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Nucl. Fusion 53 (2013) 093006 W.W. Heidbrink et al

Figure 6. Cross power of adjacent ECE channels during on-axis (a),
(c) and off-axis (b), (d) injection for a probe pair that is (a),
(b) outside and (c), (d) inside of qmin. The same logarithmic colour
scale is used for each probe pair ((a) and (b), (c) and (d)).

To quantify these qualitative results, an automated
program that identifies and measures coherent modes in the
ECE data was developed. Selected modes satisfy the following
criteria.

• The mode frequency lies between 0.95fGAM and 1.4fTAE,
where fGAM and fTAE are simple estimates of the GAM
and TAE frequencies, respectively.

• The coherence between the ECE signal and two different
interferometer chords must be statistically significant.

• A candidate mode must appear on at least four ECE
channels.

• Modes that meet the previous criteria must persist
for successive times (separated by 1.2 ms), adjacent
frequencies (separated by 0.2 kHz), and adjacent spatial
channels (typical separation 2 cm).

The normalized amplitude δTe/Te of identified modes is stored
for each ECE channel.

Figure 7 compares the output of this program for
representative on-axis and off-axis cases. For both deposition
profiles, the summed mode amplitude is largest early in time
and outside of qmin. For on-axis injection, modes are visible at
qmin but are virtually absent for off-axis injection. In the core,
the activity is intermittent for on-axis injection and absent for
off-axis injection.

A database of mode amplitudes from the 50 discharges
in the experiment was compiled. (The database avoids
times close to on-axis diagnostic blips for the off-axis cases.)
Figure 8 shows a controlled scan between on-axis and off-
axis injection in the oval shape for a set of discharges that all
had 4.0–4.5 MW of reported beam power in the −BT scan and
3.5 MW of reported power in the +BT scan. The beam mixture
fraction is the ratio of off-axis to total power. A systematic
variation of mode amplitude with beam mix is observed. For
the favourable field helicity, mode activity is virtually absent.
Irrespective of beam mix, the mode activity is weaker near the
magnetic axis than it is outside of qmin.

The trends shown in figure 8 are also observed in plasmas
with nearly circular cross section (figure 9). The AEs are
driven by ∇βf regardless of plasma shape, so it is unsurprising

Figure 7. Summed amplitude of coherent AE activity
∑

δTe/Te
versus major radius and time for (top) on-axis and (bottom) off-axis
injection. The same rainbow colour scale is used in both contour
plots. The line is the approximate location of the radius of qmin.

that oval and circular plasmas have similar dependencies on
the injected beam mix. The correlation shown in figure 8
is degraded slightly by inclusion of discharges with electron
cyclotron heating.

The experimental trends shown in figures 8(b)–(d) are in
excellent agreement with expectations based on the classically
expected beam-ion profile. Figure 8(a) shows a set of
NUBEAM calculations of the classically expected beam-ion
density. These are the profiles that would be obtained for the
measured plasma parameters if there was no anomalous fast-
ion transport. To facilitate comparison, all of the calculations
use identical plasma profiles; the reported neutral-beam
waveforms from the shots in the beam-mix scan replace the
actual beam waveform from the on-axis discharge (#146102).
For the +BT case, the sign of the toroidal field is flipped
within TRANSP. Comparison of the calculations with the
measurements show that, as the predicted ∇βf in the core
becomes smaller, the amplitude of AE activity decreases.

It should be stressed that the classically predicted profiles
are not observed in the experiment. The predictions shown in
figure 8(a) are useful indicators of the instability drive but the
true experimental profiles are flattened by the Alfvén activity,
as previously reported [20, 21]. In fact, the relaxed profiles are
similar for all discharges in the beam-mix scan. Figure 10(a)
shows FIDA profiles measured with the tangentially-viewing
‘main-ion CER’ [31] diagnostic. Irrespective of the mixture
of on-axis and off-axis beams, the fast-ion profiles are similar.
The data from the other FIDA diagnostics also indicate that
the fast-ion profile is nearly identical in all cases. Figure 10(b)
compares measurements of the FIDA feature for all of the
vertically-viewing FIDA channels with valid data. Within
experimental uncertainties, the profiles are indistinguishable.
In contrast, for both systems, at later times in these same
discharges (when the Alfvén eigenmode activity weakens)
substantial differences in profiles are observed.

4. Theoretical analysis

Ultimately, a complete theory of Alfvén eigenmode activity
will describe the nonlinear evolution of multiple modes,

4

[DIII-D, B. Heidbrink 
et al , NF 53, 2012]
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first EGAMs at AUG: #20492: July 2005
radially localised between 0.1-0.5ρpol

co-NBI, off axis
frequency close to GAM continuum 

frequency!

why co-NBI drive EGAMs at AUG and not at DIII-D?

Observation and explanation of the JET n=0 chirping 
mode (ICRF) [Boswell,Berk, Oct 2006]

Intense Geodesic Acoustic-like Modes Driven 
by Suprathermal Ions in a Tokamak Plasma 
(DIII-D, counter NBI)
R. Nazikian et al  PRL 2008 
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#32326(NB only, EGAMs, AEs) vs
 #32328 (NB+ECRH, no EGAMs, AEs) : profiles

Te (32326, 0.9s)

Te (32328, 0.9s)

radius[s]

radius[s]

ne (32328, 0.9s)

ne (32326, 0.9s)

Ti (32328, 0.9s)
Ti (32326, 0.9s)

radius[s]

low Te,Ti despite
2.5MW neutral
beam injection

are key ingredients
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onset conditions for EGAMs and BAEs [Lauber IAEA TM 2013]

q≥2, Te,Ti<1.8keV
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onset conditions for EGAMs: confirmed by new experiments 

central  Te

longer,  more stable phases with EGAMs in new experiments
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• the accumulation of W in the core decreases the background Te, Ti and thus 
reduces the ion Landau damping of AEs and GAMs 

• hollow Te profiles form
• large values of R0∇βα/βback   can arise
• central ECRH can counteract this accumulation; the increased Landau 

damping (exponential dependence on Ti) brings the system below excitation 
threshold (#32328) → threshold typically Ti ≲1.8keV for q>2 

• Emax/Ti,th ~90 is comparable to burning plasma parameters (ITER/DEMO: 
3,5MeV/30keV)

• opens possibility to study experimentally the interaction between Alfvénic 
modes, EGAMs i.e. zonal structures and background turbulence: due to the 
EGAM excitation a direct channel from EPs to n=0 modes can be investigated

the physics picture of this scenario:
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fundamental physics questions to be clarified:

strongly non-linear EP dynamics at AUG (in contrast to DIII-D) for sub-
Alfvénic neutral beam injection raises the following questions:

• experimental conditions?
• why can system arrive at state well above marginal stability (critical 

gradient models would not allow for that state)
• study non-linear evolution of various ES and EM modes
• study interaction between modes
• study interaction with turbulence
• study scenarios that match projected DEMO parameters in βfast/βth and 

Tfast/Tth 

obtain confidence in models and codes towards understanding the 
self-organisation of a burning plasma
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scenario developed further (I)

• small density feed-forward: more stable transition through q=2/qedge=4 region
• optimised beam blips for measuring Ti

 magnetics

current flat top, 1 MA
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regular sawtooth like crashes at q=2 surface

•  q=2 sawtooth crashes like in 2001-05 JET/JT60U discharges (current holes) - 
is this how advanced scenarios JT-60SA will look like? [A Bierwage, 2016/17]

• EGAMs persistent during these crashes
• almost no q-dependence of fEGAM is observed
• surprisingly no variation of EGAM onset frequency - constant Ti! 
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#32326

2nd order EGAM excitation! signature of density perturbation?

scenario developed further (III)

DIII-D,Fu [2011]: 2nd order outboard midplane density perturbation
is comparable to first-order perturbation
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advanced bicoherence analysis [P Poloskei et al IAEA TCM 2017]

signals with rapid chirping (amplitudes, frequency) may cause ‘spurious’ 
bicoherence

Phase randomized bicoherence probability density function 
calculation 



MPPC meeting, 18.-22.September 2017

ASDEX Upgrade
Comparison theory-experiment

TAEs at ASDEX-Upgrade (#21007, Mirnov coils)

   Shot 21007: MHA:B31-14

150

200

250

Fr
eq

ue
nc

y 
(k

H
z)

TAEs (n=4,5,6) 

2.0 2.5 3.0 3.5 4.0 4.5
Time (Seconds)

      
 

 
AB:21007

-2.00

-1.95

-1.90

3.60

4.10

4.60

1.
e1

9

 

Btor

density

←
missing 
drive 
(ICRF)

• measured routinely by magnetic pick-up coils (mode number detection), soft-X-ray cameras
(displacement fluctuations), fast ion loss detector (resonance condition)

• B-field ramp, drop in density: Alfvén scaling of TAEs (B/
√

µ0min)

• observed mode numbers (n = 3....7) match orbit widths of ICRH-ions

IPP Colloquium, Garching, January 2009 32

signals with rapid chirping (amplitudes, frequency) may cause ‘spurious’ bicoherence
phase randomized bicoherence probability density function calculation 

advanced bicoherence analysis [P Poloskei et al IAEA TCM 2017]
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modeling efforts

• linear drive
• radial propagation
• non-linear interaction: wave-wave
• non-linear interaction: wave-particle
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LIGKA: recent updates

• linear local and global GK solver: QN, GKM and GKE, non 
perturbative mode structures

• continuous spectrum: null-space of 2nd order operator

• in addition to fully numerical solver, new analytical finite orbit 
width version: Taylor expansion to 2nd order for EPs and 
thermal ions:   
kr as parameter or 4th order terms; recovers [Zonca 1998] in 
appropriate limit

• antenna, nyquist contour and vector iteration solver

• LIGKA_lib as library for wrapper or other codes (HAGIS) 
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LIGKA model equations
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based on #31213@0.84s a reference case was created

http://www2.ipp.mpg.de/~pwl/NLED_AUG/data.html

slightly reversed q

ne=nD

nbeam

ρpol ρpol

ρpol

ρpol

Te[eV]

TD[keV]

ρpol

step1: flat Te,Ti,ne
step 2: ne, flat Te,Ti

step 3: ne, Te=Ti
step 4: ne, Te≠Ti

benchmark
steps:
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importance of radial propagation

• analytical models point out importance of radial GAM/EGAM propagation 
[Zonca 2008, Qiu, 2009,Smolyakov 2009, Sasaki, Miki&Idomura 2015, 
Palermo 2017, etc..]

• nonlinear simulations GYSELA, GTS [Zarzoso, Schneller] and nl-analytical 
models [Sasaki] emphasise the role of radial GAM/EGAM propagation for 
turbulence spreading 

[Schneller, 2017
talk Friday]
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experimentally: no (or small) radial propagation 
but rather radial shrinking of the modes was found

[Horvath, NF 2016]
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 finite orbit width (FOW) dispersion relation for LIGKA

• generalised expression (wrt. ω*) for FOW effects,  implemented in LIGKA
• equivalent to EGAM FOW equations: Qiu [2009], Miki & Idomura [2015]
• fast analytical model for FOW effects: solve equations both locally (scan kr) and 

globally
• opens possibility for systematic EPM threshold checks
• extension to non-Maxwellian distribution functions on the way

Shear Alfvén and ion sound waves in high-� tokamaks: I. Continuous spectra 25

(c) An observation that I have not yet mentioned in the text is the following: I

believe to see multiple minima !hS,min at slightly di↵erent frequencies when

there are multiple (higher-order) branches of HSW. The frequencies of the

minima seem to be lower for HSW branches of higher order.

Appendix B. Analytic dispersion relation investigated in section 4.4

Combining the QN and GKM equation, keeping the m ± 1-sidebands, retaining the

geodesic curvature and the sound wave coupling leads to [? ]:
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coe�cients) to the ballooning formulation result[? ]. The asymmetry in the !⇤ terms

was pointed out by Zonca [? ].

no FOW, 
circulating particle  

approximation

[Zonca 1996,2009 Lauber 2009] 
[Zonca 1998 , Lauber to be published] 

2nd order  FLR+FOW

+
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benchmarking FOW/FLR version
with [Zonca e tal 1998,2008]

[ZLR,ZOW]

[FLR,FOW]



MPPC meeting, 18.-22.September 2017

ASDEX Upgrade
Comparison theory-experiment

TAEs at ASDEX-Upgrade (#21007, Mirnov coils)

   Shot 21007: MHA:B31-14

150

200

250

Fr
eq

ue
nc

y 
(k

H
z)

TAEs (n=4,5,6) 

2.0 2.5 3.0 3.5 4.0 4.5
Time (Seconds)

      
 

 
AB:21007

-2.00

-1.95

-1.90

3.60

4.10

4.60

1.
e1

9

 

Btor

density

←
missing 
drive 
(ICRF)

• measured routinely by magnetic pick-up coils (mode number detection), soft-X-ray cameras
(displacement fluctuations), fast ion loss detector (resonance condition)

• B-field ramp, drop in density: Alfvén scaling of TAEs (B/
√

µ0min)

• observed mode numbers (n = 3....7) match orbit widths of ICRH-ions

IPP Colloquium, Garching, January 2009 32

KGAM benchmark: analytical theory vs LIGKA

LIGKAtheory

q=3.25
τ=0.05
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KGAM benchmark: analytical theory vs LIGKA

LIGKA

theory

q=3.25
τ=0.05
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KGAM benchmark: analytical theory vs LIGKA

q=3.25
τ=0.05

deviations for
simple formula if equation is 
solved non-perturbatively
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applied to AUG case

fr
eq

ue
nc

y[
ω

A
]

kGAM continuum kr ・ρi
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at qmin: ω(kr)

vg= ∂ω/∂kr  can be determined from this:

outward propagation q=2.1
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at qmin: ω(kr)

kr ・ρi
fr

eq
ue

nc
y[
ω

A
]

for short wavelength: frequency upshift causes reduced damping
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for large Te/Ti: also inward propagation possible:

next step: apply quantitatively to EGAM physics
(kr is set by EP drift orbit width)
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stable, global kGAM solutions emphasize importance of
GAM continuum[LIGKA], exp. fEGAM close to fGAM

Φ

|E|

onset exp. EGAM

Te,Ti=const
Ti=Ti,exp;Te=Ti

Ti=Ti,exp;Te=Te,exp

radius [s]

ω
/ω

A

Φ ω=0.058ωA

radius 
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to be implemented together with anisotropic shifted Maxwellian
into LIGKA
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linear EGAM physics: codes agree rather well
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conclusions

interesting and unique set of experimental AUG data:

•more stable EGAM scenarios developed
•non-linear coupling of EGAM and TAEs found
• second order EGAMs measured
• shrinking of mode structure found

modeling progress:

several linear and non-linear key physics items are being addressed

allows for physics understanding and development of fast reduced 
models while moving towards

complete non-linear EM simulations
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extra material
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[3.2] ASDEX-like simulations, Model comparison

Apply hierarchy of models to

ASDEX parameters.

Bulk plasma kinetic e↵ects

change mode structure, increase

growth rate.

Mode identification on-going:

more investigation needed.

Complex geometry ! stepping

stone to stellarator simulations.

MHD bulk plasma, kinetic fast ions fluid electrons, kinetic bulk ions kinetic bulk plasma
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LIGKA and EUTERPE modeling started:
TAE, n=1

Euterpe: [M. Cole] elliptic eq

LIGKA [Lauber]
AUG eq

ω=0.238 ωA,
γ/ω=1.5%

ion diamagnetic
propagation

exp: electron-
diamagnetic
propagation!

ρtor

ρpol

ρtor
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relevant control discharge: 
almost no EGAM activity, but n=1 BAE/EPM

30945 31214

note: BAE/EPM and GAM onset frequency almost constant
BAE/EPM onset above BAE continuum accumulation point

(toroidal rotation ~10kHz)

n=1
n=0

n=0

experimental difference: longer (30ms) on-axis pre-heating phase leads
to very flat q-profile
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kinetic spectra

n=0

n=1
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determine  ∂ω/∂kr and match for discrete KBAE solutions
at BAE accumulation point (ρ=0.41): ~0   ❇
left from q=1 surface (ρ=0.355):        <0   +   
right from q=1 surface (ρ=0.459):      >0   x

EP excitation and low-
frequency modes to be 

studied

include small but finite kr (background only): BAEs and 
KBAEs 

finite Larmor radius and orbit width effects
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[C. di Troia 2015]

anisotropic NB distribution function:

first: shifted Maxwellian for EGAM benchmark
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ideal n=1 SAW spectrum

n=1TAE
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include small but finite kr (background only): 
finite Larmor radius and orbit width effects

similar to radial GAM propagation studies 
[Zonca 2008, Qiu, 2009,Smolyakov 2009, Sasaki, Miki&Idomura 2015, Palermo 2017, etc..]

using analytical FLR+FOW model  
(see ITPA talk Seville, 2017,to be 

published)

kr ρi

kr ρi
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Q7: 93kV, 7.13’: 2.5MW 

#32326 #32328

Q7: 82kV, 7.13’ + 0.5MW central 
ECRH= 2.5MW

LFS magn. coils LFS magn. coils

HFS magn. coils HFS magn. coils#32326 #32328

discharges with the same total heating power

NBI on

NBI on NBI on
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32326(NB) vs 32328 (NB+ECRH) : profiles

Te (32326, 0.9s)

Te (32328, 0.9s)

radius[s]

radius[s]

ne (32328, 0.9s)

ne (32326, 0.9s)

Ti (32328, 0.9s)
Ti (32326, 0.9s)

radius[s]

opportunity to
investigate plasmas

with βEP ~βback

AND
vEP/vback ~100!
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X point forms

Comparison of: 

discharge with and 
without EGAM/TAE/ 

W accumulation 

very different 
turbulent spectrum 

magnetic coils 
HF side 

although R/LTi is quite 
similar

TAE

geodesic 
Alfvénic (n=0,m=1)

EGAM

93keV, 
2.5MW

82keV, 
2.0MW

n=1

is this due to modes?

#32326

#32327
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• B-field ramp, drop in density: Alfvén scaling of TAEs (B/
√

µ0min)

• observed mode numbers (n = 3....7) match orbit widths of ICRH-ions
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# EGAM/BAE/
RSAE/TAE

NBI angle behav later heating I B

27923 y/y/y/n 2:0.35-0.5;3:0.38-0.59;80.59-0.63;5:0.63-0.76;7:0.76 6,65

28880 n/y/y/n 2:0.35-0.5;3:0.5-0.6;7:0.6 6,65 1 2,4
28881 y/y/y/n 2:0.35-0.5;3:0.5-0.6;7:0.6 6,65 1 2,4
28883 n/y/n/n 2:0.35-0.5;3:0.5-0.6;7:0.6 6,65 1 2,4
28884 y/y/y/n 3:0.5-0.6;7:0.6 6,65 1 2,4
28885 y/y/y/n 2:0.35-0.5;3:0.5-0.6;7:0.6 6,65 1 2,4
30383 y/y/y/n 7: 0.26-0.75 6,65 Hmode FILD FHA FIPM_09 1 2,6
30945 n/y/n/n 2:0.28-0.376;6:0.382-0.697 6,65 dis@4s 1 2,2
30946 y/y/n/y 2:0.28-0.445;6:0.451-0.928 6,65 Lmode no heating! later TAE??? 1 2,2
30947 y/n/n/y 2:0.28-0.478;6:0.482-0.928 6,65 dis@4s H mode EGAM @1s 100kHz 1 2,2
30948 n/y/y/n 2:0.28-0.491;3:0.497-0.789 6,65 dis@1.2s Q6@0.789 1 2,2
30949 y/y/n/n 2:0.35-0.5;3:0.38-0.79;6:0.79;7:1.0;8:1.2 6,65 dis@1.5 late EGAMs 1 2,2
30950 y/y/y/n 3:0.28-0.295;7:0.312-0.797 6,65 dis@1.5 3:0.8-0.92;6,8@0.9

5,1.1
1 2,2

30951 n/y/n/n 3:0.28-0.295;5:0.312-0.552,8 6,65 dis@1.7 8-0.84;3:-0.99 1 2,2
30952 y/y/y/n 3:0.28-0.295;7:0.312-0.797 6,65 dis@1.18 Q6@0.8 1 2,2
30953 y/y/n/n 3:0.28-0.295;6:0.312-0.753 6,65 dis@1.11 Q2@0.76++ 1 2,2
31213 y/y/y/n 3:0.28-0.295;7:0.296-1.033 7,13 dis@1.7 Q6@1.0 1 2,2
31214 y/y/y/n 3:0.28-0.295;7:0.296-1.033 6,05 dis@1.0 1 2,2
31215 y/y/y/n 3:0.28-0.295;7:0.296-1.033 6,65 dis@1.0 1 2,2
31216 y/y/y/n 3:0.28-0.295;7:0.296-3.045+blips 6,65 Lmode q=2 and qa>4! 1 2,2
31233 y/y/y/n 3:0.28-0.501;7:0.506-3.227 7,13 Hmode Q6@1.0 1 2,2
31234 y/n/y/n 3:0.28-0.310;7:0.318-0.813 7,13 dis@ 0.8 1 2,2
32326 y/n/y/y 7: 0.28 +blips 7.13 EGAMS, TAEs 1 2.2
32327 y/n/y/n 7: 0.28 +blips: 82kV 7.13 transition 1 2.2
32328 n/n/n/n 7: 0.28 +blips +0.5 ECRH 7.13 only turbulence 1 2.2
32329 n/n/n/n 7: 0.28 + blips+0.5 ECRH 7.13 only Alfvenic turb 1 2.2
32384 y/n/y/n 7: 0.28 +blips 93kV 7.13 too high density 1 2.2
32386 y/n/n/n 7: 0.28 +blips: 65kV 7.13 1 2.2
32387 y/n/y/y 7+6: 0.28 +blips: 65kV 7.13 1 2.2
32388 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 1 2.2
33872 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 diff breakdown no Te inversion 2.2
33873 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 diff breakdown no Te inversion 2.5
33874 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 dis@1.0 std brkdwn no Te inversion 2.0
33875 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 dis@1.0s std brkdwn no Te inversion 2.2
34184 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 shape scan  t>0.8 Te inversion 2.2
34185 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 shape scan  t>0.8 Te inversion 2.2
34186 y/y/y/y 7: 0.28 +blips + higher density 93kV 7.13 std Te inversion 2.2
34187 y/y/y/y 7: 0.28 +blips + higher density 93kV 6.65 std Te inversion 2.2
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• measured routinely by magnetic pick-up coils (mode number detection), soft-X-ray cameras
(displacement fluctuations), fast ion loss detector (resonance condition)

• B-field ramp, drop in density: Alfvén scaling of TAEs (B/
√

µ0min)

• observed mode numbers (n = 3....7) match orbit widths of ICRH-ions
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comparison to reference discharge (#32388/#34185)



MPPC meeting, 18.-22.September 2017

ASDEX Upgrade
Comparison theory-experiment

TAEs at ASDEX-Upgrade (#21007, Mirnov coils)

   Shot 21007: MHA:B31-14

150

200

250

Fr
eq

ue
nc

y 
(k

H
z)

TAEs (n=4,5,6) 

2.0 2.5 3.0 3.5 4.0 4.5
Time (Seconds)

      
 

 
AB:21007

-2.00

-1.95

-1.90

3.60

4.10

4.60

1.
e1

9

 

Btor

density

←
missing 
drive 
(ICRF)

• measured routinely by magnetic pick-up coils (mode number detection), soft-X-ray cameras
(displacement fluctuations), fast ion loss detector (resonance condition)

• B-field ramp, drop in density: Alfvén scaling of TAEs (B/
√

µ0min)

• observed mode numbers (n = 3....7) match orbit widths of ICRH-ions

IPP Colloquium, Garching, January 2009 32

32326(NB) vs 32328 (NB+ECRH)
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