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Abstract
Magnetic fluctuations are observed in ECRH plasmas on the W7-AS stellarator which can not be

identified with any known type of MHD mode. We investigate this type of fluctuation using cross corre-

lation and Fourier methods as well as phase space analysis from dynamical systems theory. In spite of its

weakly turbulent character, a spatial structure can be identified. The development of the spatial struc-

ture coincides with a decrease of the energy confinement time.
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1. lntroduction
Magnetic fluctuations on W7-AS are measured

using poloidal arrays of 8 or 16 Mirnov coils at differ-

ent toroidal locations. Sampling rates are 250 - 330

kHz. The spatio-temporal behaviour of the Mirnov data

is routinely analysed using Fourier techniques, singular

value decomposition and cross correlation methods [1"].

In addition, we use [,omb's normalized periodogram

[2] in order to determine the poloidal structure. Instead

of the poloidal mode number rn which is well-defined

only for rational values of the rotational transform t we

use the notation /qrt, where /<u is the poloidal wavevec-

tor and rr the radial position of the perturbation.

This is motivated by the facts that a) it is an open

question whether the signals observed with magnetic di-
agnostics in electron cyclotron resonance (ECR) heated

plasmas are due to coherent mode activity or to fluctu-

ations in a narower sense and b) there are usually no

low m, n rational values of t inside the last closed mag-

netic surface.

If we assume a current perturbation along mag-

netic field lines. we obtain a heuristic formula for the

frequency of the magnetic fluctuations li. in the labora-

tory frame which reads

, - 
uaiu(rt) * uers(rt) . ,. -7"o: ,;i-' ha (1)

where oo,u is the electron diamagnetic drift velocity and

orr" is the E x B drift speed of the electrons. Ex-
perimentally, oo," is obtained from temperature and

density profiles measured by Thomson scattering

whereas osrr is determined using charge exchange rec-

ombination spectroscopy [3].
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2. Observations
Series of ECR heated discharges have been pro-

duced in order to investigate the dependence of the en-

ergy confinement time z, on the rotational transform at
the plasma boundary ru. Parameters of these discharges

are 0.33 1 tu 1. 0.36, 86:2.5 7,0 1 B, < z2rril,
Pncnn o 480 kW and nl = 4 x I01e m-2.

Figure 1 displays the normalized cross correlation
function [2] of Mirnov signals as a function of the time
lag r and the poloidal position of the probes. The en-

ergy confinement time of discharge #38806 (t" :
0.339, B.: 0) is two times larger than r. of #38808 (r"
: 0.345, B.: O).For #38808, a pronounced poloidal
structure with kur, = 3 rotating in the electron diamag-
netic drift direction is observed. The power spectrum of
#38806 is broader compared to #38808 (see Fig. 5)
with a peak between I0 - 20kHz.

In Fig. 2, we compare J* Eq. (1) to Mirnov spec-
tra for two discharges with r" : 0.349 (#39218) and t^
:0.361 (#39235, both with B,:220 mT). As was the
case for #38806 and #38808, the spectrum of the dis-
charge with the lower z. exhibits more structure and a
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Fig. 1 Left: #38806. right: #38808. First row: cross correta-
tion as a function of time lag z (1 sample = 5 ps) and
poloidal position, second row: cc of two neighbour-
ing probes, third row: lomb periodogram of cc (z
=0, 0t.

lower average frequency (#39235, darker curves in Fig.

2). Note the low "shear" of fruo for #39235, which
possibly explains the relatively narrow peak in the Mir-
nov spectrum at f = 29 Y^t.

In a similar discharge (#39911, 4 : 2.5 T, t^:
0.345, PE.RH : 350 kW, n! o 2 X 101e m-2) tempera-
ture fluctuations were observed using electron cyclotron
emission (ECE) diagnostics [4]. Magnetic and tempera-
ture fluctuations at / = 40 kHz are correlated. The
maximum amplitude of these fluctuations is localised at

an effective radius of f.ff = 7 cm. Frequency and radial
position are consistent with Eq. (1.) as seen from Fig. 3.

The poloidal structure inferred from Mirnov data is /<ur,

=J.
In discharge #40365 (t^: 0.523, P."*" : 450

kW) density fluctuations with a frequency of approx. 7

kHz were observed using a Li-beam probe [5]. They
extend L cm inside and 3-4 cm outside the last closed
magnetic surface (Fig. a). The poloidal structure of the
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Fig.2 f,.o Eq. (1) (left) compared to Mirnov spectra (right)
for #39218 (light curves) and #3923b (dark curves).
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Fig.3 like Fig. 2, but for #39911, bars indicating the radial
position and frequency of l"-fluctuations corre-
lated with 4.
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Fig.4 like Fig. 3, but for #40365, bars indicating radial po-
sition,and frequency of nu-fluctuations correlated
with 8..
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magnetic perturbations in this frequency range is krr, =
2, again consistent with Eq. (1).

3. Phase Space Analysis
Broadened but structured (r'.e. non-power law)

spectra are considered as an indicator for weakly de-

veloped turbulence [6]. Dynamical systems theory pro-
vides numerous instruments to characterize temporal
behaviour [7].

We have applied an embedding procedure the

basic idea of which is to switch from time evolution to
geometry in phase space, where the time enters as a
parameter only. The basic assumption is that the dyna-
mics is governed by a set of autonomous ordinary
differential equations, where the full set of time-
dependent variables span the phase space. This allows

to distinguish between noise and strong tubulence (al-

most infinite dimensional), weakly developed tur-
bulence (high dimensional), and regular dynamics (low
dimensional).

The phase space geometry (the attractor) is recon-

structed from the time evolution of X(t),

X(t): lx(t), x(t -r r), x(t + 2r),...,
x(t+ (d- r) r)l (2)

where x(r) is the time series of one single Mirnov coil

signal. To perform an optimal embedding, we apply the

fill-factor criterion described in Ref. [8] which yields

the time lae r. The embeddine dimension d is estimated

by calculating the correlation integral [9,10].
We have investigated time series of 32 k length

each from discharges #38806, #38808 (compare Fig.

l) and #39727 (Bo : 2.5 T q: 0.334, P"s*, : 350

kW, nl: 5 X 10 18 m-2).The power spectra (signal

and noise) and the visualization of the attractors are

displayed in Fig. 5.

The phase space Fig. 5(a) shows just a cloud of
scattered points hinting stochastic behavior. We note
however in Fig. 5(b) a certain distortion of the phase

space structure. Both data sets (a) and (b) are unlikely
to correspond to a coherent mode structure, it rather
appears to be a weakly turbulent regime.

In Fig. 5(c) fluctuation data of a state where a

coherent mode is established are shown. Conespond-
ingly, the power spectrum is sharply peaked. We obtain
a phase space reconstruction that clearly shows a limit
cycle, the phase space attractor of a regular oscillation.

The conclusion that both data sets (a) and (b) are

not due to a coherent mode structure, in contrast to (c),
is confirmed by a detailed analysis of the corresponding
fill factors and correlation inteerals.

4. Summary
MHD activity in ECR heated plasmas of W7-AS

appears to be governed by weakly turbulent behaviour.

This turbulence can exhibit a pronounced poloidal

structure and can be correlated wlth temperature and

density fluctuations. Changes of frequency or poloidal
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Fig. 5 Power spectra of Mirnov signals and noise (first row) and phase space diagrams
(b) middle: #38808, (c) right: #39727.
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structure of the magnetic perturbations which coincide

with a change of the energy confinement have been ob-

served. Whether the magnetic fluctuations are relevant

for transport remains the subject of future work.
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