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Abstract

In 2017 a new scenario on ASDEX Upgrade for the dedicated investigation of energetic particle (EP) physics has been
developed. This scenario is unique in two aspects: firstly, the neutral beam (NB) induced fast-ion beta is comparable to the
background plasma 3, and secondly, the ratio of the fast ion energy to the thermal background is of the order 100. At ASDEX
Upgrade we reach this previously unexplored regime by NB off-axis heating only and by letting impurities accumulate in
the core. Due to strong radiation losses the background temperatures and pressures of both ions and electrons stay low,
despite 2.5 — SMW NB heating. In the stable flat top phase an unprecedented number of various EP-driven instabilities
(despite Vep/Vainen ~ 0.4 < 1) is simultaneously observed: EP-driven geodesic acoustic modes (EGAMs), beta-induced Alfvén
eigenmodes (BAEs), reversed shear Alfvén eigenmodes (RSAEs) and toroidal Alfvén eigenmodes (TAEs), that are modulated
by transient ¢ = 2 sawtooth-like crashes, NTMs and ELMs. The physics reasons for this strong mode activity are discussed.
Bicoherence analysis using an advanced toolset for non-stationary processes reveals that non-linear coupling processes between
different frequency bands exist. E.g. TAE bursts are observed to trigger the onset of EGAMSs which indicates coupling of these
modes via the velocity space (EP avalanches) and via mode-mode coupling processes. A gyrokinetic analysis is carried out to
identify the various modes and to understand their existence in various phases of the experiment, especially for EGAMs that

require global electromagnetic modeling including anisotropic EP distribution functions.

1. INTRODUCTION

Predicting the self-organised state of a burning fusion plasma is an ongoing challenge for fusion research. In
order to validate theoretical and numerical models, the comparison with present day experiments is an important
element despite the fact that not all the crucial parameters can be matched simultaneously. Therefore, theory-
driven experiments outside well explored parameter regimes can serve as important cross-check for the capability
of the models with respect to physics that is expected to play a role for a comprehensive understanding of burning
plasma physics.

In the last years DIII-D experiments reported stiff energetic particle (EP) transport when carrying out an on-
axis neutral beam (NB) heating power scan during the ramp-up phases. A broad spectrum of toroidal Alfvén
eigenmodes (TAEs) and reversed shear Alfvén eigenmodes (RSAEs) is found to be responsible for a phase-space
dependent onset of strong EP transport that leaves the EP and background profiles unchanged despite a further
increase of the NB power [3, 4] confirming the theoretical picture of resonance broadening theory [5, 6]. Due to
the tungsten wall in ASDEX Upgrade (AUG) the NB heating power during ramp-up is limited, although similar
small-amplitude TAEs and RSAEs in the low power (< 5MW) on-axis heating cases are found [7]. The NB
induced excitation of AEs in the flat top phases is difficult since for high current usually the damping dominates
over the sub-Alfvénic drive via the vgp = v4/3 resonance (v4: Alfvén velocity). However, for low current cases
both DIII-D and AUG report beam driven AE activity with moderate EP redistribution [4, §].

In the case of off-axis heating, the two experiments differ: whereas DIII-D reports a physics picture similar to the
on-axis heating cases, in AUG the observed mode spectrum is dominated by strongly chirping BAEs (beta induced
AEs) [9, 10]. Until very recently for the so-called beta-induced Alfvén-Acoustic mode [11, 12], DIII-D reports
chirping events to be very rare [13]. In the case of super-Alfvénic beams chirping events are more common, as
reported for NSTX[14], MAST[15, 16] and JT-60U[17, 18].

In order to understand the differences in mode spectrum and the non-linear behaviour, in this paper we report
experiments from ASDEX Upgrade that are dedicated to a previously unexplored corner of the parameter space:
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FIG. 1. Time evolution of the main discharge parameters and comparison of the magnetic evant for linear and non-linear
Sfuctuations of the pair of AUG discharges #34924 [#34925 theory and modeling. Firstly,

the understanding of the linear
onset conditions, in particular for the (electromagnetic) EGAMs serves as an important global test for gyrokinetic
or MHD-hybrid codes. Secondly, the conditions for the large-amplitude mode bursting can be investigated and
compared to theoretical models. Next, the modes’ interaction via phase-space and mode-mode coupling shows
unique signatures that help to verify, quantify and predict their respective importance in various plasma condi-
tions. Finally, the question of background ion heating by EGAMs [20, 21] and the EGAMs’ influence on the
background turbulence [19] can be addressed. In this paper we will describe the basic physics picture of this
scenario and include the status of the modeling that has been started so far.

2. EXPERIMENTAL RESULTS

The pair of discharges #34924 and #34925 is chosen to demonstrate the overall physics picture. In fig.1 the
time evolution of important parameters is plotted together with the magnetic fluctuation spectrogram as given
by the low-field side mid-plane magnetic pick-up coil B3/-14 measuring radial B-field perturbations. The first
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beam (current drive source 7, 2.5MW, 93 keV) with the maximal off-axis injection angle —7.13° with respect
to the horizontal plane is switched on during ramp-up at r = 0.3s. The second beam (current drive source 6,
2.5MW, 93 keV) with a positive maximal inclination angle of 6.95° is added in the flat top current phase at
t = 2.0s. On-axis diagnostic beam blips are applied to measure 7}, rotation and the FIDA (fast ion D-@) emission.
The magnetic fluctuation spectrum, in particular between 1.0s and 4.0s is very different in both discharges (see
fig.1), despite similar current and density evolution. Clearly, the electron temperature and the core XUV radiation
demonstrate the common finding in AUG that the lack of central heating leads to core impurity (mainly tungsten
(W)) accumulation [22]. The difference between #34924 and #34925 can be attributed to the pre-conditioning of
the machine: whereas the preceding discharge to #34924 had an ion-cyclotron heating (ICRH) phase with specific
settings to maximise the amount of W impurities in the vessel, #34925 started from cleaner conditions, leading
to conventional, non-hollow T, profiles in the flat top phase. This behaviour could be demonstrated in various
discharges before (about 20 shots) and thus the scenario presented here is well reproducible except in operating
phases directly after boronisation.

2.1. RAMP-UP PHASE

The current ramp-up phase of this scenario has been investigated best so far. In line with the discussion above,
the first AUG discharge where EGAMs were observed has been tracked back to discharge #20492 in July 2005, in a
time when the percentage of tungsten plasma  facing components reached  75%.
In 2014, the beam injection angle dependence of the
EGAM has been investigated [23] and the non-linear
EGAM radial mode structure evolution has been ana-
lysed for discharge #31213 using the soft X-ray em-
mission data [24]. Furthermore, a bicoherence study
adopted to non-stationary processes has been per-
formed focusing on the EGAM-TAE interaction found
in #31213 [25]. Due to its unique features of non-
N s e - linear EP-driven AE dynamics, #31213@0.84s has

23 : ' 3 been chosen as a ’base case’ for linear and non-
linear EP simulations within two European theory
projects[26, 2, 1]. Both #34924 and #34925 exhibit
a similar mode evolution pattern: large amplitude
EGAMs exhibiting non-linear hook-up chirping are
triggered by TAE bursts (see fig 2). The mode number
analysis based on the magnetic magnetic pick-up coils
shows that mode numbers n = 0, m = 2 for the mode at
50 kHz and n = 1, m = 3 for the mode at 125 kHz are
found, supporting the identification of the fluctuations
as EGAMs and TAEs. Various other diagnostics are
used to determine the radial location and spatial struc-
tures: soft-x-ray emission cameras (SXR), reflectom-
etry and interferometry. Unfortunately, the modes are
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not visible in the electron cyclotron emmission imag-
ing diagnostics due to the low and inverted electron
temperature profile. In addition, no fast ion losses

FIG. 2. Time evolution the magnetic perturbation spectrum could be measured so far, since the scenario has been

(B13-14 ) and the related mode number analysis of AUG dis- 1N the development stage and thus a safe and optimised
charge #34924 fast ion loss detector (FILD) position was not avail-

able. It should be noted however, that fast ion losses
due to EGAMs have been observed in the ramp up phase of discharge #30383, that are probably caused by topolog-
ical orbit changes (barely circulating to trapped) [27]. With optimised FILD settings this hypothesis will be further
investigated in the future. Using the fast stepping frequency reflectometry data, the EGAM density perturbation
has been found to peak at s = 0.3 with a radial extension at least from s ~ 0.2—-0.6 where s is defined as the square
root of the normalised poloidal flux. This is supported by the SXR data. The magnetic perturbations are global and
can be seen in nearly all magnetic pick-up coils. The measured peak amplitude én/n as determined by reflecometry
is approximately < 4%. A detailed analysis of the EGAM stability and existence will be carried out in section 3.2.
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The TAE mode has a similar radial localisation as the EGAM, i.e peaked in the plasma core, rotating in the elec-
tron diamagnetic direction. This means that a positive radial gradient of Fgp must be present, similar to recent
observations at NSTX [28]. The g-profile in this phase is reversed with g,,;, approaching 2 at t = 1.18s what can
be inferred from a down-chirping n = 1 RSAE.

The existence of an EGAM requires an anisotropic distribution function near its resonance: it has been found
that for NB injection geometry the strongest anisotropy occurs at 35 keV with A = uBy/E = 0.55 or 1 = 0.7
[24]. Given this information, the EGAM should be also excitable with lower beam energy and additional beams
should influence its existence. Both points could be demonstrated experimentally. Reducing the beam voltage to
65keV and thus halving the beam power still allowed us to excite EGAMs (#32327) while the TAEs disappear,
as expected from a resonance analysis. The modes’ reaction to on-axis diagnostic beam blips reveals information
about the drive mechanism: whereas in the presence of the off-axis beam, the on-axis beam blip (60keV) shifts
the onset EGAM frequency according to a higher background temperature, the TAE bursts are completely sup-
pressed (see fig 3). When analysing the NBI distribution function using the TRANSP/NUBEAM package [29]
one can see that at the modes’ peak position (s = 0.3) the intersection of the resonance lines with the gradients
of the distribution function in velocity space remains practically unchanged (see fig.3, bottom right). Instead, the
radial gradient is substantially flattened in the core region (see fig.3, bottom left), indicating that the TAEs tap a
substantial amount of energy from the radial gradients. On the contrary, the EGAMs become even stronger during
the beam blip, showing that the EP density itself (30% higher) is influencing its saturation amplitude. Within this
argumentation the triggering of the EGAM by the TAE can also be understood: the TAE bursts flatten the off-axis
peaked density and thus move EP density towards the plasma core, triggering the EGAM chirp. In addition to the
triggering mechanism, a non-linear (quadratic) interaction between the two frequency bands can be detected with
high confidence by performing a filtered bicoherence analysis for non-stationary processes [25]. Since the mode
numbers are n = 0, —1 and wrag ® 2weggam #31216) or wrag = 3wggam in discharge #32388 [25], non-linear
mode-mode coupling processes are involved in the non-linear evolution of the modes.

2.2. FLAT TOP
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FIG. 3. Top:time evolution the magnetic perturbation spectrum (B13-14) e
#31216. The red boxes represent the timing of on-axis 60keV beam blips. the EGAM oscillation. The stable EGAM
On the bottom left, the radial density profiles of the NBI ions as calculated ~phase in #34924 (just interrupted by one re-
by TRANSP/NUBEAM are shown for two discharges with (#31216, red) and  connection event) is an ideal phase to in-
without (#31215, blue) beam blips at t = 0.51s. On the right, the phase vestigate the influence of EGAMs on the
space densities of the NBI ions for the two cases at s = 0.3 (unit: m~3keV™');
the dotted line marks the trapped passing boundary (tpb), the dashed and
solid lines the main resonance conditions for TAEs and EGAMs.

background turbulence. Unfortunately, the
beam blips in the phase failed due to a tech-
nical issue, but further optimised modula-
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tion experiments (ECRH,NBI) will help to
provide data for analysing the transport properties in the presence of EGAMs, but also for understanding the
influence of the beam anisotropy on the zonal flow generation [19, 30, 31].

2.3. FLAT TOP, ADDING SECOND BEAM SOURCE

Switching on the second 2.5MW beam at 2.0s moves the plasma
to H-mode and triggers a transient NTM at the ¢ = 2.5@s = 0.65
surface with the mode numbers n = 2, m = 5. The modulation ef-
fect of ELM bursts can be traced deep into the plasma core since
it modulates not only the NTMs but also AEs propagating in the
electron diamagnetic direction that require a positive radial gradi-
ent as drive. The second beam provides initially enough central
heating to remove the impurities and the hollow T, profile after
200ms, that is exactly the TRANSP/NUBEAM calculated beam 120
slowing down time. Also the previously peaked density profile '
becomes flat. Another 200ms later, the accumulation starts again
and leads to a stable phase with hollow 7, and linear T; where
T:(0) =~ 2keV as measured by the beam blips in #34925. The re-
duced plasma beta is responsible for the NTM disappearing after
t > 2.6s. During this phase not only edge localised TAEs (co-
propagating) are unstable, but simultaneously also EGAMs, BAEs
and core TAEs (counter-propagating). In addition, all core modes
are bursting and they are synchronised by a similar phase space
coupling mechanism as described above for the TAE-EGAM cou- 0 2 : <
pling (see fig 4). However, in this case no significant bicoher- 243 244 245 246 247
e , . Time (s)
ence can be detected, indicating that the modes’ amplitudes are
too small to show any quadratic mode-mode coupling signatures. gy, 4. Spectrogram of a central SXR channel
It should be noted that the TAE just below 120kHz is not exactly (J_051, rangential to s ~ 0.3) (top) and toroidal
at 2- fpag, and that the onset between the BAE and TAE/EGAM is  mode number spectrum (bottom) of #34924.
delayed by ~ 0.5ms. This kind of cross coupling between different
types of modes has not been reported by other experiments so far,
in particular in the presence of sub-Alfvénic co-passing NBI drive.
It is remarkable that no ’steady-state’ non-linear mode behaviour
is found in the onset phase, instead the modes immediately burst.
This finding seems to be consistent with recent theoretical work
on the chirping onset conditions [11]: the level of turbulence at
the modes’ position is assumed to be very small (small gradients
of both T, and T;; shear is reversed) whereas the collisionality is
increased due to low T,. According to ref. [11] these conditions
can prevent steady state solutions and lead to chirping mode be-
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AUG is planned for the near future. In addition to the coupling be- o0 o icoherence of AUGD #34924,=[3.6,4.0]
tween TAEs, BAEs and EGAMs, there is a non-linear interaction ¥ 150_5 L —— “:“Ew " _
(as proven by bicoherence analysis) of these modes with the NTM, i _
similar to ref. [32]. Later in the flat top phase (3.6s < t < 4.0s), § 100’5 e & .. 3
a strong n = -2 counter- propagating TAE mode is present at E 50 / : E
~ 95kHz. It is visible in all SXR channels from the core to the ol . F
edge, peaking at s ~ 0.3 and its growth rate as determined from 0 50 100 150 200

. o . . . Frequency1 [kHz]
the magnetic coil signal during one of its bursts is y/w > 20%.

This mode shows non-linear interactions with other TAEs propa-  FIG. 5. Mode number analysis (top) and bicoher-
gating in the ion diamagnetic directions (see fig.5), i.e. twon =4  ence analysis (bottom) for discharge #34924.
TAEs at 138kHz (and to a weaker extent at 120kHz) that are lo-

calised closer to the plasma edge since they are modulated by ELMs. The frequencies match when taking into
account that one has to subtract/add the toroidal plasma rotation frequency, which is about 7kHz, as measured by
beam blips in #34925. The n = -2 BAE mode at /' = 42kHz, that is modulated by ELMs and therefore also
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FIG. 6. Left: TRANSP calculated and experimental neutron rates. The uncalibrated experimental
signal has been matched to the TRANSP runs in phases with no visible mode activity. Right: the fast
ion D-a signal shows moderate radial redistribution

radially further outside than the core-peaking TAE, has no significant bicoherence with the strong n = -2 TAE,
since there is no frequency match between the modes and their harmonics. In addition, the modes at 42 and 95 kHz
exhibit strong self-interaction that is visible on the diagonal of the bicoherence plot.

Fig.6 addresses the overall EP transport properties of the two discharges. Unfortunately, in #34924 the beam
blips failed after r > 0.9s, and in #34925 the blip occurred in a phase with weak mode activity. Nevertheless, a
weak flattening of the EP distribution function is observed. Note, that the peak mode activity in terms of 6B/B in
#34924 is at least a factor of 6 larger than in #34925. The neutron rates show a deviation of < 20 —30% TRANSP
predictions. This relatively small deviation despite strong mode activity is due to the fact that the strongest modes
are counter-propagating AEs that gain their energy from the inward-moving EPs.

3. MODELING

Here we start to describe some of the key physics elements that are needed to understand the differences between
#34924 /25 and other discharges that do not show strongly unstable modes. Various other ongoing modeling efforts
are reported in separate publications.

3.1. ALFVEN MODES

The physics reason for the appearance of this interesting fluctu-
ation spectrum is the fact that ion Landau damping becomes ex-
ponentially small, whereas the slowing down time for the beam
ions only decreases with T,;ii iml. Also electron Landau damp-
ing decreases linearly with decreasing 8,. Due to the cold core
and exclusive off-axis heating, both negative and a positive ra-
dial EP gradients develop, simultaneously destabilising modes
that propagate in the ion and electron diamagnetic direction. In
fig.7 the profiles for #34924@3.6s (see fig.5 for the experimen-
Vau? tal mode spectrum) are given. The local and global analysis us-

n=4 TAE 140kHz
10 #‘ ing the linear global gyrokinetic LIGKA code [33, 34] is also
’-\/W.‘:" y summarised in fig.7. The kinetic continuum for n = -2 and

ne[1019m]

nep[1078m-3]

N f ion diamagnetic direction = 1t1 1 1 1 _
2 O oemron Gameonic diesion n= 4 are shqwn (pos1t1ve/r.1egatlve r.nod.e nu@bers indicate propa
N gation in the ion/electron diamagnetic direction), together with the

-100 I~ eigenmode structures (arbitrary units) at their respective frequen-

b2 TAE g5 n=-o cies. Four simultaneously unstable mode are found: a counter

0 02 04 4 06 08 1 propagating global TAE at f = 95 kHz with a growth rate of

o 8%, a marginally unstable n = -2 BAE at 42 kHz and two co-

FIG. 7. Proﬁles‘ (top).and kinetic shear Alfvén propagating n = 4 TAEs with f = 140 kHz, y/w = 2.1% and
spectra (bottom) inlcuding global unstable modes = 120 kHz: — 1.4%. Wh he £ . d mod
for discharge #34924 at 3.6 f= 7, y/w=1. %. ereas the frequencies and mode
structures match the experiment, the growth rates for the counter-

propagating modes are underestimated by LIGKA. Although the
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EP anisotropy is taken into account, a sensitivity study will be necessary to understand this discrepancy.

3.2. EGAM

The modeling of EGAMs is a challenge since for a complete pic-
ture and comparison to the experiment a global, electromagnetic,
gyro-kinetic model with realistic geometry and anisotropic Fgp is
necessary. Various aspects of EGAMs have been modeled previ-
ously, but so far never all aspects have been combined. We employ
again LIGKA, that recently has been validated for kinetic GAM
physics including finite Larmor radius and finite orbit width ef-
fects [35] . LIGKA can be used in various modes: it can be
run locally and globally, with both analytically and numerically

0 (based on HAGIS orbits and general Fgp) evaluated coefficients.
¢ oz 04 08 o8 . In fig.8 the local GAM frequencies and damping rates y/w in the
* circular eq, ion5+electrons| k,0; — O limit for the profiles given in fig.8, corresponding to

Nes typical experimental settings in #34924 or #31213 are given. As
%55 GAM can be seen in fig.8, all the above mentioned elements play to-
g, experimental oq: ~ gether to cre?lte a m1n1mum in the radial dampmg Pr(?ﬁle arot%nd
£ ionsonly s ~ 0.3: going from a circular to a shaped equilibrium, taking

ions+ trapped electrons

: ; into account 2nd order poloidal sidebands, and adding trapped
ions+ circ+trapped electrons

electrons significantly changes the damping rates, as previously
reported [36, 37, 38, 39, 40]. Various scans for 7;,T,, T./T; and
q (not shown here) representing phases where EGAMs are ab-
sent or become marginally unstable show that mainly ¢ influences
the overall damping, whereas 7; and T, set the frequency, as ex-
pected from the analytical dispersion relation. However, unstable
EGAMs are only found when the local GAM frequency matches
the region of largest EP anisotropy (see fig.15 of ref [24]). This
means that NBs with higher energy (e.g. in JT-60SA) should
be able to drive EGAMs in the presence of higher background
FIG. 8. Typical profiles for phases with EGAM ac-  plasma temperature as long as the beam anisotropy matches the
tivity (top), local GAM frequency (middle) and lo-  1ocal GAM frequency, and ¢ 2 2 (and possibly non-monotonic,
;Zlnjaclgcl;ga ;‘ZEV:ZZ;Z”LO?G) g.vizleozsl;z; 1722’:;4 as it is typical for advanced scenarios).. The glqbal EGAM mode
frequency and mode structure are included in the (see fig.8) as driven by the dF gp/JA anisotropy is located close to
middle and lower plot. the damping minimum i.e. s = 0.3. It has a frequency of 52 kHz,

a growth rate of 10% and its radial mode width is comparable to

the orbit width of the resonant co-passing ions. Its stable counter-
part, the kinetic GAM has a similar mode structure but slightly higher frequency (55 kHz), as expected from the
EGAM dispersion relation [41].
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4. CONCLUSIONS AND OUTLOOK

After clarifying the basic and surprising properties of these discharges, various new efforts both experimentally
and theoretically will follow: a better quantification of the fluctuations with optimised diagnostic settings and
modulated heating will allow us to study the interaction of AEs, zonal modes and turbulence. This can serve as a
validation opportunity for various non-linear analytical and numerical models. In addition, the observed onset of
EP avalanches can be quantified. The findings can be extrapolated to future experiments, such as JET, JT-60SA
or ITER. Finally, fusion-born « particles during a thermal quench may - due to low background temperatures -
destabilise various AEs that could prevent the formation of problematic runaway currents.
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