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1 Introduction

Plasma discharges near the density limit show fast eleciron density profile changes which
are studied with microwave refleciometry: MNear the density limit the discharge becomes
MHD unstable sading to growing magnetic tearing modes. These magnetic istands strongly
modulate the shape of the slectron density profile. From the form-of the profils the modes
present can be determined. After the density limit mari'cs, which are cold and dense plasma
clonds, accur, leading to a fast steepening of the density profile on the High-Field side of
the tokamak.

2 Method

The results presented here were obtained with the Frequency Modulated (FM) broadband
reflectometry sysiem on ASDEX Upgrade in C.mode polarization [1]. The microwave
frequencies lavoched to the plasma were swept between 16 and 72 GHz in 160 ps (20 ps are
possible) corresponding to probed cut-off densities of 0.3 ~ 6.4 = 10" mF, The density
profiles are determined by caleulating the distance: AR(f) between the cut-off layer and the
beginning of the plasma, depanding on the microwave fequency £, by

AR(E) :__ A S {1)
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{c: specd of light in vacuun, f g integrating variable).  is the phase difference between
the microwave reflecied from the plasma and & reference signal. The group delay dgo,/df' of
the results presented hers is calculated with an slgorithm determining In a ficst step the
zero crossings of the interference patter, obtained by corresting the raw signal for the
internal reflections and then symmetizing around zero, combined in a second step with a
statistical anaiysis to improve signal quality (g, 1). Thiz analysis can be combined with
other zlgorithms for detarmining the group delay, 2 the minimum-maximom method [2), o
the digital frequency discrimivator {31, I onder to remove fringe count errors, the zeroes
found in a first step are anabysed concerning their statistical significance. The criterium used
here is given by the Poisson statistics describing the noise of the detector systern. I the
standard.deviation ¢ 5 of the frequency distances Af, of neiglibouring zeroes (labeled with
the index i) is bigger than their mesn distance Al, they are detected as noise and removed.
For the calenlation of
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(<. > denoting the average Over & graup of typically 7 neighbouring zeroes) the frequency
resolution AL determined by the nomber of acquired microwave fmquencics per sweep st
be specified. This algorithm seems to have great potential to determine the group delay in
case of low signal to noise ratio: Since it principally analyses only small parts of the whole
frequency sweep for pood signal quality the noisy parts in a sweep are cut out. The gap in
the data is closed by interpolating from the neighbouring valid data poinis. For flat profiles
where there is ne interfercnos pattern at the higher frequencies, the point where the signal
disappears below the nolse level Is determined and the profile evalvation ends {see fig. 1).

17 a
= o
=
_1,
0.5
e
=03
-0.51
GHz)
s} © -
y o0 F o
40
% 20 % 25
£ 2
. 20 =
g o
@ TR R 0 90 20 80 40 50 80 70
{[GHz) fiGHz)

Fig. 1: Correcting the raw duta of a frequency sweep with plasma (a) for the internal reflections (obtained
withowt plasma) and then symmeirizing around zera, the irterference pattern from the plasma Is obiained (b).
The group delay dp/dT shows in {c), is caleulated from the signals (b). The nolse in dip/df stems from the fringes
of small amplitude, These parts are removed after the application of the statistical analysis. The result, which
is also corrected for dalays between the reflecied ond the reference signal, is shown in (d). This group delay is
used for the evaluation of the eleciron density profile.

The initialization of the electron density profile is based on the measured group delay of
the microwaves with the lowest frequencies [4]: Here, the distance of the plasma from the
antennas, which can vary during a discharge, is estimated in this way. The group delay
corrected for the vacuum distance is then used for caleulating the profile.

3 Flectron Density Profiles for a Depsity Limit Discharge

In the following, electron density profiles for an Ohmic density limit discharge en ASDIX
Upgrade (plasma current 600 kA, torcidal magnetic field - 2 T), showing the occurence of a
marfe and fast changes dve to MHD activity, are studied,

3.1 Occurence of a Marfe

A marfe [5] starting afier the density Bmit in the divertor and moving up to the equatorial
plane of the plasma on the High-Field side of the tokamak can be clearly identified by the
steepening of the density profile: the profile of the pre-marfe phase shows within milliseconds
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trongly ncreased particle content and a steepening of the gradient ouiside the separatix
aﬁs 3). This coincides with an increase of the Bremsstrahlung intensity in the near infrared,
(. fwmg the equatosial plans of the plasma. After this, the marfe is moving to the inside of
\:;c plasma {(fme 1.93805 §) in accordance with an increase in the Bremsstrahlung intensity,

due to the higher density of the marfe.
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Fig. 2: A marfe occurs on the High-Field side in the equatorinl plane of the plasma barween the times 1.923 s
and 1,941 s, as seen in the Bremsstrahlng intensity U, plotied in the insert picture. The electron density profiles
megsured with the reflectometry system on the High-Field side shows an increase of the gradient of the eleciron
density profile outside the separatrix, positioned ai R, compared 10 the pre-marfe profile at £.92105 5. The marfe
I5 at the centre of the sighiling at 1.930 5 (stegpest density gradiend) in accordance with Bremssirahiung, After
this the marfe is moving fo e inside of the plasma (193805 1) reflecied in the peaking of the Bremsstrahlung
intensity due vo higher density of the marfe. At around 1.94005 5 the maufe is leaving the region of observation,
leading to a flmtening of the dersity profile,

3.2 Identification of m=4 aud m=35 Modes

After the density limit mode locking occurs at the time 1.858 s, From analysing the magnetics
data in the phase before locking the m=2 and m=3 modes were found to be present. When
the island widths are growing nonlinear coupling of the modes gives rise to the generation
‘of modes of higher peloidal wave number {m=4, m=>3). After mode lockdng has occured,
the mede structure can not be inferred by the raagnetics. The m=4 and m=5 modes are,
however, detected in the electron density profiles, when the mode structure starts moving
around its locked position (fig. 3); The earliest profile in the following seties (fig. 3 at the
time 1.88905 s (now terined 1. profile) is still unperturbed. The 2. and 3. profile shows a
flattening at the ¢=5 flax surface shifting the Steep gradient zone to the g=4 sarface {the g-
profile used ftere was reconstructed from magnetic measurements), The Hattening is extendad
up to the =4 flux surface in the 4. and 6. profile, The 5. profils shows an unperturbed shape
similar 1o the 1. profile. So the fast flattening and steepening of the profiles is observed
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repetitively, From the varying shapes of the electron density profiles the m=4 and m:=§
modes are identified to be present,
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Fig. 3: Mode Ipcking occurs af the tiree 1.858 5 as can be szen in the perturbed poloidal magneiic field {a). After
this the coupled mode struciure is moving around s locked posision. In the electron density profiles {shown wuti
186405 s corresponding 1o the broken line tn (a) ) the m=4 and m=5 modes can be detecred agfter mode locking:
the earliest {1.) density profile is still unperturbed followed by a fluttening of the density profile aromnd the g=5
swface (2. and 3. profile), extending in the 4. and 6, profile alse up fo the g=4 surface, interrupted by the 5,
profile showing the unperturbed form. Se the flattening and steepening of the profile is repetitive. The position
of the mugnetic separateix i5 denoved by Ry, The g-profile was reconstructed from magnetic measurements.

4 Conclusion

The applied algorithm for the determination of devsity profiles is flexibls enough io resolve
density profiles of different shape. It has great potential to recover profiles also from noisy
signals. R is presently used for fast automatic routine evaluations on ASDEX Upgrade. The
time history of the position and the denstty gradient of a marfe occuring on the inboard side
of the tokamak is presently directly measured only by the microwave diagnostic installed
there. After the locking of tearing modsy, a Aattening and steepening of the electron density
gradient can be observed at rational g-surfaces, ascribed to a movement of the modes around
their Jocked positions,
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