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Supra-thermal energetic particles (EPs) in tokamak plasmas can excite various instabilities
which can lead to an enhanced transport of fast particles. These instabilities constitute a nonlin-
ear system where kinetic and MHD non-linearities can both be important making it difficult to
describe the phenomenon [1]. Several types of non-linear behaviour of the mode amplitude and
frequency are observed on present-day tokamaks. This behaviour ranges from steady-state —
where the amplitude saturates at nearly constant frequency — to an explosive growth. The type
of behaviour is expected to significantly influence the impact of the instabilities on the fast par-
ticle transport. Thus, their thorough understanding from both experimental and theoretical side
is essential.

Bursting beta induced Alfvén eigenmodes (BAEs) and EP-driven geodesic acoustic modes
(EGAMs) are routinely driven unstable in the ramp-up phase of off-axis NBI heated plasmas in
ASDEX Upgrade (AUG) [2]. The investigation of these bursting modes can provide important
information about the underlying physics of the non-linear behaviour of EP-driven modes.

Our goal is to experimentally investigate the rapid changes in the radial structure of bursting
EP-driven modes during the non-linear chirping phase. Due to diagnostic and data analysis com-
plexities this task has never been accomplished before. Some modes are expected to retain their
radial structure, while others would be expected to change. Even qualitative results can provide
important information about the underlying physics and strengthen (or challenge) our present
theoretical understanding. Furthermore, an analysis based on the methods developed here can
serve as the basis of comparison with numerical codes which simulate the time evolution of
EP-driven modes.

Analysis principles The only fluctuation measurement which has spatial resolution and these
modes were visible in its signal was the SXR diagnostic. The ECE and the ECE imaging (ECEI)
diagnostics would be good candidates due to their high time- and spatial resolution, however,
BAEs and EGAMs were not visible by them in the investigated shots. Since the SXR diagnostic
is a line-integrated measurement, it is not straightforward to reconstruct the radial structure of
the mode, but many line-of-sights (LOSs) are available which makes it possible to qualitatively

investigate the time evolution of the radial structure.



In general, the signal-to-noise ratio of the SXR measurements was poor. In many cases,
modes which were clearly visible on the magnetic spectrogram were only visible on one or
two LOSs of SXR. The strategy was to find cases where the mode is observable on at least 3
adjacent LOSs of a particular SXR camera. Finally, 3 cases for BAEs and 5 cases for EGAMs
were found where the oscillation amplitude on the SXR signals was sufficiently high to identify
them visually on the SXR spectrograms.

To examine the changes in the radial eigenfunctions, a radial mapping of the oscillation am-

plitudes was constructed. This means that each LOS was labelled with the normalized poloidal
flux of the magnetic flux surface to which the LOS was tangential. The oscillation amplitude
was calculated for each LOS and it is plotted as the function of the radial coordinate. This way
the radial mapping of the oscillation amplitudes can be evaluated at any time instant. The oscil-
lation amplitude were not normalized with the gradient of the background SXR radiation, be-
cause it did not change significantly during a chirp. The rapidly changing mode frequency and
the low signal-to-noise ratio were handled with an advanced time-frequency transform based
method [3].
Beta-induced Alfvén eigenmodes In the gaps of the shear Alfvén continuum weakly damped
normal modes can exists. These gap modes can be easily excited by the EP population. The BAE
gap is introduced by the coupling between compressible acoustic waves and the shear Alfvén
continuum [4]. BAEs are driven by the radial gradient in the EP distribution function [5].

A magnetic spectrogram with downchirping BAEs is shown in figure 1a. A thorough mode
number analysis [6] was carried out by using the magnetic pick-up coil system of AUG which

showed that the observed BAEs have n = 1 toroidal and m = —3 poloidal mode number.
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Figure 1: (a) Downchirping BAEs in the range of 70 — 85 kHz are visible on the magnetic spectrogram.
(b) The radial mapping of the oscillation amplitude of BAEs on the different SXR LOSs.

The radial mapping for the chirp indicated with white arrow in figure la is presented in
figure 1b. Since this work focuses on the relative changes in the radial structure of the modes,
each curve of the radial mapping was normalized with its integral. The background noise level

is estimated from time-frequency intervals of the SXR spectrograms where no coherent mode



appeared. The average of the background noise level of the different channels is also plotted in
the radial mappings. The error bars were estimated from the background noise level by taking
into account the error propagation in the amplitude reconstruction formula [7].

The time evolution of the radial structure is similar in all 3 cases to the one presented in fig-

ure 1b, i.e the results do not show significant changes in the radial distribution of the oscillation
amplitudes. This suggests that if there is any change in the radial eigenfunction it is smaller
than the uncertainty of our measurement. This observation is consistent with the physical pic-
ture that BAE is a normal mode of the plasma and its radial structure strongly depends on the
background plasma parameters rather than on the EP distribution.
Energetic particle driven GAMs EGAM is an energetic particle mode which can be excited
if the EP pressure is sufficiently high compared to the thermal pressure and the EP drive can
overcome the continuum damping. Their mode structure is independent from the shear Alfvén
continuum, and sensitively depends on the EP distribution. Their frequency usually correspond
to a characteristic frequency of the EP orbital motion.

In figure 2a a magnetic spectrogram with upward chirping EGAMs is shown. In principle
EGAMs should only be detectable with density fluctuation measurements because it is an elec-
trostatic mode, however, due to sideband coupling it is clearly visible on magnetic fluctuation
measurements as well [8]. According to the mode number analysis carried out by using the
magnetic probe measurements the mode coupled to EGAMs (which allows to detect the mode

in the magnetic fluctuation signals) have n = 0 toroidal and m = —2 poloidal mode number.

Magnetic spectrogram

Radial mapping of oscillation amplitude

AUG #31233 = 0.8386s
100 K 5211+ PP
N & 4 9 +0.0 ms (60 kHz)
I > -
5-80 z 3 3 2.0F +0.4 ms (64 kHz)
g 5| |2 ist +0.8 ms (68 kHz)
b5 1 -
S 60 S, S +1.2ms (72 kHz)
() ol
& N I
40 g 0.5} ) ’Jsg  AuG
§ 007 = - Noise Ievellh#}1 23.3_
0.835 0.840 0.845 0.20 0.25 0.30 0.35
Time [s] Normalized radial coordinate

Figure 2: (a) Upchirping EGAMs in the range of 40 - 90 kHz are visible on the magnetic spectrogram.
(b) The radial mappings of the oscillation amplitude of EGAMs in 3 SXR LOSs which are located above
the magnetic axis.

The radial mapping for the chirp indicated with white arrow in figure 2a is presented in
figure 2b. In this case the reconstructed amplitudes were normalized to the amplitude at the
beginning of the chirp. Figure 2b shows the results of LOSs located above the magnetic axis. On
LOSs located below the magnetic axis, radial mappings do not show any significant change in
the mode structure. However, on LOSs located above the magnetic axis (figure 2b), a shrinkage

of the mode is visible, since as time evolves the relative amplitude in the middle channel is rising



compared to the outer channels. This shrinkage of the EGAM radial structure was significant in
all 5 investigated cases.

The observed shrinkage of EGAMs during the non-linear chirping phase is consistent with

our present theoretical understanding. According to the EGAM resonance condition (@0 — @y =
0), the mode frequency is equal to the transit frequency of the interacting ions. The EGAM drive
is proportional to the velocity phase space gradient in the EP distribution function. The coordi-
nates of the steepest gradient determine the velocity phase space coordinates of the interacting
particles. The mode frequency is rapidly increasing as it is visible in figure 2a. This means
that as time evolves, the resonance condition changes and shifts to particles with higher transit
frequency. The simulated EP distribution (TRANSP [9]) showed that the resonance condition
moves toward more passing particles during the non-linear phase. Since the radial structure of
EGAMs is determined by the orbit of the interacting ions and more passing particles have a
narrower orbit width, the experimentally observed shrinkage of the radial mode structure can
be explained.
Conclusions Our analysis showed that in case of the observed downward chirping BAEs the
changes in the radial structure were smaller than the uncertainty of the measurement. This
behaviour is consistent with that the radial structure of BAEs — as normal modes — strongly
depends on the background plasma parameters rather than on the EP distribution.

In case of rapidly upward chirping EGAMs the analysis consistently shows shrinkage of the
mode structure. This can be explained by the changing resonance condition in the velocity phase
space of EPs. The mode structure of EGAMs is sensitive to the EP distribution. The rising
frequency of the mode indicates that, as time evolves, the EGAM is driven by more passing
particles which have narrower orbit width. This leads to the experimentally observed shrinkage

of the mode structure.
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