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Introduction Zonal flows are an integral part of various types of turbulence. In fusion science,

they are of particular interest because they are supposed tobe linked to the H-mode transition.

Because of their symmetry these turbulent structures do not contribute to turbulent cross-field

transport, and can suppress radial transport by shearing off drift-wave eddies. Like in a self-

organization process, the zonal flow is generated by the ambient turbulence itself and is there-

fore often referred to as secondary instability. Drift-wave eddies are tilted and drive the shear

flow, which leads to a self-amplification of the zonal flow. Thetilt can be measured by the so-

called Reynolds stress. For zonal-flow growth, only the flux-surface averaged Reynolds stress is

normally considered. Nevertheless, the Reynolds stress is alocal quantity and its distribution is

important to understand the Reynolds-stress drive. The zonal flow is a result of nonlinear inter-

action of drift waves. For this reason, bispectral analysesare the preferred method to investigate

this three-wave coupling.
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Figure 1: Poloidal Reynolds-stress array with

Langmuir probes on four flux surfaces (dotted

white lines) just inside the separatrix (dashed

white line). The detail illustrates how the elec-

tric field components are measured.

Stellarator TJ-K The experiments were

carried out in the low-temperature plasmas of

the stellarator TJ-K. It was shown that the

turbulence is drift-wave dominated and nor-

malised quantities are similar to fusion edge

plasmas [1]. The whole confinement region

is thereby accessible to Langmuir probes.

Therefore, ion-saturation current (Ĩi,sat) and

floating potential (̃φfl) can be acquired with

high spatial and temporal resolution. They

can be related to density (Ĩi,sat ∝ ñ) and

plasma potential fluctuation (φ̃fl ∝ φ̃pl), be-

cause temperature fluctuations are small. Us-

ing two neighbouring probes the electric field
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is measured and the E×B-drift velocity is given byvE×B ≈ (φ̃fl,2− φ̃fl,1)/(Bdx), where dx de-

notes the probe distance. Measuring both velocity components in the poloidal cross section, the

Reynolds stress is then given as the product of fluctuations inradial ṽr and poloidal̃vθ velocity

R= 〈ṽr ṽθ 〉 ≈

〈
(φ̃fl,2− φ̃fl,1)r (φ̃fl,2− φ̃fl,1)θ

dr dθ B2

〉
.

To study the driving mechanism the Reynolds stress has to be measured on differ-

ent flux surfaces. Therefore, a poloidal probe array was usedconsisting of 128 Lang-

muir probes with 32 probes on each of four neighbouring flux surfaces (Figure 1). The

probes are placed in the edge of the confined region where the density gradient is high-

est. For every measurement, 220 data points were taken with a sampling rate of 1 MHz.

The measurements were carried out in Helium discharges heated with microwaves at 2.45 GHz.
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Figure 2: Poloidal distribution of the

time averaged Reynolds stress (a), the

normal curvature (b) and the geodesic

curvature (c).

Poloidal Reynolds-stress distribution The Reynolds-

stress array is designed for an outer port at TJ-K. There,

the flux surfaces (white lines in Figure 1) have a trian-

gular shape with an up-down symmetry. In Figure 2, the

poloidal dependence of the fieldline-curvature compo-

nents is shown. The normal curvatureκn (b) becomes

negative on the outboard side, whereas the geodesic

curvatureκg (c) has a sinusoidal form and changes sign

at the midplane similar to tokamak geometry. With the

probe configuration of the poloidal array the Reynolds

stress R can be calculated at 32 positions on one flux

surface. The temporal average over the full time traces

is shown in Figure 2 (a). Non-zero values are mainly

present on the outboard side in regions of negative

(’bad’) normal curvatureκn. A pronounced maximum

is visible above the midplane (θ ≈ 0.3π) indicated by

the grey area. In this region the normal curvature is still

negative whereas the geodesic curvature is positive. A

similar behaviour has been found for the local cross-

field transportΓ = 〈ṽr ñ〉 [2]. Since the Reynolds stress

can be seen as the radial transport of poloidal momen-

tum a comparable influence of the curvature terms is supposed.
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Figure 3: Quadratic crossbicoherence

spectrum in wavenumber space (lower

plot) and the integrated spectrum (up-

per plot) showing the coupling to the

k3 = 0 mode.

Drift wave - zonal flow interaction The array can also be used in a mixed mode, where

on two of the four flux surfaces ion-saturation current is measured. In this operation mode

the Reynolds stress cannot be determined anymore, but information about density and poten-

tial fluctuations is accessible simultaneously. Because thezonal flow occurs in consequence

of three-wave coupling of drift waves, the interaction should be present in a crossbispectrum

Bx,y,z(k1,k2) [3]. For a constant biphase relation between the constituents x, y and z the cross-

bicoherence takes non-zero values. The quadratic crossbicoherence may be written with the

Fourier transformations ˆx, ŷ, ẑ as

b2
x,y,z(k1,k2) = lim

L→∞

|〈x̂L(k1, t)ŷL(k2, t)ẑ∗L(k1+k2, t)〉|
2

〈
|x̂L(k1, t)ŷL(k2, t)|

2
〉〈

|ẑL(k1+k2, t)|
2
〉 ,

where the resonance conditionk3 = k1+k2 is satisfied. To investigate the coupling analogue to

the density fluctuation activity transfer [4] spatial density (x(θ , t), y(θ , t)) and potential (z(θ , t))

data of a flux surface is used. Through cross-coupling of ˜n to φ̃ also drift wave - zonal flow

interaction is included. As the zonal flow is an intermittentevent and its duration covers only

less than 7% of the full time trace, the fraction of its three-wave coupling in the overall spec-

trum is small. Applying conditional averaging technique, nearly 373k realizations around the

zonal-flow occurrence are extracted and used for the ensemble average〈.〉.
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The contour plot in Figure 3 shows the non-redundant part of the crossbicoherence spectrum.

Above this the integrated quadratic crossbicoherence

b2
x,y,z(k3) = ∑

k1,k2

b2
x,y,z(k1,k2)δk1+k2,k3

can be seen, which represents the overall coupling to thek3 potential mode. It is the sum over

all components on parallels to thek2 = −k1 line. The integrated bicoherenceb2(k3) shows a

maximum for thek3 = 0 potential mode, which is the zonal flow. In the bicoherenceb2(k1,k2),

the contribution of many different density modes is visibleon the corresponding diagonal. It

shows that mostly higher density mode numbers couple to the zonal flow. This is a sign for the

non-local inverse cascade, where the zonal flow is driven by small scale drift-wave structures [5,

6].

Conclusion Detailed studies using a multi-Langmuir-probe array have been carried out on

the stellarator TJ-K to investigate the zonal-flow drive. Thereby, the poloidal dependence of

the Reynolds stress was resolved and a strong poloidal asymmetry was found. A maximum is

present where the normal curvature is negative and the geodesic curvature is positive, which

is similar to the behaviour of local cross-field transport. To study the process of three-wave

coupling between the drift waves and the zonal flow, the quadratic crossbicoherence spectrum

was calculated in wavenumber space. There, a broad couplingof small-scale drift waves to the

zonal flow is found. The result is consistent with the non-local inverse cascade assumed for drift

wave - zonal flow interaction.
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