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ABSTRACT

We study Alfv�en eigenmodes (AEs) in the TJ-II heliac in hydrogen plasmas heated by hydrogen co-field neutral beam injector. Taking
advantage of the unique TJ-II flexibility in a varying plasma current, we have observed strong variation of the AE frequency from fAE � 30 to
�220 kHz for selected modes. An advanced heavy-ion beam probe diagnostic determines the spatial location and internal amplitudes of the
modes. The modes satisfy a local AE dispersion relation including the geodesic acoustic frequency that represents the lowest frequency of the
mode. Linear MHD modeling with STELLGAP and FAR3D codes shows that the calculated temporal evolution of the mode frequency repro-
duces the observed maxima and minima at the same time intervals with a similar frequency range, and the radial profile peaks near the outer
edge of the observed one.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049225

I. INTRODUCTION

Alfv�en eigenmodes (AEs) are extensively studied in both toka-
maks and stellarators, and overviews of recent results are presented in
Refs. 1–3. Low magnetic shear TJ-II stellarator plasmas are especially
relevant for the advanced tokamak scenario, requiring off-axis non-
inductive current drive and leading to a broad region of low magnetic
shear. Fast ion-driven Alfv�en instabilities in low-density plasmas of
TJ-II are frequently observed in the form of chirping modes with
bursting amplitudes and sweeping frequencies in the range
100–350 kHz.4–7 In the neutral beam injector (NBI)-only heated plas-
mas at higher densities in TJ-II, both chirping and continuous modes8

were observed with frequencies in the range 50–300 kHz interpreted

as helicity-induced Alfv�en eigenmodes (HAEs) and global Alfv�en
eigenmodes (GAEs). Recent experiments in TJ-II have revealed that
the frequency of AEs, fAE, is linked to the plasma current Ipl in a shot-
to-shot configuration scan.9

The HAE’s frequencies are known to be associated with gaps in
the Alfv�en continuum in the presence of couplings between various
toroidal and poloidal harmonics. Unlike HAEs, the GAEs do not nec-
essarily require harmonic coupling for their existence. The underlying
reason for them is a nearly flat radial dependence of the local Alfv�en
frequency for an individual harmonic. In the GAE case, this feature is
due to the plasma density profile. Similarly, the local Alfv�en frequency
is a weak function of the radius near shear reversal points, which is the
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physics reason behind the so-called Alfv�en Cascades10 aka RSAEs
(reversed shear Alfv�en modes).11 This is the case for the mode of inter-
est in our paper.

It was predicted theoretically,10 calculated by gyrokinetic code for
the DIII-D tokamak,12 and observed experimentally in LHD13 and in
DIII-D11 that in low-beta plasmas the lower limit of fAE is the geodesic
acoustic mode (GAM) frequency fGAM.

The present paper complements the LHD results by independent
measurements on TJ-II. The TJ-II has an almost flat vacuum iota pro-
file. In this study, we also make use of the unique capability of the

heavy-ion beam probe (HIBP) to measure local electrostatic and mag-
netic perturbations associated with Alfv�en eigenmodes.14 Experimental
results are analyzed with MHD codes STELLGAP,15 which calculates
the structure of the Alfv�en continuum and gaps, and FAR3D,16,17 which
gives the AE radial location and frequency time evolution. Equilibrium
for both codes is reconstructed with VMEC code.18

II. EXPERIMENTAL SETUP

The experiments described in this paper have been performed on
the four-period TJ-II heliac with volume averaged major and minor
radii hRi ¼ 1.5 m and hai ¼ 0.22 m correspondingly. The on-axis
magnetic field was B0 ¼ 0.95 T, the vacuum magnetic configuration
has rather flat iota profiles.19 The details of the experimental setup
were presented in the paper,20 but for clarity, we briefly repeat the
main points. Due to the unique capability to change independently the
currents in the magnetic field coils, TJ-II is able to vary the vacuum
rotational transform i–vac from shot to shot in an extended range: 0.9
< i–vac(0)< 2.5 (i– ¼ 1/q). Figure 1 shows with a thick black line of the
flat profile of the vacuum rotational transform i–vac for the configura-
tion under study 101_42_64 [configuration label means the currents
in the circular coil (CC), helical coil (HX), and vertical field coils (VF),
ICC_IHX_ IVF shown in kA/10]. The iota profiles were calculated with
the approximate formula based on the MHD equilibrium modeling,
which assumes Spitzer resistivity and radially constant loop voltage for
the plasma current density, and works well for a wide range of plasma
currents jIplj <8.5 kA.21 Numerous studies of AEs in TJ-II with this
model, showing the good agreement between modeling results and

FIG. 1. Rotational transform profiles with the presence of plasma current Ipl in TJ-II.
Fat black line denotes the initial profile of i–vac with Ipl ¼ 0.

FIG. 2. Discharge scenario and electron density and temperature profiles. Magnetic configuration 101_42_64, PECRH ¼ 0.5 MW, PNBI ¼ 0.5 MW, co-injection. (a) Discharge
scenario; (b) the waveform of the current in the vertical field coils IVF and induced plasma current Ipl; radial profiles for electron temperature (c) and density (d) for NBI phase
of the discharges measured in the series of the similar shots by Thomson scattering, �ne ¼ 0.57� 1019 m�3.
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observations,20,22–24 allow us to estimate the accuracy of the recon-
structed iota profiles as low as a few percent.

The hydrogen plasmas were heated with up to 0.3MW on- and
off-axis electron cyclotron resonance heating (ECRH) at the second har-
monic X-mode at 53.2GHz. One or two neutral beam injectors (NBI)
injected hydrogen particles at 32keV (Ref. 25) with H ion velocities VNBI

� 2.5� 106 m/s, which is about one third of the Alfv�en velocity for the
experiments discussed in this paper. Most of the presented experiments
were performed with these plasmas, in which we dynamically varied the
current IVF to vary the rotational transform, as shown in Fig. 1.

Figure 2 shows a time evolution of the plasma parameters with a
periodic variation in the plasma current, discussed in this paper. There
are three heating phases in the discharge: ECRH only, ECRH þ NBI,
and NBI-only. NBI is co-directed relative to the equilibrium magnetic
field.26 During the ECRH þ NBI and NBI-only phases, the plasma
density could be kept more or less constant, as the Li coating of the
first wall balances the NBI fueling, chamber wall outgassing, and
ECRH-induced density pump-out.27 However, in the NBI-only phase,
the plasma density increases somewhat as a result of fueling by the
beams. The initially hollow electron density profile becomes flat and
then evolves into a parabolic shape.

The diagnostics consisted of a poloidal array of 24 magnetic
Mirnov probes (MP) inside the vacuum vessel for the measurement of
magnetic flux oscillation just outside the plasma.28 The plasma current
Ipl(t) was measured by Rogowski coil, and line-averaged density �ne(t)
was measured by interferometry. We also used a multi-chord bolome-
ter array29 and a heavy-ion beam probe (HIBP).30–32 Bolometers mea-
sure the plasma emission in a 2 eV to 4 keV energy range along
16 chords covering the whole plasma column,�1< q < 1, where q is
a normalized minor radius.

HIBP measures simultaneously the local mean and oscillatory
plasma electric potential and density, as well as magnetic potential
oscillations.33 We used the HIBP to measure the internal amplitudes
of the energetic particle (EP)-driven modes and determine whether
the oscillations are predominantly electrostatic or electromagnetic.34

Csþ primary ions were injected with initial energy Eb � 127 keV. The
local plasma potential uSV

pl was measured in a sample volume (SV)
with a radial length of about 1 cm.35

At the density range under study, �ne < 1� 1019 m�3, the probing
beam attenuation is low and the secondary beam current It describes
the plasma density in the sample volume ne

SV. For higher densities,

FIG. 3. Monotonic dependence of the mode frequency fAE on plasma current Ipl.
Local extrema of fAE correspond to local extrema of Ipl. Top: power spectral density
of magnetic perturbation by Mirnov probe (MP); bottom: time trace of Ipl.

FIG. 4. Mode frequency evolution, showing the occurrence of local minima during
the linear evolution of Ipl for the selected Alfv�en eigenmode with local minima
(AELM). Power spectral densities of the plasma emission by the central chord of
bolometer qBol ¼ 0.1 (a); magnetic perturbation by Mirnov probe (MP) (b); and
plasma potential by HIBP, qHIBP ¼ 0.35 (c); time trace of Ipl (d). Time instants of
the local minima for AELM are marked by vertical dashed lines.

FIG. 5. An example of the lower frequency limit for multiple AEs. HIBP density
spectrogram, #33704.
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the attenuation factors along the beam trajectories need to be taken
into account and a profile reconstruction becomes necessary.36

The oscillations of beam toroidal position in the detector fd repre-
sent the oscillatory component of magnetic potential.37 The AEs were
evident in all three parameters measured by HIBP,14 and we use all of
them in the present analysis with an emphasis on the plasma potential
and density oscillations. HIBP measures AEs in TJ-II with a radial reso-
lution of �1 cm over the whole plasma cross section �1 < q < 1, with
the convention that q < 0 for the high field side (HFS) and q > 0 for
the low field side (LFS) of the plasma. We used the HIBP to measure
the time-dependent signals at a fixed radial position for the SV at a sam-
pling rate of 1MHz and bandwidth of 300kHz. A radial profile is
obtained in equivalent shots by changing the SV position qHIBP.

III. MODE BEHAVIOR IN DISCHARGES WITH VARIABLE
PLASMA CURRENT

In TJ-II, there is an effective way to vary the AE frequency by chang-
ing BVF (IVF).

20 The following scenario was explored: Co-NBIþ sawtooth
IVF variations during one shot with initial configuration labeled as
101_42_64 with i–vac(0)¼ 1.53 and shown by the black fat line in Fig. 1.

An example of the AE frequency evolution with IVF is presented
in Fig. 3. IVF variation does not change vacuum iota i–vac, but induces
Ipl changes, therefore the changes in magnetic configuration.
Decreasing IVF by 10% induces about a 1.5 kA increase in Ipl, which in
turn leads to a mode frequency decrease by a factor of 2. In Fig. 3, the
AE frequency mirrors the evolution of Ipl: an increase/decrease in Ipl
results in a decrease/increase in fAE. However, the mode frequencies
do not always depend on the current monotonically. An example of
that is shown in Fig. 4. In this figure, there is a time interval in which
Ipl changes linearly, but the mode frequency still has a local minimum.

To separate such modes from others, we call them the Alfv�en eigen-
mode with local minima (AELM). The experiment shows that fAE
never reaches zero. There are only two possibilities for the AEs with
decreasing frequency: the mode frequency either increases after the
local minimum or the mode disappears altogether. The experimental
range of the minimum frequencies is from 30 to 60 kHz, depending on
the plasma scenario (see Figs. 4 and 5). We note that during the evolu-
tion of the Ipl, the mode may change the character from the steady-
frequency form to the chirping form and back.22

To interpret the observed correlation between the mode fre-
quency and the plasma current, we use a local dispersion relation from
Ref. 10, which involves the geodesic acoustic mode frequency

f 2AE q; tð Þ ¼
1

2pR
mi– q; tð Þ � n
�� ��VA

� �2

þ f 2GAM; (1)

where i– is taken as20

i– q; tð Þ ¼ i–vac qð Þ þ C qð ÞIpl tð Þ þ di–; (2)

where m, n, and di– are fitting parameters; values of m, n are typically
limited to be �17; C(q) is a fixed function, determined as a result of
MHD modeling;21 and fGAM was defined in accordance with Ref. 13,
where the factor 7/4�Ti was at first introduced in Ref. 38

fGAM qð Þ ¼
1

2pR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te þ 7

4Ti
� �

mi
2þ 1

q2

� �s

¼ 1
2pR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te qð Þ þ 7

4Ti qð Þ
� �

mi
2þ i–2 qð Þ
� �s

: (3)

FIG. 6. (a) Power spectrogram of mag-
netic fluctuations measured by Mirnov
probe in comparison with the analytical
prediction by Eqs. (1)–(3) for fmin ¼ fGAM
¼ 62 kHz: 8/13@qAELM ¼ 0.85 in blue
and 5/8@qAELM ¼ 0.7 in yellow. Both
curves reproduce the observed time evo-
lution of fAELM; local minima at t¼ 1130,
1145, 1170, and 1185ms correspond to
(mi– �n)¼ 0 in Eq. (1); (b) modeling of
the AELM frequency by the FAR3D code
results in 5/8 mode, which reproduces the
mode frequency sweeping.
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We herein use an approximate expression for fGAM as an estimate that
is applicable to non-axisymmetric systems as long as toroidicity rather
than helical harmonics determines the geodesic magnetic curvature.
However, calculations for a similar unperturbed magnetic configura-
tion (100_44_64) show that the helical components are not negligibly
small and should generally be taken into account.39 A more general
calculation of the GAM frequency can be found in Refs. 40 and 41.

It was shown in Ref. 11 that the local EC heating can affect RSAE
frequency due to the pressure gradient effect. Estimations show that
this effect in TJ-II is small [contribution to Eq. (1) <1%] because the
thermal plasma beta is quite low.

Figure 6(a) compares the magnetic spectrogram and the result of
the modeling (1–3) for the frequency pattern in the experiments with
Ipl variation. In this shot #33706, a single mode lasts about 90ms,
which is a lifetime record for AE’s in TJ-II. The mode frequency varies
from 62 to 175 kHz due to Ipl variation from�0.5 to 2.5 kA at the con-
stant density. Figure shows that there are two modeled modes,
m/n¼ 5/8 at qAELM ¼ 0.7 (yellow line) and m/n¼ 8/13 at qAELM

¼ 0.85 (blue line) shown by thin curves on top of the magnetic spec-
trogram, that reproduce observed frequency evolution.

Figure 6(b) presents the FAR3D modeling of AELM frequency,
reproducing the frequency sweeping during the AELM lifetime for the
mode m/n¼ 5/8. The numerical model itself will be discussed in Sec.
IV. The mode m/n¼ 5/8 obtained with model (1–3), presented in
yellow in Fig. 6(a), coincides with the FAR3D outcome.

Figures 7(a)–7(f) shows the spatial distribution of the plasma
potential (u) and density (It) perturbations, caused by AELM,
observed during HIBP spatial scans. We chose the scans, in which
AELM lasts during the whole scanning period, as proven by Mirnov
data. Figures 7(a)–7(c) shows that the mode is radially extended, and
density is perturbed from nearly plasma center to q ¼ 0.85. Plasma
potential is also perturbed almost from q ¼ 0 up to the outer limit of
the measurements, determined by the signal-to-noise ratio, which is
about 0.75–0.8, as shown in Figs. 7(d)–7(f). Figure 7 also shows that
the density and potential perturbations have some deviation between
each other and LFS–HFS. By average, we may estimate the area of
most pronounced density perturbation as qAELM ¼ 0.46 0.25, while
for plasma potential it is located more outer at 0.66 0.25 for LFS, and
for HFS, it is the same, but less pronounced (20V in HFS against 60V
in LFS). Figure 7(g) shows the eigenfunction of the perturbed

FIG. 7. Radial profile of the AELM obtained with the HIBP radial scan from qHIBP ¼ 1 at LFS to qHIBP ¼ �1 at HFS: (a) and (b) power spectrograms of HIBP plasma density;
(c) amplitudes of the perturbed plasma density; (d) and (e) power spectrograms of plasma potential; (f) amplitude of the perturbed plasma potential; (g) eigenfunction for the
potential perturbation at t ¼ 1128ms, calculated by the FAR3D code.
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electrostatic potential calculated by FAR3D. Positive and negative
mode numbers show the combinations of sine and cosine components
according to the FAR3D convention.42 The simulations include the
dynamic modes n¼ 8, m ¼ 3, 4, 5, 6, and n ¼ �8, m ¼ �3, �4, �5,
�6. The eigenfunction is localized at (0.6 < q < 0.9), which is the
outer part of the observed AELM radial extent within experimental
uncertainties.

Among two modes, obtained with (1–3) for AELM, both repro-
ducing the observed frequency evolution, the mode m/n¼ 5/8 at
qAELM ¼ 0.7 better matches the observed radial location for the
AELM. On top of that, it fits the core of the mode radial location,
obtained by FAR3D.

Here, we should mention that the modeling of the long-lasting
(several dozens of ms) AEs like AELM claims more precise knowledge
of the spatial–temporal iota distribution. Modeling results are very
sensitive to the fine details of the iota profile at any time slot. This also
holds for density and temperature profiles, but to a less degree. As we
do not have data of the real iota profile, deviations could exist between
the iota profile in the simulations and in the real plasma at the
middle–outer radial region. The consequence is slender AE gaps in
STELLGAP (see Sec. IV) and mode eigenfunctions in FAR3D at the
middle–outer plasma region, leading to the discrepancy between esti-
mations (1–3) and FAR3D simulations on the one hand, and observa-
tions of AELM frequency and its extension on the other hand. Fitting
of the fAELM with Eqs. (1)–(3) allows us to compare the minimum of
fAELM equals to 626 2 kHz with GAM frequency fGAM. For fGAM esti-
mations, we use Te profile (Fig. 2), Ti ¼ 0.1 keV almost constant over
the radius,43 and the iota value i– � 1.6 near its local minimum at q
¼ 0.2–0.7. The frequency fGAM, representing the minima for fAELM,
corresponds to qGAM ¼ 0.46 0.1, which is the maximum of the den-
sity perturbations, see Figs. 7(a)–7(c), and the inner edge of the plasma
potential perturbation, see Figs. 7(d)–7(f). For the maximum of the
potential perturbation, fGAM (q ¼ 0.6)¼ 516 4 kHz being �18%
below the minima for fAELM.

Model (1–3) suggests the local GAM with variable frequency
dependent on local Te and q. However, experiments in several toka-
maks show that GAMmay not strictly follow the local dispersion rela-
tion (3) and may be radially extended.44–46 If in considered
experiment, GAM is nonlocal radially extended mode, born at the
core area qGAM ¼ 0.4, and widened over the whole area of AELM
extent, it can fit Eq. (1) over this area.

Figure 8 presents another example of the mode evolution due to
Ipl variation. In this shot #33029, the mode exists about 30ms. The
mode frequency varies from 30 to 225 kHz, or by a factor of 7, which
is a record for AEs in TJ-II. The radial location of the mode, obtained
with the HIBP radial scan, gives qAELM ¼ 0.6–0.9. The mode 5/8 at
qAE ¼ 0.75, modeled with (1–3), fits both the location of the mode
and the frequency sweep, including the local minima of the mode fre-
quency in the linear phase of Ipl. The GAM frequency is estimated as
fGAM (q ¼ 0.7)¼ 306 5 kHz. Note that in this shot only one NBI
operated, producing lower temperatures with respect to the case of
AELM.

The amplitude of the density and potential perturbations for the
AELM (Fig. 9) shows large peaks at t� 1125, 1140, 1160, and
1175ms. The AELM perturbation amplitude almost disappears at
t� 1133, 1147, 1170, and 1190ms. Remarkably, the time trace of the
AELM amplitude presents a close correlation to that of the mode

frequency, fAELM: the amplitudes of all oscillating quantities reach their
minima, when fAELM approaches fmin, and they tend to reach their
maxima, when fAELM approaches its maxima. The HIBP and MP sig-
nals in Fig. 9 also correlate with the evolution of the iota profile during
the discharge: the local minima of the HIBP and MP signals and
the AELM frequency take place simultaneously with the presence of
the 8/5 rational surface, at t� 1133, 1147, 1170, and 1189ms.

IV. NUMERICAL MODELING

We use the STELLGAP code15 to calculate the Alfv�en gaps for
the evolving equilibria (iota profile) provided by the VMEC code.18

The snapshots of the iota profile and the corresponding plasma cur-
rent Ipl are shown in Fig. 2. We use them in the simulations of the
AELMmode for the shot #33706.

Figure 10 presents the snapshots of the continuum gaps in the
discharge #33706 for the toroidal mode numbers from n¼ 3 to 17.
These STELLGAP calculations include the effect of helical couplings,
as shown in Table I. Figure 10 shows that AELM represented as
magenta line segment at AELM frequency and radial extent for plasma
potential shown in Figs. 7(d)–7(f) is located near the local minima/
maxima for the Alfv�en continuum of the n¼ 8 toroidal family,
marked by thick olive lines. Consequently, if the 5/8 helicity is the trig-
ger of the AELM, this instability could be a global AE (GAE),2 because
the GAEs are extremal modes destabilized nearby the local minima/
maxima of the Alfv�en continuum.

To calculate the AELM frequency, we use an initial value version
of the code FAR3D.17 The code solves the reduced linear resistive
MHD equations for the thermal plasma and the equations for the
energetic ion density and parallel velocity. It uses appropriate closure
relations to model the linear wave–particle resonance effects responsi-
ble for Landau damping/growth, as well as the compressibility of the
thermal plasma to describe GAMs.

FIG. 8. The mode evolution in MP spectrogram and modeling of strong fAE variation
with Ipl, in a factor of 7; fmin ¼ fGAM ¼ 30 kHz. The modeled mode 5/8@qAE

¼ 0.75 is shown in yellow.
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No information on the energetic particle (EP) distribution func-
tion was available for the analysis. We, therefore, performed a para-
metric study for a range of the fast particle energies Tf, their
normalized pressure bf and density profiles nf in order to match the
AELM frequency sweeping observed in the experiment, following the
procedure described in Ref. 39. First, we run FAR3D changing the EP
energy in the range of Tf ¼ 5.8–16 keV between t¼ 1110–1155ms

(fixed the bf and nf profile), selecting the Tf that triggers an AE with a
frequency similar to the experimental observations. Next, we scan differ-
ent bf values between 0.001 and 0.03 (for the selected Tf and fixed nf),
selecting bf that triggers an instability with a similar frequency range
and the same evolution (up/down sweeping) regarding the experimental
observations. Finally, fixed bf and Tf, we perform a fine tuning of the nf
profile by changing the intensity and radial location of the nf gradient.

FIG. 9. Power spectrogram of plasma
potential (upper box) and time evolution of
the AELM amplitude of the perturbation of
plasma parameters: potential, density, and
magnetic potential by HIBP measured at a
fixed position qHIBP ¼ 0.35, magnetic
oscillations by MP, plasma emissivity by
bolometer at qBol ¼ 0.1. The oscillating
quantities evolve coherently: the mode
amplitude decreases, when fAELM
approaches fmin, as marked by vertical
dashed lines. Thin white lines in the upper
box designate the zone for AELM ampli-
tude calculation.
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The best fit was obtained for Tf ¼ 5.8 keV (no radial dependence),
bf ¼ 0.0025, and the nf profile shown in Fig. 11, fixed for all times in
our simulations. The EP density gradient is located at (0.6 < q < 0.9);
that is, the outer edge of the AELM destabilization region measured in
the experiment. The energy Tf¼ 5.8 keV is 1/3 of the effective energy of
the fast particles Tf,e calculated as Tf,e¼ 0.573�ENBI.17

The evolution of the frequency of the dominant member of n
¼ 8 toroidal family, the mode m/n ¼ 5/8, calculated by the FAR3D
code is shown in Fig. 6(b) and the mode eigenfunction in Fig. 7(g).

The code reasonably reproduces the tendency of frequency variation,
but the calculated frequency is sometimes higher than the experimen-
tal one, shown in Fig. 6(a). It could be that the disagreement is caused
by errors in the reconstruction of the iota profile and the uncertainty
in the thermal plasma and EP radial profiles. The calculated eigenfunc-
tions for plasma potential perturbation (0.6 < q < 0.9) are placed at
the outer edge of the localization of potential and density perturba-
tions, caused by AELM, as shown in Fig. 7. We thus observe that the
results of both STELLGAP and FAR3D show the m/n ¼ 5/8 mode as
the closest to AELM in frequency value, temporal evolution, and radial
location.

For the iota profiles included in the model, the AE gaps calcu-
lated by STELLGAP in the frequency range compared with the experi-
ments are quite narrow and located in the middle–outer plasma
region, leading also to a narrow eigenfunction located at the mid-
dle–outer plasma in FAR3D simulations regarding the observations. If
more accurate iota profile would allow the AE gap to be wider as well
as the AELM eigenfunction, this would lead to a better agreement with
the perturbed potential and density data.

V. SUMMARY

We have conducted an extended set of experiments with varying
i– profiles in NBI plasmas of the TJ-II flexible heliac. Adjustable plasma
current Ipl enables the variations in i–. A few kA variation of the plasma
current changes the mode frequency dramatically: fAE decreases
(increases) up to a factor of 7. We observe that (i) fAE has a lower limit
approaching the local GAM frequency, and (ii) the mode amplitude
evolves in step with Ipl, increasing with fAE up to its maximum and
decreasing with fAE up to its minimum. A simple analytical estima-
tion10 for fAE with mode numbersm, n describes the observations, par-
ticularly, when Ipl causes iota to have rational value m/n at the mode
location. In these cases, the mode parallel wave-vector vanishes, and
frequency has a minimum value close to fGAM. Modeling with the
STELLGAP and FAR3D codes reproduces the AE frequency sweep
caused by the plasma current Ipl variation and the mode numbers of
the analytical model. The codes also show that the minimal frequency
of the simulated mode is close to the observed value, while the simu-
lated eigenfunction is located at the outer edge of the observed mode.
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