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1 Anomalous and fluctuation-induced transport

The radial particle and energy fluxes I', and @), induced by correlated fluctuations of
plasma density, temperature and poloidal electric field (“electrostatic fluctuations”) in
the edge plasma of toroidal confinement devices have been considered as a significant
contribution to or even the main cause of the anomalous transport derived from radial
density and temperature profiles. This idea has been confirmed, at least for the particle
transport in most devices, by direct comparison of the radial particle flux across the last
closed magnetic surface (LCMS), calculated from fluctuations of the ion saturation cur-
rent I,,; and the poloidal gradient of the floating potential @ﬂ, with the global particle
confinement time [1] or with anomalous diffusion coefficients derived from the radial pro-
files in an edge transport model [2]. In most cases, the comparison was done only for some
standard discharge type, whereas on the TEXT tokamak the comparison was done also
for variations of the discharge conditions, showing good agreement between global particle
confinement time and confinement time derived from the fluctuation-induced particle flux
across the LCMS, not only in magnitude but also in the changes when plasma density
was varied [3].

An uncertainty is introduced into these experiments by the fact that local measurements
of the radial flux had to be extrapolated to the whole flux surface to compare with global
confinement times.

Since only few attempts have been made so far to measure (electron) temperature fluctu-
ations simultaneously with I,,; and <i>ﬂ, an additional uncertainty is due to the neglect of
T, fluctuations when calculating density and plasma potential (®,;) fluctuations from I,
and ®p. For the same reason, estimates of the radial energy transport due to electrostatic
fluctuations could only be obtained making reasonable assumptions about the behaviour
of T.. Depending on the device, it was concluded that electrostatic fluctuations, respec-
tively, could also or could not completely account for the anomalous energy transport in
the plasma edge.

2 The situation on W7-AS

Whereas it is easier to measure the fluctuation-induced particle rather than energy trans-
port, it is in contrast well known to be simpler to determine the energy confinement time,
Tg, than the particle confinement time, 7,. While the latter may be possible in a toka-
mak, supposed to be toroidally symmetric, as was demonstrated in [3], it could not be
achieved in a three-dimensional configuration like W7-AS. On the other hand there exist
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Langmuir probe measurements in the SOL of W7-AS where the probe characteristic was
swept fast (1-4 MHz) compared with typical fluctuation frequencies [4]. The conclusion
of that work was that in the one type of discharge investigated (¢ ~ 0.34, B = 2.5T,
Ne = 1-2-10 m~3, ECRH heating with P = 450kW), the relative electron temperature
amplitude was slightly lower than that of density fluctuations, that density and tempera-
ture fluctuations were almost in phase and that therefore the fluctuation-induced energy
flux was approximately

3
Qr~ 5 ksT-2- 15T, (1)

the factor of 2 originating from the assumption of equal energy flux in the electron and
ion channels, while the factor 1.5 arises when first correcting I', for the error using /,,; and
®p instead of n and ®,; fluctuations and then adding together the convective ({7it,)T)
and conductive ((T'%,)7) contributions to the energy transport.

3 Comparison between global and fluctuation-induced confinement times

Although the fast swept Langmuir probe technique could not be used in the discharges
reported in this paper, we shall use eq. (1) to transform our particle transport data into
energy fluxes which are then compared with the global energy confinement time.

We obtain the global energy confinement time 7g g from heating power P and
diamagnetic energy Wy, after correcting for radiation losses Py, as the fluctuations
do not have to remove that fraction of power from the plasma which already has been
radiated:
TE, global — Weia
’ P, heat — P, bolo

For the I, and ®; fluctuation measurements, a poloidal array of 19 Langmuir probes
with 2 mm probe separation was used, and the radial flux was averaged over the positions
of several I, tips and over time windows of 8-12ms during the radial reciprocation of
the probe. The most critical task is the determination of the radial position of the LCMS
since, in the presence of steep gradients of density, temperature and also of the radial
flux, an error of a few mm would render the comparison between different discharges
impossible. We use several indicators like the position of the vacuum LCMS and the
location of the velocity shear layer of the fluctuations to determine this position in a
consistent way between different discharges. We then calculate

Wia
Q’I‘ALCMS
where @, is taken from eq. (1), and Acys is the surface area of the LCMS.

TE, fluc =

The comparison between Tg, gioba and g, sy is shown in fig. (a) for a series of discharges
with different plasma density and heating power. The order of magnitude of the energy
confinement times calculated in the two different ways is in good agreement. The general
tendency of increasing global energy confinement time with increasing plasma density
is reproduced by 7z gu as well. For the medium and high density discharges at low
heating power, however, the fluctuation-induced transport is larger (7, fguc is smaller)
than expected from the global confinement, whereas for the other discharges, at fixed
density, the confinement degradation with increasing heating power is again reproduced

by TE, fluc-
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(a) Comparison between global energy confinement time Tg, gobet and energy confinement time de-
rived from the fluctuation-induced transport across the LCMS. Different symbols are for different
line-averaged density — squares: 1.7-10"° m~3; circles: 3.4-10° m~3; diamonds: 6.8-109 m—3.
Different colours are for different heating power — green: 180kW, blue: 270kW, magenta:
380 kW and red: 540kW. Full symbols are for the inwards movement of the reciprocating probe,
open symbols for the outwards movement. (b) Effective radial velocity as defined in eq. (8) versus
radial particle fluz; symbols are the same as in (a). Note the reduction of v,eg with increasing
plasma density.

4 Decomposition of the radial flux

To determine due to which quantities changes in I', occur, I sat and (fﬂ were transformed
into the frequency domain. The transforms will be denoted by I, (f) and ®px(f). If E(f)
is the poloidal electric field in the frequency domain, 3, I'.(f) = X; E5(f) Lsai(f)/B, and
the real part of 3 [,(f) is the time-averaged radial particle flux. We now decompose
3¢ Ej(f) La(f) into components,

E;flsatf =n Isatf zﬁ o f 2 ]%—ei&’ 2
; (f) Lsar(f) (‘/;\ ()I/)(;Mz()l) gl (2)

by defining an “average poloidal wavenumber” of the ®5 fluctuations
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an “average coherency” between [, and Fy fluctuations
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and an “average phase angle” between I, and Ey fluctuations

a = arg (; E;(f) Isat(f))

(72 is calculated from I, and T, assuming 7, = 7T; and neglecting Te).

If we compare the contributions of the individual factors on the right hand side of eq. (2)
for the discharges analysed so far, no distinct parameter dependence of any one of them is
found, except for n, which is correlated with the line averaged density. Only the product
of all these factors without n shows a clear dependence on density. The real part of this
product is the “effective radial velocity” v, g defined by

L, = (n0,) = Nvep, (3)

and it is plotted versus I'; in fig. (b): v,y decreases with increasing density.

5 Conclusions

The radial particle flux due to electrostatic fluctuations across the LCMS has been used
to calculate the energy confinement time 7, ., assuming poloidal and toroidal symmetry
and using information on the behaviour of electron temperature fluctuations obtained in
earlier experiments. For the first time in a stellarator, 75 s, has been compared with the
global energy confinement time 74 gopq for different discharge conditions. Not only the
magnitudes of 7z, gy and 7Tg, gopa agree very well, also the general scaling is similar when
plasma density and heating power are varied.

Changes in the radial particle flux under different discharge conditions cannot be at-
tributed to a single one out of the factors determining the flux, like I,,, amplitude, <i>ﬂ
amplitude, poloidal scale of the fluctuations or coherency or phase angle between I, and
&)ﬂ, but all these factors act together.

The simultaneous measurement of fsat, T, and @ up to the LCMS and the investigation
of the behaviour of 7, for a variation of discharge conditions, as well as the influence of
variations of further discharge parameters like the magnetic field or rotational transform
remain open tasks.
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