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We discuss aspects of imaging of plasma turbulence, taking the standpoint that the imaging is a path for
induction of law from complex signals. An example of induction of symbol from signalsisillustrated. Then the
image of plasma turbulence is extended, putting an emphasis on the identification of the nonlinear interaction
in turbulence. By employing the bipspectral method, magnitudes of interactions among excited modes are esti-
mated. I nteractions between microscopic turbulence and large-scale structures are demonstrated, providing our

understanding of structure formation in turbulent plasmas.
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1. Introduction

Plasmas turbulence research has driven a number
of active scientific areas. In nuclear fusion research, the
achievements of devices such as JT-60 and LHD have lead
to a new era of burning plasma experiment ITER (in-
ternational thermonuclear experimental reactor). In space
physics and in astro-physics, numerous data from mea-
surements have been explored. In addition, plasmas play
important roles in developing new materials with special
functions. Among these research areas, an important issue
exists, namely, the structural formation of turbulent plasma
associated with electro-magnetic field formation and its se-
lection rules. That is, the generation of structure from tur-
bulence (e.g., zona flows and transport barriers in mag-
netic confinement of plasmas, tachocline in solar convec-
tion zone, dynamo magnetic field, accelerationin accretion
of massin stellar dynamics, etc.) attracts considerable in-
terest of research. Thisresearch has been established based
upon therapid progressin the precise knowledge of spatio-
temporal evolution of plasmas. Thus, imaging of plasmas
has been a strong driving force for the progress of modern
science.

‘Imaging’ is composed of various processes in human
intellectual activities. In one of thoughts, the visualization
of the subject is a central theme, but in the others, empha-
sisis placed upon the process of comparing the signals and
iconswith the models, to establish understanding. Asmore
and more precise data are provided, agoal of imaging (i.e.,
the induction of image and law from complicated signals)
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Fig. 1 Induction of image and law isagoa of imaging, and be-
comes possible when athreshold is overcome in imaging
technology and image processing.

comes closer to us. When a threshold in resolution is sur-
passed, our understanding makes a stepwise jump to a new
level. By the progress of the imaging technologies and of
image processing, the induction of working hypothesis (or
thetest of present hypothesis) becomes possible (Figure 1).
A view is chosen here that imaging is a path for induction
of law from complex signals.

Thefundamental issue in studying (thusin making the
imaging of) turbulence isto identify the nonlinear interac-
tions among excited degrees of freedoms, and to establish
a law. The structure formation has attracted attention in
the study of turbulent plasmas [1]. In plasma turbulence,
turbulent fluctuations are composed of (nonlinear) collec-
tive modes and incoherent granulations. Collective modes
are considered to interact through wave-wave (W-W) in-
teractions and wave-particle (W-P) interactions [2]. In the
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Fig.2 From signals to symbols. Hieroglyph in ancient Chinais
a successful induction of symbols from observations of
alarge variety of phenomena. The character for ‘vortex’
symbolizes a concave vacancy of water.

end, both of the nonlinear interactions must be measured
and integrated into our understanding. Experimental stud-
ies are more abundant for W-W interactions. This interac-
tion is dominated by the three-wave coupling. Therefore,
the analysis of the third order spectrum is a useful method
to measure the nonlinear interactionsin plasmaturbulence.
Quantitative studies of nonlinear interactionsin plasmatur-
bulence are now possible, as a result of the rapid progress
in capabilitiesin data acquisition and computation.

In this article, we first discuss one fundamental as-
pect of imaging, i.e., the induction of symbols from com-
plicated signals. Then we discuss the image of plasmatur-
bulence, by reviewing identification of the nonlinear in-
teraction in turbulence. This is given by the higher order
spectral analysis. By employing the bipspectral method
[3], magnitudes of interactions among excited modes are
measured and comparisons with theoretical modeling are
performed. Interactions between microscopic turbulence,
meso scal e fluctuations [4-6] and large-scale structures are
also demonstrated [1, 7, 8], providing our understanding of
‘how global structures are generated by turbuléndéis
isanew step in establishing imaging of plasmaturbulence.

2. From Signalsto Symbols

We begin the description of imaging as a path of in-
duction of law (images, symbols) from complex signals,
by illustrating the exampl e of the recognition of the vortex.
The vortex is an essential element in the physics of turbu-
lence, and its image is indispensable in understanding the
turbulence.

Vortices have been observed more than million of
yearsby human being. Thefirst (and symbolized) record of
our recognition of the essence of vorticesis the hieroglyph
in ancient China (Figure 2). Thishieroglyphic character for
vortex represents ‘ the concave vacancy of water’. The fea-
ture that the water surface is concave (when the vortex is
excited) had been considered the most essential element of
various observations of vortices, and was symbolized.

Thisinduction of the symbal illustrates the wisdom of
mankind. After the use of this character for more than tens
of centuries, amathematical description has been invented.
The equation of motion is given as

Fig. 3 Central axes of swirling vortices and typical vortex cores
(shown with colored panels) in a freely decaying homo-
geneous isotropic turbulence. (Quoted from [9].)

0 1
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wherev, p and p arethevelocity, mass density and pressure
of fluids, respectively, and g is the acceleration by gravity.
In the presence of a vortex, the centrifugal force (the sec-
ond term of the LHS) bal ances with the change of pressure
(the first term of the RHS). The reduction of the pressure,
in the presence of gravity, causes the concave deformation
of the water surface. This symbol of vortices in a hiero-
glyph, depletion of pressure, is not only proved relevant
by modern science, but also drives new progressin today’s
research. One can quote the identification of complex vor-
tices in a large-scale nonlinear simulation. By finding the
minimaof pressure, axesof swirling vorticesareidentified.
(See Fig. 3 from [9] as an example.) Thus, the induction
of arule through imaging is again propelling progress in
the imaging technology and image processing under much
more general the circumstance.

3. Dynamics and Causality

3.1 Turbulenceand structure

We now proceed to the central problem, i.e., the struc-
tural formation of turbulent plasmaassociated with electro-
magnetic field formation. Our knowledge of structuresin
turbulent plasmas includes examples, e.g., the zonal flows,
zonal field and transport barriers in magnetic confinement
of plasmas, the tachocline in the solar convection zone,
the dynamo magnetic field in solar and astrophysical plas-
mas, the acceleration in accretion of massin stellar dynam-
ics, etc. These stimulating phenomena are considered to be
driven by turbulence. Imaging of plasma turbulence isil-
lustrated here, explaining the measurements of nonlinear
interactions that generate structures.

Two prototypical examples are givenin Figs. 4 and 5.
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Fig. 4 Microscopic turbulence and structures (zonal floes) in
high temperature toroidal plasmas (simulation). The
structured flow, which is generated by turbulence, regu-
lates micro fluctuations so that the turbulent energy trans-
port is suppressed. The combined dynamics of turbu-
lence and structured flows govern the evolution of global
toroidal plasma. (Details are explained in [10].)

In high temperaturetoroidal plasmas, which are hotin cen-
ter and cold near the edge, the convection of heat isinduced
by microscopic fluctuations. Microscopic fluctuations are
shown by small-scale corrugations of the colour contours
in Fig.4(a). (See [10] for description of nonlinear simu-
lation.) The microscopic fluctuations, at the same time,
drive the zonal flows, which are constant on toroidal sur-
faces but change their directions in radius (shown by bold
arrows in Fig. 4 (b)). The zonal flows in turn suppress the
microscopic fluctuations, thus reducing the heat transport
from the hot center to the cold periphery [4-8,10-14]. In
addition to this coupling between micro fluctuations and
zona flows, there are many nonlinear mechanisms that
induce structured flow of plasmas. The nonlinearities in
the relations between the gradient, structured flow, turbu-
lent fluctuations, and turbulent transport govern the spatio-
temporal evolution of the globd features of toroida plas-
mas (including the spatial interface, barriers, and structural
transitions) [1].

In the dynamics of high temperature astrophysical
plasmas, the structure formation of turbulent plasmas also
playsessential roles. One example is quoted from the stud-
ies of the accretion disk (Fig.5) [15]. Microscopic tur-
bulence causes turbulent viscosity that enhances the rate
of mass accretion to the gravitational center. The turbu-
lence, at the same time drives the structured magnetic field
(which may have the form of atorusin the disc and have
cylindrical shape in the jets), i.e., the dynamo process.

(a)

Tul bulence

Momentum transport
/ Accretion of mass

stellar evolution

Dynamo

(b)

Fig.5 Microscopic turbulence and structures (toroidal as well
as columnar magnetic field) in high temperature plasmas
in accretion disk (simulation). The structured magnetic
field, which is driven by turbulence, together with mi-
cro fluctuations, regulates the transport of angular mo-
mentum, so as to control the rate of mass accretion. The
combined dynamics of turbulence and structured mag-
netic field govern the stellar evolution. (Reproduced with
permission [15].)

The driven magnetic field regulates the momentum trans-
port, and strongly influences the accretion of mass. Thus,
the stellar evolution is governed by the mutua interaction
of microscopic turbulence and structured magnetic field
(Fig. 5 (b)).

These constitute the central working hypothesis in
modelling the turbulent plasmas in laboratory and in na-
ture. The essentia issues are the identification of the struc-
tured flow (vorticity) and magnetic field, and confirma-
tion of the nonlinear interaction between them and micro-
scopic turbulence. Thisarea of research has been propelled
noticeably, owing to the improved knowledge of spatio-
temporal data with high resolution, to the advanced anal-
ysis of data, and to the integration of theoretical, simula-
tional and experimental research.

3.2 Zonal flowsand microscopic fluctuations
in toroidal plasmas

The discovery of the zond flows in toroidal plasmas

(experiments on CHS — compact helical system) isillus-

trated in Fig. 6 [16]. Dual heavy ion beam probes (HIBPs)

are ingtalled on CHS. This provides information on the

radial electric field at multiple points (at two different
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Fig. 6 Installment of dual HIBP system on CHS torus (a). Time
series of raw data from on of the HIBP (b). The power
spectrum (red) of fluctuations and cross-correlation be-
tween signalsfrom two HIBPs (blue), (¢). The high cross-
correlation at low frequency range indicates the presence
of the zonal flow.

toroidal angles), Fig.6(a). The signal of the electric field
perturbation from oneHIBPisshownin Fig. 6 (b). Thesig-
nal changes very rapidly in time, demonstrating the ex-
citation of microscopic turbulence. By decomposition of
the tempora signal into the frequency power spectrum,
one observes broadband turbulence (higher than 20kHz
in this example). In addition, there is a prominent peak in
the power spectrum below afew kHz. Thislow frequency
component is identified as the zonal flow, by obtaining the

cross spectrum of signals from two HIBPs. The coherence
between the low-frequency components from two HIBPs
is calculated (blue linein Fig. 6(c)). The signals from two
HIBPs show high coherence, indicating that the perturba-
tion in the low frequency range is nearly homogeneous on
the magnetic surface. The relative radial distance of two
HIBPsisvaried, and it was found that (1) the radial wave-
length of the zonal flows is one or two cm, and that (2)
the correlation length of the zonal flows is longer than a
few cm. (A peak in the power spectrum around 20kHz is
an oscillating zonal flow, which has been named geodesic
acoustic modes (GAMS) [17].)

3.3 Measurement of nonlinear interaction

The nonlinear interaction among excited components
in the turbulence was measured by use of bicoherence anal-
ysis. The method, bispectral analysis, is arelevant tool for
the understanding of nonlinear interactions in plasma tur-
bulence. The nonlinear dynamical equation may be written
inaform

0 .
70+ (-7 +iLo)g = > Nog. @

where ¢ is a dynamical variable of interest, y is a linear
growth rate, Lo represents the linear frequency, N and de-
notes the coefficient of nonlinear interaction (which sym-
bolizes the nonlinear interactions such asthev- Vvtermin
Eqg. (1)). Thus, thetriplet correlation (ggg) determines the
evolution of the quadratic moment (gg) (e.g., the power
spectrum). When a variable ¢(t) is analyzed, we introduce
Fourier components as

g(t) = > go exp(-iwt) (3)

The bispectrum estimator B(w, p), the squgred bicoherence
b?(w, p), and the summed-bicoherence 3 b? are defined as

é((")’ p) = <g;gp—wgw>» (4)
A, D)2
|B(w, p)l ®)

62 N = ’
) = o PY(9uP)

and

2B = ) B p). (6)
p

The biphase is defined by the relation
B(w, p) = B(w, p)Ie°. (7)

We see that this bispectrum estimator B(w, p) is in pro-
portion to the projection of the response g, to the nonlin-
ear force Npgwgp-o. Thus, the bicoherence represents the
nonlinear interactions. The bispectrum in turbulent plas-
mas has been theoretically evaluated in [18].

The studies on nonlinear interaction among drift wave
turbulence and zonal flows have been widely reported.
(See [19, 20Q], cluster papers on “Experiments of zonal
flow and turbulence” [21] and refs. [22-29].) The case
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Fig. 7 Time series of raw data from the measurement of edge
turbulence on JFT-2M tokamak (a). The power spec-
trum of fluctuations indicates the presence of low fre-
quency zona flow, the oscillating zona flow (GAMS)
near 15kHz and high frequency microscopic fluctua
tions (b). The bicoherence of the signal together with
the biphase is shown in (c). The prominent peak of the
interaction between GAMs and micro fluctuations are
clearly demonstrated. The biphase, associated with this
GAMs-micro fluctuations coupling, shows only weak de-
pendence on the frequency of micro fluctuations. In con-
trast, the coupling between the microscopic fluctuations
indicates the randomly varying biphase.

of the JFT-2M tokamak is introduced here as an exam-
ple. Figure 7 shows the process of imaging in the study
of plasma turbulence. The time series of raw data (taken

by Langmuir probes at the plasma edge, in this example)
is given in Fig.7(a). A rapidly changing signal indicates
strong broadband turbulence. As a standard procedure, the
power spectrum is deduced from the time series of signals.
It is apparent that there are three characteristic activitiesin
the turbulence. The high frequency, broadband fluctuations
(higher than 20kHz), a sharp peak at around 15kHz, and
the peak in the low frequency range (1kHz) are observed.
The broadband fluctuations are considered the drift wave
turbulence in this example. The peak in the intermediate
frequency is the GAMs (oscillating zonal flows), and the
low frequency peak is considered to be the zonal flow.

The causal relations among excited fluctuations are
now identified by use of nonlinear analysis of observa
tions. Figure 7 ¢ shows the result of the bicoherence analy-
sis of the spectrumin Fig. 7(b) [20, 28]. The squared bico-
herence, b?(f1, f,), and the biphase, 6(f1, f,), are givenin
Fig. 7c. Itisevident that, when f; or f, or f1+ f, correspond
to the frequency of the GAM oscillation, the bicoherence
has a large value, indicating the strong nonlinear interac-
tion between the GAM oscillation and two component in
the broadband fluctuations. The biphase for this combina-
tion of interactions (one of three is the GAM oscillation)
takesanearly constant val ue, showing that the microscopic
fluctuations belonging to the broadband fluctuations co-
herently interact with the GAM oscillation. These obser-
vations demonstrate that the microscopic fluctuations and
the meso-scal e perturbation (GAMS) interact through mod-
ulational nonlinear coupling. This process has been the-
oretically pointed out as the driving mechanism of zonal
flows in plasmaturbulence [4, 6, 8, 30, 31]. Further studies
have been done for the magnitude of nonlinear coupling,
and experiments have given confirmation to the theoretical
predictions (within the experimental error) if the conver-
gence study is carefully performed [32]. The interaction
between the zonal flow (in the rage of 1kHz in Fig. 7(b))
and broadband components are also observed in the bis-
pectral analysis, Fig.7c. The coupling is less prominent
for zonal flows, in comparison with that of GAMs. This
is partly because of the limitation of the number of real-
izationsin the statistical average. The real frequency of the
zonal flow is much smaller than that of GAMSs, and the
number of realizations for the statistical averageis smaller
for zonal flows than for GAMs. The nonlinear coupling
among microscopic fluctuations is also shown in Fig. 7c.
In contrast to the cases of zonal flows and GAMs, the cou-
pling between the microscopic fluctuations indicates the
randomly varying biphase. This is consistent with the the-
oretical prediction of nonlinear interaction of drift wave
turbulence [18]. Structural transition in turbulent plasmas
hasbeen known[1,7], and anew type of it has been pointed
out by introducing the coupling between micro, meso and
macro perturbations [33, 34].

Theories have also predicted that the zona magnetic
field can also be excited by microscopic turbulence [8].
Thefirst report of the observation of thezonal field (i.e., the
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meso-scale dynamo magnetic field) has been given [35].
Through studies aong the line of thoughts in Figs. 6

and 7, interactions between microscopic turbulence and

large-scal e structures are explicitly demonstrated.

4. Summary and Discussion

In this article, we have described the imaging of
plasma turbulence, taking a standpoint that imaging is
a path for induction of law from complex signals. The
progress of the imaging technologies and of image pro-
cessing, the induction of working hypothesis has become
possible. In this article, the system of views of Figs.5-
7 constitutes the image of plasma turbulence: emphasis
is placed upon the identification of the nonlinear interac-
tion in turbulence. Elements of activities are captured by
the power spectrum, and the magnitudes of interactions
among excited modes are given by employing the bispec-
tral method.

From the progress of studies of turbulence, it has be-
come clear that a substantial part of the observed ‘struc-
tures' in nature and in laboratories are accompanied by the
structured axial vector field (vorticity or magnetic field),
and are generated by turbulence. This image (understand-
ing) is a scientific answer to the human recognition of the
evolution of nature. As is illustrated in Fig.8, traditional
wisdom in oriental and occidental civilizations has taught
that the ansatz ‘all things flow has been confirmed ubig-
uitoudly. The law ‘all things flow has been confirmed by
mankind, because the structures (which do not last) have
been continuously generated. The rule of generation and
passage of structures started to be formulated.

Asisillustrated in this article, the progress of plasma
physicsinduced a paradigm shift from the previous‘ linear,
local and deterministic’ view of turbulent transport to the
new ‘nonlinear, no-local (in real and wavenumber spaces),
statistical’ view of turbulent transport. For recent devel op-
ment of statistical theory in turbulent plasmas, readers are
referred to Refs.[1, 6, 36-40] The fluctuating force from
background broadband turbulence can induce stochastic
transition in globa dynamics. Thisis one of the processes
that determine the lifetime of structures.

Surrounded by increasing information, the basic un-
derstanding of plasmas is necessary. “Knowledge should
be developed into Understanding”; such research trends
spread all over the world. The understanding of turbulent
plasmais acentral theme of this century.

[Mavta pet
All things flow and nothing lasts (Heraclitus)

FEN EBHENHRAEER  (FLF)
< HDFE < DiNE MBI ZEHMT (Confucius)

Fig. 8 Traditional wisdom in human recognition of naturein ori-
ental and occidental civilizations.
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