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1. Introduction
After five decades of studies of turbulence in plas-

mas [1], understanding of structure formation in turbulent
plasmas has progressed substantially [2–5]. Recent devel-
opments in plasma physics, including fusion research in
a new era of ITER as well as space research and astro-
physics, have focused on structural formation in turbu-
lent plasma associated with electromagnetic field forma-
tion [6]. Key to progress of the study of turbulent plasmas
is a change of view, from one that is linear, local, and de-
terministic to one that is nonlinear, nonlocal, and statisti-
cal. Integration of theory, simulation, and experiment is
another key to progress.

In this overview, we report progress made to date on
the Specially Promoted Research Project “Structure For-
mation and Selection Rule in Turbulent Plasmas” [6, 7].
We first summarize the theory of microscopic turbulence,
mesoscale fluctuations, and selection rules. We then ex-
plain direct computations using a global nonlinear simu-
lation code, as well as describe the physics of mesoscale
structures (such as zonal flow, zonal fields, and transport
interface). Experimental tests on toroidal plasma experi-
ments are also addressed. Finally, we report detailed ex-
perimental measurements, using a linear plasma device,
of mesoscale structures (streamers and zonal flows) and
nonlinear interactions among them. Confirmations by, and
new challenges from, the experiments are stressed. This
report focuses on the project results; detailed references of
related work are given in review articles [8–12].

2. Theoretical Formulation and Simu-
lations
In the study of structure formation and the selection

rule, two fundamental issues exist in the theoretical frame-
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work, as shown in Fig. 1. First, a self-sustaining structure
is realized by nonlinearity in plasma dynamics. Therefore,
a nonlinear theory must be developed to describe the states
far from thermodynamic equilibrium. Second, a statistical
theory must be developed to calculate the transition proba-
bilities between possible states. The theoretical framework
has been extended to address these two requirements.

This procedure for developing a statistical theory for
plasma turbulence is explained using the example of a re-
duced set of equations:

∂

∂t
f + L(0) f = N( f ), (1)

where L(0) is an operator for linear response, f is a fluc-
tuation field such as f T = (φ, J, p), and N( f ) stands for
nonlinear interactions. We adopt the following procedure:

(i) Decompose the nonlinear term into the coherent term
−Γ f and incoherent noise term R as

N( f ) = −Γ f + R. (2)

(ii) Solve a closed set of equations for coherent terms

(L(0) + Γ) f = 0. (3)

This gives self-consistent, self-sustained states. Mul-
tiple solutions are possible.

(iii) Analyze the effects of turbulent noise R on the mode
(variable) of interest. Calculate the transition proba-
bility among nonlinear states, which are induced by
the turbulent noise. From the transition probability,
establish the selection rule for the nonlinear states.

We apply the dressed test mode method [2] and Mori’s
projection method [13] to the above system of equations to
evaluate the memory function and random force [14]. This
result gives a basis from statistical physics for the previ-
ously developed model, in which the method of dressed
test mode was used. A summary is presented in Table 1.

c© 2009 The Japan Society of Plasma
Science and Nuclear Fusion Research
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Fig. 1 (Left) Nonlinear, nonlocal, and statistical theory is necessary for the study of turbulent structure. (Right) Example of a multiplex
turbulent structure in toroidal plasmas.

Table 1 Comparison of the result near thermodynamic equilibrium and that for far-from equilibrium.

2.1 Transition probability and selection rule
Employing the coherent drag term and random noise,

we derive the Langevin-type equation for the variable of
interest, in the presence of background turbulence [15].
The variable X is the normalized variable of interest—for
example, the normalized electric field X = eρpEr/T in the
study of H-mode transition. The dynamic equation for the
variable X is given as

∂

∂τ
X + ΛX = w(τ)g. (4)

The probability density function (PDF) of X, P(X), en-
semble average, and transition probability are studied.
The stationary solution of PDF Peq(X) is expressed as
Peq(X) ∝ g−1 exp(−S (X)) using the nonlinear potential

S (X) =
∫ X

4Λ(X′)g(X′)−2X′dX′. The minimum of S (X)
(apart from a correction ln g)—that is, zero of Λ—predicts
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Fig. 2 (Left) Mean lifetime before onset of NTM as a function of plasma beta value (for Δ′0 = 0). (Right) Contour of lifetime on the
(Δ′0, βp)-plane. Cusp for the multiple solutions is shown by the dotted line. Above the dotted line, multiple solutions are allowed
and stochastic transition takes place. (See [16] for details of data.)

the probable state of X. Namely, S (X) can have two min-
ima at X = XL and X = XH, which are separated by the
local maximum at X = Xm. Bistable solutions X = XL

and X = XH indicate hysteresis but the ensemble average
〈X〉 = ∫

XPeq(X)dX changes smoothly as the global con-
trol parameter varies.

The transition probability is given as

rA→B =

√
ΛAΛm

2π
exp(S (XA) − S (Xm)), (5)

where S (X) =
∫ X

4Λ(X′)g(X′)−2X′dX′ is the nonlinear
potential function, and the time rates ΛA,m,B are given as
ΛA,m,B = 2X|∂Λ/∂X| at X = XA,m,B.

2.2 Lifetime of plasma states near transition
boundary

The transition probability gives the lifetime of a state,
from which the plasma moves to the most probable state.
The lifetime analysis is applied to the problem of the on-
set of neoclassical tearing mode. An explicit form of the
lifetime is given as [16]

tlife =
2π

η
√
Λ0Λm

exp(S (Am)), (6a)

where A is the normalized amplitude of helical magnetic
potential perturbation, and the nonlinear dissipation func-
tion is given as
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where δ is the collisionless skin depth, α = εrsβp/Lp is
the normalized pressure gradient for the case of current-
diffusive ballooning mode turbulence, and other notations
are given in [16]. The coefficient Γ0 indicates the impact of
the microscopic turbulence for the onset of the nonlinearly
unstable mode.

The lifetime of the state A = 0, i.e., free from the neo-
classical tearing mode (NTM), is shown in Fig. 2 (a). The
unit of lifetime is 2π/η

√
Λ0Λm, which is of the order of

Rutherford growth time. The dependence of lifetime on
plasma beta is shown. It is evident that lifetime strongly
decreases as plasma beta increases. If plasma beta exceeds
the effective phase limit βp∗, the lifetime value is on the or-
der of magnetic diffusion time. The contour of the lifetime
is shown in Fig. 2 (b).

Hysteresis for the onset of a magnetic island is also
studied experimentally. The evidence of hysteresis and a
comparison with experiments are given in [17].

2.3 Global nonlinear simulation
The theoretical study above indicates the impor-

tance of coupling between fluctuations with different scale
lengths. With the development of global nonlinear simu-
lations, the interactions between fluctuations with different
scale lengths have been studied systematically [18–26]. A
review of this work is published in [11]. Here, a prototyp-
ical example is presented.

It is shown explicitly, by employing the direct non-
linear simulations, that the novel mechanism of turbulence
trigger is effective for neoclassical tearing mode in toka-
maks. The nonlinear evolution of NTM in the presence
of drift wave turbulence is investigated using the four-field
neoclassical MHD equations, where fluctuating ion paral-
lel flow and ion neoclassical viscosity are taken into ac-
count [18].

Nonlinear simulations with single helicity modes are
performed using a spectral code. Figure 3 (a) shows the
time evolution of electromagnetic energy for cases with
different Fourier modes in the spectral space. It is found
that nonlinear acceleration occurs in the early growing
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Fig. 3 (a) Time evolution of electromagnetic energy for various Fourier modes. (b) Contour of perturbation for multiple-scale turbulence.
(See [18] for details.)

phase as the number of Fourier modes (n) increases. How-
ever, saturation amplitude is weakly affected by high-n
modes. Acceleration of the growth of the tearing mode
by background microscopic turbulence is clearly demon-
strated. Figure 3 (b) shows the contour plot of perturba-
tions, showing that the global magnetic island and micro-
scopic turbulent fluctuations coexist.

Another important problem is the establishment of in-
ternal transport barriers. Selective turbulence spreading
near the minimum of the safety factor was found to create
an internal transport barrier [20]. The barrier forms in the
region where linear instability exists, and the formation of
barrier further increases the linear growth rate. This clearly
demonstrates the nonlinear, nonlocal (multiplex and multi-
scale), and statistical nature of plasma turbulence.

3. Physics of Zonal Flow
Zonal flow in toroidal plasmas is, as a zero-th order

description, constant flow on magnetic surface, indepen-
dent of poloidal and toroidal angles, with its sign oscillat-
ing as the radius is increased. They are damped modes
in linear theory but are driven by background microscopic
turbulence induced by plasma inhomogeneities. The parti-
tion of energy from microscopic turbulence to linearly sta-
ble zonal flows thus reduces the level of microscopic fluc-
tuations and turbulent transport.

The influence of zonal flows is central to the physics
of confinement. Zonal flows are critically important in the
design of fusion experimental reactors. In addition, zonal
flows are prototypical examples of structure formation in
nature. The study of zonal flows in laboratory plasma ex-
periments has application in areas such as zonal flows and
dynamo magnetic fields in solar and celestial plasmas.

Early work and advances in this area are surveyed
in reviews [8, 9]. The essential elements in the physics
of zonal flows are the following: (i) mechanism of
zonal flows excitation; (ii) back interaction on turbulence;
(iii) saturation mechanism of zonal flows; (iv) energy par-

tition between fluctuations and flows; and (v) turbulent
transport coefficient dressed by zonal flows.

3.1 Mutual interactions and energy parti-
tion between fluctuations and flows

Nonlinear interactions between zonal flows and drift
wave can be constructed for the zonal flow intensity V2

Z
and total drift wave energy W as

∂

∂t
W = γLW − αV2

ZW − Δω2W2 (7a)

and

∂

∂t
V2

Z = αWV2
Z − γdampV2

Z − γNL(V2
Z)V2

Z. (7b)

The term αWV2
Z denotes the energy exchange where α

is a coupling coefficient. The nonlinear damping rate of
drift wave is expressed as Δω = Δω2W, and the term
γNL(V2

Z) symbolically represents the self-nonlinear satura-
tion mechanism of zonal flow.

The stationary state of drift waves and zonal
flows, which follows Eq. (7), is dictated by αWV2

Z and
γNL(V2

Z)V2
Z. For the purpose of gaining analytic insight,

let us choose a simple model of the form γNL(V2
Z) = α2V2

Z.
The stationary solution for Eq. (7) is given as either the so-
lution without flow,

W =
γL

Δω2
V2

Z = 0 (8a)

for the case of γL < γdampΔω2α
−1, or the solution with

flow,

W =
γdampα + α2γL

α2 + Δω2α2
V2

Z =
γLα − γdampΔω2

α2 + Δω2α2
(8b)

for the case of γL > γdampΔω2α
−1. When the driving source

of drift waves is weak, zonal flow is not excited and bare
fluctuations are realized. When the parameter exceeds the
threshold, zonal flow is excited, and increment of fluctua-
tion level becomes slower.
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Equation (8) is relevant when the nonlinear decorre-
lation rate of drift waves is large. When the drift wave
amplitude is low and Δωk is small, special care is neces-
sary. A famous example is the Dimits shift problem [27].
In such a case, zonal flow saturates when trapping becomes
effective—that is, Δωk = ωbounce ∝

√
VZ. Using the renor-

malized growth rate of zonal flow, the saturation condition
for zonal flow in the absence of collisional damping is de-
rived as [28]

Δω2
k = Ck2

θρ
2
s U2 − ω2

bounce, (9)

where C ∼ 2 is a numerical coefficient of order unity. Note
the relationship ω2

bounce ∝ ωkU.
Figure 4 shows the energy partition between flow and

fluctuations in the absence of collisional damping. Even
in the absence of fluctuations, zonal flows can have finite
amplitude.

3.2 Turbulent transport coefficient dressed
by zonal flow

When the damping rate of zonal flow is large, the tur-
bulent transport coefficient is determined by bare micro-
scopic fluctuations. When fluctuations are driven by linear
instability, thermal diffusivity is given as

χi =
γL

k2
r
. (10a)

When zonal flows are excited but weak so that γNL(V2
Z) <

γdamp holds,

χi ∼
√
γdamp

α

ω∗
k2

r
, (10b)

Fig. 4 Comparison of the relationship χi(U) for the steady state
of ion-temperature-gradient mode [28]. Zonal flow vor-
ticity is in units of Vdρ

−1
i and thermal conductivity is in

units of vthiρ
2
i L−1

n . Theory (solid line) and DNS data (dots)
quoted from [29].

which is independent of γL. In the limit of large γL, ther-
mal diffusivity is given as

χIII =
Ck2
θρ

2
sω∗

2α

⎛⎜⎜⎜⎜⎜⎜⎝−1 +

√
1 +

4α

Ck2
θρ

2
sω

2∗
(γL − γL,c)

⎞⎟⎟⎟⎟⎟⎟⎠ ω∗k2
r
,

(10c)

where the boundary γL,c is given as γL,c/ω∗ =

2
√

2C−1q2
r k−2⊥ . Thus, the coefficient of turbulent transport,

which is dressed by zonal flow, is obtained.

4. Experimental Studies on Zonal
Flow and Zonal Fields
Stimulating developments have been made in experi-

mental studies of zonal flow and geodesic acoustic modes
(GAMs). Experimental discovery of zonal flow is re-
ported in [30]. Articles in cluster papers [10] and in re-
views [8, 12], for example, describe rapid progress in this
field of research. Contributions have been given from vari-
ous experiments, including toroidal systems as well as lin-
ear devices, in alphabetical order, ASDEX-U, CASTOR,
CHS, CLM, CSDX, DIII-D, H1-heliac, HL-2A, HT-6M,
HT-7, JFT-2M, JIPPT-IIU, T-10, TEXTOR, TEXT-U, TJ-
II, and TJ-K. These are summarized in Table 1 of [12], and
further reports on LMD-U are found in [6].

4.1 Identification of zonal flow and GAMs
The most important progress has been the experimen-

tal discovery of zonal flow, which was made in a compact
helical system (CHS) device. The radial electric field is
measured in the device at two different toroidal angles. The
power spectrum of electric field fluctuation is shown in
Fig. 5 (left) with cross correlation between electric fields
at two different locations. Strong correlation in the low-
frequency regime indicates zonal flow. Two-point and two-
time correlations of low-frequency components of the elec-
tric field are shown in Fig. 5 (right). The reference radius
is chosen as r = 12 cm, and the radius of the other observa-
tion point is varied. The zonal flow has a radial wavelength
of a few centimeters and an autocorrelation time of a few
milliseconds. These are longer than those for microscopic
fluctuations, confirming that zonal flows is mesoscopic.

Many researchers have reported observations of GAM
oscillations in toroidal plasmas and compared observed
peaks with expected GAM frequencies. Figure 6 is repro-
duced from [12]. The frequency of GAMs is now widely
validated.

The radial structure of GAMs has also been inves-
tigated. The JFT-2M group has reported observation
of GAM eigenmode characteristics. In addition, out-
ward propagation characteristics of GAMs have been de-
duced [31]. Theories show that GAMs have eigenmode
structure owing to temperature inhomogeneity and can
propagate in a radial direction [32,33]. GAM spectroscopy
has been proposed to measure ion density [34].

038-5



Plasma and Fusion Research: Review Articles Volume 4, 038 (2009)

Fig. 5 (Left) Spatiotemporal structure of stationary zonal flows evaluated from the correlation function in a CHS device. (Right) Spatial
correlation with time lag of τ = 0, 1, and 2 ms. The reference radius is chosen at r = 12 cm [12, 30].

Fig. 6 Comparison between observed GAM frequency and the-
oretical prediction. cs is the ion sound velocity; R is the
major radius. (Quoted from [12].)

4.2 Nonlinear interactions among zonal flow
and fluctuations

Identification of zonal flow requires measurement of
nonlinear coupling between zonal flow and fluctuations. A
systematic study using bicoherence analysis has been de-
veloped on coupling between GAMs and drift waves [35–
41]. Figure 7 shows bicoherence analysis for the edge fluc-
tuation of JFT-2M plasma. The component with the local
GAM frequency has an unambiguous squared bicoherence
for ω1 + ω2 = ωGAMs, which verifies coupling with broad-
band microscopic fluctuations (in the range >30 kHz). We
observe that any pair of drift wave modes interacts with
a common GAM component, so that the biphase takes
almost constant values. In contrast, for combinations of
three drfit wave modes, the biphase randomly changes by
choice of interacting pair. The bicoherence and biphase
were compared with theoretical prediction [42] in the arti-
cle [39]. The observed bicoherence is within the order of

magnitude of theoretical prediction, providing quantitative
confirmation that GAMs have been observed.

As is explained in the theory of zonal flow growth
based on modulational instability, excitation of zonal flow
is accompanied by envelope modulation of background
microfluctuations [8]. Such modulation was also ob-
served [36, 43].

Fluctuation-driven Reynolds stress is an essential is-
sue in the physics of zonal flow, and it has been measured
using various devices. Reports of semi-quantitative agree-
ment [44] show that turbulence-driven stress is the domi-
nant source that drives global plasma flow shear in linear
plasma.

4.3 Suppression of turbulent transport by
zonal flow

Measurements of the effects of zonal flow on turbu-
lent transport have been made using CHS device [45–48].
Particle flux is given as Γ =

∑
ω
Γω, Γω = 1

B 〈Ẽωñω cosαω〉,
where Ẽω is electric field perturbation, ñω is density pertur-
bation, and αω is phase difference. Γω is high at the bottom
of the zonal flow potential (where the zonal flow electric
field is opposite to the mean dc radial electric field) and
low at the peak of the zonal flow potential (Fig. 8). This
observation is consistent with theoretical modeling, which
predicts that fluctuations tend to accumulate in the trough
of zonal flows.

4.4 Control of transport by modifying the
damping rate of zonal flow

Turbulent transport is strongly influenced by the
damping rate of zonal flow [8]. This introduces the idea
of controlling turbulent transport by modifying the damp-
ing rate of zonal flow. This working hypothesis was tested
in the analysis of CHS plasma. It is known that electron
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Fig. 7 Bicoherence analysis to show coupling between GAM and background turbulence in JFT-2M (see [36] for details). (a) Bicoherence
evaluated with potential fluctuation at the plasma edge. (b) Corresponding biphase.

Fig. 8 Modulation effect of stationary zonal flow on particle transport in a CHS device [45]. (a) Temporal evolution of stationary zonal
flows. (b) Image plot of particle flux. (c) Conditional averages of potential fluctuation spectra in the time windows discriminated
by the phase of zonal flow—that is, maxima, zero, and minima.

turbulent transport is reduced in the plasma core, where
the electric field itself is high but its shear is insufficient
to suppress turbulence (see a review in [49]). The role of
zonal flow in the formation of an internal transport barrier
in toroidal helical plasma has been analyzed [50]. Reduc-
tion of turbulent transport in the core of e-ITB plasma, via
enhanced zonal flow, has been experimentally confirmed,
as shown in Fig. 9. It is clearly demonstrated, theoreti-
cally and experimentally, that the damping rate of zonal
flow governs the global confinement of toroidal plasmas.

4.5 Zonal fields
The electromagnetic counterpart of zonal flow is a

zonal field [8]. Zonal fields can influence the current pro-
file or stability of tokamaks. In addition, zonal fields are
considered to be mesoscale dynamos. Thus, we have a
unique opportunity to study the physics of dynamo mag-
netic fields [51] by laboratory measurement of the pro-
cess whereby structured magnetic fields are generated by
microscopic turbulence. Experimental evidence for zonal
fields has recently been reported [52]. Zonal fields that are
in the poloidal direction and change sign with radial wave-
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Fig. 9 Simultaneously observed zonal flows and microturbu-
lence intensities during the e-ITB phase (solid circle, red)
and L-phase (open circle, blue). Vertical and horizon-
tal axes are normalized fluctuation amplitude |eẼr/∇T0|2
and zonal flows amplitude |EZF|2, respectively. The insert
shows the profile of mean potential for e-ITB and L plas-
mas. Locations of interface and observation, rint and robs,
are also indicated [50].

length of a few centimeters were discovered in CHS plas-
mas using a dual heavy-ion beam probe system. Details of
the experimental study of zonal fields are found in [53–55].

5. Experimental Study of Drift Wave
Turbulence in Linear Plasmas
In the Specially Promoted Research Project “Structure

Formation and Selection Rule in Turbulent Plasmas,” par-
ticular focus is placed on use of the linear plasma device
LMD-U. A unification of the methods of research—that
is, theory, simulation, and experiments—is pursued in the
project. For this purpose, the LMD-U device has been
upgraded at Kyushu University [56], and a numerical lin-
ear device (NLD) has also been developed [57]. Detailed
measurements of turbulent fields, combined with predic-
tive studies by NLD, have enabled the study of nonlinear
interactions in drift wave turbulence. Extensive research
has been performed worldwide on plasma turbulence in
linear plasma devices (see references in [44, 56]). These
studies propelled research trends in this direction. In addi-
tion, the discovery of streamers followed [58]. Here, these
results are briefly reported.

5.1 LMD-U device and study of drift wave
turbulence

LMD-U linear plasma has a cylindrical shape with
a diameter of about 100 mm and an axial (z) length of
3740 mm. Under the experimental conditions of 3 kW of
7 MHz rf power, 0.01-0.15 T of axial magnetic field (in
the +z direction), and 1-6 mTorr of argon pressure in the

source region, the electron density and temperature of the
plasma were found to be about 1019 m−3 and 3 eV, respec-
tively. The electron density gradient is steep in the radius
range r = 30-40 mm and produces resistive drift wave
instabilities propagating in the poloidal direction. Drift
waves and route to drift wave turbulence have been ob-
served in this plasma [59]. With a 64-channel poloidal
Langmuir probe array, which is able to measure the pre-
cise poloidal wave numbers of the fluctuations [60], two-
dimensional (poloidal wave number kθ and frequency ω)
power spectra of the drift wave turbulence were observed.
A number of fluctuation peaks and broadband components
appear in the two-dimensional power spectrum [61]. Ion
flow velocity near the end plate has been measured [62].
Pumps have been designed to suppress neutral density, fol-
lowing the simulation of neutral particles [63].

Increasing the magnetic field and/or decreasing the ar-
gon pressure causes turbulent fluctuations. Figure 10 (left)
shows spatiotemporal fluctuations of the ion saturation cur-
rent measured with the 64-channel probe array. The wave-
form shows that the plasma is in a turbulent regime. There
is a main m = 1 fluctuation in the electron diamagnetic
direction together with multiplex structures separating and
combining. Figure 10 (right) shows the two-dimensional
power spectrum S (m, f ). The spectrum shows a number of
fluctuation peaks in m– f space. Some of the peaks satisfy
the linear dispersion relationship calculated in [57]. The
fluctuation peaks do not satisfy a single proportional rela-
tionship between m and f . Therefore, many of the peaks
are excited by nonlinear couplings with other peaks. In ad-
dition, there are broadband fluctuation components other
than the fluctuation peaks.

Nonlinear couplings in the turbulent regime are con-
firmed by bispectral analysis [58, 64]. It was found that
three primary modes induce other peaks in sequence.

5.2 Discovery of streamers
Theory predicts that drift waves can cause self-

focusing in the direction of propagation (with small mod-
ification in radial direction), called a “streamer” [8, 65].
This self-organization of turbulence is complementary to
zonal flow, which is constant in the poloidal direction. Nu-
merical linear device (NLD) predicts that a streamer occurs
when the damping rate of zonal flow is large in a linear
plasma device [66].

We have identified the streamer structure—that is, the
bunching of drift waves—for the first time, confirming
nonlinear interactions. Figure 11 shows the emergence of
a streamer. Thin stripes (fast propagation in poloidal di-
rection) denote waves, and their envelope is focused in the
θ-direction. The peaks and troughs of the envelope prop-
agate slowly in the poloidal direction. The time scale of
propagation of the envelope in the laboratory is about few-
to-ten times larger than that of waves. Taking into account
plasma rotation introduced in the analysis of wave disper-
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Fig. 10 (Left) Spatiotemporal behaviors of ion-saturation current fluctuations (arbitrary unit) measured with 64-channel poloidal probe
array. Discharge conditions (magnetic field, argon pressure) are (0.09 T, 2 mTorr). (Right) Contour plots of two-dimensional
power spectrum S (m, f ) (arbitrary unit). Solid line shows linear dispersion relationship of drift waves calculated by numerical
code analyses. (Reproduced from [56].)

Fig. 11 Streamer in a linear plasma device. Prediction by sim-
ulation (top) and measurement (middle and bottom). Si-
multaneous measurement of the spatiotemporal behaviors
of ion-saturation current fluctuations is given on the sur-
face, r = 4 cm and z = 1.885 m. Temporal behavior at
θ = 0 shows bunching of the wave (bottom). (Repro-
duced from [58].)

sion, the rotation frequency of the envelope in the plasma
frame reduces to O (100 Hz). This modulation of enve-
lope is created by nonlinear coupling of many fluctuation
components with m ≥ 2, such as peaks (X) and (X ± a) in

Fig. 12 Dependencies of (a) fluctuation energies of the electro-
static potential and (b) instantaneous linear growth rate
of (4, 1) mode on the neutral density. Result is obtained
using a numerical linear device [71].

Fig. 10 (right). The peak (X) is, for example, (2c), (b + c),
etc. Nonlinear coupling of (a) with other quasimodes hav-
ing m ≥ 2 is confirmed. The streamer structure was shown
to be extended in the radial direction using two poloidal
probe arrays as well as a two-dimensional movable probe.
The nonlinear triplet coupling that leads to streamer for-
mation lasts longer than the autocorrelation time of fluctua-
tions. Thus, we have experimentally quantified that nonlin-
ear coupling determines multiple characteristic timescales
in turbulent plasmas. The density and potential fluctuation
structures in LMD-U are reported in [67].

5.3 Zonal flow in a linear plasma device
Zonal flow is also studied in the linear plasma

LMD [68–70]. Drift waves and low-frequency zonal
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flow coexist. Two distinctive modes at frequencies 0.3-
0.5 kHz (zonal flow) and 6-8 kHz (drift wave) are ob-
served. The zonal flow is located at r < 4.5 cm, associ-
ated with poloidal velocity fluctuations. The drift wave
has maximal amplitude in the steep density gradient re-
gion, m/n = 3-5/2-3, and finite radial wave numbers.

The radial wave number profile of the zonal flows has
a shear structure at the radial location where the drift wave
has maximal normalized fluctuation amplitude. The radial
wave number profile of the drift wave shows vortex tilting,
resulting in generation of stationary turbulence Reynolds
stress gradient per mass density. Envelope and bispectral
analyses detect significant nonlinear interactions between
zonal flows and drift waves and confirm nonlinear interac-
tion between them. Energy exchange between waves and
flow is also confirmed.

Figure 12 shows the selection rule between zonal flow
and a streamer [66, 71].

6. Summary
We report herein progress in the project “Structure

Formation and Selection Rule in Turbulent Plasmas.” In
this focused study, we have developed a new view of
plasma turbulence as being nonlinear, nonlocal, and statis-
tical. This replaces the previous view of it being linear, lo-
cal, and deterministic. Because the previous view assumed
linear growth in a local model, it gave only a limited view
of the properties of plasma [72]. Progress has been made
in the nonlinear statistical theory of turbulence, global sim-
ulations, and methods of nonlinear data analysis. By these
new methodologies, we have clarified our understanding
of structure formation and transition, phase boundaries,
transition probabilities, and state lifetimes. Global simu-
lation demonstrates that dynamic behavior as well as bar-
rier formation is influenced by the presence of multiple-
scale turbulence. The physics of zonal flows is also de-
veloped, and the experimental discovery of zonal flows,
zonal fields, and streamers is made. Nonlinear interactions
between mesoscale structures and microscopic turbulence
have also been verified unambiguously. This project thus
successfully unified the research methods of theory, simu-
lation, and experiment in the study of turbulent plasmas.

This research is expected to be extended in various
directions. One direction is to investigate plasmas in na-
ture. Initial efforts have investigated the dynamo magnetic
field, solar tachocline, magnetic and velocity structures,
and more [73–75]. Another direction is to investigate plas-
mas in the laboratory by studying phenomena such as tran-
sit transport, in which change propagates across the plasma
column much faster than would be the case from diffusion.
Such phenomena have been observed in toroidal plasma
experiments [76–81]. Studies have been initiated of long-
range interactions [8,82], dynamic competition among var-
ious modes [83–85], and two-dimensional structure forma-
tion [86–91]. The study of dynamical response of turbu-

lence will be systematically pursued in the Project “Inte-
grated Research on Dynamic Response and Transport in
Turbulent Plasmas.”
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