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Increased Nonlinear Coupling between Turbulence and Low-Frequency Fluctuations
at the L-H Transition
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The nonlinear coupling between small scale high-frequency turbulence and larger scale lower-
frequency fluctuations increases transiently in transitions to improved confinement in the DIII-D
tokamak. This increase starts before the rapid turbulence suppression and E 3 B shear-flow
development in the region that becomes the H-mode transport barrier/shear flow region. After the
transition, the coupling returns to L-mode levels. These results are consistent with expectations for
spontaneous transitions to improved confinement triggered by a turbulence-driven sheared flow.
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The confinement of hot dense plasmas in toroidal
magnetic configurations is often limited by particle and
heat transport due to plasma microturbulence [1]. Under
suitable conditions, however, these plasmas undergo spon-
taneous transitions from low to high confinement states
by the formation of radially localized transport barriers in
the plasma edge [2] and core [3]. These transport barriers
result from the spontaneous formation of a sheared flow
[4] which increases the decorrelation rate of turbulent
eddies via eddy stretching in the direction of the flow [5].
This suppression of turbulent transport via sheared flow
is nearly universal in plasmas, and also occurs in hydro-
dynamics under suitable conditions described in Ref. [5].

The origin of these spontaneously generated shear flows
in plasmas is a critical question. In the initial theoretical
work [6], the origin was unspecified. In more recent work
the sheared flow was proposed to evolve out of the turbu-
lence in a self-organization process [7–13] driven by the
turbulent Reynolds stress [14] which transports and con-
centrates turbulent momentum in a velocity shear layer.
The process is analogous to the generation of zonal flows in
the other 2D fluid systems such as the jet streams on Earth,
the banding of Jupiter’s atmosphere, and the differential
rotation of the Sun [15–18]. Viewed as a mode-coupling
problem, the kinetic energy associated with the turbulent
velocity fluctuations of the fluid is transferred to larger spa-
tial scales via three-wave interactions [19,20].

In this paper we present qualitative evidence that such
self-organization takes place using the nonlinear signal
processing technique known as bispectral analysis. Three-
wave interactions between small scale high-frequency
turbulence and larger scale lower-frequency fluctuations
increase transiently prior to and during the transition from
low to high confinement (L-H transition) in the region
where the shear layer forms. This increase is initially
limited to coupling between small (ku . 2 cm21) and
intermediate-to-large (ku � 0.1 1 cm21) scales, and
becomes broadband during the transition. After the L-H
transition the coupling returns to L-mode values, with
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residual coupling between small (ku . 2 cm21) and large
(ku � 0.1 cm21) scales.

Several workers have studied the electrostatic Reynolds
stress �ñr ñu� using Langmuir probes in the edge of
Ohmic and auxiliary heated plasma discharges [21] or
during improved Ohmic confinement tokamak discharges
[22]. However, due to the high heat loads on probes,
results have not been reported during spontaneous L-H
transitions in auxiliary heated confinement experiments.
Further, probes cannot measure in the plasma core,
where self-generated shear (zonal) flows are predicted
to modulate the turbulence level and to contribute to the
spontaneous formation of internal transport barriers [23].
Direct measurement of the Reynolds stress is thus quite
difficult, and so alternative approaches are needed. Con-
sequently, several authors have reformulated the problem
as a three-wave mode-coupling problem [13,19,20], trans-
forming the search for changes in the Reynolds stress and
shear flow into a related study of the bispectrum of the
potential fluctuations Bk3�k1, k2� � �f�k3�f�k1�f�k2��.
The cross power transfer between the turbulent Reynolds
stress due to electrostatic E 3 B fluid velocity fluctua-
tions, k1rk2uf�k1�f�k2�, and the shear flow, k3f�k3�,
can be related to the above bispectrum if the fluctuating
wave numbers are estimated by their mean values [20,24].
An increase in the shear-flow energy due to the Reynolds
stress should thus be accompanied by an increase in
the bispectrum. A similar conclusion was reached
using an energetics formalism in a recent paper by
Diamond et al. [19].

An increase in the bispectrum can occur via increases
in the turbulence or shear-flow amplitudes and/or by an
increase in the coherence between different fluctuation
scales. Since the turbulence and shear-flow amplitudes
do not change significantly prior to the L-H transition
(Fig. 1) [25], we look for changes in the three-wave phase
coherence across the transition using the (squared) auto-

bicoherence b̂2
k3

�k1, k2� � jBk3 �k1,k2�j2

�jfk3 j
2� �jfk1fk2 j

2� which provides
a measure of the significance of phase-coherent three-wave
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FIG. 1. A L-H transition (thick line) showing (a) Da drop,
(b) Er at (0 mm) and 7 mm inside (27 mm) the separatrix,
(c) edge Er shear estimated from the Er difference in (b), (d)
=Pe , and (e) density fluctuation power ñ2 in the edge measured
by reflectometry. The thin vertical lines are the bicoherence
analysis times in Fig. 2.

interactions with k3 � k1 1 k2 [20], independent of the
fluctuation amplitude.

The k domain results are transformed into the frequency
domain using the frozen-flow hypothesis, which states that,
if the fluctuation structure does not change significantly
as it convects past the probe (if the propagation time dt
through the sampling volume d is short relative to the au-
tocorrelation time tcorr), the frequency can be linearly re-
lated to the wave number via the measured phase velocity
yu . Here, dt � d�yu � 5 ms ø tcorr � 15 30 ms dur-
ing the L mode and dt # 1 ms ø tcorr � 5 15 ms dur-
ing the H mode. The measured ku ~ f; in L mode, for
example, ku � 0.1 cm21 (2 cm21) at f � 10 �200� kHz.
Since there is no Doppler shift for the shear flow (be-
cause it has ku � 0) the low-frequency (f � 0) nature
of the sheared flow is retained. Therefore we expect
coupling between small scale turbulence and large scale
shear flows to be manifested as simultaneous coupling
among triads of frequencies f1 � f2 approximately hun-
dreds of kHz and the corresponding difference frequencies
f3 ø f1, f2 � 0 kHz.

The data presented here were acquired in reproducible
neutral beam heated discharges with spontaneous L-H
transitions in the DIII-D tokamak. The plasma under-
goes a L-H transition at 1522.6 ms as indicated by a drop
in the edge Da emission (a measure of the plasma ef-
flux) [Fig. 1(a)]. The radial electric field Er , measured
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by charge exchange recombination (CER) spectroscopy
[26], increases in a narrow layer just inside the separatrix
[Fig. 1(b)], where for clarity we plot only the two chords
that bracket the radius of the probe measurements. This
Er shear layer [Fig. 1(c)] induces a sheared rotation on the
edge fluctuations, which subsequently undergo an ampli-
tude reduction at the transition as indicated by the density
fluctuation power ñ2 measured just inside the shear layer
by reflectometry [Fig. 1(e)]. A radially localized “trans-
port barrier” is formed, as indicated by the increase in the
electron pressure gradient =Pe in the edge after the tran-
sition [Fig. 1(d)]. A detailed discussion of the L-H transi-
tion phenomenology has be presented elsewhere [3,25].

The turbulence data were obtained with a reciprocat-
ing Langmuir probe on the outboard midplane of the torus
[27] measuring ion saturation current Isat and poloidally
separated floating potentials Vfloat, during the stationary
maximum insertion point (the “dwell”). The dwell ra-
dius was varied on repeat discharges to obtain the radial
profile of the turbulence measurements across the L-H
transition. The squared auto-bicoherence b̂2

f3
� f1, f2� was

computed from Vfloat and Isat data in 3.48 ms intervals
at the times indicated in Fig. 1 using established tech-
niques [28]. Each interval was analyzed with 34 real-
izations of 512 samples at a frequency of 5 Msamples�s.
We first consider the summed auto-bicoherence, defined
as b2� f3� �

P
f1,f2

f11f2�f3

b̂2
f3

� f1, f2�, which provides an indi-

cation of the relative amount of coherent three-wave cou-
pling at frequency f3 to all other frequencies, such that
f3 � f1 6 f2. The noise floor of b2� f3� is estimated fol-
lowing the established literature as 1�N � 0.03, where N
equals the number of realizations, well below the calcu-
lated values of b2� f3�. This estimate is in good agreement
with b2� f3� calculated from a random signal which con-
tained no coupling. Although the absolute value of our bi-
coherence estimator has probably not converged due to the
short record lengths available [29], identical record lengths
and the number of realizations allow us to estimate the
time dependence of gross features in the bicoherence. The
use of Vfloat and Isat in place of plasma potential and den-
sity, respectively, neglects Te fluctuations with well-known
limitations (see Appendix B of [25]). However, we expect
the gross features of the bicoherence to be similar for all
fluctuating fields (as we show for Vfloat and Isat).

Just before the L-H transition (22.5 ms), the potential
fluctuation power begins to decrease [Fig. 2(a)] coincident
with a large increase in b2� f3� of the potential fluctuations
across the entire frequency range [Fig. 2(b)]. Just after
the transition (12.6 ms), the fluctuations are strongly sup-
pressed [Fig. 2(a)], and b2� f3� decreases toward L-mode
levels, except in the ranges f3 , 30 kHz and 200 , f3 ,

400 kHz. By 6 ms after the transition, b2� f3� has returned
to the initial L-mode values for all f3. Similar results are
obtained for Isat [Fig. 2(c)], except that, even 6 ms after
the transition, increased coupling persists for f3 , 60 kHz
and 100 , f3 , 400 kHz.
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FIG. 2 (color). (a) Potential fluctuation autopower spectra and
summed bicoherence b2� f3� for (b) Vfloat, and (c) Isat 3 mm
inside the separatrix at times relative to the L-H transition time.
(d) This panel shows b2� f3� for Isat 7 mm outside the separtrix
in a similar discharge with times as indicated. The dashed lines
in (b), (c), and (d) indicate the statistical significance level.

The structure of the three-wave coupling is indicated
by the squared auto-bicoherence in frequency space
b̂2

f3
� f1, f2� [Fig. 3]. At each � f1, f2� the degree of phase

coherence for triad interactions with f3 � f1 6 f2 is
plotted; the f2 . 0 triangle corresponds to sum coupling
f3 � f1 1 f2, and is bounded on the left at f1 � f2
by symmetry and on the right by f3 � fN since fre-
quencies above fN are not measured. The f2 , 0 region
corresponds to difference coupling f3 � f1 2 f2 and is
bounded on the left at f1 � 2f2 by symmetry and on
the right by f3 � 0. In early L mode [Fig. 3(a)], there
is little structure to the three-wave coupling. Just before
the transition [Fig. 3(b)], significant coupling develops
between pairs of high (400–1000 kHz) and low-to-
intermediate difference frequencies (20–200 kHz). Just
after the L-H transition [Fig. 3(c)], this coupling shifts
to nearly equal high and smaller difference frequen-
cies (f1 � f2 � 300 1200 kHz; f3 , 60 kHz) in the
presence of broadband coupling that may result from
an increase in the “burstiness” of the signal. By 6 ms
after the transition, =Pe is 3 times larger [Fig. 1(d)], the
135001-3
FIG. 3 (color). Auto-bicoherence b̂2
kz �k1, k2� of the ion satu-

ration current 3 mm inside the separatrix (a) 15.5 ms before,
(b) 2.5 ms before, (c) 2.5 ms after, and (d) 6.1 ms after the
L-H transition.

broadband coupling has disappeared, and only coupling
between nearly equal high and low difference frequen-
cies remains (f1 � f2 � 100 1000 kHz; f3 , 50 kHz)
[Fig. 3(d)]. This coupling eventually disappears more
than 10 ms after the transition.

Bispectral analysis of data 7 mm outside the separatrix
[Fig. 2(d)] shows no such temporal variation, indicating
that the bicoherence where measured changes only in the
region of the strong shear flow. The time dependence of the
total bicoherence b2 �

P
f1

P
f2 b2

f3� f1, f2� (a measure of
the relative strength of nonlinear coupling integrated over
all scales) is shown in Fig. 4 inside (23 mm) and outside
(17 mm) the separatrix, and indicates the temporal and
spatial localizations of the changes relative to the L-H
transition.

FIG. 4. Evolution of the total bicoherence of Isat 3 mm inside
(≤) and 7 mm outside (�) the separatrix.
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These results indicate that three-wave coupling between
low and high frequencies (large and small scales) increases
just before and during the L-H transition. This transient
increase (i) starts before the turbulence reduction and rapid
increase in E 3 B shear flow, (ii) occurs in the region
of increased velocity shear, and (iii) decays within a few
milliseconds after the L-H transition. These results are
consistent with expectations for a transient Reynolds
stress-driven zonal flow triggering the L-H transition
[30,31]. In these models, as the Reynolds stress decays,
the increased pressure gradient [Fig. 1(d)] sustains a mean
(diamagnetic) shear flow distinct from the initial Reynolds
stress shear flow in the steady-state H mode.

Several questions about these results remain. First, the
transient nature of the L-H transition limits the bispectral
analysis here to a small number of realizations, so that the
values are probably not completely converged [29]. How-
ever, experience with strongly correlated test signals using
similar numbers of realizations gives reasonable agreement
with analytically calculated values, in terms of both magni-
tude and location in the f1-f2 plane. We therefore suggest
that what is important here is the transient appearance of
the coupling between large and small scales, rather than
the actual strength of that coupling.

Second, are the low-frequency fluctuations in fact the
zonal flows suggested by theory and computation? Zonal
flows should have f � 0 with finite spectral width df
determined by collisional damping of the zonal flow [32].
In the DIII-D core, df � 5 kHz, significantly lower than
the difference frequencies reported here. This estimate
assumes that the fluctuations are small and that ion-ion
collisions dominate the zonal flow damping. These as-
sumptions break down in the edge where the fluctuations
are large and ion-neutral collisions may dominate the
damping rate. Unfortunately, no estimates have been pub-
lished for zonal-flow damping in the edge, and we cannot
determine if the difference frequencies seen here are
consistent with a Reynolds stress-driven flow in the edge.

Third, one would also like to measure the rate of en-
ergy transfer from smaller to larger spatial scales. The
data requirements [33] for this calculation are prohibitive
for DIII-D, and so this issue must be addressed on other
devices.

Finally, the bicoherence observations shown here sug-
gest that similar signatures could be observed in density
fluctuations during internal transport barrier formation.
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