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1 Diagnostic System and Data Analysis

A poloidal array of 15 graphite tips, each 1 mm in diameter with a spacing of 2 mm

in between them, was used in the Wendelstein 7-AS (W7-AS) stellarator scrape-off layer

(SOL) to investigate fluctuations of plasma density n, electron temperature Te and plasma

potential Upl. To this end, the tip voltage is sinusoidally swept with a frequency of

1.4 MHz, and the resulting currents on individual tips are recorded with fast analog-to-

digital converters at a sampling rate of 50 MHz.

This method was applied before [1, 2] and, with a related approach, in [3], with an

analysis of up to 3 tips. In the earlier work, the sweep frequency of several 100 kHz was

found to be marginal, since the fluctuation amplitude is still significant in this frequency

range. We have improved the electronics for amplifying the fast swept signals, which

requires unusual high common mode rejection at voltages of up to 100V. Additionally, we

have for the first time extended the technique to a spatially resolving array of 15 Langmuir

probe tips. This allows us to analyse the relative phase between fluctuating quantities

and the contributions to the radial transport of the individual Fourier components in

frequency and wave number space.

The probe array is mounted on a fast reciprocating drive, such that radial profiles

of the measured quantities are obtained in single discharges. In order to calculate the

fluctuating plasma quantities from the recorded probe characteristics, for each probe tip

the parameters Isat, Ufl and Te of the theoretical current-voltage characteristic

I(U) = Isat

(
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(
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))

are numerically fitted to the recorded I(U) values for each half period. We then use

a one-dimensional model by Emmert [4] including both presheath and sheath potential

drop to calculate n and Upl from Isat, Ufl and Te. The more commonly used model, which

just assumes sound velocity cs at the sheath edge (Bohm criterion) results in
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.

This model yields similar results for the average values as the Emmert model. For the

ion temperature we assume Ti ≡ T̄e for lack of better knowledge.

In our nonlinear fit model for the I(U) characteristics, the fit parameters can become

covariant if the samples deviate from the ideal exponential curve. Reasons for a deviation

can be either electronic noise or a change of plasma parameters during one sweep. The

latter is relevant if frequency components of the fluctuationg quantities not much below

the sweep frequency still contain significant power in the probe tip frame of reference,

e.g. due to fast poloidal E×B rotation. This is the case when the probe approaches the

separatrix and the shear layer. The covariance of two quantities will show up as non-

Figure 1: Two-dimensional interpolation of spatio-temporal cross correlation functions, here

between Ũfl and T̃e.

zero correlation around zero time and space lag when calculating the cross correlation

function between these quantities (see figure 1, left). Before transforming the correlation

function into Fourier space we therefore mask the central peak and replace the missing

values by a two-dimensional surface interpolation (see figure 1, right). The problems

due to covariant fitting parameters have been pointed out before [2], but a satisfactory

workaround is possible only now, as we have sufficient spatial resolution.

2 Results

Poloidal-temporal auto correlation functions of the fluctuating quantities have already

been presented in [5]. Here, we focus on the cross correlation functions, cross spectra

and relative phases between the different fluctuating quantities. As an example, the cross

correlation function between Ufl and Te, the corresponding cross kf power spectrum and

phase spectrum are shown in fig. 2. The poloidal velocity of the structures is caused mainly

by the E×B velocity due to the radial electric field. As this is positive (directed radially

outwards) in the SOL of W7-AS, the propagation of the main feature of the correlation

function is in the direction of the ion diamagnetic drift. The Fourier representation can

be compared with the output of numerical simulations, and the poloidal wavenumber is

therefore shown in units 1/ρs. The natural scale of drift wave models ρs is the ion sound

velocity over ion cyclotron frequency, and in our case ρs = 0.03 cm.
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Figure 2: Cross relations between Ufl and Te

— top left: log(ampl.) kf spectrum, blue=0,

red=MAX; top right: time-space correlation

function, color range −1 . . . +1; bottom left:

kf phase spectrum, color range −π . . . π

Note that the cross phase is comparatively constant where the Fourier components

have significant power. We have therefore weighted the cross phase of one half plane

of the kf spectrum with the cross power, and display radial profiles of the results for

combinations between different quantities in fig. 3.

Figure 3: Radial profiles of power weighted

cross phase between different quantities —

black: between Ũpl and ñ; red: between T̃e

and ñ; pink: between Ũpl and T̃e; green: be-

tween Ũfl and T̃e. Positive phases correspond

to a time delay of the second quantity rela-

tive to the first one. Note that the phase of

Ũfl can significantly deviate from the phase of

Ũpl.

3 Discussion and Conclusions

The power weighted cross phases between the fluctuating quantities display a remarkable

radial variation: Whereas Ũpl leads ñ by 35–40◦ at the innermost probe position, this

angle increases to 55–60◦ 1 cm farther outside the last closed magnetic surface (LCMS).

At the same time, the lag between Ũpl and T̃e reduces from 20–25◦ to 10–15◦, i. e., whereas

ñ and T̃e are almost in phase close to the LCMS, the phase of T̃e approaches the phase
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of Ũpl farther out in the SOL (see fig. 4).

Figure 4: Comparison of the relative

phase between different fluctuating quan-

tities (represented as arrows in the com-

plex plane) at different radial positions in

the scrape-off layer (schematically, ampli-

tudes not to scale).

Notwithstanding the fact that this result depends to a certain degree on the probe

theory used in the calculation of ñ and Ũpl from the primary fit parameters Ĩsat, T̃e and

Ũfl, such a trend would be expected if drift-Alfvén turbulence on closed flux surfaces still

influences the fluctuations close to the LCMS, since in this case numerical computations

predict small phase angles between ñ, T̃e and Ũpl. In contrast, in the SOL, the flute-like

target plate instability mechanism acts toward a phase angle of 90◦ between Ũpl and ñ

[6]. In addition, the positive feedback between Ũpl and fluctuating electron heat flux onto

the target plates tends to reduce the phase angle between T̃e and Ũpl, in particular in the

presence of a low radial Te gradient [7].

We have demonstrated that the simultaneous measurement of ñ, T̃e and Ũpl at multiple

poloidal positions and the analysis of the radial variation of these fluctuations results in

novel experimental information to be compared with numerical simulations of plasma

turbulence in the transition region between closed and open magnetic surfaces. Since

the relative phase between fluctuating quantities co-determines the induced turbulent

transport, as a next step, the contributions of the different (k, f) components to the

radial particle and electron heat transport will be analysed.
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