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‘sea’ of unstable small amplitude modes for low 
energy [80/60keV] on-axis NBI drive in ramp-up

toroidicity-induced Alfvén eigenmodes (TAEs),1 reversed
shear Alfvén eigenmodes (RSAEs),9,10 and linearly coupled
RSAEs and TAEs.11–15 These modes are studied during the
discharge current ramp phase when incomplete current pene-
tration results in a high central safety factor and a strong
drive due to multiple higher order resonances.16 Historically,
much effort has been focused on measurements and model-
ing of eigenmode structure13,17 as well as understanding the
impact they have on confined fast ions in DIII-D.4,18–21 This
paper expands on those results by detailing a similar impact
on confined fast ions in ASDEX Upgrade discharges as well
as presenting measurements of lost fast ions and modeling of
these measurements. DIII-D lost fast ion measurements are
made using a newly installed large bandwidth pitch angle
and energy resolving fast ion loss detector (FILD)22 similar
to the detector currently in operation on ASDEX Upgrade
(AUG).23 The large bandwidth of these detectors allows re-
solution of typical AE frequencies and an unambiguous iden-
tification of the modes responsible for fast ion loss. The
pitch angle and energy resolution are the keys to identify the
underlying physics and the details of the wave particle
interactions.

This paper is organized as follows. In Sec. II A, DIII-D
neutral beam power scan and injection timing scan experi-
ments are presented to give the reader an idea of the global
impact AEs have on the fast ion population (using neutron
emission and stored energy as a proxy). During periods of
strong AE activity, enhanced fast ion transport can cause up
to a !50% reduction in neutron emission relative to classical
predictions. In Sec. II B, beam driven Alfvén eigenmode
ASDEX Upgrade experimental results are shown, where a
similar impact on the fast ion population was found. In Sec.
III A, measurements of AE induced fast ion loss on DIII-D
are presented where it is shown that losses were peaked near
the injection energy and occupy a relatively narrow range of
pitch angles (width ! 5") Modeling of the pitch angle and
energy as well as the primary loss mechanism are given in
Sec. III B, where it is shown that the dominant loss mecha-
nism observed is the mode induced transition of counter-
passing fast ions to lost trapped orbits. Section III C
describes modeling which addresses the details of the coher-
ent loss specifically, including the role of resonances and the
scaling of coherent losses with amplitude.

II. IMPACT OFALFVÉN EIGENMODES ON CONFINED
FAST IONS

A. DIII-D measurements

Experiments examining the global impact of AEs on the
fast ion population for a range of amplitudes were carried out
on DIII-D. These experiments utilized two techniques to alter
the AE drive and/or stability. The first was a scan of injected
beam power and the second was a change in the timing of
the initial beam injection during the current ramp. Detailed
stability analysis of the modes will be the subject of a future
publication; the work presented here focuses primarily on the
impact these modes have on the fast ion population.

By scanning injected beam power, the drive for the
modes is reduced and at some point becomes lower than the

combined damping mechanisms. DIII-D’s 80 keV neutral
beam systems each have a dc injected power of approxi-
mately 2.5 MW. To achieve time averaged powers below
this, at full voltage, beam modulation is necessary. Figure 1
shows results from a power scan for approximate injected
powers of PNB¼ 0.7, 1.4, 2.8, and 5.1 MW (averaged over
several modulation cycles). For reference, typical DIII-D
Alfvén eigenmode studies are carried out with the equivalent
of ! 5 MW injected power during the current ramp phase,
and previous Alfvén eigenmode experiments with PNB as
low as 2.3 MW did not show classical neutron emission,4

prompting the question whether classical behavior is ever
observed this early in the discharge. Crosspower spectra of
vertical and radial viewing CO2 interferometer chords17,24

are shown in Figs. 1(a) and 1(b) for the PNB¼ 0.7 and 5.1
MW cases, respectively. With the exception of broadband
turbulence and a few short occurrences of modes near
f¼ 80–100 kHz, the low beam power case is essentially free
from AE activity, whereas the high beam power case clearly
has a plethora of AE activity that includes RSAEs and TAEs
between 50 and 200 kHz. Detailed modeling of these modes
has been carried out in several publications where the
structure,11–13 stability,16 and impact on fast ions4,18 were
investigated.

The impact of these modes on the confined fast ion pop-
ulation is quantified in Fig. 1(c) where comparison of the
measured neutron rate (solid) to classical TRANSP (Ref. 25)
predictions (dashed) is shown for the various injection
powers. For these discharges, the primary neutron production
mechanism is through beam-plasma reactions. A neutron
deficit relative to classical predictions is a sensitive indicator

FIG. 1. (Color) Crosspower spectrum of vertical and radial CO2 interferome-
ter chords in (a) 132701 with PNB ! 0.7 MW and (b) 132702 with PNB ! 5.1
MW. (c) Measured (solid) and classical TRANSP predicted (dashed) neutron
emission for discharges 132702 (black), 132698 (yellow), 132700 (red), and
132701 (blue) with PNB¼ 5.1, 2.8, 1.4, and 0.7 MW, respectively.
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separate TRANSP run is carried out using this effective dif-
fusivity, the calculated neutron emission closely matches
experiment [Fig. 3(c)].

Further corroborating this approach and the resultant
large impact on the confined fast ion population, the
TRANSP calculated stored energy for the DB¼ 0 and vari-
able DB cases along with experiment are shown in Fig. 3(d).
From this figure, one finds that while both the variable and
zero diffusion cases appear to be within the experimental
noise after t " 1200 ms, the variable DB TRANSP run
closely matches the measured stored energy early in the dis-
charge when the diffusion is large. The pronounced differ-
ence at earlier times is due to two reasons, the first is simply
that the diffusivity is larger. The second compounding factor
is that early in the discharge, the beam ion pressure is a
larger fraction of the total pressure.

B. ASDEX Upgrade measurements

Recently, neutral beam driven Alfvén eigenmode
experiments, similar to those described in Sec. II A, were
also carried out on ASDEX Upgrade. These experiments
are described in detail in Refs. 14 and 15, however, two of
the primary goals were verification of significant Alfvén
eigenmode induced transport as well as establishing condi-
tions for future collaborative beam driven Alfvén eigen-

mode studies. As with the DIII-D Alfvén eigenmode
studies, these experiments used early beam injection during
the current ramp phase to create reversed magnetic shear
and keep qmin elevated—key elements for increasing the
drive of AEs at high toroidal field through higher order
resonances.16

Figure 4(a) shows an electron cyclotron emission imag-
ing (ECEI) spectrogram obtained during a discharge with 60
keV beam injection beginning at t¼ 200 ms during the cur-
rent ramp of a BT¼ 2.5 T discharge.14,15,26 In this discharge,
a multitude of RSAEs were driven unstable, highlighted in
the expanded portion of Fig. 4(a). Figure 4(b) shows the clas-
sical neutron emission calculated by TRANSP as well as that
measured experimentally; clearly, early during the discharge
when RSAE activity is more pronounced, there is a signifi-
cant deficit in the neutron emission. As the RSAE activity
weakens, the neutron deficit is reduced until "800 ms when
the neutron emission is essentially classical. The same beam
driven Alfvén eigenmode experiments on ASDEX Upgrade
also revealed for the first time pitch angle and energy
resolved coherent losses of beam ions due to Alfvén eigenm-
odes,14,15 as well as, using the newly installed AUG fast ion
Da diagnostic,

27 a large central flattening of the fast ion pro-
file concomitant with the excitation of several RSAEs at a
qmin integer crossing.

14,15

FIG. 3. (Color) Discharge 142111. (a) Measured (black) and TRANSP pre-
dicted neutron emission with DB¼ 0 m2/s (red), 1 m2/s (yellow), 5 m2/s
(purple). (b) Effective time dependent diffusivity obtained through linear
interpolation of several constant diffusivity TRANSP runs (black) and
smoothed (green). (c) Measured (black) and TRANSP calculated (green)
neutron emission, where TRANSP calculation used variable fast ion diffu-
sivity from (b). (d) Stored energy predicted by TRANSP with DB¼ 0 (red)
and variable DB (green) compared to measured (black).

FIG. 4. (Color online) AUG Discharge 25528. (a) Crosspower spectrogram
of ECEI data with expanded region shown above to accentuate the multitude
of RSAEs present in discharge. (b) Measured neutron emission (blue) and
classical TRANSP predicted neutron emission (red). Sixty kiloelectronvolts
neutral beam injection begins at t¼ 200 ms.
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[VanZeeland et al Phys. Plasmas 18, 056114 (2011)]

DIII-D
ASDEX 
Upgrade

C02 interferometer

in these cases, neutron deficiency and EP transport well understood and measured (FIDA, FILD), 
successful comparison to quasi-linear hybrid models (amplitudes given by the experiments)	


[R. White et al, 2011]  	

similar to case studied by Vlad et al, 2009, also Todo [2013/14/15], US codes[TAEFL,GTC,GYRO]	


ITPA DIII-D case [Lauber 2015]
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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

[B. Heidbrink et al , NF 53, 2012]

conclusions: overlap of many small amplitude modes dominates EP 
transport -threshold to strongly non-linear behaviour? ITER? 

NBI off-axis heating at DIII-D [80keV, 4-4.5MW]
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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.
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nf(0)/ne(0) (%) —a 13b 16c 4d 2e 0.3
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⟨βf⟩ (%) —a 0.4b 1.1c 0.3d 0.15e 0.2
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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
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which connects to a kinetic ballooning mode branch based on
HINST analysis [17]. The second one is a fast frequency-
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cating branches with the same start frequency which lies in the
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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	


n=1 TAE bursts seem to have some similarity to ‘fast 
sweeping’ and ‘ALE’ events at JT-60U

    
0

50

100

150

200

Fr
eq

ue
nc

y 
(k

H
z)

Log

      
-2

-1

0

1

2

3

4

0.4 0.6 0.8 1.0
Time (sec)

10-5

10-4

10-3

10-2

10-1

To
ta

l p
ow

er

G Shot: 31213 : MHA : B31-14     npts: 1440001
me:  0.400 to  1.120  frq:   0.0 to  220.0  nfft: 4096  npad: 0  nstp: 512  nrms: 1000  ncor: 200

gdc) v3.50 - User: pwl - Mon Sep  8 10:22:49 2014

fr
eq

ue
nc

y[
kH

z]
	


0 
   

50
   

10
0 

  1
50

  2
00

      0.4            0.6             0.8           1.0             
time[s]

additional new physics: nl EGAM interaction, drive at vA/3



2nd NLED meeting,  14.4.2015

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

0.8       0.82       0.84       0.86      0.88	

time[s]

n=1 TAE bursts

EGAM

0.70     0.71     0.72     0.73    0.74	

time[s]

phase space coupling: n=1 TAE bursts seem 
to trigger EGAMs	


fr
eq

ue
nc

y[
kH

z]
	


40
 6

0 
80

 1
00

 1
20

 1
40

fr
eq

ue
nc

y[
kH

z]
	


0 
   

  5
0 

  1
00

   
15

0 
  2

00

modes around 
100kHz: 

probably modes 
propagating in 
the electron 
diamagnetic 

direction (2 frot)

experimental 	

evidence that EGAMs	

change radial width	

during nl evolution	


[L Horvath, master thesis 
2015]



2nd NLED meeting,  14.4.2015

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

  
 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
rho poloidal

0.5

1.0

1.5

2.0

2.5

3.0

1.
e1

9

 AA:31216/AUGD/IDA(1)/ne@0.834000

cview-prof (gdc) v2.68  - User: pwl - Wed Aug 27 10:02:05 2014            :  31216

electron density 
[IDA]

from reflectometry (hopping frequency) and soft-X-ray measurements: 	

EGAMs, TAEs RSAEs and intermediate frequency modes are visible in the same 
channels  ⇒  similar radial location at ρpol  ~0.2-0.5, 	


EGAMs more core localised (0.1-0.5),  TAEs more outside (0.3-0.7) 

radial mode localisation

0.8    0.82   0.84    0.86   0.88    0.90   0.92	

time[s]

reflectometer, ch Ka: 33 GHz

RSAE

EGAM

TAEs

[V. Nikolaeva, L Guimares]

de
ns

ity
[1

019
m

-3
]	


0.
5 

   
 1

.0
   

 1
.5

   
 2

.0
   

 2
.5

   
 3

.0

fr
eq

ue
nc

y[
kH

z]
	


0 
   

  5
0 

  1
00

   
15

0 
  2

00

0      0.2      0.4      0.6     0.8     1.0	

ρpol



2nd NLED meeting,  14.4.2015

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

NBI distribution function

0

5e+17

1e+18

1.5e+18

2e+18

2.5e+18

3e+18

3.5e+18

4e+18

4.5e+18

0 0.2 0.4 0.6 0.8 1

fa
st

 D
 d

en
si

ty
 

rho_pol

31213@ 0.72 31214@ 0.72 31215@ 0.72 31216@ 0.72

most-off

least-off
with on-axis 	

diag. beam

0
10
20
30
40
50
60
70
80
90

-1 -0.6 0 0.6 1

en
er
gy
[k
eV
]

0

5e+08

1e+09

1.5e+09

2e+09

2.5e+09

3e+09

3.5e+09

4e+09

pitch angle

0
10
20
30
40
50
60
70
80
90

-1 -0.6 0 0.6 1

en
er
gy
[k
eV
]

0

1e+09

2e+09

3e+09

4e+09

5e+09

6e+09

pitch angle

radial	

dependence:	


off-axis 
maximum

trapped/	

passing boundary



2nd NLED meeting,  14.4.2015

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

1.7 1.8 1.9 2.0
0.0

0.5

1.0

1.5

2.0

10
16

 P
h/

(s
 m

2  s
r)

R [m]

#31216

660.0-661.0 nm

 0.7088s
 0.7113s

0.0 0.2 0.4 0.6 0.8 1.0
time [s]

0.00
0.05

0.10

0.15

0.20

0.25

10
15

/s

TRANSP
#31216exp. neutron rate * 0.5

forward simulation

measurements

FIDA

[B Geiger]

0         0.2        0.4       0.6       0.8     
rhopol

experimental EP transport



2nd NLED meeting,  14.4.2015

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

synthetic test case: q-profile

q(x)=a+b x2+c x4+d x16	

a= 2.40367; b = -0.994915; c = 2.06782; d = 2.61738         	


x: sqrt (normalised poloidal flux)

simplify?
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total equilibrium pressure

[kPa]

sqrt (normalised poloidal flux)

f(x)=a+b x2+c x4+d x5+g x6+h x7

a = 30195.9     	

b = -102303        	

c  = -381943       	


      d = 1.65216e+06   	

       g = -1.85843e+06    	


h  = 660312         	
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R_geo =  1.620m	

B_geo =  2.248T	

R_mag =  1.666m	

B_mag =  2.208	

a [m]    =   0.482m	

ε=a/R_geo=0.297	

βtot,axis=1.3%	


equilibrium quantities

1.step: take mid-radius values for background Ti,e ; on axis flat density	

2.step: use density profile	

3.step: use profile for Ti=Te	

4.step: use different profiles for Ti, Te
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use parameters at mid radius: 	

ne=nD=1.265 1019m-3	


Te=Ti=1.6keV	

 fA0 =    909.209 kHz	


 va0 =    9.54 *106 m/s

dimensionless parameters: vth2=2T/m 	

a/ρD=115	


a/ρfast D=15 [93 keV]	

ßkin,back,on-axis=0.3%	


!
vth,e/va0=   2.49     	

 vth,D/va0 = 0.04	


 vth,fast D/va0 = 0.312 [93keV]	


step 1:
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a = 1.71587e+19     b = -4.52225e+18;  c= -8.85926e+18  d= 1.98778e+17   	


ne(x)=a+b x+c x2+d x4electron density [m-3]:

x: sqrt (normalised poloidal flux)

electron density:
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deuterium temperature[eV]:  Ti(x)=a+b x2+c x3+d x4	

 a=2474.1; b=-5128.7;c=3417.9,d=-473.3	


!

deuterium temperature:

x: sqrt (normalised poloidal flux)
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electron temperature [eV]: Te(x)=a+b x2+c x3+d x4+e x5

electron temperature:

a = 707.419; b = 11909.8;  c = -34439.8; d = 33868.6; e = -11986.6        	


x: sqrt (normalised poloidal flux)
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a = 4.58182e+17;  b = 2.30149e+19 ;    	

c = -7.56176e+19; e= -1.4614e+20; g= 1.98287e+20    	


nf(x)=a+b x2+c x6+e x4+g x5	


TRANSP NBI distribution function

x: sqrt (normalised poloidal flux)
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a = 3.552e+18;	

b = -6.52986e+18;	

c= 2.97864e+18  

nfD(x)=a+b x2+c x4

suggestion for starting point (TAE,RSAE,BAE):	

change (Maxwellian) temperature;    ‘effective’ Tfast,D ~ 30keV (Tf/TD=18.75)	

!
representation of anisotropy (EGAM) to be determined together with Claudio	

is Claudio’s representation [PPCF, 54, (2012) 105017] ok?

simplified NBI distribution function

Bayesian derivation of plasma EDF 2

heating sources in tokamak experiments:

feq =
N (w/Tw)

αw

√
2πw3/2

exp

⎡

⎣−
(

Pφ − Pφ0

∆Pφ

)2
⎤

⎦ exp

⎧

⎨

⎩

− w

Tw

⎡

⎣1 +

(

λ− λ0
∆λ

)2
⎤

⎦

⎫

⎬

⎭

, (1)

being w the kinetic energy per unit mass, µ the magnetic moment per unit mass,

λ = µ/w the pitch angle and Pφ = (es/ms)pφ, being es the charge andms the mass of the
considered species, and pφ the canonical toroidal momentum, assuming an axisymmetric

system. Moreover, N ,αw, Tw,Pφ0,∆Pφ
,λ0 and ∆λ are control parameters. In [1], the

orbit theory has been described through the constant of motions (COMs) Pφ, w,λ, where

the canonical momentum Pφ, is treated as a spatial coordinate; the same choice is taken

also here‡.
Together with (1), the regularized EDF,

feq,R = feqheq, (2)

being

heq =
H(wb − w)δconfined
1 + (wc/w)3/2

, (3)

has been proposed in [1] as general plasma EDF for describing populations of particles
encountered in many tokamak scenarios. In (3), H(wb−w) is the Heaviside step function

which takes into account the presence of a mono-chromatic source of birth energy wb.

The factor 1 + (wc/w)3/2 mimics the Slowing-Down behavior in energy, being wc the

critical energy [9, 10], resulting from the relaxation of the considered species with bulk

ions and electrons. The symbol δconfined is the analytical condition for a particle whose

orbit is mostly determined by Pφ, w and λ, to be confined in the plasma volume§.
This EDF has already been implemented in the hybrid code XHMGC [2] and in the

gyrokinetic code NEMORB [3]. It has been shown that, by varying the EDF control

parametersN ,αw, Tw,Pφ0,∆Pφ
,λ0 and∆λ, (2) can represent anisotropic equilibria as for

the case of Neutral Beam Injection and Ion Cyclotron (or Electron Cyclotron) Resonance

Heating. Moreover, it can also represent nearly isotropic equilibria as for the case of

Slowing-Down alpha particles and core thermal plasma populations. In [1] it has been
proposed a heuristic derivation of feq whilst, in the present work, a rigorous one is

shown based on probabilistic principles and general hypothesis for deriving a class of

EDFs which includes also the distribution function (1) and (2).

The distribution function, feq = feq(Pφ, w,λ), in (1) is an EDF because it depends solely

on COMs. In this way the total time derivative is

ḟeq = Ṗφ∂Pφ
feq + ẇ∂wfeq + λ̇∂λfeq = 0, (4)

being Ṗφ = ẇ = λ̇ = 0. In an EDF, the dependency on COMs is commonly obtained
by the transport Boltzmann equation, and precisely by the kernel of the Boltzmann

collision operator, CB:

CB(feq) = 0. (5)

‡ At equilibrium the motion is unpertubed and fields are stationary, so that it will be considered only
the guiding center transformation.
§ The explicit analytical expression of δconfined can be found in [1] and will not be reported here.
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ideal n=1 SAW spectrum

n=1TAE
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kinetic spectra

n=0

n=1
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•AUG (and DIII-D?) seem to be close to regimes with strongly nonlinear 
EP dynamics (like spherical Tokamaks or JT-60U) 	


•TAE/EPM bursts instead of several marginally stable modes - where is the 
transition? 	


•experimentally: reduced beam voltage and NBI power scans to be 
performed in 2015	

!

•are proposed parameters possible for NLED codes? simplifications 
needed? different representation?	


•EP parametric distribution function to be determined (next weeks)	

•scale to burning plasmas: change ρ* - mode numbers	


summary & discussion


