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Abstract. A detailed knowledge of the interplay between MHD instabilities and energeticlpa has
been gained from direct measurements of fast-ion losses (FIL). Tieodvezl energy and pitch angle
measurements of FIL caused by Neoclassical Tearing Modes (NTMsJ@woidicity-induced Alfven
Eigenmodes (TAES) have been obtained using a scintillator based FlttaletfEhe study of FIL due to
TAEs has revealed the existence of a new core localized MHD fluctuat®&jénpes mode. The Sierpes
mode is a non-pure Alfvenic fluctuation which appears in the acoustic lordominating the transport
of fast-ions in ICRF heated discharges. The internal structure of bAths and Sierpes mode has been
reconstructed by means of highly-resolved multichord soft X-ray measemts. A spatial overlapping
of their eigenfunctions leads to a FIL coupling, showing the strong infleitiret a core-localised fast-ion
driven MHD instability may have on the fast-ion transport. We have identified~th mechanisms due
to NTMs as well as due to TAEs. Drift islands formed by fast-ions in partibkesp space are responsible
for the loss of NBI fast-ions due to NTMs. In ICRF heated plasmas, anegse condition fulfilled by
the characteristic trapped fast-ion orbit frequencies lead to a phaskingabetween fast-ion orbit and
NTM or TAE magnetic fluctuation. The banana tips of a resonant trapdadia bounce radially due
to anE x B-drift in the TAE-case. The NTM radial bounce of the fast-ion banamaitigaused by the
radial component of the perturbed magnetic field lines.

1. Introduction

The interplay between MHD instabilities and energetic ipkes is of special importance in
burning plasmas with a large population efparticles like in ITER [1]. MHD instabilities
can be driven by fast-ions but they also can lead to an enh@srdeof the fast-ions radial
transport. In ITER, am-particle loss below 5% of their nominal power is requirecatmid
grave consequences [2]. A detailed knowledge of the uniderighysics can be gained from
direct measurements of MHD induced fast-ion losses (FIISDEX Upgrade (AUG) is well
equipped for such studies, due to its powerful and flexib&ihg system (up to 20 MW NBI at
60/93 keV; up to 6MW ICRH and up to 2 MW ECRH) and its well develop&adjdostics. An
array of magnetic pick-up coils (with 1 MHz bandwidth) tolget with a set of SXR cameras
(with 500 kHz bandwidth) allow the study of the MHD fluctuaticadial structure and helicity
(n and m mode numbers). A recently installed scintillatosdshFIL-detector (FILD) enables
the identification of the MHD instability responsible foretlIL. The FILD design [3] follows
the concept of the scintillator basedparticle detector used for the first time in TFTR [4] and
more recently in other fusion devices like CHS [5], W7-AS [6HD [7], JET [8], NSTX [9]
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FIG. 1: AUG discharge #21168: CCD frame showing fast-ion prologses of the NBI sources
#7 and #8 at = 1.47 sec in the FILD phase-space.

and TJ-1l [10]. FILD acts as a magnetic spectrometer, dspgrfast-ions onto a scintillator,
with their strike point depending on the gyroradius (engm@yd pitch angle (angle between
ion velocity and magnetic field line\ = arcogyv| /v)). The active part of FILD, and main
difference with respect to previous FILD designs, cong$ig novel fast-response scintillator
material with a decay time of 500nsand a high quantum efficiency which allows identifying
the MHD fluctuations responsible for the FIL through Fou@alysis (spectrograms). The
detector head (collimator and scintillator plate) can lseited via a movable manipulator up to
a few mm behind the limiter, slightly above the mid plane.

In AUG, time-resolved energy and pitch angle measuremenisLocorrelated in frequency
and phase with NTMs [3, 11, 12] and fast-ion driven MHD indities [13] have been obtained
using FILD. The study of FIL due to TAEs has revealed the exisé of a new core localized
MHD fluctuation, the Sierpes mode. The Sierpes mode is a noa-Alfvenic instability which
appears in the acoustic branch, dominating the transpéastions in ICRF heated discharges.
The internal structure of both, TAEs and Sierpes mode has Emonstructed by means of
highly-resolved multichord soft X-ray measurements. Atsphaoverlapping of their eigen-
functions leads to a FIL coupling, showing the strong infeeethat a core-localised fast-ion
driven MHD instability may have on the fast-ion transporte Wave identified the FIL mecha-
nisms due to NTMs as well as due to TAEs. Drift islands formegdiast-ions in particle phase
space are responsible for the loss of NBI fast-ions due to NTM3CRF heated plasmas, a
resonance condition fulfilled by the characteristic trapfaest-ion orbit frequencies lead to a
phase-matching between fast-ion orbit and NTM or TAE magrikeictuation.

The theoretical investigation of the mechanisms leadintpeéoexpulsion of fast-ions (e.g1-
particles) is nowadays becoming more relevant as we needlittate the numerical tools for
ITER predictions. Further efforts to simulate the loss aitfians due to MHD instabilities
are needed, since the calculated MHD induced fast-ion piatisso far, is up to one order
of magnitude smaller than the measured losses [14]. FIL®,rtiproved set of fluctuation
diagnostics like magnetic pick-up coils, SXR-cameras anddber reflectometry, and the, for
this purpose developed numerical tools should clarify slistrepancies in the FIL levels.

In this paper, we present the observation and preliminargialng of FIL due to NTMs and
fast-ion driven MHD instabilities in AUG. The end of each sew is devoted to discuss the
implications of these results for ITER.

2. Fast-ion lossesin MHD-quiescent plasmas

External heating systems may cause the prompt loss ofdastdirectly through their heating
mechanisms. They can inject fast-neutrals (NBI systemsghwbet ionized on trajectories
within the loss cone but they also can actively enhance the &b fast-ions by accelerating
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FIG. 2: AUG discharge #23076: Contour plots of TRANSP simaiatif NBI fast-ion distribu-
tion in (/\, E) space generated by NBI sources #7 (a)and #8 () at 0.85.

preferential velocity components (ICRF systems). In fadt feaves push fast-ions across the
loss boundary into the loss cone by accelerating the perpaad velocity component. The
results of NBI and ICRH prompt loss studies carried out with tHeDFsystem are presented
briefly in this section.

2.1. Neutral Beam Injection

Beams of fast neutrals are commonly used in magnetic fusioiceketo heat (or diagnose) the
plasma, to drive current and to study MHD instabilities. Beging on the final goal of the
beam, different injection geometries and energies areiepplntrinsic to the NBI operation
are the fast-ion prompt losses, open trajectories (withénldss cone) originated near to or in
the Scrape Of Layer (SOL) which intersect in-vessel comptmel he energy, pitch angle and
total amount of prompt losses depend on the main plasma p#eesrand the NB-injection and
3D vacuum vessel geometry. The AUG NBI system has 8 NBI sourdegifferent injection
angles, each one capable of supplying 2.5 MW, producingetbes, diverse ionization profiles
of fast-neutrals. This rich and reliable pattern of NBI prdrngsses has been used to validate
the FILD energy-pitch angle grid. Fig. 1 shows the prompsIpattern produced by two NBI
sources on the scintillator plate. Both sources inject méd&uterons with a maximal energy of
93 keV i.e. a gyroradius of 40mmfor a magnetic field oB; = 1.6T at the probe. While source
#7 injects neutrals rather tangential in plasma, sourceag#® @t more radially. Accordingly,
source #7 produces ion prompt losses with lower pitch angles50° than source #8)\ ~ 65°.
TRANSP [15] simulations have been carried out to investigfadast-ion distribution function
generated by each NBI source. Fig. 2 shows the fast-ion lligion functions generated by
the most intense NBI sources in FILD, #7 and #8pgt=0.85. TRANSP predicts, for the
main injection energy, a pitch angle maximum in the fastddiribution function at\ ~ 53°
for NBI source #7 and af\ ~ 65° for NBI source #8 which is in excellent agreement with
FILD measurements, see Fig. 1. The NBI prompt loss pattermefirtst wall of the vacuum
vessel is a fully 3D issue. In-vessel protruding componé¥id injection geometry and energy,
3D magnetic equilibrium and plasma parameters, especialdndTe in the SOL, determine
the poloidal and toroidal distribution of NBI prompt losses the wall. Therefore, not all
NBI sources in AUG are detectable by FILD, in fact, only thasjecting ions on trajectories
connected with FILD can be detected.
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2.2. lon Cyclotron Resonance Heating

In present fusion plasma devices, fast-ions generated by I&RHIsed to heat the plasma,
to drive current, to study MHD instabilities and to some ext® simulate and investigate
the physics of fusion-born.8 MeV a-particles in a fusion reactor. Fast waves launched into
the plasma at the ion gyrofrequency or at its harmonics ecate the ion gyromotion as the
ions pass through the rather vertical resonance layer. Aigasing mechanism tends to pro-
duce energetic ions on trapped orbits with their bananawigisin the resonance layer. A
highly anisotropic distribution function is formed with tp 90 % of the total ion energy in the
perpendicular component. The losses of fast-ions from @#H distribution function tail in
MHD-quiescent plasmas appear when the ion orbit width ispamable to the plasma minor
radius [16]. The ICRH induced FIL are toroidally symmetric grudoidally localized above or
below the mid-plane depending on the ion grad-B drift.

The AUG ICRF system is capable of launching fast waves into ldmnma with a heating power
of up to 6 MW in a multifrequency fashion (30-62 MHz) allowirggrich variety of heating
schemes. In the most typical AUG magnetic configurationhsiwnwards ion grad-B drift,
no losses of ICRH fast-ions have been observed so far with tH2 §ystem in MHD quiescent
plasmas. Although the ICRH mechanism is supposed to enhaadadral transport of fast-
ions, their losses might be located below the mid-planeleniLD is at~ 33 cm above the
mid-plane. However, the fast-ion transport due to the ICRRihgdtself must be taken into
account to understand the fast-ion confinement in ICRF hedsdyas with MHD activity.
Fig.3 illustrates the ICRF heating mechanism and inducedp@mn Starting with thermal deu-
teriumions, e.g. a passing ion with (E)= (10,5 keV), fast waves accelerate the perpendicular
component of the ion velocity as they pass through the rem@nkayer, trapping the ions in a
banana orbit. The second trajectory plotted in Fig.3 shtnesext stage of the ICRF heating
mechanism, a barely trapped deuterium ion withi)= (63,30 keV). As the trapped ions keep
on passing through the ICRH resonance layer, the heating misah#self pushes the banana
tips outwards, in Fig.3 right- and upwards. This is illuggdin the following two ion trajec-
tories; trapped ions with/\, E)= (75,200 keV) and {\, E)= (79,300 keV). As the ions gain
energy, the banana orbit width also gets broader and sinadtssly their banana tips explore
the plasma minor radius outwards and so all MHD-instabgitllong the g-profile.

3. Fast-lon Lossesdueto NTMs

It is well known that a significant fraction of plasma pressura magnetically confined fusion
plasma is carried by fast-ions. While the NTM impact on thébgla@onfinement is rather well
established, less is known on how they influence energetiicies, like for example ICRF
heated ions, or ions of NBI origin. Experiments on this sutifewe been performed in TFTR
[17] and DIII-D [18] usinga-particles and NBI fast-ions respectively. A good underditag
of the magnetic island effects on the fast-ion confinemennortant, for example, to fully
assess the efficiency of external heating systems and NBdrdudrive [19]. In next generation
devices, like ITER, this information is important also to glicé the confinement afi-particles
and the impact of their losses on plasma facing componems. AUG heating system allows
a rich variety of scenarios, where the behaviour of fasticen be finely tuned and decoupled
from the bulk plasma environment. Dedicated studies tostiygate the effect of NTMs on the
fast-ions confinement of NBI and ICRF origin have been carrigcdseparately.
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FIG. 3: Schematic of the ICRF heating and loss mechanism.

3.1. NTM Induced Fast-lon Losses of NBI Origin

The loss of NBI fast-ions correlated in frequency and phasle a/(2, 1) magnetic island fluctu-
ation has been measured with the FIL-detector and intexght®f means of a numerical model
[3, 11]. The (2,1) NTM contribution to the measured FIL paites twofold; an enhancement of
the NBI prompt loss flux and a loss of passing fast-ions whiehtlaought to be well confined
in the absence of magnetic fluctuation.

The experiments discussed in this section have been marigrmed in plasmas with toroidal
currentl, = 0.8 MA , toroidal fieldB; = 2 T, safety factor at the edgps = 4.5 and NBI as
main heating and fast-ion source. The intermittent opaemadi an NBI source (2.5 MW), with
a switch-off time shorter than 505 has been used to provide a periodically changing source
of fast-ions which helps studying the loss time scales. Thsmpa density is kept at a rela-
tively low value of 45 x 10°m~3 during the NBI modulation phase. An NBI heating ramp-up
(up to 15 MW) was performed to trigger a (2,1) magnetic islaBdiring the modulation of
the NBI source a constant heating power of 5 MW was kept. Faygljows the magnetic ac-
tivity due to the (2,1) magnetic island. A Fourier analysighe FIL-flux with pitch angles,
N\ = (35,45)°, corresponding to passing orbits is shown in Fig.4(b). Besithe slow trend
following the frequency evolution of the mode and of its hanas, we note discrete spots
corresponding to the NBI modulation. As shown in Fig.4(ck #mplitude of the losses at
the dominant mode frequency (black curve) is modulatedradang to the NBI evolution (red
curve) and its envelope follows the amplitude of the magniitictuation (blue curve). Two
well distinguished FIL time scales, depending on the pitofl@of the lost ions, have been ob-
served experimentally by modulation of the NBI source. Legdgdast-ions with rather parallel
velocities,\ = (35,45)°, decay promptly as soon as the modulated NBI source is switoffie
thus indicating a time scale for these losses not longer éhfew tens ofus In contrast, the
loss of fast-ions with rather perpendicular velocity= (70, 75)°, needs~ 5msto vanish after
the NBI switching off. The typical lost ion flux varies from 4013;%32 for the NTM prompt

losses up to 14198 for the lost ions with higher pitch angle. Both signals are pamble to
scn?

the maximal NBI prompt loss signal, 201955 The observed strong increase of FIL caused
by magnetic islands is consistent with the heat load to thagdrs measured in plasmas as soon
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FIG. 4. AUG discharge #21168: (a) and (b): spectrograms @& thagnetic island fluctua-
tion and FILD signal corresponding to losses with pitch angle- (35,45)° respectively. (c):
waveforms of the NBI modulated power (red curve; modulationlizude of 2.5 MW), of the
amplitude of the (2,1) mode (blue doted curve) and of the itundgl of the FILD signal at the
frequency of the (2,1) magnetic fluctuation (black curvesddl on Ref.[3].

as large magnetic islands appear.

Drift orbit calculations using the ORBIT [20] and the GOURDONL][Zodes have allowed
the identification of the loss mechanisms. The interseatfahe drift islands formed by fast-
ions in particle phase-space with plasma-facing comparnemésponsible for the prompt NTM
induced FIL (loss time ofc 10u9 [22]. An overlap of these drift islands leads to an orbit
stochastization and consequently to a loss of fast-ions diffessive time-scale (loss time-
few ms) [22, 23]. This overlap depends on the shape of theofilgaron the location of the
g = 2 resonance surface, the amplitude of the original (2,1)evad the fast-ion orbital drift
characteristics.

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.

3.2. NTM Induced Fast-lon Losses of I CRF Origin

Losses of ICRF generated trapped fast-ions caused by thenpeesé low-frequency (3, 2)
NTMs have been observed and investigated numerically [1i2]the HAGIS code [24], v8.09.
The experiments discussed here were performed in plasniasomidal plasma currenp =
1.2 MA, toroidal magnetic field ramp oB; = 1.95— 2.15 T, and safety factor at the edge
Jos = 3.2. Auxiliary plasma heating was provided by means of two NRIrses delivering a
total power of 5 MW, 1 MW of ECRH and 3 MW of on-axis ICRF hydrogen ority heating
in a deuterium plasma with a hydrogen to deuterium ratioyfnp ~ 6%. Fig.5(a) shows
the relevant plasma parameters for the reference disch#24881. The MHD activity during
the discharge is shown in Fig.5(b) through a spectrogram magnetic fluctuation pick-up
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FIG. 5: AUG discharge #21081: (a) Overview of the discharigem top to bottom, the evolu-
tion of the toroidal magnetic field, heating power, core elattdensity, an@@y are presented.
(b) magnetic spectrogram showing the MHD activity. (c) FI4i®strogram of lost ions with
gyroradiusp ~ 50mm. (d) Amplitude analysis of (3,2) magnetic island and Ft_¢he fluc-
tuation frequency. The;Bamp onset is highlighted with a vertical blue arrow. Adaptesin
Ref.[12].

coil signal. The presence of a (3,2) NTM is clearly visibleidg the whole time window
while the secondary magnetic island with (4,3) helicityagigears at t=2.2s. EC waves were
launched with the goal of stabilizing the NTM (in this shobwever, the correct matching of
the EC resonance with the island position through the tataidagnetic field B;) ramp did
not succeed). In order to identify the lost particles in ghagace we analyze the loss pattern
recorded by the CCD camera of the FIL-detector during the MHivic

Fig.6 shows the evolution of FIL in phase-space for the AU&cklarge #21081 during the
magnetic islands activity ang ramp. The losses of fast-ions induced by the (4,3) and (3,2)
magnetic islands together with the prompt losses genetédth NBI sources, #3 and #7, at
t = 1.83 s are shown in Fig.6(a). The prompt losses from the moralhathjected ions (NBI
source #3) are barely visible in the region of higher pitcgle\ € (70,75), while a tangential
NBI source (#7) produces prompt losses in a lower pitch amgj®n,A € (45,55). When both
magnetic islands are present, two different contributtonthe FIL pattern are simultaneously
visible at different gyroradii and almost the same pitchlandror the magnetic field of.&@T

at the probe, the losses peak at a gyroradius of 56 mm, correspond to hydrogen ions with
energieEy between 250 and 600 keV, and pitch angie64°. The losses at larger gyroradii,
between 60 and 110 mm, correspond to hydrogen ions with ieseiy, between 10 and
1.5 MeV and pitch angles between<and 65. The next frame, Fig.6(b), shows the losses
of fast-ions measured by FILD when only the (3,2) NTM is pregsél'he contribution of the
(3,2) magnetic island to the FIL pattern appears at gyrodd0-55 mm while the losses at
larger gyroradii disappear in the absence of the (4,3) ntagiséand. The FIL due to the (3,2)
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FIG. 6: AUG discharge #21081: CCD view of the light pattern prodd by the incident ions
ejected from the plasma due to interactions with magnetns.

magnetic island disappear during tBeramp at a constant magnetic island width, see Fig.6(c).
The ratio of FIL versus magnetic island width has been ingattd by means of a Fourier anal-
ysis. Fig.5(c) shows an FFT analysis of the FIL signal pressem Fig.6(a). The similarity in
the magnetics and FILD spectrograms are striking. The Fiddrgogram is not only revealing
the loss of fast-ions due to the (3,2) magnetic island, st due to (4,3). The (3,2) island
width is shown in Fig.5(d) together with the amplitude of #i& signal at the (3,2) magnetic
fluctuation frequency. The FIL-flux depends sensitively ba telative radial location of the
fast-ion population with respect to the magnetic islandalagosition. A shift of the ICRH
resonance layer by means of theramp leads to a large decrease in the FIL-flux, as shown in
Fig.5(d).

The fast-ion expulsion is explained in terms of the radidt dnduced by the perturbed mag-
netic field,B, when the resonance conditi@ p = nwy — pwe — W~ 0 is fulfilled, wheren is

the toroidal mode numbep is the poloidal harmonicwg, the fast-ion precession frequency,
wyg, the fast-ion poloidal frequency andthe mode frequency [25]. At the high energies we are
consideringwy andwg become comparable, and since they are much largerih#ime reso-
nance condition can be satisfiedhifi, ~ pwe. In general, the radial drift induced by a MHD
mode is a combination of thie x B-drift and the radial excursion following the magnetic field
lines caused by the perturbed fiel, In the presence of a quasistatic &« Wy, Wp) Magnetic-
field fluctuation, the dynamics of the trapped particles ianged essentially in two ways: a
radial component in the parallel velocity appears and thiallegh gradient in the mirror force

is modified. The role of the electric field associated to thelenavhich scales proportionally
to the mode frequency, is negligible. In the experiments described above, whete2, the
resonance conditionu, ~ wy is satisfied [12]. In other words, the particle has the sanas@h
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with respect to the island after each bounce time. This léa@dssecular radial drift motion,
with its direction, inwards or outwards, being determingdhe relative alignment of the par-
allel velocity and of the magnetic-field perturbation. Thiglains the phase locking observed
in the measurements, where the FILs are modulated at the rotaten frequency and occur
during half of the rotation period.

In ITER, 35 MeV a-particles will have a poloidal motion frequency at aboutiradius of
we/ 21~ 460 kHz and a toroidal precession frequengy 2r~ 115 kHz, indicating a potential
resonance with quasistatic n=4 magnetic islands. Furthknthe impact of a magnetic island
chain with different helicities must be asset.

4. ICRH Fast-lon Losses dueto Fast-lon Driven MHD Instabilities

Energetic particles often drive MHD instabilities unst&ahl magnetically confined fusion plas-
mas. Two kinds of fast-ion driven MHD instabilities can bettiguished; Alfven Eigenmodes
(AEs) which are part of the continuum spectrum and appearaidally confined plasmas be-
cause of the periodicity in the refraction index [26], e.g@rdidal Alfven Eigenmodes (TAES)
[27-29], and energetic particle modes (EPMs) which appsaglly at a characteristic fre-
guency of the fast-ion orbits when the energetic particksgure is comparable to the plasma
pressure [30]. An energy exchange between particle and ta&es place if an amount of free
energy is available through gradients in the fast-ion itistion function and a wave-particle
resonance condition is fulfilled. The resonance conditieiwvieen the wave phase velocity and
the fast-ion orbital frequencies already has been intreduis the previous section to explain
the expulsion of ICRH fast-ions due to NTMs. On one hand, dagimay transfer energy to
the waves overcoming the continuum and background plasmaidg and driving them unsta-
ble. On the other hand waves may transfer energy to the lesrteading to a radial drift and a
possible loss. The fast-ion driven MHD stability, drive atainping rates [31, 32], and the sub-
sequent fast-ion transport is an issue of great interesé she large fast-ion pressure in ITER
is expected to drive MHD fluctuations unstable in all foresseenarios [33]. In particular, the
loss of fast-ions due to TAEs [34—37] and EPMs [38, 39] hasleaensively studied in most
large fusion devices due to their ability to affect the fuspeerformance and cause severe dam-
ages to the plasma facing components [40]. However, mosiesktstudies are either based on
neutron drops correlated with bursting MHD instabilitiesaoe lacking of the necessary time-
resolved internal fluctuation structure or pitch angle amekgy measurements of the lost ions.
Recent breakthroughs in plasma diagnostic capabilities Abewed accurate measurements of
the internal structure of AEs [41] as well as their inducest-fan redistribution [14] and loss
[13, 42].

In this section we present the observations and modelindlotike to fast-ion driven MHD
instabilities in ICRF heated AUG plasmas. The nature of a ticeiscovered fast-ion driven
MHD instability, the Sierpes mod¢13], is briefly discussed here and will be the subject of a
forthcoming detailed publication.

The experiments discussed here have been mainly perform@dsmas with toroidal plasma
currentl, = 1.0 - 1.2 MA, toroidal field By = 2.0 — 2.2 T, safety factor at the edggs =
3.2—4.0 and ICRH as main heating and fast particle source. 5 MW of as#&RH of hydro-
gen minority was applied in a deuterium plasmag/(np ~ 6%). Fig.7(a) shows the typical core
line averaged electron density, together with ICRH power for a reference discharge, #21083,
overploted on a Fourier spectrogram of a magnetic fluctnatignal. Several TAEs with fre-
guencies between 150 and 225 kHz [43, 44] and toroidal modebatsn = 3,4,5,6,7 are
clearly visible at ~ (1.0 — 1.3) s. At lower frequencies, up to 25 kHz, some bursting fishbone
modes [45] appear.
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FIG. 8: AUG discharge #21011: CCD view of the light pattern prodd by the incident ions
ejected from the plasma due to interactions with high fregyenodes, Ref.[13].

The energy and pitch angle of the FIL due to these MHD ingtaslare presented in Fig. 8,
which shows a CCD frame for the discharge #2101t1-afl.43s. When the TAEs are present,
two different contributions to the FIL pattern are simubansly visible at different gyroradii
and almost the same pitch angle. For the magnetic field&®f ht the probe, the losses peak
at a gyroradius of 45 mm, correspond to hydrogen ions ®jth~ 250 keV, and pitch angles
between 6870°. The losses at higher energies appear with a much broadebudii®n in
giroradii, between 60 and 110 mm which correspond to hydrages withEy ~ 1MeV and
pitch angles between 6and 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. 7(b) shows therggeon of a signal, which is
measuring lost ions with a gyroradisss45mm(upper spot in Fig. 8). We observe a correlation
between the frequency and phase of the individual TAEs 3,4,5,6,7), see Fig. 7(a)-(b),
and those of the losses. The spectrogram in Fig. 7(c) refeiantlosses at larger gyroradii
(60— 110mm), i.e. the lower spot in Fig. 8. A clear correlation betweba TAE frequency
pattern and the FIL frequencies is also observed. An iniagefeature is present in the FILD
spectrogram of high energies at frequencies within the eXifacoustic branchy 80kHz
where a dominant pattern emerges. We call this new MHD ingiethe Sierpesnode because
of its footprints in the FIL spectrogram, its deleteriouseef on the fast-ion confinement
and the fact that it is hardly visible for the Mirnov pickupilsp see Fig. 7(a). Tracking the
frequencies corresponding to the individual TAEs, we olisstronger losses (up to a factor of
three higher) due to TAEs if the Sierpes mode is also ejedtiaggions. This can be observed
by comparing the losses due to individual TAEs in both FILRmhels.

The Sierpes mode

The stability of the Sierpes mode is more weakly dependebbokground plasma parameters
than the TAEs, remaining unstable usually for time periodscimlonger than the TAEs,
eventually up to 1 sec, unaffected by changes incHpeofile. The Sierpes fluctuation always
disappears at large sawtooth crashes and appears agamthéimext~ 10ms when theTg, i.e.
the collisionality ¢¢) has reached a certain threshdlgz1.9 keV, and the fast-ion population
has been rebuilt. The frequency of the Sierpes méglges does not change with the toroidal
magnetic fieldB; or the core electron density, see Fig. 7(c). A rapid change of the electron
density,ne, due to L-H mode confinement transitidry 1.15secin Fig. 7(c), is followed by a
change in thefrag, as expected, but not by a changeféierpes This suggests that the Sierpes
mode is not a pure Alfénic mode. Furthermore, the rapid frequency rise beforesdadooth
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FIG. 9: AUG discharge #21011. (a) spectrogram of an in-veasagnetic pick-up coil. (b)
spectrogram of the FILD FIPM12 channel showing fast ion lsss@related with various types
of MHD activities i.e. TAEs, Sawtooth crashes, ELMs and tieep8s mode. (c) frequency
tracking of two individual TAES, & 4 and n= 5, and the Sierpes mode. Adapted from Ref.[13].



13

0.6 AUG #21083
- 3 25
E Fast ion pressure
— E o
£ 04F 202
E <
. F =
Q. = E '9‘
% E 15 s
S E ¢
© F =
8 0.25— . 4 10 §
E Sierpes =
(n=4, m=4) 3 5
0.0E

0.0 0.3 0.6 0.9

FIG. 10: Schematic of the fast-ion channeling due to a radiadin of multiple fast-ion driven
MHD fluctuations.

crashes can not be explained by the classical&lfg physics since no relevant background
plasma parameter (i.ene or B;) change so fast. In fact, the behavior before the sawtooth
crash suggests some kinetic effects of the energetic [eartas in the EPM case. Including
acoustic coupling on the shear Alfven spectrum allows tha@ngiof the acoustic and Alfven
branches in the lower Alfven continuum. Modes within thiseh like the Beta-induced
Alfven Eigemodes (BAES) [46, 47] or Beta-induced Alfven Astin Eigenmodes (BAAES)
[48] are neither pure Alfvenic nor pure acoustic with a drspgn relation proportional to the
sound speed. Moreover, Geodesic Acoustic Modes (GAMSs) id&ch the same dispersion
relation, fgag, as we approach the plasma core where zonal flows and kinétictse are
dominant [50]. Taking into account background diamagneffiects, a reasonable agreement
of the fsierpeswith the corefgag/cam given by Zonca et al [51] has been found when the
fast-ion pressure is not too large [52]. However when thé&itas pressure achieves values
comparable to the plasma pressurdsi,peschirp of up toAf ~ 40kHz occurs, indicating an
EPM character like in the Energetic Particle GAM (EGAM) c#58, 54], not explained by
the common BAE/GAM dispersion relation. A detailed anaysi the Sierpes mode internal
structure, polarization and nonlinear frequency behavi®mecessary to elucidate the nature
of the Sierpes mode [55, 56].

To estimate the contribution of the individual TAEs and Se= mode to the FIL pattern, a time
window has been selected in which they do not change strandigquency and no influence
from other MHD activity is detected. Fig.9(a) and (b) shogspectively, the spectrograms of
the magnetic fluctuation and of the FIL at high energies dytivat time window. We track the
frequencies of the TAE$) = 4 andn = 5, and of the Sierpes mode in the FIL spectrogram and
extract their amplitudes, as shown in Fig.9(c). AlthougbhelHD fluctuation is ejecting ions
during the entire time window, it is obvious that the FIL a¢ tBierpes frequency are stronger
than the TAEs induced FIL. The correlation in the occurreoictne spikes fromt = 1.39s on

in Fig.9(c) gives further evidence for a coupling betwedahesi MHD fluctuation [57] or FIL
mechanisms. However, the frequency behavior of the magpetiturbation for both modes
reveals no coupling between MHD fluctuations; as a consexpuenly the losses are connected.
The more virulent effect of the Sierpes Mode on the fast-iopypation might be explained on
the basis of a broader loss condition.
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The TAE and Sierpes radial structure has been reconstrbgtatkans of high time resolution
SXR measurements, see Fig.10, to understand the combieetiadfboth MHD instabilities on
the fast-ion transport [58]. The maximum TAE displacemanges from 0.1 to 0.4 mm and the
inferred core magnetic fluctuation amount®bp/B; = 0.2—5 x 10~4. The Sierpes mode has a
more core-localized eigenfunction (Fig.10), which is peghroundppo ~ 0.25 and it extends
up toppol = 0.5, leading to a maximum displacement of the order of 0.5 mnhénglasmas
analyzed so far. Itis interesting to note that there is aataggion,poveriap € (0.2,0.5), where
then = 4 TAE and Sierpes eigenfunctions overlap with non-zeroeslurhe overlapping of
radial eigenfunctions might be the reason for the drasticeise in the FIL signal when both
modes are present simultaneously, by channeling the iordhwvidifill the loss conditions from
the plasma core all the way to the edge. This channeling psasallustrated in Fig.10 where
the ICRH fast hydrogen ion pressure profile, calculated withRhON code [59], has been
superimposed [60].
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FIG. 11: AUG discharge #21083: Toroidal precession frequiea of hydrogen ions with on-
axis turning points described ly= puBy/E = 1. The vertical axis corresponds to the height of
the turning point, z(§), above the midplane.
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FIG. 12: AUG discharge #21083: Poloidal transit frequersigf hydrogen ions with on-axis
turning points described b = uBy/E = 1. The vertical axis corresponds to the height of the
turning point, z(k), above the midplane.

The FIL mechanisms due to TAEs and Sierpes mode are investigsing the HAGIS code
[24], v8.09, and will be the subject of a forthcoming detdifgublication. Fast-ion orbits are
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usually described by their constant of motion; energy,hpédngle and toroidal canonical mo-
mentum,(E,A\,Py). A simplified RF particle distribution function for on-axi€RF minority
heating has been simulated by taking pitch angle % = 1. This corresponds to trapped
orbits with turning points along the ICRH resonance layer, réica line passing through the
magnetic axis. The toroidal precession frequencigsand the poloidal transit frequencies,

of a set of particles with pitch anglé, = 1, and energies in the range measured by FILD, up
to 1.5 MeV, are displayed in Fig.11 and Fig.12, respectivelyhis special case, on-axis ICRF
minority heating, the use of andP, as the phase-space variable is equivalent at the turning
points {/, = 0), wherePy, = Rmv| — Zelp(2) = —Zeadp(2), with R, the magnetic axis radius,
m;, the fast-ion mas<, the atomic numbee, the electron charge anjg,, the poloidal flux. It

is important to note that in AUG ICRF heated plasmas typicaitarfrequencies of fast-ions
from the tail of the ICRH distribution functionyp, and wy, are of the same order of typical
Alfvenic frequenciesfrags~ 20kHz
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FIG. 13: AUG discharge #21083: Phase-space resonance heéseen on-axis ICRF heated
hydrogen ions and the#a 5, n=4 and n= 3 TAEs (a), (b) and (c) respectively. Red arrows in
the left panel illustrate the possible exchange of pariddetween adjacent resonances.

A resonant wave-patrticle interaction takes place if th@masce condition introduced in the
previous sectionQn p = Nwy— pwe — W= 0, is fulfilled. By plotting, log1/Qn p) in the energy
range of the fast-ions measured by FILD, we can identify #ggans of phase-space where a
resonant interaction could occur [34]. The resonance tiondiulfilled by the characteristic
trapped fast-ion orbit frequencies and the mode rotatiequency leads to a phase matching
between fast-ion orbit and TAE fluctuation. The banana tfEsresonant trapped fast-ion drift
radially due to thée x B-drift (with E the poloidal electric field induced by the high-frequency
MHD fluctuation) with a net inwards or outwards drift deperglon the relative phase between
MHD fluctuation and particle movement. Fig.13 contour pkitew the on-axis ICRF heated
hydrogen ions that are resonant with the- 3, n =4 andn =5 TAEs for the AUG plasma
discharge #21083. The wave-particle interaction resultan exchange of energf, and
toroidal canonical momentun®, which at the tips of the bananas translates into a radidl drif
of the particle. In Fig.13, this particle drift in phase-spas illustrated by red arrows on the
left panel. Each resonance condition may then serve aslgasied for the adjacent one,
leading to a fast-ion channeling which would be more efiecin the case of fluctuations
with multiple poloidal harmonics. By plotting all the poslgibresonance lines for the present
TAEs, fromn = 3 up ton = 7, with poloidal bounce harmonicg, fromp= -2 uptop =3,

we observe that virtually all fast-ions with energies up 6 MeV may become resonant and
interact with the TAEs. A non-linear simulation of the wavaricle interaction is necessary to
identify the effective resonances. Aszikian et a[61] reported recently from JET and DIII-D
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plasmas, we observe in Fig.13 and Fig.14(a) how sub-alfeefaist-ions can also get trapped
in the potential well of the wave field through resonancedingth negative poloidal bounce
harmonics,p, driving the modes unstable. Fig.14(b) shows the resonkmes between the
fast-ions and the Sierpes mode n=4 observed in plasma. Ttiel@&ierpes main resonance,
p = 1, appears at mid heights, covering the whole energy randge iMeV, and so crossing
most of the TAE resonance lines of Fig.14(a). A spatial amping of Sierpes and TAE
eigenfunction enables the channeling of fast-ions in pispsee as well as the intersection
of resonance lines and so a possible fast-ion avalanch@chastic orbits. This fast-particle
channeling in phase-space may be the responsible not antigddnigh FIL fluxes when both
instabilities are present at the same time, but also for tivend of the instabilities due to the
modification of fast-ion distribution function gradient&.quantitative analysis of the fast-ion
channeling due to a radial chain of MHD fluctuations is unday vo predict its impact in ITER.

b)
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AL LA L B
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2 04 06 0. 2 04 06 08 1.0 12 1.4
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FIG. 14: AUG discharge #21083: Phase-space resonance hieéseen on-axis ICRF heated
hydrogen ions and; (a) TAEs with=a3 — 7 for the poloidal bounce harmonics from=p—2 up

to p= 3, and (b) the Sierpes mode-n4 with poloidal bounce harmonics ranging from=p—1
up to p=1.

5. Summary and conclusions

In summary, we have develop a scintillator based detectomMtdD induced fast-ion losses
which allows to investigate the fast-ion losses througltBpgrams. This new technique makes
possible to evaluate the effect of each MHD fluctuation onféis¢-ion loss (FIL) in terms of
lost ion energy, pitch angle and flux. This information isaalito understand the interplay
between MHD fluctuations and fast-ions and their possikdenmances. In the framework of
these experiments, we have obtained, and studied in detaé;resolved energy and pitch
angle measurements of FIL caused by NTMs and TAEs. NTM magisénds induce FIL
of both, NBI and ICRH origin. In the case of NBI fast-ions, their MTinduced losses are
explained as a result of the drift islands formed by the i@s$ in particle phase-space. An
eventual overlapping of these drift islands leads to ant@tioichasticity and therefore to an
enhancement of the FIL. On the other hand, the loss of ICRHdastis explained by a wave-
particle resonant interaction through the wave and fastidital frequencies. The analysis
of FIL due to TAEs has revealed the existence of a new corditechMHD fluctuation in
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AUG, the Sierpes mode. The Sierpes mode is a non-pure Athfergtuation which appears
in the acoustic branch, dominating the transport of fastim ICRF heated discharges. To
understand the effect of both fluctuations, TAEs and Sierpeghe fast-ion transport, their
radial structures have been reconstructed by means ofimgirésolution SXR measurements.
A spatial overlapping of their eigenfunctions leads to a-fas loss coupling, showing the
strong influence that a core-localized MHD fluctuation mayehan the TAE induced fast-ion
transport. In general, a radial chain of MHD fluctuationswaterlapping eigenfunctions may
lead to a channeling of fast-ions in the particle phase&pauasing severe consequences on the
plasma facing components.

Further efforts are needed to evaluate the internal rdalision and possible loss of fast-ions
due to individual and radial chains of MHD fluctuations. Ttadistribution may, in fact, affect
considerably the fast-ion drive itself and modify the MHDi@ty. The theoretical explanation
of this fast-ion channeling process is a challenge for tlesgmt codes and computing resources
which implies the simultaneous treatment of different MHOctuations and fast-ion popula-
tions. The large fast-ion pressure expected in a burnirgnmanakes necessary this extra effort
to extrapolate to ITER the results presented here, avoigliage consequences.
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