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Abstract. The radial structure of Toroidal Alfvén Eigenmodes (TAEs) is of great
importance for comparison with theoretical predictions. A dual-channel fast frequency
hopping millimeter-wave reflectometer installed on the ASDEX Upgrade tokamak is
capable of measuring density fluctuations from the plasma edge to core, allowing the
radial eigenfunction of n = 4 TAE and edge MHD modes to be obtained using phase
perturbation and coherence data analysis techniques. The two techniques reveal similar
results, and in particular the radial structure of the n = 4 TAE is found to be in good
agreement with numerical predictions from linear gyrokinetic simulations. First results
of the radial localization of Alfvén cascades are also presented.
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1. Introduction

The physics of energetic particle driven modes is of particular interest for understanding
fast ion dynamics and transport in burning plasma devices, such as ITER [1, 2].
Alfvén Eigenmodes (AE) instabilities, for example, can expel alpha particles, potentially
damaging the first wall components of a reactor as well as reducing the efficiency of
plasma self-heating. AE instabilities such as Toroidicity induced Alfvén Eigenmodes
(TAEs) and Alfvén Cascades (ACs) have been shown to be destabilized by Neutral
Beam Injection (NBI) [2] and Ion Cyclotron Resonance Heating (ICRH) [4]. TAEs
modes have been observed in many devices such as TFTR [2], DIII-D [5], NSTX [6],
Alcator C-mod [7], JT60U [4], JET [8] and ASDEX Upgrade [9].

An analysis of the toroidal and poloidal mode numbers, as well as the radial
extent of TAEs is of great importance for the validation of theoretical predictions,
which can be used to determine the behaviour of fast particle modes in ITER. Many
diagnostic techniques have been used to investigate the radial eigenfunction of TAEs
and ACs. In TFTR, the TAE radial eigenfunction was obtained for the first time using
Beam Emission Spectroscopy (BES) and reflectometry. The poloidal mode number was
found to be consistent within 50 % of the predictions from an ideal MHD model [10].
Nazikian et al. investigated the radial mode structure of a n = 4 TAE using three fixed
frequency X-mode reflectometer channels. Radial scanning was achieved by varying the
toroidal magnetic field strength (B;) [11]. However, several discharges with identical
magnetic activity were required to obtain the radial scans across the core region. The
inferred density fluctuation (dn. /n.) profile showed a ballooning structure in qualitative
agreement with ideal MHD model predictions. Recently, the n = 2 TAE with a core
localized anti-ballooning structure has been re-interpreted as an AC [12].

In Tore Supra, Sabot et al. measured the dn. /n. radial profile of a TAE mode using
X-mode reflectometry in a single discharge. The mode exhibited a core localized peak
towards the high-field-side (HFS), however, no detailed comparisons with theoretical
models were made [13].

In DIII-D, Carolipio et al. measured the radial mode structure of an n = 5 TAE
using soft X-ray diagnostics, but poor agreement was found with ideal MHD (NOVA),
gyrofluid (TAE/FL) and global gyrokinetic wave (PENN) models. In ASDEX Upgrade,
Borba et al. compared the emissivity fluctuation amplitude of soft X-ray channels in
the core region with simulation, it was found that n = 3 TAE is global [9].

Recently, Electron Cyclotron Emission (ECE) diagnostics have revealed good
potential for studying the radial mode structure of TAEs [14]. In DIII-D the radial
eigenfunction obtained with ECE on the low-field-side shows good agreement with ideal
MHD modelling for n = 3 TAE and n = 3 AC modes [15]. Other diagnostics measuring
density fluctuations through different vertical or radial chords, such as two colour CO,
interferometry [16], far-infrared scattering (FIR) [17] and Phase Contrast Imaging (PCI)
on Alcator C-mod [18] have been used to obtain information on the localization of Alfvén
Eigenmodes.
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On ASDEX Upgrade a heterodyne fast frequency hopping reflectometry has been
developed to measure density fluctuation profiles with a fast (~100 ms) time scale. In
this paper, first measurements of complete radial scans from edge to core in a single
discharge with phase and amplitude are presented. Two data analysis techniques for
extracting the radial eigenfunction, reflectometer phase perturbation and reflectometer-
magnetics coherence, are compared. The results show both core and edge localized
peaks, which are shown to be in good agreement with numerical predictions from the
linear gyrokinetic simulation code LIGKA [19]. An additional edge localized mode has
also been observed in TAE discharges but has not yet been conclusively identified.
Finally, first results on the localization and characteristics of ACs in ASDEX Upgrade
are presented.

2. Diagnostic hardware

Plasma reflectometry is based on the radar principle: a microwave beam with a frequency
[y is launched into the plasma, parallel to the density gradient, and is reflected when the
refractive index approaches zero. For an O-mode polarized beam, the cutoff condition
(in the cold plasma approximation) depends only on the electron density. The cutoff
density is given by:

2
Ne = —meeo(f;FO) (1)
where e the electron charge, m, the electron mass and ¢, the vacuum permittivity.

In this study two O-mode reflectometer systems have been used on ASDEX
Upgrade: a multi-channel LFS/HFS (Low Field Side/ High Field Side) broadband
FM-CW (Frequency Modulation- Continuous Wave) profile reflectometer capable of
operation in either swept or fixed frequency mode, and a dual channel fast frequency
hopping reflectometer launching from the LFS which is dedicated to density fluctuation
measurements.

Figure 1(a) shows a schematic of one channel of the fast frequency hopping
reflectometer [20]. Each channel uses two phase locked programmable frequency
synthesizers (8 - 12 GHz) for heterodyne receiving, followed by passive and active
frequency multipliers to bring the launch frequency up to 32 — 49.2 GHz (Q-band) and
49 — 72 GHz (V-band) respectively. These frequency ranges correspond to the density
range 1.35—6 x 10 m—3. Each channel /band uses an individual single antenna (with in-
vessel directional coupler for transmit and receive separation) located approximatively
at the tokamak midplane and tilted poloidally to follow the vessel wall. Figure 2 shows a
poloidal cross-section of the tokamak with flux surfaces for a lower single null discharge
illustrating the antenna positions and vacuum lines-of-sight. The lines of sight are
aligned to be as close to perpendicular to the density cutoff layers in the plasma edge
region as possible. Both channels are equipped with In-phase I = A(t) cos(p(t)) and
Quadrature Q = A(t)sin(p(t)) detection allowing separation of the phase ¢(t) and
amplitude A(¢) fluctuation signals. The data acquisition system currently has 12-bit
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Figure 1. Schematic of measurement technique: (a) Heterodyne reflectometer with
IQ detection, (b) Typical staircase launch frequency pattern.

resolution with a 1 MHz sample rate, which permits discrimination of MHD modes and
turbulent density fluctuations up to 500 kHz. Each channel can be pre-programmed with
a specified launch frequency pattern. Figure 1(b) shows a typical staircase frequency
The

probe frequency is typically held constant for at least 6 ms and can change and lock to

pattern which is repeated continuously throughout a single plasma discharge.

another frequency in less than 0.8 — 1.2 ms - hence the name “fast frequency hopping
reflectometer”.

Figure 3 shows a toroidal view of the ASDEX Upgrade tokamak. The fast frequency
hopping reflectometer antennas are located between toroidal sectors 4 and 5, while the
FM-CW profile reflectometer (REF) antennas are sited toroidally between sectors 5
and 6. Also shown are the positions of the main Mirnov coil arrays and other relevant
plasma density diagnostics, such as the Thomson scattering (T'S) system in sector 3, the
Lithium beam (LID) diagnostic in sector 9 and interferometers (DCN) in section 11.

The profile reflectometer [21] covers the frequency range 16 — 100 GHz in several
bands (n. = 0.3—10x10' m™3) on the LFS and 16—72 GHz (n. = 0.3—6.64x 10 m~3)
on the HFS. Density profiles can be obtained with a high temporal resolution of
35 ps and high spatial resolution of 5 mm. When operated in fixed frequency mode



Localization of fast particle and MHD modes D

#21007 @ 4.20 s

FLQ
(33-49.2 GHz)

FLV
(49.4-72Gz)

Figure 2. Poloidal position of reflectometry system.

simultaneous fluctuation measurements from 4 radial positions can be obtained, but
only with qualitative information due to the limitation of the single ended homodyne
detection method used.

3. Data analysis methods

3.1. Correlation and coherence analysis.

Cross correlation and coherence techniques are widely used data analysis tools for
studying the temporal and spatial structure of fluctuation phenomena. For example,
in fusion plasmas the coherence between reflectometry or Electron Cyclotron Emission
(ECE) and magnetic signals has been used to radially localize MHD activity as a means
of providing information on the current (or ¢) profile [22]. They are also employed
with radial and poloidal correlation reflectometers (e.g. [23, 24]) where two spatially
separated reflectometry fluctuation signals are correlated to obtain the size of coherent
structures.

The time delayed cross correlation coefficient between two digitized zero mean
signals z(t) and y(t) (normalized cross correlation function) is defined as

_ Rry (T>
T = R ) R @) @
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where 7 is a variable time delay and R;; the respective sample cross and auto correlation
functions [25]

Reyfr) = 3 - alt)olty + 7). 3

where time ¢, = ¢At with At the sample interval. The correlation coefficient ranges
between £1 and is unity when the z(¢) and y(¢) signals are identical. In the frequency
domain the coherence spectrum (f) is simply the Fourier transform of p,, (7). The
coherence is normally computed directly from the FFTs of the x(¢) and y(t) signals [26]
and is defined as

v(f) = <Falf) >

[< Sea(f) > . < Sy (f) >]1/2 (4)

where S, is the cross-power spectrum and S, Sy, the auto-power spectra. The

brackets <> represent ensemble averages. The cross-power spectrum is defined as the
sum of co (Cyy) and quad (Q,) spectra [26]

Sey(F) = [Cay(f)? + Quy ()2, (5)

The relative spectral phase angle between signals x(t) and y(t) is given by the
cross-phase spectrum 6,,(f)

1 [ Quy(f)
0,y (f) = tan™! (yi (6)
! Cay(f)
which corresponds to the time delay I' between two signals as a function of frequency

r() =240, 1)
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The coherence is a statistical parameter obtained by ensemble averaging the cross-
power spectrum over many data sets. The number of data sets N,, defines the minimum
level of statistical significance in the coherence 7y, = 1/v/N,,, if data sets are statistically
independent. Here, the data set duration is 512 ps while the autocorrelation time of
both reflectometer and magnetic signals is around 2 ps. Due to the limitation of the
signal lengths there is always a compromise between minimizing the statistical noise level
(number of averages) and maximizing the frequency resolution in the spectra (number
of FF'T points).

In the study performed here the radial structure of coherent oscillations such
as MHD and fast particles modes was obtained by correlating the reflectometer
signal (typically the in-phase homodyne signal) for each launch frequency with the
corresponding magnetic fluctuation signal from the nearest toroidally located Mirnov
coil to give the coherence of the mode versus radial position. Investigations revealed
similar results for the phase, amplitude, In-phase, Quadrature and complex amplitude
signals [27]. For each radial position 10 to 15 ms of data are used. FFT data lengths
are typically 512 points with a 50 % overlap sampling [25]. While the coherence is
normally quite stable for each cutoff layer measurement it is necessary to monitor the
temporal evolution of the cross-phase as it may drift significantly over the measurement
period. For these measurements the standard deviation as well as the mean cross-phase
are calculated.

3.2. Phase perturbation method.

The I-Q detection of the hopping frequency reflectometer allows the separation of
the phase ¢(t) and amplitude A(t) fluctuations. The phase signal is sensitive to the
radial displacement of density cutoff layer, as well as interference effects, while the
amplitude signal is dominated by scattering effects. The phase signal can be expressed
as p(t) = o + dp(t) with mean phase ¢ related to the position of the cutoff layer
and do(t) the phase fluctuation near the cutoff layer. The relation between ¢ and the
density fluctuation level dn. /n. has been extensively studied. Generally, for small scale
plasma turbulence sophisticated 2D models are required, such as [28]. However, for
large scale plasma perturbations, such as low order MHD modes, where the transverse
fluctuation wavelength A is much larger than the radius w of the microwave probing
beam (A > w), a simpler 1D model can be used such as [29, 30, 31]. Here, the density
fluctuation level is given by [31],

47 on
5 _ " e
r A Ne

where L, = n./(Vn,) is the density gradient length at the cutoff density, A is the

Ly, (8)

vacuum wavelength of the probing wave. Strictly speaking, this relation is only valid
if (6ne /ne) < (k.L,)~! (veferred to as the mixing length limit [32]) i.e small amplitude
fluctuations with radial plasma fluctuation wavenumbers k, much smaller than the
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wavenumber of the probing wave. This formula has been used to estimate the density
fluctuation level induced by MHD activity like magnetic islands [33].

Experimentally, the algorithm of Seo [34] is used to obtain ¢(t). It calculates the
relative phase differences between two time points and then accumulates them to give
the absolute phase. This method is valid if the phase variation between successive
measurements is within +7. To study the influence of MHD activity on density
fluctuations the reflectometry signal is normally band-pass filtered for the frequencies of
interest and then the standard deviation calculated. The disadvantage of this procedure
is that modes with small frequency separation can not be isolated due to the finite
response of the filter and in addition the effect of any background turbulence present
in this frequency band can not be separated. Some authors have proposed using the
magnitude of the spectral peak at the mode frequency from the FFT of the phase
signal [11, 33]. Here, we calculate the maximum amplitude of ¢(t) at frequency f by
integrating the phase spectrum across the mode frequency peak, subtracting the spectral
power from adjacent frequency bands to compensate for background turbulence effects,
then multiplying by 2 to consider negative and positive frequencies.

To convert the reflectometer phase modulation to a density fluctuation level requires
a separate measurement of the density profile. This is also needed to give the radial
cutoff position for each reflectometer probing frequency. A best fitted density profile is
obtained using a combination of TS, LID and REF data when available. The normalized
poloidal flux radius p,, is normally used as the radial coordinate as it accounts for the
different diagnostic lines of sight, and is defined from the tokamak scrape-off-layer (SOL)
to the core. The error bars in reflectometer density cutoff layer position are based on
the quality of the density profile. These values include the resolutions of the respective
diagnostics, the density profile fitting errors, as well as the temporal variation of the
density data during the measurement interval.

4. Overview of Alfvén Eigenmodes

In a tokamak, an MHD instability can be generally characterized by its poloidal m and
toroidal n mode numbers, its frequency of rotation w, and the radial displacement of
magnetic field lines (j

¢ = Co(r) exp(—imb + ing — iwt), 9)

where 6 and ¢ are the geometric poloidal and toroidal angles respectively (toroidal
effects are not considered in this ansatz [35]).

In tokamaks, the toroidal geometry breaks the continuum Alfvén spectra and
permits discrete toroidal Alfvén Eigenmodes (TAEs) with frequencies inside the
continuum gaps [36]. In toroidal plasmas the dispersion relation for Alfvén Eigenmodes
is locally given by

v

Julr) = gy (0= mla(r)) (10)
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Figure 4. Alfvén continuum of n = 4 (red) and n = 5 (green) for shot #20398 at
t=1.76s.

where v, is the Alfvén velocity [37]

va:B/\/Z;, (11)

and R the major radius of the tokamak, ¢(r) the safety factor, B the equilibrium

magnetic field and p the plasma mass density. The coupling of two poloidal harmonics
m and m + 1 produces the TAE gap frequency with

fTAE = Ua/ (47TqR> (12)

Figure 4 shows an Alfvén continuum spectra computed from the CASTOR code [38]
for discharge #20398. Two types of TAEs (odd and even) can exist depending on the
mode frequency. The even TAE has a frequency just above the lower bound of the
corresponding continuum gap and shows a ballooning structure [39]. The odd TAE is
peaked in amplitude on HF'S and its frequency is near the upper continuum of the TAE
gap [40, 41]. Depending on the TAE radial structure, two different kinds of TAE exist
- core localized TAEs and global TAEs. The core localized TAE exists at low magnetic
shear in the core and is located in a single continuum gap. The global TAE crosses
several continuum gaps with a radial mode structure extended to the plasma edge [42].

The kinetic toroidicity induced Alfvén Eigenmodes (KTAEs) with a frequency just

above the TAE gap are generated by the coupling of two kinetic Alfvén waves (KAWs)
[43]. The KTAE’s radial structure is given by LIGKA code.
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Figure 5. Time traces of several plasma parameters for shot #20489.

Alfvén Cascades (ACs) were discovered in JT60U [44] and are associated with the
temporal evolution of g, () with a frequency ramp rate described by

d _mu, d

- ~ % 7 g 1
dt WAC R dt qmln(t) ( 3)

Generally ACs are observed in tokamak discharges with a nearly flat or reversed
q profile [45, 46, 12, 47]. Hence these modes are of particular interest in the study
of internal transport barrier (ITB) formation since they can be used to indicate the
presence of magnetic shear reversal [48]. ACs exhibit upward frequency sweeping,
starting at a frequency that has been interpreted as being close to the geodesic curvature
frequency [49] and rises towards the TAE gap. According to the theory of Fu and Berk
[50] the reason why the cascade frequency occasionally cannot penetrate into the TAE
gap may be due to the background pressure gradient, as observed in JET experimental
data. Depending on the gap structure, also ACs coupling to the continuum - resulting
in stronger damping - can occur [51].

In DIII-D, Beta induced Alfvén Eigenmodes (BAEs) are observed with intense
neutral beam injection in high beta () plasma discharges [52]. BAE frequencies are
lower than the TAE frequency and vary with B;, and are predicted to be excited only
in the plasma core. A possible explanation for the BAE behaviour is that the BAE
frequency gap is caused by coupling between an Alfvén wave and a sound wave due to
3 effects [53].

5. Toroidal Alfvén Eigenmodes

5.1. TAFE discharge

In ASDEX Upgrade, unstable TAEs are observed in magnetic probe, reflectometer,
and soft X-ray camera signals in low density, n. ~ 3 — 5 x 10! m~3, discharges with
ion cyclotron resonance heating (ICRH) power exceeding Picry > 2.5 MW [9]. In
this density range the frequency hopping reflectometers can probe cutoff layers from
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Lithium beam (LID) and FM-CW reflectometry (REF) data for shot #20489 at 2.21 s.

the edge to the core, i.e. 1.35 — 6.64 x 10Y m~3, for discharges with a reasonably
steep density profile. Figure 7 shows time-frequency spectrograms from (a) In-phase
Q-band reflectometer and (b) magnetic signals for the typical discharge #20489 with
5,5 MW ICRH, Br = —2.5 T, I, = 0.8 MA and 7, &~ 3.4 x 10" m™3. Figure 5 shows
the corresponding time traces of ICRH power, radiated power, density and electron
temperature for this shot, while figure 6 shows the density profile at 2.21 seconds.

The Mirnov spectrogram in figure 7 clearly shows a set of TAE modes around
230 kHz, interrupted by sawteeth events roughly every 80 ms. After each sawtooth a
downward frequency sweeping mode with harmonics appears around 100 kHz. During
the time frame shown the QQ-band hopping frequency reflectometer makes two and a half
profile sweeps. The TAEs are only seen in the 47 and 49 GHz steps (and also at higher
frequencies in the V-band reflectometer data - which is not shown here) confirming the
TAESs are primarily localized to the core region. The lower frequency modes appear only
in the 33 — 39 GHz steps indicating they are edge localized.

From a mode analysis of Mirnov coil data toroidal mode numbers of n = 3,4,5,6
rotating in ion diamagnetic drift direction are deduced for the TAEs. Combining the
Q and V-band reflectometer measurements only TAEs with n = 4,5,6 are observed
with a radial extension of py, &~ 0.4 — 0.7 (2£0.05). Concerning the n = 3 TAE, it is
either observed at the edge (ppu > 0.97) or in the core (ppq < 0.4). In the magnetic
measurements after each sawtooth crash there is a clear reduction in the TAE amplitude,
particularly for the n = 3 mode, which is believed to be due to the removal of fast
particles from the core thus removing the drive of TAEs [9]. The different behaviour
of the n = 3 TAE mode may be explained by the different localization of the mode.
Figure 7(a) shows a broad frequency striation (e.g. at t = 2.08 s and p,, =~ 0.7) in the
reflectometer data coinciding with the onset of the sawtooth. This is due to the rapid
radial movement of the density cutoff layer as a consequence of the particle expulsion
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Figure 7. Time-frequency spectrograms of (a) FLQ-I reflectometer and (b) Mirnov
coil signals for shot #20489.

from the core [54]. In the magnetic spectrogram, figure 7(b), the TAE modes just stop
at each sawtooth crash.

In summary, the reflectometry measurements give information on the localization of
the various MHD phenomena: MHD modes at the plasma edge after each sawtooth, the
sawtooth and its precursor, as well as TAEs in the core. The radial position and extent
of these modes are observed to be almost constant from successive reflectometer sweeps.
Figures 8 and 9 show power spectra for edge (33 GHz) and core (49 GHz) reflectometer
cutoff layers together with a Mirnov signal (B(t)) spectra. The low frequency turbulence
(f < 50 kHz) generally dominates in all the reflectometer signals, but the relative
amplitude of the edge modes and TAEs can be compared with the magnetics. The
internal localized reflectometer and the external magnetic coil measurements explain
the different relative amplitude between TAEs. Also observed in reflectometer data are
small amplitude spectral peaks (sidebands) around the main n = 4 and n = 5 TAE
peaks which may possibly be identified as nonlinear splitting of the TAE spectral line
[55].

5.2. Phase analysis

To demonstrate the phase analysis technique, discharge #21007 with 4.5 MW pure
ICRH, By = =2 T, I, = 1 MA and 7, = 3.6 x 10 m™® was used. From magnetic
measurements TAE modes with n = 4,5,6 are present, although the n = 6 mode is
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intermittent, appearing just after each sawtooth and disappearing after around 200 ms.
The reflectometer frequency pattern (QQ and V-bands) is 11 steps of 15 ms covering
density fluctuations from the edge (ppo = 0.97 £ 0.01) to the core (ppo = 0.45 £ 0.05).
For this discharge the reflectometry spectrograms clearly show TAE modes present at
both the core and the edge, however, to assess their relative strength requires a more
quantitative analysis.

In the reflectometer phase spectrum at least two peaks are observed at around
230 kHz (n = 4) and 240 kHz (n = 5) as shown in the insert in figure 10. The amplitude
of these peaks is very small, as observed in other tokamaks [11] corresponding to small
radial displacements and density fluctuation levels. In ASDEX Upgrade a TAE radial
displacement of around 0.3 mm was previously estimated [9]. In the analysis here the
do(f) for each TAE mode is obtained by integrating the phase spectrum over 10 kHz
around each peak and calculating the average value and standard deviation for a time
window of 10 ms. Figure 10 shows the phase spectrum and the radial profile of dp(f)
for the n = 4 TAE mode (solid line). The horizontal error bars indicate the uncertainty
in the measurement of the density profile obtained from TS and LID over the 165 ms
time interval considered. The maximum peak in dp(f) is around py, = 0.6 £ 0.05 with
a less pronounced secondary peak at the edge.

The background fluctuation level at each radial position is also considered by
integrating the phase spectrum over 10 kHz at two frequency positions, just before
the first peak and just after the last peak between 260 kHz and 270 kHz, the average
is calculated as well as the standard deviation oy, using the technique described in
[56]. The background fluctuation level (figure 10 - dashed line), while lower, is also found
to roughly follow the mode amplitude. This could be due to either instrumental effects,
such as interference in the core due to the shallower density gradient and the longer
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propagation distance between the density cutoff layer and the antenna, or to a real
increase in the turbulence level around the TAE modes. Enhanced density turbulence
associated with a strong TAE mode has previously been postulated by Kramer [57].
However, when the reflectometer data are displayed as quadrature plots (I(t) signal
plotted against the Q(t) signal) a thin annulus is observed for the edge cutoff layers
(indicative of strong reflection with little scattering) whereas core cutoff layers show a
more circular cluster - which is indicative of strong scattering and interference effects.

The density fluctuation level can be calculated from the reflectometer phase signal
using the 1D Geometric Optics model, however, note that the error bars in dn./n. are
increased due to L,,. The dn./n. radial profile shows a similar shape as the reflectometer
phase modulation profile with peak amplitudes of dn./n. = 2.5 x 107* (0.025 %) at the
edge and dn,/n. = 0.41 x 107* (0.0041 %) in the core, with respective density gradients
of 2.5 x 102 m~* and 0.48 x 10% m~*. These results suggest that the radial movement
of the density cutoff is higher in the core although the relative density fluctuation level
is lower than at the edge.

5.83. Coherence and cross-phase analysis

For the same discharge, #21007, the coherence analysis technique is applied in order to
compare different techniques for the determination of the radial structure of n = 4 TAE
mode. The coherence spectra between core reflectometry cutoff layer (53 GHz) and the
closest toroidally located Mirnov coil (labelled B31-13) is plotted in figure 11(a) and
shows two clear peaks at 230 kHz (n = 4) and 240 kHz (n = 5). The significance level
of the coherence is vy = 0.16, defined by the number of spectral averages and window
lengths, in this case 10 ms and N,, = 39. There are several Mirnov coils in the tokamak
mid-plane at different toroidal locations. The cross-phase 6 for the n = 4 mode between
each magnetic coil and reflectometer signal is calculated and the unwrap phase is plotted
in figure 11(b) versus the toroidal angle ¢ for one radial position. ¢ = 0 corresponds to
the toroidal position of frequency hopping reflectometer antennas. A linear regression
is applied to the 8 measurements. The slope of the line gives the toroidal mode number
as well as the propagation direction of each TAE mode, while the offset §, indicates the
value of 0 at reflectometer position. At around 230 kHz it is found that the mode has
typically n = 4.0 & 0.12 and propagates in the ion diamagnetic direction for both edge
and core peak locations.

Figure 12(a) shows the coherence radial profiles for the n = 4 and n = 5 TAE
modes using the adjacent B31-13 Mirnov coil measuring B,. The coherence between the
reflectometer and the other toroidally displaced Mirnov coils is generally very similar.
The coils measuring B, near the vessel surface have not been used as they give poor
coherence. The coherence radial profile of course only gives an absolute value with no
information on the sign of the radial displacement. This information is contained in
the cross-phase spectra. The corresponding 6y radial profile is shown in figure 12(b)
for the n = 4 TAE mode. This plot essentially gives the radial phase behaviour of the
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Figure 11. Coherence analysis: (a) Coherence between FLV-I (52GH z) and Mirnov
coil B31-13 versus frequency, (b) Cross-phase versus toroidal angle between FLV-I
(52GH z) and various Mirnov coils for shot #21007.

mode. The profile for n = 5 TAE mode is also similar. The 6, is the cross-phase value
corrected for the toroidal displacement between the reflectometer antenna and Mirnov
coil positions and only values with a coherence greater than 0.4 are included in order
to avoid noise effects. From the coherence and cross-phase profiles it is clear that an
anti-node exists at pp, = 0.8 0.02 with a radial displacement that is out of phase with
both the core and the very edge. The main contribution of the mode is localized in the
core with a secondary peak at the edge. The maximum peak is around p,, = 0.6 and
Ppoi = 0.5 for n = 4 and n = 5 TAE modes respectively. The radial structure appears to
be consistent with the global TAE mode structure which has a radial width extending

over a wide region.
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modes, (b) Cross-phase profile for n = 4 TAE mode for shot #21007.

5.4. Stmulations

The comparison between numerical simulations and experimental results is an important
aspect in studying fast particle mode behaviour, particularly for the validation of
theories and thus the prediction of fast particle mode behaviour in ITER. Several
simulation codes are available based on fluid or linear gyrokinetic models. For example,
on the JET tokamak discrepancies between mode damping rates from simulation and
experimental results were found and it was partly solved by using CASTOR-K code based
on a hybrid MHD-gyrokinetic model [37]. The LIGKA code [19], developed at IPP, uses
a self-consistent model including realistic fast particle orbits. This code shows damping
rates close to the experimental ones [58] and appears to be due to the shape of the density
profile at the plasma edge, i.e. for close (narrow) gaps the continuum damping is strong
whereas for open (wide) gaps no significant mode conversion at the edge is found. The
radial eigenfunction (y(r) is of particular importance for comparison between simulation
codes and experimental data. The LIGKA code normally gives the radial eigenfunction of
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Figure 13. Simulated radial eigenfunction of (a) electrostatic potential and (b) density
fluctuations for n = 4 TAE from the LIGKA code for shot #21007.

the electrostatic/electromagnetic potential, but recently it has been extended to give the
radial eigenfunction of the corresponding density fluctuations dn./ n. - which of course
depends on the density gradient profile. The perturbed density is calculated kinetically
by integrating over the velocity space and summing up over all the fourier harmonics of
the eigenfunctions for the perturbed electrostatic and electromagnetic potential.

In figure 13 the different poloidal harmonics of the electrostatic potential and
the envelope of the density fluctuation radial eigenfunction are plotted, which can be
compared with the experimental results in figure 12. The agreement between simulation
and the reflectometer/Mirnov-coil coherence and cross-phase analysis is in general very
good. The relative amplitude as well as the sign of the radial eigenfunction are
reproduced. The reflectometer phase magnitude profile in figure 10 is also in good
agreement with the LIGKA simulation, although unfortunately no information on the
sign of the radial eigenfunction is available from the phase perturbation technique.
Nevertheless, both analysis techniques show a broader radial extent of n = 4 TAE
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Figure 14. Time-frequency spectrograms of (a) FLQ-I stepped frequency
reflectometer, (b) Mirnov coil, with time traces of (c¢) edge T, and (d) edge line averaged
n. for shot #21011.

than predicted by the LIGKA code. But, it is clear from both the simulation and the
experimental data that two distinct maxima are present, one at the edge and one in
the core. Further, the comparison with the LIGKA code also suggests that the rapid
oscillations present in the experimental radial eigenfunction at the edge are due to non-
ideal effects, indicating a closed gap [59)].

6. Edge modes

6.1. Characteristics of edge modes

Edge MHD modes rotating in the electron diamagnetic drift direction with toroidal
mode numbers n = 2,3,4 are observed, with and without TAEs, when ICRH power
exceeds 3 MW. Figure 14 shows spectrograms of the Q-band reflectometer and Mirnov
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coil signals together with time traces of edge temperature 7T, and density n. for shot
#21011. The presence of sawteeth is clearly seen in both the edge n. and T,. A
dramatic decrease in the overall density fluctuation level can be seen in the reflectometer
spectrum just after each sawtooth (irrespective of probing frequency). This could be
due to either a change on the local density gradient Vn., a reduction in the fluctuation
level or a combination of both. Unfortunately, fast time resolved density profiles are
not available so an investigation of Vn, just after a sawtooth crash can not be made.
Both spectrograms show a rapid jump in the frequency of the edge modes within 2 ms
after each sawtooth crash. This behaviour can be interpreted as a direct scaling of
the frequency of edge modes with the local temperature T, and density n.. After the
increase of the edge T,, the frequency difference between two consecutive toroidal mode
numbers increases by around 4 kHz which suggests an increase in the plasma rotation.
Unfortunately the effect of sawtooth crashes on the plasma rotation can not be confirmed
by the Charge Exchange Spectroscopy diagnostics due to the absence of neutral beam
injection in these pure ICRH heated shots.

6.2. High and Low field side comparison

Figure 15 shows a series of power spectra from the high (HFS) and low field side
(LFS) reflectometer channels at three different radial positions close to the plasma edge
(homodyne signals from the multi-channel profile reflectometer operating with same
fixed launch frequencies for LFS and HFS) for shot #20204. The probing frequency is
the same for HF'S and LF'S, it was considered that the density is constant along the flux
surfaces. In this discharge TAE modes with n = 4 and 5 are observed in the plasma edge
in the HF'S, but not in LF'S (peaks around 200 kHz starting near the separatrix). On the
LFS there is a mode around 80-90 kHz, starting again near the separatrix but growing
to become the dominant feature at p,, >~ 0.97. At this radius it is dominant in both the
low and high field sides. Further, a second harmonic of this mode with lower amplitude
also appears in both the HFS and LFS. This feature is also confirmed by the Q-band
frequency hopping reflectometer in figure 16(a) with a cutoff layer at a similar radial
position. Figure 16(b) shows less pronounced edge modes toward the plasma interior.
The absence of the lower frequency edge mode at p,, =~ 0.99 in the HFS spectra may
be due to different radial mode structures in the HFS and LFS. Unfortunately due to
the homodyne nature of the signals from the FM-CW profile reflectometer no further
quantitative analysis can be made for the HF'S.

The power spectra also give information about the background density turbulence.
Generally the fluctuation spectra are characterized by a flat spectral power at low
frequencies extending up to a knee point and then decaying with a constant spectral
index. The frequency of the spectral knee point scales with the tranverse plasma rotation
velocity [60]. On both high and low field sides no significant frequency shift is observed
indicating only a small variation in the poloidal rotation - as may be expected in L-mode
discharges [61]. For the three radial positions the spectral index is practically constant
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indicating that the fluctuation wavenumber spectra is the same.

6.3. Radial structure

The reflectometer spectrograms in figures 7 and 14 for shots #20489 and #21011 show
the presence of MHD modes in the plasma edge. Unfortunately for shot #21011
the density profile is rather flat inhibiting core cutoff localization with the O-mode
reflectometers. Nevertheless, the edge modes are observed in the V-band frequency
hopping channel even though the probing frequencies are above the maximum density
cutoff. Here the diagnostic is operating in interferometry/refractometry mode, which,
although lacking signal localization, is compensated by an enhanced phase sensitivity
to fluctuations [48]. The edge localization of these modes is, however, confirmed by the
SXR cameras - with their good sensitivity to the core, where the modes are not observed
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- and by the edge ECE diagnostic, where they are seen [62].

Although the radial reach of the reflectometers is limited for shot #21011, a radial
structure analysis was performed and the results presented in figure 17 using (a) the
coherence and (b) the reflectometer phase perturbation techniques. For the coherence
technique the significance level of the coherence is 7, ~ 0.21 (6 ms window length
and N,, = 22). Using an FFT window of 512 points leads to a cluster of several
ill-defined spectral peaks. But, increasing the number of FFT points to resolve the
peaks reduces the number of spectral ensemble averages which unacceptably raises the
coherence significance threshold. However, since the coherence value of each spectral
peak is similar, a reduced resolution is accepted and the highest coherence peak value
is taken.

For the reflectometer phase perturbation analysis, since the edge mode amplitude
is particularly large (in contrast to the TAE situation), as shown in the reflectometer
phase spectrum in figure 17(b - insert) where the background fluctuation level either side
of the edge mode cluster is small compared to their phase magnitude, instead of using
the phase spectrum magnitude the raw phase signal is pass-band filtered (65-135 kHz
for all probing frequencies except for 43 GHz with 80-150 kHz). For strong, dominant
modes this method is more effective for isolating the turbulence background from the
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Figure 17. Edge modes radial profiles using (a) reflectometer-Mirnov coherence and
(b) reflectometer phase modulation (rms) analysis for shot #21011 over several sweeps.

modes. The phase RMS is then calculated from the filtered signal to give the radial
profile in figure 17(b).

Overall, the two techniques give consistent results and indicate that the modes are
stronger in the pedestal region with a decaying envelope of coherence and phase RMS
values toward the plasma interior. The coherence radial profile is broader than phase
RMS profile, as observed in the previous section for the TAE behaviour. At p,, =~ 0.97
(and 0.99) the phase RMS is observed to drop but with no corresponding significant
reduction in the coherence value. After a detailed study of different reflectometer sweeps
it is concluded that the drop at p,, =~ 0.97 is a temporal feature due to the effect of the
sawtooth, while the dip at p,, >~ 0.99 appears to be a localized reduction in dn./ n.

7. Alfvén Cascades

In the JET tokamak, Alfvén Cascades (ACs) are regularly observed during the plasma
current ramp-up when ICRH and lower hybrid heating/current drive (LHCD) are
applied in order to create a non-monotonic ¢(r) profile and trigger an ITB [47]. In
Alcator C-mod, ACs are also observed during the current rise with strong ICRF heating
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[18]. In ASDEX Upgrade, modes with upward frequency sweeping are likewise observed
in the early phase of some discharges with ICRH power ramp-up and I, constant. For
example, in shot #20398 both magnetic and reflectometry data exhibit these modes
between 1 — 1.2 s, as shown in the spectrograms in figure 18. After 1.07 s both TAEs
and these chirping modes coexist. At t = 1.32 s a sawteeth crash occurs, indicating that
Gmin 18 decreasing in time.

As often stated, internal measurements can offer better frequency and time
resolution than external magnetic pick-up coils. In JET, ACs were clearly observed using
the O-mode reflectometer diagnostic, but, due to the flat core density profile they were
operating in the interferometry/refractometry mode with the probing wave reflected
from the inner wall of the torus [48]. Hence no information about the localization
of the ACs was possible. However, in ASDEX Upgrade for shot #20398 the density
profile was reasonably steep thus allowing the O-mode reflectometry diagnostic good
radial coverage and thus localization of the ACs. From magnetic measurements the
toroidal mode numbers can be deduced. After 1.07 s n = 4,5,6,7 TAEs exist (around



Localization of fast particle and MHD modes 25

250 - 270 kHz), while the chirping modes start at around 50 kHz and have toroidal
numbers of n = 3,4 and rotate in the ion diamagnetic drift direction, like the TAEs.
For this shot the fast frequency hopping reflectometers were configured with a data
sample rate of 500 kHz, which should permit the discrimination of MHD modes only up
to 250 kHz, however, as the hardware anti-aliasing analog filters do not have a sharp
edge frequency response, it is possible in this case to use the aliasing effect to allow the
estimation of the radial extent of TAE modes, ppo = 0.35—0.68 (£0.05) using Thomson
scattering density profiles. The radial extent of the TAEs are in good agreement with
the results from CASTOR code at ¢ = 1.76 s as shown in figure 4. Combining the
Q and V-band reflectometer measurements, the chirping modes are core localized with
Ppol = 0.2 — 0.4 (£0.05).

In the reflectometry data (around 1.04 s in figure 18, 49 GHz probing frequency)
more frequency sweeping discrete modes can be seen than in the magnetic data. It is
known that modes with higher toroidal mode numbers exhibit a more rapid frequency
sweeping, and the higher n modes re-occur more often than the lower n modes [45].
As observed in JET, in this shot at 1.04 s the magnetic coils detect only the lower n
modes while the reflectometers see additional higher n mode number with more rapid
frequency sweeping. The slope of the frequency sweeping is deduced from reflectometry
measurements and is approximatively 23 x 10% s~2 and 41 x 10° s=2 for lower and higher
n modes respectively. In both the magnetic and reflectometry measurements the ACs
rise until around 150 kHz and stop before the TAE frequency. This behaviour may
be explained by the effect of the pressure gradient on the ACs [50]. The slope of the
frequency sweeping also varies in time, which is not common in standard ACs observed
in other tokamaks.

Theoretical and simulation studies have been made for the ACs observed in ASDEX
Upgrade [63, 64]. The starting frequency of these chirping modes is below the geodesic
frequency - considered the lowest limit for conventional ACs. Furthermore, the n = 4
AC and TAE are present at the same time suggesting that these ACs are non-standard
ACs possibly created by the coupling to the sound branches.

8. Conclusion and discussion

The combination of fast frequency hopping reflectometers and magnetic measurements
has allowed the detailed measurement of the radial structure of core and edge localized
MHD modes in ASDEX Upgrade. The radial eigenfunction of a mode is of particular
importance in allowing detailed comparisons of experimental with simulation results,
from codes such as CASTOR, LIGKA and MISHKA [65] codes, in order to fully characterize
instabilities. In particular, it is crucial for a detailed understanding of the dissipative
mechanism that damp fast particle driven Alfvén Eigenmodes.

The frequency hopping reflectometer uses a fixed pre-programmed launch frequency
pattern repeated throughout the discharge. In shots with almost constant plasma
parameters, in particular density, the diagnostic gives highly reproducible results. For
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example, the same radial position and extent of instabilities are obtained from successive
frequency sweeps. In fairly low density discharges, ie. n, = 3 — 4.10" m™2 with a
moderately steep core density gradient the reflectometer system can cover almost the
complete plasma core to edge region. These conditions are ideal for studying fast particle
modes such as TAEs and ACs.

The radial eigenfunctions of MHD and fast particle modes were obtained using two
different analysis techniques: coherence between reflectometry and magnetic signals, and
the reflectometer phase perturbations induced by these modes. The coherence technique
must combine high frequency resolution with a low statistical significance level, so, for
the fixed probing step-lengths necessary for a reasonable temporal resolution, there is
a compromise on the choice in the optimum number of FFT points. Regarding the
reflectometer phase perturbation analysis, two approaches can be used: phase spectral
magnitude and raw phase RMS with band-pass filtering. The first approach allows one
to obtain the radial structure for different toroidal mode numbers, but for small spectral
peak amplitude the background fluctuation level must be taken into account. On the
other hand, the phase RMS is the more usual technique applicable for low turbulence
backgrounds. Normally this value is used to calculate density fluctuation level using a
1D Geometric Optics model. However, due to the filter restrictions it is not possible to
extract the phase RMS value for different modes with small frequency separation.

These two techniques were applied to the analysis of TAEs and edge MHD modes.
For one particular discharge, shot #21007, radial eigenfunction of a n = 4 TAE was
obtained using coherence and cross-phase profiles giving the mode amplitude and sign
respectively. For comparison, the radial profile was obtained from the reflectometer
phase perturbation analysis, but without giving the sign of the radial eigenfunction.

There is good agreement between the simulated radial eigenfunction from the LIGKA
code and the experimental one. In this discharge, the LIGKA code predicts continuum
damping at the edge which is characteristic of closed gaps. The ratio of the density
fluctuation level between the edge and core peaks is of the order of 2 in the simulation,
whereas experimental results give a ratio closer to 5. This discrepancy could arise
from one of several sources. The translation of the potential (in the simulation) or
the reflectometer phase (in the experiment) to dn. is very sensitive to the density
gradient. Particularly in the steep plasma edge the measured gradient is subject to large
errors. Additionally, the 1D Geometric Optics model used to convert the reflectometer
phase does not consider for example the radial fluctuation wavelength of the mode, the
wavefront curvature, or the geometry of antennas [29].

The radial structures obtained with the coherence and phase perturbation analysis
techniques are in good agreement for both edge and core. In fact, the phase perturbation
analysis indicates the physical amplitude of radial cutoff layer movement whereas the
coherence technique shows the relative strength between different peaks. For this, the
two approaches can be seen as complementary. For the n = 4 TAE radial eigenfunction,
comparing the ratio between the core and edge peaks, gives a value of around 1.7 using
the phase perturbation approach and 1.6 from the coherence analysis. For the edge
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modes the radial structure gives a ratio between the peak and the last value of 2.33 and
2.0 for the phase perturbation and the coherence techniques respectively. This excellent
agreement is a good validation of the analysis procedures.

The edge MHD modes have not yet been identified with certainty, although several
possibilities can be considered. Their characteristics (edge localization, rotation in the
electron diamagnetic drift direction with n = 2,3,4 toroidal mode numbers) lead to
at least two candidates: Washboard modes (WBs) [66] or edge localized TAE [67, 62].
In the first case, WBs are observed in H-mode discharges with type I ELMs, but only
L-mode discharges are considered in the present study. On the other hand, to be a
TAE requires confirmation of the Alfvénic character of these modes, that is, the mode
frequency must vary appropriately with the local plasma density and with B;.
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