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

q=2@
rho_pol~0.3

RSAEs

• B0=2.2T, I=0.6-1.0MA
• Pbeam=2.5MW, Ebeam=93keV
• rather well reproducible scenario
• no ‘sea’ of Alfvénic modes (TAEs/RSAEs)
• but strongly chirping n=0 modes and n=1 ‘bursts’
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Alfvén eigenmode experiments

Table 1. Fast ion parameters for the experiments with the neutral beam injection in TFTR, DIII-D and JT-60U, and for the expected ITER α
experiment.

Parameter P-NB (TFTR) P-NB (DIII-D) N-NB (JT-60U) α (ITER)

Pf (0) (MW m−3) —a 3b 2.1c 0.12d 0.12e 0.3
δ/af 0.2a 0.05b 0.3c,g 0.47d,g 0.34d,g 0.05

(0.16) (0.1)
nf(0)/ne(0) (%) —a 13b 16c 4d 2e 0.3
βf(0) (%) 0.5a 0.9b 7.5c 1.5d 0.65e 0.7
⟨βf⟩ (%) —a 0.4b 1.1c 0.3d 0.15e 0.2
max |R grad βf | 0.07a 0.04b 0.4c 0.2d 0.06e 0.06
vf/vA(0) 1.0a 0.35b 1.3c 1.15d 1.95e 1.9

a Discharge in [1]. The volume-averaged power: ⟨Pf⟩ = 0.53 MW m−3.
b Discharge #76770 in [12].
c Discharge #71524 in [13] and [14].
d Discharge E36378.
e Discharge E35651.
f Orbit shift from magnetic flux surface for banana particles: δ = q(R/r)1/2ρf , and ρf is the fast particle Larmor radius for
the toroidal magnetic field.
g Full speed is used for ρf . However, the particle shift is small in the case of the tangential beam injection. The value in a
parenthesis shows %/a, where % is the orbit shift from magentic flux surface for passing particles: % = qρf . In JT-60U,
N-NB is injected in the co-direction to the plasma current and the toroidal field, Rtan/R ∼ 0.78. Here Rtan is the tangency
radius of the N-NB injection and R is the major radius of the plasma magnetic axis.

emission profile has been measured during the occurrence of
the bursting modes. The measured temporal evolution implies
the redistribution of energetic ions by the modes. And we will
summarize this paper in section 4.

2. Characteristics of temporal evolution and
saturation of fast FS mode and ALE

We have performed AE experiments by using N-NB injection
in the following parameter regime: a plasma current, 0.6 !
Ip ! 1.8 MA; a toroidal field, 1.2 ! Bt ! 3.6 T (Ip = 0.6 MA,
Bt = 1.2 T in most experiments); a power of N-NB, 2 !
PN-NB ! 6 MW; an energy of N-NB 340 ! EN-NB ! 400 keV;
0.1% " ⟨βf⟩ " 1% and 0.4 " vb∥/vA " 1.5. Here, ⟨βf⟩ is
a volume-averaged fast ion beta. Figure 1 shows the typical
time traces of the plasma parameters and the magnetic fluctu-
ations. Figure 1(a) shows the time trace of a plasma current,
the power of the N-NB and the power of the P-NB. Figure 1(b)
shows the time trace of frequency spectrum of a magnetic
probe signal, thus vertical axis is frequency, and figure 1(c)
shows the time trace of the mode amplitude with frequency
of 30–70 kHz. We can see bursting modes in figures 1(b) and
(c). The bursting modes in JT-60U are observed even with a
small amount of the volume-averaged fast ion beta of ∼0.1%.
Figure 2 is an extended view of figure 1(b) during the period of
4.32 < t < 4.38 s. We can find three kinds of modes in these
figures. The first mode is a slow frequency-sweeping (slow FS)
mode, which appears with a frequency of about 30 kHz at about
3.8 s and its frequency chirps up to 65 kHz at about 4 s. The
slow FS mode appears below the TAE gap and its frequency in-
creases up to the TAE gap. This slow FS mode is thought to be
energetic particle mode (EPM) [15]/resonant TAE (RTAE) [16]
which connects to a kinetic ballooning mode branch based on
HINST analysis [17]. The second one is a fast frequency-
sweeping (fast FS) mode. The fast FS mode consists of bifur-
cating branches with the same start frequency which lies in the
TAE gap. Each branch changes its frequency by 10–20 kHz in
1–5 ms. The fast FS mode cannot be explained by equilibrium
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Figure 1. (a) Time traces of Ip, power of N-NB and P-NB. The beam
energy of N-NB is 360 keV. Bt = 1.2 T. (b) A time trace of frequency
spectrum of magnetic fluctuations measured by Mirnov coils at
the first wall on a midplane. (c) A time trace of the mode amplitude
with frequency of 30–70 kHz. (d) A time trace of the Dα signal.

change. The third mode is an abrupt large-amplitude event
(ALE) with a timescale of 200–400 µs. The amplitude of ALE
reach B̃θ/Bθ ∼ 10−3 at the first wall. Here, Bθ is a magnetic
field to the poloidal direction in the tokamak coordinate. ALEs
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Table 1. Fast ion parameters for the experiments with the neutral beam injection in TFTR, DIII-D and JT-60U, and for the expected ITER α
experiment.

Parameter P-NB (TFTR) P-NB (DIII-D) N-NB (JT-60U) α (ITER)

Pf (0) (MW m−3) —a 3b 2.1c 0.12d 0.12e 0.3
δ/af 0.2a 0.05b 0.3c,g 0.47d,g 0.34d,g 0.05

(0.16) (0.1)
nf(0)/ne(0) (%) —a 13b 16c 4d 2e 0.3
βf(0) (%) 0.5a 0.9b 7.5c 1.5d 0.65e 0.7
⟨βf⟩ (%) —a 0.4b 1.1c 0.3d 0.15e 0.2
max |R grad βf | 0.07a 0.04b 0.4c 0.2d 0.06e 0.06
vf/vA(0) 1.0a 0.35b 1.3c 1.15d 1.95e 1.9

a Discharge in [1]. The volume-averaged power: ⟨Pf⟩ = 0.53 MW m−3.
b Discharge #76770 in [12].
c Discharge #71524 in [13] and [14].
d Discharge E36378.
e Discharge E35651.
f Orbit shift from magnetic flux surface for banana particles: δ = q(R/r)1/2ρf , and ρf is the fast particle Larmor radius for
the toroidal magnetic field.
g Full speed is used for ρf . However, the particle shift is small in the case of the tangential beam injection. The value in a
parenthesis shows %/a, where % is the orbit shift from magentic flux surface for passing particles: % = qρf . In JT-60U,
N-NB is injected in the co-direction to the plasma current and the toroidal field, Rtan/R ∼ 0.78. Here Rtan is the tangency
radius of the N-NB injection and R is the major radius of the plasma magnetic axis.

emission profile has been measured during the occurrence of
the bursting modes. The measured temporal evolution implies
the redistribution of energetic ions by the modes. And we will
summarize this paper in section 4.

2. Characteristics of temporal evolution and
saturation of fast FS mode and ALE

We have performed AE experiments by using N-NB injection
in the following parameter regime: a plasma current, 0.6 !
Ip ! 1.8 MA; a toroidal field, 1.2 ! Bt ! 3.6 T (Ip = 0.6 MA,
Bt = 1.2 T in most experiments); a power of N-NB, 2 !
PN-NB ! 6 MW; an energy of N-NB 340 ! EN-NB ! 400 keV;
0.1% " ⟨βf⟩ " 1% and 0.4 " vb∥/vA " 1.5. Here, ⟨βf⟩ is
a volume-averaged fast ion beta. Figure 1 shows the typical
time traces of the plasma parameters and the magnetic fluctu-
ations. Figure 1(a) shows the time trace of a plasma current,
the power of the N-NB and the power of the P-NB. Figure 1(b)
shows the time trace of frequency spectrum of a magnetic
probe signal, thus vertical axis is frequency, and figure 1(c)
shows the time trace of the mode amplitude with frequency
of 30–70 kHz. We can see bursting modes in figures 1(b) and
(c). The bursting modes in JT-60U are observed even with a
small amount of the volume-averaged fast ion beta of ∼0.1%.
Figure 2 is an extended view of figure 1(b) during the period of
4.32 < t < 4.38 s. We can find three kinds of modes in these
figures. The first mode is a slow frequency-sweeping (slow FS)
mode, which appears with a frequency of about 30 kHz at about
3.8 s and its frequency chirps up to 65 kHz at about 4 s. The
slow FS mode appears below the TAE gap and its frequency in-
creases up to the TAE gap. This slow FS mode is thought to be
energetic particle mode (EPM) [15]/resonant TAE (RTAE) [16]
which connects to a kinetic ballooning mode branch based on
HINST analysis [17]. The second one is a fast frequency-
sweeping (fast FS) mode. The fast FS mode consists of bifur-
cating branches with the same start frequency which lies in the
TAE gap. Each branch changes its frequency by 10–20 kHz in
1–5 ms. The fast FS mode cannot be explained by equilibrium
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Figure 1. (a) Time traces of Ip, power of N-NB and P-NB. The beam
energy of N-NB is 360 keV. Bt = 1.2 T. (b) A time trace of frequency
spectrum of magnetic fluctuations measured by Mirnov coils at
the first wall on a midplane. (c) A time trace of the mode amplitude
with frequency of 30–70 kHz. (d) A time trace of the Dα signal.

change. The third mode is an abrupt large-amplitude event
(ALE) with a timescale of 200–400 µs. The amplitude of ALE
reach B̃θ/Bθ ∼ 10−3 at the first wall. Here, Bθ is a magnetic
field to the poloidal direction in the tokamak coordinate. ALEs
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JT-60U: K. Shinohara et al, 2002-2004

JT-60U: vf/vA0~1.3 ;  NB: 350keV
DIII-D:  vf/vA0~0.4 ;  NB:  80keV
AUG:    vf/vA0~0.45; NB:  93keV

EGAM n=0 resonance condition:ω-ωt=0
dF/fΛ in pitch angle is maximal at 40keV, Λ=0.6, consistent 
with mode onset at ~40kHz 
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relatively large orbit width (flat q ~2) favours low mode numbers
to be understood: the condition should be fulfilled for n=2, n=3 
as well
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•how general is the experimental observation of 
many small-amplitude modes close to marginal 
stability in reversed shear plasmas with sub-
Alfvénic beams? [Heidbrink, van Zeeland, et al 2006-2015]

•under which conditions can one reach a regime 
where strongly non-linear physics dominates the 
energetic particle (EP) transport like in spherical 
tokamaks [Fredrickson, 2007-2012] or in experiments 
with super-Alfvénic beams? [Shinohara 2002-2006] 

•what are mode properties and transport 
mechanisms in this case?

•off-axis NB drive will be needed for scenarios 
with reversed shear resulting in an off-axis 
peaked (partial) EP -NB pressure

•at ASDEX Upgrade, off-axis NBI experiments 
were carried out showing strongly bursting toroidal 
Alfvén eigenmodes (TAEs) and velocity space 
coupling to co-NB-driven geodesic acoustic 
modes (EGAMs)

•also on-axis NBI cases with 93keV beam energy 
show strongly bursting behaviour

off-axis drive
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• from ECE, SXR, interferometry and 
reflectometry:

• EGAMs more core localised 
(0.15-0.5 ρpol),  

• TAEs more outside (0.2-0.6 ρpol)
• weak RSAE activity
• inverted gradient also drives modes 

rotating in the electron diamagnetic 
direction
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‘most’ off-axis injection (7.15 0) ‘intermediate’ off-axis injection (6.65 0)
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to investigate linear onset conditions
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•  At ASDEX Upgrade,off-axis NBI experiments are 
in a regime with strongly non-linear EP dynamics

•the  regime for weakly non-linear behaviour (multi-
mode) above threshold was not found so far - 
further experiments with reduced beam energy 
and beam power will clarify the transition  
between the two regimes.

•EP transport is bursty, leading to a reduced EP 
density.

• interesting phase space coupling between TAE 
bursts and EGAMs was observed

•linear kinetic analysis confirms onset conditions, 
rich non-linear physics to be investigated 

•test case was defined for non-linear code/code 
benchmarks and validation with experimental data 
within EUROFUSION NLED project
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global eigenfunctions: both TAE and EGAMs are 
above stability threshold for nominal EP pressure
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FIG. 2. Behaviour bifurcation diagram for γL0 = 0.1 and
νd/νf = 1. The classification of each solution is plotted in
the (γd, νd) parameter space. In the bottom right corner,
superposed symbols show subcritical solutions for which the
amplitude is damped when ωb/γL0 = 0.03, but unstable when
ωb/γL0 = 1.

sult in the (γd, νd) parameter space, in the large-drag
regime, νd/νf = 1. The presence of significant drag
qualitatively modifies the nonlinear bifurcations. Steady-
state, periodic and chaotic solutions, which are devoid of
significant phase-space structure dynamics, are replaced
by long-lived phase-space holes. The periodic chirping
regime almost disappears. We confirmed that steady-
state solutions only exist for collision frequency above
a threshold predicted by analytic theory [30]. More-
over, the boundary between steady and periodic solu-
tions agree with analytic theory when the system is close
to marginal stability. We found nonlinear instabilities in
both subcritical (γ < 0) and barely unstable (γ ≪ γL0)
regime.

We don’t observe neither long-lived clump or down-
chirping dominant cases, which are often observed in
the experiment. Although the reason eludes us, we can
speculate that down-chirping dominant cases in TAE ex-
periments may be the result of reversed magnetic shear,
which effectively brings a minus sign in front of the drag
term in Vlasov equation when the 3D Fokker-Planck op-

erator is projected on the resonant surface. However,
there are other possible causes, such as particular shapes
of f0 with non-constant slope, departures from the adi-
abatic bulk hypothesis, and processes that are not in-
cluded in the BB model.

EFFECTS OF COLLISIONS ON ENERGETIC
PARTICLE-DRIVEN CHIRPING BURSTS

A feature of the nonlinear evolution of AEs, the fre-
quency sweeping (chirping) of the resonant frequency by
10-30% on a timescale much faster than the equilibrium
evolution, has been observed in the plasma core region of
tokamaks JT-60U [33], DIII-D [34], the Small Tight As-
pect Ratio Tokamak (START) [35], the mega amp spher-
ical tokamak (MAST) [36], the National Spherical Torus
Experiment (NSTX) [37], and in stellerators such as the
Compact Helical Stellerator (CHS) [38]. In general, two
branches coexist, with their frequency sweeping down-
wardly (down-chirping) for one, upwardly (up-chirping)
for the other. In most of the experiments, relaxation
oscillations are observed, with quasi-periodical chirping
bursts. The period is in the order of the millisecond.
Chirping bursts are associated with significant transport
of energetic particles, in particular when they trigger
avalanches [39]. This motivates our investigation of the
period of chirping bursts.

Effect of Krook collision on chirping velocity

In Ref. [40], I investigated the effects of collisions on
chirping characteristics, with a one-dimensional kinetic
model. Existing theory predicts the time evolution of the
frequency shift as δω ∼

√
t [20]. In this work, we extend

the latter theory by accounting for Krook-like collisions
with frequency νa, which yields

δω(t) = ±αβ γL0

√
γdt

[

1 −
1

3
(νat) +

7

90
(νat)

2

−
19

1890
(νat)

3 +
1507

1701000
(νat)

4 + . . .

]

. (5)

This is consistent with numerical simulations, where
chirping significantly departs from the widely-accepted
square-root time dependency.

EFFECT OF DRAG AND DIFFUSION ON
CHIRPING PERIOD

I investigated relaxation oscillations, which are associ-
ated with experimental observations of chirping bursts.
These oscillations are recovered in simulations in the
presence of dynamical friction and velocity-diffusion.

2

electric field E ≡ Z exp iζ + c.c. is given by

dZ

dt
= −

mω3
p

4πqn0

∫

f(x, v, t) e−iζ dxdv − γd Z, (2)

where ζ ≡ kx− ωt, and n0 is the total density.
For the ion-acoustic wave model, we include two

species s = i, e, assume collisions are negligible, and do
not filter a particular wave number. The CDIA model is
composed of two kinetic equations,

∂fs
∂t

+ v
∂fs
∂x

+
qsE

ms

∂fs
∂v

= 0, (3)

and a current equation,

∂E

∂t
=

mω2
p

n0q

∑

s

∫

vfs(x, v, t) dv. (4)

NONLINEAR CATEGORIZATION OF THE
BEAM-DRIVEN INSTABILITY

In Ref. [27], we applied the BB model to one dimen-
sional plasma, to investigate the kinetic nonlinearities,
which arise from the resonance of a single electrostatic
wave with an energetic particle beam. We developed
a systematic categorization of the long-time nonlinear
evolution as damped, steady-state, periodic, chaotic and
chirping. A similar categorization had been performed
numerically [21, 29], in the case where collisions are mod-
elled by a simple Krook-like operator with a collision fre-
quency νa. However, Lilley and Lesur have shown that
the inclusions in the collision operator of dynamical fric-
tion, or drag, and diffusion have a strong impact on the
nonlinear behaviour, and is necessary to qualitatively re-
produce experimental chirping AEs [30, 31].
Using our Vlasov code COBBLES Ref. [21, 27, 32], we

scanned the parameter space for a fixed value of the linear
drive normalized to the linear frequency, γL0/ω0 = 0.1.
We developed sub-categories for the chirping regime, as
periodic, chaotic, bursty, and intermittent. Up-down
asymmetry and hooked chirping branches are also cat-
egorized. For large drag, we observed holes with quasi-
constant velocity, in which case the solution is catego-
rized into steady hole, wavering hole and oscillating hole.
We considered two complementary parameter spaces:
1. the (γd, νd) space for fixed νd/νf ratios; 2. the (νf ,
νd) space for fixed γd/γL0 ratios, close to and far from
marginal stability. The presence of drag and diffusion (in-
stead of a Krook model) qualitatively modifies the nonlin-
ear bifurcations. The bifurcations between steady-state,
periodic and steady hole solutions agree with analytic
theory. Moreover, the boundary between steady and pe-
riodic solutions agree with analytic theory. We observed
nonlinear instabilities in both subcritical and barely un-
stable regime. We showed that quasi-periodic chirping
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FIG. 1. Behaviour bifurcation diagram for γL0 = 0.1 and
νd/νf = 5. The classification of each solution is plotted in
the (γd, νd) parameter space. The legend is shared between
Figs. 1 and 2. The letter J indicates the JT-60U discharge
E32359.

is a special case of bursty chirping, limited to a region
relatively far from marginal stability.

Fig. 1 shows the categorization of each simulation re-
sult in the (γd, νd) parameter space, in the small-drag
regime, νf ≪ νd. The phase diagram is qualitatively
similar to what was obtained with Krook collisions, al-
though chirping solutions can be intermittent, bursty or
periodic, in addition to the chaotic behaviour found in
the Krook case. We showed that quasi-periodic chirping
is a special case of bursty chirping, limited to a region
where γd/γL0 = 0.2− 0.7.

Fig. 2 shows the categorization of each simulation re-
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⇒ strong q-profile and distribution function dependence
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