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In L-mode plasmas of the JFT-2M tokamak, we applied conditional averaging to time-series data of electrostatic
potential fluctuations measured by the Heavy Ion Beam Probe (HIBP). The analyzed phase was dominated by
Geodesic Acoustic Modes (GAMs), and the extracted nonlinear waveforms exhibited periodic harmonic structures.
Fourier analysis revealed a dominant second harmonic, while the third harmonic was unexpectedly weaker than the
fourth. This nontrivial trend deviates from standard gyrokinetic predictions with a simple configuration (circular
cross-section with periodic boundary condition). The results implies that symmetry breaking due to the boundary
and/or plasma shape could play key roles in GAM saturation and offer guidance for refining theoretical models.
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Transport phenomena in magnetically confined fusion
plasmas are strongly influenced by the interaction between
turbulence and zonal flows [1, 2]. Among these, Geodesic
Acoustic Modes (GAMs), which represent the oscillatory
branch of zonal flows, are known to play a crucial role in reg-
ulating turbulence levels and transport processes [3]. Under-
standing the physical mechanisms underlying the nonlinear
saturation of GAMs is essential for controlling transport and
improving plasma confinement.

Recently, harmonic generation arising from the non-
linearity of GAMs has attracted considerable attention, with
particular focus on the possibility that higher-order harmonics
contribute to the saturation mechanism through nonlinear
back-reaction [4]. However, the consistency and discrepancies
of these nonlinear structures among experiments, theoretical
models, and simulations have not been fully clarified.

In this study, we applied the conditional averaging tech-
nique to Heavy Ion Beam Probe (HIBP) data obtained from
L-mode plasmas in the JFT-2M tokamak [5] to extract non-
linear waveforms associated with GAMs. We then compared
the experimental results with those from gyrokinetic simula-
tions performed using the GyroKinetic Vlasov (GKV) code
under similar plasma conditions, in order to evaluate the con-
sistency of harmonic structures observed in GAMs.

Electrostatic potential fluctuations were measured using
the HIBP diagnostic on the JET-2M tokamak. The target plasma
conditions were as follows: toroidal magnetic field B=1.2 T,
plasma current Ip = 190 kA, neutral beam injection (NBI)
heating power P, = 750 kW, line-averaged electron density
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(n,) = 1.1 x 10" m>, and safety factor q,; = 2.9. Figure 1
shows the frequency spectrum of the electrostatic potential.
The radial position where the GAM amplitude reaches its
maximum is analyzed. The GAM frequency approximately
follows the theoretical expression [6, 7], and is evaluated to be
around fgan = 15 kHz in this study. Here, the frequency
response of the diagnostic system is considered to be suffi-
cient [5].

In addition, to investigate the nonlinear behavior of
GAMs, we conducted numerical simulations of electrostatic
potentials using the GKV code [8]. The simulation parame-
ters were chosen to reflect the experimental conditions of
JFT-2M, and included the following values: reference ion tem-
perature Tyer = 1.7 keV, normalized collision frequency v = 1.0,
temperature gradient R, /L, = 6.92, and density gradient
R, /L, = 2.22. Here, the subscript “ref” denotes the reference
scale used in the GKV code. The GAM frequency obtained
from the GKV simulation showed relatively good agreement
with the experimental value. However, as discussed later,
notable discrepancies were observed in the harmonic compo-
nents of the nonlinear waveform.
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Fig. 1. Frequency spectrum of the electrostatic potential in JFT-2M.
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In this study, we employed a statistical technique known
as conditional averaging to extract nonlinear waveforms
associated with GAMs [9-11]. Originally developed for the
analysis of periodic biological signals, this method enables
the statistical extraction of recurring structures (templates)
embedded in quasi-periodic signals, based on phase-aligned
triggering events.

First, an initial template waveform x;—o(t") is defined,
where t' € (—T/2, T/2) represents the local time within one
GAM period, and the subscript j indicates the iteration num-
ber. In this study, a simple sine wave is used as the initial
template. For a given measured signal y(t), the correlation
function Cj(t) between the signal and the template is defined
as follows:

T
o) = [ 0= ) = FO) =T (1)

Here, o,(t) and o, denote the standard deviations of y(¢) and
xj(t"), respectively. From the computed correlation function
Cj(t), time points with high correlation values are selected as
triggers. For each identified trigger time, a window of the
signal y(f) is extracted over one period 7, matching the length
of the template. These segments are then averaged to obtain
an updated template, given by the following expression:

xja(t) = Z w ‘ o

Here, n represents the total number of triggers. The above pro-
cedure is repeated iteratively until the template converges,
resulting in a statistically reliable nonlinear waveform x(t").
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Fig. 2. (a) Overplot of converged nonlinear waveforms (templates)
from JFT-2M and GKYV, (b) Harmonic amplitudes.

Conditional averaging was applied to the HIBP time-
series data obtained in JFT-2M to extract statistically reliable
nonlinear waveforms over the GAM period. The resulting
waveform is shown in Fig. 2(a). In L-mode plasmas, GAMs
are dominant and exhibit strong interactions with turbulence.
The nonlinear nature of GAMs is theoretically predicted to
lead to harmonic generation [3], and this behavior was also
confirmed in the present study.

Fourier analysis was performed on the extracted wave-
form, and each harmonic component was evaluated using the
following expression:

1 ("
ol = 15 | e G)

Here, T denotes the GAM period, m is the harmonic number,
and qE is the normalized nonlinear waveform. As shown in
Fig. 2(b), the JFT-2M experiment revealed a prominent sec-
ond harmonic (m = 2), along with a distinctive trend where
|¢.)/|1¢5] > 1. This indicates a non-trivial structure in which the
fourth harmonic is stronger than the third, suggesting the pres-
ence of symmetry breaking in nonlinear harmonic generation.
A similar analysis was applied to the GKV simulation results.
The extracted nonlinear waveform is shown in Fig. 2(a),
and the corresponding harmonic amplitudes are displayed in
Fig. 2(b). In contrast to the experiment, the GKV simulation
showed a monotonic decrease in harmonic strength with
increasing m, with the second harmonic being dominant, while
no clear peaks were observed at the third or fourth harmonic.
Figure 3 shows the convergence of harmonic amplitudes
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Fig. 3. Convergence of conditional-averaged harmonic amplitudes increass-
ing ensemble size (a) JFT-2M, (b) GKV. Solid and dashed lines
represent the analysis results and its linear fitting, respectively.
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obtained via conditional averaging as the ensemble size, N,
increases. In Figs. 3(a) and (b), which correspond to those
with the experiment and GKV simulations, respectively, the
good convergence can be seen in both cases. This compari-
son reveals that gyrokinetic models like GKV, which assume
circular plasmas in periodic boundary conditions, have diffi-
culty reproducing the higher-order harmonics observed in the
experiment. In particular, the suppression of the third har-
monic and the relative enhancement of the fourth suggest that
asymmetries introduced by boundary and/or plasma shape
may play a significant role [12, 13].

In this study, we applied the conditional averaging tech-
nique to HIBP measurements in the JFT-2M tokamak to extract
statistically reliable nonlinear waveforms of GAMs. The har-
monic structure obtained from these waveforms revealed a
nontrivial feature—namely, the fourth harmonic being stronger
than the third—which deviates from gyrokinetic predictions
with periodic boundary. These findings suggest that standard
models assuming idealized circular plasmas with periodic
boundaries may overlook essential aspects of GAM dynamics.
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