Preface

Preface to the Second Edition

In the intervening years since the first edition of this book was published
the field of magnetically confined fusion research has made great advances,
and the goal of an inexpensive, abundent, clean, and inexhaustable energy
source is tantalizingly close. The record value of fusion power produced
in research reactors has increased even faster than the memory capacity of
semiconductor chips, doubling approximately every year. The large toka-
mak at Princeton, TFTR, reached fusion power output greater than one
fourth of the energy input, producing 11 Megawatts of fusion power, and the
joint european tokamak in England, JET, passed the sixty percent mark,
producing 16 Megawatts of fusion power. Both JET and the Japanese re-
actor JT-60, operating without tritium, approached the equivalent break
even point, i.e. in the same discharge, with tritium present, they would
have produced as much power as used to heat the discharge. Research
tokamaks regularly produce temperatures ten times hotter than the inte-
rior of the sun, and sustained stable operation at lower temperatures has
been maintained for over an hour. In specially configured discharges in
DIII-D at General Atomics the transport was reduced to the theoretical

~ minimum neoclassical limit by using sheared rotation to stabilize the tur-
bulence. Most of the rapid large-scale instabilities impeding confinement
have been understood and dominated, and research focuses on improving
and extending the operating domain by the control of fine-scale instabilities.
At the same time the field experienced an often rancorous debate con-
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cerning the wisdom of constructing a large multibillion dollar demonstration
reactor capable of igniting, producing net power, and testing associated en-
gineering components. The reactor, ITER was designed as a joint effort by
the four partners, Europe, the Soviet Union, Japan, and the United States.
The debate was complicated by the collapse of the Soviet Union and the
withdrawal of the United States from all but token theoretical analysis due
to congressional pressure to balance the US budget. ITER is now scheduled
to be built in Cadarache, France, and significant interest in collaborating
on this research device has been expressed also by China, India and Korea.

Many US physicists feel that a reactor produced following the design of
ITER cannot be economically successful, and the US program has retreated
to a search for a “smaller, cheaper, smarter” solution. One such approach
is guided by the discovery of a large class of stellarators, the so called quasi-
symmetric stellarators, which could offer distinct advantages over tokamaks
provided they succeed in obtaining high beta and reasonable confinement.
The parameter space of aspect ratio, elongation, and cross-sectional shape
is being explored, as is the use of various means of profile control to pro-
duce regimes of very good confinement. Other novel ideas being pursued
include covering the plasma-facing toroidal walls with flowing liquid metal,
to eliminate the problems associated with wall erosion and the design of
divertors. An important missing experimental step is the production of a
burning, ignited plasma, and most physicists agree that such an experiment
is crucial. The only design for an ignited plasma device to proceed beyond
paper studies is the IGNITOR, partly constructed in Italy, but its future
completion is uncertain.

In spite of the discord surrounding the research strategy, the field is
rather optimistic. The impressive list of successes obtained in the last
decade leads most research fusion scientists to believe that a good solu-
tion is “out there” waiting to be found, and that it will be found. In the
meantime, relatively cheap petroleum continues to suppress the urgency
for arriving guickly at an economical design. The minimum commitment
allowing preservation of the results established so far is to continue to train
and maintain a cadre of professionals capable of carrying out the search,
and of rapidly producing a good reactor when such a design is found.

The book has been extended in several ways. Many of the derivations
have been improved. Wherever possible the analysis has been extended to
include other toroidal devices as well as tokamaks, including the analysis of
equilibrium, particle orbits and stability. The area of field stochasticity and
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the onset of chaos has been improved. The treatments of bootstrap current,
stochastic ripple loss, and phase integral methods have all been rewritten
and extended, and new sections added treating the classification of particle
orbits in tokamaks, TAE modes and their saturation, neoclassical tearing,
and general wave-particle interactions.

The second edition has benefited from comments and corrections by
Mike Beer, Alain Brizard, Yanlin Wu, Wonchull Park, Don Monticello,
Allan Reiman, Wei Li Lee, Zhihong Lin, Rob Goldston, Paul Parks, Stuart
Zweben, Leonid Zakharov, and many others, as well as by the availability of
LATEX word processing. Many of my students have contributed by posing
good questions and by showing interest in the further development of some
topics.

Roscoe White
Princeton Plasma Physics Lab
Princeton University, 2001
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Preface to the First Edition

These notes accompany a graduate course taught at Princeton, designed
to provide a basic introduction to plasma equilibrium, particle orbits, trans-
port, and those ideal and resistive magnetohydrodynamic instabilities which
dominate the behavior of a tokamak discharge, and to develop the math-
ematical methods necessary for their theoretical analysis. Primarily the
book covers the consequences of ideal and resistive magnetohydrodynam-
ics, these theories being responsible for most of what is well understood
regarding the physics of tokamak discharges. No attempt is made to dis-
cuss the derivation of this formalism, this being a topic better left to a
course devoted to kinetic theory. The focus is rather on the description of
equilibria, the linear and nonlinear theory of large scale modes, and single
particle guiding center motion, including simple neoclassical effects. Mod-
ern methods of general magnetic coordinates are used, and the student is
introduced to the onset of chaos in Hamiltonian systems in the discussion
of destruction of magnetic surfaces. The Hamiltonian formulation of guid-
ing center motion provides another glimpse of modern methods in particle
dynamics, preparing the way for the study of gyrokinetics. The interaction
of a high energy particle component with a background magnetohydrody-
namic plasma, of interest for the description of intensely heated and ignited
plasmas, is also treated.

Much of the book is devoted to the description of the limitations placed
on operating parameters given by ideal and resistive modes, and current
ideas about how to extend and optimize these parameters. This permits the
student to quickly arrive at the research level of a topic which is reasonably
well developed and plays and important role in our current understanding
of the dynamics of basic confinement behavior. The part of the book deal-
ing with transport consists of an elementary introduction to the principle
neoclassical mechanisms, and examples of the perturbation methods em-
ployed to deduce transport rates from the drift-kinetic equation. There is a
brief introduction to some of the primitive theories and phenomenological
descriptions of anomalous transport. Particle loss due to symmetry break-
ing perturbations such as toroidal field ripple is treated. The last chapter
is a treatment of the method of Phase Integrals, which has proved very
valuable in the study of ballooning modes, parametric instabilities, and mi-
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croinstabilities. In spite of its elegance and utility there is no treatment in
the literature easily accessible to the student.

To a large degree the book is self contained, and most chapters depend
logically on material developed previously. The exceptions are the chap-
ter on Phase Integral Methods, which is independent and the chapter on
transport, which requires only chapters one through three. The course is
aimed at second year graduate students, but by changing emphasis on the
subjects presented, it could also be given to first year students, or even to
undergraduates with some previous plasma physics training. At the same
time, the material in each topic can be easily expanded to make contact
with current research, and the course could be taught at a more advanced
level by using the text as a base. Notation is uniform and corresponds to
that most commonly used among working plasma theorists.

Roscoe B. White
Princeton 1989





