{ £HY
‘ﬁ?&'y IAEA

%
INTERNATIONAL ATOMIC ENERGY AGENCY

2ond | AEA Fusion Energy Conference

Geneva, Switzerland, 13-18 October 2008

IAEA-CN-165/EX/6-1

MHD induced Fast-lon L osses on ASDEX Upgrade

M. Garcia-Munoz 1), H.-U. Fahrbach 1), V. Bobkov 1), M.iBigam 1), M. Gobbin 2), 3),
S. Ginter 1), V. Igochine 1), Ph. Lauber 1), M. J. Mantsinen 1)Mi)Maraschek 1), L. Marrelli
2), P. Martin 2), 3), S.D. Pinches 5), P. Piovesan 2), 3), H.130K. Sassenberg 1), 6), H. Zohm
1) and the ASDEX Upgrade Team

1) Max-Planck-Instituttir Plasmaphysik, EURATOM Association, Garching, GERMANY
2) Consorzio RFX, Associazione EURATOM-ENEA per la fusionejda, Italy

3) Physics Department, University of Padova, Italy

4) Helsinki Univ. of Technology, Association Euratom-Tekf.0.Box 4100, FIN-02015 HUT,
Finland

5) Euratom/UKAEA Fusion Association, Culham Science Cemtl@ngdon, OX14 3DB, UK
6) University College Cork, Association EURATOM-DCU, Cork, el

This is a preprint of a paper intended for presentation aiensfic meeting. Because of the provisional nature
of its content and since changes of substance or detail may thabe made before publication, the preprint is
made available on the understanding that it will not be citethe literature or in any way be reproduced in its
present form. The views expressed and the statements nrad@rtéhe responsibility of the named author(s); the
views do not necessarily reflect those of the governmenteofidsignating Member State(s) or of the designating
organization(s). In particular, neither the IAEA nor anfi&t organization or body sponsoring this meeting can be
held responsible for any material reproduced in this prepri



1 |AEA-CN-165/EX/6-1

MHD induced Fast-lon L osses on ASDEX Upgrade

M. Garcia-Munoz 1), H.-U. Fahrbach 1), V. Bobkov 1), M.iBigam 1), M. Gobbin 2), 3),
S. Ainter 1), V. Igochine 1), Ph. Lauber 1), M. J. Mantsinen 1)Mi)Maraschek 1), L. Marrelli
2), P. Martin 2), 3), S.D. Pinches 5), P. Piovesan 2), 3), BE.IRoK. Sassenberg 1), 6), H. Zohm
1) and the ASDEX Upgrade Team

1) Max-Planck-Institutiir Plasmaphysik, EURATOM Association, Garching, GERMANY
2) Consorzio RFX, Associazione EURATOM-ENEA per la fusionejdra, Italy

3) Physics Department, University of Padova, Italy

4) Helsinki Univ. of Technology, Association Euratom-Teke.0.Box 4100, FIN-02015 HUT,
Finland

5) Euratom/UKAEA Fusion Association, Culham Science Cemtlangdon, OX14 3DB, UK
6) University College Cork, Association EURATOM-DCU, Cork, kad

e-mail: Manuel.Garcia-Munoz@ipp.mpg.de

Abstract. The interplay between MHD instabilities and energetic ions is of crucial impcetéor

a safe plasma performance in self-heated fusion experiments like ITERtaletl knowledge of the
underlying physics has been gained from direct measurements of MHIRaddast-ion losses (FIL).
Time resolved energy and pitch angle measurements of FIL correlatedguefiey and phase with
Neoclassical Tearing Modes (NTMs) and Toroidicity-induced AlfvenelBimodes (TAES) have been
obtained using a scintillator based FIL-detector. The investigation of Hlilestd TAEs has revealed
the existence of a new core localized MHD fluctuation, the Sierpes modeSi€hges mode is a non-
Alfvenic instability which dominates the transport of fast-ions in ICRF heatschdrges. The internal
structure of both, TAEs and Sierpes mode has been reconstructed by aiéighly-resolved multichord
soft X-ray measurements. A spatial overlapping of their eigenfuncti@us|® a fast-ion loss coupling,
showing the strong influence that a core-localised fast-ion driven Mistalmlity may have on the fast-
ion transport. On the modelling side, we have identified the FIL mechanisms 8iiievie as well as due
to TAEs. The drift islands formed by fast-ions in particle phase spaceapensible for the loss of NBI
fast-ions due to NTMs. In ICRF heated plasmas, a resonance conditfilleduby the characteristic
trapped fast-ion orbit frequencies lead to a phase-matching betweedorfasrbit and NTM or TAE
magnetic fluctuation. The banana tips of a resonant trapped fast-iondmadially due to ak x B-drift

in the TAE-case. The NTM radial bounce of the fast-ion banana tips sechoy the radial component
of the perturbed magnetic field lines. At the end of each section, we will shdtwe implications of these
results for MHD induced fast-ion transport in ITER.

1. Introduction

As a burning plasma experiment, ITER will be mainly selfdeelby fusion borro-particles
e.g. fast-ions with an isotropic phase-space distributMRID instabilities can be driven by a
population of fast-ions but they also can lead to an enhaanewof the fast-ions radial trans-
port. In ITER, ana-particle loss below 5% of their nominal power is envisagedyoid grave
consequences. Therefore, the interplay between MHD iitisiedand fast-ions must be well
understood [1]. A detailed knowledge of the underlying ptysan be gained from direct mea-
surements of MHD induced fast-ion losses (FIL). ASDEX UplgrdAUG) is well equipped
for such studies, due to its powerful and flexible heatingesys(up to 20 MW NBI at 60/93
keV; up to 6MW ICRH and up to 2 MW ECRH) and its well developed diaggins. An array
of magnetic pick-up coils (with 1 MHz bandwidth) togetherthva set of SXR cameras (with
500 kHz bandwidth) allow the study of the internal structafé¢he MHD instabilities while a
recently installed scintillator based FIL-detector eeralihe identification of the MHD instabil-
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ity responsible for the FIL. The FIL-detector design is lthea the concept of the scintillator
baseda-particle detector used for the first time in TFTR [2]. Timesolved energy and pitch
angle (\ = arcogv,/v)) measurements of FIL correlated in frequency and phase \itis
and fast-ion driven MHD instabilities have been obtained.

The theoretical investigation of the mechanisms leadinghto expulsion of fast-ionsof
particles) is becoming more relevant as we need to benchtharkumerical tools for ITER
predictions. Further efforts to simulate the loss of fastsidue to MHD instabilities are needed,
since the calculated MHD induced fast-ion transport, spifaup to one order of magnitude
smaller than the measured losses [3]. The FIL-detectonnpeoved set of fluctuation diag-
nostics like magnetics pick-up coils, SXR-cameras and dwpeflectometry, and the, to this
purpose, developed numerical tools should clarify suctrdfancy in the fast-ion loss levels.
In this paper, we present the observation and preliminarglelog of fast-ion losses due to
NTMs and fast-ion driven MHD instabilities in AUG. The end edch section is devoted to
discuss the implications of these results for ITER.

2. Fast-lon Lossesdueto NTMs

It is well known that a significant fraction of

pla_sma pressure in a magneticz_illy confir)ed Magnetics
fusion plasma is carried by fast-ions. Whlle§25
the NTM impact on the global confinement is<
rather well established, less is known on hovxé s
they influence energetic particles, like for ex-g .
ample ICRF heated ions, or ions of NBl ori- i e e
gin. Experiments on this subject have bee@25 Fast lon Losses
performed in TFTR [4] and DIII-D [5] using < bilkSatka it o
o-particles and NBI fast-ions respectively. A § 15
good understanding of the magnetic island efg ,
fects on the fast-ion confinement is impor-g s
tant, for example, to fully asses the efficiency,
of external heating systems and NBI curre
drive. In next generation devices, like ITEFE,O'02
this information is important also to predict }
the confinement of alpha particles and the im>"—
pact of their losses on plasma facing compo-

ner_lts. The AUG heating system allows_ anglG. 1: AUG discharge #21168: (a) and (b):

variety of scenarios, where the behaviour @hectrograms of the magnetic island fluctua-

fast-ions can be finely tuned and decouplgd and FILD signal corresponding to losses

from the bulk plasma environment. Dedicatgg;ih, pitch angleA = (35,45)° respectively. (c):

studies to investigate the effect of NTMs ofaveforms of the NBI modulated power (red

the fast-ions confinement of NBI and 'CR%urve; modulation amplitude of 2.5 MW), of

origin have been carried out separately.  he amplitude of the (2,1) mode (blue doted

21 NTM Induced Fast-lon L osses of NBI curve) and of the amplitude of the FII__D signal

Origin e_lt the frequency of the (2,1) magnetic fluctua-
tion (black curve).

The loss of NBI fast-ions correlated in fre-

guency and phase with a (2, 1) magnetic is-

land fluctuation has been measured with the

FIL-detector and interpreted by means of a numerical mdglelThe (2,1) NTM contribution

Time (s)
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FIG. 2: AUG discharge #21081: (a) Overview of the discharigem top to bottom, the evolu-
tion of the toroidal magnetic field, heating power, core elattdensity, ang@y are presented.
(b) magnetic spectrogram showing the MHD activity. (c) FI4i®strogram of lost ions with
gyroradiusp ~ 50mm. (d) Amplitude analysis of magnetic island and FILs atfliretuation
frequency.

to the measured FIL pattern is twofold; an enhancement diiBigoprompt loss flux and a loss
of passing fast-ions which are thought to be well confinedhédbsence of magnetic fluctua-
tion. The experiments discussed in this section have beamyn@erformed in plasmas with
toroidal currentip = 0.8 MA, toroidal fieldB; = 2 T, safety factor at the edggs = 4.5 and
NBI as main heating and fast-ion source. The intermittentatpen of a 25MW NBI source,
with a switch-off time shorter than 50s has been used to provide a periodically changing
source of fast-ions which helps to study the loss time scales plasma density is kept at a rel-
atively low value of 45 x 10°m~2 during the NBI modulation phase. An NBI heating ramp-up
(up to 19VIW) was performed to trigger a (2,1) magnetic island. Durirggrtiodulation of the
NBI source a constant heating of 5 MW was kept. Fig.1(a) shoesrtagnetic activity due to
the (2,1) magnetic island. A Fourier analysis of the FIL-flixh pitch angles A = (35,45)°)
corresponding to passing orbits is shown in Fig.1(b). Beside slow trend following the fre-
guency evolution of the mode and of its harmonics, we noteréis spots corresponding to
the NBI modulation. As shown in Fig.1(c), the amplitude of theses at the dominant mode
frequency (black curve) is modulated according to the NBllwian (red curve) and its en-
velope follows the amplitude of the magnetic mode (blue eurdwo well distinguished FIL
time scales, depending on the pitch angle of the lost ion& haen observed experimentally by
modulation of the NBI source. Losses of fast-ions with rafigallel velocitiesf\ = (35,45)°)
decay promptly as soon as the modulated NBI source is switofiethus indicating a time
scale for these losses not longer than a few tenssofin contrast, the loss of fast-ions with
rather perpendicular velocity\(= (70, 75)°) needs to vanishz 5msafter the NBI switching
off. The typical lost ion flux varies from 403121 for the NTM prompt losses up to 6{9%

for the lost ions with higher pitch angle. Both signals aret@f same order as the maX|maI
NBI prompt loss signal, 41014%2. The observed strong increase of fast-ion losses caused by
magnetic islands is consistent with the observation oliased heat loads to the limiters found
in experiments as soon as large magnetic islands appear.

Drift orbit calculations using the ORBIT [7] and the GOURDON B, codes have allowed
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the identification of the loss mechanisms. The intersectfahe drift islands formed by fast-
ions in particle phase-space with plasma-facing compariemésponsible for the prompt NTM
induced FIL (loss time ok 10u9. An overlap of these drift islands leads to an orbit stotihas
zation and consequently to a loss of fast-ions on a diffusige-scale (loss time: mg. This
overlap depends on the shape of the g-profile, on the locafitime g = 2 resonance surface,
the amplitude of the original (2,1) mode and the fast-iorrabeeristics.

Dedicated experiments are foreseen in AUG to estimate feeteff magnetic islands with (2,1)
helicity ona-particle-like fast-ions in ITER-like scenarios withga= 2 surface rather close to
the separatrix which could lead to a strong increase of théM&V a-particle loss due to orbit
stochasticity.

2.2. NTM Induced Fast-lon Losses of ICRF Origin

Losses of ICRF generated trapped fast-ions caused

by the presence of low-frequency (3, 2) NT /_—_—_____________f_

have been observed and investigated numerlc

discussed here were performed in plasmas
toroidal plasma currenf, = 1.2 MA, toroidal mag-
netic field ramp ofB; = 1.95— 2.15 T, and safety

factor at the edggoes = 3.2. Auxiliary plasma heat-FIG. 3: AUG discharge #21081: CCD
ing was provided by means of two NBI sources dgiew of the light pattern produced by
livering a total power of 5 MW, 1 MW of ECRH andthe incident ions ejected from the plasma
3 MW of on-axis ICRF minority heating in a deudue to interactions with high frequency
terium plasma with a hydrogen to deuterium ratio giodes.

nH/Np ~ 6%. Fig.2(a) shows the relevant plasma

parameters for the reference discharge, #21083. The MHitaaturing the discharge is
shown in Fig.2(b) through a fast Fourier transform (FFT)legabto a magnetic fluctuation
pick-up coil signal. The presence of a (3,2) NTM is clearlgibie during the whole time win-
dow. EC waves were launched with the goal of stabilizing tA&/Nin this shot, however, the
correct matching of the EC resonance with the island pasttioough the magnetic-field ramp
did not succeed) . In order to identify the lost particleslimpe-space we analyze the loss pat-
tern recorded by the CCD camera of the FIL-detector during thEDMctivity. Fig.3 shows a
CCD frame for the discharge #2108l at 1.43 s, when the NTM is present; the NTM-induced
fast-ion losses together with the prompt losses genergtéattn NBI sources are visible. The
prompt losses from the more radially injected ions (sou@eappear in the region of higher
pitch angle (7075°) while a tangential source (#7) produces prompt losses owarl pitch
angle region (5860°). The main (3, 2) NTM contribution to the FIL pattern showsetestive
pitch angle character\(= (60,70)°) at gyroradii corresponding to hydrogen ions with energy
E = 600 keV. The ratio of FIL versus magnetic island width hasldeeestigated by means of
a Fourier analysis. Fig.2(c) shows an FFT analysis of theidasloss signal presented in Fig.3.
The similarity in the magnetics and FILD spectrograms aiikisy. The FILD spectrogram is
not only revealing the loss of fast-ions due to the (4,3) d®d(8,2) magnetic islands, but also
due to their harmonics. The (3,2) island width is shown in Fid) together with the amplitude
of the fast-ion loss signal at the (3,2) magnetic fluctuafr@guency. The FIL-flux depends
sensitively on the relative radial location of the fast-pmpulation with respect to the magnetic
island radial position. A shift of the ICRH resonance layer byams of aB;-ramp leads to a
large FIL-flux change, as shown in Fig.2(d).
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AUG #21083
Magnetics

The fast-ion expulsion is explained in terms of the ras,,
dial drift induced by the perturbed magnetic fieil, 200
when the resonance conditi@, , = Ny — pwy — W~
0 is fulfilled, wheren is the toroidal mode numbep,is ¢, |
the poloidal harmoniayy, the fast-ion precession fre<
quency,ws, the fast-ion poloidal frequency amdthe * - N
mode frequency. At the high energies we are consider- g :wilade =
ing, Wy andwg become comparable, and since they age’ S

much larger tha, the resonance condition can be sai‘?so
isfied if nwy~ pwy. In general, the radial drift induceds ™
by a MHD mode is a combination of tHe x B-drift + *°

and the radial excursion following the magnetic fieldzso

N
I
<150

>

50

Fast-ion losses; high energies

lines caused by the perturbed fiefl, In the presences 200 == "

of a quasistatic( < wy, W) Magnetic-field fluctua- < 1so _ e

: . . ) ) (4,4) Sierpes,

tion, the dynamics of the trapped particles is changgd,o \

essentially in two ways: a radial component in the paf-, BUskAe: B | ) v 2y
allel velocity appears and the parallel gradient in the o T 55 : = 1
mirror force is modified. The role of the electric field ' Time (s) '

associated to the mode, which scales proportionallyto, , _
the mode frequencyy, is negligible. In the experi-Fth' 4. AUG dlscharge #21083.' Spec-
ments described above, wheme= 2, the resonancetrograms of magnetic quc_tuat|on (2)
condition 20y ~ wy is satisfied. In other words, theand. FLs of low (b) and high (c) en-
particle has the same phase with respect to the iSRS

after each bounce time. This leads a secular radial drift

motion, its direction, inwards or outwards, being detemdiby the relative alignment of the
parallel velocity and of the magnetic-field perturbatiorhisTexplains the phase locking ob-
served in the measurements, where the FILs are modulatkd atdde rotation frequency and
occur during half of the rotation period. In ITER,53MeV a-particles will have a poloidal
motion frequency at about midradius@f/2m~ 460 kHz and a toroidal precession frequency
wy/ 21~ 115 kHz, indicating a potential resonance with quasistatié magnetic islands.

3. ICRH Fast-lon L osses dueto Fast-lon Driven MHD I nstabilities

Intense fast-ion populations drive MHD instabilities waide in magnetically confined fusion
plasmas. Two kinds of fast-ion driven MHD instabilities daa distinguished; Alfven insta-
bilities which are part of the continuum spectrum and appeaoroidally confined plasmas
because of the periodicity in the refraction index, and geiir particle modes (EPMs) which
appear usually at a characteristic frequency of the fasbibits when the energetic particle
pressure is very large [3]. An exchange of energy betweeicfgaand wave takes place if an
amount of free energy is available due to gradients in theidasdistribution function and a
wave-particle resonance condition is fulfilled. The resmsecondition between the wave phase
velocity and the fast-ion orbital frequencies already hesintroduced in the previous section
to explain the expulsion of ICRF fast-ions due to NTMs. A bidtrenal energy exchange be-
tween wave and patrticle takes place depending on the fregyeakthe system. On one hand,
particles may transfer energy to the waves overcoming théraoum and background plasma
damping and driving them unstable but on the other hand waegsransfer energy to the par-
ticles leading to a radial drift and a possible loss. Theytfdhe fast-ion driven MHD stability
(driving and damping rates) and the subsequent fast-imspi@t has been extensively studied
theoretically and experimentally in almost all major fusitevices [1].
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In this section we present the observations and modelingstfibn losses due to fast-ion driven
MHD instabilities in ICRF heated AUG plasmas. The nature ofcendly discovered fast-ion

driven MHD instability, theSierpes modas briefly discussed [12].

The experiments discussed here have been mainly

performed in plasmas with toroidal plasma current

lp =1.0-1.2 MA, toroidal fieldBy =2.0-2.2T,
safety factor at the edgps = 3.2— 4.0 and ICRH
as main heating and fast particle source. 5 MW o
on axis ICRH of hydrogen minority was applied
in a deuterium plasmang/np ~ 6%). Fig.4(a)
shows the typical core line averaged electron den
sity, ne, together with ICRH power for a refer-

ence discharge, #21083, overploted on a Foulig; 5 AUG discharge #21011: CCD

spectrogram of a magnetic fluctuation signal. S€jaw of the light pattern produced by
eral TAEs with frequencies between 150 and 225, incident ions ejected from the plasma

kHz and toroidal mode numbens= 3,4,5,6,7 aré gy tg interactions with high frequency
clearly visible at ~ (1.0—1.3) s. Atlower frequen- 5 des.

cies, up to 25 kHz, some bursting fishbone modes

appear.

The energy and pitch angle of the fast-ion losses due to tiéHe instabilities are shown in
Fig. 5, which shows a CCD frame for the discharge #2101t1-at1.43 s. When the TAEs
are present, two different contributions to the fast-iasslpattern are simultaneously visible at
different gyroradii and almost the same pitch angle. Fonthgnetic field of 16T at the probe,
the losses peak at a gyroradius of 45 mm, which correspongdimben ions withEy ~ 250
keV, and pitch angles between“680°. The losses at higher energies appear with a much
broader distribution in giroradii, between 60 and 110 mmahhiorrespond to hydrogens with
Ey ~ 1MeV and pitch angles between®%and 68.

In order to identify the MHD instabilities responsible ftvese losses, a Fast Fourier Transfor-
mation (FFT) was applied to the signal of the photomultiglihich observe the phase-space
regions where losses are detected. Fig. 4(b) shows thesgenh of a signal, which is measur-
ing lost ions with a gyroradius 45mm(upper spotin Fig. 5). We observe a correlation between
the frequency and phase of the individual TABs<3,4,5,6,7), see Fig. 4(a)-(b), and those of
the losses. The spectrogram in Fig. 4(c) refers to ion loasksger gyroradii (66- 110mn),

i.e. the lower spot in Fig. 5. A clear correlation between TA& frequency pattern and the
fast-ion loss frequencies is also observed. An interedgagure is present in the FILD spec-
trogram of high energies at intermediate frequencie80kHz where a dominant frequency
emerges. We call this new MHD instability ti&erpesmode because of its footprints in the
fast-ion loss spectrogram and the fact that it is hardlyblesfor the Mirnov pickup coils, see
Fig. 4(a). Tracking the frequencies corresponding to tdésidual TAES, we observe stronger
losses (up to a factor of three higher) due to TAEs if the Sigrmpode is also ejecting fast-ions.
This can be observed by comparing the losses due to individuizs in both FILD channels.
The stability of the Sierpes mode seems to be more weaklyndigpe on background plasma
parameters than the TAEs, since it remains unstable udoaltyne periods much longer than
the TAES, eventually up to 1 sec, unaffected by changes ig-firefile. The Sierpes fluctuation
always disappears at large sawtooth crashes and appearssipn the nextx~ 10ms when
the T, i.e. the collisionality ¥¢) has reached a certain threshdlgz1.9 keV, and the fast-ion
population has been rebuilt. The frequency of the Sierpegentaierpes does not change with
the toroidal magnetic fiel®; or the core electron density, see Fig. 4(c). A rapid change

— .
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of the electron densityje, due to L-H mode confinement transitidnsz 1.15secin Fig. 4(c),

is followed by a change in thérag, as expected, but not by a changefigirpes This hints
that the Sierpes mode is not an Adfvic mode. Furthermore, the rapid frequency rise before
the sawtooth crashes can not be explained by the classifi@md physics since no relevant
background plasma parameter (im or B;) can change so fast. In fact, the behavior before
the sawtooth crash suggests some kinetic effects of thgeteparticles as in the EPM case.
Including background diamagnetic effects in the Beta-iedudlfven Eigenmode (BAE) dis-
persion relation, a reasonable agreement offghgpeswith the fgag has been found when the
fast-ion pressure is not too large. However when the faspressure achieves values compa-
rable to the plasma pressurefgerpeschirp of up toAf ~ 40kHz occurs, indicating an EPM
character, not explained by any BAE dispersion relatior).[EBrther analysis using nonlinear
codes are necessary to clarify whether a strong nonlinéaraiction of fast-ions with Alfven
waves can explain thésjerpesbehaviour.

To understand the combined effect of both MHD insta-
bilities on the fast-ion transport, the TAE and Sierpes ino.6f
ternal structure has been reconstructed by means of highg
time resolution SXR measurements, see Fig.6.

The maximum TAE displacement ranges from 0.1 to G4 .4
mm and the inferred core magnetic fluctuation amountsto £
oby /By = 0.2—5x 10~4. The Sierpes mode has a mor@ 3
core-localized eigenfunction (Fig.6), which is peake:l_gll0 2_
aroundppo ~ 0.25 and it extends up tppo ~ 0.5, lead- © Ok
ing to a maximum displacement of the order of 0.5 mm ¢
in the plasmas analyzed so far. It is interesting to note ¢
that there is a radial regiomoyeriap € (0.2,0.5), where ogo — — ”
then = 4 TAE and Sierpes eigenfunctions overlap with ™~ TP T '
non-zero values. The overlapping of radial eigenfunctions )

might be the reason for the drastic increase in the fdsfC- 6: Schematic of the channel-
ion losses when both modes are present simultaneod8f,0SS mechanism due to a radial
by channeling the ions which fulfill the loss conditiongh@in of multiple fast-ion driven
from the plasma core to the edge. This channeling pMHD fluctuations.

cess is illustrated in Fig.6 where the ICRF fast hydrogen

ion pressure profile, calculated with the PION code, has baparimposed.

The fast-ion loss mechanisms due to TAEs and Sierpes modavastigated using the HAGIS
code [14]. The fast-ion orbits are usually described byrtleenstant of motion; energy,
pitch angle and toroidal canonical angular momentiEn\, Py). A simplified ICRH parti-
cle distribution function has been simulated by taking Ipiamgle/A = 1. This corresponds
to trapped orbits with turning points at the on-axis ICRH reswe layer. A resonant wave-
particle interaction takes place if the resonance conditidroduced in the previous section,
Qnp = Ny — pwy — W ~ 0, is fulfilled. By plotting, lod1/Qn p) in the energy range of the
fast-ions measured by FILD, we can identify the regions @fgghspace where a resonant inter-
action could occur. The resonance condition fulfilled bydharacteristic trapped fast-ion orbit
frequencies and the mode rotation frequency leads to a phass#hing between fast-ion orbit
and TAE fluctuation. The banana tips of a resonant trappeaddadrift radially due to the

E x B-drift (with E the poloidal electric field induced by the high-frequency DlHuctuation)
with a net inwards or outwards drift depending on the re¢gpiiase between MHD fluctuation
and particle movement. Fig.7 contour plot shows the on-E3®&F heated hydrogen ions that
are resonant with the = 4 andn =5 TAE andn = 4 Sierpes mode for the AUG plasma dis-

AUG #21083

Fast ion pressure

|
-
[6)]

|
-
o

(edy) "ssaid uol 1se4

Sierpes
(n=4, m=4)

|
(&,
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FIG. 7: AUG discharge #21083: Phase-space resonance lieégden on-axis ICRF heated
hydrogen ions and thess 4 TAE (a), n=5 TAE (b) and the i= 4 Sierpes mode (c).

charge #21083. The wave-particle interaction results iexamange of energ¥, and toroidal
canonical angular momenturRy, which at the tips of the bananas translates into a radial drif
of the particle. This fast-particle channeling in phasaegpmay be the responsible not only
for the high fluxes of fast-ion losses when both instabsiége present at the same time, but
also for the driving of the instabilities due to the modifioatof fast-ion distribution function
gradients. A quantitative analyses of the coupling betwiastiion loss mechanisms due to a
radial chain of fast-ion driven MHD fluctuations is under waypenchmark numerical tools for
ITER.
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