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Abstract. In the scrape-off layer and outermost edge of the Wendelstein 7AS (W7-AS) stellarator, fluctuations of, mostly, ion saturation current Isat and
floating potential Φﬂ have been measured with high poloidal, radial (both 2–3 mm)
and temporal (0.5 µs) resolution. Parallel to the magnetic field, measurements
with two probe tips on the same magnetic field line were performed.
The basic spatio-temporal structure of the fluctuations is presented in terms
of correlation functions and of wavenumber–frequency (kf) spectra. They are
characterized by the parameters of a fit function to the correlation function,
which describe the spatio-temporal structure. The behaviour of these fluctuation
parameters under variations of the discharge parameters is investigated.
A high correlation of the fluctuations parallel to the magnetic field is
documented, and we analyse, which frequency components contribute to this
high correlation.
In our radially and poloidally resolving measurements, we find that the
fluctuation structures are inclined in the poloidal–radial plane at our position of
measurement. The consequences of such inclined structures for the interpretation
of measurements with one-dimensional arrays are discussed, with an emphasis on
the risk of an erroneous interpretation of purely radially resolving measurements.
There is strong evidence that this inclination is due to the local magnetic shear in
W7-AS in conjunction with the high correlation of the fluctuations parallel to the
magnetic field. A further contribution to the inclination may originate from the
radial shear of the poloidal velocity of the fluctuations in the plasma edge. The
different consequences of magnetic shear and velocity shear for an inclination of
the fluctuations in the poloidal–radial plane are discussed.
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1. Introduction
Fluctuations in magnetic plasma confinement experiments have attracted considerable interest
for many years, since these fluctuations are the signature of plasma turbulence. Turbulence is
believed to underlie the so-called anomalous radial particle and heat transport: the transport from
the plasma centre to the edge has been derived from density and temperature profiles and has
been found to be larger by up to two orders of magnitude than what would be expected from a
theory based on diffusive transport due to collisions (neoclassical theory). This belief has indeed
been verified, wherever the direct measurement of the turbulence-induced transport was possible
(i.e. mainly in the plasma edge, see section 4.2): the radial transport derived from the profiles
agrees with the turbulent fluxes to a high degree. Since the anomalous transport is the dominant
restriction of the energy confinement in a fusion experiment, trying to understand and control
the plasma turbulence seems well worth the effort.
An overview on the status of the investigation of turbulence and transport in toroidal
magnetic plasma confinement devices can be found in [1]–[3]. The reader of these reviews will
note that most fluctuation measurements were reported from small and medium-sized tokamaks,
e.g. TEXT, where a large working group characterized the fluctuations with a number of different
diagnostics [4]. Recently, fluctuations in stellarators and torsatrons have been mainly investigated
in ATF [5], TJ-II (see, e.g., [6]) and Wendelstein 7-AS (W7-AS).
Although plasma turbulence in the confinement region of tokamaks and stellarators seems
to be responsible for the radial profiles in this region and thus co-determines the central density
and temperature in the core plasma, all the radial particle and heat transport must eventually be
transferred across the last closed magnetic surface (LCMS) into the scrape-off layer (SOL, see
section 2). In addition, the radial transport within the SOL determines, together with the particle
and energy flux parallel to the magnetic field onto the target plates, the width of the powercarrying layer and thus the local thermal load on the target plates. The additional advantage of
investigating fluctuations in the SOL is that we can use Langmuir probes (electric probes) as a
diagnostic, which offers high spatial resolution and the opportunity to observe several fluctuating
quantities at the same time (for an introduction to Langmuir probes see, e.g., [7]).
First results of fluctuation measurements in the edge of W7-AS were reported in [8, 9] and
in a series of conferences [10]–[14]. A more detailed treatment can be found in [15].
Since turbulence is a spatio-temporal phenomenon, it is important to have not only a
sufficient temporal resolution but also to record fluctuations at several positions in space
simultaneously. It is the purpose of this paper to present a detailed analysis of the threedimensional spatio-temporal structure of fluctuations (mainly of floating potential and ion
saturation current, see section 4.2) in the SOL and close to the LCMS of W7-AS.
Besides the poloidally resolving Langmuir probe and Hα measurements discussed in this
paper, beam emission spectroscopy (BES) measurements on a fast Li beam were analysed to
provide radially resolving density fluctuation data in the SOL and across the LCMS [16, 17]. For
the SOL, the results from this diagnostic are in agreement with the Langmuir probe measurements
presented here.
We shall briefly introduce the edge of the W7-AS device and the diagnostics used in section 2
and the methods of data analysis to be employed in section 3, where we shall also present first
results, in order to illustrate the analysis methods. Since turbulence in a magnetized plasma is (at
least in the regime where the plasma pressure is much smaller than the magnetic pressure, which
is always the case in stellarators and tokamaks) highly anisotropic in the directions perpendicular
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Figure 1. Plasma torus of W7-AS together with the coil system and plasma
cross sections at those toroidal positions where reciprocating Langmuir probes
measured data used in this paper (A, B, C). The positions of the probe heads are
indicated in the cross sections.
and parallel to the magnetic field B, it is appropriate to discuss the structure ⊥ B (in section 4)
and  B (in section 5) separately. In section 6 we shall discuss the results presented, and we
shall summarize our conclusions in section 7.
2. Device and diagnostics
2.1. The W7-AS edge plasma
Wendelstein 7-AS is a partly optimized, modular stellarator [18]–[21] with an average major
radius of the plasma axis of 2 m and an effective (minor) radius of the poloidal plasma cross
section of up to 0.18 m. The torus consists of five identical modules, each of which is symmetric
with respect to a radial, horizontal axis through the centre of the module. Within each module,
the plasma cross section changes from elliptical to triangular and back to elliptical (a few cross
sections are depicted in figure 1).
The confining magnetic field producing this plasma shape is generated by 45 non-planar
coils. In addition, ten planar toroidal field coils allow a variation of the rotational transform
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between ι- = 0.25 and 0.65. For ι- ≤ 0.5, closed magnetic surfaces exist for the whole plasma cross
section, and the LCMS is determined by the limiter position. For ι- > 0.5, a chain of magnetic
islands is formed at the plasma edge, and the LCMS is the separatrix dividing the islands from the
core plasma. Detailed descriptions and analysis of the W7-AS edge plasma can be found in [22,
23]. The poloidal Langmuir probe arrays which were used for the measurements reported in this
paper (see section 2.2) are adapted to the smooth flux surface shape which is found for ι- <
∼ 0.4.
For the configurations with boundary islands, the Langmuir probes would reciprocate through
an island or through the X-point between neighbouring islands, and although the behaviour
of fluctuations within magnetic islands is an interesting scientific topic in itself (see the open
questions in section 7), such configurations were avoided in the investigations presented here.
All discharges discussed in this paper were carried through at magnetic fields of 2.5 or 1.25 T
on the magnetic axis, at line-averaged plasma densities between 5 × 1018 and 8 × 1019 m−3 .
Plasmas were heated by electron cyclotron resonance heating (ECRH) only, at 70 or 140 GHz
and with heating powers between 150 and 450 kW. This comparatively low heating power is
required if we want to insert Langmuir probes to positions close to or even slightly inside the
LCMS.
2.2. Fast reciprocating Langmuir probes at W7-AS
Different heads with arrays of Langmuir probes were used in W7-AS (see figure 1). The general
design of the heads is similar: the body of the head is machined from boron nitride or from
graphite, the tips from carbon fibre material. The tip diameter is 0.9 mm, their separation
perpendicular to the magnetic field is 2–2.5 mm and their exposed length is 2 mm. The tips and
cabling are shielded up to a few centimetres from the plasma to minimize cross-talk and spurious
signals from the electromagnetically noisy environment during discharges. The probe heads are
mounted on manipulators which can reciprocate pneumatically by 10 cm within 150–300 ms.
These arrays are indicated in the plasma cross sections marked ‘A’, ‘B’ and ‘C’ in figure 1.
First results obtained with the poloidal arrays of Langmuir probes on W7-AS were reported
in [9, 10]. In addition to the linear arrays, an angular array (see figure 2) was used to explore
the two-dimensional spatial structure of the fluctuations in the plane perpendicular to the
magnetic field. Although no direct observation of two-dimensional raw data is possible with this
arrangement, as it was achieved with a truly two-dimensional array used by Zweben and Gould
on the Caltech tokamak [24], more information can be obtained by the angular arrangement than
by the separate use of a poloidal and a radial array. This will be demonstrated in section 4.3. On
the other hand, the angular array is likely to cause less perturbation of the plasma than a massive
two-dimensional arrangement, and the amount of probe data to be recorded from the angular
array is much smaller than from a two-dimensional array with the same spatial resolution and
base length.
We note here that we use the term ‘poloidal’ somewhat unprecisely to denote either the
direction tangential to the magnetic flux surface in the plane perpendicular to the magnetic
axis (which is the normal convention) or the direction tangential to the magnetic flux surface
perpendicular to the local magnetic field. Since the fluctuations are strongly anisotropic parallel
and perpendicular to the magnetic field (see section 5), being extended along the magnetic field
like filaments, this looseness involves only minor corrections in the poloidal scales and velocities
of the order of the cosine of the angle between the magnetic field and toroidal direction. Wherever
the distinction between the poloidal direction and the direction perpendicular to the magnetic
field is important, it will be made.
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Figure 2. The angular array with a poloidal row of 20 and a radial array of
eight Langmuir probe tips together with magnetic surfaces for ι- ≈ 0.33 on
W7-AS.
2.3. Hα fluctuation diagnostic
In addition to the use of Langmuir probes, the fluctuations of Hα light from the plasma edge
were observed with a poloidal array of 16 optical fibres connected to photomultipliers. The
array was focused to the outboard plasma edge at position B in figure 1, where the Hα intensity
was enhanced by additional gas puffing at the position of observation. The poloidal separation
of channels was 6 mm, providing a base length of 9 cm. The same diagnostic had been used
before on the ASDEX tokamak to characterize the fluctuations in the SOL, and it is described
in more detail in [25]. As discussed in that reference and, in more detail in [26], the fluctuations
of the Hα intensity mainly represent fluctuations of the electron density, integrated radially over
1–2 cm.
3. Methods of data analysis
Various methods of statistical time series analysis have been used to extract information from
the fluctuation raw data. The methods used most in this paper are the calculation of correlation
functions and the Fourier transformation from the time to frequency domain and, in some cases,
from the poloidal direction to the poloidal wavenumber. In this section we therefore define the
terms and normalizations which will be used throughout this paper.
3.1. Spectral analysis
A time series of N points (gj )j=0,...,N −1 with sample interval ∆t is Fourier transformed, yielding
F(g) = (Gn )n=0,...,N −1 ,


Gn =





−1
∆t N
2πijn
gj exp −
.
N j=0
N
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The cross spectrum of two time series g and h with Fourier transforms G and H is defined as
(Sgh )n = G∗n Hn
(n = 0, . . . , N − 1).
The normalization has been chosen such that
N
−1
−1

1 N
gj hj =
(Sgh )n .
∆t n=0
j=0
The modulus |Sgh | of the complex expression Sgh is called the (cross) power density spectrum,
the phase arg(Sgh ) is called the (cross) phase spectrum. The frequency resolution in the Fourier
domain is ∆f = 1/(N ∆t), i.e. |(Sgh )n | is the cross power density within a frequency interval
of width ∆f at frequency n/(N ∆t).
For typical fluctuation data, the spectra are rather noisy. To reduce the random component
of the measurements, averages over several realizations of the same measurement are required.
To achieve this, we assume that the fluctuations are ergodic within stationary discharge phases,
which means that we can replace the average over several realizations by the average over several
time windows. In practice, a complete time series of N points is subdivided into M subwindows
of length N/M , for each of which the complex spectrum ((Ŝgh )n )m (n = 0, . . . , N/M − 1; m =
0, . . . , M − 1) is calculated. The average
(Šgh )n ≡ (Ŝgh )n  ≡

M
−1


((Ŝgh )n )m

(n = 0, . . . , N/M − 1)

m=0

is computed before calculating the power density and phase spectra.
The normalized version of the cross power density spectrum is the (cross) coherency
spectrum
|(Ŝgh )n |

(n = 0, . . . , N/M − 1).
(Ŝgg )n (Ŝhh )n 
κgh is always between 0 and 1. A large coherency for some frequency component means that cross
power and phase between the two signals g and h do not vary much between different subintervals
for the corresponding frequency component. In the following, the ˇ will be dropped when writing
the cross spectrum: (Šgh )n → Sgh or Sgh (f ) with f = (nM )/(N ∆t) (n = 0, . . . , N/M − 1).
(κgh )n ≡ 

3.2. Frequency–wavenumber spectrum
In some cases, measurements from many (≥8) poloidally equidistant channels were available.
Then, a Fourier transform both from time into frequency and from the poloidal direction into the
poloidal wavenumber domain can be performed, and a kf spectrum S(kθ , f ) can be calculated in
analogy to the definitions in section 3.1. These are ‘true’ kf spectra, which allow, for example,
the distinction between fluctuation components propagating into opposite poloidal directions at
the same frequency, in contrast to the ‘local’ kf spectral density Sl (kθ , f ) introduced by Beall et
al [27] for two-point measurements.
3.3. Correlation analysis
The correlation function of the two time series (gj )j=0,...,N −1 and (hj )j=0,...,N −1 with sample
interval ∆t is
min{N −1,N −1−j}

1
gk hk+j
(j = −(N − 1), . . . , N − 1).
(Φgh )j ≡
N − |j| k=max{0,−j}
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In this paper we shall always use the normalized version of Φ and also call it a correlation
function:
(Φgh )j
.
(1)
(ϕgh )j ≡ 
(Φgg )0 (Φhh )0
The shift j between the time series g and h corresponds to a time shift τ = j∆t. If we have
time series of the same physical quantity from several spatial positions x, we can calculate a
correlation function ϕ(x1 , x2 , τ ). If the fluctuations are homogeneous along some coordinate,
ϕ depends only on the separation between x1 and x2 in this coordinate. This is often the case
for the poloidal coordinate θ, as long as the separation between x1 and x2 does not exceed
several centimetres. From a poloidal array of measurements one can therefore calculate a twodimensional correlation function ϕ(dθ , τ ). In contrast, it is found in radial profiles of edge
fluctuation parameters that these parameters do change significantly for 1 cm radial separation.
Therefore, ϕ(r1 , r2 , τ ) cannot be simplified into ϕ(dr , τ ).
4. Structure of the fluctuations perpendicular to the magnetic field
4.1. Observations with poloidal arrays
The raw data recorded with a poloidal array of detectors in the SOL of toroidal magnetic
plasma confinement experiments look very similar in devices of different size and magnetic
configuration. Examples are the observations made in the Caltech tokamak of Hα light
fluctuations [28] and ion saturation current [24], in the ASDEX tokamak (Hα light, ion saturation
current and floating potential, [25]) and in the CASTOR tokamak (ion saturation current and
floating potential, [29]). The same basic behaviour of the fluctuations is found in W7-AS [9]: in
figure 3 an interval of Hα light raw data from the W7-AS SOL is shown. Individual structures of
enhanced and reduced light intensity appear to be randomly distributed in space and time. These
structures have been termed ‘blobs’ [24] or ‘individual events’ [30]. The poloidal propagation
of these structures with a rather uniform velocity is reflected by their inclination in figure 3.
Since the terms ‘blobs’ or ‘individual events’ have been used in the description of turbulence
in different meanings, we want to emphasize here that we do not mean structures which are
particularly long-lived or which are different in nature from some ‘background fluctuation level’.
Rather, the typical lifetime of the structures is of the order of the ‘eddy turnover time’, as has
been demonstrated for the case of ASDEX [25], and the superposition of the totality of all the
fluctuation events constitutes the observed turbulence.
In addition to their poloidal propagation velocity, the fluctuations can be characterized by
an average poloidal size and an average lifetime. To extract such fluctuation parameters, we
use the spatio-temporal correlation function (see section 4.5). In figure 4, a poloidal–temporal
correlation function of floating potential data is represented together with possible definitions of
a lifetime, poloidal size and poloidal velocity. It should be noted that the lifetime is larger than
the autocorrelation time measured with a single channel, due to the poloidal propagation. If the
structures would also propagate radially, an additional underestimate of the lifetime would result
from the measurement at only a single radial position. Whether this is the case in our data will
be discussed in section 4.3.
An alternative characterization of the fluctuations is by Fourier analysis rather than by
correlation functions. Although the wavenumber–frequency spectrum (kf spectrum) is the
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)
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Figure 3. Raw data from the Hα fluctuation diagnostic at W7-AS: the
intensity is coded in grey scale (light: high intensity, dark: low intensity).
The data of the 16 channels are plotted above each other and are interpolated
poloidally. Individual ‘fluctuation events’ propagating in the poloidal direction
(ion diamagnetic drift direction) with fairly uniform velocity can easily be
identified as inclined structures.

Figure 4.
Poloidal–temporal correlation function of floating potential
fluctuations from the SOL. From such a correlation function, parameters such
as a typical lifetime τl , a poloidal width lθ and a poloidal velocity vθ can be
determined, as indicated.
Fourier transform of the spatio-temporal correlation function and as such does not contain
additional information, it is better suited to detect periodicities and dispersion relations, whereas
the correlation function is better adapted to emphasize properties of irregular events. A typical
frequency spectrum of W7-AS is shown in figure 5. There are no sharp spectral lines, which shows
the absence of periodic fluctuations. The shape of the spectrum can give further information about
the dynamics of the underlying turbulence. Thus, frequency spectra from the edge plasma of
different devices, including W7-AS, can be rescaled to the same shape [31], and the intermediate
spectral range with a decay ∝
∼ 1/f , found under some conditions, as well as weak long-time
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)
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Figure 5. Auto power density spectrum of floating potential fluctuation data
from the SOL. A maximum in the power is observed below 50 kHz. The power
decays towards higher frequencies without indication of any further preferred
frequency.

Figure 6. kf power density spectrum of floating potential data (same as for the
correlation function in figure 4). The power density is coded in logarithmic grey
scale (dark: high power, light: low power).
correlations found by using the so-called ‘rescaled adjusted range statistics’ might be explained
by the existence of transport avalanches, such as those known from systems with self-organized
criticality (SOC) [32].
A kf spectrum from W7-AS is shown in figure 6. Again, the spectral power density is
a rather broad and unstructered function of frequency and poloidal wavenumber, and no clear
dispersion relation is visible. Integration over frequencies yields the poloidal wavenumber
spectrum (see figure 7) which is invariant under changes of the frame of reference between
the laboratory and plasma rest frames. The baseline of the poloidal probe array available for
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)
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Figure 7. Double logarithmic plot of a poloidal wavenumber spectrum from
a SOL Φﬂ signal of 20 poloidal Langmuir probe tips. The baseline of the
array of 4.75 cm yields a resolution of ∆kθ ≈ 1.3 cm−1 , which is insufficient
to resolve a possible maximum at low wavenumbers. The squares show the
result of the transformation without the window function, the diamonds after
applying a Hamming window along the poloidal direction in order to reduce
spectral leakage of the low kθ components. By comparing model spectra (see
text—solid grey without the window function, dashed grey with the Hamming
window) with those obtained from the experiment, one can estimate a power
law decay with an exponent around −3 for the steepest part of the spectrum.
The comparison with these model spectra also demonstrates that the flattening of
the decay at the highest wavenumbers cannot completely be attributed to spatial
aliasing.
these measurements yields a kθ resolution of ≈1.3 cm−1 , which is insufficient to detect the
position of a maximum in the spectral power at low wavenumbers. Although it may appear
tempting to fit a power law to this kθ spectrum between ∼2 and ∼6 cm−1 , care must be
taken: due to the comparatively small length of the baseline, spectral leakage (see, e.g., [33,
p 281]) from the low kθ components may add to the power at higher values of kθ . A Hamming
window function in the θ direction (i.e. 0.54 + 0.46 cos(2πθ/wθ ) for |θ| < wθ /2) was applied
to the data before transformation in order to assess the effect of spectral leakage. The result
is shown as diamonds in figure 7 in contrast to the wavenumber spectrum without window
function, plotted as squares. In addition, model spectra with a parabolic increase of power
up to kθ ≈ 1.3 cm−1 and a power law decay above this wavenumber were used to create
artificial time series with high poloidal resolution and long poloidal baseline. The grey lines
in figure 7 are the resulting wavenumber spectra for an exponent of −3 without applying a
window function (grey solid) and with applying a Hamming window (grey dashed) before the
backtransformation.
The flattening of the spectral decay at high wavenumbers may be partly due to spatial aliasing
of wavenumber components with a wavelength below the double of the probe tip separation,
however, the comparison with the model spectra demonstrates that aliasing is insufficient to
explain the amount of flattening, but that the spectral power indeed decays slower at higher
poloidal wavenumbers.
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Figure 8. Cross-correlation function between Φ̃ﬂ and I˜sat in the SOL, just
outside the LCMS. The correlation between the two quantities is rather high,
with a poloidal phase shift of approximately (−π/2). The central structure around
τ = dθ = 0 appears inclined, indicating the poloidal propagation.

4.2. Correlation and phase between different fluctuating quantities
When using a Langmuir probe for fluctuation measurements, it is usually operated in the ion
saturation current (Isat ) or floating potential (Φﬂ ) modes. With the probe arrays used on W7-AS,
both quantities could be measured simultaneously with different poloidal probe tips. From
these data, the spatio-temporal cross-correlation function between Isat and Φﬂ can be calculated.
The poloidal–temporal correlation function shows the pattern of a correlation maximum and an
anticorrelation maximum both shifted in opposite poloidal directions with respect to dθ = 0 (see
figure 8). The whole structure is inclined, indicating the superimposed poloidal propagation.
The relative phase between I˜sat and Φ̃ﬂ can be read directly from a kf cross phase spectrum,
which for all measurements made so far gave power-weighted relative phases of π/4 to π/2,
mostly closer to π/2.
Although several fluctuating plasma quantities (at least plasma density ñ, electron
temperature T̃e and plasma potential Φ̃pl ) determine the values of I˜sat and Φ̃ﬂ , it has often
been assumed for lack of further information, that Te fluctuations are negligible and that I˜sat ∝ ñ
and Φ̃ﬂ ≡ Φ̃pl . There have been various approaches to directly measure the time trace of T̃e in
the edge of fusion devices:
• Sweeping the voltage applied to Langmuir probes quickly compared with typical edge
fluctuation frequencies and fitting the current–voltage characteristics obtained to the
theoretical probe characteristic [34].
• Fast sweeping as before, but only recording the first harmonics of the probe current signal
and reconstructing the T̃e signal from these [35, 36].
• Measuring at three different points of the characteristic with spatially separated probe tips
(triple-probe technique [5, 37, 38], or improved with five probe tips [39]).
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)
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• Measuring at three different points of the characteristic at successive times, again on a
timescale which must be fast compared with the timescale of the fluctuations (‘time-domain
triple probe technique’ [40]).
Alternatively, the approach of Robinson and Rusbridge was applied to extract at least the
fluctuation amplitudes and the average correlations between density, electron temperature and
potential or electric field fluctuations, making use of the modifications introduced into the probe
characteristic by the fluctuations at sweep frequencies much smaller than typical fluctuation
frequencies, due to the nonlinearity of the characteristic [41, 42]. Recently, it was also suggested
to use the difference in the ratio between the effective collection areas for ions and electrons
between ‘free’ probe tips and those connected to the plasma only through the orifice in some
shielding structure to learn something about temperature fluctuations [43].
On W7-AS, the technique of sweeping Langmuir probes quickly compared with typical edge
fluctuation frequencies was chosen and tested with increasing sweep frequencies [8, 44, 45] until,
at sweep frequencies above 1 MHz, reliable simultaneous I˜sat , T̃e and Φ̃ﬂ measurements became
possible [46]. So far, this technique has only been used in one type of discharge some 2–4 cm
outside the LCMS. The phase angle between the fluctuating quantities was determined from the
measurements of single probe tips in this case, which is equivalent to a power-weighted average
over all wavenumbers for each frequency. It was found that T̃e /T̄e ∼ 0.6(ñ/n̄), that the phase
between I˜sat and T̃e is close to 0 (as was found before with different techniques on the Phaedrus-T
and TEXT-U tokamaks [39, 40]). The situation is represented in figure 9. Depending on the size
of the factor α in Φpl = Φﬂ + αkB Te /e, the phase angle between Φ̃pl and ñ or T̃e can therefore
be much smaller than π/2. Although α is usually taken to be 2.5 for hydrogen and 2.8 for
deuterium, more precisely,




mi
Te
α = ln (1 − δe )
2πme Te + Ti



(δe : secondary electron emission coefficient, Ti : ion temperature), and for δe = 0 and Ti = Te ,
α can deviate significantly from the values given above.
From Φ̃pl measurements at two closely neighbouring poloidal positions, the fluctuating
poloidal electric field Ẽθ can be calculated. If, in addition, ñ is known, the radial particle flux
due to the fluctuating radial E × B velocity,
ñẼθ 
B
can be calculated. If, furthermore, T̃e is also known simultaneously, the corresponding radial
heat transport of the electrons,
Γ̄r =

3 ñT̃e Ẽθ 
,
Q̄r = kB
2
B
can also be calculated. This has been done on W7-AS for several discharges under different
plasma conditions. Since only I˜sat and Φ̃ﬂ had been recorded in these experiments, the phase
angle and coherency between ñ, T̃e and Φ̃ﬂ were assumed to be the same as found before in
the SOL by Pfeiffer et al [46]. The results of these local transport measurements have been
extrapolated to the whole flux surface and compared with the heat fluxes inferred from the global
energy confinement time τE,global [14]. Considering the chain of assumptions, good agreement
between the confinement time calculated from the fluctuation-induced transport, τE,ﬂuc , and
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)
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Figure 9. Relative phases between different fluctuating quantities in the SOL
of W7-AS as measured by fast swept Langmuir probes. The fluctuating parts of
the quantities are represented as arrows in the complex plane, with I˜sat arbitrarily
oriented in the imaginary direction. The relative phases shown are typical for
frequency components up to several 10 kHz, i.e. in the range where most of the
fluctuating power is located. Quantities directly obtained from the fits to the fast
swept probe characteristics are shown in black (I˜sat , Φ̃ﬂ and T̃e ), the quantities
calculated from these in grey (ñ and Φ̃pl ). Depending on the value of the factor
α, the phase of Φ̃pl can significantly deviate from the phase of Φ̃ﬂ .
τE,global was found in that comparison, not only in absolute values but also in some of the trends
observed when varying the discharge conditions. It is planned to continue this comparison with
a broader database and including T̃e measurements in each type of discharge.
4.3. Radial–poloidal structure of the fluctuations
As far as raw data are concerned, the angular probe array described in section 2.2 yields only
one poloidal and one radial strip and one could be tempted to ask whether the same information
could not have been obtained separately with one purely radial and one purely poloidal probe
array. However, when calculating the cross-correlation functions between the individual probe
tips, use can be made of the homogeneity of the fluctuations in the poloidal direction, i.e. the
correlation function between two probe tips at positions 1 and 2, ϕ(r1 , r2 , θ1 , θ2 , τ ), depends
only on dθ = θ2 − θ1 rather than on both θ1 and θ2 (compare section 3.3): this is possible
because the properties of the fluctuations do not vary strongly over that small fraction of the
poloidal circumference probed by our array. Consequently, rather than having only a poloidal
and a radial row of the two-dimensional correlation function ϕ(r1 , r2 , θ1 , θ2 , τ )|(r1 ,θ1 ,τ )ﬁxed , one
obtains almost two complete quadrants of ϕ(r1 , r2 , dθ , τ )|(r1 ,τ )ﬁxed . The procedure is illustrated
in figure 10.
A typical SOL result is shown in figure 11: the correlation structure is extended in the
poloidal and in the radial directions, and anti-correlations exist at a certain distance from the
correlation maximum, as well as secondary maxima. When comparing the radial–poloidal
correlation functions for different values of the time lag τ , the poloidal movement of the whole
structure becomes apparent, whereas a radial movement is harder to identify. The most striking
feature is the inclination of the whole structure in the poloidal–radial plane. Possible reasons for
this inclination will be discussed in section 6.1.
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Figure 10. Sketch of the angular Langmuir probe array and how to obtain two
quadrants of the radial–poloidal correlation function: use is made of the poloidal
homogeneity of the fluctuations, i.e. the correlation function is only dependent on
the poloidal distance of two probe tips rather than on the two poloidal positions
themselves. Due to the strong radial gradients in the plasma edge, the same
approach is not viable for the radial direction. The different parts of the correlation
function are obtained as follows: (1) the purely poloidal correlation function is
calculated from the poloidal row of probe tips. (2) The rows of the upper left
quadrant are obtained by successively taking each of the poloidal probe tips as a
reference tip and correlating it with the row of radial tips. (3) For the purely radial
branch of the correlation function, different time windows are chosen such that,
in turn, each probe tip of the radial row of tips is at the radial position r1 at which
the poloidal row was before to obtain parts (1) and (2) of the correlation function.
Then this tip is taken as the reference. (4) In the same way, the lower right
quadrant is obtained: for each column, a tip of the radial row in the appropriate
time window is taken as the reference and is correlated with all probes of the
poloidal row.
To be able to compare such correlation functions between different radial reference positions
r1 and between different discharge conditions, we aim at describing ϕ(r1 , r2 , dθ , τ )|r1 ﬁxed by a
few parameters only, using a simple function F to fit to ϕ. We found
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to be a suitable function, where x and y are the coordinates along the minor and major principal
axes of the correlation maximum, respectively. F describes two two-dimensional Gaussians
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Figure 11. Radial–poloidal correlation function at five different values of τ from
Φﬂ data taken with the angular Langmuir probe (position ‘B’ in figure 1). The
method to calculate this correlation function is explained in figure 10. The typical
features visible in this figure are the inclination of the structures in the poloidal–
radial plane, the minima and secondary maxima poloidally displaced from the
main maximum of the correlation function and the poloidal propagation of the
whole structure. The animation shows the radial–poloidal correlation function
for τ values between −100 and +100 µs (MPEG, 2 MB).
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of the negative Gaussian is displaced by (x0 , y0 , τ0 ) with respect to the centre of the positive
Gaussian. The poloidal and radial velocities of the correlation structure can then be calculated
from vx and vy . The result of this analysis is that the poloidal velocities of maximum and
minimum are always very similar and much larger than the radial velocities.
It is important to note that under these conditions the calculation of radial velocities from
data of a purely radial array of measurement positions will give erroneous results: the radial
maximum of an inclined structure moves in the radial direction at a fixed poloidal position, even
if the whole structure has no radial velocity component (see figure 12 for an illustration). To
demonstrate the effect further, we compare in figure 13 the radial profiles of the poloidal velocity
between the reconstruction from the two-dimensional correlation function ϕ(r1 , r2 , dθ , τ )|r1 ﬁxed
and from the purely poloidal correlation function ϕ(r1 , r2 = r1 , dθ , τ )|r1 ﬁxed (top) and the radial
profiles of the radial velocity between the reconstruction from ϕ(r1 , r2 , dθ , τ )|r1 ﬁxed and from the
purely radial correlation function ϕ(r1 , r2 , dθ = 0, τ )|r1 ﬁxed (bottom). In the radial region <4 cm
outside the LCMS, the large error in the reconstruction of the radial velocity from a purely radial
array of measurements is apparent.
The same argument is of course true for the reconstruction of the poloidal velocity. The
values calculated from the measurements of purely poloidal probe arrays could in principle be
grossly wrong. The only reason for the good agreement in figure 13, top, is the comparatively
very low absolute value of the radial velocity.
We should also emphasize that the finding of a radial velocity close to 0 in the correlation
function could be due to an averaging over fluctuation events moving radially into opposite
directions. Nevertheless, these velocities of individual events cannot have a very broad
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Figure 12. Inclined structures can give the impression of a radial movement
when observed with a radial array of detectors, even if they move only in the
poloidal direction.
distribution since otherwise the radial size of the correlation function would be broadened.
There is a second way to obtain radial–poloidal correlation functions, which makes use of
the high correlation length of the fluctuations along the magnetic field (see section 5). Due to
this property of the fluctuations, at least the low-frequency, power dominating part of the data
taken by a single fixed probe tip displaced a few metres along the magnetic field from a fast
reciprocating poloidal array may be assumed to be identical to the data which would be obtained
on this field line at the toroidal position of the array. The array then scans in time different
radial positions with respect to the fixed probe tip, while the different tips of the array give the
required poloidal displacements. A poloidal–radial correlation function obtained by this method
is shown in figure 14 (compare also the animated τ sequence in figure 19): similar properties
as in figure 11 can be observed. Likewise, the high parallel correlation was used to perform a
conditional average analysis of the fluctuations, imposing the condition on the signal of the single
fixed tip and averaging over the spatially resolved signals from the reciprocating array [47].
4.4. Radial variation of correlation functions and differences between floating potential and
ion saturation current
At different radial positions within the plasma edge, the fluctuations vary in their appearance.
When comparing parameters which characterize the fluctuations for different discharge
conditions, as will be done in section 4.5, we must always compare radial profiles of the
fluctuation parameters. These radial profiles have mostly been recorded using only a poloidal
probe array (in position A of figure 1) rather than the angular probe head. A typical example for
the resulting poloidal–temporal correlation functions was shown in figure 4.
Probably due to a slight misalignment of the poloidal row of probe tips with the magnetic
flux surface, the homogeneity of the fluctuations along the row of probe tips is not granted at
all radial positions. Nevertheless we take the average over the correlation functions from probe
tips of equal separation in order to improve the statistics, since the duration of the analysis time
windows must be restricted to 10 ms due to the rapid radial reciprocation of the probe head. A
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Figure 13. Comparison of the poloidal (top) and radial (bottom) velocities
obtained from the correlation functions from data of the one-dimensional and
two-dimensional arrays. The data are from Φﬂ measurements in the SOL of
W7-AS. Whereas the poloidal velocities obtained from only the poloidal row
of probes of the angular array (grey, top) and both the poloidal and radial rows
(black, top) agree very well, significant deviations are found 1.5–4 cm outside
the nominal LCMS position for the radial velocities obtained from only the radial
row of probes (grey, bottom) and both rows (black, bottom). These differences
are due to the projection effect of inclined structures propagating poloidally (see
figure 12).
running average of 1 ms length is subtracted from each data set before the calculation of the
correlation functions, which corresponds to a high-pass filtering at 1 kHz, in order to remove
low-frequency noise.
In figure 15, we display the poloidal–temporal correlation functions of Φﬂ and Isat
fluctuations for four radial positions in a discharge in hydrogen with a magnetic field of 2.5 T at the
plasma axis, line-averaged plasma density n̄e = 1019 m−3 , ECRH power PECRH = 180 kW and
edge rotational transform ι-(a) = 0.340. The animation shows the entire sequence of correlation
functions during the radial reciprocation of the probe head. Apart from the differences at different
radial positions as, for example, the well known reversal of the poloidal velocity close to the
LCMS, we observe that the appearance of the correlation functions can differ significantly
between the two quantities at certain radial positions.
As discussed in the appendix, we shall fit the function
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Figure 14. Radial–poloidal correlation function at τ = 0 from Φﬂ data taken
with two Langmuir probe arrays separated ≈6 m along the magnetic field (the
positions of the probe arrays are indicated as ‘A’ and ‘C’ in figure 1). Due to the
high correlation of the fluctuations parallel to the magnetic field (see section 5),
the data are very similar to those obtained from probe tips in the same poloidal
plane. In addition, the usual radial correlation length of the fluctuations is visible
from these data even across the LCMS.

to the poloidal–temporal correlation functions in order to describe them by a lifetime τl , poloidal
width lθ and poloidal velocity vθ (these parameters are qualitatively indicated in figure 4).
In terms of these three fluctuation parameters, we find, as a general tendency, that τl and lθ are
larger for I˜sat correlation functions than for those of Φ̃ﬂ . This is already apparent from figure 15.
vθ is mostly rather similar between the two quantities, except 1–2 cm outside the LCMS, where
the poloidal velocity of the Φﬂ fluctuations is larger. These differences between the Φ̃ﬂ and I˜sat
correlation functions are more or less prominent, depending on the radial position within the
plasma edge. The detailed behaviour for a variation of the discharge parameters magnetic field,
plasma density and heating power is depicted in figures 16–18.
Keeping in mind that Φ̃ﬂ is composed of Φ̃pl and T̃e , and I˜sat of ñ and T̃e (see section 4.2), it
will be interesting to unveil the differences between the underlying plasma quantities ñ, T̃e and
Φ̃pl , once they will be measured with sufficient poloidal resolution and baselength.
4.5. Changes in the fluctuations with variations of the discharge parameters
After having defined the parameters τl , lθ and vθ describing the temporal–poloidal structure of the
fluctuations in section 4.4, we investigate in this section the radial profiles of these fit parameters
for different discharge parameters. In addition, the radial profiles of the relative/absolute
fluctuation levels ñ/n̄ and Φ̃ﬂ are displayed. Ideally, only one discharge parameter is varied
at a time. However, frequently this approach is not possible. If, for example, the magnetic field
at the axis is reduced from 2.5 to 1.25 T, the edge density decreases although the line-averaged
plasma density is kept constant. If, then, the edge density in the low field discharge is increased
by increasing the line-averaged density to that level previously obtained in the 2.5 T discharge,
the edge electron temperature changes. We shall, therefore, always display the profiles of the
average values n̄, T̄e and Φ̄ﬂ in the edge for comparison. The electron temperature is obtained
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Figure 15. Poloidal–temporal correlation functions of Φﬂ (left) and Isat (right)
fluctuations at four different radial positions (for the discharge conditions see
text). The I˜sat correlation functions usually exhibit a longer lifetime τl and a
larger poloidal scale length lθ . Approximately at the LCMS, the poloidal velocity
vθ reverses due to the reversal of the radial electric field. The animation (GIF,
1 MB) shows the whole sequence during the reciprocation of the probe head (best
seen frame by frame). Each correlation function was calculated from a 10 ms time
window, the radial movement of the probe head is <5 mm within this interval,
mostly ∼2 mm.
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Figure 16. Radial profiles of mean plasma density, electron temperature
and floating potential, relative Isat and absolute Φﬂ fluctuation levels and the
parameters lifetime τl , poloidal width lθ , poloidal velocity vθ and radial width lr
of the Φ̃ﬂ (black) and I˜sat (red) correlation functions for two different values of
the magnetic field. (· · · indicates a mean value, σ a standard deviation.) The
values for lr are from a different set of discharges than the other data, however,
with comparable discharge parameters. The grey areas indicate the uncertainty in
the position of the LCMS. The vertical bars in the profiles of τl , lθ and vθ indicate
the uncertainty of these fit parameters as estimated by the fitting procedure (i.e. a
small bar indicates that the quality of the fit would suffer greater from a variation
of the corresponding fit parameter than in the case of a larger bar). In order
to perceive the general trends, coloured lines are overlaid, which represent the
average over every four radially neighbouring values for each of the quantities in
each of the discharges.
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Figure 17. Radial profiles of mean plasma density, electron temperature
and floating potential, relative Isat and absolute Φﬂ fluctuation levels and the
parameters lifetime τl , poloidal width lθ and poloidal velocity vθ of the Φ̃ﬂ
(black) and I˜sat (red) correlation functions for four different values of the lineaveraged plasma density. The grey areas indicate the uncertainty in the position
of the LCMS, the vertical bars the estimated uncertainty of the fit parameters, the
coloured lines a radial average (compare figure 16).
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Figure 18. Radial profiles of mean plasma density, electron temperature
and floating potential, relative Isat and absolute Φﬂ fluctuation levels and the
parameters lifetime τl , poloidal width lθ and poloidal velocity vθ of the Φ̃ﬂ (black)
and I˜sat (red) correlation functions for three different ECRH powers. The grey
areas indicate the uncertainty in the position of the LCMS, the vertical bars the
estimated uncertainty of the fit parameters, the coloured lines a radial average
(compare figure 16).
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from a probe tip with its characteristic swept at 1 kHz, which was mounted on the same probe
head as the tips measuring fluctuations.
The profiles are plotted as functions of the probe tip position relative to the position of the
LCMS (s − sLCMS ). Most profiles were taken at position A in figure 1, the profiles of the radial
width lr in figure 16 were obtained from measurements with the angular probe array at position
B in figure 1, where lr is the radial width of the correlation function obtained from d+
x and
of
equation
(2)
by
transformation
to
the
radial
and
poloidal
coordinate.
The
probe
position
d+
y
relative to the LCMS is measured along the direction of reciprocation, which is not exactly
perpendicular to the flux surfaces (compare figure 1; however, an appropriate shape of the probe
heads assures that the poloidal and radial arrays are indeed arranged approximately along the
poloidal and radial directions, respectively). To obtain the position of the LCMS, sLCMS , the
results of vacuum magnetic field calculations were used together with a correction to account
for the Shafranov shift, which is approximately 1 cm for the types of discharges discussed. Due
to uncertainties in the precise probe and plasma positions, the remaining uncertainty of sLCMS is
estimated to be ±0.5 cm, which is indicated by the grey areas in figures 16–18. The ‘error bars’
in the radial profiles of τl , lθ and vθ are a measure for how sensitively the fit quality depends
on the value of the corresponding fit parameter. The size of the bars and the scatter of the data
indicate that only general trends should be read from these figures. To make these trends visible,
coloured lines are added, which represent the average over every four radially neighbouring
values for each quantity in each of the discharges.
4.5.1. Variation of the magnetic field. In figure 16 we compare the radial profiles between two
discharges at 1.25 and 2.5 T magnetic field strength. Both discharges were in hydrogen and had
line-averaged plasma densities n̄e = 1019 m−3 , ECRH with a power of PECRH = 180 kW and
edge rotational transform ι-(a) = 0.340.
In spite of having the same line averaged density, the local density in the edge is reduced
by a factor of 2 with the lower magnetic field. The density fluctuation amplitude is, however,
likewise reduced (not shown), such that the relative fluctuation level remains unchanged in the
two discharges. In contrast, the amplitude of Φ̃ﬂ is lower at higher magnetic field. The strong
radial increase of I˜sat /I¯sat towards the outer SOL is well known from other devices and has
recently been the subject of considerable interest [48].
Of the parameters describing the spatio-temporal behaviour of the fluctuations, the lifetime
τl exhibits hardly any difference between the two magnetic field values for Φ̃ﬂ , whereas for I˜sat ,
τl is larger for larger magnetic field, at least inside s − ssep ≈ 3 cm. In contrast, the poloidal
size lθ of Φ̃ﬂ is larger by more than a factor of 2 for the lower value of the magnetic field. In
the SOL, I˜sat shows a similar behaviour, however, the differences in lθ are not as large for the
two different values of the magnetic field. The poloidal velocity vθ is also larger (more positive)
inside s − ssep ≈ 2.5 cm, and most pronounced for Φ̃ﬂ at s − ssep = 0.5 . . . 2.5 cm. This strong
increase of the poloidal scale length and velocity of the fluctuations was also observed by the
Hα fluctuation diagnostic for the density fluctuations in the SOL of the ASDEX tokamak [25,
section 4.2] (for the ASDEX data, the poloidal shape of the correlation function was described
by the fit function ϕﬁt1 of equation (4), and it was the poloidal wavelength λ which showed the
strong increase with decreasing magnetic field). Finally, also the radial width lr of the correlation
function increases with decreasing magnetic field. These lr data (lower right of figure 16) were
obtained from the angular probe array in a different couple of discharges with n̄e = 5×1018 m−3 ,
PECRH = 350 kW and ι-(a) = 0.350.
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The advantage of investigating the influence of the magnetic field B in a stellarator is that a
change in B does not at the same time imply a change in the plasma current to keep the rotational
transform constant, or of the rotational transform and thus the connection lengths between the
target plates in the SOL, if one prefers to keep the plasma current constant.
A comparison with the findings reported in section 4.5.2 shows that the observed increase
in vθ and lθ at lower magnetic field cannot be explained by the reduced local density, as density
reductions at constant magnetic field have a smaller (and, for lθ , rather the opposite) effect
than observed here. This is confirmed by comparison with another hydrogen discharge at
B = 1.25 T, n̄e = 2 × 1019 m−3 (resulting in almost the same edge density as at B = 2.5 T and
n̄e = 1 × 1019 m−3 ), PECRH = 180 kW, ι-(a) = 0.340 (not shown).
4.5.2. Variation of the plasma density. In a second set of hydrogen discharges at B = 2.5 T,
PECRH = 450 kW and ι-(a) = 0.34 . . . 0.35, the line-averaged density was varied from 0.9 × 1019
to 7.3 × 1019 m−3 . The variation of the local density in the plasma edge is much less pronounced,
as is shown in figure 17 (top left). I˜sat /I¯sat does not show a clear variation for the different
densities. T̄e increases slightly with decreasing plasma density, the increase in Φ̃ﬂ is more
pronounced.
In the SOL, the lifetime τl 0–2 cm outside the LCMS generally increases with increasing
density, both for Φ̃ﬂ and I˜sat , whereas the poloidal size lθ and the poloidal velocity vθ show no
clear trend. The increase of τl with increasing line-averaged plasma density was also observed
in the SOL of ASDEX [25, section 4.1].
4.5.3. Variation of heating power. In three deuterium discharges at B = 2.5 T, n̄e =
0.9 × 1019 m−3 , ι-(a) = 0.339, the heating power PECRH was varied between 160 and 450 kW.
The radial profiles of n̄, T̄e , I˜sat /I¯sat and Φ̃ﬂ are displayed in figure 18. As expected, T̄e is
higher for higher heating power, and also the plasma density increases slightly. Φ̃ﬂ is found
also to be larger in the discharges with larger heating power. τl and lθ of Φ̃ﬂ and vθ of both
Φ̃ﬂ and I˜sat show no systematic changes with different heating power. In contrast, τl of I˜sat
decreases with increasing heating power, and the same is found for lθ of I˜sat in the radial range
s − ssep = 0.5 . . . 2 cm.
5. Structure of the fluctuations parallel to the magnetic field
5.1. Experimental approach
It was realized quite early that plasma edge turbulence in stellarators and tokamaks is highly
anisotropic in the directions perpendicular and parallel to the magnetic field (see the references
in section 5.2), which is in agreement with expectations from theory. As shown in section 4, the
correlation length of the fluctuations ⊥B is of the order of a few centimetres. In contrast, a high
correlation of the edge fluctuations is observed in the signals of Langmuir probe tips separated
even several m B. This high parallel correlation length gives rise to two experimental difficulties
in the investigation of the structure of the fluctuations parallel to the magnetic field.
Firstly, it is not possible to detect any decrease in correlation from an array of measuring
positions distributed over only a few centimetres parallel to the magnetic field, such as an array
of Langmuir probes which would fit through a single port of the device. One must rather use
different ports in order to obtain a sufficiently large parallel baselength. Since it is hardly ever
possible to make available three or more ports viewing the same edge magnetic flux tube at
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)

38.25
different positions along this flux tube, most parallel correlation measurements are two-point
measurements.
In this paper, we shall focus on the correlation between positions A and C in figure 1,
which are separated by 6.3 m along the magnetic field at the torus outboard side for a rotational
transform ι- ≈ 0.25 at the LCMS [12, 13].
The second experimental difficulty is to position two probe tips, which are separated by
many metres B, on the same magnetic field line. Obviously, the precision with which this must
be achieved to detect any correlation at all between the two signals is given by the correlation
length of the fluctuations ⊥B. We applied the usual approach, which is to start with a value
of the rotational transform ι- which is the suitable one according to a field line tracing code (we
used the Gourdon code [49]). The poloidal direction is then scanned by varying ι- in small steps,
a radial scan is obtained due to the radial reciprocation of one of the two probes with the second
probe’s radial position kept fixed. The use of poloidal probe arrays allowed larger steps in the ιscan without missing a maximum correlation with one of the tips of the array.
One should be aware that tracing a magnetic field line from one probe tip into the poloidal
plane of the far probe tip is the only way to determine the direction parallel to the magnetic
field. One may (and indeed does) find a maximum in the correlation between two probe tips
for a certain ι- and radial position of the reciprocating probe. It is not self-evident, however,
that the orientation of the filament-like fluctuations is precisely aligned with the magnetic field.
Therefore, only the field line tracing can answer the question whether the two probe tips are
indeed aligned B in that time window, in which the correlation reaches a maximum. From
deviations between the direction B and the direction of maximum correlation, a non-vanishing
parallel wavenumber component k can be calculated. The precision to which k can be known
is restricted by the precision to which the probe tip positions with respect to the magnetic field
configuration are known and by the precision to which the real magnetic field configuration
can be calculated (including Shafranov shift due to finite plasma pressure and changes in the
rotational transform relative to the vacuum magnetic field due to plasma currents).
5.2. Results from other devices
Due to the experimental difficulties outlined in the preceding section, correlation measurements
parallel to the magnetic field have not been performed in many tokamaks or stellarators. In all
instances known to us, Langmuir probes were used.
In the Model C Stellarator, Young measured Φ̃ﬂ signals in a resistive and in a collisionless
regime with ‘two probe pins carefully aligned . . . 2.03 m apart’ [50], i.e. no scan of the rotational
transform was performed in that case. For the resistive regime he found a maximum correlation
of 0.6. Taking into account the rotational transform due to the plasma current, the time delay
between the probe tips was consistent with k̄ = 0 within the experimental errors. For the
collisionless regime, he reports k̄ = 0.2 . . . 1.2 m−1 .
The method of varying the rotational transform in small steps, as described in section 5.1,
was for the first time applied in the TEXT tokamak by Ritz et al [51]. They measured I˜sat with a
probe separation of 1.2 m along the magnetic field. They used two methods of analysis, either to
choose the rotational transform such that the two probe tips should be aligned B according to
field line tracing (method 1) or to choose the rotational transform of zero phase shift (performing
the analysis in the frequency domain) and to determine the poloidal distance of the magnetic
field line starting at the far probe (method 2). With method 2 they found a coherency close to
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)

38.26
1 over the entire frequency range of observation (up to 300 kHz). With method 1, they found
k̄ = (0.5 ± 0.3) m−1 , with method 2, k̄ = (1.5 ± 1) m−1 .
A tenfold increase of the probe tip separation to ≈10 m was achieved on the ASDEX tokamak
between probe tips in the midplane and in the divertor chamber, measuring I˜sat [52, 53]. Method 2
was used, obtaining a correlation of 0.8 and a coherency of <
∼ 0.9, with significant values of the
<
coherency up to 50 kHz. An upper limit of |k̄ /k̄⊥ | ∼ 0.01 was found. Together with typical |k̄⊥ |
values of 100 m−1 in the SOL of ASDEX [25] and an estimated poloidal uncertainty of 1 cm in
the probe positions and field line tracing, one obtains k̄ = 0 ± 0.1 m−1 .
In TEXT-U, the coherency of Φ̃ﬂ between probe tips separated by 11.7 m along the magnetic
field was found to be ∼0.6 [54, 55], and method 1 yielded k̄ = (0.08 ± 0.04) m−1 , method 2
k̄ = (0.1 ± 0.04) m−1 .
The largest probe tip separations  B were possible on JET [56]–[58]: I˜sat was measured
with Langmuir probes integrated into the outboard and inboard divertor target plates and with a
reciprocating system on top of the machine. Between two outboard target plates, separated by
0.75 m  B, a correlation of 0.8, a coherency of 0.9 and significant values of the coherency up
to 10 kHz were found. Surprisingly, both for 23 m probe tip separation  B between outboard
target plate and top of the machine and for the 66 m case between one probe in the outboard
target plates and one probe in the inboard target plates, a correlation of 0.4 and a coherency <
∼ 0.5
with significant values up to ∼7 kHz was found.
The approximate alignment with the magnetic field lines of filament-like fluctuating
structures in the edge of tokamaks is also visible in high-speed movies of ASDEX [59, 60],
DITE [60], TFTR [61, 62] and COMPASS [63], although the precision by which the agreement
between the direction of the magnetic field with the direction of these filaments can be verified
is inferior to that of Langmuir probe measurements.
In addition, current signals were actively fed into the plasma edge through Langmuir probes
on TEXT-U [54, 55, 64] and W7-AS [65, 66]. In this case, maximum coherency of the signal fed
into the plasma with the signal on a far probe was not found along the same connecting line as for
the background turbulence, but under a slightly different angle with respect to the magnetic field.
In this paper, however, we shall restrict ourselves to the ‘passive’ observation of the fluctuations.
5.3. Results of 6 m parallel correlation measurements in W7-AS
In figure 19, top panel, the maximum of the cross-correlation function between a probe tip at
position C as shown in figure 1 and all probe tips of the array at position A (vertical axis) for
various radial positions during the reciprocation of the array at position A (horizontal axis) is
shown for a discharge in deuterium with a magnetic field of 1.25 T on the axis, a line-averaged
density of 1.0 × 1019 m−3 , ECRH with a power of 180 kW and ι-(a) = 0.254. In the bottom
panel, the corresponding time lag τmaxcorr of maximum correlation is colour coded. In figure 20
that cross-correlation function, which is achieving the maximum of 91%, is compared with the
corresponding two autocorrelation functions. Almost no difference is visible. This is further
demonstrated by comparing the poloidal–temporal cross-correlation function between the tip at
position C with all tips at position A for the radial position of maximum correlation (figure 21,
top panel) with the corresponding correlation function between the different tips of the array at
position A (figure 21, bottom panel).
Within the errors of the probe tip positions and the magnetic field reconstruction, the
maximum of the correlation is obtained with both probe tips on the same magnetic field line.
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Figure 19. Top panel: Φﬂ maximum correlation between a fixed probe tip
at position C of figure 1 and different probe tips (vertical axis) of a radially
reciprocating (horizontal axis) poloidal probe array; bottom panel: corresponding
values of τ for which the maximum correlation is obtained. To facilitate the
comparison between the two panels, the τmaxcorr = 0 line is superimposed in the
top panel, and the position of overall maximum correlation is marked by a cross
in the bottom panel. The animation (MPEG, 2 MB) displays the radial–poloidal
correlation function for a sequence of τ values. The poloidal movement of the
correlation structure corresponds to the E × B direction with the radial electric
field directed into the plasma (the probe tips are located inside the LCMS in this
time window).

Since, in addition, the maximum is also obtained at τmaxcorr = 0.5 µs, which does not significantly
deviate from τ = 0, the result is compatible with k̄ = 0.
It would be interesting to know, fluctuations of which scales perpendicular to the magnetic
field do contribute to the high parallel correlation. Unfortunately, to answer this question would
require poloidal arrays at both positions A and C for a poloidal Fourier transform. Instead, we can
at least investigate, which frequencies are highly coherent along the magnetic field. In figure 22,
the cross coherency and cross phase between the tip at position C and the tip of maximum
correlation at position A are shown. The coherency remains far above the statistical background
level up to frequencies of 500 kHz (at which the spectral power is negligible—not shown here),
and the slope of the cross phase is small, in agreement with the small value τmaxcorr = 0.5 µs.
Finally, in figure 23 the coherency between the probe tip at position C and all the probe tips
at position A (top panel) for the radial position of maximum correlation is compared with the
coherency between all the tips at position A (bottom panel)—this figure is the frequency domain
correspondence to figure 21.
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Figure 20. The cross-correlation function achieving the maximum correlation in
figure 19 is compared with the autocorrelation functions of the two corresponding
probe tips—dotted: autocorrelation function of fixed probe signal; dashed:
autocorrelation function of the suitable tip on the reciprocating probe head; solid:
cross-correlation function.

Figure 21. Poloidal–temporal correlation function between the fixed probe tip at
position C as shown in figure 1 with all tips of the reciprocating array at position A
as shown in figure 1 for the radial position of maximum correlation (top panel)
and corresponding correlation function between the tips of the reciprocating array
only (bottom panel, the tip with maximum correlation with the position C tip is
the reference tip, i.e. the one with dθ = 0).
In other discharges, the probe tips were wired to measure Isat fluctuations, and an analysis
of those data gives very similar results.
It was also possible to measure correlations over larger probe tip separations  B in the edge
of W7-AS. This could only be achieved, however, for connections along the magnetic field lines
not remaining on the outboard side of W7-AS. The maximum correlation is reduced in these
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Figure 22. Cross coherency (top panel) and cross phase (bottom panel)
between the fixed probe tip and that tip of the reciprocating array with maximum
correlation. These data in the frequency domain correspond to the crosscorrelation function (τ domain) shown in figure 20. The dashed line indicates
the statistical level of the coherency, which was determined from the coherency
level above 700 kHz. The small slope of the phase spectrum corresponds to the
small deviation of the cross-correlation maximum from τ = 0.
cases, as compared with the results presented in this section [13, 47]. The results of a detailed
analysis of all the parallel correlation data obtained from W7-AS will be presented in a separate
paper.
6. Discussion
6.1. Radial–poloidal structure
We have demonstrated in section 4.3 that in the poloidal–radial correlation function of SOL
fluctuations, in general, structures inclined in the radial–poloidal plane do occur. As a
consequence, radial velocities of the fluctuations derived from a purely radial set of measurement
positions can be misleading, since the apparent radial velocity derived from the radial-temporal
correlation function (or, equivalently, from the phase difference between two or more radially
displaced positions of measurement) does not reflect the true radial velocity of the fluctuation
structures.
Apart from the importance of this observation for the interpretation of measurements of the
radial velocity of the fluctuations or, in general, for one-dimensional velocity measurements, the
New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)

38.30

Figure 23. Representation of the coherency with all probe tips of the
reciprocating array as a function of frequency and probe tip separation: the
reference tip is the fixed probe tip (top panel) and the probe tip of the array
with maximum correlation with the fixed probe tip (bottom panel), respectively.
The coherency decays faster with frequency for larger probe tip separation. The
similarity between the two panels again demonstrates the high level of correlation
or coherency parallel to the magnetic field.
question as to the origin of the inclination of the fluctuation structures in the radial–poloidal plane
arises. Experimentally, an inclination was not observed for all discharge parameters, and it varied
in size, depending on the radial position within the SOL and on the discharge parameters. At
first glance, two effects seem to be good candidates for producing inclined fluctuation structures
in the plasma edge: the shear in the poloidal plasma velocity due to the radial profile of the radial
electric field, and the magnetic shear.
If the inclination of the fluctuation structures in the radial–poloidal plane is due to the
poloidal velocity shear, one would expect the structures to change their inclination during their
lifetime, and therefore also the inclination of the radial–poloidal correlation function to change
around τ = 0, and such a change would be observed all over along a magnetic field line, since
the radial profile of the poloidal velocity is the same (at least qualitatively) along a magnetic
field line.
If, in contrast, the inclination is due to the magnetic field shear, one would expect the
inclination to change along the magnetic field, but not in time. Unfortunately, the angular probe
head could only be used at position B in figure 1. It was therefore not possible to check for
changes of the inclination along a magnetic flux tube. We can only give rough estimates of the
impact of poloidal velocity and magnetic field shear on the SOL fluctuations and compare them
with the observation.
From a typical radial profile of the poloidal velocity, as given in figure 13, one reads a
typical value of 500–700 m s−1 2–3 cm outside the LCMS. The value is lower by 300–500 m s−1
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Figure 24. Poloidal separation dθ of two magnetic field lines starting 1 and 2 cm
outside the LCMS, respectively, with a purely radial separation at the position of
the angular probe head (position B in figure 1) as a function of distance along the
magnetic field d , for the vacuum magnetic field of the discharge from which data
were used to calculate the poloidal–radial correlation function shown in figure 11.
Although the field lines approach each other closely even after long distances d
along the magnetic field (low global magnetic shear), they reach large poloidal
separations (more than four times the original radial separation) in certain sections
in between (high local magnetic shear). The data from the grey area are used to
calculate an ‘average poloidal separation’ for the torus outboard side, indicated
by the dashed line.
1–2 cm closer to the LCMS. Such a velocity difference corresponds to a difference of 0.75–
1.25 cm in poloidal propagation within 25 µs. By inspection of the individual frames presented
in figure 11, we cannot exclude a change in the inclination of the correlation structure at such
a rate, especially when observing the minimum structure at dθ > 0, dr < 0 between τ = 0
and τ = +25 µs, specifically the kink developing between dr = −1 and −2 cm. Whereas the
sense of change would agree with the radial velocity profile, with the structure lagging behind
ever more at the innermore positions, where the poloidal velocity is lower according to its radial
profile, the overall sense of the inclination does not change in time.
For the magnetic shear, we compare the poloidal separation of two magnetic field lines
starting 1 and 2 cm outside the LCMS, respectively, with the inclination of the radial–poloidal
correlation function, which is approximately 1 cm poloidal for 1 cm radial separation. Although
the global magnetic shear in W7-AS is comparatively low, the local shear is considerable, as is
demonstrated in figure 24. For most positions along the magnetic field, a field line starting at
larger radius (further out in the SOL) at the position of the angular probe is mapped to smaller
poloidal angles than a field line starting closer to the LCMS (see the illustration in figure 25).
If we average over the field line positions at the torus outboard side only (the grey region in
figure 24), we find an average of dθ ≈ −1.9 cm for dr = 1 cm at the probe position. In contrast,
a fluctuation structure which is ‘on the average not inclined in the radial–poloidal plane’ can be
expected to be inclined at the specific position of the angular probe array exactly in the sense as
found in figure 11.
A critical test would be the reversal of the magnetic field, which would result in the reversal
of all ‘×B’ velocities, in particular E × B and diamagnetic velocities: the poloidal velocity of
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Figure 25. Flux surfaces at two poloidal cross sections. The LCMS is dashed.
Due to the (local) magnetic shear, two magnetic field lines separated only in the
radial direction at the position of the angular probe array also have a poloidal
separation dθ some way along the magnetic field (full circles). In contrast, two
magnetic field lines on different flux surfaces which have no poloidal separation
‘on average’ (taking the average, for example, over the toroidal positions where the
field lines are in the region of unfavourable magnetic curvature) will be separated
poloidally in the plane of the angular probe array (open circles).
the fluctuations would be reversed, and thus the direction of the apparent radial velocity if the
inclination of the structures in the radial–poloidal plane remained unchanged. If the inclination
was due to the magnetic field structure it would indeed remain unchanged, since a reversal of the
magnetic field would not affect the shape of the magnetic field. If, on the other hand, the inclination was due to the radial shear of the poloidal velocity, one should expect it to also be reversed,
and the apparent radial velocity would not change sign. Unfortunately, no measurements with
the angular probe head in discharges with reversed magnetic field are available in W7-AS. However, radial–temporal correlation functions were calculated for lithium line emission in lithium
laser blow-off experiments at a different position in the edge of W7-AS. Indeed, a reversal of the
projected radial velocity with reversed magnetic field was observed in these measurements [67].
Radial and poloidal correlation functions have also been calculated from fluctuation measurements of the light emission from a pair of thermal Li beams on the TEXTOR-94 tokamak [68].
In that paper, the authors do indeed show that both the poloidal and the projected radial velocity
of the density fluctuations measured by the Li light emission reverse sign if the magnetic field
is reversed. Since the local magnetic shear in a tokamak is small, and since the magnetic field
structure is more or less up–down symmetric, arguing again that the fluctuations would ‘on the
average’ in the region of unfavourable magnetic curvature prefer to be not inclined, we would
expect no inclination in the tokamak midplane, which is in agreement with the results of threedimensional numerical simulations of plasma edge turbulence [69, 70]: in these studies, the
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fluctuation structures were found to be not inclined in the radial–poloidal plane in the tokamak
midplane, however, they were inclined in a sense as expected from the radial magnetic shear at
the torus top and bottom due to their long correlation length parallel to the magnetic field.
The Li beam was mounted on top of TEXTOR-94, and the sense of inclination expected
from the radial rotational transform profile in a tokamak was in agreement with the sign of the
observed radial velocity relative to the poloidal velocity [67]. These observations indicate that the
inclination of the fluctuations in the radial–poloidal plane (which was not directly demonstrated
in [68]) is in these cases dominated by the magnetic field shear.
We should mention at this point, that structures inclined in the radial–poloidal plane can
also be obtained in a two-dimensional numerical SOL turbulence code with sheath boundary
conditions (based on a model similar to those discussed in [25, 71, 72]) for certain values of the
connection length between the target plates and for the secondary electron emission coefficient
of the target plates [15, p 140–141]. Since that code did not contain magnetic shear, this implies
that there may still be further mechanisms which will result in fluctuation structures with an
inclination in the poloidal–radial plane.
6.2. Structure parallel to the magnetic field
We have shown in section 5.3 that for 6 m connection length along the magnetic field between two
probe tips on the outboard side of W7-AS, an almost perfect correlation between the fluctuations
measured with the two tips is obtained. This result is in agreement with observations on various
other devices.
More recent measurements revealed, however, that for configurations with probe tip
separations >20 m along the magnetic field and, simultaneously, with the connecting field
lines leaving the torus outboard side, lower levels of correlation are realized. The situation is
complicated by the fact that the different connection lengths can only be achieved for different
rotational transforms and therefore significantly different discharge conditions. We shall discuss
those results in more detail in a separate paper.
6.3. Plasma parameter dependence of the fluctuations
If one observes the parameters characterizing the spatio-temporal structure of the fluctuations
for variations of the discharge parameters (see section 4.5) the most prominent effect is the
decrease of the poloidal propagation velocity vθ and of the poloidal scale length lθ when the
magnetic field is increased from 1.25 to 2.5 T. Such a behaviour was also observed for density
fluctuations in the SOL of ASDEX [25]. The increase of the lifetime τl of the fluctuations
with increasing line-averaged density was also observed in ASDEX. In order to reproduce these
parameter dependences and their radial profiles, a detailed numerical model of SOL turbulence,
including the sheath boundary conditions at the target plates and the radial electric field profiles,
will probably be required.
The fit parameters to the poloidal–temporal correlation function, lifetime τl , poloidal scale
length lθ and poloidal velocity vθ , differ between Φﬂ and Isat fluctuations at most radial positions
and discharge conditions with a general tendency towards larger lifetimes and poloidal scale
lengths for the I˜sat data than for the Φ̃ﬂ data. An analysis of the spatio-temporal structure of the
underlying density, electron temperature and plasma potential fluctuations will therefore be very
interesting.
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7. Conclusions
We have characterized the ion saturation current and floating potential fluctuations in the SOL
and outer edge of the W7-AS stellarator. For the SOL we have documented the behaviour of the
fluctuation parameters describing the lifetime, scale length perpendicular to the magnetic field
and poloidal velocity if the discharge parameters are varied. The behaviour resembles what was
found in the SOL of the ASDEX tokamak. In addition, differences between the spatio-temporal
structure of Φﬂ and Isat fluctuations have been observed.
We have demonstrated that the fluctuation structures can be inclined in the radial–poloidal
plane, and that, in the presence of such inclined structures in conjunction with a poloidal velocity
of these structures, the radial scale length and velocity cannot correctly be determined from a
purely radially resolving measurement.
It was shown that the amount of this inclination would be compatible with an origin due
to the radial shear of the poloidal velocity as well as with a deformation of the fluctuations due
to the local magnetic shear. Further two-dimensional observations are required to distinguish
between these two effects (which do not exclude each other but may be present simultaneously)
for the case of W7-AS, for example, reversing the magnetic field to reverse the poloidal velocity,
or measurements at different positions, where the deviation from the average magnetic shear is
different. Indirect evidence exists from the reversal of the projected radial velocity in purely
radially resolving measurements, that the magnetic shear is the dominant reason for the observed
inclination.
As for the structure of the fluctuations parallel to the magnetic field, we have demonstrated
that signals from probe tips separated by 6 m along the magnetic field are almost indistinguishable
over a wide range of frequencies. It should be mentioned, however, that for probe tip
> 20 m lower correlations are found, in W7-AS [13]
separations parallel to the magnetic field ∼
and recently in JET [56, 58]. A comprehensive study of the parallel correlation of SOL and
edge fluctuations in W7-AS for various probe tip separations B is under preparation. The
high parallel correlation length, which is of the same order of magnitude as the connection
length between the target plates, indicates that the sheath boundary conditions for parallel
electric currents must be taken into account in any attempt to realistically model the SOL
turbulence.
We have not discussed the turbulent radial transport due to fluctuating E × B velocities
in this paper. A systematic study of this topic for W7-AS can be found in [14, 15], together
with a comparison with global confinement times for various discharge parameters. Since
electron temperature fluctuations can critically affect the interpretation of ion saturation
current and, still more so, floating potential measurements in terms of plasma density
and potential, we are presently extending our investigation to include electron temperature
fluctuations. It will be interesting to see whether the relative phase between these different
fluctuating quantities depends on the radial position within the SOL/edge and on the discharge
parameters.
Another open issue is the behaviour of the fluctuations and the induced transport within the
(stationary) magnetic islands, which naturally exist in the edge of stellarators for certain magnetic
configurations. Since it appears almost impossible to construct arrays which are aligned on an
island magnetic surface or perpendicular to it in a sufficiently precise manner, such measurements
will require truly two-dimensional diagnostics.
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Appendix. Choice of a fit function to describe the poloidal–temporal correlation
functions
In order to characterize the poloidal–temporal correlation functions, examples of which were
shown in figures 4 and 15, we tried to find a suitable fit function, which would allow us to describe
the basic properties of these correlation functions in terms of few parameters.
In addition to the central ridge which can be characterized by a lifetime τl , poloidal width lθ
and poloidal velocity vθ , as was already indicated in figure 4, we can often observe minima and
sometimes even secondary maxima in the poloidal direction (see figure 15). Poloidal–temporal
correlation functions with this type of behaviour were also observed in the edge of the ASDEX
tokamak with the Hα fluctuation diagnostic [25]. In that case, this structure was described by the
product of a temporal envelope, a poloidal envelope and a poloidal cosine (equation (1) in [25],
see also ϕﬁt1 in equation (4) below). Unfortunately, the poloidal oscillation is not visible in all
cases investigated at W7-AS, sometimes probably due to an insufficient poloidal baselength of
the probe array as compared to the wavelength of the oscillation. After testing the fit functions
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we resorted to using ϕfit3 , the only of these functions which could be fitted to most correlation
functions of both Φ̃ﬂ and I˜sat at the different radial positions and for a variation of several
discharge parameters (see section 4.5). We should emphasize that the only purpose of finding a
suitable fit function is to obtain a method for characterizing the poloidal–temporal behaviour of
the fluctuations with a few parameters. The test of the different fit functions (4) showed in that
cases where the use of more than one fit function succeeded, that within each of the fit parameter
sets (τl of ϕﬁt1 , ϕﬁt3 and ϕﬁt4 and τl1 of ϕﬁt2 ), (lθ of ϕﬁt1 , ϕﬁt2 and ϕﬁt3 and λ of ϕﬁt1 , ϕﬁt2 and
ϕﬁt4 ) and (vθ of ϕﬁt1 , ϕﬁt2 and ϕﬁt3 and vph of ϕﬁt1 , ϕﬁt2 and ϕﬁt4 ) the fit parameters exhibited
a similar behaviour, such that the representation by one temporal scale τl , one poloidal scale
lθ and one poloidal velocity vθ , as in ϕﬁt3 , appears to be justified. Note that the definition of
ϕﬁt3 in equation (4) is our precise definition of these three fluctuation parameters—the sketch of
these parameters as full widths in figure 4 is only to be understood qualitatively. Although the
ϕﬁt1 (dθ , τ ) ≡ C + A[cosh(τ /τl )]−1 cosh

New Journal of Physics 4 (2002) 38.1–38.38 (http://www.njp.org/)

38.36
correlation function ϕ is normalized, the amplitude A is introduced as an additional fit parameter
to account for a possible noise peak which is sometimes present in the autocorrelation function
and which would cause ϕﬁt to assume too small values for τl and lθ if ϕﬁt (0, 0) = 1 was forced.
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