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Abstract. In this paper, a phenomenology of competing behavior between the geodesic
acoustic mode (GAM) and the limit-cycle oscillation (LCO) is presented. Before the LCO
occurs, the GAM can grow to the observable amplitude via the turbulent Reynolds stress force.
Approaching the L-H transition, the LCO is excited and the GAM decays. In the LCO phase,
the GAM driving force is possibly suppressed by the nonlocal turbulence amplitude modulation

by the LCO.



1. Introduction

Towards achieving burning plasma in a magnetic confinement device, reinforcing the
core plasma performance is mandatory. It is widely acknowledged that a high level of
cross-field transport of plasma is driven by plasma turbulence, which hampers access
to the burning plasma condition. Of the important physical phenomena expected to be
a key for reducing the undesirably large amount of turbulent transport are plasma
confinement improvement events. In particular, the L-H transition, at which edge
particle and thermal confinements are significantly enhanced, will be useful in next
generation devices, including ITER and DEMO.

After the first discovery of the L-H transition in ASDEX [1], the essential roles
of non-uniformity of the radial electric field E, in forming the transport barrier were
pointed out both theoretically [2, 3] and experimentally [4, 5]. In addition to the
stationary F, structure at the H-mode plasma edge, the so-called E,-well, there are
multiple oscillating structures that likely contribute to the transport reduction. A
representative oscillating E, structure consists of the zonal flows (ZFs), including their
high frequency eigenmode branch, the geodesic acoustic modes (GAMs). Since GAMs
are widely reproduced in different experimental devices (see Ref. [6] and references
therein), whether GAMs play a role in triggering or at least assisting the L-H transition
is intensively debated. It is theoretically predicted that oscillating FE, becomes less
effective for turbulence transport suppression as the oscillating frequency increases [7].

In experiment, the impact of GAMs for the L-H transition is discussed. By the
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combination effect of instant turbulence suppression by the local shear of E,., induced by
the GAM and global flow drive by the reinforced pressure gradient, the L-H transition is
initiated [8]. The limit-cycle oscillation (LCO), which refers to the sequential repetition
of the L-H transition and the H-L back transition, is found occasionally to involve the
GAM activity [9, 10]. On the other hand, cases showing that the GAM cannot solely
trigger the L-H transition are also reported [11]. According to an empirical model [8], the
discussion whether the GAM can trigger the L-H transition depends on characteristics,
such as the GAM frequency, structure and duration, as well as plasma parameters. For
more quantitative and comprehensive understanding, further experimental case studies
are necessary.

In this contribution, the GAM behavior approaching the L-H transition led by
the LCO is experimentally studied, using a dataset obtained by the heavy ion beam
probe (HIBP) [12] in the JET-2M tokamak. Thanks to the excellent capability of direct
detection of the electrostatic plasma potential by the HIBP with high spatiotemporal
resolutions, a wide variety of turbulence and radial electric field physics, including the
GAM activity [13, 14], the LCO dynamics [15, 16], and the L-H transition mechanism
[17, 18, 19], has so far been studied in JFT-2M. However, the interrelation among the
GAM, the LCO, and the L-H transition has not been explicitly discussed. In particular,
a phenomenology of competing relation between the GAM and the LCO is introduced
here. The GAM driving force induced by the turbulence Reynolds stress is significantly

weakened once the LCO appears before the L-H transition. Since the excited locations
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of the GAM and the LCO are different, the interaction between them is considered to

be nonlocal. A possible role of the inward turbulence spreading is shown.

2. Results

Experiments were performed on the JFT-2M tokamak (the major radius of R = 1.3 m
and the averaged minor radius of a = 0.3 m). The target plasma conditions are as
follows: a toroidal magnetic field of By = 1.17 T, a plasma current of I, = 190 kA, a
neutral beam (NB) heating power of Pyg = 750 kW, a line averaged electron density
of (ne) = 1.1 x 10 m=3, and a safety factor at the flux surface enclosing 95% of the
total poloidal flux of qg5 =2.9. This NB heating power corresponds to the marginal L-H
transition power threshold condition for this density range. The divertor is operated
with an upper single-null configuration with the ion VB drift direction towards the
X-point.

Fluctuations on the electrostatic potential and the plasma density are diagnosed by
the heavy ion beam probe (HIBP) [12]. The temporal resolution of HIBP is At =1 pus.
Four spatial positions are simultaneously measured with a channel separation projected
on the outer mid-plane of ~ 2.5 mm. This distance is smaller than the characteristic
length of E, variation (O(1 cm) as shown in Fig. 3 (b)). Radial extent of the sampling
volume is ~ 6 mm so that the adjacent sampling volumes partially overlap. In gradient
calculation for E, and the density gradient, channels at both ends of the array are used.

The radial positions of the measurement are scanned by adjusting the HIBP operational
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Figure 1. Time evolutions of (a) D, emission intensity, (b) soft X-ray emission intensity, (c)

electrostatic potential, (d) spectrogram of electrostatic potential, and (e) fluctuation powers of

LCO and GAM. Radial position of the HIBP is r — a ~ —4.5 cm. L-H transition occurs at

t =trg ~ 0.737 s in this discharge, as shown by vertical dashed line.
parameters. By a shot-by-shot position scan, the edge region of —5 < r —a < 0 cm,
where r is the radial coordinate, is measured.

Figure 1 shows the time evolution of the D, emission intensity, the soft X-ray
emission intensity, the electrostatic potential, the spectrogram of electrostatic potential,
and the fluctuation powers of the GAM and the LCO. The time window used for
the Fourier transform is 2 ms, which is shifted every 0.4 ms. The time label of the
spectrogram is given for the center of the time window. The radial position of the HIBP
is 7 —a ~ —4.5 cm. Note that this position labeling is according to the equilibrium

calculation at t = 0.72 s. The last closed flux surface moves inward slightly in time,
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which causes an outward HIBP position shift approximately at the rate of 1 mm/10 ms.
The NB heating begins at ¢t = 0.7 s, after which the GAM is excited at f ~ 15 kHz.
The typical thermalization time for the NBI fast ions is ~ 50 ms. As time passes,
the soft X-ray emission intensities at different codes gradually increase, which reflect
the plasma temperature increment. This accretion is also confirmed by the charge
exchange recombination spectroscopy for the ion temperature measurement [20] (not
shown here). In the edge region, the ion temperature and the electron temperature are
found to be in the same order of magnitude of O(100 eV). Theoretically predicted GAM
frequency is consistent with the observed GAM frequency as shown in [13, 14]. In the
later phase, the LCO is excited at f ~ 4.5 kHz and the GAM decays. At t = 0.737 s,
the L-H transition occurs and the LCO disappears. The fluctuation power in Fig. 1
(e) is defined as [;? df S(f), where S(f) is the auto power spectrum of the electrostatic
potential fluctuation. Here, f; and f5 correspond to the frequency range of the GAM
(fi = 10 kHz and f, = 20 kHz) and the LCO (f; = 2 kHz and f; = 7 kHz). As
shown in Fig. 1 (e), particularly in 0.72 < ¢ < 0.73 s, the GAM power and the LCO
power anti-correlate in time. Once the LCO becomes significant at t ~ 0.727 s, the
GAM is completely suppressed. It should be noted that the LCO seen in this radial
location, 4.5 cm inside the separatrix, is induced by a potential oscillation on the plasma
surface, which may be caused by the periodic change in the outward flux to the scrape-
off layer region. Radial electric field oscillation only exists at the very edge region of

r—a > —2 cm, where the E,.-well structure appears after the L.-H transition. Therefore,
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Figure 2. Time averaged power spectral densities of electrostatic potential in GAM phase and

LCO phase.
the competition between the GAM and the LCO is not a local phenomenon. A possible
mechanism of the nonlocal interaction between the GAM and the LCO is presented in
the last part of the paper.

The time averaged power spectrum density of the potential fluctuation is shown in
Fig. 2. Here, the time periods of the GAM and the LCO are defined as 0.7 <t < 0.72 s
and 0.722 < t < tpg s, respectively, where tpy is the time instance of the L-H
transition that is shot dependent. In the LCO phase, the GAM amplitude becomes
less pronounced.

The radial profiles of the equilibrium quantities are shown in Figs. 3 (a) and (b).
The HIBP signal intensity Iyigp, shown in Fig. 3 (a), is proportional to the local electron
density if the pass-integral effect is less significant at the edge. This condition is not
satisfied in 7 — a < —2 cm, where the HIBP probe beam damping is substantial (shown
by dotted curves). Focusing on the edge plasma, the density gradient is gradually

steepened as time passes. In the earlier phase of the L-mode, the radial electric field
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Figure 3. Radial profiles of (a) HIBP signal intensity, (b) radial electric field, (¢) GAM

amplitude, and (d) LCO amplitude in GAM phase and LCO phase. Radial profiles of HIBP

signal intensity and radial electric field in H-mode are also shown in (a) and (b) as references.
profile is nearly flat at » —a > —2 cm, where the E,.-well structure forms after the L-H
transition (Fig. 3 (b)). In the LCO phase, although not very clearly shown, a small
bump forms at this position.

Figures 3 (c¢) and (d) show the radial profiles of oscillation amplitudes in the radial
electric field for the GAM and LCO, respectively. The GAM peaks at r—a ~ —3 cm, and
the amplitude decays as the position approaches at the edge. Since the GAM emerges
away from the F,-well and the pedestal structures in the H-mode, a direct contribution of

the GAM in initiating the L-H transition [8] seems not to be the case. In the LCO phase,
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the GAM amplitude nearly halves. Instead, the LCO occurs at the lower frequency of
f ~ 4.5 kHz at the E,-well position of r —a ~ —1 cm. As discussed in Refs. [15, 16,
the LCO was found to be a periodic generation/decay of a moderate transport barrier
by this localized E, oscillating structure. It should be noted that the amplitudes of
the GAM and the LCO (< O(1 kV/m)) are one order of magnitude smaller than the
depth of the E,-well that emerges after the L-H transition. Since the spatial scales of
those structures (GAM, LCO, E,-well) are comparable, impact of the GAM and the
LCO on turbulence suppression (shown below) and confinement improvement is less
significant compared to the FE,.-well structure in the H-mode. Furthermore, oscillating
E, structure was found to be less effective for turbulence suppression as discussed in [7].
Therefore, the GAM and the LCO are considered to play a minor role for triggering the
L-H transition. Rather, a possible excitation mechanism for the F,.-well structure was
presented as imbalance of the neoclassical force and a turbulent driven wave convection
[18, 5].

It is worthwhile to compare the impact of the density profile variation on the
dynamics for the GAM and the LCO. The inverse density gradient length estimated from
the HIBP intensity profile, L7! = —I;jzp V asp, is compared to the normalized radial
electric field, eE,. /T, where e is the electron charge and T is the plasma temperature. For
the GAM, | L, Ganl/ (el Ercaml/T) ~ 0.4, while for the LCO, |L &anl/ (el Ercaml/T) ~
2. Therefore, in the LCO dynamics, the density profile modulation is more important

than in the GAM dynamics. Rather, the GAM is driven by the turbulence.
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Figure 4. Time averaged spectra of (a) HIBP intensity, (b) electrostatic potential, (c¢) squared
cross coherence and (d) cross phase between HIBP intensity and electrostatic potential at
r—a~ —2 cm in GAM phase and LCO phase.

In order to discuss the mechanism of switching between the GAM and the LCO,
turbulence properties are analyzed. Figures 4 (a) and (b) show the power spectra of
the HIBP intensity (i.e., a proxy of density) and the electrostatic potential in the GAM
phase and the LCO phase. Turbulence spectral shapes are nearly unchanged in both
phases. Squared cross coherence 2 and cross phase between the HIBP intensity and the
electrostatic potential v are shown in Figs. 4 (¢) and (d), respectively. They also remain

qualitatively the same in both phases. A slightly positive phase difference corresponds
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Figure 5. Radial profiles of turbulence amplitude (40 — 110 kHz) in (a) HIBP intensity, (b)
electrostatic potential in GAM phase and LCO phase.
to the linearly unstable drift wave-type turbulence.

Radial profiles of the turbulence amplitude are shown in Fig. 5. Both quantities
show similar profile shapes, where the turbulence amplitude increases, approaching the
edge. The fluctuation amplitude of the electrostatic potential normalized by the plasma
temperature, i.e., e|¢|/T, is 5—10 %, therefore the Boltzmann relation e||/T = |fic| /7
is approximately satisfied. According to the turbulence observation, a possibility that
the GAM-LCO transition/competition is induced by a drastic change in turbulence
property is now excluded.

As described in Ref. [14], the excitation mechanism of the GAM in the JFT-
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2M tokamak was identified as the turbulent Reynolds stress modulation. In the
nonlinear excitation of the GAM by the turbulent Reynolds stress, a seed perturbation of
sheared poloidal flow is amplified by the Reynolds stress modulation of the background
turbulence at the GAM frequency. The Reynolds stress modulation is induced through
the modulations in the amplitude and wavenumber of turbulence caused by the sheared
poloidal flow perturbation itself. This process is called the modulational instability
[21]. The Reynolds stress modulation is predominantly caused by the turbulence radial
wavenumber. In Ref. [14], the Reynolds stress modulation was directly estimated by
using the conditional average. In order to improve the signal-to-noise ratio, the time
period in which the GAM amplitude was larger than a threshold value was analyzed.
However, in this paper, the conditional average is not applied because the Reynolds
stress modulation in the LCO phase, in which the GAM amplitude is mostly low, needs
to be obtained. In addition, evaluation of quantities having physical units are abandoned
because of lack of signal intensity in the LCO phase. Instead, squared cross coherence 2
between the electrostatic potential and the turbulence radial wavenumber is calculated
as a proxy of the turbulent Reynolds stress in the GAM phase and the LCO phase, as
shown in Fig. 6. Here the turbulence radial wavenumber is estimated from the phase
difference between two HIBP intensity signals recorded at two neighboring channels,
separated radially and poloidally. Since the poloidal wavenumber modulation is found
to be negligibly small, this quantity directly reflects the radial wavenumber modulation.

The squared cross coherence peaks at the GAM frequency (~ 15 kHz) in the GAM
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Figure 6. (a) Squared cross coherence between electrostatic potential and turbulence radial

wavenumber at 7 —a ~ —2 cm and (b) its radial profiles at GAM frequency in GAM phase and

LCO phase.
phase, while the peak disappears in the LCO phase. Spatial distribution of the squared
cross coherence at the GAM frequency is shown in Fig. 6 (b). The GAM driving force is
the radial gradient of the Reynolds stress, that is the spatial accumulation of the poloidal
momentum. The steep gradient in the squared cross coherence at r — a = —3 cm is
therefore considered to be responsible for driving the GAM, where its amplitude peaks,
as shown in Fig. 3 (¢). (In Ref. [14], a qualitatively similar discussion was directly had,
based on the Reynolds stress modulation amplitude.) On the contrary, the strong drive
of the GAM disappears in the LCO phase. In the modulational instability process,
the disappearance of GAM drive in the absence of the GAM oscillating component is
legitimate. In the LCO phase, 4? at the LCO frequency is less prominent. According
to the direct estimation of the Reynolds stress force accounting the effective inertia
enhancement in the toroidal plasma [5], the Reynolds stress was confirmed to play a
minor role in the LCO drive [15, 16]. This means that the LCO is not a low frequency

zonal flow.
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It is curious that the GAM driving force drastically changes while the turbulence
properties do so only slightly. A direct interaction from the LCO to the GAM might
exist, which can hamper the latter to grow. The LCO is not driven by turbulence via
the Reynolds stress as mentioned above. Therefore, the scenario that the GAM driving
energy is fully consumed by the LCO is not the case. Although the LCO is excited at the
very edge (r —a ~ —1 cm), the impact on the turbulence amplitude propagates towards
the core through the turbulence spreading [22, 23]. Figure 7 shows the turbulence
amplitude response, reproduced using three different shots. The conditional average [16]
is used to extract the reproducible events from a large amplitude of random noise, using
the LCO component on the D, emission signal, which is regarded to be the reference.
The LCO in E, is only prominent at the edge, as shown in Fig. 3 (d). However,
turbulence modulation propagates inward with a speed of 900 m/s. This turbulence
modulation has an amplitude of up to 10 — 20 % with respect to the equilibrium
turbulence amplitude. The turbulence modulation caused by the LCO propagates to
the GAM excitation region (r —a ~ —3 cm), and the GAM drive seems to be affected.
A possible interpretation of the competition between the LCO and the GAM is given
as follows: Because of the low plasma density, the thermalization time for the NBI
fast ions is slow as ~ 50 ms. After the NB injection starts, the plasma parameters
gradually approach to the L-H transition condition. In the marginal condition before
the L-H transition, the LCO is eventually excited. Once the LCO activity emerges, the

above-mentioned nonlocal interaction between the LCO and the GAM occurs, and the
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Figure 7. (a) Radial electric field modulation at LCO frequency and (b) spatial propagation of
turbulence amplitude (40 — 110 kHz) obtained by conditional average.
GAM is suppressed. The particular mechanism of how the GAM is suppressed is not
determined in this paper. Further theoretical and numerical approaches are necessary

to identify the effect of slow turbulence modulation on the GAM drive.

3. Summary

In this paper, the interrelation among the GAM and the LCO before the L-H transition
was, investigated based on the HIBP measurement in JFT-2M. In the case of JFT-
2M, the GAM decayed as the LCO was excited, approaching the L-H transition.
Although the turbulence properties were maintained in both the GAM and LCO phases,

the GAM driving force was significantly suppressed in the latter phase. Turbulence
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amplitude modulation, originated by the LCO away from the GAM excitation region,
was considered to be a candidate for the disturbance of the GAM excitation. For
understanding the physical mechanism of this observation, further theoretical and

numerical studies are necessary.
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