the
Alaska pipeline as well as in many other instances—but the explanation of its
origin would go a long way toward helping us to understand the
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phenomenon of turbulent shear flow, which is currently the most important
unsolved problem in fluid mechanics. Despite intensive effort on this topic, the
factors that control this observed drag reduction are still not completely
understood.

From a fundamental point of view, however, the key missing ingredient
that inhibits rapid progress in this field is our incomplete understanding of the
physics of non-Newtonian fluids and in particular the relationship between their
physical constitution and their theological behavior. A promising avenue for
research that is currently being pursued involves constructing constitutive
equations based on our detailed knowledge of the microscopic structure of the
fluid, as is the case for polymer solutions, emulsions, and suspensions. Such an
example is the "reptation” theory recently developed by deGennes and by Doi
and Edwards. If successful, this approach should provide us with an in-depth
understanding of the striking flow properties of non-Newtonian fluids—which
are often very unlike those observed with Newtonian substances—and even
help us to discover new non-Newtonian phenomena or construct fluids with
preassigned flow characteristics.

Vortex-Dominated Flows

The study of vortex-dominated flow fields aims to describe situations,
steady or nonsteady, in which the velocity induced by strong vorticity is the
central feature in establishing the flow field itself. Such flows are intended to
contrast with those where, for example, weak vorticity is transported by a strong
irrotational flow, and hence, to a considerable extent, the problem may be
considered a linear one. Familiar examples are thin airfoil theory, lifting line
theory, and most lifting surface theory. Examples of nontrivial but well-known
vortex-dominated flows are the vortex pair and the vortex ring.

Several classes of vortex-dominated flows are described below according
to the physical origin and interest of specific problems rather than from the
standpoint of their analytical or computational difficulties.

Disturbance of Initially Rotational Fields

A wide variety of problems involve an initially strong vertical field that is
disturbed by boundaries or body forces. A classical example of such a physical
situation is the flow produced by a finite wing moving through a strongly
rotational field, studied initially by Karman and
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Tsien. This phenomenon appears to be of great current importance in the
behavior of blades in the compressor and turbine components of aircraft gas
turbines. Another important example under active development is the flow of
initially rotational fluids in ducts and channels having complex bends and
changes in shape of their cross section. This general field has become known as
secondary flow and is of great interest in the investigation of ducts leading to
the inlets of aircraft gas turbine power plants.

Vortex Fields Generated by Highly Loaded Wings and Bodies

One of the most spectacular and important examples of vortex-dominated
flows arises in the flow fields generated by highly loaded wings and by bodies
at high angles of attack. Both research workers and designers have
accommodated their intuition and understanding to the simplifications and
results of lightly loaded wing and body theory, but frequently the fields of
heavily loaded wings and bodies bear little resemblance to their classical
counterparts. The tendency of the strong vorticity shed from heavily loaded
wings to roll up quickly into rather concentrated vortex tubes leads to unusual
trajectories, intense induced velocity fields, and frequently to asymmetric or
nonsteady flow patterns and forces. The understanding and description of these
complex flow fields is one of great importance in estimating the performance of
high-speed aircraft, particularly high-performance fighters.

In many practical instances the situations described above involve three-
dimensional flow separation, and, as is well known, the tendency for an
asymmetric flow to be associated with a symmetric geometric configuration is
aggravated. The influence of the strong vortices on the separation line becomes
a central issue. Diligent and continuous research, both experimental and
theoretical, is required to achieve an acceptable degree of quantitative
understanding.

Geophysical Flows

Important flow patterns as they occur in the atmospheres of the Earth and
other planets may be considered as vortex dominated. Among the important
members of this group are the general problem of weather prediction,
tornadoes, fire storms, and possible weather modification. The details of
geophysical flows are covered elsewhere in this report.
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Contained Vortices

The ability of many practical devices to function is dependent on the
generation and stabilization of vortices or groups of vortices within fixed
geometric boundaries. Centrifuges, ultracentrifuges, small particle separators,
and the vortex containment of nuclear reactions are familiar examples. In other
circumstances the vortices occur inadvertently; an interesting example is the
formation of a strong axial vortex in some solid propellant rocket motors, the
effects of which may lead to dynamic instability of a missile.

High-Speed Flows

There are several opportunities for major advances in high-speed flows
that extend the developments of the past decade. These past developments have
been focused in two primary technology areas. One is the development of
highly efficient commercial and military transport; the other is the development
of highly maneuverable fighter aircraft. These developments will continue
primarily from advances in our understanding of separated flows, from our
special knowledge of new aerodynamic design procedures, from our beginning
understanding of, and thereby our ability to control, turbulence, and from the
continuing growth in the use of computers to solve aerodynamic flow fields
(addressed elsewhere).

In many flows of technological interest the flow is either separated or
unsteady or both. We are beginning to understand the fundamental physics of
these separated and unsteady flows and how, often in combination, they can be
used to improve the efficiency and performance of technological devices.

Both steady and unsteady mechanisms can be used to generate separated
flows. These separated flows have special characteristics that have made them
important in the design of supersonic aircraft. We are just beginning to
understand the nature of the separation process, the fundamental physics of
these flows, and how they can be generated and utilized through unsteady
surface motions.

We are now beginning to understand better the fundamental physics of the
process of transition to turbulence, and through that understanding we are
beginning to develop controls that suppress this transition. These controls range
all the way from acoustic input to the boundary layer through the removal of a
substantial portion of boundary layer from the surface.
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It has been known for some time that the aerodynamic designs that operate
at high subsonic Mach numbers are most efficient if they can avoid the
generation of shock waves. But such flows are mathematically isolated from
one another and were, for some time, thought to be impractical. It has been
demonstrated over the last decade that these mathematically isolated solutions
are of practical value, and special techniques have been developed to find them.
These techniques have now been generalized to the point where they can be
used routinely in the design process, guaranteeing that the extremes of the
transonic design envelope can be reached.

By the end of the century we can expect a significant increase in the fuel
economy of the present-day commercial aircraft. This increase will occur
through a number of design innovations, and the aerodynamics of high-speed
flow will contribute roughly 20 percent of this improvement. For this reason
alone, the fundamental physics of these flows is especially important. In
addition, there are many devices whose designs may be altered radically if one
turns from steady attached flows to unsteady separated flows to improve their
performance. Our understanding of the physics of these unsteady separated
flows is just beginning and is especially important.

Molecular and Statistical Phenomena

Molecular-scale phenomena are basic to all of fluid mechanics. Transport
properties such as diffusion coefficients, interface transport phenomena, and
non-Boltzmann energy-level population distribution in chemically active flows
are examples.

In the past decade one of the developments in this area has had an
important influence on chemical physics. Flow cooling, or the expansion of a
sample and a carrier gas through a nozzle to millikelvin temperatures, has been
developed based on aerodynamic molecular-beam techniques. A rapidly
increasing momentum-transfer-collision cross section at low temperatures,
which overwhelms the density decrease due to the expansion, allows collisions
to be active throughout the flow. The very low gas-phase temperatures that are
achieved permit studies of collisions between isolated energy states through
state-selective excitation of crossed molecular beams.

There have been notable recent advances in statistical phenomena related
to biological problems. Phenomenological coefficients in the Kedem-
Katchalsky equations (equations coupling water and solute movement across
biological membranes) have been derived from more fundamental equations
describing diffusion and convection in biologi
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cal pores. The role of endothelium as a transport barrier for macromolecules has
been elucidated through the use of quantitative models to examine the change in
arterial wall permeability to cell turnover (dying of endothelial cells), vesicle
transport, and the opening of the intercellular junctions between cells. The
models have been used to explain why minute changes in endothelial structure
can lead to localized regions with twofold increase in lipoprotein uptake.

Another subject that has received attention in the past, but now appears
particularly ready for rapid development, is the use of Monte Carlo techniques
for handling gas flows at relatively high pressures with detailed accounting of
internal-energy-state transitions. Appropriate collision probabilities can be
generated or verified by the selected-state chemistry studies described above.
Advances here would be an important step in describing highly nonequilibrium
chemically reacting flows, which are important in applications such as high-
energy chemical lasers.

We expect that there will be exciting developments in the biological
application of statistical phenomena. Osmosis has still only been explained
from a macroscopic thermodynamic viewpoint. A microscopic theory on the
length scale of the membrane pore diameter is still needed. There is also no
microhydrodynamic theory describing the transition from deterministic to
diffusion-dominated particle motion (particles with diameters of 100 to 10%* A).
In general, problems in biological transport of water, ions, and macromolecules
involve novel boundary conditions for the surface layer of epithelial and
endothelial cells, difficult problems in subendothelial interaction, and a variety
of new phenomena such as endocytosis and exocytosis associated with the
biophysics of the plasma membrane of the individual cells.

Viscosity-Dominated Flows

The area of viscous fluid mechanics where the primary force balance on a
fluid element is between pressure and viscous stresses and the inertia of the
fluid element is small is often referred to as low-Reynolds-number
hydrodynamics. This basic force balance is satisfied in a wide variety of
applications involving multiphase flow, thin films, molecular diffusion,
interface phenomena, and colloid and membrane science.

Stimulated by the work of G.I. Taylor on the swimming of
microorganisms, many of the newer problems in low-Reynolds-number fluid
motion have been motivated by biological applications. This includes such
diverse problems as the swimming of sperm and other flagellar or ciliated
organisms; the movement of the cellular components of blood
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in the microcirculation; the motion of fluid or particles in biological ducts lined
with cilia such as the oviduct, the small intestine, or the intestine; trachea; and
the gaseous exchange in lung alveoli.

During the past decade interest in low-Reynolds-number hydrodynamics
has grown tremendously, spurred by numerous applications in the chemical
processing industries, new biological problems, and the advent of numerical
solution techniques that could treat a much wider variety of particle- and
boundary-interaction problems than could be handled by purely analytical
methods. The chemical processes involve such problem areas as modern filter
technology, aerosols and sprays, sedimentation of particles and colloidal
suspensions, fluid-fluid separation processes, electrokinetic and osmotic
phenomena, hydrodynamic chromatography, surfactant technology, and
molecular transport through biological and synthetic membranes. The new
biological applications derived from the need to obtain better understanding of a
variety of cellular level biological phenomena, such as the vesicular transport of
lipoproteins across arterial endothelium (thought to be related to arterial
disease), the deformability of cells due to fluid motion, and the stability of
membranes in the presence of fluctuating fluid stresses. Most of these problems
are of an interdisciplinary nature and call for the collaboration of engineers,
physicists, and biological researchers. Fluid dynamicists with a chemical
engineering background, in particular, have contributed significantly to the
many recent advances summarized below. This has led to the birth of a new
field of study, "physicochemical hydrodynamics," in which low-Reynolds-
number hydrodynamics and interfacial fluid mechanics are inextricably linked
with a variety of physicochemical phenomena.

The requirements of the chemical and biological applications have
necessitated the development of new solution procedures for the treatment of
the more complex boundary-value problems that are encountered in these
applications. Thus the treatment of small fluid drops near interfaces or droplet
coalescence in fluid-fluid separation processes requires a solution technique that
can be used to describe not only the fluid motion but also the unknown large-
amplitude deformation of the interface and/or the drop due to this motion. The
movement of proteins and other molecules in the intercellular channels of
biological cell layers or particle entrance behavior in membranes and
nucleopore filters requires the solution of strong hydrodynamic interaction
problems in which the particle motion is greatly influenced by the boundary
geometry.

In addition, a number of new low-Reynolds-number hydrodynamic
phenomena have been either discovered or explained in the recent

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FLUID PHYSICS 59

past. It is now realized that there are separated flow regions between particles
when the separation is sufficiently small and that this flow separation will have
an important effect on the heat- and mass-transfer characteristics of a bed of
particles. It is now understood why flexible particles in the absence of inertia
will migrate toward the centerline, why a small amount of inertia will cause a
particle to migrate to an off-axis equilibrium position, and why finite axial
clusters of neutrally buoyant identical particles will break up and form
aggregates. The theory for a tiny particle being convected down a tube subject
to Brownian motion has led to the development of hydrodynamic
chromatography, a separation classification procedure for identifying particles
by size.

The sedimentation of particles and dilute colloidal suspensions exhibits
several fascinating characteristics that were not previously understood. It has
now been shown theoretically why the settling velocities of a fixed array and a
random statistical array of particles obey a different power law as a function of
density, how orientable particles settle differently than spheres, and how the
latter are affected by Brownian motion. The importance of boundaries in the
settling process is greatly accelerated in a long slender channel by tilting the
channel away from the vertical. The mechanism for this behavior has recently
been explained and is currently under study as an industrial separation process.

It is evident that much of the growth and progress in low-Reynolds-
number hydrodynamics in the past few years is the result of the cross-
fertilization that has occurred between researchers in different disciplines as a
source of new observations, creative applications, and methods of solution. In
most cases low-Reynolds-number hydrodynamics is one essential ingredient of
a larger problem. Biological problems, especially at the cellular level, will
continue to be a major source of new research primarily because there are so
many different cellular functions and unexplained experimental observations.
There is still no accepted theory to explain the microstructure of osmosis, the
detailed flow and concentration patterns that exist at the opening to pores in
biological and synthetic membranes. Electrokinetic phenomena will be
important both at the exterior surface and within the pore itself.

An area that has received relatively little attention because of its
complexity is the two-phase convective transport of submicrometer particles
that are strongly influenced by Brownian motion. At present much of the work
in this area is limited to deterministic motions upon which a weak Brownian
motion is superposed. The transition between
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deterministic and statistical behavior is also important in the sedimentation of
particulates and the study of colloidal suspensions. Thus far the theory of
suspensions has only been applied to dilute systems. The effect of electric
double layers, particle deformability, and orientation are further topics of
considerable current interest in research on colloidal suspensions and
emulsions. Progress in many of these problems would be enhanced by closer
collaboration between fluid dynamicists and statistical physicists.

The recent success in treating droplet and fluid interface problems with
large deformations has paved the way for examining a variety of phenomena
associated with aerosols and fluid-fluid separation processes. This research will
also be valuable in studying the behavior of surfactant molecules at interfaces,
droplet coalescence, deformation of biological cells due to fluid stresses, and
related problems.

Stability

Stability of fluid flows is studied, in the first instance, to determine the
realizability of proposed flow fields. The main issues historically concerned the
onset of thermal convection and the transition to turbulence of shear-dominated
flows; more generally the purpose is to predict the possible forms of motion that
can branch from a given motion and the sensitivity of these motions to
disturbances. In this regard, the subject is now viewed as intrinsically linked to
bifurcation theory, the study of the branching processes in nonlinear systems.
This broadens the scope of the investigations to inquiries dealing with the forms
of "generalized equilibrium states" that arise after the onset of stability.

Stability theory, by its very nature, seeks to predict the circumstances
leading to qualitative changes in flow patterns. Consequently, stability theory is
a subject of practical technological importance, in that qualitative information
concerning industrial processes derived from stability considerations often can
be incorporated in design decisions with decisive effects, and the promotion or
suppression of fluid-dynamical instabilities is often a crucial technological issue.

Motions on geophysical scales, including the dynamo problem, mantle
convection, and atmospheric and oceanic current systems, frequently take forms
determined by the instability of equilibrium flows arising from fundamental
force balances. Useful insights and predictions of these forms can be found
using stability theory. Consequently, this branch of fluid mechanics figures
prominently in oceanography, meteorology, and planetary sciences. It is
similarly important in
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astrophysics, in problems concerning stellar convection and galactic structure,
as well as in similar questions of considerable interest and importance.

Modern advances in this subject have been marked by major changes in
conceptual framework as the nonlinear behavior of fluid systems became the
focus of an increasing body of work in stability theory, and this has led to much
more satisfactory connections between theory and physical experiments. The
theoretical advances have been made possible by developments in bifurcation
theory, by systematic exploitation of multiple-scale and related singular
perturbation techniques, by the advent of inexpensive large-scale computation,
and by the introduction of increasingly sophisticated experimental techniques.

Important new physical effects have been explored, in some cases leading
to significant reassessments of phenomena previously misinterpreted. The
effects of surface forces (Marangoni effects) in driving convective instabilities,
and effects arising in mixtures (such as double-diffusive instabilities of
importance in oceanography, astrophysics, and technological applications)
previously treated as single-component fluid systems, have been systematically
explored. Magnetohydrodynamic and electrohydrodynamic instabilities,
instabilities in liquid crystals, and instabilities induced by complicated indirect
effects, such as nonlinear wave-mean-flow interactions, all are examples of new
forms of instabilities that were unknown 10 or 15 years ago.

Analytical nonlinear theories, originally limited to weakly nonlinear
perturbations of a single-instability mode, have been extended to allow for more
complicated spatial behavior generated by multiple-mode interactions.
Considerable progress has been made along these lines for Benard convection
and for Couette flow between rotating cylinders. Extensions of this kind permit
information about convection pattern selection to be inferred; this very basic
aspect of the motion cannot be obtained from the classical theory. Work dealing
with imperfections, that is, slow modulations of motion patterns generated by
distant boundaries or nonideal forcing omitted in classical linear theories but
having considerable impact on observed patterns of motion, has been appearing.

Stability work, including analytical theory, has always required a great
deal of computation, and the level of computation has increased with the
complexity of the newer problems, particularly perturbation analyses of the
kinds mentioned in the previous paragraph. These studies could not have been
undertaken without fast computers. Computers have been the essential tools in
other modern stability studies. By numerically tracing bifurcating solutions, the
restriction of
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weak nonlinearity has been removed, at least in some problems. Thus, the
instability of fully nonlinear waves in Poiseuille flow, allowing for some (weak)
three-dimensional unstable modes, has been investigated, as have the fully
nonlinear instabilities of other flows of classical interest and scientific
importance. In addition to these investigations, which deal either with the
Navier-Stokes or the Euler equations, computer studies have been made of the
evolution of model systems, in which the solutions of the governing equations
are represented by a spectral decomposition in spatial variables, and the
resulting infinite system of ordinary differential equations (in time) are severely
truncated. Integrations of the resulting ordinary differential equations, coupled
with Dbifurcation analyses, have revealed bifurcation sequences leading to
chaotic motion. In some cases, the results are known to be misleading (for
example, the Lorenz equations modeling thermal convection) but seem to be
confirmed by integration of the full governing equations in other cases. Thus,
the full equations for double diffusion show a period-doubling bifurcation
sequence, a well-established route to chaos, and a five-mode truncation model
reproduces this behavior.

Large-scale computation, coupled with careful interpretations based on the
mathematical framework underlying stability and bifurcation analyses, is likely
to yield an extremely rich body of information in the next 10 to 20 years.
Almost certainly, the groundwork already laid will produce a much more
complete understanding of pattern selection and forms of equilibrated motions
deriving from instabilities. Considerable progress can be expected on the
problem of the transition to turbulence in shear flows and even greater progress
on the transition to turbulence on flows, such as Benard convection, that are
destabilized by body forces. It is possible that further links will be forged
between the routes to chaos established for systems with a finite number of
degrees of freedom and continuous systems. If so, greater insights will be
gained about the continuous instability that is fluid-dynamical turbulence.

Turbulence

Turbulence appears in nearly all flowing continua when inertia is dominant
relative to the microscopic momentum transport mechanism. It is responsible
for most technologically significant drag, heat, and mass transfer and makes life
possible on Earth by controlling the distribution of food, heat, moisture, and
light in the biosphere. Turbulent heat and mass transfer in the magma are
probably involved in crustal movement and temperatures. Turbulent heat
transfer plays a
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controlling role in the dynamics of stellar atmospheres and of interstellar gas
clouds and is probably implicated in the gravitational condensation of matter
from these clouds.

The study of turbulence has had as its goal both a philosophical and a
quantitative understanding of the physics of turbulent flow, so as to enable
numerical predictions to be made in all of these areas.

Turbulent transport is usually several orders of magnitude larger than
molecular transport, so that when present, it is dominant. Since it is implicated
in so many areas of vital concern to humankind, it is clearly important. While
the grosser aspects of turbulent behavior are thought to be understood in crude
qualitative terms, many of the more subtle aspects are understood poorly or not
at all; our ability to make quantitative predictions is extremely limited, and
precision is poor.

Although turbulence is recognized as the last great unsolved problem of
continuum physics, until recently it was largely abandoned by mainstream
physicists. Developments in the last half-century have been largely due to the
engineering community, mathematicians, meteorologists, and oceanographers—
those who either could not afford to ignore the area or were fascinated by it.

During this period, vast quantities of data were collected, although not
always with imagination. The approach was almost entirely statistical. The
result was a reasonable grasp of turbulence behavior in many situations and
enough understanding of the physics to permit data taken in different
circumstances to be placed on a common footing. Several analytical approaches
related to techniques used in quantum field theory were applied to the problem;
these have resulted more in added insight than useful computational techniques
or major theoretical breakthroughs.

The advent of large-scale computing has made it possible to solve the
Navier-Stokes equations exactly for some simple turbulent flows. This has
made accessible quantities that are difficult or impossible to measure but has
not replaced experiment; the computations have their own problems relative to
the influence of initial conditions on convergence and differencing errors, and
flows complicated enough to be practically interesting are and will remain for
some time beyond economic reach. These exact simulations are limited to
relatively low Reynolds numbers; large eddy simulations avoid this limitation
by computing large scales exactly and modeling small scales. Otherwise, the
large eddy simulations suffer from the same limitation as the exact simulations.

Invariant modeling, second-order modeling, and related techniques have
been developed to make practical computations. These tech
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niques close the hierarchy of moment equations at various levels (reminiscent
of the BBGKY techniques of statistical mechanics). The most interesting of
them produce sets of equations for second moments reminiscent of nonlinear
diffusion reaction equations or of nonequilibrium thermodynamics of mixtures.
Much of this modeling is ad hoc, although it has been possible to base some of
it on first principles a posteriori. This modeling describes small departures from
equilibrium and has corresponding limitations. It has been practically useful,
although it has been oversold. More to the point, the construction of the models
has been valuable, since it has resulted in much more careful examination of the
data and evaluation of the phenomenology and in some cases the taking of
interesting new data.

The physics community has been particularly stimulated by strange
attractors, which explain how some deterministic mechanical systems with three
or more degrees of freedom can display apparently chaotic behavior in time and
exquisite sensitivity to initial conditions. A number of interesting (in some cases
general) properties of such systems have been uncovered. These ideas may
explain how turbulent flows can seem to be stochastic, although the extension
to continua, and to spatial (as opposed to temporal) complexity, is intuitive.
Some light has also been shed on the early transition process. It remains to be
seen whether these ideas will help with calculations of fully developed
turbulence.

Although it has been known for at least 30 years that most turbulent shear
flows contained recurrent structures organized on the scale of the flow, little
was done with this information. Recent evidence from visualization indicates
that these structures are more remarkably coherent than anyone had suspected.
The two-dimensional shear layer is not particularly characteristic of other
turbulent shear flows, and the relative importance of these structures differs
widely from flow to flow. The structures appear to result from instability, either
as remnants of the initial instability that formed the flow or as an instability of
the fully developed flow, sometimes both in the same flow (as in the wake).
There is currently great interest in these structures, their identification, etiology,
and prediction, sometimes to the exclusion of the rest of the flow, which
remains chaotic. Fortunately, most workers recognize that turbulent flows
contain both order and disorder, and techniques are necessary that can
encompass, and profit from, both.

New statistical techniques are being applied to measurement, notably
conditioned sampling to reduce the form of the coherent structures. These can
be powerful if carefully used, with proper attention to statistical stability and
bias introduced by the condition. These tech
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niques supplement, but do not invalidate, conventional statistical approaches,
which often will produce the same statistical information with different
accuracy and efficiency.

Probably all the approaches currently under investigation will continue so
for a while, and others will be added or take their place. We have little faith in
breakthroughs in general, and particularly in a field as old as this one; we
believe that progress is most likely to come in small increments by increased
physical understanding, probably from interaction between careful machine
calculations and modeling of various types compared to experiments. Much
insight will probably come from investigation of the stability characteristics of
turbulent flows and of models and from the inclusion of coherent structures in
models. The dynamical systems approach seems very likely to make further
contributions, if only to transition. Recent Soviet work relating coherent
structures and the dynamical systems approach may bear fruit.

The geophysical aspects of turbulence are an interesting special case. The
atmosphere and oceans of this and other planets are the greatest natural
laboratories for turbulence. There are fully ten decades of scale between the
large weather systems and the scale of molecular diffusion. The key problem of
geophysical fluid dynamics is first to understand the separate dynamical nature
of motions across this range of scales and then to synthesize them into one vast
interacting and cascading spectrum. 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, three-
dimensional turbulence and large-scale turbulence whose freedom is reduced by
stratification and planetary rotation. In fact, when the many geophysical
constraints like these are added, the turbulence problem becomes intimately
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, in addition,
interact with the general circulation of the fluid in a strong manner. A key
question under current study is the way in which eddies and the mean
circulation mutually influence one another. We are now approaching a clear
dynamical understanding of diverse phenomena like the Southern Oscillation,
stratospheric sudden warming, and quasi-biennial oscillation of the atmosphere
and the wind-driven gyres and deep thermodynamically driven circulation of
the oceans.
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At smaller scales turbulent mixing of the oceans, in the vertical sense,
slowly but persistently determines the gross structure of the temperature,
salinity, and trace chemistry. Recent improvements in free-falling instruments
have documented this turbulence, but we have yet to describe clearly its bulk
effect on the oceans.

Studies in atmospheric and oceanic dynamics have, in fact, been the origin
of a range of nonlinear physics and mathematics problems, for example, with
interactions and Lorenz attractors in systems with few degrees of freedom.

Buoyancy-Driven Motion

Convection in Nature

Fluids of nonuniform density are subject to buoyancy forces, under fields
of acceleration or gravity. The density variations may originate in
compositional differences, suspended particles, phase changes, or temperature
variations. The range of phenomena is vast. In meteorology, cumulus clouds
and the global-scale Hadley circulation are examples of convection driven by
latent and sensible heat. Evaporation and cooling at the sea surface both drives
convection that ventilates the depths and, with a time-scale of thousands of
years, determines the basic stable density field of the oceans. Where the fluid
density is determined by two or more separate components (like salt and heat in
the ocean), double-diffusive convection can occur in which rapid diffusion of
one component destabilizes the fluid, despite its overall stable density profile.

The geological evolution of the Earth's mantle and crust is an instance of
convection driven primarily by radioactive heating from below. Fluid models
(both theory and laboratory experiments) of these tectonic processes have led to
an enormous unification of geology, with practical implications from fossil
fuels to earthquakes. At smaller scales the flow and convection of fluids in the
presence of crystallization is beginning to explain the structure of magma
chambers, spreading centers, and some aspects of vulcanism.

Turbulent buoyant convection is an especially difficult problem relevant to
the transfer of heat, moisture, and momentum in the surface layers of the
atmosphere. Turbulence closure theory, and other parameterization schemes,
are being developed to describe the turbulent heat flux and the evolution of the
spectrum of velocity.
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Suspended Particles

The settling of small particles under gravity through a quiescent liquid is
an important physical operation that is used extensively in a large variety of
industrial operations. Unfortunately, the process is a very slow one, especially
when the particles are small, and hence there exists a need for designing settling
devices in which the particle retention times are minutes rather than hours or
days. One class of such devices, termed supersettlers, takes advantage of the
Boycott effect according to which particles settle a great deal faster where the
walls of the settling vessel are inclined rather than vertical. Strong buoyancy-
driven convective flows are, however, set up in such inclined settling vessels
that may decrease the efficiency of the process; hence the detailed investigation
of these flows is of both academic and practical interest.

Gravity Currents

The term gravity or density current denotes the flow of one fluid within
another, caused by the density difference between them. The fluids are usually
miscible, and the mixing that results can play an important part in the dynamics
of the flow. Gravity currents are encountered in situations of geophysical and
atmospheric interest and have important applications to aircraft safety,
atmospheric pollution, or industrial accidents involving the spread of a dense gas
—such as liquefied natural gas from an accidental release.

Convection in Materials Processes

Temperature- and concentration-induced buoyancy-driven flows occur
frequently in materials-processing operations such as crystal growing, with both
desirable and undesirable consequences. Convection of course increases the
overall transport rate of heat and mass and hence the growth rate; on the other
hand, the morphology of the solid is usually affected adversely.

Interface Phenomena

Flows with interfaces between two or more fluids occur frequently in
nature and play an important role in a wide variety of physical phenomena. All
of these share the common feature that the domain of interest involves a
boundary of unknown shape whose evolution,
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generally in time, is one of the primary goals of any theoretical or experimental
investigation on the subject. The problem of determining this interface often
requires novel experimental, analytical, or computational tools.

We list below some of the more important topics that are being actively
investigated at present.

Deformation and Breakup of Small Drops in Shear Flows

In many industrial processes it is often required to disperse one liquid
phase into another with which it is immiscible. One wishes then to design an
appropriate mixing device and to determine the power necessary to ensure that
the size of the largest drop comprising the dispersed phase does not exceed a
given value.

Breaking of Waves

When designing harbors and coastal breakers, one wishes to determine the
shape of the waves as they advance onto the beach, find out where they break,
and then calculate the energy that is released. In view of their potential for
causing great damage, the behavior of tsunamis is particularly relevant in this
connection.

Sediment Transport

This involves the modeling of ripples and dunes as well as the study of
coastal sediment processes. The transportation of solid-liquid suspensions, such
as slurries, in pipelines and the determination of the many possible flow
regimes that can occur are also topics of considerable current practical interest
in this area.

Solitons

Solitary waves, on the surface of shallow layers as well as in layers of
infinite depth containing regions of nonuniform density, are currently being
studied extensively because of their remarkable property of being able to
propagate without change of shape and to maintain their identity on colliding
either with a stationary object or with another such wave. Solitons play a central
role in many phenomena of geophysical significance.
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Spreading of Liquids on Solid Surfaces

This topic is of considerable theoretical interest because it involves the
motion of the contact line, i.e., the intersection between two immiscible fluids
and a solid surface. Clearly, this motion, which is certainly observed
experimentally, violates the universally accepted no-slip boundary condition,
which must therefore be replaced by something more complicated. Coating
flows, which are of great importance in the photographic industry, also involve
the motion of contact lines.

Air-Sea Interaction

The atmosphere and oceans form an interlinked system. The transport of
gases, heat, moisture, particulate material, and momentum across the air-sea
interface is a phenomenon relating to the evolution of climate, weather
prediction, and the distribution of trace chemicals and man-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
bubble clouds into the sea below. Recent advances in observational
oceanography and boundary-layer meteorology are leading to qualitative
improvement in our understanding of the small-scale mechanism. For problems
of global scale, we are coming to rely on remote sensing, particularly from
orbiting satellites, to provide air-sea transfer maps.

Sound Generation and Propagation

Generally the field of acoustics is well understood provided we stay out of
the nonlinear range. The transition from linear acoustics to nonlinear acoustics
and the interaction of acoustic phenomena with flow fields are just beginning to
be understood. One of the items mentioned earlier in the section on High-Speed
Flows—the control of turbulence—will also play a fundamental role in the
control of the generation of sound by jet aircraft. It is generally the turbulence
of the jet that creates the largest portion of the sound field, and this control will
allow a further reduction of the perceived noise of jet aircraft. The radiated
acoustic energy of jet aircraft was reduced nearly 1000-fold during the 1970s,
mainly by reductions of jet velocity, which yielded the collateral benefit of
much improved propulsion efficiency. Another factor of this magnitude could
be available if we can control the jet mixing process. As the noise from the inlet
and jet exhaust become
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suppressed, the next dominant noise will be due to the turbulence on the wings
and fuselage. The process for controlling the turbulence of the aircraft is
important not only to the reduction of drag of the aircraft but also to the
reduction of the internal noise of the aircraft.

The transition from linear to nonlinear acoustics is important in several
fields of technological interest, including the fracture of rocks by high-speed
water jets. We still do not know the fundamental physics of the focusing of
acoustic waves to form caustics and cusps in caustics.

The unsteady body forces that occur principally in helicopter rotors, engine
compressors, and propellers are also important generators of noise. Basic
understanding of the mechanism of noise generation, and the application of this
understanding to problems such as the interaction of a helicopter rotor blade
with the previous blade's trailing vortex, has led to considerably quieter aircraft
and helicopters.

The acoustic analogy that provided the insight needed to greatly reduce jet
noise is now aided and abetted by the understanding being provided by the
application of rapid distortion theory. This theory linearizes about a mean
steady flow and assumes that the characteristic time for the interaction of this
flow with its unsteady variations is short compared with the characteristic time
for the decay of this unsteadiness. The application of these ideas accounts for
sources of acoustic radiation beyond those recognized in the original acoustic
analogy.

Radiation Hydrodynamics

One particular subfield of fluid dynamics that is both intellectually
challenging and of great importance is radiation hydrodynamics, which also
goes by the names radiation-coupled flows and radiation-induced flows. This is
basically the study of hydrodynamic phenomena at very high temperatures, in
which the thermal radiation field associated with matter affects the dynamics of
the fluid. The importance of thermal radiation in fluids problems increases as
the temperature is raised, primarily because the radiation energy density
associated with a Planck distribution varies as the fourth power of the
temperature. At low temperatures (say, room temperature) radiation effects can
generally be completely ignored in the fluid flow context. One important
exception is the radiatively driven flow in some planetary atmospheres. At
moderate temperatures (say, thousands of degrees) the role of radiation is
primarily one of transporting energy by radiative processes. At higher
temperatures (say, millions of degrees) the energy density and pressure
associated with the radiation field can become comparable to
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or even dominate the corresponding fluid quantities. In this case, the radiation
field significantly affects the dynamics of the field. Fluid flow with explicit
account of the radiation energy and momentum contributions constitutes the
character of radiation hydrodynamics. The relevant fluid equations, namely, the
energy and momentum balances, contain additional terms accounting for these
radiative contributions. These terms in turn are computed from an auxiliary
equation, the equation of radiative transfer, which is a kinetic equation
describing the flow of photons in phase space. Thus radiation hydrodynamics
involves the simultaneous solution of the fluid equations and a kinetic equation.
Because of the high temperatures involved, viscous effects can generally be
ignored, and often heat conduction can be ignored as well.

In addition to the inherently rich physical and mathematical content of
these equations, the study of radiation hydrodynamics is of great practical
importance. It is clear that applications of this field will involve physical
phenomena at very high temperatures. The primary applications involve three
areas of great import to mankind. The first is found in astrophysics, where the
underlying purpose is to obtain a better understanding of our universe. The
second involves national defense. A thorough understanding of radiation
hydrodynamics is essential for predicting nuclear-weapons behavior and effects.
The third significant application of this field is found in the energy arena. Any
calculation of inertially confined fusion concepts, be it laser- or particle-beam-
driven, must be based in large part on the equations of radiation hydrodynamics.

Because of the complexity of the radiation hydrodynamics equations, very
few meaningful analytical solutions can be found. Thus the challenge has been,
and continues to be, the development of accurate general-purpose numerical
methods for solving the coupled set consisting of the fluid equations with
radiation terms and the equation of transfer. To date, both Eulerian and
Lagrangian formulations have been developed, in one- and two-dimensional
generality. However, the corresponding treatment of the radiation field has been
limited to diffusion (moment) approximations to the equation of transfer, as
well as the generally prohibitively expensive Monte Carlo method. It is
becoming increasingly clear that the diffusion approximation is simply not
accurate enough to describe certain physical phenomena adequately. Thus what
is required on the near to medium future time scale is the development of
Eulerian and Lagrangian methods for fluid flow, coupled with more accurate
(than diffusion theory) and less expensive (than Monte Carlo) solution methods
of the equation of transfer.
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Ideally, one would like a three-dimensional capability, but it is more
realistic for now to think in terms of one and two dimensions. Such methods
should be unconditionally stable as regards the time differencing of the equation
of transfer, must be capable of producing numerical results with a vanishingly
small truncation error in the limit of small cells, and must give a qualitatively
correct result (the diffusion limit) for large cells.

In this regard, it is recognized that both parallel processing and vector
computers are on the horizon, and research is needed as to how the equations of
radiation hydrodynamics, in their numerical form, can best be structured to take
advantage of these advances in computing technology. A final area of need
relevant to this subfield of fluid dynamics concerns the basic data problem.
Because of the high temperatures and pressures inherent in radiation
hydrodynamics problems, very little relevant equation-of-state and opacity data
can be obtained in the laboratory. Thus, continued development is required to
improve our theoretical models and calculational techniques for these basic
data. Included in this is the increasingly important need for local
thermodynamic equilibrium (non-LTE) calculational methods, in which
opacities are based on the solution of rate equations describing the population
levels of the various states of the atom, rather than on a simple thermodynamic
formulation.

Given the proper support and environment, many important advances can
be made in the coming years to enhance our understanding and calculational
ability of radiation hydrodynamic phenomena. This will be an intellectually
stimulating development process, cutting across many disciplines and yielding
results that have practical significance in several important national endeavors.

Porous Media

With the current interest in oil exploration, the various phenomena that are
associated with the flow of matter and energy through porous media are
receiving an increasing amount of attention from the fluid-mechanics
community.

In general, single-phase flows can be described by Darcy's law, according
to which the velocity is proportional to the pressure gradient. The magnitude of
the coefficient of proportionality is, however, unknown as is its dependence on
the various properties of the porous material, for example, the void fraction, the
tortuosity of the interstices, and the particle size distribution. Several attempts
have there
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fore been made to develop a theory for estimating the permeability, and recent
results using percolation theory appear promising.

In the case of single-phase porous media flows in soil mechanics and soil
hydraulics, additional complications arise that require that the permeability be
assumed anisotropic as well as a nonlinear function of porosity and pressure.
Environmental problems include wind, water and sea erosion, the permeation of
soil by seawater, and land reclamation through irrigation. Important biological
porous media flows include the interstitial fluid flow in the articular cartilage,
the drainage of intraocular fluid in the eye, blood perfusion in living tissue, and
other applications that are mentioned in the section on Biofluid Dynamics.

From a practical point of view, however, the subject of multiphase flow
through porous media is an even more important one, especially as concerns oil
exploration, but here a reliable theoretical framework (i.e., an extension to
multiphase flow of Darcy's law) for modeling the various phenomena is lacking.
For example, little is known quantitatively about the dynamics of oil ganglia
during immiscible displacement in water-wet porous media, and many
fundamental questions that are associated with secondary and tertiary oil
recovery remain very much unanswered. The very complicated simulation
models that are currently being used in industry are therefore based on a very
incomplete knowledge of the physics underlying the various processes.

Rotating Phenomena

In this class we place those flows in which Coriolis forces and radial
accelerations due to large-scale rotation introduce phenomena not present in
flows naturally referable to inertial coordinates.

Turbomachinery Flows

Strong rotation is an essential feature of turbomachinery flows, as it is
necessary to the angular momentum exchange that provides the energy transfer
in these ubiquitous devices. The resulting radial pressure gradients and Coriolis
forces play essential roles in the behavior of the viscous three-dimensional
flows that limit the energy exchange and efficiency. Owing to their great
complexity these phenomena have been understood only superficially. With
rapidly evolving computational and experimental capabilities, however, these
flows will soon become tractable, giving us the possibility of much more
rational and effective designs. The potential for energy savings is enormous.
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The Circulation of the Atmosphere and Oceans

Motions of the atmosphere and oceans at scales greater than a few
kilometers, and time scales greater than a day, feel the Earth's rotation strongly.
The Coriolis force and pressure gradient are the dominant forces in both ocean
currents and weather systems. Modern computers, theory, and modern field
observations are combining to give us, for the first time, a complete dynamical
picture of these circulations. Planetary rotation puts severe constraints on the
flow, for example, limiting the heat flux from equator to poles and shaping the
great wind-driven gyres that fill the upper kilometer of the oceans. The
problems of climate change and weather prediction, pollution, and the chemical
evolution of Earth and the planets all involve the dynamics of rapidly rotating
fields.

With planetary rotation, small-scale fronts and turbulent boundary layers
provide a particular challenge, both as fundamental nonlinear dynamics
problems and as bottlenecks to the understanding of the large-scale flows.
Coriolis forces give weather systems their distinctive nature, which involves
elements of Rossby wave propagation, instability, and geostrophic turbulence.
The determination of the general circulation of oceans and atmospheres rests on
theory and observation of these energetic elements, and the calculation of their
back interaction on the mean flow.

Phase Change

Phase change is an important element of both natural and industrial
processes.

Technological Applications

Phase change between liquid and solid states is important to a range of
practical problems, for example, energy storage devices, shipment of natural
gas and oil through pipelines in cold latitudes, cryosurgical problems like the
freezing of living tissue with blood perfusion, storage of blood with
cryopreservation, metal cutting and dendrite formation, crystallization, and
plating phenomena.

Classical fluid-mechanics techniques like stability theory are being
applied, for example, instability theory to model the formation of dendrites in a
supersaturated salt solution. The geometric aspects of these problems are often
complex, but the range of valuable applications is large. Phase change with
irregular boundaries is being modeled
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for the case of metal castings. In the complementary case of laser metal cutting,
the problem is to model melting around a moving heat source.

In the case of phase-change energy storage devices, one is faced with a
difficult free-convection problem in complex geometry.

Cryosurgery as a modality in the treatment of tumors has received
considerable attention in the past decade as has the cryopreservation of blood
and other living tissue. This freezing is complicated by the nonuniform vascular
geometry and regional blood flow in living tissue and solute concentration
effects at the cellular level.

Pipe flows may experience phase change if cooled from the exterior;
viscous heat generation begins to compete with exterior cooling once the
aperture has been reduced. If the pipe is embedded in frozen tundra, the
prediction of the melting and ice front in the exterior region must be carried out
in parallel.

Nonegquilibrium Evaporation and Condensation

Nonequilibrium condensation and evaporation phenomena have long been
of interest in high-speed fluid mechanics. The fluid mechanics of strongly
vaporizing or condensing surfaces and the nonequilibrium statistical mechanics
of the homogeneous formation of clusters of "multimers" have been studied in
the last decade. Both phenomena have numerous potential applications in a
variety of industrial processes and in understanding natural events.

In the coming decade it is expected that investigations of cluster formation,
and more generally nucleation in supersaturated vapor flow, will provide
insights into these important problems, which are at present not well
understood. These studies appear to be most successful when done in gas-flow
situations, where it is relatively easy to obtain arbitrary degrees of
supersaturation. For example, recent results on the probability of occurrence of
numbers of molecules in a cluster provide an indication of the cluster's topology
or packing scheme. Heterogeneous nucleation phenomena are also extremely
important and difficult to describe. It is to be expected that research on
homogeneous nucleation will lead to a better understanding of the
heterogeneous problems.

A related subject is bubble formation, both heterogeneous and
homogeneous, which enters into many practical situations. Boiling heat transfer
and cavitation are two examples. This area presents a wide range of problems
that will continue to be of interest.
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Geophysical Flows

Changes of phase of water are at the heart of weather—and climate
dynamics. Evaporation at the sea surface and recondensation in tropical
cumulus clouds provide the principal motive force for the atmospheric
circulation. The evaporation stage involves complex dependence on humidity,
wind, and sea state. The 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 that interacts with the fluid dynamics of the convecting cloud.
Beyond the dramatic examples of these heat engines, like hurricanes, the
dynamics of tropical cloud clusters is a central problem in atmospheric
dynamics. Parameterization of cloudiness and precipitation in numerical models
of the circulation is a significant unsolved problem. Successful three-
dimensional simulations of rudimentary, individual convecting clouds are now
being carried out; they require the fastest available vector computers.

Sea-ice and terrestrial ice and snow cover affect the dynamics of climate
most directly. Floating ice is a complex material, and its growth, movement
under wind stress, and fracture are difficult to predict. Freezing produces heavy,
saline water, which is a primary cause of deep convection in the high-latitude
seas. Once developed sea ice insulates the ocean from further heat or moisture
flux. Large-scale models of ice dynamics are beginning to reproduce these
effects, while small-scale experiments and observations have clarified the
process by which seawater freezes and drains itself of brine.

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.

Topical Subject Areas

Aerodynamics

New theoretical understanding through asymptotic methods, the addition
of numerical simulation to theory as an investigative methodology, the use of
computers in data acquisition and analysis, and a better understanding of the
physics of turbulent processes has accelerated the pace of accomplishment in
aerodynamics. Inspired by these intellectual advances as well as by pressing
needs, significant contri

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FLUID PHYSICS 71

butions have been made to the efficiency of commercial air transports, the
performance of helicopters, manned re-entry vehicles, and the effectiveness of
military aircraft and weapons systems. One of the principal ingredients to these
advances has been the use of the computer as a numerical simulator to aid and
abet the understanding of high-speed flows, to assist in data analysis, and as a
design tool. Another has been the extension of asymptotic analyses to provide
an understanding of the rich physics of flows, such as those about a wing's
trailing edge that sets its circulation and determines its lift. A third ingredient
has also been realized and has already seen application in flows such as those
about helicopter rotor blades. Important recent advances include the
development of efficient aerodynamic algorithms for simulating the flow about
aircraft, detailed understanding of how viscous and inviscid flows interact, the
aerodynamics of supercritical flows, and the utilization of shock-free flows
once deemed physically unrealizable.

There are manifold opportunities for major advances in high-speed flows
that will extend the developments of the past decade. These past developments
have been focused in three primary technological areas: the development of
highly efficient commercial and military transports, the development of highly
maneuverable fighter aircraft, and the turbomachinery of aircraft engines. These
developments will continue primarily from advances in our understanding of
separated and unsteady flows, from our special knowledge of new aerodynamic
design procedures, from our beginning understanding of and thereby our ability
to model and perhaps control, turbulence, and from the continuing growth in the
use of computers to simulate aerodynamic flow fields. In many flows of
technological interest the flow is either separated or unsteady or both. We are
beginning to understand the fundamental physics of these separated and
unsteady flows and how, often in combination, they can be used to improve the
efficiency and performance of technological devices.

It has been known for some time that the aerodynamic designs that operate
at high subsonic Mach numbers are most efficient if they can avoid the
generation of shock waves. But such flows are isolated from one another and
were originally thought to be impractical. It has been demonstrated over the last
decade that these mathematically isolated solutions are of practical value, and
special techniques have been developed to find them. These techniques have
now been generalized to the point where they can be used routinely in the
design process guaranteeing that the extremes of the transonic design envelope
can be reached.
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By the end of the century we may achieve another doubling of the fuel
economy of the present-day transport aircraft. This doubling will occur through
a number of design innovations in the aerodynamics of high-speed flows, both
external to the craft and through its engines. Aerodynamics will contribute
significantly to this improvement. For this reason alone, the fundamental
physics of these flows is especially important. In addition, there are many
devices whose designs may be altered radically if one turns from steady
attached flows to unsteady separated flows to improve their performance. Our
understanding of the physics of these unsteady separated flows is just beginning
and is especially important.

It is clear that in some areas the Europeans are catching up with us in the
application of fundamental advances in computational fluid dynamics (CFD)
and turbulence. Some believe that they will soon achieve parity in
distinguishing real physics from numerical physics, and that they are more
rapidly capitalizing on the availability of supercomputers than we are. On the
other hand, it is clear that the Soviet Union, while relatively strong in theory, is
weak in CFD. While many European facilities are newer and better than ours,
generally these facilities derive from ideas that were first implemented in the
United States.

The principal bottlenecks to rapid progress in aerodynamics are the
inadequate university access to supercomputers, current limitations in computer
CPU size, the inadequate funding of university research, the obsolescence and
cost of some of our experimental facilities, and the lack of an understanding of
transition and turbulence. Research funding needs to address all three elements
of the trilogy that comprises analysis (theory), experiment, and numerical
simulation.

Table 2.3 delineates past, but still recent, advances, their technological
applications, areas of rapid advance and opportunities, the impediments to
progress in some of these areas, and the status of foreign competition where
appropriate.

We are now beginning to understand better the fundamental physics of the
process of transition to turbulence, and through that understanding we are
beginning to develop methods to suppress this transition and even turbulence.
These controls range all the way from acoustic input to the boundary layer
through the removal of a substantial portion of boundary layer from the surface.
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Biofluid Dynamics

In the past decade, biofluid-dynamics research has undergone an
unparalleled growth that has touched on our understanding of nearly every
aspect of human, animal, and plant function where fluid-mechanical flows and
forces play a significant role. A very positive climate for interdisciplinary
research and mutual dependence and acceptance has evolved since the late
1960s between researchers in the biological and medical sciences on the one
hand and the physical sciences and engineering on the other. We shall briefly
summarize here a few major areas of activity where either significant advances
have been made in the recent past or a major development of new ideas is in
progress. What earmarks all of these problem areas is that the mathematical
models or laboratory model experiments constructed to explain the phenomena
are much more closely linked to biological reality than in the past because of
close collaborations that have gradually developed with biological and medical
researchers.

The study of the flight of birds and insects, the swimming of fish and
mammals, and the locomotion of microorganisms has been a constantly
expanding interest of fluid mechanicians over the last half century. In the past
10 years, new insights have been obtained into the flight formations of birds,
the wave skimming of seabirds, the hovering aerodynamics of bees and
hummingbirds, the efficient swimming of large fish such as the tuna, and the
flagellar and ciliated propulsion of numerous microorganisms from the cholera-
causing bacteria Vibrio comma to the mucociliary motion of an egg cell in an
oviduct. Theory and elegant validating experiments have been performed to
explain the progressive metachronal wave motion of cilia and the mechanism of
mucociliary pumping that are vital in the reproductive organs and the bronchial
and tracheal air passages. Most recent studies suggest that the rheological
properties of mucous may have a profound effect on the swimming of sperm
and that more basic studies of the microstructure of this fluid are needed. The
effect of thermally induced motions on the swimming of mammals and large
fish is another new area of considerable interest.

A problem area that has attracted widespread interest in the past decade is
the fluid-dynamic aspects of arterial disease. There is a growing body of
evidence that strongly suggests that the small population of endothelial cells
(inner cellular lining of blood vessels) involved in turnover (cell death and
replacement) at any given time can produce large changes in the permeability
properties of the artery wall to lipoproteins and that these changes induced by
fluid shearing
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stresses may be an important initiating factor in arterial disease. Experiments
have been conducted and a microhydrodynamic theory proposed to understand
the vesicular transport of cholesterol and other large molecules across the
endothelial lining and the effect of fluid stresses on endothelial cell function
both in tissue culture and in vivo. Sophisticated numerical and laboratory
models of the larger vessels have been constructed to ascertain the stress
distribution in vivo, and these models have been correlated with the known
predilection sites for atheromatous lesions observed in animal experiments and
autopsy.

Cardiovascular fluid mechanics and the rheological properties of flowing
blood have been a traditional area of study for biofluid mechanicians. Much of
the previous research in this area examined the arterial tree as a branching,
nonuniform transmission line for the propagation and attenuation of the pulse
pressure or studied the non-Newtonian flow properties of blood. In the past
decade, new avenues of research have been initiated on the fluid mechanics of
the highly compliant and collapsible veins, on the motion of the deformable
cellular components of blood in the microcirculation, and on a more realistic
numerical modeling of the ventricular action of the heart. Several new
phenomena have been discovered in the nonlinear response of a collapsible tube
under steady and unsteady flow conditions as a model for certain flow
phenomena in the venous and bronchial trees. Similarly, intriguing new
behavior such as the tank treading of a red cell membrane in a shear flow have
been observed and explained in microcirculatory flows. Other microcirculatory
flow phenomena, e.g., the hematocrit defect in an entire capillary bed, still have
no satisfactory explanation.

There are a number of important phenomena in which biological tissue
behaves as a porous medium. Prominent examples include the movement of
interstitial water and solute diffusion in loaded articular cartilage, the filtration
of blood plasma across the walls of the blood vessels, the drainage of interstitial
fluid in the lymphatic circulation, the hydration of the cornea, and the drainage
of aqueous humor from the anterior chamber of the eye. In all of these problems
one is examining the consolidation of a biological porous matrix under pressure
loading coupled with biochemical-physical phenomena. A different type of two-
phase flow problem is encountered in bioheat transfer theory. Here one would
like to determine how the local heat-transfer characteristics of tissue are
affected by the blood flow.

An especially fertile area for future research is cellular and
microhydrodynamic transport processes. These problems are frequently
complicated by the presence of electrostatic, electrodynamic,
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and chemical forces. Linear stability theory has been applied to the cell
membrane modeled as a viscous fluid layer subject to a perturbation in
molecular forces at its surface. Important cellular transport processes currently
under study and of great interest to cell biologists are endocytosis, exocytosis,
and vesicular transport. The movement of molecules at the entrance to and their
passage through the intercellular channels between adjacent cells in a cell layer
provides the hydrodynamic basis for both the microstructure of osmosis and the
phenomenological coefficients universally used by the biological scientists in
describing their membrane transport experiments. The transport of water, small
ions, and proteins occurs at discrete locations in a cell layer and not uniformly
across the entire membrane surface, as is the case for gasecous molecules. The
consequences of this behavior for the transport in the underlying tissue are just
starting to be explored.

In the lung the flows of gas, blood, and water are of equal importance, and
they take place in an organ that is very flexible. The blood vessels and the
alveoli go through large deformations in normal lung function. The oxygenation
of blood and removal of CO, relies on the participation of a number of
enzymes, which greatly facilitates the mass transport. The flow of water into the
lymph or alveoli determines whether one has edema or not. The structural basis
(ultrastructure, molecular biology) of the capillary blood vessel wall determines
the health or disease of the blood. Thus, in order to understand ventilation and
perfusion, fluid dynamics has to be coupled with nonlinear finite elasticity and
biochemistry. There has been significant progress made in the past decade, but a
detailed quantitative understanding awaits the future.

This brief summary has omitted many fascinating problems involving
specialized organs such as the eye, ear, urinary and gastrointestinal systems, and
the placenta, where there continue to be many research opportunities for the
fluid mechanician. We have also focused on basic physiological processes and
have not mentioned the wide range of new medical devices, instruments, or
prostheses that have been introduced or the major advances that have been
made in the design of artificial organs through the application of fluid-dynamic
principles. The search for new noninvasive techniques for measuring local
blood flow for clinical diagnosis continues.

Flows of Electrically Conducting Fluids

By interaction with magnetic fields, either self-induced or imposed,
electrical conductivity introduces body forces and energy coupling to
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the bulk fluid, resulting in a complex of phenomena not present in the classical
fluids described by the Navier-Stokes equations. These range from pure
magnetohydrodynamic phenomena such as Alfvén waves and forward
propagation of viscous wakes to the more complex category involving thermal
and ionization phenomena, such as the ionization or electrothermal instabilities
in nonequilibrium plasmas.

Studies of these complex phenomena have provided explanations for the
behavior of the Earth's core, for events in the Sun's corona. The continued study
of magnetohydrodynamics is essential to future progress in these areas, and in
cosmology.

Potential engineering applications of magnetohydrodynamics (MHD)
include fusion power, electric circuit breakers, electric space propulsion
devices, manipulation of molten metals, and MHD power generation. Fusion is
addressed at length elsewhere in this report. After a very intensive effort over
the last 20 years, funding for electric propulsion and MHD power generation is
currently at a low level. Yet many important phenomena remain partially
explored or perhaps undiscovered. It is important to continue fundamental work
in this area, which, quite apart from its intellectual challenge, may have
additional important applications in the future.

Geophysical Fluid Dynamics

The fluid dynamics of the natural world encompasses a vast range of
physical phenomena, from atmospheric and oceanic dynamics and climate
change to geological processes in the Earth's mantle and core. The subject has
evolved naturally to consider the atmospheres of the planets and fluid
phenomena in astrophysics.

What makes the geophysical fluid dynamics (GFD) of the atmosphere and
oceans challenging is the ten decades of scale between the motions of planetary
scale and the motions of smallest scale, where molecular diffusion is important.
Thus a theory or computer simulation of the weather must somehow incorporate
the cumulative effect of all the smaller-scale fluid dynamics: internal waves,
fronts, two- and three-dimensional turbulence, and convective clouds. Intense
studies of these intermediate scales of motion are being pursued, for example,
with much progress on severe storms, cloud modeling, and frontal dynamics
being evident.

A simulation of climatic change must in addition accurately account for
the many years of weather, whatever its cumulative effect may be. A theory of
the ocean circulation, on the other hand, must cope with its vastly slower
response to a change in atmospheric winds or heating. It
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must account also for the differing behavior of salinity and temperature, both of
which influence the fluid buoyancy. At high latitude the dynamics is made
complex by sea ice. The oceans act as a flywheel in the climate system with a
time scale as great as a thousand years. The worldwide disruption of weather by
the 1982-1983 El Nifio event in the tropical Pacific Ocean shows us the
powerfully interactive nature of the oceans and atmosphere. Wave-propagation
theories have successfully described several of the links in the sequence of
tropical and global change.

Beyond these short-term events we are soon to experience 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 important
problems involve, in addition to classical fluid dynamics, interactions with
chemistry (for example, of aerosols in the atmosphere and carbon in the
oceans), radiative effects, multiphase and multicomponent fluids (as in
convective clouds and in sea ice), and biology. (The biosphere interacts with the
fluid atmosphere and oceans in many ways.) Such interactions are crucially
important in the possible aftermath of nuclear war, in which the particulate load
of the atmosphere may be great and the Sun obscured for months or years.

A promising branch of study in this area is Lagrangian fluid dynamics, in
which theory and measurements are carried out using the moving fluid particles
as a reference.

We are seeing rapid progress in the understanding of the oceanic general
circulation, both the mechanical response to the stress exerted by the winds
overhead and the thermodynamical response to heat flux and moisture flux
between the air and sea. The complexity of the system would defy any brute-
force solution by computer simulation, but there is much optimism that new
techniques will lead to a solution: first, radically new measurements of the
atmosphere and oceans are now possible using microelectronics, remote sensing
(especially from orbiting satellites), and computer analysis, and, second, simple
theoretical models of the circulation are emerging that help to reduce the
apparent complexity of the system. These theories of the circulations, wave
propagation, turbulent cascades, and the induction of mean circulation by eddy
motions are laying the groundwork for the coupled model of the ocean-
atmosphere system. The close interaction of theory, observation, and computer
and laboratory experiment are characteristic of the work.

The study of the atmosphere of other planets has a close connection with
GFD: while many new physical and chemical effects are present

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FLUID PHYSICS 86

on the planets, some remarkable tentative similarities have been found with
terrestrial flows. Beyond their own intrinsic interest, the value of studying the
other planets is to better understand our own. Intense, isolated vortices, for
example, have been observed in Jupiter's circulation; models of them have aided
in understanding terrestrial flow, from small severe storms to the intense eddies
cast off from the Gulf Stream. Terrestrial general circulation models have been
able to simulate some of the banded flows of the outer planets, simply by
altering appropriately their planetary rotation and density stratification.

Multiphase Flows

The analysis of flows in which more than one phase is involved
(multiphase flows) offers problems of far more complexity than are encountered
with single-phase flows. The reason for this is that the different phases, in
general, are not uniformly mixed, and a detailed understanding of how these
phases are distributed in a flow field is needed. The importance of these flows
can be realized by considering a few examples:

* The transport of crude oil in a pipe usually involves the flow of both
liquid and gaseous hydrocarbons. In horizontal pipes at low gas and
liquid velocities a stratified configuration is attained whereby the
liquid flows along the bottom of the pipe and the gas concurrently with
it. Increases in the liquid velocity or a change of orientation to an
upward inclination can give rise to a situation where the gas and liquid
flow intermittently, thereby creating large pressure pulses, which in
turn can cause vibrational damage. Thus, it is usually desirable to
design so as to avoid slugging, but, unfortunately, currently available
scaling laws are unable to predict either the conditions under which
slugs will appear or their properties.

* Another example is found in nuclear reactors, which typically employ
water to remove the heat generated by the nuclear decay. A two-phase
flow of vapor and liquid occurs in the cooling passages because of the
boiling of the liquid. The flow character can vary from a bubbly flow,
which consists of a mixture of vapor bubbles and liquid, to an annular
flow, whereby a mixture of vapor and liquid droplets flow concurrently
with a liquid film on the wall. It is critically important to design these
cooling systems so that the wall film does not dry out, because under
these circumstances the cooling is insufficient and a runaway reaction
can occur.
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* As a final example, we mention the transportation of solids, such as
coal, in a slurry in a pipeline. Here one of the chief engineering
considerations is to avoid settling of the particles, which is
accomplished by selecting a proper size range for the particles and a
judicious pipeline design. In a long straight pipeline the particles settle
because of gravitational forces; this is opposed by turbulence and other
hydrodynamic effects, in a manner that is not yet understood. Further
basic research on these hydrodynamic effects is needed to provide a
solid theoretical basis for the design of slurry pipelines.

In fact, it is not an exaggeration to claim that almost every aspect of a
manufacturing facility in the chemical process industry is confronted with
multiphase problems. This can involve the contacting of gases and liquids or of
solids and liquids, the design of condensers and boilers, the evolution of gas in a
chemical reaction, the design of pressure relief valves, or the separation of
phases. Quite often the failure of a process design (usually at great cost) can be
traced to a poor understanding of the consequences of a scaleup of some part of
the system involving a multiphase flow. The recognition of this problem has led
large companies to identify critical parts of the flow system and to do full-scale
tests to ensure a safe process design.

The problem of scaling multiphase problems can be illustrated by
considering the prediction of pressure drop in a long straight pipe. Here, in
contrast to single-phase flows where reliable correlations exist that do not
require detailed knowledge of the turbulent flow field, in multiphase flows there
are so many independent variables defining the system that dimensional
analysis leads to too many dimensionless groups to be of use. Consequently, in
multiphase flows one has to have a detailed model of the physics of flow in
order to correlate test results in a meaningful way.

Current design methods, given in engineering handbooks, usually involve
the modification of single-phase relations by using fluid properties that are
some combination of the properties of the different phases, an approach the
inadequacy of which has been recognized for 25 years. It is quite clear that
predictive methods for pressure drop must be tailored to the flow configuration
that is expected to exist.

Research in this area has three main aspects: (1) basic studies of
multiphase phenomena, (2) the prediction of how the phases distribute for
different flows, and (3) the development of design equations as well as
computer codes for predicting the distribution of phases in complex flow
situations. Basic studies would involve such issues as the mechanism by which
particles are entrained and moved by turbulence in a
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flowing gas stream or the mechanism by which waves are generated by air
flowing over a liquid film. The second aspect of this research involves the use
of diagnostic tools to determine how the phases distribute in a particular flow
and the use of basic studies to provide an explanation of the observed
distribution. The final aspect of research on multiphase flows is the
development of design equations and computer codes to predict phase
distribution. To date, it has become customary to consider separate differential
equations for each phase and to use these as the basis for the computations.
Unfortunately, it is quite likely that this aspect of research on multiphase flows
is dangerously ahead of our basic knowledge.

Technical Disciplines

Modeling and Analytical Methods

Phenomena found in the natural world and in the industrial environment
are identified and described in physical terms. This physical description must
then be expressed mathematically in nondimensional form. This delineates the
dominant physical mechanisms. These equations are then solved by asymptotic
or analytical methods or by numerical means. This process includes the
development of physically viable conceptual models based on a synthesis of
available data, the generation of rationally derived governing equations and the
corresponding and initial boundary conditions, and the development of
solutions to quantify the physical process of interest.

All Newtonian fluid-physics processes are described ultimately by a
suitably generalized set of Navier-Stokes equations in which chemical effects
and radiative transfer may be included. Suitable analogs are developed for non-
Newtonian fluids. Unless the solution process is to be based on numerical
simulation of the complete general equations, rational approximation schemes
are needed to reduce the full mathematical system to a simpler form compatible
with the physical model. Significant parameter groups are identified and then
employed to develop asymptotic representations of the complete equations.
Methods of this genre have permitted an enormous improvement in the
understanding of classical ad hoc approximations (for example, boundary-layer
theory and potential flow theory) and facilitated the development of techniques
for describing very complex flows including, for example, multiple-deck
descriptions of trailing-edge flows, shock/ boundary-layer interactions, and
delta-wing aerodynamics. In fact, major processes in every branch described in
this chapter, with the
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notable exception of turbulence phenomena, can be attributed to the use of
contemporary rational approximation methods.

Once a reduced equation system has been specified, a method for their
solution must be found. One can employ exact analytical methods, asymptotic
analytical methods, computational techniques, and even formal mathematical
methods to find solutions as well as solution bounds, properties, and
uniqueness. For most fluid-physics processes useful exact analytical solutions
are seldom found. Asymptotic solutions provide a quantitative description of
the physical phenomena for limited ranges of parameter values. In highly
nonlinear problems (for example, chemically active systems) novel perturbation
techniques are needed to find concise, uniformly valid expansion-based
solutions. This is particulary important in systems with disparate time and
length scales.

Numerical simulation must include assessments of accuracy and resolution
so that physically viable solutions are discriminated from those that represent
numerical artifacts. Analytically derived asymptotic solutions are not only
useful as benchmarks to test numerical methods but also in providing the
numerical time and length scales essential in resolving real physics. The need to
benchmark numerical simulations is especially important when the numerical
model employs the full equations describing the processes involved. In this
case, the ensemble of physical processes occurring concurrently is large and the
resolution of disparate length and time-scale processes is essential.

Only in the area of turbulence is the mathematical modeling hindered by
the lack of definitive conceptual models. Averaged equations derived from the
Navier-Stokes equations always have undefined terms that are only described in
terms of ad hoc closure approximations. So far, mathematical methods have not
yielded rationally derived rules for closure, and a more focused effort toward
providing better answers to this question may prove fruitful.

Computational Fluid Dynamics

In recent years rapid progress has been made in computational fluid
dynamics. The moving force for this development was largely provided by the
availability of reliable and powerful computer resources. This in turn has
stimulated both theoretical and experimental research toward the understanding
of fundamental processes in fluid dynamics. As a result, we currently have the
capability to calculate many complex unsteady two-dimensional and steady
three-dimensional flows—including the effects of compressibility and viscosity
—that were impos
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sible or impractical only a few years ago. There are, however, many limitations
that must still be overcome.

Computational aerodynamics has progressed during the last two decades
from linear theory for slender-body-flow calculations to nonlinear inviscid
theory for flows about aircraftlike configurations. During the last decade there
has been much activity in calculating three-dimensional compressible viscous
flows past relatively simple aerodynamic shapes using the Reynolds-averaged
Navier-Stokes equations with turbulence modeling. These calculations,
representing the present stage of development, require only the space-time
resolution of the gross turbulence effects and leave the representation of the
remaining, although highly significant, turbulence effects to realistic modeling.
The computer storage and speed requirements of this stage are much less than
those of the next and final stage, which represents by mesh and time-step
resolution all sizes of the significant energy-bearing turbulent eddies. With the
present and very near future advances in computer technology and numerical
method development, we are now on the threshold of extending the Reynolds-
averaged calculations to full aircraft at flight conditions. To pass over this
threshold into the practical use of such calculations for aircraft design requires
the solution of several topological problems in fitting a system of mesh points
about a geometric shape as complex as an aircraft configuration, the
development of convergence acceleration procedures to enhance the efficiency
of numerical methods for solving the equations of compressible viscous flow,
and the implementation of solution-adaptive grid systems.

Much progress is also required before the currently available turbulence
models will be able to account for the effects of strongly interacting flow fields
with moderate or large amounts of separation. There is no assurance that such
capability will be forthcoming in the near or even distant future. However,
present models can predict to engineering accuracy turbulence boundary-layer
interactions with few or no regions of separation. Development of the
procedures required to extend viscous flow calculations to complex three-
dimensional flows, soon to be possible with forthcoming computers, without
waiting for further improvements in turbulence modeling is still a logical next
step. These calculations will also be of engineering accuracy for flows near
design conditions and can be used to predict incipient separation, shock and
vortex boundary-layer interactions, buffet, reduced lift, and interference
phenomena. Improvements in turbulence modeling will further extend the range
of application, eventually to tactical aircraft in maneuver.
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Within the next 2 years computer resources will become available that can
process data at a rate of the order 5 x 10® floating-point operations per second—
two orders of magnitude faster than current machines—with core memories
exceeding 16 x 10° words. This capability will enable Reynolds-averaged
Navier-Stokes calculations to be made about body shapes as complex as
modern aircraft at the same cost and time as present calculations for fairly
simple geometric shapes. Further improvements in reducing computer cost and
time are required to make such calculations practical for aerodynamic design.
However, complementary to advances in computer technology, new numerical
methods are being developed to increase numerical efficiency. If this research
continues at its present rate it is predicted that a fivefold increase in numerical
efficiency will occur during the next 5 years and that a possible two-orders-of-
magnitude speed increase is projected during the next 15 years for solving the
equations of compressible viscous flow.

Experimental Methods

Instrumentation

Developments in fluid-dynamic instrumentation techniques over the past
10 years have involved combining extensive computer analysis with well-
established techniques, such as conditional sampling of hot-wire probe outputs
in the study of turbulence. There has also been an explosive application of laser
techniques. For example, we have Raman scattering for rotational temperature,
Doppler velocimeters, and excitation techniques (LIF, or laser-induced
fluorescence) along with particle and droplet sizing instruments based on laser
scattering. These techniques follow the historical trend in gas dynamics and
combustion research of striving for ways to measure the energy budgets in fluid
flows. The distribution of energy among the classical and quantum-mechanical
states of a gas or fluid is fundamental to many areas of fluid-physics research.

The newly developed techniques permit one to investigate flows in ways
that have previously not been possible. The drawback of most of them is that
they are relatively complicated and time-consuming to use. However, because
of a convergence of developments in several fields (medical imaging, large-
array processors) it is now possible to anticipate a revolution in fluid-dynamic
instrumentation.

The ideal fluid-dynamic instrument is capable of approximately point
resolution, is noninvasive, and can obtain data from a relatively large
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volume of flow simultaneously and display it in arbitrary planes cut through the
volume. Using the computer technology developed for axial tomography in
medical imaging combined with single- and multiphoton excitation or scattering
techniques in multiangular projection geometry, it is possible to project that
with significant support over the next few years many of the characteristics of
the ideal fluid-dynamic instrument can be achieved. Note that advances in
recent years, say in the identification and study of large-scale structures in
turbulent flows, have relied heavily on flow visualization methods including
painfully reconstructed information in plane cuts through flows using point-by-
point measurements from a few probes. Subsequently, the results are
manipulated and displayed by a computer.

Rapid collection of volume data is an essential part of improving wind-
tunnel testing efficiencies since only then can full advantage be obtained from
introducing on-line computational techniques into experimental studies.

There has been an explosion of instrumentation effort in the atmospheric
sciences. Ground-based remote sensing now allows us to measure the
turbulence structure of the atmosphere, showing internal waves, turbulence,
clouds, severe storms, and jet streams in detail. The impact on theoretical
studies has been great, with a new picture of mesoscale structure emerging.

New developments in technology have also led to the development of new
oceanographic sensors that drift with the sea motion and are interrogated by
satellites. These are expected to provide a wealth of flow information in the
next decade.

One area where instrumentation is particularly important and difficult is
combustion research. In combustion we seem now to be in a period of active
development of experimental techniques. Certain quantities that could not be
measured 10 years ago currently can be measured routinely (e.g., rotational
temperatures). There are a number of key quantities that cannot be measured
today but are likely to be measurable routinely in 10 years (e.g., certain joint
probability-density functions). A large fraction of the progress being made
concerns optical techniques.

Optical methods developed during the past 10 years include Raman
spectroscopy (of various types) for measuring temperatures and concentrations
of various chemical species, Rayleigh scattering for measuring densities, laser-
Doppler velocimetry for measuring velocities, resonance fluorescence for
measuring radical concentrations, and laser holography for measuring
temperature fields. Since combustion envi
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ronments are rather hostile, the remote nature of optical devices can possess
importance beyond their obvious nonobtrusive benefits. Capabilities in time and
space resolution by optical methods have progressed to a point at which many
quantities of interest in turbulent reacting flows can be measured on a space-
time resolved basis. Much important knowledge has been obtained in recent
years by application of optical techniques to studies of reacting flows in well-
equipped laboratories. For example, the nature of the quench layers at the walls
for applications in piston engines has been clarified to a large extent by these
methods; and contrary to earlier belief, it was established that the wall-quench
layer is not a source of unburned hydrocarbons. Progress of this type could not
have been made without the new optical methods.

There is still important information that is not fully accessible. For
example, the joint probability-density functions for the concentration and the
magnitude of the gradient of the concentration (effectively the so-called scalar
dissipation rate) in turbulence diffusion flames plays a central role in theories of
heat-release rates and of extinction, but no experimental information is yet
available. This is just one example of measurement at the frontier of optical
techniques in combustion. The results needed are quite likely to be obtained
over the next 10 years. There are good prospects for continued improvement in
capabilities of the optical methods. Moreover, there are theories in need of
testing (and of input parameters) that can benefit from these improvements.
Therefore, we can visualize experimental techniques (especially optical
techniques) in combustion to be an active area during the next 10 years.

Flow Facilities

Facilities associated with direct application of fluid mechanics, such as
wind tunnels for airplanes, have always been available. The cryogenic wind
tunnels for obtaining high Reynolds numbers now being brought into use are a
recent example of this historical trend in facility development for aerodynamic
purposes. The current efforts to develop an adaptive wall or "smart" transonic
wind tunnels is an indication that significant new aerodynamic facilities will
come on-line in the next decade.

It is difficult, however, to build significant facilities simply to investigate
questions of fluid physics. It seems to us that there may be a need for facilities
that are designed for and dedicated to the study of specific areas of the physics
of fluid motion. We suggest that the
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fluid-physics community be alert to possible needs in this area and, if
appropriate, develop open discussion at the national meetings on this subject.

It would be a benefit to fluid physics if unique national experimental
facilities could be used on a regular basis by university and other researchers.
We are of the opinion that such a program would inject new ideas into the
organization operating the facility, as well as permit state-of-the-art experiments
by a widened pool of talented researchers. Typically, large national facilities
tends to be equipment rich compared with university laboratories. Providing
access and attractive arrangements for conducting experiments by visiting
investigators may be an efficient way to increase the productivity of these
facilities.
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3

General Plasma Physics

SCOPE AND OBJECTIVES OF GENERAL PLASMA PHYSICS

Plasma physics is a discipline whose primary concerns are the collective
motions of charged particles, electrons and/or ions, subjected to the action of
external electric and magnetic fields and to the action of their own self-fields.
This assembly of particles and fields represents a fluidlike medium called a
plasma. Basic plasma physics is a study of this fluid. In particular, it concerns
itself with such questions as plasma equilibrium and stability, confinement,
wave-propagation, instabilities, turbulence, and chaos.

We define general plasma physics to include basic plasma concepts and
their applications. In this section we have included (with a few exceptions)
applications whose main motivation is not thermonuclear fusion or space
plasmas. These are dealt with in other sections. Here we examine a number of
different applications such as free-electron radiation sources, x-ray lasers,
plasma isotope separation, and collective and laser-driven accelerators. Much of
this work is motivated and supported by defense-related problems.

Application of basic plasma physics to the development of new
technologies requires substantial financial support. In this respect we note that
the development of plasma physics is largely incidental to the main objectives,
and the amount of support for it is also quite ill-defined. Nevertheless, it is
imperative to consider basic plasma
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physics along with the development of new technology because their future
prospects are so strongly coupled.

The 1960s may be regarded as a time in which the linear theory of plasma
fluctuations was put on a firm basis. The 1970s saw the development of
nonlinear plasma physics: the behavior of large-amplitude waves, including
particle trapping, saturation, wave-breaking, and turbulence; the discovery of
new nonlinear phenomena such as Langmuir and ion acoustic solitons;
ponderomotive effects of intense electric fields; parametric instabilities, which
are growing wave-wave interactions; tearing modes that cause magnetic lines of
force to become braided or to form magnetic islands. The development and
widespread use of computational techniques has provided the missing link
between theory and experiment.

The broad-based fundamental studies of the past two decades have
solidified the underpinnings of the relatively new science of plasma physics,
with the result that the predictive power of plasma theory has been considerably
increased, and the occurrence of experimental surprises has become less
frequent. For instance, the possibility of driving a dc current in a tokamak with
radio-frequency fields was indicated by the theory of wave-particle interactions,
and the occurrence of stimulated Brillouin scattering in high-power laser fusion
experiments was anticipated by work on parametric instabilities.

What will be the principal directions of progress in the 1980s? Surely the
increased power of computers will lead to a deeper understanding of nonlinear
phenomena, especially in two and three dimensions. The transition from order
to chaos has been an area of activity and progress in nonlinear dynamics, and
applications in plasma physics will lead the way in further development of this
topic of general physical interest. Important unsolved problems remain to be
carried over into the next decade; for instance, the scaling of electron transport
in toroidal devices, anomalous heat conduction in laser-produced plasmas, the
detailed mechanisms in field-line reconnection, and the formation of charge
layers (double layers) in the Earth's magnetic field and in laboratory plasma.

A dedicated study of plasma physics can be expected to lead to exciting
new avenues and possibilities. For example, dense nonneutral plasmas of
relativistic electrons will become available with new types of accelerators
where collective effects dominate. Possibly revolutionary new ion and electron
accelerators will contribute to high-energy physics, energy problems, and
weapons. New coherent sources of radiation, particularly x-ray lasers, will
appear initially for defense problems and then for applications not yet
perceived. The growth of
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plasma physics in its impact on related sciences and on areas of practical
application has not diminished since its birth in the 1950s, and it is reasonable
to expect that this growth will continue in the next decade and beyond.

It is unfortunate that support for basic plasma-physics research has
practically vanished in the United States. The number of small laboratories
engaged in fundamental investigation of plasma behavior is several times larger
in Japan and in Western Europe than in the United States, where only a handful
of universities are able to derive support for such studies. Continued evolution
of our understanding of plasma and discovery of new applications, in the way
solid-state physics has continued to develop, for instance, will require a
reasonable level of steady support for research that is not mission oriented.

Only National Science Foundation (NSF) support is clearly for this
purpose, and a few universities have support—the total budget for basic plasma
physics is about $2 million. The 1970s saw the growth of large machines for
fusion studies and defense problems. It was also marked by the decline of basic
plasma physics. It was generally believed that because of the large machines
and corresponding budgets that a great deal of support was available for basic
plasma physics. In fact, the support has almost disappeared, and the activity has
been almost completely eliminated. Progress in plasma physics depends on the
foundation provided by basic plasma-physics research; if that foundation is not
continually strengthened, ultimately the whole field will suffer.

INTENSE BEAMS—ELECTRONS, IONS, AND PHOTONS

The development of high-voltage pulsed power systems was initiated in
the early 1960s by J. C. Martin at the Atomic Weapons Research Establishment
in England. The essential feature of this research was the successful
development of techniques for using Marx generator technology to pulse charge
a high-speed transmission line in order to produce short-duration 10-100-ns
high-power pulses. Since that time the development of pulse power technology
has been quite rapid. During the 1960s terawatt (10'> watts) machines were
developed, and during the 1970s, tens-of-terawatt machines were built. They
were used to produce electron beams, ion beams, and Z-pinch plasmas. The
particle beams are of sufficient intensity that the collective self-fields are of
decisive importance, which is why the subject has become a part of plasma
physics rather than accelerator or particle physics. Initially, the primary purpose
was the simulation of nuclear weapons effects,
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and research programs were mainly funded by the Department of Defense
(Defense Nuclear Agency) and the Department of Energy. During the past 10
years, other applications have developed including light-ion inertial-
confinement fusion, compact torus/magnetic-confinement fusion, microwave
generation, collective accelerators, laser pumping, and x-ray sources.

The major accomplishments of the past 10 years (up to 1984) are as follows.

Development of Low-Impedance Multiterawatt Machines

The new generation of pulse power machines includes PITHON (5 TW) at
Physics International Company; Blackjack V (10 TW) at Maxwell Laboratories,
Inc.; and the Particle Beam Fusion Accelerator (PBFA I) at Sandia National
Laboratory (SNL) (20 TW). PBFA 1II at SNL is currently under construction,
with a design power of 100 TW.

Intense Ion Beams

Intense electron beams (currents up to a few mega-amperes and voltages
up to 10 MV) were developed in the 1960s. In the 1970s, a great deal of
research was carried out on ion diodes and ion-beam propagation at the Naval
Research Laboratories (NRL), SNL, Cornell University, and the University of
California, Irvine (UCI). Diodes were developed to be used with existing pulse
power machines. Ion beams with ion currents up to about 0.5 MA were
obtained with reflex diodes, pinch diodes, and magnetically insulated diodes. In
each case both electrons and ions are present in the diode, but the electron
motion is inhibited by magnetic or electric fields so that the current is primarily
an ion current. For some time both electron and ion beams were considered for
inertial confinement fusion; the Electron Beam Fusion Accelerator (EBFA)
project was changed to Particle Beam Fusion Accelerator (PBFA) during this
period. The survivor was light-ion inertial fusion, and light-ion focused beams
achieved a power density of 10'2 W/cm?. Another motivation for ion beams was
to make a compact torus configuration with ion rings. Although ion currents as
high as 0.7 MA were achieved, this was insufficient for compact torus
configurations that require field reversal. It was established that neutralized ion
beams could be transported across magnetic field lines, focused, and injected
into a tokamak.
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Development of High-Energy, High-Current Machines

Pulse power machines based on Marx generators and pulse lines have been
limited to about 10 MV. The Advanced Test Accelerator (ATA) was developed
and construction completed at Lawrence Livermore National Laboratories
(LLNL) in 1983. It is an induction accelerator capable of accelerating 10 kA of
electrons to an energy of 50 MV. The successful development of this machine
will provide access to electron-beam parameters that should open up new fields
and applications. It should have an impact comparable with that of the Marx-
generator/pulse-line systems. It is now being used in beam-propagation studies.
Designs for using the beam in a high-power free-electron laser configuration
operating at infrared frequencies are under way.

Z-Pinch X-Ray Sources

An annular plasma is formed by exploding thin foils or multiple wires or
by gas flow through a nozzle and subsequent ionization. A large current is
produced in the plasma with a pulse power (up to 5 MA) machine that causes
the plasma to implode, reaching densities of 10?! electrons/cm?®. On impact the
kinetic energy of the plasma (hundreds of kilojoules) is thermalized and
radiated. The observed radiation involves a continuum corresponding to
temperatures of 100-1000 eV and K-shell line radiation of typically a few keV
according to the plasma composition. The intense soft-x-ray source is of interest
for atomic physics of highly stripped ions in plasma and for various applications
including lithography, microscopy, and x-ray lasers.

Propagation of Charged-Particle Beams in Gas and Plasma

During the past 15 years there has been a substantial research effort
devoted to propagation of relativistic electron beams and high-current ion
beams in gas and plasma. This problem is of interest in connection with directed
energy weapons as well as with the need to transport and condition beams
efficiently for various other applications, including, in particular, heavy-ion and
light-ion inertial fusion. Such beams are subject to a variety of instabilities: two-
stream and return-current instabilities have been identified as dominant in
certain regimes where the plasma density is relatively low, while the hose
instability appears to be dominant in cool weakly ionized gas at densities above
a few Tort. These instabilities have been studied both theoretically and
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experimentally with reasonable agreement reached. In recent years, multiply
pulsed electron-beam generators and energies from 5 to 50 Me V have become
available. These facilities should open up a variety of far more interesting
propagation studies over a wide parameter space; as such they have led to a
surge of theoretical development as well. Research interest now centers on such
areas as equilibrium and instabilities of beams in self-generated density/
conductivity channels, transport processes in the plasma channels (hydro,
chemistry, radiation, and collisional processes in partially ionized gases), and
optimization of beam parameters for efficient transport. Other applications of
intense beams to collective accelerators, laser accelerators, and coherent-
radiation sources have developed sufficiently in the last 10 years that they are
discussed in separate sections.

Expectations and Recommendations for the next 10 Years

The plasma physics encountered in the study of intense beams is mainly
determined by the accelerator capability. In considering the next 10 years we
need to consider the availability of existing accelerators and new accelerators
likely to be developed.

The scaling laws of low-impedance Marx-generator/pulse-line machines
are now well understood. It is unlikely that machines larger than Blackjack V or
PBFA II will ever be built. Major advances beyond the present state will only
take place if new technology is developed. The present trend is toward
inductive energy storage and the development of a fast opening switch. A
plasma erosion opening switch has been developed at NRL that has been tested
on the pulse lines Gamble I (1 MV, 500 kA) and Gamble II (3 MV, 1 MA).
Energy was transferred from the pulse lines to an inductor. Then the energy was
switched to the load. Pulse compression of a factor of 3 and power
multiplication of a factor of 2 were observed—compared with direct coupling
from pulse line to load. At present the erosion switch is used to upgrade the
performance of large existing accelerators such as Blackjack V and PBFA I
Such switch developments may lead to new machines with much larger power
and energy.

Applications of pulse power machines are currently limited because of the
deficiencies of the repetition-rate technology. This also depends on the creation
of new switches that can survive. Recent advances in magnetic switches have
revived interest in this problem, which had been postponed for the past 10 years.

The new area of high-energy and high current will be limited to LLNL and
LANL unless less-expensive machines can be developed.
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(The cost of ATA is about $50 million or about $1/volt). High-current
betatrons can be modified by adding a toroidal magnetic field to control the
space charge. This type of accelerator is being developed at NRL and UCI, and
such an accelerator for research purposes should be much less expensive than
ATA.

The acquisition of experimental information and the resultant progress in
plasma physics proceeds a great deal more slowly than one might expect
considering the number of laboratory machines and physicists. As long as new
machines are being built, much of the staff are occupied with the task. After the
machine is completed the management of the machine takes more staff, but
usually the laboratory gets involved in yet a larger machine before completion
of the smaller machine. Budget limitations often force the shutdown of a
relatively new machine to make the resources available for the larger machine.
Budget allocations for machines typically take precedence over anything else.
For example, in 1982, SNL received a budget allocation of about $20 million to
build PBFA II and a reduction in operating budget. This is typical of most
laboratories except for universities and NRL, which have not built any large
machines in recent years. As a result, most of the research has been done at
universities and at NRL. Large machines do not advance our knowledge until
many years after they are built—after the machine is no longer interesting in
itself, it may be used to study intense beams if it has survived the budget axe.
For example, Blackjack V has been in operation since 1978 but has never been
available for making beams of electrons or ions. Of course, the large machines
are not built to learn plasma physics, which is perceived to be at most incidental
to the main purpose. In the long run, the basic understanding of plasmas is
usually important to the main purpose. If a means could be found to make large
machines available for research after the original purpose has been served, it
would be a great stimulation.

COLLECTIVE ACCELERATORS

Collective accelerators make use of the electric and magnetic fields of
charged particles in the region of the space where particles are to be accelerated
or focused, or both. In principle, very large accelerating and focusing fields are
possible, and the fundamental goal is to make use of these large fields to build
high-performance accelerators very economically.

During the past 10 years research has been carried out on five different
types of ideas.
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Space-Charge Accelerators

Intense relativistic electron beams are used to make a moving potential
well to pull ions along with the beam. Accelerating fields typically of 1 MV/cm
have been observed over a distance of about 10 cm. The number of ions
accelerated is about 10'%, and this requires about 10'¢ electrons. In one form of
this accelerator called the Luce diode, proton energy as high as 45 MeV was
observed. The central problem is control of the motion of the moving potential
well. Many ideas were studied, and most of them were shown to be valid in
principle but not precise enough to accelerate ions to high-energy. The only
continuing effort is on the lonization Front Accelerator at SNL. In this scheme
the electron beam propagates through a gas that is not significantly ionized by
the beam. Ionization of the gas is accomplished in a controlled way by means of
a laser and a series of light pipes; this controls propagation of the electron beam
and the motion of the potential well for ions.

Wave Accelerators

Waves supported by a relativistic electron beam are used to trap and
accelerate ions as in a conventional linear accelerator. The waves must have
variable phase velocity and should be "negative energy waves" so that ion
acceleration that takes energy from the wave will cause the wave to grow rather
than damp. A space-charge wave (Cornell University) and an electrostatic
electron cyclotron wave (Austin Research Associates) have been studied for this
purpose. The space-charge-wave effort continues at Cornell University. There is
another related effort at NRL in which an electron beam is chopped into a
sequence of rings that pass through a series of short solenoids. The resultant
accelerating field resembles that of a wave with controlled phase velocity. It is a
wave accelerator, but the wave is not bound by the plasma dispersion relation.
This is a continuing effort.

Electron-Ring Accelerators

The electron-ring accelerator (ERA) was proposed by Soviet physicist V.I.
Veksler in 1956. An electron ring is formed in a magnetic mirror, and ions are
trapped in it. Acceleration takes place by means of an electric field or changing
magnetic field along the ring axis. This is the most extensively investigated
collective accelerator. There have been projects at Dubna in the Soviet Union,
Lawrence Berkeley
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Laboratory, University of Maryland, and Garching in the Federal Republic of
Germany. Only the Dubna group is still working on electron-ring accelerators.
They reported significant progress in 1978— acceleration of 5 x 10'! nitrogen
ions to 4 MeV/nucleon with an electron ring that contained 103 20-MeV
electrons.

Collective Focusing Accelerators

Here, collective fields are used only for focusing, and acceleration is
conventional. One form at SNL is called Pulselac. It consists of a series of ion
diodes. Electrons are injected to provide charge neutralization and transverse
focusing, and transverse magnetic fields prevent electron acceleration. Another
form is a cyclic accelerator that is studied at UCI. Electrons are confined in a
bumpy torus, and the electrostatic fields focus a smaller number of ions that are
accelerated as in a betatron. 3000 A of C* ions have been accelerated to 600
keV in Pulselac. Electron confinement in the cyclic accelerator has been
documented. Both projects are still active.

The experimental results in almost all of the collective accelerator
experiments have demonstrated that the principles are sound. However, the
number of ions accelerated and the final energy have not been impressive; in
general both have been less than expected initially. The experiments still active,
the Ionization Front Accelerator (SNL), space-charge wave accelerators
(Cornell, NRL), and collective focusing accelerators (SNL, UCI) will probably
give similar results. The question is, "What will happen after the initial research
is completed assuming that it is successful?" The next phase in which more
interesting particle parameters are reached will surely be much more expensive.
The only collective accelerator to date to proceed to the next phase is the ERA
in Dubna, where a heavy-ion ERA to reach 20 MeV/nucleon was authorized in
1981. During the past 10 years the level of support was $2 million to $3 million/
year in the United States. A level of support of about $5 million/year for
research was recommended in a 1981 DOE study. It is also important that about
$10 million be available to convert a successful research effort into a useful
accelerator.

LASER-DRIVEN ACCELERATORS

The availability of high-power laser beams ( =1p* W) brings about the
possibility of using these high fields to accelerate particles to energies in the
tera-electron-volt range and beyond. Using conven
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tional acceleration methods it is difficult to envision particle energies going
above a tera-electron volt without an enormous investment in money and real
estate. For example, if we assume for conventional accelerator schemes electric
field gradients as high as 100 MeV/m, acceleration lengths of about 10 km
would be needed to reach tera-electron-volt energies. Such accelerators are in
principle feasible; however, the cost may be prohibitive.

The possibility of utilizing the extremely high electric fields associated
with laser beams to accelerate charged particles has been under investigation for
over two decades. Electric fields associated with intense laser beams can be as
high as 10° V/cm. Direct use of these fields for continuous particle acceleration
is of course not possible owing to the transverse polarization and rapid
oscillation of the fields. A number of laser-driven acceleration schemes have
been suggested that either utilize a small fraction of the laser field for
acceleration or use the laser beam or beams to excite a plasma wave, which in
turn traps and accelerates charged particles.

Owing to the speculative nature of the various laser-driven acceleration
schemes the subject has suffered from a lack of funding. Recently, because of
the progress made in understanding the physics and limitations associated with
the various schemes, the funding profile appears to be more favorable, at least
for the next few years.

The following list gives a brief qualitative description of the various
acceleration mechanisms (not necessarily in order of priority) that are
considered potentially attractive.

Beat-Wave Accelerator

This is a collective acceleration scheme that utilizes the enormous self
fields of an excited plasma wave. The plasma wave is excited by the parametric
coupling of two laser beams having a frequency difference equal to the
characteristic plasma frequency. Since the phase velocity of the high-amplitude
plasma wave is slightly less than the velocity of light, electrons can be trapped
and accelerated by the plasma wave. A potentially attractive variation of the
beat-wave accelerator is the Surfatron. In the Surfatron a transverse magnetic
field is externally applied, permitting the accelerated particles to E x B drift in a
direction transverse to the laser propagation direction. In this configuration the
electrons can remain in phase with the plasma wave, allowing unlimited
electron acceleration to take place. Recent experiments at UCLA have
demonstrated the principle of wave formation using two high-power lasers.
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Inverse Free-Electron-Laser Accelerator

In this scheme a particle beam together with an intense laser pulse is
propagated through a spatially periodic magnetic field known as a wiggler field.
The wiggler period and laser wavelength are such that the transverse particle
velocity due to the wiggler field is in phase with the transverse electric field of
the laser radiation. By appropriately contouring both the wiggler amplitude and
period the injected particles can be continually accelerated. The inverse of this
process has been used to generate radiation and is the well-known free-electron-
laser mechanism .(See section below on Coherent, Free-Electron Radiation Sources.)

Grating Accelerator

When electromagnetic radiation propagates along a diffraction grating a
slow electromagnetic surface wave is excited along the grating's surface. This
scheme utilizes the slow electromagnetic wave with phase velocity less than the
speed of light to trap and accelerate a beam of injected electrons.

High-Gradient Structures

This scheme is basically a scaled-down version of a conventional slow-
wave accelerator structure. Radiation power sources in the centimeter
wavelength range appear appropriate for this approach. The potential advantage
of this scheme is that owing to the short wavelength employed, relatively low
radiation energy per unit length is needed to fill the small structure, and
breakdown field limits appear to be higher.

Inverse Cerenkov Accelerator

This approach takes advantage of the fact that the index of refraction of a
neutral gas is slightly greater than unity. The laser radiation within the gas has a
phase velocity less than the speed of light, making it possible to trap and
accelerate an injected beam of particles.

Cyclotron Resonant Accelerator

Here an electron beam is injected along a uniform magnetic field together
with a parallel propagating laser beam. Because of a self-
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resonance effect, the phase of the electron's transverse velocity can be
synchronized with the radiation electric field. This synchronism is maintained
throughout the acceleration length.

Problem Areas

A number of issues remain to be solved before laser-driven acceleration
schemes can become a viable alternative to conventional acceleration
mechanisms. Among the most important unsolved problems in this area is that
of refocusing of the intense laser beam for multistage acceleration. The laser
acceleration schemes mentioned previously are not compatible with single-stage
acceleration of particles to tera-electron-volt energy levels. All of these schemes
require multistage acceleration even if the ultra-high field gradients can be
achieved. For example, assuming a gradient of 10® V/cm for a laser-driven
accelerator, lengths of 100 m will be required to reach tera-electron-volt
energies. However, owing to the diffraction characteristics of radiation beams,
refocusing methods will certainly be necessary to maintain a collimated laser
beam over these distances. Because of the high intensity of these beams,
conventional focusing procedures do not appear to be possible. Possible
solutions to this problem may involve plasma self-focusing of laser light or the
use of multilayered dielectric-coated laser waveguides.

Recommendations for the Next 10 Years

The subject area remains speculative, and as yet no configuration or
scheme can be convincingly shown to be capable of achieving tera-electron-volt
particle energies. Recently the DOE increased its support of laser-driven
accelerator schemes to a level of $750,000 per year. This increase comes at an
appropriate time in the evolution of this field, since many conceptual schemes
have reached a point where serious detailed and costly studies will be required.
It is therefore prudent to at least maintain the present funding level. As
mentioned, a number of laser-driven accelerator schemes are under serious
consideration and will require several years for evaluation. Upon completion of
the initial phase (around 1986 or 1987) an advisory group consisting of laser,
accelerator, and plasma physicists should be convened to evaluate
comprehensively the progress and likelihood of success of the various
acceleration schemes. A decision to change the funding profile for the various
schemes could be made at this time based on the outcome of the review.
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The DOE was and probably will be the primary source of funds for laser-
driven accelerator research. DOE funding started in 1976 at a $100,000 per year
level until 1983, at which time it was increased to $750,000 per year. It is
expected that this level will remain fairly constant until around 1986. At that
time a major review will take place to decide the future funding profile.

COHERENT, FREE-ELECTRON RADIATION SOURCES

The possibility of developing lasers and masers in which the active
medium is a stream of free electrons has evoked much interest in recent years.
The potential advantages are numerous and include continuous frequency
tuning through variation of the electron energy, and very high-power operation,
since no damage can occur to this lasing medium as can happen in solid, liquid,
and gas lasers.

The concept of transforming the kinetic energy of free electrons into
coherent electromagnetic radiation is by no means new; as early as 1933, P.
Kapitza and P.A.M. Dirac predicted the possibility of stimulated photon
scattering by electrons. Indeed, the klystron, the magnetron, and the traveling-
wave tube conceived and developed in the 1940s and 1950s are examples of
such free-electron sources capable of generating coherent microwave radiation.
In the decameter- and centimeter-wavelength ranges, these devices can be made
to emit at power levels as high as tens of megawatts and with good efficiencies
exceeding 60 percent. Today these systems, and variations thereof, have
become indispensable instruments of modern science, technology, and
communication.

The new generation of free-electron radiation sources being actively
pursued at many centers aim to extend the electromagnetic spectrum from the
microwave to the millimeter, infrared, visible, and ultraviolet regimes with
previously unattainable intensities and efficiencies. Potential applications are
numerous. They include the following:

(a) Spectroscopy. This area involves spectral studies in condensed-
matter physics and of atoms, molecules, and ions; isotope
separation; surface studies in the presence of absorbed molecular
species; dynamics of charged carriers in semiconductors; fast
chemical kinetics; and photochemistry.

(b) Accelerators. High-power microwave tubes have traditionally been
important in the development of radio-frequency (rf) accelerators.
The development of high-power, centimeter-wave sources could be
of much wvalue for the high-energy-accelerator community.
Conventional
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rf accelerators use microwave klystrons operating in the vicinity of
25 MW of peak power. Recent developments indicate that the
novel sources could operate at hundreds of megawatts or even
gigawatts. These higher powers translate into fewer power tubes;
the use of centimeter waves could lead to higher average
accelerating gradients and therefore shorter accelerators.

(¢) Radar. Most radar applications have been at microwave
frequencies (centimeter waves and longer), owing primarily to the
availability of power tubes and components and to the low
atmospheric losses at these wavelengths. Since the new sources can
operate in the millimeter- and submillimeter-wavelength regions,
applications to future radars are possible. Relative to conventional
microwave radars operating at millimeter wavelengths the new
systems would have narrow beam widths, large bandwidths, and
small antennas. Narrow beam widths would, for example, be
important in low-elevation-angle tracking. Large bandwidths
enhance resistance to electronic countermeasures and permit high
resolution. Millimeter waves are less affected by fog, clouds, rain,
or smoke than are optical or infrared waves.

(d) Thermonuclear Fusion. The problems of plasma heating are still
impeding the practical development of magnetic fusion power
reactors. The development of high-power sources at millimeter
wavelengths could solve some of these problems. Furthermore,
there is now good evidence that electromagnetic waves can drive
current in tokamaks, thus opening the possibility of initiating
current flow (ramp-up) in tokamaks or even steady-state tokamak
operation.

In addition to the above, one can perceive applications in biology and
medicine, and as is true for all new advances in technology, the ultimate and
most important applications have yet to be identified.

The fundamental principle operative in all free-electron radiation sources
is electron bunching in the presence of an ambient electromagnetic field. The
field can be externally applied, or it may be emitted spontaneously by the
accelerating electrons. In a system properly prepared, as for example by
judicious phasing of the rf field, the electrons initially distributed at random can
be made to form clusters. If the dimensions of the clusters are comparable with
or smaller than the wavelength of the desired radiation, each cluster radiates in a
coherent manner like a giant electron. The newly produced radiation reinforces
the original field, which leads to even tighter clusters, and so on. Thus, the
principle of bunching is synonymous with the stimulated emission well known
in conventional lasers.
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The three most prominent free-electron radiation sources actively studied
during the past several years are (a) cyclotron resonance masers (CRM) of
which the gyrotron is a typical example; (b) the free-electron laser (FEL); and
(c) the relativistic magnetron. Of the three, the gyrotron is by far the most
advanced as a practical device and at present offers the most efficient means of
generating intense radiation in the centimeter- and millimeter-wavelength
ranges. The FEL has great potential of becoming a promising source at
submillimeter wavelengths; and the relativistic magnetron has produced
unprecedented power levels (~1-10 GW) at centimeter wavelengths.

The CRM consists of a beam of monoenergetic electrons streaming along
and gyrating in an external guiding magnetic field. The emission mechanism is
essentially stimulated synchrotron (or cyclotron) radiation. Electron bunching is
in the azimuthal direction and leads to the formation of clusters that rotate about
the magnetic field lines. The radiation frequency is approximately equal to the
electron-cyclotron frequency.

In an FEL a beam of monoenergetic electrons is injected into a spatially
periodic magnetic (wiggler) field, which imparts an undulatory motion to the
electrons. Here electron bunching is axial, that is, in the direction of electron
flow. The wavelength of the radiation is proportional to the wiggler periodicity.
The constant of proportionality depends on the speed imparted to the electrons
at the gun. For electrons whose velocity is much less than the speed of light, the
constant of proportionality is approximately unity. However, when a high-
voltage accelerator is used to produce electron speeds that approach the speed
of light, the constant of proportionality can be very small compared with unity,
and extremely short wavelength radiation can be thereby achieved.

In the relativistic magnetron a relativistic electron stream passes over a
periodic assembly of resonators in which electromagnetic radiation is induced
and stored. High powers are achieved by using field-emission cathodes to create
extremely high current streams. The radiation wavelength is approximately
equal to the spacing between resonators.

Some outstanding problems are the following:

(@)  Accelerators. Novel free-electron radiation sources are
characterized by high-voltage (100 kV-100 MV), high-current (10
A-10 kA) electron streams of superior quality (low emittance).
Thus, achievements in the field of radiation sources will be closely
linked with progress in accelerator technology and beam-
production capabilities.
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(b)

(©)

(d)

(e)

This is particularly true in the case of free-electron lasers, which
require accelerators that are at the limits of present-day capabilities.
Advanced designs of electron guns and beam-focusing techniques
will have to be studied.

rf Power-Handling Capabilities. Extremely high levels of
electromagnetic radiation require design and development of new
millimeter- and submillimeter-wave components including
detectors, mirrors, mode converters, attenuators, and spectrum
analyzers. Even at low power levels, development of millimeter
and submillimeter hardware is urgently needed.
Mode Control. At short wavelengths, the electromagnetic modes in
millimeter-wave resonators or optical cavities are closely spaced in
frequency. Thus the systems may oscillate simultaneously in two or
more modes, which leads to loss of efficiency and degradation of
spectral purity. Novel ways of mode control will require further
study.

Collective and Nonlinear Phenomena. At high currents self-fields
associated with the electron streams become prominent and affect
the radiation growth rate and spectrum. Furthermore, at high
radiation levels, nonlinear wave-particle interactions limit the
device efficiency. Both problems have been addressed, but further
theory and computer simulations will be required in the future.
Personnel. The most urgent problem facing progress in the area of
electromagnetic sources is the catastrophic lack of qualified
physicists and engineers. The generation of outstanding people
trained during World War II and their immediate descendants kept
the field alive until the late 1950s, at which time enthusiasm
diminished. From then on the training of young people virtually
ceased. Since the advent of the novel sources in the late 1970s and
the importance of rf heating in thermonuclear fusion research,
interest has once again been on the increase. However, a crash
training program at universities would be necessary for the United
States to keep abreast of the research and development in foreign
countries.

Funding for research and development in coherent free-electron radiation
sources has come primarily from DARPA, ONR, AFOSR, AFSC, and NSF.
Between the years 1979 and 1983, the funding level totaled approximately $24
million. The total projected level for the years 1984-1985 is approximately $16
million. The overall funding is adequate, but more is needed for basic,
university research in this area.
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ELECTROMAGNETIC WAVE-PLASMA INTERACTION

Scattering and Absorption of Electromagnetic Waves by
Plasmas

The advent of powerful lasers has led, in the past 10 years, to the discovery
and understanding of nonlinear phenomena occurring when matter is subjected
to intense electromagnetic radiation. The efficiency of absorption of laser light
sensitively affects the feasibility of inertial confinement fusion, in which pellets
containing deuterium-tritium fuel are compressed and heated by laser-driven
ablation. In early experiments, energy absorption was found to be lowered by
nonlinear processes in the plasma corona, which quickly forms around the solid
core of the pellet. Studies of these phenomena both in small-scale experiments
and in those involving the largest existing lasers, coupled with extensive
numerical simulations, have confirmed many theoretical predictions and have
led to the partial control of the deleterious effects, mainly by the use of shorter-
wavelength radiation.

Absorption of laser light occurs near the critical layer in the corona, where
the plasma frequency o, is equal to the light frequency ®,. The corresponding
plasma density is 102! ¢cm™ for 1.06-um light from Nd-glass lasers and 10'°
cm3 for 10.6-um light from CO, lasers. Three processes can cause absorption:
(1) classical collisional absorption, or "inverse bremsstrahlung," (2) resonance
absorption, and (3) the parametric decay and oscillating two-stream instabilities.
The most benign of these mechanisms is inverse bremsstrahlung, which
increases with laser frequency (because the critical density, and hence the
collisionality, is increased) and also with density scale length (because a
discontinuous density jump would act like a mirror).

Resonance absorption occurs when light is incident at an angle to the
plasma normal so that the electric field vector has a component along the
density gradient. Plasma waves are then generated at the expense of
electromagnetic energy, and the plasma is heated by the damping of these
waves. The copious production of superthermal electrons (and of fast ions
accelerated by the charge separation electric field) is a dominant feature of long-
wavelength experiments, such as with CO, lasers, and makes resonance
absorption an undesirable mechanism. The most devastating effect of fast
electrons is their ability to penetrate into the solid core of the target and preheat
it, thus preventing its compression to the density required for fusion breakeven.

Parametric instabilities involve the unstable decay of light waves, plasma
waves, and frequency-shifted light waves. A large step in the theory of these
instabilities was made about 10 years ago. Subse
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quently, these phenomena have been detected and verified experimentally, both
in basic experiments and in solid-target shots at large laser installations.
Parametric instabilities can be classified into critical phenomena occurring at n
= n, or ®, = Oy, quarter-critical phenomena occurring at n = n/4 or , = 2wy,
and underdense phenomena occurring at n << n¢/4 or w, << w,/2. The first class
contains the parametric decay and oscillating two-stream (OTS) instabilities
mentioned earlier. The OTS has been seen only in its nonlinear soliton stage,
but the former has been studied meticulously in large-scale microwave
experiments. In laser experiments there has been little evidence of the
importance of these parametric instabilities to absorption.

Phenomena at quarter-critical density include the two-plasmon decay and
absolute Raman instabilities. The latter is a limiting case of the stimulated
Raman scattering (SRS) instability discussed below; the former is a stronger
effect involving the generation of two plasma waves, preferentially at 45° to the
laser beam. The main features of the two-plasmon decay instability were
confirmed in a basic experiment in which the decay waves were detected by
Thomson scattering. This instability also produces fast electrons and is often
seen in solid-target experiments from its characteristic signature of scattered
light at a frequency (3/2)®,,.

At densities below quarter-critical, the main effects are filamentation and
the SBS and stimulated Raman scattering (SRS) instabilities. Filamentation is
the tendency for laser light to break into small beams by creating plasma
channels with its own ponderomotive force. Though indirect evidence for this is
available, there has yet been no systematic study of filamentation. SBS is an
insidious instability in which ion acoustic waves are generated in the plasma,
and these act as a grating to reflect the incident light. This predicted effect was
first found in small-scale experiments at universities and has been under
intensive study at these institutions. Since SRS also generates fast electrons to
preheat the core of fusion pellets, the suppression of this instability is of great
benefit.

By contrast to magnetic fusion, where heat transport by electrons is
anomalously fast, a major problem in laser fusion is that heat transport is
anomalously slow, about an order of magnitude below the rate calculated from
classical collisions. Rapid heat transport is needed laterally to smooth out
irregularities in energy deposition from the laser beam, and rapid transport in
the forward direction is needed to carry
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heat from the critical density layer to the ablation surface, where the heat is
converted to kinetic energy of ablating plasma.

That the large currents of heated electrons in a laser-irradiated target can
produce multimegagauss magnetic fields has been known since the early 1960s.
More recently, large magnetic fields in high-power laser experiments have been
detected elegantly by Faraday rotation, and detailed probing of the field
structure has been done in microwave experiments. Recent computer
simulations and CO, laser experiments clearly demonstrate the spontaneous
generation of magnetic fields and their effect on electron orbits and energy
deposition. Since there are several different mechanisms for magnetic field
production and since the problem is basically three-dimensional, progress on
this complicated problem must wait for increased computational capabilities in
the next decade. On the optimistic side, one can hope that the production of
fields in the 100-MG range by lasers will eventually permit studies of matter in
which the atomic structure has been altered by a magnetic field.

In summary, the theoretical and experimental discovery of parametric
instabilities and the agreement that has been achieved between theory and
experiment represent a significant advance in the development of plasma
physics in the past decade. Several large problems remain to be solved, notably
the general nature of heat transport in the long mean-free-path regime and the
nature and effects of self-generated magnetic fields. Progress on these problems
in the next decade will solidify our understanding of how intense
electromagnetic waves interact with matter.

Funding for laser-plasma interaction studies in small university efforts
amounts to less than $0.6 million annually. Fortunately, these programs are
supplemented by several university groups in Canada and by a sizable portion
of the total effort at the three intermediate-to-large laser installations at the
University of Rochester, the Naval Research Laboratory, and KMS, Inc., in Ann
Arbor, Michigan. Furthermore, part of the program at the large national
laboratories, Livermore and Los Alamos, has been devoted to the understanding
of the basic mechanisms operative in the corona. A disproportionately small
fraction (perhaps 1 percent) of the national budget on inertial confinement finds
its way to programs in which the training of students takes place, and
consequently the demand for personnel with experience in laser and plasma
experiments is quite heavy. A doubling or tripling of support in this area is
easily justified.
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Isotope Separation

The separation of isotopes by use of a plasma has been studied since the
Manhattan Project of World War II. At that time the decision was made to
proceed with both an electromagnetic-based system (the calutron) and a gas-
dynamic-based system (the gaseous diffusion plant). Both of those techniques
are still in use today for separating isotopes. The gaseous diffusion plants are
large power-intensive units that are principally used for processing large
quantities of material (i.e., light-water reactor fuels). A less power-intensive
approach would result in a significant increment to the total U.S. power
capacity. The calutrons are still in use to provide small quantities of isotopes
needed for research studies or for medical purposes. The calutron is a large
180°-reflection mass spectrometer operated in a high-current regime where the
space-charge forces of the ion beam are large. The calutrons provide a high
degree of separation but have a limited throughput or production capability.
This limited production does not allow full utilization of possible applications
for isotopically pure material.

The years since the Manhattan project have been devoted to the study of
basic plasma physics, and out of this have come several new approaches to
electromagnetic isotope separation. These plasma-based approaches appear to
overcome some of the constraints of the currently available approaches. These
techniques developed within the last 10 years have been made possible by the
years of basic plasma-physics research that laid the foundation. The
electromagnetic separation processes are of interest since they are insensitive to
specific materials, unlike laser-based processes, which depend on the electronic
structure and thus are limited to specific materials.

One of these approaches is based on the ion cyclotron resonance in a
uniform magnetic field. When a plasma is immersed in a magnetic field the
particles undergo an oscillatory motion about the field lines. The frequency of
oscillation is a characteristic depending on the charge-to-mass ratio of the ion
and the strength of the magnetic field. By applying an electric field of known
frequency the particle distribution functions can be modified. If the frequency is
high and matches the electron cyclotron frequency, then the electrons are
heated. By selectively energizing one of the species the velocity distribution can
be modified to allow a physical separation to occur on a collecting structure.

A program to study this has been ongoing since 1974 at TRW and has been
successful in being applied to a wide class of materials. Development of this
technique for isotope separation is funded by the
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Department of Energy. The primary emphasis of this program is the separation
of the isotopes of uranium for nuclear-reactor fuels. These developments have
been performed in a prototype facility utilizing a 2.2-tesla, 0.5-meter-long, 0.1-
meter-diameter superconducting magnet system. The process utilizes an
electron cyclotron resonance plasma source with the production of the metal
neutrals occurring by sputtering. These heavy-ion plasma sources have operated
in the range of 1-10 mA per cm?. The separation of isotopes occurs after the
selective energization of one of the isotopes via ion cyclotron heating. The ion
cyclotron separation process, however, occurs in a uniform magnetic field. This
allows detailed comparisons of the experiments with the theoretical calculations.

The verification of isotopic selectivity by separation has been shown for
several elements. For these elements macroscopic samples have been collected,
removed from the device, and analyzed. Samples of potassium, nickel, indium,
lead, and uranium have been collected. For the nickel separations, material has
been enriched from 67.6 percent nickel-50 to 97 percent nickel-58 in a single
pass. Delivery of nickel samples for use in neutron activation diagnostics has
been made. In the lead separations significant enrichments were observed for
the much smaller relative mass separation. In addition to the collected samples
diagnostic measurements over a wide range of materials have shown the broad
applicability of this technique.

Another promising approach to isotope separation has been proposed
recently at Yale University. This is a vacuum-plasma-arc centrifuge. The gas-
dynamic centrifuge in use for the separation of isotopes improves with rotation
speed. The increases in velocity are limited by material constraints. A plasma in
a magnetic field offers the possibility of a much higher rotational velocity. A
major problem that occurs is the formation of a stable arc discharge along and
across the magnetic field. It is the radial space-charge electric field crossed with
the axial magnetic field that gives rise to the large rotation velocities. The
collisional relaxation of the plasma then gives a radial profile that varies for
each isotope. The basic research on the vacuum arc in an ambient magnetic
field has allowed the use of the plasma centrifuge as a means for separating
species.

These applications of the fundamentals of plasma physics have led to an
enhanced capability. Previously isotopic uses were restricted to either very
small or very large quantities. Both of these techniques offer the potential to
separate intermediate quantities of material. The implications of this will evolve
as the applications for isotopically selected materials emerge. Particularly in the
nuclear environment of
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both fission and fusion this capability can be used to reduce the structural
radioactivity associated with their implementation. A second area where
potential uses of isotopically engineered materials are large is in medical
diagnostics. Since the advent of the CAT scanners the diagnostic information
available has grown quite fast. Because of this increased diagnostic capability,
and the concern over the radiation hazards of these scans, work has been
proceeding rapidly with the development of alternatives. Recently dramatic
advances in whole-body nuclear-magnetic-resonance (NMR) scans have been
achieved. Further advances may be obtained by utilizing samples tagged with
isotopes that have a given magnetic moment. Diagnostic measurements of the
metabolic processes may be possible. The contributions of these outgrowths of
fundamental research will be seen in the years to come.

NONLINEAR PHENOMENA IN PLASMAS

The past 10 years have seen enormous fundamental advances in the
understanding of nonlinear phenomena in plasmas. These advances have
contributed greatly not only to plasma physics but also to other fields where the
understanding of plasmas is important (particularly space physics and
astrophysics) and have also influenced the development of nonlinear theory in
general. In the following subsections we discuss some of these advances. The
topics discussed are by no means meant to form a complete enumeration of
these advances. Rather, our purpose is to indicate the character and flavor of the
research and accomplishments in nonlinear plasma phenomena in the past
decade. We therefore limit our detailed discussion to a few illustrative topics.

Chaos in Hamiltonian Systems

According to the Kolmogorov-Arnol'd-Moser (KAM) theorem, a small
perturbation to an integrable Hamiltonian system will leave intact the topology
of most of the phase-space orbits. On the other hand, it is known from
numerical experiments that sufficiently large perturbations can convert the vast
majority of the phase-space orbits to ones that have chaotic and ergodic
properties on a large scale. How does the transition from one type of motion to
the other occur as the perturbation is increased? This question has been of great
interest to plasma physicists principally because of two applications: (1) the
problem of characterizing the topology of the path followed by a magnetic field
line and (2) the problem of discovering how a charged particle moves in
inhomogeneous electromagnetic fields. The single most significant
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advance in Hamiltonian ergodic theory in the last decade is related to the above-
mentioned question. In particular, it is now fairly well understood how the last
phase-space dividing orbit dies.

Beyond the destruction of the last confining phase-space orbit, plasma
physicists have also been intensely interested in the diffusive properties of
orbits for situations with widespread chaos. Successful techniques have recently
been formulated by plasma physicists for calculating the resulting diffusion
coefficients, in some cases analytically. Generally, these results show a
correction to the quasi-linear estimate. Plasma-physics applications of the above
basic theoretical developments have been made to the stochastic heating of
plasmas by the absorption of externally launched waves, to the ergodic
trajectories of wave packets of plasma waves, to the confinement of particles in
the presence of collective fluctuations, to the theory of particle transport in
rippled magnetic fields, and to the breakup of nested confining magnetic
surfaces in fusion devices (e.g., tokamaks), among others.

Soliton and Related Phenomena

In a nonlinear wave, the nonlinear effect can often balance the dispersive
effect, resulting in very stable nonlinear, nondispersive pulses called solitons.
These solitons emerging from collisions with each other remain unchanged
except for their phases. Soliton solutions have been found in many nonlinear
wave equations of physical interest using the inverse-scattering method, first
discovered by plasma theorists in 1967 for solving exactly the Korteweg-
deVries equation, unifying a wide range of scientific endeavor. The ion acoustic
solitons and their collisions were observed experimentally in 1970. Solitons in
inhomogeneous plasmas were also studied theoretically and experimentally.

Soliton research has extended to many branches of physics, such as high-
energy physics, solid-state physics, and optical communications, as well as to
other fields. Early studies were done with simplifying assumptions of one
dimension without magnetic field, dissipation, or instabilities. Recently, solitons
in two and three dimensions have been investigated. As the magnetized plasma
supports many natural oscillations with rich dispersive and nonlinear properties,
it is an ideal medium for soliton studies. Indeed, solitons of upper hybrid and
lower hybrid waves as well as waves at cyclotron frequency and Alfvén
frequency have been studied theoretically. The recently developed concepts for
the studies of chaos very likely would help us to understand the behavior of
more-complicated systems containing all
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nonlinear, dispersive, unstable, dissipative effects. The chaotic motion of
solitons would be one of the interesting future subjects.

Strong Langmuir Turbulence

Weak turbulent processes, i.e., nonlinear wave-wave scattering and
nonlinear Landau damping of (Langmuir) plasma waves, tend to transfer wave
energy to long-wavelength modes, leading to condensation on the longest-
wavelength mode. However, the long-wavelength mode is unstable to
modulational instability because the ponderomotive force of the field intensity
pushes on the plasma particles to create a cavity (caviton), which in turn traps
more waves, leading to the collapse of Langmuir waves into patches of wave
packets of the order of 10-Debye lengths. This Langmuir collapse thus provides
a natural sink for the wave energy at long wavelength, and a complete
description of Langmuir turbulence is within reach. Since collapse was first
proposed in 1972 there have been intensive theoretical efforts because of its
importance in laser-plasma and relativistic beam-plasma interaction. Evidence
of cavitons was reported in microwave-plasma resonance and in beam-plasma
experiments. This has since been shown to be an important mechanism also for
beam-plasma interaction in space.

Parametric Instabilities

Parametric decay of a large-amplitude wave into two daughter waves has
been extensively studied in plasmas because of its importance to the wave
heating of magnetically confined plasmas and laser-plasma coupling in inertial
fusion experiments. Indeed, such parametric wave coupling is the basis of the
free-electron laser described in a previous section. Many basic experiments
were performed in magnetized plasmas with a wide range of pump frequencies
to observe the threshold pump power and resulting anomalous absorption. In the
past decade, theoretical progress has been made in the effects of plasma
inhomogeneity on the threshold power for the excitation and nonlinear effects
of parametric instabilities.

Magnetic Reconnection

According to the "frozen-in" theorem of ideal magnetohydrodynamics
(MHD), magnetic flux lines in a plasma behave as if they were tied to the
motion of the bulk plasma; in this sense, magnetic topology is preserved under
plasma motions. However, plasma resistivity allows a
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magnetic topology change. For example, magnetic fields with opposite
directions separated by a current sheet can reconnect by forming magnetic
islands. Such relaxation of topological constraints, or reconnection, is often
accompanied by a significant release of magnetic energy. The rate of
reconnection is thus an outstanding question of plasma physics and finds
application in fusion devices, solar flares, and magnetospheres. Considerable
progress has been made in understanding this phenomenon in the past 10 years.

The reconnection starts with an exponential growth of a small-amplitude
perturbation with growth time much shorter than resistive skin time. This
exponential growth phase ceases at a relatively small island size to be followed
by an algebraic rate proportional to the resistivity. Resistive MHD equations
were solved numerically, and results were applied to a cylindrical or a toroidal
plasma (as in a tokamak or perhaps a solar flare). The growth of the magnetic
island is shown to lead to nonlinear coupling to modes of different helicities
resulting in ergodic field-line behavior (as discussed in the previous section)
and ensuing anomalous plasma heat loss.

In addition to the work on spontaneous reconnection, reviewed above,
much notable progress has also resulted from research on forced reconnection,
with applications to laboratory plasmas and space plasmas (e.g., knotting of
magnetic field lines in turbulent solar convection zones and solar wind-
magnetopause interaction).

The past decade has seen much progress on tearing modes and
reconnection processes in laboratory experiments. Extensive measurements
were made on the nature of tearing modes and their nonlinear consequences
such as minor (internal) and major disruptions in tokamaks. Basic experiments
on forced reconnection were also carried out for detailed measurements of the
properties of the neutral sheet including the three-dimensional particle-
distribution function and fluctuations.

Turbulent Relaxation to Force-Free States

In experiments with the reversed field pinch, it has been observed that the
plasma first passes through a highly turbulent phase after which it settles down
to a steady and relatively quiescent configuration with the toroidal field
reversed on the outside. One of the major advances in plasma turbulence has
been the understanding of the turbulent processes leading to the relaxation to
the final state and of the nature of that state. This understanding has been
achieved through an interplay of theoretical analysis, computer simulations, and
laboratory
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experiment. Within the framework of resistive MHD turbulence, the theory
postulates that the quiescent, final state is the one with minimum magnetic
energy subject to the constraint of magnetic helicity [A - Bd¥ = K (A and B
are the magnetic vector potential and the magnetic field, and the integration is
over the entire plasma volume V). The predicted state explains many
observations in pinch experiments, and the sustainment of this state over a
period much longer than the resistive skin time suggests the importance of
dynamo action, a process that is being actively researched.

Other Major Achievements in the Past Decade

In addition to the above-discussed achievements of nonlinear plasma
physics, we note the following equally important additional advances. Double
layers (plasma layer structures across which the -electrostatic potential
experiences a jump) are now fairly well understood theoretically and in
laboratory experiments and have, in addition, been observed to be of great
importance in space plasmas.

Collisionless shock waves (shocks in which dissipation of energy in large
scales occurs by transfer to small-scale collective modes and by collisionless
kinetic particle effects rather than by particle-particle collisions) are now much
better understood; this knowledge has found application in space physics and
astrophysics.

New approaches to the problem of determining the observed anomalously
large particle and thermal transport in magnetically confined plasmas have been
formulated using renormalized turbulence theory (e.g., the "direct interaction
approximation").

Strange attractors have been shown to occur in certain nonlinear plasma
situations.

Lie algebraic techniques have been developed to a high degree of
sophistication for a variety of situations in nonlinear plasma theory.

Finally, our computational tools for examining nonlinear plasma
phenomena have greatly expanded as a result of the development of innovative
new numerical algorithms and concepts.

PLASMA THEORY DEVELOPMENTS RELATED TO
MAGNETIC CONFINEMENT

More than half of the federal funding of plasma-physics theory over the
past decade has been in connection with the magnetic-confinement approach to
controlled thermonuclear fusion. Thus, many recent plasma-theory
developments have been in this context. A summary of
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how these developments have aided fusion research was presented earlier in this
chapter. Here, we briefly review some examples of the more basic aspects of
plasma theory developed in the magnetic-confinement fusion program.

Magnetic-Flux Geometries and Coordinate Systems

While some magnetic-plasma-confinement schemes have an ignorable
coordinate (e.g., the toroidal angle in tokamaks) the magnetic structures in most
(e.g., tandem mirrors and stellarators) are fully three-dimensional. Considerable
progress has been made over the past decade in developing large computer
codes to calculate relevant magnetic fields with and without plasma. Further,
magnetic-flux coordinates are developed from these results and, since the
motion of single particles within magnetically confined plasmas is quite
complex and determined by the direction of the magnetic field and its gradients,
they are utilized for almost all of magnetic fusion theory. Finally, criteria have
been developed for when magnetic-flux surfaces cannot be defined because the
magnetic field lines become stochastic (at least in some region), typically
because of the overlapping of magnetic islands that are due to resonant
magnetic perturbations of incommensurate helicity or pitch.

Single-Particle Orbits

In the small gyroradius expansion appropriate for most magnetically
confined plasmas, the particles gyrate (in cyclotron motion), bounce (in motion
along the magnetic field), and drift (in a direction perpendicular to both the
magnetic field and its gradient) on successively longer time scales. Previously,
these various motions have been derived by successively expanding and
averaging Newton's law with a Lorentz force. Recently, a powerful (but
noncanonical) Hamiltonian formulation of these orbits has been developed and
utilized to calculate higher-order (in the small gyroradius expansion)
corrections to the orbits. Also, the degree to which the magnetic moment is
adiabatically conserved has been explored through both Hamiltonian
transformations such as those indicated above and by mapping techniques. For
slightly nonadiabatic motions, and also for the transition to stochastic magnetic
fields, some techniques have been developed to characterize the motion in
phase space in this transition to diffusive behavior in the totally stochastic quasi-
linear regime.
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Coulomb Collisional Processes

Coulomb collisions provide the irreducible minimum transport in
magnetically confined plasmas. The Coulomb collision operator is a second-
order differential operator in velocity space of the Fokker-Planck type.
Elaborate two-dimensional (the gyrophase angle is averaged out) computer
codes have been developed over the past decade to solve for the distribution
function in the presence of collisions and various velocity space loss regions.
Also, the collisional scattering rates into loss cones, over potential barriers, and
into pumped regions of velocity space, have been calculated analytically. When
there are not substantial loss regions in velocity space, as for example in most
toroidally confined plasmas, the distribution function becomes nearly
Maxwellian and the spatial gradients of density and temperature provide the
forces that are related through an Onsager matrix of transport coefficients to the
particle and heat fluxes in the plasma. To calculate the transport coefficients in
magnetized toroidal plasmas, account is taken of the gyromotion (classical
transport) and bounce and drift motions (neoclassical transport) of the nearly
collisionless plasmas.

Macroscopic Equilibria

In plasma physics a system is said to be in macroscopic equilibrium when
the forces on the plasma are in balance. Usually such force balance equilibria
are calculated in an ideal magnetohydrodynamics (MHD) model. Two-
dimensional magnetized plasma equilibria can often be calculated analytically,
but fully three-dimensional high-pressure equilibria usually are calculated
numerically or utilizing expansion parameters, usually weak toroidicity or long-
thin cylinder approximations. In addition, recently some primarily numerical
models have been developed for anisotropic-pressure (perpendicular pressure
different from that parallel to magnetic field) MHD equilibria, such as those
occurring in tandem-mirror systems.

Macroscopic Instabilities—Ideal Magnetohydrodynamics

When a plasma is placed on a "magnetic hill," it often develops a
collective instability of the Rayleigh-Taylor type that allows it to fall off the hill
at a very rapid (hydromagnetic or sound speed) rate. Magnetically confined
plasmas are usually stabilized against such rapid losses by putting them in
magnetic wells of an absolute or average (over the
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length of a field line) type. For the most common average magnetic wells an
additional complication called a ballooning instability can arise. Here, for
sufficiently high plasma pressures the plasma can collectively balloon in local
magnetic-hill regions and can, at least theoretically, thereby escape the plasma-
confinement region. Finally, in toroidal magnetic-confinement devices the
plasma can kink into helical distortions of the original equilibria and again
avoid confinement. Extensive and elaborate computer codes have been
developed for investigating these possible macroinstabilities of confined
plasmas.

Macroscopic Instabilities—Resistive Magnetohydrodynamics

In toroidal magnetic-confinement systems, magnetic field lines can close
back on themselves after an integer number of transits around the torus, thereby
forming a rational surface. The finite (i.e., nonzero) resistivity of real, slightly
collisional tokamak plasmas of current interest often allows collective plasma
instabilities of a kink-tearing type to form near the low-order (i.e., ratios of
small integers) rational surfaces. Such collective instabilities cause magnetic
islands to occur at the rational surface and to grow in width linearly with time.
Since these collective modes play such a central role in the macroscopically
observable behavior of tokamak discharges, a number of precise nonlinear
computer codes have been developed to model them, and the code predictions
have been compared in great detail with experimental observations. In general
they correlate very well and are among the best examples of nonlinear plasma
phenomena that are well diagnosed and understood.

Microscopic (Kinetic) Instabilities and Turbulent Transport

When the macroscopic collective plasma instabilities have been eliminated
or their effects limited through careful tailoring of the magnetic-confinement
system, there still remain more microscopic collective instabilities that can relax
the sources of free energy (such as loss-cones and pressure gradients) in the
plasma more rapidly than Coulomb collisional processes. The microscopic
instabilities usually are derived from fully kinetic rather than fluid theories. In
open-ended magnetic-confinement devices (e.g., magnetic mirrors) the empty
loss cone in velocity space has been found to drive a wide variety of
microinstabilities. These modes generally have frequencies near the ion-
cyclotron frequency, so that the modes can tap the loss-cone source of free
energy by destroying the constancy of the ion magnetic
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moment. Correlation of numerical calculations of the quasi-linear (lowest-order
nonlinear) effects of loss-cone modes with experimental results have generally
confirmed the veracity of the theoretical models for these types of
microinstabilities and the greatly increased loss rates they cause. In toroidal
plasmas the density and temperature gradients provide the source of free energy
for drift-wave-type microinstabilities in which the wave frequency is of the
order of the Doppler-shifted frequency owing to the diamagnetic flows in the
plasma. The expansion-free energy is tapped via additional effects that are due
to finite ion gyroradii, including toroidal trapping of particles, toroidal drifts,
and finite collisionality relative to the bounce motion. There has been extensive
development of linear drift-wave instability theory toward making it applicable
to plasmas confined in present tokamak experiments. Also, a number of
nonlinear models (such as weak turbulence, strong turbulence, mode coupling,
and the direct interaction approximation) of drift-wave turbulence and its effect
on plasma transport have been developed. While some of these models seem to
be on the right track, in that they can clarify a number of generic features of
anomalous transport, there is not yet any fully satisfactory theoretical model of
the anomalous radial electron heat transport process in tokamaks.

Summary

Over the last decade, theoretical and computational tools for understanding
plasma confinement and heating in magnetic systems have developed
tremendously, to the level where they can now, at least in many areas (Coulomb
collisional effects, equilibrium, ideal and resistive MHD global modes) closely
model the experimental observations with most of the important physical
phenomena included. However, turbulent phenomena within the plasma, and
the transport they induce, remain the major unresolved issues.

ATOMIC PHYSICS IN (AND FOR) PLASMAS

The importance of atomic processes in plasmas has grown with the
advances in general plasma research. Several of these advances, in turn, became
possible, e.g., through the development of intense neutral beams for plasma
heating, i.e., via applications of atomic-physics methods. Much of the early
progress in laboratory plasma physics evolved from gaseous electronics
research in which a multitude of atomic and molecular reactions were
investigated; likewise, major
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advances in fusion research and radiation-source development have strong roots
in the study of atomic collisions and spectroscopy. Atomic physicists continue
to be motivated in their research by these various challenging applications and
by the great need for better atomic data in astrophysical research. There is also a
symbiotic relationship between basic atomic-physics research and plasma
physics because high-temperature plasma devices facilitate the study of highly
ionized atoms.

Examples of research areas that developed substantially in the early 1970s
are analysis of atomic spectra from highly stripped metallic impurity elements,
measurements of electron-ion collisional rate coefficients for ionization and
recombination and corresponding calculations, detailed line radiation loss
calculations for candidate materials as limiters in tokamaks, calculations of
Stark broadened x-ray lines for inertial fusion density diagnostics, and
investigations of schemes for laboratory x-ray lasers. Considerable progress was
made in calculations of emission and absorption spectra of dense high-
temperature plasmas, both for diagnostics and for energetics.

Recent Progress

Self-consistent calculations of plasma hydrodynamics and atomic radiation
have become possible and are of great value in laser fusion research and in
developing intense radiation sources. Improved diagnostics of magnetic fusion
plasmas were obtained by the use of newly measured magnetic dipole
transitions in highly ionized iron group elements. Charge exchange from
hydrogen into highly excited states of impurity ions has opened new
possibilities for spatially resolved spectroscopic measurements in tokamaks.
Results from plasma and crossed-beam experiments along with numerous
calculations begin to provide a quantitative knowledge of dielectronic
recombination. (This process tends to balance electron-ion collisional ionization
of impurities in most high-temperature plasmas.) Crossed-beam measurements
have become available to check the calculations of excitation cross sections for
complex ions of low charge states, while plasma measurements of excitation
rate coefficients were made for ions up to Fe!%*,

Various high-power plasma devices for the generation of intense x-ray
radiation were made operational and have become test beds for the study of
high-density effects on atomic radiation. Computer simulations and laboratory
experiments on x-ray laser schemes have advanced to considerable complexity.
Much experimental evidence for population inversion was obtained, and there
were some reports of net
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gain in laboratory work at high plasma densities for photon energies up to 200
eVvV.

Outstanding Research Problems

Theoretical and experimental research leading to a self-consistent
treatment of collisional and radiative interactions in dense plasmas containing
highly but not completely stripped ions is required to provide sound foundations
for several important applications in radiation-plasma dynamics. Effects caused
by ion-ion collisions, including highly excited ions, on the overall dielectronic
recombination need further study to supplement experimental work. The
physics of electron collisional ionization must be more fully understood in order
to develop reliable calculational tools. The importance of resonances in electron-
ion scattering on rate coefficients is still to be assessed.

Cross-section measurements for excitation, ionization, and dielectronic
recombination should be extended to more highly ionized atoms. Quantitative
spectroscopy on well-diagnosed plasmas must be performed to test the validity
of the corresponding atomic data base and reaction kinetics in real plasmas.
Specifically for x-ray laser research on line pumping schemes, precision
measurements of line coincidences and determinations of line shifts and widths
at high-density plasma conditions are essential. Experiments designed to test
reaction kinetics and to determine pump line intensities are needed as well.
Corresponding investigations should be undertaken for other pumping schemes.
The most promising laboratory x-ray laser scheme should then be selected and
be pursued vigorously to demonstrate significant gain.

For the magnetic fusion program, sources will have to be developed to
produce neutral beams of energies =5(M) keV. Also, there is a great need for
magnetic-field diagnostics, which could perhaps be met, for example, by laser
spectroscopy of Zeeman effects in probe-beam atoms or ions.

Recommendations

Having concluded that understanding of radiation and other atomic
processes in high-density, high-temperature plasmas is an interesting scientific
as well as important technological goal, the main recommendations are as
follows:

 Establish a center for radiation physics to provide a national focus
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for research on modifications in atomic properties introduced by the
presence of plasma.

* Set up a national computer data base for atomic properties. Such a truly
comprehensive effort would require close cooperation among several
federal agencies and ingenuity transcending that usually found in data
library construction.

* Provide a dedicated facility for x-ray laser research to accelerate
substantially laboratory research in this exciting area. Most likely this
facility would be centered around a high-power laser, but other high-
power plasma devices should be considered as well.

* Encourage the full utilization of national experimental or theoretical
users facilities (Texas Tokamak TEXT, University of Rochester Laser
Facility, Magnetic Fusion Energy Computer Center) to optimize the
research obtainable from limited resources.

* Improve communications and encourage collaborations between
plasma and atomic physicists.

Training

Basic atomic physics is actively pursued at many universities, typically by
groups consisting of a single professor, a postdoctoral fellow, and one or two
doctoral candidates, and at several national laboratories. Most often students
emerge as highly specialized young scientists with little sense of the
ramifications of their subjects on the broader applications, e.g., in defense or
energy research. Postdoctoral research experience at one of the laboratories,
centers, or national facilities would help considerably in providing the cross-
fertilization required for productive research in the various applications. Closer
collaboration among scientists in various disciplines is desirable, e.g., physics
and astronomy departments could offer jointly atomic-physics and spectroscopy
courses and could coordinate corresponding research. Course offerings should
be re-examined to provide instruction in appropriate areas, e.g., in atomic
structure theory, which has almost disappeared from the academic scene but
may be important enough to be reintroduced into the curriculum. Closer
collaboration between national laboratories and universities would heighten the
awareness for such opportunities.

It is estimated that about 200 scientists in the United States are engaged in
atomic physics closely related to plasma research. This is of the order of 10
percent of the entire atomic-physics community in the United States. To provide
for the anticipated growth in plasma-related atomic-physics research, small
increases in the fraction of new Ph.D.s
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going into high-density, high-temperature plasma research would be sufficient,
provided that postdoctoral training is improved.

Funding Levels

The total federal funding level for atomic physics in and for plasmas,
adjusted for inflation, has been approximately constant in the past 10 years and
is at present estimated at $20 million nationally. Of this amount, well over half
is available in national laboratories and at most 20 percent each in universities
and industrial laboratories.

Recommended Funding Levels

In view of the critical importance and strong leverage of atomic physics in
plasma research, a significant increase over present funding levels is
recommended. Such increases should permit the establishment of the
recommended new centers and facilities and a gradual increase in currently
funded research and funding of promising new departures.

PLASMA DIAGNOSTICS

Measurement provides the basis for physical knowledge, and the
techniques for measuring the properties of plasmas, generally referred to as
plasma diagnostics, have played a critical role in advancing our knowledge of
plasma physics and achieving the conditions required for fusion. The problems
of measuring the properties of a plasma, for example density and temperature,
are great, literally astronomical. The reason is that the extreme temperatures
constrain one to observe from the outside, well removed from the hot gas itself.
The techniques include those of classical astronomy: that is, passively
observing the radiation from the plasma, both electromagnetic, over the full
range of frequencies from radio to x-ray, and particle diagnostics. In addition,
one can direct beams of electromagnetic or even particle beams into the plasma
and examine the response, which is the method of several powerful diagnostic
techniques. Nevertheless, the task of determining with strictly noninvasive
techniques the many significant plasma parameters that are varying in complex
spatial and temporal patterns remains a formidable challenge.

To characterize the state of the plasma and evaluate progress toward the
temperatures, densities, and energy confinement times required for fusion,
many observations are required. Measurements of the temper
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atures of electrons and ions, of the densities of various ions other than
hydrogen, of the currents and electric and magnetic fields within the plasma,
and of the drift or rotation velocities are all needed.

Since a hot plasma at a temperature of millions of degrees is necessarily
far from thermal equilibrium with its surroundings, processes to heat the plasma
are essential, and transport processes, processes that seek to cool the plasma to
the temperature of the surroundings, will certainly occur. Understanding these
processes is vital, and they are often found to involve instabilities, fluctuations,
and turbulence. This requires techniques for measuring the variations in
parameters, density, temperature, and fields, over the broad range of spatial and
temporal scales that characterize these several processes.

This constitutes a demand for an immense breadth and depth of diagnostic
techniques. The problems and techniques are common to most magnetically
confined plasmas. Diagnostics are always optimized for the parameters of each
experiment, certain types of measurement are more important for some
confinement geometries than others, and a few techniques are unique to
particular types of devices. However, most basic measuring techniques are
broadly applicable, and it suffices for this perspective to treat measurements on
such devices as tokamaks, mirrors, and pinches together.

We have made remarkable progress in this task within the past two
decades. At the start of this period, our techniques were truly rudimentary.
Metal probes were a major diagnostic, restricted to cold, low-density, or short-
lived plasmas. For hotter, higher-density plasmas, one could measure the
density by interferometry but otherwise could not characterize the interior of a
hot plasma in detail.

As recently as a decade ago, hot plasmas could only be grossly described.
Diagnostics were restricted to providing a few numbers, such as peak or
average density and temperature, and perhaps a total energy confinement time
to quantify the effectiveness of magnetic containment. There was little spatial or
temporal detail or basis for inferring the processes that determined the densities
and temperatures observed. Great improvements have been made over the past
decade in each of these respects. Techniques with greater accuracy and better
resolution have been developed for each quantity and combined in a panoply of
diagnostics to give a comprehensive, composite picture of a plasma. There have
been few singular events to dramatize our progress, but rather a continuing
series of developments and improvements that only in retrospect can be
recognized for the truly momentous advances that they constitute.
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Laser Scattering

Foremost among diagnostic developments over the past 20 years has been
the establishment of Thomson scattering as a universal standard for determining
electron temperature. Made possible by the development of high-power lasers,
this physically simple scattering from individual electrons in the plasma has
provided straightforward and indisputable measurements of one of the most
important plasma properties. Historically, it furnished the first proof that
tokamaks of modest size confined hot (several million degrees) plasma, thus
starting the succession of larger devices, which have now virtually reached
fusion temperatures. Thomson scattering is the benchmark for temperature
measurements in all devices. Over the last decade, the technique has been
developed from a difficult measurement at a single point in space and time to an
almost routine measurement of temperature simultaneously at many points,
often giving an entire spatial profile.

Microwave Interferometry

Measurements of density have also improved steadily with the
development of shorter-wavelength microwave and far-infrared interferometers.
These have extended the measurements to higher density and finer spatial
resolution.

Spectroscopy

Spectroscopy has always been an important plasma diagnostic technique,
common to laboratory as well as astronomical plasmas, especially solar physics.
The techniques had long been well established for cooler plasmas (much less
than one million degrees), but the last decade has seen a great development in
capability for spectroscopic measurements in hot plasma. Two sorts of
information are generally sought spectroscopically. The first is impurity
concentration—the density of ions aside from hydrogen—and the second is the
inferences that can be drawn from the Doppler effect on-line shape—the
temperature and velocity of the ion. Among the major developments in the past
decade have been the discovery and cataloging of comparatively strong
forbidden magnetic dipole lines in the spectra of highly ionized impurities.
These lines are useful because they fall in the visible range of wavelengths,
permitting all the established apparatuses and techniques to be applied to the
high ionization states found in hot plasmas.
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(The more usual allowed transitions, the counterparts of those observed in
cooler plasmas, fall in the vacuum-ultraviolet to x-ray range in hot plasmas
where instruments are more complex and have less resolution.) By using these
forbidden lines, Doppler measurements of ion temperatures approaching 100
million degrees have been possible, as well as measurements of plasma drift
and rotation. Significant developments in instrumentation have also been made,
especially at ultraviolet and x-ray wavelengths. Imaging spectrometers with
multiwavelength detectors combine space, time, and wavelength information.
The spatial distribution of an impurity ion, an ion temperature, or a drift
velocity can be obtained from a single observation.

Charge Exchange

Besides measuring ion temperature by Doppler broadening, the traditional
method of charge exchange has been refined and improved over the past
decade. The principle is simple. Although the hydrogen in a hot plasma is
nearly all ionized, a trace of neutral gas measured in parts per million remains.
A neutral may exchange its electron with a hot ion, and the resulting energetic
neutral, no longer confined by the magnetic field, may escape the plasma.
Analysis of the energy of these neutrals indicates the temperature of the
confined, hot ions. The instrumentation for these measurements has been
improved greatly to detect emerging neutrals at all energies simultaneously,
giving immediately the entire ion energy spectrum. This has complemented the
major effort to heat plasmas by injecting energetic neutral beams. The charge-
exchange diagnostics have documented our thorough understanding of beam
penetration and transfer of energy from the beam to the plasma. In reciprocal
fashion, injected neutral beams have proven to be a valuable diagnostic in their
own right, a capability that is only now being developed fully. Attenuation of
the beam as it passes through the plasma gives valuable information, the
augmentation of the charge-exchange signal by the injected neutrals gives ion
temperatures with superior spatial resolution, and the neutrals drive charge-
exchange reactions with impurity ions in the plasma, which have opened new
possibilities for spectroscopic diagnostics with unique spatial resolution.

Neutrons and Alpha Particles

Another major diagnostic development of the last decade has been
occasioned by the fusion reaction itself. As temperatures have ap

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

GENERAL PLASMA PHYSICS 132

proached those required for fusion power, deuterium discharges have begun to
produce detectable fusion. The energy spectrum of the emerging alpha particles
in mirror machines has been most informative, and the production of neutrons is
used generally to infer ion temperatures. Developing capability to measure the
energy spectra of the neutrons is providing more-certain measurements.

Blackbody and Plasma-Well Interactions

Reflecting the steady increase in sophistication of diagnostics have been
developments like the demonstration that many plasmas behave as blackbodies
at the electron cyclotron frequency, making a simple measurement of electron
temperature possible. Techniques from surface physics have been adapted to
study the interaction of plasma with the walls of the vacuum vessel and the
introduction of impurities into the plasma. Broadband measurements of the total
radiation from the plasma have been combined with various other diagnostics to
allow detailed analyses of energy flows within a plasma. In the best cases,
diagnostics are now sufficiently complete to imply values for transport rates, the
thermal conductivities of ions and electrons in a particular experiment.

Heavy-Ion Diagnostics

One of the most obvious characteristic parameters of an electrically
conducting medium like a plasma is the electric potential or electric field within
the medium, but this has been notoriously difficult to determine for hot plasmas.
One technique, the use of an energetic heavy ion beam, has been developed
within the past 5 years and demonstrated on mirror machines and some other
devices. Much more is expected from this diagnostic in the next decade.

Time-Resolved Plasma Activity

All of these diagnostics describe the equilibrium state of the plasma,
including such parameters as the densities and temperatures of the components,
with spatial resolution but on a time scale that is characteristic of the
equilibrium. They do not reveal variations on a rapid time or spatial scale, yet
we know such variations are phenomena of major importance in plasmas.
Experimentally, fluctuations of some sort are seen in nearly every type of
plasma. Theoretically, every plasma configuration seems subject to some sort of
linear instability,
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which may limit or destroy the plasma or evolve into some nonlinear turbulent
state. These are presumably among the processes that determine the
effectiveness of energy confinement in a particular configuration. Such
fluctuations and instabilities have been detected in many ways. In the easiest
cases, they can be seen as oscillations in the magnetic field outside the plasma
or they are coupled to an electromagnetic wave, which can propagate through
the plasma and be detected outside. A serendipitous indication of internal
plasma oscillations was provided by simple x-ray detectors on tokamaks in
1974. The detectors are sensitive principally to temperature variations, and their
application to tokamaks, coupled with analysis methods akin to those for the
tomographs that have revolutionized medical x-ray diagnosis, have produced
images of highly complex modes within the plasma that evolve on times of
milliseconds.

Scattering from Collective Fluctuations

A systematic and versatile method of observing density variations within
the plasma is to scatter an electromagnetic wave from the fluctuations. Using a
laser source, sufficient scattered signal can be obtained. In principle, the
frequency, wavelength, and intensity of fluctuations in a chosen region of
plasma can all be obtained by this method. Unfortunately, the several
constraints for the application of the method have required the use of
submillimeter microwaves (far infrared) for many plasmas of interest.
Exploitation has waited the development of suitable laser sources and detector
technology within the last few years. Its potential is just beginning to be realized.

Data Acquisition and Instrumentation

A crucial technological development that underlies all of these diagnostics
has been the commercial development of advanced computerized data-
acquisition and- processing systems over the last decade. Although one could
imagine implementing any one of these diagnostics, albeit with difficulty,
without computers, computerized systems are essential for combining
diagnostics to give a complete characterization of the plasma in any major
device. The volume of data and the sophistication of analysis required to obtain
intelligible results from the raw data both require computers. The consequences
for experimental operation and physical understanding have been immense.
Immediate processing provides a characterization of the plasma that makes
possible far more intelligent and productive opera
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tion of the whole experiment. It also permits each diagnostic to be optimized
quickly, and makes even subtle malfunctions quickly apparent. Compared with
experiments a decade ago, more data, by several orders of magnitude, are
collected per day of experimental operation. Furthermore, a larger fraction is
analyzed to yield useful results. Although this section concerns the
developments in plasma diagnostics for magnetic fusion, we should mention
that a comparable fraction of the inertial fusion effort is also devoted to
diagnostics. In inertial fusion, x-ray microscopy and x-ray and particle
spectrometers are the principal techniques, and these have been developed to a
high degree of sophistication.

Advances in picosecond streak cameras have been inspired by the need for
extreme time resolution. Perhaps the most impressive accomplishment,
however, was the use of microscopic zone plates to focus the alpha-particle
products of a laser-induced implosion, showing that true DT fusion indeed took
place.

Desiderata

As impressive as our gains in diagnostic capability and consequent
understanding have been, they often serve to underscore those areas where
improvement is needed. Several important plasma parameters still elude
measurement, and novel, innovative methods for their measurement remain to
be devised. At the top of this list are local current density and magnetic field
within a plasma, for which measurements of both average and fluctuating
quantities are sorely needed. A technique to measure the electron velocity
distribution function would be extremely useful, as would a more generally
applicable method for measuring plasma potential and electric field, the heavy-
ion-beam probe being impractical for many plasmas.

In addition to completely new diagnostics, new methods or extensions of
present methods to give improved spatial and temporal resolution are needed
for all plasma parameters. The ideal diagnostic would measure a given
parameter, e.g., electron temperature, at each point and time throughout an
experiment. Instead, we are able to determine only a limited set of such data.
The striving to this ideal is not purely academic; every time we have made an
improvement in measuring capability, we have discovered new phenomena and
deepened our understanding. Areas that are almost certain to be fruitful in this
regard include better measurements of the fluctuations of turbulence in plasmas
and more accurate, fine-grain measurements of the spatial variations of density
and temperature, for it is the gradients in
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the quantities that presumably determine the efficiency of energy confinement.

To advance our knowledge of plasmas and make effective use of major
fusion experiments to establish a firm scientific basis for fusion power, we
recommend three policies:

* Greater effort be devoted to the development of specific novel and
improved diagnostic methods. Most often diagnostics are developed
for a specific experiment and only to the minimal extent required.
Novel diagnostics can be difficult to support if they lack immediate
application to a specific experiment. One example, but by no means
the only one, of techniques with great and diverse diagnostic promise
are those stemming from the development of improved far-infrared
technology.

* Higher priority be given diagnostics during the planning and
construction of experimental facilities. Historically, diagnostics have
not always been planned with a device or have been deferred during
construction to make costs appear to be within budget. As a result,
machines often begin with limited capability and are delayed in
reaching their full potential. The essential role of diagnostics and their
development must be fully appreciated.

» Additional effort be devoted to computerized data systems to cope with
the rapidly expanding capabilities required. CAMAC has been
accepted as a de facto standard in all major laboratories, but much
more development and standardization for both hardware and software
is required to provide the capabilities required for the future without
duplication and great waste of resources. Extant and foreseeable
diagnostics will make it possible to produce greatly increased amounts
of useful data from experiments in the coming decade. More
systematic approaches will be required to manage this information.

The actual expenditures for diagnostics over the past decade cannot be
realistically isolated. The only budget specifically allocated to diagnostic
development is a small program within the Division of Applied Plasma Physics
in the Office of Fusion Energy (DOE). This is currently funded at a level of $5
million per year and has totaled little more than $30 million over the past 10
years. It represents only a small fraction of the effort devoted to diagnostics.
Most diagnostics are funded quite properly as part of the construction and
operation of the experiment to which they are attached; no separate budget
figures can be extracted. The development, fabrication, operation, and
incremental improvements in a typical diagnostic are inextricably associated
with the total experimental operation. This has been a very desirable
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modus operandi, for it ensures that diagnostics are practical, usable, and utilized
on experiments. It should be complemented and supplemented by an increased
effort, independent of specific devices, devoted to diagnostics that require
longer development before being ready for application to experiments and to
diagnostic and computer developments, which should be generally applicable or
standardized.

STRONGLY COUPLED PLASMA PHYSICS

A strongly coupled plasma is a form of dense ionized matter in which
coulombic correlations among the charged particles determine bulk and
dynamic properties. The interaction coupling parameter defined as the ratio of
the average coulomb potential energy between particles to the average kinetic
energy for such a plasma is greater than unity and for some systems much
greater than unity. This degree of coupling is in marked contrast to the more
commonly studied laboratory plasmas, which are low density and weakly
coupled. A strongly coupled plasma thus is a fluid that resembles a neutral
electrically conducting liquid. At sufficiently high density the coulombic
correlations become so strong that the fluid undergoes a first-order phase
transition to a lattice.

Much of the matter in the universe is in the strongly coupled plasma state
since stellar interiors are highly ionized and often at very high density. Physical
systems that may be described as strongly coupled plasmas include the
following:

(i) Inertial-confinement fusion targets compressed by lasers;
(i) Interiors of large planets;
(iii) Stars in late stages of evolution, e.g., red giants;
(iv) Liquid metals;
(v) White dwarf interiors; and
(vi) Neutron star crusts.

History

It was recognized some decades ago that matter at extreme densities has a
significant limiting form in which the electrons because of the large Fermi
energy become nearly uniform in density. In this limit, one will have a system
of heavy (hence classical) ions or nuclei moving in a background of electrons
that provide electrical neutrality and stability due to the large electronic
pressure. For ionic matter formed from a single element and a neutralizing
background of electrons this limit is called the one-component classical plasma
(OCP). It has been the
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subject of intense analytic and numerical study since it is the prototype strongly
coupled plasma and is essential for understanding the properties of the physical
systems mentioned above. In the universe the OCP limit is approached only in
white dwarf star interiors, and thus it is difficult to reach for experiments on the
Earth. Conceptually the OCP limit, however, plays the same role for strongly
coupled plasmas that the hard-sphere fluid plays for the theory of neutral liquids.

Cluster expansion methods used for dense gases and liquid-state theory
proved in the 1960s to be not particularly useful for strongly coupled plasmas,
and numerical simulation methods were developed. In 1966, the availability of
large computers at the Lawrence Livermore Laboratory made it possible to
carry out the first detailed study of the OCP fluid state and to give some hint of
the phase transition. The Monte Carlo method was used. In this procedure a few
hundred charged particles are moved randomly in a three-dimensional cell in a
manner to give average thermodynamic properties equivalent to the canonical
ensemble of statistical mechanics. The simulation process gives numerical
results for the coulombic interaction energy and the pair distribution function.
The data thus obtained should be regarded as the results of numerical
experiments, which are subject to problems typical of real experiments.
Although the numerical simulation methods are slow and expensive, the data
obtained have been invaluable and have spurred major theoretical
understanding of the properties of the OCP and related strongly coupled
coulombic systems.

The OCP equation of state was applied to white dwarf star structure
calculations and gave rise to the suggestion that the center of these stars might
be crystallized. The OCP pair distribution data were Fourier analyzed to give
the OCP plasma structure factor, which was then used in realistic calculations
of various transport properties such as diffusion, electrical conductivity, thermal
conductivity, and viscosity. Applications of the OCP results were made to red
giant stars and to calculations of dense plasmas that it was hoped would be
produced in inertial-confinement fusion targets. In 1973, the OCP data from the
Monte Carlo study were used to improve significantly the theory of
thermonuclear reaction rates in stars. In the early 1970s the Monte Carlo
method was extended away from the OCP limit to allow the neutralizing
electrons to be treated as a polarizable fluid that partially screens each ion. This
simulation gave rise to a much better understanding of the evolution and
structure of Jupiter.

The availability of good numerical experiments for the OCP fluid spurred
efforts to use the integral equations of liquid-state theory to the OCP and related
strongly coupled plasmas. The hyper-netted chain
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(HNC) equation was solved to great accuracy in 1974, and the results were
found to be remarkably close to the Monte Carlo results. The integral equation
approach is advantageous because it is about a thousand times faster than the
more exact simulation methods. In fact for numerous applications it was found
that the HNC results were adequate for practical calculations of the equation of
state of ionic mixtures and for electrical conductivity.

In the late 1970s, it was found experimentally that electrons could be
trapped on the surface of liquid helium and thus confined to motion on a two-
dimensional surface. It was found that the electron density could be increased
so that the resulting two-dimensional plasma could be produced in weak
coupling and then as a strongly coupled plasma, which finally exhibited a two-
dimensional phase transition. This system was particularly interesting since it
provided a clean method of studying strong coulombic correlations, albeit in
two dimensions. Two-dimensional Monte Carlo simulations were carried out
for both the fluid and solid phases, and the density for the phase transition was
found to be in good agreement with the experimental observation. As in the
three-dimensional case, the HNC equation was applied to the two-dimensional
electrons and was found to be in good agreement with the more expensive
numerical simulations.

Recent Progress

At the Livermore and Los Alamos Laboratories the Monte Carlo
simulation technique has been very much refined. The availability of the Cray
computers, currently the world's largest, made it possible to study the OCP fluid
and solid phases with simulations involving up to a thousand particles and tens
of millions of configurations to be averaged. This is a model involving heavy
(classical) ions moving in a nearly uniform density background of electrons.
The internal energy results are good to four- and five-figure accuracy, and the
pair distribution function is known everywhere to better than a fraction of 1
percent. The OCP thermodynamic functions are now known better than those
for any other simple liquid, including even the well-studied hard-sphere system.

With the very exact Monte Carlo results as a guide the HNC equation was
modified by the inclusion of an approximate bridge graph function. This is an
integral equation approach to the problem that computes more rapidly (by a
factor of 10%). When solved numerically, the internal energy from this equation
agrees with the Monte Carlo results to within the level of the Monte Carlo
noise. This is a

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

GENERAL PLASMA PHYSICS 139

remarkable agreement of a theoretical liquid-state calculation with numerical
experiment, which opens the way for a wide variety of quantitative calculations
of thermodynamic properties and transport properties of dense partially ionized
plasmas and liquid metals.

Spectral lines emitted by highly compressed targets in laser fusion
experiments have provided another significant and useful connection between
theory and experiment. At the densities and temperatures reached in these
compression experiments, elements such as argon are ionized to the point that
only one or two electrons are still bound. Thus it is now possible to study
spectral lines from hydrogenic and helium-like argon. These lines are in the x-
ray region and are broadened by the Stark effect owing to neighboring ions in
the plasma. A by-product of the Monte Carlo simulation of the OCP has been
an easy calculation of the electric microfield distribution needed for the
calculation of spectral line shapes. The experimental measurement of several
lines of the Lyman series has given a reasonable test of current line-broadening
theories and the usefulness of the Monte Carlo microfield for predicting spectral
line shapes from highly ionized strongly coupled plasmas.

Outlook for the Next 10 Years

Future improvement on present-day understanding of ionic matter will
probably come about by a fully quantum treatment of strongly coupled plasmas.
Considerable progress has already been made on the quantum many-body
problem at zero temperature, and the properties of the electron gas at 7= 0 have
been computed. Work is proceeding rapidly on electron and proton systems,
e.g., hydrogen, and it is expected that a detailed understanding of the formation
of metallic hydrogen at high pressure will result. The next stage of this kind of
investigation will require practical computing procedures for the quantum
treatment of electrons and point nuclei at finite temperature, as for example,
using the Feynman path integral method. As with the classical numerical
simulation methods, the quantum plasma simulations will be costly and time-
consuming numerical experiments.

Clearly, strongly coupled plasma physics is an important area of research
because of its astrophysical applications and technological applications. The
level of research in this area is increasing rapidly in several countries around the
world, and U.S. leadership is by no means assured during the 1980s. In the
United States much of the important work in this field is done at national
laboratories because of the availability of large computers and large laser
systems. Only a few American universities have good research efforts where
students can
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gain experience with established researchers. In spite of the U.S. advantage in
large computers, a French group continues to make fundamental advances in
both computation and basic theory. Several groups in Japan are attacking
problems in strongly coupled plasmas such as simulations on liquid metals,
laser-produced plasmas, and transport calculations for astrophysical plasmas.
With the advent of the new Japanese supercomputers, it is certain that
researchers in possession of such computers, for example the Japanese groups,
will become leaders in numerical simulation with both classical and quantum
methods. For the United States to continue to make significant contributions to
strongly coupled plasma phenomena, it would be advisable to strengthen
support for this area of physics in U.S. universities.

NONNEUTRAL PLASMAS

A nonneutral plasma is a collection of charges that satisfy the usual many-
body criterion to be a plasma but in which there is not overall charge neutrality.
These systems usually have intense self-electric fields and may also have
intense self-magnetic fields. They are called plasmas, even though they are not
charge neutral, because they exhibit many of the collective phenomena
characteristic of a neutral plasma. For example, many types of waves that are
supported by a neutral plasma have nearly identical counterparts in nonneutral
plasmas. For example, nonneutral plasmas exhibit the phenomena of Debye
shielding, that is, the plasma particles act collectively to cancel (or shield) the
field of an extra charge placed in the plasma.

Nonneutral plasmas in the form of electron beams have been used in
applications such as microwave-generating devices for many years (see section
on Coherent Free-Electron Radiation Sources), but it was only within the last
decade that nonneutral plasma physics was recognized as a separate subfield.
Theoretical foundations of the subject were provided by many papers written in
the 1960s. At the beginning of the 1970s, interest was stimulated by several
experimental programs—on toroidal confinement at the AVCO Corporation and
on mirror confinement at the University of Maryland. In both cases confinement
times of about 10 ms were reported.

During the 1970s, theoretical studies continued on equilibria and stability
for confinement in various magnetic field configurations and for relativistic as
well as nonrelativistic plasma, the analysis of waves, and the development of
transport theories. The experimental studies at AVCO and the University of
Maryland terminated. Further studies of
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magnetic confinement were carried out at Maxwell Laboratories, Inc., and the
University of California, Irvine (UCI). A new experiment on a hybrid
confinement system (Penning trap) was started at University of California, San
Diego (UCSD). In the pure magnetic confinement experiments magnetic
compression always produced a plasma of high density (n ~10'°-10!' cm?) and
high temperature (10%-10° eV). In the hybrid trap with confinement by
electrostatic fields in one direction and magnetic fields in the other directions,
densities are typically of order 107-10% cm™ and the temperature is less than 1
eV. The pure electron plasma experiments are very clean and yield
experimental data of high precision compared with conventional plasma
experiments where ions because of their large mass create substantial
difficulties for experiments and theory. Similar remarks apply to experiments
with a small density of ions compared with the electron density. At present,
experimental programs on the physics of nonneutral plasmas exist at UCSD,
UCI, University of California, Los Angeles, and the University of North
Carolina.

Although nonneutral plasmas have many properties in common with
neutral plasmas, there are some interesting differences. For example, a
nonneutral plasma consisting of only electrons (or only ions) can be confined
forever, at least in principle, and this is definitely not the case for a neutral
plasma. In confinement geometries for which the confining electric and
magnetic fields have cylindrical symmetry, general stability and confinement
theorems prove that a pure electron plasma (or a pure ion plasma) simply
cannot escape. Of course, actual confinement systems cannot have perfect
cylindrical symmetry; small construction and field errors or end effects break
the cylindrical symmetry and produce a slow loss of the plasma. Nevertheless,
pure electron plasmas have been confined for periods as long as a day, which is
many orders of magnitude longer than the few second confinement times
characteristic of neutral plasmas. (See Chapter 4.)

Another difference concerns the possibility of cooling a pure electron
plasma to very low temperatures, that is, to a degree or so above absolute zero.
For a pure electron plasma, the electrons cannot recombine with ions to form
atoms (as electrons would in a neutral plasma) since there are no ions in the
confinement regions. Theory predicts that as the temperature of a pure electron
plasma is reduced, the electrons will enter the liquid state and then the crystal
state, that is, one will obtain a pure electron liquid and a pure electron crystal.
An experimental program is under way at UCSD to realize these new states of
matter in the laboratory, and there is preliminary evidence that the liquid state
may have been obtained. Similar experiments are
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being carried out with a pure ion plasma at the National Bureau of Standards
Laboratory in Boulder, Colorado. This general area of research should be quite
exciting in the next few years. Note that this area of research overlaps and
complements studies discussed in the section on Strongly Coupled Plasma
Physics.

Many applications of nonneutral plasmas have developed in the 1970s—to
a large extent the applications are much older and the importance of the
nonneutral plasma was recognized more recently.

For example, it was recognized that in a simple mirror the confinement in
the axial direction is electrostatic; this led to the invention of the tandem mirror
and the further refinement of thermal barriers to reduce thermal conduction
along the field lines.

In the large pulse power machines, the importance of magnetic insulation
was recognized. In a magnetically insulated transmission line, the electric fields
are so large that copious field emission of electrons takes place; however, with
suitable magnetic fields the electrons are confined and do not short out the line.
Magnetic insulation (confinement) plays a central role in power flow and
ultimately limits the concentration of power. It also plays a key role in the
design of ion diodes because the electron flow must be inhibited. The operation
of relativistic magnetrons also depends critically on the principles of magnetic
insulation.

In the development of high-current accelerators, the toroidal confinement
of a pure electron plasma is of central importance and is being studied at NRL
and UCI in programs to develop a modified Betatron.

The electrostatic field of a confined column of electrons can be used to
focus strongly a beam of ions. This is called a Gabor lens and was invented in
1947. Recent experiments at the University of Oregon have focused an
millielectron-volt beam of ions to about 10 m with such a lens. This principle is
central in efforts to develop compact ion accelerators called collective focusing
accelerators; a linear accelerator is being studied at SNL (PULSELAC) and a
cyclic acceleration experiment is under way at UCI (CFIA). (See section on
Collective Focusing Accelerators.)

A radial electric field together with an axial magnetic field can produce
rotation of a plasma column that is much more rapid than a mechanical
centrifuge can achieve. The radial electric field is associated with a nonneutral
plasma. The plasma-arc centrifuge for isotopic separation is being studied at
Yale University.

In summary, the last decade saw the field of nonneutral plasma physics
established and a substantial base of knowledge developed. Techniques were
borrowed from neutral plasma physics, and rapid
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progress was made in understanding many of the similarities between
nonneutral and neutral plasmas. Also, important differences were identified, and
it was realized that some of these offer unique opportunity for interesting
physics research and for useful application. The occurrence of nonneutral
plasma was recognized in many important applications. We expect that plasma
physics will be broadened and enriched by the study and application in the next
decade of nonneutral plasmas.
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4

Fusion Plasma Confinement and Heating

SCOPE AND OBJECTIVES OF FUSION PLASMA RESEARCH

Introduction

Thermonuclear fusion is one of the very few options available that can
provide for mankind's energy needs in the very long term. Based on essentially
inexhaustible (billion-year) fuel reserves of near-zero cost, fusion power is
perceived to offer many advantages over alternatives, such as solar power or the
breeder reactor. Environmentally, fusion has the potential to provide a much
safer system than the breeder reactor, with respect both to the safety of the plant
itself and to all aspects of its fuel cycle: fissionable materials are not involved;
fusion's "ashes" are inert; and radioactivity associated with plant operation can
be minimized and made to be short lived.

Recognition of the major advantages of fusion is reflected in the fact that
fusion has become a major international research effort. There are large fusion
programs in Western Europe, in the Soviet Union, and in Japan (where fusion
has been declared to be a national goal). The U.S. fusion program is recognized
worldwide as being preeminent, largely as a result of a foresighted expansion of
the program about a decade ago. If the present momentum can be maintained,
the United States could also become the world leader in the construction and
deployment of fusion power systems.
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Although the study of naturally occurring high-temperature plasmas is of
considerable scientific interest of itself, it has been the quest for controlled
fusion power that has been the dominant influence on research in plasma
confinement and heating for three decades. Fusion plasmas require very high
temperatures, higher even than the center of the Sun, and must be confined
either by very strong magnetic fields or by compression to ultra-high particle
densities.

The basic theoretical properties of a magnetized plasma, and the conditions
under which thermonuclear power can be released, were fairly well understood
at the outset of fusion research in the early 1950s. In retrospect, however, it is
clear that the experimental difficulties, as well as the vicissitudes of plasma
behavior, were greatly underestimated. By the late-1950s, it became clear that
more basic research would be required before any practical, large-scale fusion
device would be possible. Theoretical efforts directed toward the fundamental
understanding of plasma confinement and heating received high priority, and
these efforts were reinforced by many experiments directed more toward the
development of plasma physics than toward the immediate objective of fusion
power. By the late-1960s, the theoretical understanding of magnetically
confined plasmas had advanced impressively, but there was still no firm
experimental basis for the extrapolation of any magnetic-confinement scheme
to the plasma conditions regarded as being necessary for a practical fusion
reactor.

The prospects for success in fusion research turned dramatically better
toward the end of the 1960s and have improved steadily throughout the 1970s
and early 1980s as a result of the experimental demonstration of high-
temperature, well-confined plasmas in a number of devices in several different
countries. Plasma parameters in some of today's fusion devices are within reach
of those required in an actual reactor. However, while empirical scalings
deduced from these experiments may perhaps prove adequate to bridge the
remaining gap to the reactor regime, the improvement in predictive capabilities
that would result from a more thorough theoretical understanding of the
behavior of confined plasmas—an understanding that has tended to lag behind
the experimental achievements—would greatly enhance confidence in detailed
reactor projections and would aid in the design of the most advantageous fusion
systems.

Progress in the much younger discipline of inertial confinement—which
had its origins in the weapons programs of the 1950s but became a serious
candidate for power production and other civilian applications only in the late
1960s—has been sustained by the remarkable advances that have occurred in
recent years in the development of
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very-high-power lasers and intense beams of energetic particles. In inertial
confinement, these lasers or particle beams are used to compress a tiny pellet of
fusion fuel to ultra-high density; magnetic fields are not involved. Progress in
the science of inertial confinement has been greatly facilitated by the
development of highly sophisticated diagnostic methods, which can make
measurements of physical quantities in microscopic regions of space in times as
short as a trillionth of a second. Whether useful net energy gain can be achieved
by inertial confinement remains uncertain, but the techniques have other
important civilian applications, such as the production of fissile fuel.

The experimental science of plasma confinement now rests on a solid
theoretical understanding of the macroscopic dynamics of nonuniform plasmas.
Indeed, to an ever-increasing extent, important experimental advances in
plasma confinement are the result of some new insight into the theoretical
properties of some particular confinement configuration. This close link
between the physical processes of importance and the geometry of the
confinement configuration is intrinsic to fusion research and implies that any
discussion of progress in fusion must be organized by confinement concept;
such is the approach adopted in this chapter.

Progress in the experimental science of plasma heating has been the result
both of technological advances and of greatly improved understanding of the
microscopic processes underlying the propagation and deposition of energy in
nonuniform plasmas; plasma-heating techniques are relatively insensitive to
geometrical configuration and can often be applied to a number of different
confinement concepts.

Plasma confinement and heating are not the only issues to be resolved
before a practical fusion reactor can be built. However, for the first time in the
history of fusion research, there seems now to be a substantial and reliable
experimental basis for the detailed description of the fundamental scientific
requirements of such a reactor—at least in the case of the magnetic-
confinement approaches.

The Fusion Process

The reaction most likely to be used in a first-generation fusion reactor
brings together the charged nuclei of deuterium (D) and tritium (T), which react
to form an energetic charged nucleus of helium (*He, sometimes called an alpha
particle) and an ultra-energetic neutron (n), according to the relationship

D = T— He (35 MeV) + u(14.1 MeV).

Creation of fusion reactor fuel—a plasma of positively charged deute
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rium and tritium nuclei and neutralizing electrons—is facilitated by the
dissociation of atoms into their electrically charged constituents at temperatures
above 1 electron volt [eV (1 electron volt equals about 10* degrees Celsius)].
However, before the positively charged deuterium and tritium nuclei can fuse,
the electrostatic forces of repulsion between them must be overcome.
Figure 4.1(a) shows that, for the cross section of the D-T reaction to be at its
maximum, the relative kinetic energy of the colliding nuclei (ions) must be
about 100 kiloelectron volts [keV (10° degrees Celsius)]. In a thermal
distribution of ion energies, fusion reactions occur predominantly among the
most energetic (suprathermal) particles; Figure 4.1(b) shows that the reaction
rate reaches a broad maximum for ion temperatures in the range 20 to 100 keV.
In terms of the potential overall energetics of the fusion process, an energy
investment even of 100 keV in each reacting nucleus is quite modest, since the
fusion energy released by each reaction is almost 200 times greater, namely
17.6 million eV [MeV (10'? degrees Celsius)]. In terms of the actual realization
of fusion conditions, however, the requirements are formidable, since the
plasma must not only be heated to a temperature in excess of 10 keV (about 108
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Figure 4.1

(a) The cross section s for various fusion reactions as a function of the relative
energy of the colliding ions. (b) The quantity gv that is a measure of the fusion
reaction rate averaged over thermal distributions of colliding ions, as a
function of ion temperature.
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degrees Celsius), but the energy must also be confined (that is, contained within
the plasma, without being carried to the walls of the containing vessel) for times
long enough for the relatively infrequent fusion reactions to occur.

Eventually, it seems possible that the deuterium-tritium reaction might be
replaced by fusion processes that are more difficult to achieve but have even
more desirable environmental features. For example, use of the deuterium-
deuterium reaction would eliminate the need for regeneration of tritium fuel in
the fusion reactor—by means of a process using lithium compounds that is well
understood, in principle, but that complicates the design of the heat-producing
fusion-reactor "blanket." Another reaction—that between deuterium and
helium-3—is an example of a fusion reaction that releases its energy entirely in
the form of charged particles, rather than neutrons, thereby offering the
possibility, at least in principle, of direct conversion of the fusion energy into
electrical energy. However, Figure 4.1 shows that the cross sections and
reaction rates for these reactions are as much as a factor of 10 lower than those
for the deuterium-tritium reaction.

An important figure of merit for an experimental fusion reactor is the ratio
of the output power derived from the fusion reactions to the input required to
heat the plasma. This ratio, called the energy multiplication factor Q, depends
on the fraction of the hot nuclei that are able to fuse during the time it would
take for the plasma to lose its energy. Since fusion reactions are two-particle
reactions, the (Q-value is found to depend on a confinement parameter
(sometimes called the Lawson parameter), the product of the plasma (electron)
density and the energy confinement time; the O-value depends, of course, also
on the ion temperature. Figure 4.2 shows the requirements for thermalized
break-even (a Q-value of unity for a thermal distribution of reacting particle
energies) in a deuterium-tritium plasma, as a function of the spatially averaged
ion temperature and the confinement parameter. For example, thermalized
breakeven in a plasma with an average ion temperature of 10 keV requires that
the confinement parameter exceed 6 x 10'3 particles per cubic centimeter
seconds.

Approaches to fusion that utilize magnetic confinement divide into two
main classes: (i) those whose goal is a plasma with a density of somewhat more
than 10'* particles per cubic centimeter and a confinement time of about a
second (tokamaks, stellarators, mirrors, and bumpy tori) and (ii) those that have
the potential for much higher-density plasma, typically 10'3 particles per cubic
centimeter or more, with correspondingly reduced requirements on confinement
time, typically a tenth of a second or less (reversed-field pinches, compact
toroids).
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The ion temperature T, and confinement parameter nt required for D-T
ignition, for breakeven in a thermal plasma, and for breakeven in a beam-
driven plasma (beam energy 200 keV). Here, n is the electron density and t the
energy confinement time.

Approaches to fusion that utilize inertial confinement seek to compress a
deuterium-tritium pellet to a density of about 10> particles per cubic centimeter
and to maintain a thermonuclear "burn" at fusion temperatures for about 10 s
before the pellet disassembles.

In the case of the lower-density magnetic approaches, where the plasma
can be penetrated by beams of energetic particles, a significant improvement in
the confinement requirement by almost a factor of 10—can be realized by using
reacting beams of very high-energy to heat the plasma. Figure 4.2 also shows
the requirements for this kind of beam-driven breakeven, for the case where a
trittum plasma is heated by a 200-keV deuterium beam.

On the other hand, the Q-value of a plasma increases rapidly after the
confinement parameter exceeds the break-even threshold, because 20 percent of
the energy produced in fusion reactions between deuterium and tritium is
released in the form of energetic helium nuclei (alpha particles), which can be
retained in the plasma, thereby amplifying the input power available for
heating. Eventually, the fusion reactions become able to maintain the
temperature of the plasma without any input of heating power, and the O-value
becomes infinite; at that point, the plasma is said to be ignited. Figure 4.2 shows
that

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FUSION PLASMA CONFINEMENT AND HEATING 150

ignition of a deuterium-tritium plasma with an average ion temperature of 10
keV requires that the confinement parameter reach 3 x 10'4 particles per cubic
centimeter seconds. At temperatures below 5 keV the fusion reactions are
unable to sustain the plasma temperature against losses of energy by radiation,
with a result that ignition becomes impossible even if the energy carried from
the plasma by conduction and convection is negligible.

From a practical viewpoint, taking into account the efficiency for
conversion of fusion energy into electrical energy and the efficiency of plasma
heating, a fusion reactor can produce useful net power if the O-value lies in the
range 10-20. (In inertial confinement fusion, a pellet-plasma Q-value of a
hundred or more is needed to compensate for driver and implosion
inefficiencies.)

The principal approaches to fusion—magnetic confinement utilizing either
toroidal or mirror magnetic fields and inertial confinement—are illustrated in
Figure 4.3.

Magnetic Confinement

The most successful approach to the confinement of plasma at fusion
temperatures makes use of the fact that charged particles tend to gyrate in tight
spirals along the lines of force in a magnetic field. The radius of gyration of a
deuterium ion with an energy of 10 keV in a magnetic field of strength 20
kilogauss (kG) is only 1 centimeter (cm), implying that the particles of a fusion
plasma can be readily confined in a suitably shaped "magnetic bottle" of modest
size and modest field strength. However, a plasma at fusion densities and fusion
temperatures has a kinetic pressure (density times temperature) that is large
enough to depress the magnetic pressure of the confining magnetic field by a
significant factor, called beta, as illustrated in Figure 4.4. The plasma beta-value
that is attainable depends mainly on the shape of the magnetic bottle.

For a magnetic field strength of 50 kG—typical of that proposed in many
reactor designs—the realization of a beta-value of 6 percent would provide a
plasma with a pressure of about 6 atmospheres. This would correspond, for
example, to an average plasma density of 2 x 10'# particles per cubic centimeter
and an average ion and electron temperature of 10 keV, requiring an energy
confinement time of about 1.5 s for ignition. The fusion power density in a
deuterium-tritium plasma would be about 5 megawatts per cubic meter (MW/
m?3)—a practical value from an engineering viewpoint. Fusion-reactor concepts
involving substantially higher beta-values offer greatly improved
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Figure 4.3

(a) Toroidal magnetic confinement. Charged particles gyrate in tight spirals
about closed magnetic field lines, passing time and time again around the
doughnut-shaped containment vessel. (b) Mirror magnetic confinement. The
magnetic field lines are open, but charged particles are reflected at high-field
regions at the ends of the device and thus remain trapped within the
containment vessel. (c) Inertial confinement. A tiny D-T pellet is imploded by
high-power laser light to a density high enough for thermonuclear burn to occur.
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reactor economics by better utilization of the magnetic energy, which can
result either in reduced requirements on field strength or in a more compact
reactor configuration; in the latter case, however, the higher fusion power
density can represent a formidable engineering problem.

MAGNETIC
PRESSURE

8%
8w

PLASMA
PRESSURE nT

Figure 4.4

Illustration of the depression in the magnetic pressure B%/8n caused by the
kinetic pressure nT of a confined plasma. Here, B is the field strength, n the
density of electrons and ions, and T the plasma temperature. The ratio of the
two pressures is B = 8nnT/B>.

The various magnetic bottles that are possible candidates for confining a
fusion plasma divide into two main classes: toroidal (doughnut-shaped)
configurations, illustrated in Figure 4.3(a), and mirror (linear, narrowing at the
ends) configurations, illustrated in Figure 4.3(b). Toroidal magnetic
configurations have the special advantage that charged particles cannot escape
by simply moving along the magnetic field lines. Moreover, when ions collide
with each other, they are deflected only one radius of gyration across the
confining field. Many such collisions will, of course, lead to a slow migration
(diffusion) of ion energy to the walls of the containing vessel. In order to
minimize the importance of this particular energy-diffusion process as an
obstacle to the achievement of fusion conditions, it is sufficient that the minor
radius of the plasma torus should be more than a hundred times larger than the
radius of gyration, that is, about 1 m or greater.

One of the simplest of the toroidal configurations—the tokamak—has been
by far the most successful of all fusion concepts in realizing reactorlike plasma
conditions in laboratory-size experiments and has already come within a factor
of 4-5 of meeting minimum break-even requirments. The tokamak, and its
close cousin the stellarator, are discussed later in this chapter.

The principal alternative approach to a fusion reactor based on magnetic
confinement is the mirror machine, an open-ended magnetic
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bottle in which most, but not all, ions are prevented from escaping along field
lines by an increase in the magnetic intensity at the ends of the device. The
energy confinement times are then determined by particle collisions, which
scatter the ion velocity vectors into the loss regions. Mirror-confinement
concepts are also discussed later in this chapter.

A number of alternative toroidal configurations—the bumpy torus, which
adds high-energy mirror-confined electrons to produce a moderate-beta steady-
state toroidal plasma; the reversed-field pinch, which produces a very-high-beta
pulsed toroidal plasma; and the compact torus, which produces a moderate-beta
plasma without any external magnetic coils linking the plasma—have become
important elements in the U.S. program and are also discussed below.

In striving to attain the prescribed range of reactorlike parameters,
experiments on magnetically confined plasmas have encountered four main
energy-loss processes, listed here in order of increasing severity, that must be
kept under control: (i) particle collisions, which disrupt the orbits of confined
particles and give rise to an irreducible rate of diffusive energy loss; (ii)
radiative cooling of the plasma, mainly in the form of ultraviolet radiation from
impurity ions; (iii) fine-scale plasma instabilities, in effect tiny stepwise particle
migrations that allow plasma energy to diffuse gradually across the magnetic
field lines to the walls of the containing vessel; and (iv) large-scale plasma
instabilities, that is, spontaneous deformations of the confining field that cause
the plasma to escape abruptly out of the magnetic bottle. Although these four
energy-loss processes take different forms in different magnetic configurations,
progress in research on both toroidal and mirror-confinement concepts has been
paced by a gradual improvement in the understanding of the fundamental
physical mechanisms underlying all four processes and by the development of
effective techniques to minimize them. However, the quest for a more complete,
fundamental understanding of these processes still presents the science of
plasma confinement with its most difficult and challenging problems.

Although the stability and transport of magnetically confined plasmas tend
to be quite sensitive to the shape of the magnetic bottle, the various techniques
that have been developed for heating a confined plasma tend to be applicable in
a wide variety of magnetic configurations. A number of confined plasmas—
notably tokamaks—are subject to one intrinsic type of heating, which arises
from the resistive dissipation of the plasma currents that are needed to maintain
plasma equilibrium. Because of the rapid decrease in plasma resistivity with
increasing electron temperature, this type of intrinsic heating is gener
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ally inadequate to heat a plasma to fusion temperatures, except in some high-
current-density toroidal pinch configurations. The auxiliary heating power (that
is, the power in addition to the intrinsic heating by the plasma current) that will
be required to heat a plasma to fusion conditions can be estimated by noting that
a deuterium-tritium plasma with a pressure of 6 atmospheres produces a fusion
power density of about 5 MW/m?, corresponding to an alpha-particle heating
power density of about 1| MW/m?. An auxiliary-heating power density of about
half this value is found to be needed to heat an initially cold plasma to
temperatures at which self-heating by fusion reactions becomes important.
Thus, to heat a reactor plasma with a volume of order 100 m’, a total heating
power of order 50 MW will be needed. Present-day experiments operate with
auxiliary heating powers typically of up to about 10 MW.

One of the most effective plasma-heating techniques has been the injection
into the plasma of intense beams of energetic neutral atoms of hydrogen or
deuterium. These freely cross the confining magnetic field until they are
stripped of their electrons, by collisional ionization and charge exchange, and
are then retained in the plasma as energetic ions, gradually transferring their
energy to background plasma particles by collisions. As an alternative to this
type of neutral-beam heating, a variety of radio-frequency electromagnetic
waves can be launched into a magnetically confined plasma, and there are a
number of resonant frequencies at which such waves are strongly absorbed by
the plasma, their energy being converted into thermal energy of the plasma
particles. These radio-frequency heating processes have been known
theoretically since the earliest days of plasma research, but only in recent years
have they been applied successfully to heat plasmas to fusion temperatures.
Plasma heating techniques—both neutral-beam and radio-frequency—are
discussed later in this chapter.

Inertial Confinement

Separate from all the magnetic-confinement concepts, there are a number
of entirely different inertial-confinement schemes, in which intense beams of
laser light or accelerated particles are focused onto the surface of a tiny pellet
filled with deuterium-tritium fuel [see Figure 4.3(c)]. The pellet implodes
because of the rocketlike reaction to the blow-off of the surface material of the
pellet by deposition of the beam energy; as a consequence, the density rises to
extremely high values (10% particles per cubic centimeter, about a thousand
times solid densities). The fuel heats up because of compression and shock
waves,
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and fusion temperatures are produced in the center of the pellet; thermonuclear
ignition then occurs. If the yield of this miniature thermonuclear explosion is
high enough, the fusion energy can be used for several applications, including
power generation.

Inertial-confinement fusion differs from magnetic fusion in that plasma
confinement is provided by the inertia of the exploding pellet, not by a magnetic
bottle. A key parameter in inertial fusion, equivalent to the confinement
(Lawson) parameter in magnetic fusion, is the product of the density and radius
of the compressed pellet. For inertial fusion to work, this parameter must be
large enough for the fusion products to be contained, thus allowing propagating
thermonuclear burn. Density compression is required to increase the rate of
fusion reactions during the brief instant (less than 107 s) that inertia holds the
pellet together.

Very stringent physics requirements must be satisfied in order to achieve
the ultra-high-density compressions and thermonuclear temperatures needed for
ignition with a reasonably sized beam driver. First, the incident beam energy
must be absorbed efficiently at the pellet surface. Second, in order to achieve
highly compressed fuel volumes, the symmetry of implosion must be excellent,
and the fuel temperature must remain as low as possible until the instant of
ignition. Finally, there must be satisfactory means of igniting the imploded
pellet at the right moment—implying a good pellet design.

Research in inertial fusion is aimed at elucidating the physics that
dominates the behavior of the driver-pellet interaction, especially for laser
drivers. The physics of the coupling of driver energy to the pellet has been a
preeminent issue, because the partition of beam energy in the pellet determines
whether the physical requirements for fusion can be met. Lasers have been the
drivers used for almost all inertial fusion research to date, because their high-
power beams can be focused to the intensities needed for inertial fusion. [Both
neodymium-glass lasers, which operate with a wavelength of 1 wm, and CO,-
gas lasers, with a 10-um wavelength, with outputs of up to 100 kilojoules (kJ)
have been developed for inertial-confinement fusion experiments.]

As an alternative to lasers, intense particle beams can be used as drivers—
either light-ion beams or heavy-ion beams. The light ions are generated in high-
current pulsed-power accelerators that provide megaamperes of ion current at a
few megavolts energy; these generators are highly efficient and relatively
inexpensive but cannot as yet attain the power densities required for fusion,
although the technology is rapidly improving. The heavy-ion-beam approach
would use ions such as uranium accelerated to gigaelectron-volt energies in
conven

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FUSION PLASMA CONFINEMENT AND HEATING 156

tional accelerators; the accelerators needed to generate the heavy-ion beams
would be expensive but would have many properties desirable for inertial
fusion applications.

Steady progress has been made toward the achievement of fusion by
inertial confinement. Pellets have been compressed to a hundred times solid
density, fusion temperatures have been reached, and remarkable advances have
been made in driver technology. However, much further progress needs to be
made to satisfy simultaneously all the requirements for the practical realization
of fusion power. Inertial-confinement fusion is discussed toward the end of this
chapter.

TOKAMAK AND STELLARATOR MAGNETIC-
CONFINEMENT SYSTEMS

Introduction

* Closed field-line magnetic-confinement systems of the tokamak and
stellarator type have displayed a sustained favorable trend in experimental
achievements, and tokamaks now occupy the dominant position in fusion
research worldwide.

The tokamak and stellarator are magnetic-confinement devices utilizing
closed magnetic fields and toroidal (doughnut-shaped) plasmas. The main
magnetic field is produced by external coils. Although the simplest toroidal
magnetic field [Figure 4.5(a)] does not confine plasma, a twisted toroidal field
does [Figures 4.5(b)-4.5(d)].

The tokamak, which has a symmetric toroidal plasma, has an additional
magnetic field produced by a current flowing in the plasma. This additional
field gives the required twist [Figure 4.5(b)].

The stellarator is not symmetric around the torus, which allows the twist in
the magnetic field to be produced by external coils, with no plasma current
[Figures 4.5(c) and 4.5(d)].

The early development of the tokamak took place in the Soviet Union, but
the concept has played an increasingly important role in the U.S. and world
fusion programs since the late 1960s. It was the simplicity of the tokamak, in
which the plasma current provides not only good confinement but also creates
and heats the plasma, that first led to its choice as the centerpiece of many
fusion research programs worldwide. A sustained favorable trend in tokamak
experimental results has led to the tokamak's becoming the largest element in
the U.S. program and dominating the fusion programs of Europe and Japan.
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Figure 4.5

Toroidal confinement systems—pure toroidal field (unable to confine plasma),
tokamak, stellarator, and modular stellarator.
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Tokamak experiments have already obtained plasma parameters close to
those required in a reactor. Indeed, experiments just coming into operation, the
Tokamak Fusion Test Reactor (TFTR) at Princeton, New Jersey, and the Joint
European Torus (JET) in Europe, should produce more thermonuclear power
than the power required to heat the plasma.

The stellarator concept originated at Princeton in the early 1950s, but
stellarator research was almost totally displaced in the United States

TABLE 4.1 Representative Tokamaks®

Major Minor Field Plasma Pulse
Radius Radius? Strength Current Length Program

Device Location (m) (cm) (kG) MA) (s) Contributions®
DIII-D GA 1.7 82 22 3.5 10 (S,B,PD,RF)
TFTR PPPL 2.5 85 52 2.5 2 C,DT,NB,PW,RF
DIII GA 1.4 s8¢ 40 254 1 S.B,PD,NB
ALCATOR C MIT 0.6 17 140 1.0 1 C,RF,CD

PLT PPPL 1.3 45 35 0.6 3 C,NB,RF,CD
PDX PPPL 1.4 45 24 0.5 1 PD,NB,S,B
TEXT Texas 1.0 28 30 0.4 0.5 C,RF

ISX-B ORNL 0.9 37 18 0.3 0.3 B,F,S.C
Macrotor UCLA 0.9 40 4 0.1 0.1 RF,PW.,C
Torus II Columbia 0.2 9 5 0.1 107° B

Tokapole Wisc. 0.5 22 1 0.1 107> C,RF,PD

JET EEC 2.9 160 35 4.8 20 C,DT,NB,RF,PW
JT-60 Japan 3.0 100 45 2.7 10 C,NB,RF,PD
T-15 USSR 2.4 70 45 2.0 1+ (SC,C,NB,RF)
ASDEX-U FRG 1.6 50 39 2.0 6 (PD,C,B,PW)
Tore-Supra  France 2.1 70 45 1.7 30 (SC,RF,CD)
FT Italy 0.8 19 100 1.0 1 C,RF
TFR-600 France 1.0 20 60 0.6 1 C,RF

ASDEX FRG 1.6 40 28 0.5 10 PD,PW,C,B
T-10 USSR 1.5 37 30 0.5 1 C,RF

JFT-2M Japan 1.3 45 15 0.5 1 B,NB,RF
TEXTOR FRG 1.7 50 26 0.5 3 PW

JIPP T-II Japan 0.9 25 20 0.3 0.3 TS,RF,F
DITE UK 1.2 28 27 0.3 0.5 BD,F,NB.PW
T-7 USSR 1.2 31 24 0.2 1 SC,CD

JFT-2 Japan 0.9 16 20 0.3 0.3 B,NB,RF

4 Listed in descending magnitude of plasma current, with U.S. devices listed first.

b Average minor radius in the case of noncircular cross-section devices.

€ Program contributions in parentheses for devices still under construction. See Table
4.2 for key to program contribution codes.

9 Parameters for a single lobe of the doublet configuration.
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by the tokamak, starting in 1969. Recently, there has been a considerable
revival of interest in the stellarator. This is due, in large part, to exciting
experimental results from stellarators in Germany and Japan. A larger
stellarator effort is now under way in the United States, with the goal of
demonstrating a conceptual improvement in toroidal systems.

TABLE 4.2 Representative Stellarators”

Major Minor Field Pulse

Radius Radius? Strength Rotational Length Program
Device  Location (m) (cm) kG) Transform® (s) Contributions?
ATF-1 ORNL 2.1 30 20 0.95 5 (T,TS,C,B,NB,RF)
IMS Wisc. 0.4 5 6 0.6 0.1 MST,C
WVII-AS FRG 2.0 20 30 0.4 1 (MST,C,B,NB)
Heliotron Japan 2.2 20 20 2.1 1 T,TS,C,NB,RF
Uragan-3 USSR 1.0 16 30 0.7 0.5 T,C,RF
L-2 USSR 1.0 12 20 0.7 0.3 S,TS,C,RF
W VII-A FRG 2.0 10 25 0.2 1 S,TS,C,B,NB

@ Listed in descending magnitude of minor radius, with U.S. devices listed first.

b Average minor radius.

¢ Rotational transform is the number of times a field line circuits the poloidal
circumference in one complete circuit of the toroidal circumference.

d Program contribution codes for Tables 4.1 and 4.2 are as follows: confinement (C),
high-beta (B), shaped plasma (S), neutral-beam heating (NB), radio-frequency heating
(RF), poloidal divertor (PD), bundle divertor (BD), plasma-wall interactions (PW),
fueling (F), operation with tritium (DT), superconducting coils (SC), stellarator (S),
torsatron (T), tokamak-stellarator hybrid (TS), modular stellarator (MST).

The parameters and research areas of representative tokamaks and
stellarators are shown in Tables 4.1 and 4.2, respectively. These tables illustrate
well the international character of, and contributions to, tokamak and stellarator
research and the key part played by the U.S. program. In the United States,
work is concentrated at GA Technologies Inc. (formerly General Atomic), La
Jolla, California; the Massachusetts Institute of Technology, Cambridge,
Massachusetts; the Oak Ridge National Laboratory, Oak Ridge, Tennessee; and
the Princeton Plasma Physics Laboratory, Princeton, New Jersey; with the
Princeton laboratory playing a lead role in the program. Substantial supporting
work is undertaken in universities such as the University of Texas at Austin;
Columbia University; New York University; the University of California, Los
Angeles; and the University of Wisconsin.
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Major Advances

» Tokamak plasma parameters are approaching reactor requirements;
stellarators behave as well as tokamaks of comparable size.

For more than 30 years, the improvement in experimental capabilities and
physical understanding of toroidal plasmas has been remarkably steady. The
advances of the last decade have brought us to a point at which ignited fusion
experiments can be designed with confidence and have been based on the solid
foundations of toroidal plasma physics built in the 1950s and 1960s.

The most impressive experimental achievements have been in tokamak
research, where a number of critical plasma parameters have improved
dramatically during the past decade. Possibly the most critical parameter is the
product of density, ion temperature, and energy confinement time, which
measures the approach to reactor conditions. This parameter has increased by a
factor of more than a hundred in the past decade, although another factor of just
less than a hundred is still required for ignition [Figure 4.6(a)]. Reactorlike ion
temperatures have already been achieved [Figure 4.6(b)], and the plasma beta
needed in an ignited reactor has been approached [Figure 4.6(c)].

The present experimental achievements are, however, mainly in separate
devices, each with specialized characteristics. In the next phase of the program,
experiments such as TFTR, JET, and other devices in the U.S. and world
programs will work toward the goal of achieving simultaneously all the needed
reactor-grade parameters.

The stellarator has also made substantial progress, although stellarators
generally lag behind tokamaks in size by a few years. Nevertheless, stellarator
plasmas are found to have characteristics comparable with those of tokamaks of
similar size.

Optimization of Experimental Performance

* The development of powerful auxiliary heating, coupled with improved
techniques for plasma control, has been the key to the realization of reactorlike
plasma parameters. Demonstrations of the efficacy of magnetic divertors for
impurity control, and of steady-state transformer-free current drive, have further
improved the prospects of the tokamak as a viable reactor candidate.

The substantial improvements in the basic plasma parameters of tokamaks
and stellarators have been partly due to increased plasma
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size and partly due to the successful implementation of several auxiliary
techniques for optimizing plasma performance. These techniques have taken a
number of different forms: (i) magnetic shaping and feedback control of the
plasma cross section; (ii) programmed density variation by controlled addition
of gas (puffing) and by injection of solid hydrogen pellets; (iii) auxiliary plasma
heating (additional to the intrinsic heating from the plasma current) by injection
of intense beams of energetic neutral atoms, by radio-frequency electromagnetic
waves, and by adiabatic compression; and (iv) control of the plasma edge
conditions by specially designed mechanical "limiters," by suitable choices of
limiter and wall materials, and by "magnetic divertors."

In the early 1970s, the four main tokamaks in the United States were the
ST and ATC devices at Princeton, ORMAK at Oak Ridge, and Doublet II at
General Atomic, which had auxiliary heating powers up to a few hundred
kilowatts (comparable with the heating by the plasma current) and pulse lengths
of a few hundred milliseconds. The best plasma parameters achieved were as
follows: central ion and electron temperatures of up to 2 keV; confinement
parameter (product of density and confinement time) of up to 3 x 10!! particles
per cubic centimeter seconds; and plasma beta as high as 1 percent.

By the late 1970s, these devices had been replaced by larger experiments,
with auxiliary heating powers in the multimegawatt range and pulse lengths
typically of 1 s. These larger experiments, mostly still in operation, are the PLT
and PDX tokamaks at Princeton, ISX at Oak Ridge, Doublet III at GA
Technologies, and Alcator A and C at the Massachusetts Institute of
Technology. These experiments also have better access for diagnostics and
heating, improved plasma-shaping capability, and various types of active
impurity and particle-control systems. The best plasma parameters achieved
have been as follows: central ion temperature of up to 7 keV; central electron
temperature of up to 4 keV (both in PLT); confinement parameter of up to 8 x
10"3 particles per cubic centimeter seconds (Alcator C); and plasma beta of up
to 4.5 percent (Doublet III).

In a tokamak, the plasma current is necessary for confinement, and it also
provides the initial heating of the plasma. Technically, the simplest way to
produce the required plasma current is to make the plasma the output circuit
(secondary winding) of a transformer. Unfortunately, a transformer can drive
current in one direction for only a limited time. In a tokamak reactor, the
transformer could drive the current for as long as a few hours in a single pulse.
Nevertheless, it would be desirable to be able to operate for longer pulses, or
even in steady state. Based on earlier theoretical studies, it has been shown
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both in Alcator C and in PLT that substantial plasma currents may be driven
using electromagnetic waves of appropriate frequency (see section on
Radio-Frequency Current Drive).

Part of the renewed interest in stellarators stems from their virtue of having
no net plasma current. The pure stellarator, in which all the fields are supplied
by currents in external coils, is therefore inherently steady state.

The successful suppression of impurities has been a major factor in the
success of tokamaks. Impurities are generated in a tokamak because of the
interaction of the plasma edge with the walls of the confining vessel.
Conventionally, the plasma edge in a tokamak is defined by a solid object,
called a limiter; considerable advances have been made in choosing a material
for the limiter that minimizes impurities. Alternatively, the plasma edge is
defined by a divertor, which uses special magnetic fields to isolate the plasma
from the vessel walls. Divertors reduce impurity contamination by (i)
depositing heat from the plasma on a distant target plate, (i) preventing the
backflow of impurities to the plasma from the target plate, and (iii) shielding the
plasma from wall-generated impurities. There have been a number of successful
divertor experiments in the United States and abroad. A significant
development for particle control has also been the extension of the intrinsically
simpler limiter technique to provide pumping at the limiter—a concept known
as the pumped limiter.

The understanding of tokamaks and stellarators has been improved by the
development of an impressive battery of plasma diagnostics. These diagnostics,
coupled with computer-aided data-acquisition and-analysis systems, have made
it possible to make accurate tests of theoretical models and to establish well-
tested empirical models of plasma behavior. These models have been used in
computer codes that simulate plasma behavior in considerable detail and that
can be used to predict results in future large tokamaks.

Confinement

* Toroidal systems have the potential for very favorable plasma
confinement, if classical-like processes prevail. In tokamaks, anomalous
processes of electron loss arise that, while not thoroughly understood from a
fundamental viewpoint, are found to obey empirical laws that scale favorably
with increasing plasma size. Nearly classical ion confinement has been
observed in many tokamak experiments. In stellarators, classical-like processes
of
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ion loss are more severe but are predicted to be manageable in a reactor-size
device.

The variation in magnetic-field strength on a surface of constant pressure
in toroidal devices causes particles to drift across these surfaces. For particles
moving parallel to the field, the projected orbit on a minor cross section of the
plasma is a circle displaced slightly from a surface of constant pressure.
Particles with greater perpendicular motion may be reflected from regions of
higher magnetic-field strength. In tokamaks, this latter class of trapped particles
has orbits that project onto the minor cross section into the characteristic
"banana orbits" shown in Figure 4.7. Thus, the radial excursion of a particle
exceeds the basic gyroradius with which particles spiral about a field line, and

Particle orbit

Porticle guiding-center arbit

Projection of
particle
ar bit

Projection of porticle
guiding - center grint

Figure 4.7

Trapped-particle orbits in a tokamak. A trapped particle gyrates in tight spirals
about a magnetic field line, while bouncing back and forth along the field line
and slowly precessing around the toms. The projection of the particle's orbit
onto a cross-sectional plane is a closed orbit in the shape of a banana.
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this leads to an increased radial step following each interparticle collision and to
increased diffusion and heat conduction. The theory of confinement that
includes these orbit effects is termed "neoclassical." In a fusion-grade plasma, a
typical particle will travel around the torus many thousands of times between
collisions, with the consequence that neoclassical transport should be quite small.

With the advent of substantial auxiliary heating in tokamaks, it has been
possible to vary plasma parameters considerably and to measure the ion thermal
conductivity over a wide range of collisionality. In almost all cases, the ion
thermal conductivity is close to neoclassical predictions. This is particularly
encouraging since, at low collisionality, it had been predicted theoretically that
new types of plasma fluctuations could arise that would degrade ion
confinement.

The neoclassical confinement is degraded when the symmetry of the
toroidal configuration is broken, since the banana orbits no longer have a closed
projection as they do in Figure 4.7. This effect occurs in stellarators owing to
the intrinsic lack of toroidal symmetry. Trapping of ions occurs in the helical
troughs in the field strength and is predicted to lead to losses at low
collisionality enhanced over those of a symmetric toroidal plasma. These losses
may be substantially reduced by radial electric fields set up by the plasma to
maintain charge neutrality. This is an active area of current research, and the
theory of confinement in asymmetric plasmas has advanced considerably in the
last decade. Codes based on the Monte Carlo method for following the
dynamics of a large number of particles have allowed calculations to be made
for magnetic-field configurations that are accurate representations of actual
experimental situations. The outlook for ion confinement in stellarators has
improved considerably as a result of these recent more sophisticated calculations.

In sharp contrast to the situation with ion confinement, electron
confinement in tokamaks is found to be degraded from the neoclassical level,
resulting in so-called anomalous transport. However, since electron neoclassical
confinement would be substantially better than ion neoclassical confinement,
quite large anomaly factors can be tolerated in electron losses before these
exceed the ion losses.

A key study of electron confinement was undertaken in the Alcator A
tokamak. By virtue of the high toroidal-field capability of this device (up to 100
kG) and high plasma current density, it was possible to vary the plasma density
over a wide range. It was found that the electron thermal diffusivity (the rate at
which energy residing in the electron component diffuses to the vessel walls)
was inversely proportional to the electron density. Similar behavior was found
in other tokamaks

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FUSION PLASMA CONFINEMENT AND HEATING 166

heated by the plasma current alone. This led to an empirical confinement
scaling that was diffusive in nature, that is, the confinement time increased with
the square of the minor radius of the plasma and with the plasma density. This
empirical scaling, coupled with the favorable ion-confinement scaling, indicates
that ignited tokamak plasmas may be obtained in devices only slightly larger
than the new generation of large tokamaks, namely TFTR and JET. More recent
data from Alcator C, in which the plasma minor and major radii were varied,
suggests a somewhat modified empirical scaling, but with an even more
favorable dependence on overall plasma size, namely that the confinement
increases only linearly with plasma minor radius, but also increases with the
square of the major radius.

When intense additional heating is applied to a tokamak plasma, the
electron energy confinement is often degraded relative to the case with current
heating alone. This degradation may be a direct result of differences in heating
techniques, or it may be due to increases in plasma beta. The scaling of energy
confinement is also quite different: confinement is found to be relatively
insensitive to plasma density but increases with the strength of the poloidal
magnetic field and with the square of the plasma minor or major radius. This
scaling also predicts that ignition would be achievable in devices modestly
larger than TFTR and JET.

A possible explanation of the degraded electron confinement may lie in
small-scale plasma fluctuations, so called microinstabilities. Density
fluctuations have been measured whose wavelengths and frequencies
correspond well to theoretical predictions. However, while theory can predict
the possible existence of such fluctuations, a fully self-consistent theoretical
treatment predicting fluctuation amplitudes and their relationship to
confinement is beyond our present capabilities.

In a stellarator, anomalous electron behavior occurs when a plasma current
is used to initiate and maintain the plasma. Improved electron confinement,
however, occurs in both the German (WVII-A) and Japanese (Heliotron E)
stellarators when auxiliary heating is used and the current is turned off.

Stability and Beta Limits

+ Stable plasma betas approaching 5 percent have been demonstrated in
tokamaks; detailed theoretical analyses of stability against current-driven kink
modes and pressure-driven ballooning modes indicate that significant further
advances in beta should be
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possible. Stellarators are also predicted to have beta limits in the 5-10 percent
range.

On the macroscopic scale, a toroidal plasma may be treated as a perfectly
conducting fluid. This model is used to establish self-consistent toroidal
equilibria, plasma pressure profiles, and internal and external magnetic fields.
The stability of these equilibria is examined by studying the growth of
characteristic perturbations of the plasma. Lack of stability frequently means
that the plasma merely assumes a small helical distortion--usually seen as a
rotating distortion in the experiments—but, in a severe case, it can result in a
catastrophic loss of confinement.

In a perfectly conducting (ideal) plasma, the plasma and the magnetic field
are locked together. The finite resistivity of a real plasma permits the plasma
and magnetic fields to rearrange themselves. In practice, finite-resistivity effects
are only important on pressure surfaces where a helical distortion of the plasma
twists in resonance with the helical magnetic field, thereby facilitating this kind
of field rearrangement. These resonances cause the constant-pressure surfaces
to break up, leading to the formation of localized magnetic structures called
magnetic islands. Helical distortions of the plasma can be induced either by a
gradient in the plasma current density, and are then usually called kink or
tearing modes, or by the pressure gradient, in which case they are usually called
interchange or ballooning modes.

Tearing modes play an important role in the behavior of tokamak plasmas.
The helical twist of the magnetic field is measured by the safety factor, which is
the number of times a field line circles toroidally while encircling the plasma
once the short way around. The safety factor in a tokamak increases from the
center of the plasma to the plasma edge. If the safety factor is significantly less
than unity in the center of a tokamak, there is always an unstable tearing mode.
This mode is frequently seen as a variation of the x-ray emission from the
plasma center; it limits the central density and temperature but is otherwise
relatively harmless. If the current profile is not properly controlled, higher-order
tearing modes can arise, which can interact with each other to give a sudden
loss of plasma confinement, called a disruption. When careful control is
exercised over the plasma, this phenomenon may be avoided. Pure stellarators
have no current and are free of disruptions and other current-driven instabilities.

Ballooning modes are small corrugations of the pressure surfaces that
follow the twist of the field lines. These distortions are caused by the plasma
pressure gradient and therefore occur when the plasma beta
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is raised above a critical value. The effect of these distortions on confinement is
not fully understood. However, the presumption is that if the confinement is
sufficiently degraded that these modes set an upper limit on the obtainable value
of beta.

Theoretically, the ballooning-mode limit on beta for a circular cross-
section plasma is about 3 percent. For elongated (in particular, D-shaped) cross-
section plasmas, this limit may be increased to 7 percent for a plasma of aspect
ratio (ratio of major to minor radius) of about 3. Current research indicates that
even higher beta values may be possible with other plasma cross sections. In a
number of experiments with circular plasmas (ISX-B, PDX, Doublet 111, as well
as several foreign tokamaks), beta has been raised to around 3 percent. In a
noncircular plasma, Doublet IIT has achieved a beta of 4.5 percent. However, as
beta is raised, these devices have generally experienced a degradation of
electron confinement. Detailed fluctuation studies in ISX-B suggest that this
degradation may result from finite-resistivity ballooning modes. Fortunately,
such effects should diminish in larger, higher-electron-temperature plasmas.

The theoretical understanding of ballooning and tearing modes has seen
major improvements during the past decade. Large computer codes have been
developed that provide the complete range of unstable modes and permit a
detailed comparison between theoretical models and experimental
measurements. In particular, these codes have provided definitive results on
theoretical beta limits and, coupled with better diagnosed experiments, have
given a detailed picture of the disruption phenomenon.

Current Frontiers of Research

* A new generation of tokamak facilities is coming into operation
worldwide, with the capability of producing reactorlike confinement parameters
and reactor-grade hydrogen and (deuterium-tritium) D-T plasmas. Results from
these devices, together with information on beta optimization, impurity control,
current-drive, and long-pulse plasma technology from several moderate-size
specialized devices, should enable the tokamak program to embark on a major
next step—a long-pulse ignition experiment. A new generation of moderate-size
stellarator experiments is dedicated to configuration optimization, with a view
to realizing fundamental improvements in toroidal confinement concepts.

The next phase of toroidal research will be centered around powerful
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new facilities that are just now beginning operation or that are under
construction for operation in the mid-1980s. New-generation tokamak devices
such as TFTR, JET, the Japanese device JT-60, and an upgrade of the Doublet
III device called DIII-D, have plasmas of about a meter in minor radius,
multimegaampere current capability, pulse lengths of up to 10 s, and tens of
megawatts of auxiliary heating. Moreover, TFTR and JET will eventually
operate with D-T plasmas and should produce more thermonuclear power than
is required to heat the plasma. In addition, several modest-scale devices will
study improvements to toroidal confinement in the areas of steady-state
operation, higher-beta operation, disruption control, and simplified impurity
control. The goals of this phase of the program are the following:

—To study confinement at low collisionality and high beta in hydrogen
and D-T reactor-grade plasmas,

—To study plasma behavior for longer pulse lengths,

—To develop advanced toroidal confinement concepts that can lead to
more attractive reactor configurations.

It is expected that this phase will provide the technical foundation for the
next step in the tokamak program, namely a device that will operate with an
ignited D-T plasma during a long-pulse equilibrium to provide for the study of a
plasma heated by fusion alpha-particles.

The key issue for tokamaks remains electron confinement. A vigorous
program is under way to develop a predictive capability for anomalous
transport, although the large plasmas of TFTR, DIII-D, JET, and JT-60 will be
so close to reactor conditions as to require only a limited further extrapolation
to reactor-scale plasmas. The diversity of configurations (circular, D-shaped,
divertor) and heating techniques (neutral-beam and radio-frequency) to be
found in this new generation of tokamaks offers the hope not only of
optimization of experimental results but also of further progress toward an
understanding of the underlying physics. TFTR and JET will also begin the
study of fusion alpha-particle physics.

In the stellarator area, improvements of existing experiments (Heliotron-E,
WVII-A) and new facilities that are under construction (WVII-AS in Germany
and ATF-1 at Oak Ridge) will permit the study of high-beta and low-
collisionality stellarator plasmas. The central issues are the role of the radial
electric field, which maintains equal ion and electron losses, the effects of the
helical magnetic ripple at low collisionality (high temperature), and possible
degradation of confinement as beta is raised above a critical value.
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In the past, most tokamak and stellarator reactor designs have been based
on a plasma operating at a 3 to 7 percent beta level. Some years ago, it was
predicted that, while unstable modes might set a limit on beta in a tokamak at
about this level, nevertheless there would be a regime at even higher beta that
would be stable—the so-called second stability regime. In a small tokamak,
Torus II at Columbia University, transient plasmas have been set up with betas
of around 12 percent using rapid heating. This augers well for the theory, but in
larger devices the level of heating required to cross the unstable gap may be too
large. Fortunately, some stable routes to the second stability regime have been
identified. For tokamaks, the use of a kidney-bean-shaped plasma cross section,
where the indentation of the bean is on the small major radius side of the
plasma, can give direct access to the second stability regime. Studies of such a
plasma will be undertaken in a modification of the PDX tokamak (PBX).
Because the production of such a cross section in a reactor might be difficult, a
second possible route has been identified, namely, stabilization of the plasma
using an energetic electron component. For stellarators, a configuration
(ATF-1) has been identified that also has a stable route, theoretically, to the
second stability regime. Stellarators with a helically displaced plasma have also
been shown theoretically to have a capability for very high stable betas.

A substantial effort is under way to increase the pulse length of tokamaks
by the application of long-pulse heating power and radio-frequency power for
current drive. The present noninductive current-drive schemes in a tokamak
have power efficiencies that are just adequate for a reactor. The first goal of the
current-drive program is to test theoretical predictions in reactor-grade plasmas;
the second goal is to explore improved current-drive schemes. Even at low
efficiency, current drive may still make an important contribution. For example,
it may be used to start and raise the plasma current, thereby freeing the
transformer for use only in current maintenance. Initial tests of this idea are
encouraging; it should enable a tokamak reactor to have a pulse length
approaching a day.

Stellarators have inherent steady-state capability, because the fields are all
produced by external coils. The main issue for stellarators, once configurations
with good confinement and beta have been established, is to find a coil set that
is reactor relevant from the viewpoint of construction and maintenance.
Tokamak-stellarator hybrids are also being studied that combine the good
features of both devices, namely, the simplicity, good confinement, and
satisfactory beta of a tokamak
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and the disruption-free operation and reduced current-drive requirements of a
stellarator.

The problem of maintaining a pure plasma for very long pulses involves
the minimization of impurity production and the active removal both of wall-
generated impurities and of alpha particles produced by the fusion reactions. In
the next phase of the program, this will be studied by operating plasmas for
progressively longer pulses, initially of about 10-s duration and ultimately in
steady state. Control of the density will be achieved by using a mixture of gas
puffing and pellet injection, coupled with either a pumped limiter or a magnetic
divertor to remove excess particles. The control of impurities is a more difficult
matter. There are some favorable conditions under which the plasma edge is
predicted to operate at low temperature, in which case the production of
impurities by sputtering would be low. If such conditions are found in reactor-
grade plasmas, then the pumped limiter will be a reactor-relevant solution for
particle and impurity control. If, on the other hand, a greater level of active
control of the plasma edge is required, then a magnetic divertor will be
necessary.

Prospects for Future Advances

* Improvements already demonstrated on smaller-scale experiments should
greatly improve toroidal reactor attractiveness.

The program described above should lead to the early test of an ignited
long-pulse thermonuclear plasma in a new tokamak that is a modest scale-up
from today's largest devices. Simultaneously, the program will be developing
concepts for improved performance of — confined plasmas in a wide range of
areas:

—High beta operation with good confinement;
—Current drive:

assisted start-up,

plasma profile control,

steady-state operation;
—Steady-state stellarator operation;
—Disruption-free operation; and
—Simplified particle and impurity control.

Each of these improvements will depend on further advances in theoretical
analysis, in computer modeling, and in the diagnosis and analysis of
experimental data. The ability to model the complete toroidal plasma system,
coupled with the development of more-reliable
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input in each constituent area, will lead to the identification of optimized
toroidal configurations that combine the best features of all the proven advances.

Impurity control by means of poloidal divertors has been demonstrated
successfully on PDX and will be pursued further in foreign tokamak programs.
The advantages of high-beta bean-shaped plasmas are to be explored on the
PBX modification of PDX. Techniques for quasi-steady-state operation, with
emphasis on radio-frequency current drive, are being developed on Alcator C
and PLT. Eventually, the program must address a variety of long-pulse physics,
engineering, and technology issues in an integrated superconducting tokamak
environment. The improvement of stability against transients by means of
stellarator-type shaping features will be addressed by the ATF-1 torsatron device.

The principal advanced reactor candidates are the ultra-long-pulse tokamak
using radio-frequency-assisted start-up, the steady-state tokamak using current
drive, and a variety of stellarators. A number of routes to the high-beta second-
stability regime have been identified, both in tokamaks and in stellarators. High-
beta operation, that is, at levels well above the minimum reactor requirement,
coupled with long pulse or steady state, should lead to extremely attractive
reactor economics.

MAGNETIC MIRROR SYSTEMS

Introduction

* Fusion plasmas can be magnetically confined in an open-ended tube by
strengthening the magnetic field at the ends of the tube to form magnetic
mirrors. Open-ended systems possess some important advantages for fusion
purposes.

In the principal alternative approach to magnetic confinement, an open
system, the magnetic field lines leave the plasma at each end of a tubular-
shaped confinement volume. Plasma escape along the open lines is inhibited by
strengthening the magnetic intensity at the ends, creating the so-called mirrors.
These magnetic mirrors turn back those particles whose spiraling motion along
the field lines is not too nearly directed along the field, i.e., those whose
velocity vector (pitch) angle does not lie within the loss cone with respect to the
magnetic field. Particles trapped between the mirrors in this way will continue
to bounce back and forth until their pitch angle is deflected into the loss

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FUSION PLASMA CONFINEMENT AND HEATING 173

cone by the cumulative effect of chance collisions with other trapped particles.
This angle-dependent nature of the particle losses leads inevitably to trapped-
particle distributions having empty loss cones, i.e., departing from the isotropic
distribution in velocity angle that characterizes an ordinary gas, with the
consequent negative implications for the stability of mirror-confined plasmas
discussed below in the section on Current Frontiers of Research.

Minimum=-B mirmor

Figure 4.8
A magnetic-well mirror cell that has the property that the field strength
increases in all directions from the geometric center.

Mirror systems of the type described have confinement times that are low,
bounded by the time required for an ion to be deflected through 90°. Such times
would at best be marginal for a fusion reactor. However, mirror systems possess
two major advantages for fusion purposes. First, a properly designed magnetic
mirror field (with the field lines being convex toward the plasma surface) can
form a deep magnetic well, a region in space surrounded by a magnetic field
that increases outwardly in every direction (Figure 4.8). These magnetic wells
have exceedingly high magnetic efficiency, having been shown to be capable of
holding stable plasmas with pressures comparable to the energy density of the
confining field (i.e., beta values approaching 100 percent). Second, because the
confining fields are externally generated, mirror systems are inherently steady
state.

Mirror fusion research, begun in the early 1950s, had by the mid-1970s
reached a crucial turning point. A major triumph at that time was the control of
high-frequency unstable fluctuations (called microinstabilities) to which the
nonisotropic mirror plasmas can be subject. With this task accomplished, the
rate of plasma loss slowed,
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approaching the loss calculated to arise from the classical process of
interparticle scattering. On the heels of this achievement came the
demonstration of the generation and containment of high-beta plasmas at fusion
temperatures. However, despite the encouragement from such an achievement,
it was recognized that the single-cell mirror machine would have confinement
too poor to satisfy the requirements for economic fusion power, i.e., too large a
fraction of the fusion energy yield would have to be fed back to keep the system
going. The challenge thus became to enhance the confinement in a mirror
system to the point of engineering and economic practicality for a fusion power
plant.

Major Advances—the Tandem Mirror

* A tandem-mirror system has mirror cells plugging the ends of a large-
volume ignited plasma, resulting in a sharp improvement in overall confinement
over the single-cell mirror.

In response to the challenge for improved mirror confinement, the tandem-
mirror idea was conceived independently in the Soviet Union and the United
States. In the tandem mirror, small-volume, relatively lossy, mirror cells plug
the ends of a central mirror cell of large volume. The overall confinement of the
open system is thus much improved, while preserving much of its high
magnetic efficiency.

In this steady-state, linear fusion system, the fusion power is generated in a
cylindrical chamber with solenoidal magnets (a linear assembly of simple
circular magnet coils). The chamber is surrounded by a modularly constructed
blanket for trittum breeding and neutron-energy recovery. At the ends, there are
compact mirror end cells, followed by expansion chambers, where the field
lines flare out. Within the expansion chambers are located special electrode
arrays, forming a direct converter (resembling a Van de Graaff accelerator
working backwards). These direct converters perform the dual function of
spreading out the heat from the escaping plasma and of converting a large
portion of the plasma's kinetic energy to direct-current electricity—power that
can be recycled to maintain the plug plasmas.

The end-mirror cells serve two purposes: (i) to electrostatically plug the
end losses from the central cell and (ii) to anchor the entire plasma against gross
magnetohydrodynamic instabilities. In first-generation tandem-mirror devices,
both of these purposes were served by shaping the end cells as magnetic wells
and filling them with high-density plasma at high temperature, thereby creating
a region of high positive
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potential (as discussed in the following section), while at the same time
providing a plasma "anchor" that stabilized the central plasma against gross
motions. At this stage (circa 1977), the considerable progress achieved in mirror
physics over the preceding decade was brought to bear in designing an entirely
new type of confinement system from the ground up—one that actually
performed very much as predicted.

In this first generation of tandem mirror experiments in the United States
(TMX and Phaedrus) and Japan (Gamma 10), several key elements of tandem
confinement were established:

(i) The higher-density end cells electrostatically plugged the center
cell in agreement with theory, giving a confinement parameter
approaching 10!! particles per cubic centimeter seconds;

(i) The higher-pressure end cells anchored the central cell gross
motion for average beta values as high as 20 percent (in TMX); and

(iii) The loss-cone-driven microinstabilities in the end cells behaved
predictably and could be controlled in agreement with theory.

For economically motivated reasons, there have now been devised better
ways of generating the required plugging potentials than the simple method
used in the first tandem-mirror experiments. These methods, involving the use
of thermal barriers, are described in the following section.

During recent years, the tandem-mirror program has benefited from a
number of important theoretical advances, originating both in the United States
and abroad. These include (i) theory of microinstabilities and their control; (ii)
multiregion computer codes to calculate scattering and radio-frequency heating;
(iii) computational codes for the magnetic fields generated by complex-shaped
magnet coils; (iv) three-dimensional pressure equilibria and their gross stability
in mirror fields; and (v) description of particle transport processes within the
magnetic fields of tandem mirrors.

Turning to technological advances, mirror research has been responsible
for some major contributions, including energetic neutral beams, high-field
superconducting magnets of complex shape, and the development and
application of microwave sources for plasma heating.

The United States has by far the largest program in tandem-mirror
research, concentrated at the Lawrence Livermore National Laboratory,
Livermore, California, with smaller programs at the Massachusetts Institute of
Technology and the University of Wisconsin. Tandem-mirror research is also
under way in Japan and in the Soviet Union.
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Current Frontiers of Research

* Building on previous successes, future progress toward fusion in mirror
research will come from an increasingly quantitative understanding of the
plasma processes that control the confinement of fusion plasmas in tandem-
mirror systems.

The current frontiers of research in mirror confinement reflect the present
need for a quantitative understanding of the physics of plasma confinement in
magnetic fields. This need stems, of course, from the ultimate goal of fusion
research—to achieve net fusion power by the most direct and economical
means possible. Central to the issue of achieving a net fusion power yield from
any magnetic-confinement system is an understanding of the rate at which heat
is lost from the confinement zone. In mirror systems, these losses are of two
kinds: (i) axial losses, i.e., losses through the mirrors and out the ends, and (ii)
radial losses, i.e., losses by diffusion across the confining field lines. The
physical mechanisms involved in these two kinds of losses are not the same,
with the result that their study involves different physics issues.

In order to convey the nature of the issues that must yet be resolved, we
will discuss them here in terms of four related conditions that must be met in
order that confinement adequate for realizing a net positive fusion power
balance can be achieved. These four conditions are as follows:

—DMiicrostability, referring to the control of high-frequency oscillations,
particularly as they might occur in, and interfere with the operation of,
the end plugs;

—Axial confinement, pertaining to the need to achieve adequate control
over any processes that lead to losses of particles that penetrate the
electrostatic barriers created by the plug;

—DMacrostability, referring to the maintenance of pressure equilibrium
and stability of the confined plasma against gross unstable motion
across the magnetic field; and

—Radial confinement, not the same as the previous condition, but rather
referring to maintaining adequate control (through configuring the
magnetic field and other means) over the rate of diffusion of the
individual plasma particles across the confining field.

The early years of mirror research, and first-generation tandem-mirror

experiments, provided both fundamental understanding and a data base from
which to start the investigation of the physics under
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lying the above conditions. It is now, however, necessary to be much more
precise in this understanding, in order to gain confidence that third-generation
experiments will achieve their goals of closing the gap between where we are
now and a close approach to net fusion power.

TABLE 4.3 Representative Tandem-Mirror Devices®?

Device Location Period of Confinement Thermal
Operation Parameter-(cm>s)  Barrier
C
MFTF-B LLNL 1986- (1013 Yes
TMX-U LLNL 1982- (1012 Yes
TARA MIT 1984- (1o01h Yes
TMX LLNL 1978-1981 10" No
Phaedrus Wisconsin ~ 1978- 100 No
Gamma-10  Japan 1983- (1012 Yes
Ambal USSR 1984- (10 No
Gamma-6 Japan 1978-1981 1010 No

2 Listed in descending device size, with U.S. devices listed first.

b Supporting single and multicell devices are STM at TRW, Constance at MIT, LAMEX at UCLA,
and MMX at U.C. Berkeley.

¢ Projected parameters are in parentheses.

All the tandem-mirror devices operating or under construction are shown
in Table 4.3. The values cited for the confinement parameter (product of plasma
density and confinement time) are approximate and are given as indications of
the performance level of the various devices.

In what follows, we will discuss briefly the physics issues involved in
meeting the four conditions outlined above.

Microstability

* Understanding of the properties of loss-cone-driven instabilities has led
to their progressive suppression in a sequence of experimental steps and to their
predicted elimination in a thermal-barrier tandem mirror.

As noted in the section on Major Advances—the Tandem Mirror, owing to
their open-ended nature, mirror systems are vulnerable to high-frequency
instabilities that can cause unacceptably high losses of particles through the
mirrors. The degree to which a mirror cell is vulnerable depends on the degree
of anisotropy of the species confined in the cell. In a tandem mirror, there is
greater anisotropy in the end
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plugs, where mirror action provides the dominant confinement force, than there
is in the central cell, where electrostatic plugging predominates. It follows that
concern for loss-cone-driven microinstabilities applies almost exclusively to the
plug region.

The Livermore 2XIIB experiment reduced the level and influence of
microinstability by flowing warm ions through the hot, mirror-confined ion
population. In TMX, the axial losses of ions from the central cell played the
same function. This was described theoretically as a reduction of the
destabilizing aspects of the mirror-confined ion energy distribution. A thermal-
barrier plasma has this feature, without the need for additional flowing plasma.
Validation of this theoretical picture will constitute a major step forward; early
results from the new TMX-U experiment have been very favorable.

Theory and past experiments have identified the plasma conditions and
parameters for microstability. Current and future experiments should be able to
demonstrate quiescent plasma behavior in theoretically predicted stable
conditions of higher temperatures and higher beta values, in this way
delineating the constraints imposed on, and conditions required for, a mirror
fusion power system.

Axial Confinement: Control of the Potential Profile and Thermal Barriers

* Control of the axial potential profile is essential to tandem-mirror
operation. The thermal-barrier end cell develops the plugging potential
necessary for confining the central cell plasma with an end-cell density below
that in the central cell, thereby reducing both the end-cell maintenance power
and the required magnetic field.

The central cell of a tandem mirror is essentially a large-volume mirror
confinement cell with a moderately large mirror ratio (strength of mirror field
divided by the strength of the central field), with its ion loss channel plugged by
a positive potential provided by the plugs. Power, incident in the form of neutral
beams or microwaves, is required to generate the plugging potentials in the
small-volume, lossy end cells. However, because of the large volume ratio
between the central cell and the plugs, and because of the effectiveness of
electrostatic plugging, the fusion power released from the central cell more than
compensates for the power needed to maintain the plasmas in the plugs.
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Figure 4.9

Variation of the confinement parameter nt with ion energy E; for single-cell
mirrors and the central cell of tandem mirrors, showing a strong improvement
with increasing ion energy and a sharp increase due to electrostatic plugging.
Here n is the plasma density, T the confinement time in the single cell or
central cell, R the mirror ratio, and @ . the electrostatic plugging potential.

104

The contrast between the confinement ability of a tandem mirror and that
of a single-cell mirror is illustrated in Figure 4.9, which plots the confinement
parameter against ion temperature in kiloelectron volts. The points lying along
the lower lines show experimental results from a variety of single-cell mirror
experiments and their approach to the ideal theoretical values (set by classical
collision-induced losses). Some departures are evident, usually the result of

inadequate suppres
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sion of microinstabilities. The upper lines bracket the achieved and predicted
confinement parameters for the central cell of various tandem-mirror devices.
The dramatic improvement seen in the confinement parameter for a given
energy over that achievable in a single-cell mirror results from the much greater
effectiveness of electrostatic-plus-mirror confinement relative to mirror-only
confinement. Theory predicts, and experiment confirms, that the electrostatic
confinement depends exponentially on the ratio of the confining potential to ion
temperature.

Achieving confinement in a tandem mirror implies an ability to control the
profile of the electric potentials within the plasma in the vicinity of the plugs.
The way such potentials are generated and controlled in the plug plasmas rests
on the exploitation of a fundamental property of a plasma—its strong tendency
to maintain charge neutrality. Even slight local departures from charge
neutrality can create substantial electric potentials. This fact is put to practical
use in the tandem mirror as a means of creating electrodeless, i.e., nonmaterial,
potential-forming regions that control the containment of plasma particles.

The single-cell mirror naturally develops a positive potential in operation
for a simple reason: the intrinsic mirror-only confinement time of hot ions is
much longer than that of the rapidly scattering electrons. Charge imbalance
leads to the buildup of a restraining potential (equal to several times the electron
temperature), large enough to hold back the electrons, so that the rates of loss
come into balance. In the simplest embodiment of the tandem mirror, that tested
first in Gamma 6 and TMX, the confining potentials were generated by just this
means: high-density mirror cells at each end generated the potentials (named
ambipolar potentials) that electrostatically confined the ions of a lower-density
central cell. In this way, a property of the plasma—its ambipolar potential—was
used to enhance its own confinement.

While the original tandem mirror idea worked well to enhance mirror
confinement times, from a future economic standpoint it had several drawbacks
that prompted a search for improvements. The density of the plug plasmas had
to be substantially larger than that of the central plasma, in order to establish the
required potential "hill" confining the central cell ions. Furthermore, since the
electron temperature controlled the magnitude of the total potential, in order to
increase the potential it would have been necessary to heat all the electrons—
plugs and central cell—to enhance the potential. Since the volume of the central-
cell plasma is much larger than that of the plugs, this was
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deemed to be an unnecessarily expensive and wasteful process. Finally, because
the plugs had both high density and high ion energy, this pressure required
prohibitively high magnetic fields.

It was reasoned that if the electrons in the plugs could be isolated from
thermal contact with the central-cell electrons, a major economically related
benefit would occur. The plug electrons could then be heated to a much higher
temperature than the central-cell electrons (with a now much-reduced heating
power input), and the potential would rise correspondingly. It was in fact
predicted that the required confining potentials would be generated even if the
central-cell plasma density exceeded that of the plug plasma.

The thermal barrier represents an improvement based on exploiting the
possibility of controlling the relative charge-density profiles of electrons and
ions in the end regions of a tandem mirror. It consists of a localized negative dip
in potential between the central-cell plasma and the plugging potential. Such a
potential dip serves to isolate the electrons trapped in the plugging potential
from those in the central-cell plasma. It may be looked upon as a pair of back-to-
back double layers of the type discussed in the physics of auroras. A
comparison of typical potential/plasma-density profiles for conventional and
thermal-barrier tandem-mirror systems is shown in Figure 4.10.

The thermal barrier represents a further manipulation of the axial potential
beyond the idea embodied in the original tandem mirror. To maintain it,
external power input is required in the form of electron heating and in the power
required to pump out ions from the thermal-barrier region. Theoretical
calculations show that, compared to the original tandem, the decrease in power
required to maintain the plug plasmas (using neutral beams) more than
compensates for the power required to form and maintain the thermal barrier.
The decrease in permitted plug-plasma density also lowers the magnetic field
required in the plugs, resulting in an important simplification in magnet design.

Macrostability: Equilibrium and Beta Limits

» With careful attention to design of the end-cell magnetic fields, the open
system's high-beta capability can be realized in a tandem mirror, with calculated
beta limits in the range of 35-50 percent.

The requirement for a pressure equilibrium between the plasma and its
confining field that is stable against gross plasma motion
(magnetohydrodynamic instability) is common to all magnetic-confinement
systems. The driving forces for such unstable motions are
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the plasma pressure gradients themselves, abetted by effects associated with the
curvature of the magnetic field lines and by centrifugal effects if the plasma is
rotating. The field-line curvature enters in a fundamental way: regions where
the field is convex toward the plasma are locally stabilizing; those concave are
destabilizing. In a tandem mirror designed for gross stability, the good
curvature regions are made to outweigh the bad, thereby achieving a favorable
average.

Conventional

o

Thermal Barrier

®
n

Figure 4.10

Axial profiles of tandem-mirror density n and potential @ without
(conventional) and with a thermal barrier, showing the sharply reduced end-
cell density required when a thermal barrier is present.

The plasma is also subject to unstable perturbations that localize in regions
of unfavorable curvature. Magnetically induced localizations, leading to
ballooning instabilities, require line bending and consequently lead to beta
limits. Electrostatic localization, leading to trapped-particle instabilities,
requires a population of fast-bouncing particles that are trapped in the
unfavorable-curvature region. Achieving stability sets a minimum for the
fraction of particles that must visit both good and bad curvature regions. The
challenge to magnet designers, blending together physics and engineering
constraints, is to optimize the beta limits on stability and thereby optimize the
magnetic efficiency. It appears that tandem-mirror systems can be designed that
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exhibit average beta values that are substantial, of the order of 35-50 percent.

Many of the features of equilibrium and macroscopic stability theory have
already been tested in previous mirror and tandem-mirror experiments. Features
of the theory having to do with rotation effects associated with the radial
electric fields in the central cell of a tandem-mirror system have yet to be tested.
However, using the existing theory, conceptual tandem-mirror fusion power
systems have been designed that are predicted to be stable to all such effects. If
the underlying theoretical models are validated in upcoming experiments, an
important physics aspect of the design of tandem-mirror fusion power plants
will be secure.

Radial Confinement: Particle Transport and Radial Potential Control

* Control of cross-field particle transport in tandem-mirror systems
involves taking into account the symmetry of the magnetic fields and the effects
of radial electric fields. Experiments are providing checks of the theory of these
effects, which predicts that they can be made satisfactorily small.

In a tandem-mirror system, the end loss is plugged by an electrostatic
potential. Since this potential cannot be maintained constant radially all the way
to the plasma surface, it follows that the outer surfaces of the plasma are less
well plugged than the inner regions. In such a system, the radial transport of
particles then implies only that they are transported to regions where they are
less well confined axially than they are in inner regions; they still end up by
being lost through the ends rather than directly to the chamber wall (which need
not be close to the plasma surface). This feature, a natural divertor action, can
be a great practical advantage for fusion power generation.

Design of the magnetic-field configuration in tandem-mirror systems has a
critically important bearing on the particle confinement in such systems.
Typically, the end-mirror cells of a tandem mirror are designed with
"quadrupolar magnetic well" type fields in order to ensure stability against gross
(MHD) plasma instabilities. As a result of the essential azimuthal asymmetry of
these fields, various complicated drift motions of the confined ions can occur
that can cause these ions to diffuse radially across the confining field. This
radial loss process is principally nonambipolar—ions escape across field lines,
and electrons along field lines to the end walls. The problem of this so-called
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"resonant transport," especially affecting the ions in nonaxisymmetric mirror
fields, has been addressed theoretically, and scaling laws have been derived that
can be used for comparison with experiment or for conceptual designs of
tandem-mirror fusion power systems.

In recent tandem-mirror experiments, the rates of radial ion transport have
been measured and have been found to agree within a factor of 2 or 3 with
theory. In addition, by using special electrodes at the ends of the apparatus to
control the radial distribution of electric potential (thus influencing the particle
drift motions), marked improvements in radial confinement have been
observed, in general agreement with expectations.

Currently, several approaches are under experimental and theoretical
investigation for replacing the highly asymmetric quadrupolar end-mirror fields
by alternative shapes that should permit totally, or nearly totally, axisymmetric
central-cell fields. Based on present theory, these changes in geometry should
reduce the asymmetry-related radial transport to negligible levels.

Prospects for Future Advances in Mirror Confinement

* In the growing quest for the most practical avenues to fusion power, the
inherent flexibility of the mirror approach may lead to advantageous systems
that are new or simpler.

One of the attractive features of mirror-based approaches to fusion power
is the versatility and flexibility with respect to their design. The tandem-mirror
idea is a prime example of these qualities, where the open-ended nature of
tandem-mirror systems permits the manipulation and control of both the
magnetic and the electrostatic aspects of its operation in a variety of ways. First
steps in the evolution of the tandem-mirror idea are already being taken with the
introduction of the thermal barrier idea, aimed at more effective control of the
confining potentials with expected future economic gains. A coming challenge
for tandem-mirror researchers will be to find ways to accomplish this and other
objectives in simpler ways.

Simplification, with its resulting engineering and economic advantages,
may be sought in improved magnetic configurations and in simpler means of
potential generation and control.

With respect to the tandem-mirror magnetic configuration, there is hope,
based on low-temperature results, that axially symmetric (or nearly so) versions
of the tandem could be designed that would preserve the high-beta qualities of
the present nonaxisymmetric con
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figurations, while at the same time suffering less particle transport and being
much simpler and cheaper to construct.

With respect to simplified means of potential control, there exists the
theoretical possibility that designs or operating modes for the tandem-mirror
plugs can be found that retain the advantages of present thermal barrier ideas
but achieve the equivalent result by much simpler means. One example would
be the negative tandem mirror, operated at a net negative potential, with
magnetically confined electrons plugging the ion leak channel.

The above are intended to illustrate some of the possibilities that may arise
when two fundamental ideas—the magnetic-mirror effect and the control of
plasma by self-generated electrostatic potentials—come together as they do in
the tandem mirror. Increased understanding of basic mirror principles should
advance the mirror approach to magnetic confinement. The goal is a simple and
effective fusion reactor. As the most prominent mirror-based approach, the
tandem-mirror concept has been built on a series of innovative ideas, which
have been verified in the first generation of experimental devices. The
momentum created by these successes should carry us near a demonstration of
fusion breakeven by the end of this decade.

ELMO BUMPY TORUS

Introduction

* The Elmo Bumpy Torus (EBT) concept relies on superhot mirror-
confined high-beta electron rings to stabilize a core plasma in a mechanically
simple, steady-state toroidal configuration.

Plasmas confined in toroidal or mirror magnetic geometries tend to be
unstable in regions where the magnetic field lines bulge away from the plasma,
i.e., regions of "bad curvature." A generic method for improving stability is to
create a superhot component in the bad-curvature region. The diamagnetic
current from a sufficient number of these hot particles produces a local
minimum, or well, in the magnetic field (a minimum-B field). If the motion of
the superhot component is dynamically decoupled from the remaining plasma,
the minimum-B field will produce a stable confinement configuration. This
principle is the basis of the EBT.

The basic building block of an EBT is the single canted mirror sector
shown in Figure 4.11. The mirror sectors (typically 24) are connected
toroidally, forming a highly accessible and simple mechanical structure

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/632.html

gl e e Ao —

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

FUSION PLASMA CONFINEMENT AND HEATING 186

that is operated steady state. The coil spacing causes the magnetic field lines to
b