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Preface

Progress in science comes when experiments contradict theory.
—Richard P Feynman

When reviewing the literature on turbulence in fusion plasmas, one observes that
while several books on the theory of turbulence are available [1–3] and also on
general aspects of turbulent or anomalous transport [4], there are only few books
focusing specifically on data analysis techniques for turbulence. We believe the
reason for this is easy to understand: fusion plasmas constitute a hostile environment
for measurement, making the measurement of turbulent quantities a significant
challenge. Nevertheless, progress in the understanding of turbulence and its
significance for the achievement of fusion as a power source is only possible when
theoretical predictions are verified or falsified, and this requires measurement and
analysis.

This book attempts to fill this gap by focusing not on the theory of turbulence—
treated in profusion elsewhere—but on the analysis of turbulence measurements. It
should be noted that this book provides a strictly personal view of the field and is not
all-encompassing. Most of the material presented is based on personal work or work
performed in close collaboration with others. Thus, this book does not intend to be a
review of the field, and we extend our apologies to colleagues who may feel their
contributions are underrepresented.

We have attempted to introduce the concepts used in the analysis of turbulence data
in a gradual manner, providing explanations and emphasizing the underlying motiva-
tion for the approaches we followed. The book is organized in a manner that reflects our
personal journey of discovery of the complexity of plasmas, gradually revealing ever
more detail and understanding of the behaviour of these extreme systems.

The dynamics of present-day research require one to publish regularly, which has
led us to write a considerable number of specialized, rather terse papers on this
subject, usually with little space for explanation and context. This brings us to
another reason for writing this book: we felt it was necessary to attempt to provide
some insight into how these different pieces of the puzzle, published individually, fit
together into a global view of turbulence in fusion plasmas. Many of the described
methods and techniques are also used in, or could be applied to, fields other than
fusion plasma research.

The reader may wonder why we sometimes used rather old figures (from 20 years
in the past, or more) to illustrate concepts and results. This is inherent in the
scientific tendency to only publish novel results—if a result reproduces what has
already been published, it is often not shown in more recent publications. Thus,
although in many cases we could have produced similar graphs from more recent
measurements, we have preferred to show published results whenever possible, with
the advantage that the interested reader can obtain more details from the
corresponding publication.
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Organization of this book
Chapter 1 provides a general introduction to the study of turbulence in fusion
plasmas, highlighting the many issues and remarkable phenomena occurring in these
complex systems. Our interest in turbulence is motivated by the need to understand
transport in fusion plasmas, in which turbulence is found to play an essential role.

Chapter 2 describes an initial characterization of turbulence, starting with
standard analysis tools such as probability distributions, correlations, and Fourier
spectra, and progressing to some more advanced techniques to detect structures in
plasmas, such as the biorthogonal decomposition and (wavelet) bicoherence. These
analyses already reveal some of the complexity that is the focus of this book.

Our general understanding of transport is based on the collective effects resulting
from particles moving individually according to random (Brownian) motion.
Chapter 3 reviews some aspects of probability theory (the theory of random
variables). It is shown that the theory allows for a much broader range of behaviours
than are usually considered by ‘standard’ transport theories, and that these
‘alternative’ descriptions fit some aspects of turbulence extraordinarily well. The
associated analysis techniques are suited for the study of single turbulent time series,
and allow quantifying complex behaviour, self-similarity, and long-range memory
effects in a systematic way.

Chapter 4 then studies the interactions between turbulent variables using a
technique originating in information theory, namely the transfer entropy. It is
used both to study the causal relationship between fluctuating variables and to
analyze the propagation of perturbations through a turbulent system. In other
words, this chapter addresses the essential multivariate and/or spatio-temporal
nature of turbulence.

Chapter 5 focuses on a specific yet important aspect of turbulence: intermittence
or ‘burstiness’. This property is analyzed using a technique from chaos theory. It is
shown how the intermittence provides a new window on turbulent properties in the
plasma interior.

Finally, chapter 6 summarizes the insights obtained in the course of the book and
discusses some ideas for expanding and applying this work and future perspectives.
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