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Abstract

The analysis of nonlinear behaviour in turbulence requires special analysis tools since the usual

linear analysis methods (e.g. spectral analysis) do not reveal all information. Here we

investigate a recently introduced nonlinear tool for the analysis of turbulence: wavelet

bicoherence [1,2]. It detects phase coupling (nonlinear interactions of the lowest -quadratic-

order) with time resolution. In a model of drift wave turbulence, it detected a highly localized

coherent structure associated with (but not located at) a rational surface, where the nonlinear

coupling was reduced, perhaps due to a shear flow. Analyzing reflectometry measurements, it

detected a strong increase in nonlinear phase coupling coinciding with the L/H transition.

1 Introduction: wavelet bicoherence

In turbulence studies, wavelet analysis is a valuable tool. It provides time-resolved information

on the various scales (inverse frequencies) composing a signal. It removes a fundamental

objection against Fourier analysis: the decomposition of a signal in 'harmonics' when the

nonlinear equations describing turbulent phenomena do not possess harmonic eigenmodes.

The bicoherence, or the normalized bispectrum, is a measure of the amount of phase

coupling that occurs in a signal or between signals [3,4]. Phase coupling occurs when two

frequencies are simultaneously present in the signal(s) along with their sum frequencies, and the

sum of the phases φ of these frequency components remains constant. When the analyzed signal

exhibits structure of any kind whatever, it might be expected that some phase coupling occurs.

The generalization of the bispectrum to wavelet analysis may be expected to be able to detect

temporal variations in phase coupling (intermittent behaviour) or short-lived structures.

2 Analysis of simulated data: A plasma drift wave turbulence model

The numerical results analyzed in this section correspond to a simple model of long-wavelength

drift wave turbulence in sheared-slab geometry that was presented in [5]. The equilibrium

quantities vary along the x-axis (radial direction) but are independent of the other two

coordinates, y (poloidal), and z (toroidal). The equilibrium magnetic field is
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where Ls is the magnetic shear length and ŷ and ẑ are the unit vectors in the y and z directions,

respectively. In addition to the magnetic field, the equilibrium is characterized by the electron

density and temperature profiles with basic scale lengths Ln and LT, respectively.

The simplified drift wave model, valid for long wavelengths, is
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The ion density is separated into averaged and fluctuating components. the fluctuating

part of the density is indicated by a tilde and is written as a Fourier expansion:
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here θ and ζ are the poloidal and toroidal angles, respectively, and are related to the y and z

coordinates by  by y = x0θ and z = R0ζ. The poloidal and toroidal mode numbers are m = x0ky

and n = R0kz, respectively. At the centre of the computational boxof width a, x = x0. The

boundary condition is that the density is zero at the conducting wall, x = x0 − a/2 and x = x0 +

a/2. We use finite differences in the radial coordinate x.

The equilibrium parameters for the nonlinear calculations are Ls/Ln = 20, ρs/Ln = 3.6 ×
10−3, LT/Ln = 1, x0 = 277ρs, D0 = 0.025ρscs, and D || = 2.4 × 105ρscs. The value of D || has

been chosen to provide a range of unstable modes with 6 ≤ m ≤ 76. The safety factor q is  32 at x

= x0. The standard box size is 60ρs, and the number of unstable modes with resonant surfaces

inside the computational box is about 250. In the calculation, we have included 439 Fourier

components. The averaged density gradient is fixed, so saturation is caused by turbulence

effects. The numerical data are for the saturated state.

Fig. 1 shows the RMS fluctuation level for this simulation, averaged over the time

interval 30.2 × 104 < Ωit < 40.4 × 104 (the time step, in these units, is 100), versus radius

(given in units of ρs). The RMS level peaks at the position of the q = 3
2 rational surface,

associated with a resonant mode.

Fig. 2 shows the total bicoherence vs. radial position for this simulation. Note that (1)

The bicoherence drops sharply at the position of the q = 32 rational surface, located at 30 ρs (the

RMS value nor the spectrum exhibit such a local drop). (2) The maximum of the bicoherence is

at 31 ρs. (3) Secondary maxima occur at positions that coincide roughly (but not exactly) with

maxima in the RMS value (see Fig. 1). The major peak in bicoherence, though associated with

the mode at q = 32 , is slightly shifted with respect to the rational surface. We conclude that the

bicoherence provides information that pertains to an aspect of the turbulence (non-linear, or

rather quadratic behaviour) that is not captured by either the RMS or the spectral analysis.

Fig. 3 shows the cross correlation, the weighted average cross coherence and the

weighted average cross phase between one radial position and the next; the weighting being

done by the spectral power. The cross correlation and cross coherence between adjacent radial
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positions are generally high, but drop around 30 ρs, and the cross phase peaks around 30.5 ρs,

possibly indicating shear flow. The numerical results also show the existence of a shear flow

layer in this location. This seems to suggest an explanation of the drop in bicoherence at 30 ρs

in terms of a decorrelation of the turbulence, possibly linked to a shear flow.

The maximum in the bicoherence at 31 ρs is related to the presence of a long-living

structure that is highly localized poloidally and radially. It has the (3,2) periodicity and lies close

to the q = 32 surface; and is indeed visible in a two-dimensional plot of the ion density.

3 Observation of L/H transition on Wendelstein VII-AS

We have analyzed data taken with a broadband X-mode heterodyne reflectometer [6] in the edge

of the Wendelstein VII-AS modular, low-shear stellarator with major radius R0 = 2 m and

minor radius a ≈ 0.18 m [7]. The toroidal magnetic field is B = 2.5 T. The plasma was heated

with PECH = 400 kW of ECRH power at 140 GHz. The central electron density and temperature

were ne = 8 × 1019 m−3 and Te = 0.8 keV. The edge rotational transform was -ι  = 0.53. We

studied the L/H transition, common in this kind of discharges [8], and always accompanied by

a sudden reduction in the measured fluctuation levels of e.g. the electron density.

Data are taken at a radial position of about 15.5 cm, which is where the strongest

reduction in the fluctuation level is observed during the L/H transition. This position is about 1

cm inside the separatrix. Fig. 4 shows the time development of the total bicoherence and of the

RMS level of the reflectometry data, as well as the signal from the Hα-light emission detector.

A sharp drop in the signal from the Hα detector is generally considered to be indicative of an

L/H transition. The transition is seen to occur at 757.5 ms. Observe that the L/H transition is

clearly seen both on the total bicoherence and RMS signals. Before the transition, the RMS

value is high and the bicoherence is at noise level (dashed line). In the H-phase the bicoherence

is clearly augmented (by a factor 2-3), whereas the RMS level has dropped by a similar factor.
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Fig. 1 - RMS fluctuation level vs. radius of the
ion density in the sheared slab drift wave model
discussed in the text.
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Fig. 2 - Total wavelet bicoherence vs. radial
position for the same data as in Fig. 1.
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Fig. 4 - Plots of the total bicoherence and RMS of
the reflectometry signal taken at Wendelstein VII-AS,
and the fast Hα signal. The L/H transition is marked
by a vertical dashed line and shows up clearly in all
graphs.

Fig. 3 - Cross correlation, cross coherence, and cross phase between adjacent channels. Results are shown at
position x ρs for the cross analysis between x ρs and (x+0.5) ρs. The cross coherence and -phase are
computed from FFT (cross) spectra and averaged over all frequencies by weighing with the spectral power.


