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Time resolved energy and pitch angle measurements of fast ion lossescorrelated in frequency and
phasewith high frequency magnetohydrodynamic (MHD) perturbations have beenobtained for the
�rst time in a magnetic fusion device and are presented here. A detailed analysis of fast ion losses
due to Toroidal Alfv �en Eigenmodes (TAEs) has revealed the existenceof a new core localized MHD
perturbation, the Sierpes mode. The Sierpes mode is a non-Alfv �enic instabilit y which dominates
the lossesof fast ions in ICRH heated discharges. The internal structure of both, TAEs and Sierpes
mode has been reconstructed by means of highly-resolved multic hord soft X-ray measurements.

PACS numbers: 52.25.Xz, 52.35.Bj, 52.55.Fa, 52.55.Pi, 52.55.Tn, 52.70.-m

In fusion plasma devices,it is necessarythat fast (i.e.
suprathermal) ions generatedby heating systemsand fu-
sion born � particles are well con�ned until they trans-
fer their energy to the plasma. Magnetohydrodynamic
(MHD) instabilities can be driven by a population of fast
ions and/or they can lead to an enhancement of the fast
ions radial transport. Signi�cant lossesof theseions may
reduce the heating as well as the NBI (Neutral Beam
Injection) current drive e�ciency [1]. In addition, loss
of fast ions that is su�cien tly intenseand localized may
causedamageto plasma facing components in the vac-
uum vessel. This is specially important in large fusion
deviceslike the International Tokamak Experimental Re-
actor (ITER) where even a small fraction of lost ener-
getic ions might be intolerable [2]. Moreover, the study
of the fast ion physics in high � f ast (fast ion pressuredi-
vided by magnetic pressure)dischargesis important also
to understand the formation of Internal Transport Barri-
ers (ITBs) [3], and in general the plasma MHD stabilit y
[4].

Fast ion driven instabilities like Toroidal Alfv �en Eigen-
modes (TAEs) are extensively studied theoretically [5]
and experimentally [6] in magnetic fusion devices. In
general,the interaction of energeticparticles with Alfv �en
waves can be described by the properties of the back-
ground plasma; however, when there is a su�cien t large
energetic particle population, these particles can alter
the plasma characteristics. As a result, new modes of
a shear Alfv �enic character (Energetic Particle Modes,
EPMs) arise. Lossesof fast ions due to TAEs [7], [8]
and EPMs [9], [10] have been reported in many conven-
tional aspect ratio tokamaks. However, thesestudies are

� Electronic address: Manuel.Garcia- Munoz@ipp.mpg. de

either based on neutron drops correlated with bursting
MHD instabilities or are lacking of the necessarytime-
resolved pitch angleand energymeasurements of the lost
ions.

In this Letter, we present the �rst time resolvedenergy
and pitch anglemeasurements of fast ion lossescorrelated
in frequency and phase with TAEs. The fast ion loss
detector (FILD) [11] design is based on the concept of
the � -particle detector used for the �rst time in TFTR
[12] and more recently in other major fusion deviceslike
CHS [13], W7-AS [14], LHD [15] and JET [16]. The
very high time resolution of the measurements (1 MHz
bandwidth) has allowed to identify a new core-localized
MHD perturbation, the Sierpes mode, in the ASDEX
Upgrade (AUG) tokamak [17]. The radial eigenfunction
of TAEs and Sierpesmodeshave beenmeasuredwith the
high resolution multichord soft X-ray (SXR) diagnostic
[18].

The experiments have beenmainly performed in plas-
mas with toroidal plasma current I p = 1:0 − 1:2 M A,
toroidal �eld B t = 2:0 − 2:2 T, safety factor at the
edgeq95 = 3:2− 4:0 and Ion Cyclotron ResonanceHeat-
ing (ICRH) as main heating and fast particle source.
5 MW of on axis ICRH of hydrogen minorit y was ap-
plied in a deuterium plasma (nH =nD ≈ 6%). Fig.1-
a shows the typical core line integrated electron den-
sity, ne, together with ICRH power for a referencedis-
charge, #21083. Fig.1-b and Fig.1-c show, respectively,
the Fourier spectrogram for a magnetic uctuation sig-
nal and for a SXR signal, corresponding to a line of sight
passingthrough the plasma core. Several dominant fre-
quenciesare visible between150and 225kHz. They cor-
respond to TAEs with di�eren t toroidal mode numbers
[19] n's (n = 3; 4; 5; 6; 7), whose presenceis con�rmed
also by comparison with linear resistive MHD calcula-
tions carried out with the CASTOR code [20]. At lower
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FIG. 1: AUG discharge 21083: (a) Core line integrated elec-
tron density (ne) and total ICRH power (PICRH ). (b) Spec-
trogram of an in-vesselmagnetic pick-up coil. (c) Spectro-
gram of a core SXR channel. The local core electron temper-
ature (Te) indicating the mode occurrence threshold is super-
imposed in white. The vertical white dashed line indicates
the time at which the mode structure analysis was done.

frequencies,up to 25 kHz, somebursting �sh bonemodes
appear. Fishbones are broadly known as a fast parti-
cle driven (m = 1; n = 1) MHD perturbation with m
the poloidal mode number [19]. An interesting feature is
present in the SXR spectrogram at intermediate frequen-
cies,≈ 80 kHz, where a dominant pattern emerges.We
call this new plasma perturbation Sierpes Mode (snake
in Spanish) becauseof its footprin ts in the fast ion loss
spectrogram and the fact that it is hardly visible for the
Mirnov pick up coils [21].

The Sierpesmode is more weakly dependent on plasma
parameters than the TAEs, remaining unstable usually
for time periods much longer than the TAEs, eventually
up to 1 sec,and is una�ected by changesin the magnetic
safety factor, q-pro�le [19]. In fact, the frequency of the
Sierpesmode doesnot changewith the toroidal magnetic
�eld B t or the coreelectrondensity ne. A rapid changeof
the electron density, ne, due to low-to-high (L-H) mode
con�nement transition (seeFig.1) is followed by a change
in the TAE frequency, asexpected,but not by a changein
the Sierpesmode frequency. This hints that the Sierpes
mode is not an Alfv �enic mode. Furthermore, the rapid
frequency rise before the sawtooth crashes[19] can not
be explained by the classical Alfv �enic physics since no
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FIG. 2: AUG discharge 21083: (a)-(b) Radial displacement
of the n=4 TAE and the Sierpesmode, respectively, obtained
from SXR, together with the fast proton pressure pro�le as
given by the PION code. (c)-(d) show the same quantities
modelled with the MHD-IC code. (e)-(f ) Radial eigenfunc-
tions used as inputs to the MHD-IC code.

relevant plasma parameter (i.e. n or B t ) can change so
fast. In fact, the behavior before the sawtooth crash
suggestssomekinetic e�ects of the energeticparticles as
in the EPM case.

Fig.1-c also shows the electron temperature, Te, near
the plasma center measuredby the Electron-Cyclotron-
Emission (ECE) diagnostic. A strong dependenceof the
Sierpesmode occurrenceon the local Te is observed. The
Sierpesmode appearsalways above a threshold in the lo-
cal electron temperature, which is approximately Te=1.9
keV in the present conditions (the threshold is indicated
in Fig.1-c by the horizontal line). The mode always dis-
appearsat the sawtooth crashesand appearsagainwithin
the next ≈ 10ms, when the Te, i.e. the collisionality (� e),
has reached the threshold. It is important to note that
the Sierpesmode has been found with the samecharac-
teristics in both L- and H-mode con�nement discharges.

The toroidal, n, and poloidal, m, mode numbersof the
Sierpesmode (m = 4; n = 4) were obtained from Mirnov
loops and SXR measurements along di�eren t lines of
sight respectively.

The TAE and Sierpes internal structure is recon-
structed by means of highly-resolved multichord SXR
measurements which images the SXR radiation emit-
ted by the plasma. The magnitude of the SXR uc-
tuation due to the n=4 TAE and Sierpes is extracted
for all lines of sight by cross-correlationwith the FILD
channel #13, which detects lossesfrom both modes(see
its Fourier spectrogram in Fig.4-b). The magnetic �eld
line radial displacement associated with the two modes
is computed by dividing the SXR uctuation pro�les by
the local gradient of the SXR brightness pro�le. Fig.2-
a shows that the displacement pro�le of the dominant
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FIG. 3: AUG discharge 21011: CCD view of the light pattern
produced by the incident ions ejected from the plasma due to
interactions with high frequency modes.

TAE (n=4) is fairly localized in radius (� � pol ≈ 0:3)
and located at about mid radius, with a maximum at
� pol ≈ 0:55. The maximum TAE displacement ranges
from 0.1 to 0.4 mm and the inferred core magnetic per-
turbation amounts to � br =Bt = kk  r = 0:2− 5× 10� 4.
The Sierpes mode (Fig.2-b) has a more core-localized
eigenfunction, which is peaked around � pol ≈ 0:25 and it
extendsup to � pol ≈ 0:5, leading to a maximum displace-
ment of the order of 0.5 mm in the plasmasanalyzed so
far. It is interesting to note that there is a radial region,
� over lap ∈ (0:2; 0:5), where the n = 4 TAE and Sierpes
eigenfunctionsoverlap with non-zerovalues.

The radial position and radial width of the measured
TAE eigenfunctionsare reasonablyconsistent with those
predicted by the CASTOR code, Fig.2-c and -d. To com-
pare the experimental pro�les with theoretical predic-
tions, the MHD Interpretation Code (MHD-IC) wasused
to simulate the SXR signals with theoretical eigenfunc-
tions asinput [22]. CASTOR eigenfunctionswereusedto
simulate the TAE pro�les, Fig.2-e. For the Sierpesmode,
lacking at present a theoretical model of it, a simple an-
alytic Gaussian eigenfunction centered at � pol ≈ 0:25,
as shown in Fig.2-f, was used that best �ts the Sierpes
experimental displacement. Fig.2-b also shows the fast
proton pressurepro�le ascalculatedwith the ICRH mod-
eling code PION [23] for discharge #21083. The volume
averagedfast proton beta, � f ast , of ≈ 0:3% as given by
PION is about 25%of the volume averagedtotal plasma
beta, and the dimensionlessfast proton pressuregradient
|R∇� f ast | is in the rangeof 0:01−0:04at � pol ∈ (0:2; 0:5)
wherethe TAE and Sierpesmodesare localised. The cal-
culated ratio of fast proton density to electron density,
the averageperpendicular tail energyof protons and the
fast proton beta attain the peak value of 5:5%, 130keV
and 1:7% respectively, at � pol ≈ 0:2 in the closevecinity
of the ion cyclotron resonance.

Fig.3 shows a CCD frame for the discharge #21011
at t = 1:43 s where both TAEs and Sierpesare present.
Two di�eren t contributions to the fast ion loss pattern
are simultaneously visible at di�eren t gyroradii and al-
most the same pitch angle. For the magnetic �eld at
the probe B t = 1:6T, the lossespeaked at gyroradius of
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FIG. 4: AUG discharge 21083: (a) Spectrogram of the photo-
multiplier signal which is covering the area at lower energies
(i.e. smaller gyroradii). (b) Spectrogram of the photomulti-
plier signal at higher energies(i.e. larger gyroradii). (c) Fast
ion loss signal at TAE n=4 and n=6 frequencieswith curves
from panel -a in red and from panel -b in black. (d) Phase
correlation between TAE magnetic perturbation (black line)
and losses(red line).

45 mm and pitch anglesbetween 68� -70� correspond to
hydrogen ions at energiesof ≈ 250 keV. The lossesat
higher gyroradii appear with a much broader distribu-
tion in giroradii, between60 and 110 mm correspond to
hydrogens with EH ≈ 1M eV and pitch anglesbetween
62� and 68� . During the experiments presented here the
detector headfront sidewas5 mm in the limiter shadow.

In order to identify the MHD perturbations responsi-
ble for theselosses,a Fast Fourier Transformation (FFT)
was applied to the signal of the photomultipliers which
observethe phasespaceregionswherelossesaredetected.
Fig.4-a shows the spectrogram of a signal, which is mea-
suring lost ions with a gyroradius ≈ 45mm (upper spot
in Fig.3). The spectrogram in Fig.4-b refers to ion losses
at higher gyroradii (60 − 110mm), i.e. the larger spot
in Fig.3. A clear correlation betweenthe TAE frequency
pattern and the fast ion loss frequenciesis observed in
both spectrograms. In addition, the frequenciesof the
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FIG. 5: AUG discharge 21011. (a) spectrogram of an in-vessel
magnetic pick-up coil. (b) spectrogram of a FILD channel
showing fast ion lossescorrelated with various typesof MHD
activities (ELMs, Sawtooth and �sh bones) [19]. (c) Fast ion
loss (FIL) signal at TAE n = 4 and n = 6, and Sierpes fre-
quencies.

Sierpesmode, at around 80kHz, emergewith a dominant
character in the fast ion losspattern (Fig.4-b), lasting for
a longer time. Tracking the frequenciescorresponding to
the individual TAEs n = 4 and n = 6 in both FILD
spectrograms, we observe stronger TAE losses(up to a
factor of three higher) if the Sierpesmode is alsoejecting
fast ions. Fig.4-c shows the temporal evolution of the
lossesat n = 4 and n = 6 TAE frequencieswithout Sier-
peslosses(red lines) and with Sierpeslosses(black lines).
The overlapping of the radial eigenfunctionsmight be the
reason for this, by channeling the ions which ful�ll the
loss conditions from the plasma core to the edge. The
high temporal resolution of FILD hasallowed to identify
the phasecorrelation betweenthe TAE magnetic pertur-

bation and its fast ion losses,seeFig.4-d. The relative
toroidal and poloidal location of FILD with respect to
the magnetic pick-up coil used for the phaseanalysis is
(d�; d� ) = (0:27; 0:08) rad.

To comparethe contribution to the losspattern of the
individual TAEs and Sierpes mode, a time window has
been selected in which they do not change strongly in
frequency. Fig.5-a and -b show, respectively, the spec-
trograms of the magnetic uctuation and of one FILD
channel during that time window. We track the frequen-
cies of the TAEs, n = 4 and n = 5, and of the Sierpes
mode in the fast ion loss spectrogram and extract their
amplitudes, asshown in Fig.5-c. Although each magnetic
perturbation is ejecting ions during the entire time win-
dow, it is obvious that the fast ion lossesat the Sierpes
frequency are stronger than the TAEs induced fast ion
losses. The correlation in the occurrence of the spikes
from t = 1:39s on in Fig.5-c givesfurther evidencefor a
coupling betweeneither plasmaperturbations [24] or fast
ion lossmechanisms. However, the frequencybehavior of
the magneticperturbation for both modesrevealsno cou-
pling betweenmagnetic perturbations; as a consequence
only the lossesare connected. The more virulent e�ect
of the SierpesMode on the fast ion population might be
explained on the basis of a broader loss condition. A
Fourier power spectrum at t ≈ 1:35s, from Fig.5-b, gives
the frequency width of the peaks corresponding to the
lossesdue to each MHD mode. The peak of the fast ion
lossesinduced by the Sierpes Mode appears at 75kH z
with a FWHM (Full Width at Half Maximum) of up to
10kH z while the peaks corresponding to the individual
TAE losseshave a FWHM of up to 2kH z.

In summary, we have obtained for the �rst time energy
and pitch anglemeasurements of fast ion lossescorrelated
in frequency and phasewith high frequency modes. Se-
lective TAE induced fast ion losses,asexpectedfrom the
theory, have been observed in ICRH heated discharges.
A new MHD perturbation, called Sierpesmode, hasbeen
identi�ed due to its strong inuence on the energeticion
losses.Sierpesinducedfast ion lossesusually arestronger
than those induced by TAEs. Core density changesdue
to L-H mode transitions have revealedthe non-Alfv �enic
character of the Sierpes mode. Sierpes as well as TAE
eigenfunctions have been measured. A spatial overlap-
ping of their eigenfunctionsleadto a fast ion losscoupling
and shows the strong inuence that a core localized fast
ion driven perturbation may have on the fast ion popula-
tion. Theseresults represent a breakthrough for the use
of scintillator baseddetectorsfor diagnosingenergeticion
lossesin fusion plasmas.
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