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Time-resolved energy and pitch angle measurements of fast-ion losses correlated in frequency and
phase with high-frequency magnetohydrodynamic perturbations have been obtained for the first time in a
magnetic fusion device and are presented here. A detailed analysis of fast-ion losses due to toroidal Alfvén
eigenmodes has revealed the existence of a new core-localized magnetohydrodynamic perturbation, the
sierpes mode. The sierpes mode is a non-Alfvénic instability which dominates the losses of fast ions in ion
cyclotron resonance heated discharges, and it is named for its footprint in the spectrograms (‘‘sierpes”
means ‘‘snake” in Spanish). The sierpes mode has been reconstructed by means of highly resolved

multichord soft-x-ray measurements.
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In fusion plasma devices, it is necessary that fast (i.e.,
suprathermal) ions generated by heating systems and fu-
sion born « particles are well confined until they transfer
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. Significant losses of these ions may reduce the
heating as well as the neutral beam injection (NBI) current
drive efficiency [1]. In addition, loss of fast ions that is
sufficiently intense and localized may cause damage to
plasma facing components in the vacuum vessel. This is
especially important in large fusion devices like the
International Tokamak Experimental Reactor (ITER)
where even a small fraction of lost energetic ions might
be intolerable [2]. Moreover, the study of the fast-ion
physics in high By, (fast-ion pressure divided by magnetic
pressure) discharges is important also to understand the
formation of internal transport barriers (ITBs) [3], and in
general the plasma MHD stability [4].

Fast-ion driven instabilities like toroidal Alfvén eigen-
modes (TAEs) are extensively studied theoretically [5] and
experimentally [6] in magnetic fusion devices. In general,
the interaction of energetic particles with Alfvén waves can
be described by the properties of the background plasma;
however, when there is a sufficiently large energetic parti-
cle population, these particles can alter the plasma charac-
teristics. As a result, new modes of a shear Alfvénic
character [energetic particle modes (EPMs)] arise. Losses
of fast ions due to TAEs [7,8] and EPMs [9,10] have been
reported in many conventional aspect ratio tokamaks.
However, these studies are either based on neutron drops
correlated with bursting MHD instabilities or are lacking of
the necessary time-resolved pitch angle and energy mea-
surements of the lost ions.
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In this Letter, we present the first time-resolved energy
and pitch angle measurements of fast-ion losses correlated
in frequency and phase with TAEs. The fast-ion loss de-
tector (FILD) [11] design is based on the concept of the
a-particle detector used for the first time in TFTR [12] and
more recently in other major fusion devices like 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 perturba-
tion, the sierpes mode (*‘sierpes” translates to ““snake’’), in
the ASDEX Upgrade (AUG) tokamak [17]. The radial
eigenfunction of TAEs and sierpes modes have been mea-
sured with the high resolution multichord soft x-ray (SXR)
diagnostic [18].

The experiments have been mainly performed in plas-
mas with toroidal plasma current I, = 1.0-1.2 MA, toroi-
dal field B, = 2.0-2.2 T, safety factor at the edge
gos = 3.2-4.0, and ion cyclotron resonance heating
(ICRH) as main heating and fast particle source. 5 MW
of on axis ICRH of hydrogen minority was applied in a
deuterium plasma (ny/np = 6%). Figure 1(a) shows the
typical core line integrated electron density, n,, together
with ICRH power for a reference discharge, No. 21 083.
Figures 1(b) and 1(c) show, respectively, the Fourier spec-
trogram for a magnetic fluctuation signal and for a SXR
signal, corresponding to a line of sight passing through the
plasma core. Several dominant frequencies are visible
between 150 and 225 kHz. They correspond to TAEs
with different toroidal mode numbers [19] n’s (n = 3, 4,
5, 6, 7), whose presence is confirmed also by comparison
with linear resistive MHD calculations carried out with the
CASTOR code [20]. At lower frequencies, up to 25 kHz,
some bursting fishbone modes appear. Fishbones are
broadly known as a fast particle driven (m =1, n = 1)

© 2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.100.055005

PRL 100, 055005 (2008)

PHYSICAL REVIEW LETTERS

week ending
8 FEBRUARY 2008

{a)]

% [P mw)

Magnetics Spectrogram

n(10° m?®)

#21083
TAEs

n=3

 FISROONPS - i ey ey o gl i 4
#21083  (c)

Soft X Ray Spectroéram

0 I . U ’ 4 N\ A -3
1.0 1.1 1.2 1.3 1.4 1.5
Time (s)

FIG. 1 (color online). AUG discharge 21083: (a) core line
integrated electron density (n,) and total ICRH power (Picry)-
(b) Spectrogram of an in-vessel magnetic pickup coil.
(c) Spectrogram of a core SXR channel. The local core electron
temperature (7,) indicating the mode occurrence threshold is
superimposed in white. The vertical white dashed line indicates
the time at which the mode structure analysis was done.

MHD perturbation with m the poloidal mode number [19].
An interesting feature is present in the SXR spectrogram at
intermediate frequencies, ~80 kHz, where a dominant
pattern emerges. We call this new plasma perturbation
the sierpes mode because of its footprints in the fast-ion
loss spectrogram and the fact that it is hardly visible for the
Mirnov pickup coils [21].

The sierpes mode 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 it is unaffected by changes in the magnetic safety
factor, g profile [19]. In fact, the frequency of the sierpes
mode does not change with the toroidal magnetic field B,
or the core electron density n,. A rapid change of the
electron density, n,, due to low- (L) to high- (H) mode
confinement transition (see Fig. 1) is followed by a change
in the TAE frequency, as expected, but not by a change in
the sierpes mode frequency. This hints that the sierpes
mode is not an Alfvénic mode. Furthermore, the rapid
frequency rise before the sawtooth crashes [19] cannot be
explained by the classical Alfvénic physics since no rele-
vant plasma parameter (i.e., n or B,) can change so fast. In
fact, the behavior before the sawtooth crash suggests some
kinetic effects of the energetic particles as in the EPM case.

Figure 1(c) also shows the electron temperature, 7,, near
the plasma center measured by the electron-cyclotron-
emission (ECE) diagnostic. A strong dependence of the
sierpes mode occurrence on the local 7, is observed. The
sierpes mode appears always above a threshold in the local
electron temperature, which is approximately 7T, =

1.9 keV in the present conditions [the threshold is indi-
cated in Fig. 1(c) by the horizontal line]. The mode always
disappears at the sawtooth crashes and appears again
within the next =10 ms, when the T, i.e., the collisionality
(v,), has reached the threshold. It is important to note that
the sierpes mode has been found with the same character-
istics in both L- and H-mode confinement discharges.

The toroidal, n, and poloidal, m, mode numbers of the
sierpes mode (m = 4, n = 4) were obtained from Mirnov
loops and SXR measurements along different lines of sight,
respectively.

The TAE and sierpes mode internal structure is recon-
structed by means of highly resolved multichord SXR
measurements which images the SXR radiation emitted
by the plasma. The magnitude of the SXR fluctuation
due to the n = 4 TAE and sierpes mode is extracted for
all lines of sight by cross correlation with the FILD channel
No. 13, which detects losses from both modes [see its
Fourier spectrogram in Fig. 4(b)]. The magnetic field line
radial displacement associated with the two modes is com-
puted by dividing the SXR fluctuation profiles by the local
gradient of the SXR brightness profile. Figure 2(a) shows
that the displacement profile of the dominant TAE (n = 4)
is fairly localized in radius (Ap,, = 0.3) and located at
about mid radius, with a maximum at p,, =~ 0.55. The
maximum TAE displacement ranges from 0.1 to 0.4 mm
and the inferred core magnetic perturbation amounts to
8b,/B, = kjp, = 0.2-5X 1074, The sierpes mode
[Fig. 2(b)] has a more core-localized eigenfunction, which
is peaked around p,, =~ 0.25 and it extends up to p,, =
0.5, leading 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 region, poyerp € (0.2,0.5),
where the n = 4 TAE and sierpes eigenfunctions overlap
with nonzero values.

The radial position and radial width of the measured
TAE eigenfunctions are reasonably consistent with those
predicted by the CASTOR code, Figs. 2(c) and 2(d). To
compare the experimental profiles with theoretical predic-
tions, the MHD interpretation code (MHD-IC) was used to
simulate the SXR signals with theoretical eigenfunctions
as input [22]. CASTOR eigenfunctions were used to simulate
the TAE profiles, Fig. 2(e). For the sierpes mode, lacking at
present a theoretical model of it, a simple analytic
Gaussian eigenfunction centered at p,,; = 0.25, as shown
in Fig. 2(f), was used that best fits the sierpes experimental
displacement. Figure 2(b) also shows the fast proton pres-
sure profile as calculated with the ICRH modeling code
PION [23] for discharge No. 21 083. The volume averaged
fast proton beta, By, of =0.3% as given by PION is about
25% of the volume averaged total plasma beta, and the
dimensionless fast proton pressure gradient |[RV By, | is in
the range of 0.01—  0.04 at p,, € (0.2,0.5) where the
TAE and sierpes modes are localized. The calculated ratio
of fast proton density to electron density, the average
perpendicular tail energy of protons, and the fast proton
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FIG. 2 (color online). AUG discharge 21 083: (a)—(b) radial
displacement of the n = 4 TAE and the sierpes mode, respec-
tively, obtained from SXR, together with the fast proton pressure
profile as given by the PION code; (c)—(d) show the same
quantities modeled with the MHD-IC code; (e)—(f) radial eigen-
functions used as inputs to the MHD-IC code.

beta attain the peak value of 5.5%, 130 keV, and 1.7%,
respectively, at p,, = 0.2 in the close vicinity of the ion
cyclotron resonance.

Figure 3 shows a CCD frame for the discharge
No. 21011 at r = 1.43 s where both TAEs and sierpes
are present. Two different contributions to the fast-ion
loss pattern are simultaneously visible at different gyrora-
dii and almost the same pitch angle. For the magnetic field
at the probe B, = 1.6 T, the losses peaked at gyroradius of
45 mm and pitch angles between 68°—70° correspond to
hydrogen ions at energies of =250 keV. The losses at
higher gyroradii appear with a much broader distribution
in giroradii; between 60 and 110 mm correspond to hydro-
gens with E; = 1 MeV and pitch angles between 62° and
68°. During the experiments presented here the detector
head front side was 5 mm in the limiter shadow.

In order to identify the MHD perturbations responsible
for these losses, a fast Fourier transformation (FFT) was
applied to the signal of the photomultipliers which observe
the phase space regions where losses are detected.
Figure 4(a) shows the spectrogram of a signal, which is
measuring lost ions with a gyroradius =45 mm (upper
spot in Fig. 3). The spectrogram in Fig. 4(b) refers to ion
losses at higher gyroradii (60—110 mm), i.e., the larger spot
in Fig. 3. A clear correlation between the TAE frequency
pattern and the fast-ion loss frequencies is observed in both
spectrograms. In addition, the frequencies of the sierpes
mode, at around 80 kHz, emerge with a dominant character
in the fast-ion loss pattern [Fig. 4(b)], lasting for a longer
time. Tracking the frequencies corresponding to the indi-
vidual TAEs n = 4 and n = 6 in both FILD spectrograms,
we observe stronger TAE losses (up to a factor of 3 higher)
if the sierpes mode is also ejecting fast ions. Figure 4(c)
shows the temporal evolution of the losses at n = 4 and

FIG. 3 (color online). AUG discharge 21 011: CCD view of the
light pattern produced by the incident ions ejected from the
plasma due to interactions with high-frequency modes.

n = 6 TAE frequencies without sierpes losses (red lines)
and with sierpes losses (black lines). The overlapping of
the radial eigenfunctions might be the reason for this, by
channeling the ions which fulfill the loss conditions from
the plasma core to the edge. The high temporal resolution
of FILD has allowed to identify the phase correlation
between the TAE magnetic perturbation and its fast-ion
losses, see Fig. 4(d). The relative toroidal and poloidal
location of FILD with respect to the magnetic pickup
coil used for the phase analysis is (d¢,df) =
(0.27,0.08) rad.
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FIG. 4 (color online). AUG discharge 21 083: (a) spectrogram
of the photomultiplier signal which is covering the area at lower
energies (i.e., smaller gyroradii). (b) Spectrogram of the photo-
multiplier signal at higher energies (i.e., larger gyroradii).
(c) Fast-ion loss signal at TAE n =4 and n = 6 frequencies
with 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).
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FIG. 5 (color online). AUG discharge 21 011. (a) Spectrogram
of an in-vessel magnetic pickup coil. (b) Spectrogram of a FILD
channel showing fast-ion losses correlated with various types of
MHD activities (ELMs, sawtooth, and fishbones) [19]. (c¢) Fast-
ion loss (FIL) signal at TAE n =4 and n = 6, and sierpes
frequencies.

To compare the contribution to the loss pattern of the
individual TAEs and sierpes mode, a time window has been
selected in which they do not change strongly in frequency.
Figures 5(a) and 5(b) show, respectively, the spectrograms
of the magnetic fluctuation and of one FILD channel dur-
ing that time window. We track the frequencies of the
TAEs, n =4 and n = 5, and of the sierpes mode in the
fast-ion loss spectrogram and extract their amplitudes, as
shown in Fig. 5(c). Although each magnetic perturbation is
ejecting ions during the entire time window, it is obvious
that the fast-ion losses at the sierpes frequency are stronger
than the TAEs-induced fast-ion losses. The correlation in
the occurrence of the spikes from ¢ = 1.39 s on in Fig. 5(c)
gives further evidence for a coupling between either
plasma perturbations [24] or fast-ion loss mechanisms.
However, the frequency behavior of the magnetic pertur-
bation for both modes reveals no coupling between mag-
netic perturbations; as a consequence, only the losses are
connected. The more virulent effect of the sierpes mode on
the fast-ion population might be explained on the basis of a
broader loss condition. A Fourier power spectrum at ¢ ~
1.35 s, from Fig. 5(b), gives the frequency width of the
peaks corresponding to the losses due to each MHD mode.

The peak of the fast-ion losses induced by the sierpes mode
appears at 75 kHz with a full width at half maximum
(FWHM) of up to 10 kHz while the peaks corresponding
to the individual TAE losses have a FWHM of up to 2 kHz.

In summary, we have obtained for the first time energy
and pitch angle measurements of fast-ion losses correlated
in frequency and phase with high-frequency modes.
Selective TAE-induced fast-ion losses, as expected from
the theory, have been observed in ICRH heated discharges.
A new MHD perturbation, called sierpes mode, has been
identified due to its strong influence on the energetic ion
losses. Sierpes-mode-induced fast-ion losses usually are
stronger than those induced by TAEs. Core density changes
due to (L-H)-mode transitions have revealed the non-
Alfvénic character of the sierpes mode. Sierpes as well
as TAE eigenfunctions have been measured. A spatial
overlapping of their eigenfunctions leads to a fast-ion
loss coupling and shows the strong influence that a core-
localized fast-ion driven perturbation may have on the fast-
ion population. These results represent a breakthrough for
the use of scintillator based detectors for diagnosing ener-
getic ion losses in fusion plasmas.

The authors wish to acknowledge the support of
J. Snipes, A. Fasoli, D. Borba, S.-D. Pinches, and P.
Lauber for the very fruitful discussions.
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