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The experimental studies on zonal flows and turbulence have been carried out in Compact Helical
System #K. Matsuoka, S. Kubo, M. Hosokawa et al., in Plasma Physics and Controlled Nuclear
Fusion Research, Proc. 12th Int. Conf., Nice, 1988 !International Atomic Energy Agency, Vienna,
1989, Vol. 2, p. 411$ using twin heavy ion beam probes. The paper presents the experimental
observations of stationary zonal flow, nonlinear couplings between zonal flow and turbulence, and
the role of zonal flow in the improved confinement, together with the recent discovery of zonal
magnetic field. The presented experimental results strongly support the new paradigm that the
plasma transport should be considered as a system of drift wave and zonal flows, and provides the
first direct evidence for turbulence dynamo that the structured magnetic field can be really generated
by turbulence. © 2008 American Institute of Physics. #DOI: 10.1063/1.2889012$

I. INTRODUCTION

A number of structures can be found to be associated
with turbulence in the universe and nature. The examples
include historical problems such as the geomagnetism, Jo-
vian belts, transport in accretion disks, and so on. It has been
known that the Jovian belts or zonal flows should be gener-
ated by the Rossby wave turbulence.1 In 1970s, it was
pointed out that the drift wave turbulence should obey the
same equation as the Rossby wave turbulence,2 therefore, it
is expected that the zonal flows should exist in toroidal plas-
mas.

In fusion research, the importance of the zonal flows for
the plasma confinement has been recognized and widely dis-
cussed for the precise prediction of the performance of the
next generation device aiming at plasma burning. The drift
wave turbulence governs the transport processes in toroidal
plasmas, and the saturation level of the drift wave turbulence
should be determined by the interaction between zonal flows
and drift waves.

In toroidal plasmas, two kinds of zonal flows are ex-
pected to exist.3 One is called stationary zonal flow, which is
characterized by nearly zero frequency, and the other is geo-
desic acoustic modes !GAMs", an oscillatory branch of zonal
flows. The zonal flows are symmetric around the magnetic
field axis, i.e., m=n=0, and have a finite radial wavelength
in mesoscale, i.e., !r%&"ia, where a and "i are the device
size and the typical ion Larmor radius, respectively. The
zonal flows are linearly stable; therefore, they are driven by
the background turbulence nonlinearly.

After theoretical and simulation works suggested the ex-

istence of zonal flows and their roles in transport,4–9 the ex-
istence of zonal flows was experimentally proven in a num-
ber of experiments;10–13 more results are available for
GAMs,14–22 !for a review, see Ref. 23". The first complete
identification of the stationary zonal flow was made in Com-
pact Helical System !CHS" using twin heavy ion beam
probes !HIBPs",10 with the observation of coherent modes
conjectured as GAMs.21 Further progress has been made in
CHS; for example, to really confirm the presence of the in-
teraction or nonlinear coupling between zonal flow and
turbulence21,24–26 using an advanced data-processing
technique—wavelet bicoherence analysis.

Moreover, we have developed a potential ability of the
HIBP, which means the direct measurement of magnetic field
fluctuations of plasma interior from the horizontal beam
movement, and successfully obtained a spectrum of mag-
netic field fluctuations in CHS plasmas.27 The paper presents
a brief review of the experimental achievements, using twin
HIBPs in CHS, on the system of zonal flows and turbulence,
together with the discovery of the zonal magnetic field.28 The
discovery is, to the authors’ knowledge, the first evidence to
show that the turbulence really generates the structured mag-
netic field, which is associated with a historical physics prob-
lem; i.e., the dynamo problem.

II. EXPERIMENTAL SETUP

A. CHS device

CHS is a toroidal helical device, the major and average
minor radii of which are R=1 m and a=0.2 m, respectively.
The magnetic field of CHS is generated with a pair of helical
coils and four pairs of poloidal coils to alter the properties of
magnetic field configuration, such as magnetic well depth,
helical ripples, rotational transform, and so on. CHS has sev-
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eral heating apparatuses, two neutral beam injection systems
and gyrotrons, to cover a wide range of plasma parameter
regimes.

B. HIBP for zonal flow physics

The device is equipped with two HIBPs, located 90°
apart in toroidal direction, in order to investigate global char-
acteristics of plasma turbulence measured in electrostatic po-
tential, density, and their fluctuations simultaneously. Each
HIBP has three channels to observe the adjacent spatial
points to examine the local properties of the turbulence, cor-
relation length, dispersion relation and so on. The multichan-
nel detection of the adjacent points in plasma allows us to
measure the electric field, or the perpendicular plasma flow,
directly by making a difference between potentials at two of
the three channels.

The HIBP has a potential capability that has not been
used so far except for a few examples;32,33 e.g., the vector
potential can be sensed from the beam movement. In CHS,
we have explored this capability and have succeeded in mea-
suring the magnetic field fluctuations directly !see Sec. VI"
by making a difference between horizontal beam movements
on the two channels. The details of the method are described
in Ref. 27.

C. Plasma parameters for zonal flow experiments

The target plasmas for the zonal flow experiments have
so far been produced with electron cyclotron resonance
!ECR" heating of %200 kW. The magnetic field strength of
the discharges is B=0.88 T, and the density is kept constant
approximately at ne%5#1012 cm−3. In this discharge condi-
tion, electron and ion temperatures, Te%0.5 keV and Ti
%0.1 keV !i.e., in collisionless regime", ion Larmor radius
"i%0.1 cm, time scale of microinstabilities $* /2%
%50 kHz with k!"i%0.3, and energy confinement time &E
%2 ms !or characteristic frequency of global confinement
&E

−1%0.1 kHz", where k! is the wavenumber and $* is the
drift frequency defined as k!Te /eBLn with Ln being a char-
acteristic length of density gradient. The normalized plasma
pressure !'-value" is %0.2%.

III. ZONAL FLOW IDENTIFICATION

In order to prove the existence of zonal flows in toroidal
plasmas, the first measurement of electric field fluctuation
was carried out at the observation point of r=12 !or "%0.6",
which gives a maximum signal-to-noise ratio to the HIBP
measurement. Figure 1!a" shows the spectrum of the mea-
sured electric field fluctuation. Note that the unit of the elec-
tric field position is expressed in volts, corresponding to the
measured quantities; i.e., the potential difference between
two channels. The actual value of the electric field can be
obtained by dividing the potential difference by the sample
volume distance estimated as (r'1 cm.

In the measurements, it is confirmed that the low fre-
quency fluctuation less than %1 kHz shows a long-distance
correlation. The waveforms of the fluctuations at two toroi-
dal locations are quite identical with each other if the two

observation points are located on the same magnetic flux
surface. On the other hand, the two observation points are
located on different flux surfaces, the fluctuations are coher-
ent with statistically almost an constant phase determined by
the radial distance between the flux surfaces. This observa-
tion means that the fluctuation of this frequency is symmetric
around the magnetic axis with a radial structure in mesos-
cale. Consequently, the fluctuations of this frequency are the
stationary zonal flow. The fluctuation amplitude of this fre-
quency range is approximately %1 V; thus, the correspond-
ing amplitude of the stationary zonal flow is 0.05–0.1 kV /m
!or 0.06–0.11 km /s".

The detailed spatio-temporal structure of the
stationary zonal flow can be inferred by altering the observed
position of potential difference r2, while fixing the
other at r1!=12 cm". The phase between electric fields at
two locations can be deduced from traditional correlation
coefficient and the fast Fourier transform !FFT" analysis
of coherence and phase. The correlation between the poten-
tial differences, i.e., C!(r ,(t"= (()!r2 , t2" ·()!r1 , t1") /
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FIG. 1. !Color" !a" A power spectrum of potential difference at "%0.6, and
coherence between potential differences at the two toroidal locations. The
electric field fluctuation ranging from 0.3 to 1 kHz shows long-distance cor-
relation, and corresponds to the zonal flow of nearly zero frequency. The
hatched region shows the noise level for the power density. !b" Spatio-
temporal structure of stationary zonal flow evaluated from the correlation
function in CHS. !c" Spatial correlations with the time lag of &=0, 1, and
2 ms !Ref. 10".
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&(()!r2 , t2"2) · (()!r1 , t1"2), is evaluated, where r2=r1+(r,
t2= t1+(t, and (*)= !1 /2T"*t−T

t+T*dt.
Figure 1!b" shows the correlation coefficient !closed

circles" as a function of the radial distance of observation
positions (r. The plotted values are the ensemble averages
of the correlation coefficients for time windows in stationary
states. The correlation functions at several delay times are
displayed in Fig. 1!c". The correlation function with (t=0
shows a quasisinusoidal structure with a radial wavelength of
%1.5 cm. The correlation function with (t=2 ms shows no
significant correlation, while the one with (t=1 ms still in-
dicates a high coherence keeping a quasisinusoidal structure.
Accordingly, the radial wavelength of the stationary zonal
flow is approximately %1.5 cm, while the lifetime of the
zonal flow is %2 ms.

IV. NONLINEAR RELATIONSHIP BETWEEN ZONAL
FLOWS AND TURBULENCE

A. Energy transfer between zonal flows and
turbulence

The remaining issue for complete identification of the
stationary zonal flow is to substantiate that the fluctuating
zonal structure should be driven or coupled with the back-
ground turbulence. In order to establish the relation between
turbulence and zonal flow, the observation is made in the
interior of plasma at "%0.35, where the zonal flow ampli-
tude is large. Figure 2!a" shows the spectrum of electric field
fluctuation at that point, with coherence between electric
field fluctuations at two toroidal positions. Compared with
the spectrum in Fig. 1!a", the power of the stationary zonal
flow is obviously larger in this case.

In order to investigate the relationship between zonal
flow and the other fluctuations, the spectrum is divided into
four regions: !i" zonal flow of f + %1.5 kHz, characterized
by a quite high coherence of %0.7; !ii" an inertia region of
1.5+ f +10 kHz, called here a tail; !iii" the GAM region of
10+ f +30 kHz characterized by a sharp peak; and !iv" the
background turbulence region with a broadband peak around
%50 kHz. The sharp peak at 19 kHz shows a long-distance
characteristic, or the significant coherence between the po-
tential fluctuation at the two toroidal locations !,0.5". The
peak is conjectured as the GAMs.

The relationships among the powers of these four fre-
quency regions can be examined using a wavelet analysis.
Figure 2!b" shows an example of the evolution of the zonal
flow Z!t" and that of the wavelet power spectrum of electric
field fluctuation W!f , t" at "%0.35. The used wavelet
analysis34 has the natural correspondence with the traditional
Fourier transformation. The zonal flow component is filtered
out from electric field fluctuation using a numerical low-pass
filter !see details in Ref. 10". Note that the positive value
means the ion diamagnetic direction. Although it is not
shown in Fig. 2!b", significant correlations are seen between
the temporal evolutions of zonal flow, turbulence, and tail in
their power values.

In order to demonstrate the correlation between these
three fluctuation regions, Fig. 2!c" shows three plots of nor-
malized fluctuation power as a function of the normalized

zonal flow power, i.e., qzonal #=q!0.25,1.5 kHz"$, where the
normalized power is defined as q!f1 , f2"=* f1

f2W!f , t"df /Wtotal,
where Wtotal represents the wavelet power integrated all over
the frequency. The regression analysis shows that the turbu-
lence power qturb!30,200" should be strongly dependent on
the zonal flow power as qturb%0.9–1.6qzonal with their cor-
relation coefficient being -=0.74, while no significant rela-
tion -=−0.01 is found for the fluctuation power of the co-
herent mode qGAM!10,30". On the other hand, the fluctuation
neighboring to the zonal flow shows a positive correlation
!-=0.49", and follows the zonal flow concomitantly like a
tail as qtail!1.5,10"%0.63qzonal. Accordingly, the zonal flow
power fraction increases as the turbulence power fraction
decreases,25 suggesting that the quasienergy conservation
law is valid between stationary zonal flow and turbulence.

In comparison between zonal flow and the wavelet fluc-
tuation powers #Fig. 2!b"$, the colored pattern seems to be
synchronous with the tide of the zonal flow. In fact, the FFT
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FIG. 2. !Color" !a" A spectrum of potential difference !or electric field"
fluctuation. The measurement is carried out at "%0.35 !solid line". The
coherence between electric field fluctuations at two toroidal locations
!dashed line". The coherence is plotted in the low frequency range where the
result is above the noise level. !b" Temporal evolution of wavelet spectrum
of electric field fluctuations as a function of frequency, and that of zonal
flow with low-pass filter. The unit of the color bar is in V2 /kHz. !c" Fluc-
tuation power fractions in three frequency regimes as a function of that of
zonal flow. !d" Conditional averaged spectra of wavelet power in the local
maxima and minima of the zonal flow. The gray dashed line represents the
conditional averaged spectrum when +Z!t"+%0 !Ref. 25".
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analysis indicates that the modulation frequency of turbu-
lence power should coincide with the zonal flow frequency.
The presence of the modulation can be examined by taking
the conditional averages of the wavelet spectra for the phase
of zonal flow. Figure 2!d" shows the conditional averaged
wavelet spectra for the maxima and minima of the zonal
flow. It is obvious that the fluctuation power around
%50 kHz shows an increase !an decrease" around a local
minimum !a maximum" of the zonal flow. The result sug-
gests that the fluctuation characteristics should be varied
with the phase of flow, as well as with its amplitude.24,25

B. Quantification of couplings between flows
and turbulence

Bicoherence analysis is used to quantify the strength of
three wave couplings in a statistical and stationary
manner.29–31 As is shown in the previous subsection, the tur-
bulence power is found to be modulated with the phase of
flow; therefore, it can be expected that their coupling could
be dependent on the phase of flow. The wavelet bicoherence
analysis34 should be an appropriate method to extract such
intermittent linkage between the flow and turbulence.

The analysis is extended to adopt a conditional average
for consideration of the dependence of the fluctuation prop-
erties on the flow phase.26 The conditional bicoherence is
evaluated on the electric field fluctuation for five phases of
the flow #see Fig. 2!b"$: !A" Z!&",0.8 V, !B" 0.8,Z!&"
,0.25 V, !C" 0.25,Z!&",−0.25 V, !D" −0.25,Z!&",
−0.8 V, and !E" Z!&"+−0.8 V. The number of used en-
sembles is %20 000 for every case.

Figure 3 shows three bicoherence diagrams for the
phases A, C, and E. The results indicate clear changes in the
coupling between component waves according to the phase
of the flow. The most important feature is that higher bico-
herence values are found along the lines of f1+ f2
% .0.5 kHz at the phases A !maximum" or E !minimum".
The expanded views of a region !90+ +f ++100 kHz" clearly

demonstrate that the couplings becomes stronger on the lines
of f1+ f2% .0.5 kHz in the phase A, while the strong cou-
plings on this line disappears in the phase C. This means that
the background turbulence is intermittently coupled with the
flow according to the phase of flow, suggesting that the
modulational instabilities3,35 should play an important role in
the flow generation, as is expected from theories.

In addition, the couplings between turbulent waves are
varied with the sign of the flow to cause the modulation of
the turbulence power spectrum !Fig. 2". The corresponding
increase can be seen particularly in the regions around
!f1 , f2"%!50,−80" kHz, and !f1 , f2"%!80,−50" kHz in the
bicoherence diagram of the phase E #Fig. 3!c"$. Besides, the
coupling between GAMs !%20 kHz" and the background
turbulence is also shown by the presence of the regions of
higher bicoherence values around f1+ f2' .20 kHz, which
does not show a significant dependence on the phase of the
flow.

V. ROLE OF ZONAL FLOWS ON IMPROVED
CONFINEMENT

Following the discovery of an internal transport barrier
!ITB" in CHS,36 similar phenomena have been found in vari-
ous stellarators, despite the difference in their
configurations.37 The formation of the ITB was ascribed to
the creation of a larger Er shear between the two bifurcated
branches of radial electric field; i.e., electron and ion
roots.38,39 In other words, the transition into the branch of
strongly positive radial electric field forms the shear layer,
whose radial width is 1–2 cm, in the boundary of the outside
where the plasma still remains in the weakly positive branch
of the radial electric field.

Actually, the fluctuation reduction in the connection
layer has been confirmed just before and after the transition
using twin HIBP measurements. Figure 4!a" shows an ex-
ample of the fluctuation behavior on the barrier. In this case,
one of the HIBP observes the change in the fluctuation at the
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barrier location !"%0.3", while the other is used as a monitor
to indicate the exact time of the transition by sensing a dis-
crete change in the potential inside the barrier !"%0.2". As is
shown in Figs. 4!a" and 4!b", the clear enhancement in the
density fluctuation is observed just after the back transition
of the radial electric field, together with a concomitant de-
crease in the flow amplitude.

On the other hand, it has been a mystery that the increase
in the gradient of electron temperature inside the barrier lo-
cation is larger than the neoclassical theory prediction, in
spite of the absence of a significant change in radial electric
field shear. The problem is solved by the recent observation
of the energy partition between flow and turbulence. Figure
4!c" shows energy partition between flow and turbulence,
demonstrating that a clear increase in the flow fraction

should be the cause of the improvement in the state with the
transport barrier.41 Note that the turbulence power is normal-
ized by the temperature gradient in order to remove the effect
of the change of the driving force before and after the tran-
sition.

The improvement inside the barrier should be interpreted
as the result that the free energy of the increased pressure
inhomogeneity should be preferentially transferred into the
flow energy in that state with the transport barrier. The pref-
erential energy transfer to the flow should be ascribed to the
effective viscosity reduction in the state of the electron root.
Since the equation of the radial current balance is expressed
as /jturb+ !#jr,neo /#Er"/Er=0, where /jturb means the turbu-
lence induced current to drive the flow !radial electric field",
the neoclassical driven current !#jr /#Er" acts as the effective
viscosity. Both the neoclassical theories and the experimental
observations indicate that the effective viscosity !#jr /#Er" is
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smaller in the electron root than in the ion root.40 Therefore,
the improved confinement inside the barrier should be real-
ized by the increase of the flow fraction due to the reduction
of the flow damping rate in the state of electron root.

VI. IDENTIFICATION OF ZONAL MAGNETIC FIELD

Several theories have been proposed to predict the exis-
tence of magnetic field in toroidal plasmas.3,42,43 In order to
confirm the existence of such structured magnetic field gen-
erated by turbulence, the measurement of magnetic field
fluctuation using the newly developed technique for HIBP
was carried out at the radial position of robs%12 cm !or "
%0.6", where the maximum signal-to-noise ratio was ob-
tained for the HIBPs in the ECR-heated plasmas. A trajectory
calculation shows that the horizontal beam movement re-
flects the poloidal magnetic field in this series of
measurement.27

Figure 5!a" shows the measured spectrum of the mag-
netic field fluctuation, together with coherence between two
toroidal locations. The dashed line is the estimated maximum
!or the upper boundary" of contamination due to the electric
field fluctuation. The coherence of the frequency lower than
1 kHz, where the contamination is sufficiently small, is quite
high !%0.7". As is similar to the case of the flow, the detailed
investigation shows that the magnetic field fluctuations of
this frequency are identical at two toroidal positions if they
are on the same magnetic field surface. On the other hand, it
has been also confirmed that two signals on slightly different

magnetic flux surfaces are coherent with statistically almost
a constant phase as zonal flows. Consequently, the fluctua-
tion less than %1 kHz should have symmetric structure
around the magnetic field axis with a radial structure in
mesoscale.28

A constant phase relation between the signals from two
different radial positions allows us to estimate the spatio-
temporal characteristics of the zonal magnetic field in the
radial direction by evaluating the correlation function,
C!(t ,(r" in exactly the same manner as that of the zonal
flow. Figure 5!b" shows the cross-correlation obtained by
altering an observed position r2, shot by shot with fixing the
other at r!=12 cm". Figure 5!c" illustrates the spatial struc-
ture of three times at (t=0,1 and 2 ms. These correlation
diagrams show a quasisinusoidal structure in the radial direc-
tion with a characteristic radial wavelength of !r%1.5 cm,
while the memory of the structure is lost in %2 ms.

The wavelet bicoherence analysis is applied to prove the
causal relationship between the zonal magnetic field and tur-
bulence for the five phases of the zonal magnetic field. Fig-
ure 6 shows some of the obtained bicoherence diagrams us-
ing a conditional average for the five phases of zonal
magnetic field #see Fig. 6!a"$: !A" BZ,10 G, !B" 10,BZ

,3 G, !C" +BZ++3 G, !D" −3,BZ,−10 G, and !E" BZ+
−10 G. Two bright lines f1+ f2= .0.5 kHz in the bicoher-
ence diagrams for phases A and E #Figs. 6!b" and 6!d"$
clearly demonstrate that nonlinear couplings between turbu-
lence fluctuation and zonal magnetic field increases when the
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zonal magnetic field stays near the maxima and the minima.
On the other hand, no significant coupling is seen in phase C
#Fig. 6!c"$. Consequently, the wavelet bicoherence analysis
verifies the existence of the coupling between zonal mag-
netic field and turbulence and its intermittent behavior asso-
ciated with the zonal magnetic field phase, suggesting that
the modulational instabilities should play an important role
in the field generation, as is similar to the case of zonal flow.

VII. DISCUSSION AND SUMMARY

A series of CHS experiments on zonal flows and turbu-
lence have unambiguously demonstrated the existence of
zonal flows, a mesoscale structure, that are nonlinearly
driven by the background turbulence. Consequently, the
plasma turbulence should be regarded as a system of drift
waves and zonal flows that nonlinearly interact with each
other. The discovery provides a new paradigm to deal with
plasma turbulence and the resultant transport. The new para-
digm indicates that the importance of disparate scale interac-
tions among micro-, macro-, and mesoscale structures may
be a key to resolve several mysterious problems in toroidal
plasmas, such as nonlocal transport. Actually, the energy par-
tition between zonal flows and turbulence gives an answer to
solve the transport improvement inside the barrier in CHS,
where no significant shear exists.

On the other hand, turbulence-generated structure should
be ubiquitously observed in the universe; therefore, the study
of structural formation in CHS gives a deep insight into such
phenomena. The present experimental results demonstrate
that the physics of zonal flows, in fact, is equivalent to that
of rotating star atmosphere, like the Jovian zonal flows, as
was pointed out already. It should be emphasized that the
discovery of zonal magnetic field should be the first experi-
mental evidence that turbulence should really generate a
structured magnetic field, consequently, should be a great
step for solving a historical physical problem; i.e., dynamo-
dipole magnetic field generation in rotating stars.

In summary, the experiments of zonal flow and turbu-
lence using HIBPs in CHS clearly demonstrates that a me-
dium size toroidal plasma is quite beneficial for physical
understanding of the structural formation of turbulent plasma
ubiquitously observed in the universe. The laboratory experi-
ments on turbulence and zonal flows should be very impor-
tant not only for the fusion science but also for astrophysics;
more generally, for understanding the structural formation
associated with turbulence.
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