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Abstract

The geodetic acoustic mode (GAM) is a high-frequency branch of zonal flows, considered as a mechanism of the
turbulence self-regulation, affecting the radial transport of energy and particles. The GAM studies were performed using the
heavy ion beam probing (HIBP) of plasma in the T-10 tokamak (R=1.5m, a=0.3 m, Bt =2.5 T, Ipi < 330 kA, deuterium). HIBP
measured plasma potential oscillations from the central area to the limiter. It was shown that the GAM has a complex frequency
structure consisting of three separate frequency peaks in the power spectral density of plasma potential: the main GAM peak
with a frequency of feam ~ 20 kHz, and two satellite peaks, high-frequency (HF) and low-frequency (LF) ones, shifted from
the main peak by the same Af ~ 4kHz. Each of the three GAM peaks has the character of a global eigenmode of plasma
oscillations with the frequency and amplitude of potential fluctuations almost constant in a wide radial region from the plasma
core to the edge. At the edge, the amplitude of the GAM peaks decreases to zero at the plasma boundary. The radial dependence
of the GAM frequency does not obey the local scaling fecam~Cs/R, where Cs is the ion-sound velocity. Nevertheless, in ohmic
discharges, as well as at the moderate power of ECR heating (Pec < 0.5 MW), the frequencies of each of the three GAM peaks
follows the temperature dependence of local scaling with Cs, taken at the outermost point of the constant amplitude. With a
further increase in temperature or at powerful ECR heating (0.5 MW < Pec < 2.2 MW), the frequencies of both the main GAM
peak and both satellites deviate from the theoretical dependence and saturate. As the power of the ECR-heating (temperature)
increases, the frequency difference between the main GAM peak of the HF satellite decreases, and the two peaks merge into
the single, reaching the upper limit for fecam. The bicoherence analysis indicates the three-wave coupling of GAM with plasma
turbulence in a wide spectral range up to 350 kHz, including quasicoherent mode with 80 kHz < foem <300 kHz and stochastic
low frequency mode with fs.r < 50 kHz. Each GAM peak has its own frequency range of coupling.

1. INTRODUCTION

The oscillating radial electric field E; drives the torsional poloidal oscillations along the magnetic surfaces (zonal
flows, ZFs). According to the theory, these oscillations have a toroidal and poloidal wavenumbers m=n=0, the
fluctuations of density ne are weaker than the fluctuations of potential ¢, Ane/ne << eA@/Te. Geodetic acoustic mode
(GAM) is a high-frequency branch of zonal flow. The GAM frequency follows the dependence on plasma

parameters fg,,, =C, /\2zR , where Cs is the ion-sound velocity, as predicted by a local theory [1]. The first

observations of GAM were carried out on three tokamaks: TEXT [2], DIII-D [3] and T-10 [4, 5]. The general
interest to GAM emerges after the review paper, considering both GAMs and low frequency (or residual) ZFs
with fze of a few kHz, fzr < feam [6]. 1t has been shown that the GAM is excited as a result of a nonlinear interaction
between various spectral components of turbulence, or as an effect of energetic particles (e-GAM). ZF/GAM is
considered as a mechanism of the turbulence self-regulation, affecting the radial transport of energy and particles
in toroidal fusion devices. Due to that ZF/GAM is considered as a mechanism influencing L-H transitions [7, 8].
Progress in the ZF and GAM researches is described in the reviews [9 - 11].

Experiments have shown that the GAM has a fine structure: in addition to the main peak, a high-frequency satellite
is visible on the power spectrum of plasma potential. The presence of the HF-satellite does not fit to the local
theory [1]. Recent theoretical analysis considers the formation of the GAM fine structure or appearance of
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satellites as a result of nonlinear interaction between GAM and Low Frequency ZF [12, 13]. The further
development of this concept is presented in this IAEA-FEC [14, 15].

Recent advances in the HIBP diagnostics on the T-10 tokamak increased the signal accuracy, time and spatial
resolution [16]. The presented report describes the results of a dedicated study of the GAM frequency fine
structure and properties in regimes with ohmic and powerful electron cyclotron resonance heating (ECRH) in the
T-10 tokamak. The goal of the work is to check the hypothesis that the HF satellite is another geodetic acoustic
mode, which is located in a deeper plasma region with a higher temperature, by the analysis of the main GAM
frequency and spatial structure, the dependence of frequency on temperature, and the interaction of the GAM with
broadband turbulence. It combines the extended diagnostic capabilities and widening of the temperature domain
by exploring the high ECRH power.

2. EXPERIMENTAL SETUP

In the T-10 circular tokamak (toroidal field B; = 1.5-2.42 T, major and minor radii R = 1.5 m, a = 0.3 m), the
advanced heavy ion beam probe (HIBP) diagnostics was used to study GAMSs. It measures the fluctuating
component of the plasma potential, density, and poloidal component of magnetic potential with a high spatial (~1
cm) and temporal (1 ps) resolution [17, 18]. TI* ions with an energy of E, < 330 keV probed the plasma from the
edge to the core [16]. Deuterium plasma with ohmic and powerful ECR heating (Pec < 2.2 MW) was studied in a
wide range of plasma parameters: temperature T < 3.1 keV, T; < 0.6 keV, density ne ~ 0.7-4x10% m=3, current Iy,
= 150-300 KA. Evolution of the main plasma parameters during the high-power ECRH, as well as the HIBP
measurement of mean plasma potential were described in the report at the 28-th IAEA Conference FEC-2020
[19].

3. FREQUENCY AND RADIAL STRUCTURE OF THE GAM

Advanced HIBP diagnostics with improved signal sensitivity allowed us to observe the evolution and fine
frequency structure of the GAM. For the first time it was shown that GAM consists of three separated frequency
peaks, while previously only two peaks were observed. They are the main GAM peak with feam, the HF satellite
with fur_sa and the LF satellite with fir s, all three peaks are shown in Figs. 1 and 2. Unless the Amplitude of the
LF satellite is lower than other peaks by a factor of 2-4, it is clearly visible in potential spectra or spectrogram in
the form of the separated peak or a shoulder in the lower-frequency part of spectra.
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FIG. 2. The fine structure of GAM: main GAM
peak, LF, and HF satellites on the power spectral
density of potential fluctuations in the ohmic phase
of the discharge before the start of ECRH.

FIG. 1. Spectrogram of plasma potential fluctuations in discharge
with OH and ECR-heating: B=2.4 T, I = 270 kA,
Ne ~2-3.5x10"° m, Pec = 1.35 MW.

As a rule, the frequency differences between the GAM and its satellites are equal to Afue= fue sat - foam, Afie=

= foam — fLr_sar, Afur = Afi e = Af and they are Af ~ 4 kHz. Such a frequency structure of GAM corresponds to a
nonlinear model of interaction between GAM and low-frequency ZF, in assumption the ZF frequency, fzr is equal
to Af[12, 13]. The main peak of the GAM and its satellites dominate the power spectra of the plasma potential in
the OH and ECRH stages of discharge. As a rule, the GAM amplitude increases with ECR heating.

The main GAM peak and both satellites have a uniform radial structure with a constant frequency in the wide
radial region shown in Fig. 3 (a), that indicates the feature of the global eigenmode of plasma oscillations. In the
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present example of OH scenario feam = 18 kHz, fur sae = 21 kHz, fir s = 15 kHz. The radial distribution of the
GAM amplitude is shown in Fig. 3(b). We see that the amplitude of each of the three peaks is different, but it is
practically constant over a wide radial range. Approaching to the periphery, the amplitude begins to fall down to
the noise level. The plato radial area for the amplitude of the HF satellite, r < rur plao = 23 ¢m, is the narrowest,
for the LF satellite it is the widest r < rir_plasto = 27 ¢m, and for the main GAM peak it is in the middle between
them, r < ream_plate = 25 cm. The almost constant frequency difference between the three peaks allows us to
interpret the HF satellite as the second branch of the GAM, which originated in a deeper region of the plasma with
a higher temperature, and the LF satellite as the third branch, originated in an outer region with a lower
temperature, while the main GAM peak originates between them.

Following [20], the origin point for each GAM peak was chosen as a radius, where observed GAM frequency,
averaged over steady state phase of discharge, coincides with the absolute value of the GAM frequency,

foam =C /\/_ﬂ'R where C, = / T, +7/4T.)/m . The origin points for three peaks are taken as ror_sa = 29 cm,

rur_sae = 25 cm and ream = 27 cm. Figure 3 (b) shows that within experimental accuracy origin points are shifted
respect to the plato radii about 2 cm and lies about the middle of the slope of the amplitude.

As we mentioned earlier, as a rule, the amplitude of the LF-satellite is significantly (2-4 times) less than the
amplitudes of the main GAM peak and the HF-satellite. The amplitudes of each GAM peaks begins to decline
monotonously from the origin point to the edge, up to the noise level near the plasma border. The radii of the
origin points for each of the peaks are different, but they are fairly constant over a wide range of plasma parameters
under study, both in OH and ECRH plasmas.
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FIG. 3. Typical example of the radial structure of GAM. (a) The frequency for each of the three GAM peaks is constant
in the observation area p=r/a= 0.55-1.0. (b) Radial distribution of the GAM amplitude. The amplitude of each of the
three peaks is constant over a wide radial range. As it approaches the edge, it begins to fall down to the noise level. The
region of constant amplitude for the HF satellite is the narrowest, for the LF it is the widest, and for the main peak it is
the average between them. OH,
Bi=2.3T, lpi=230 kA, ne~0.6-7-70"°m?
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FIG. 4. (a) The evolution of the plasma current I, and density measured near the core (r=16-18 cm).
(b) The spectra of potential fluctuations measured in different observation points. The HF satellite peak is not observed
in the outermost observation position.
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Figure 4 shows a comparison of the power spectra of potential fluctuations in the core and edge plasmas. It
confirms the constancy of the GAM frequency over the radius.

4. DEPENDENCIES OF GAM AND SATELLITES FREQUENCY ON THE TEMPERATURE

In the case of OH and low-power ECRH (Pec < 0.5 MW), all three frequency peaks: the main GAM, LF, and HF
satellites have a square root temperature dependence on the value (T.+7/4 T;) taken at the points of origin, different
for each peak, for rir st = 29 cm, ream = 27 cm and ryr_sa = 25 cm. For plasma with powerful ECRH (0.5 MW <
Pec < 2.2 MW) or when (Te+7/4 T;) at the origin radius ream exceeds 0.5 keV, the frequencies of the main GAM
peak, as well as LF and HF satellites, deviate from the local theory prediction [1], and the square root dependencies
of feam on (Te+7/4 T;) at ream is saturated (Fig. 5). Thus, there is an upper limit for the GAM frequency. The local
temperature values are taken at the origin points for each GAM peak.
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FIG. 5. The temperature dependence for the GAM frequency (a), HF-satellites (b) and LF —satellites (c). solid red curve
shows the theoretical f,, =C, I\2zR , where C,=(T,+714T)I m_ . We consider discharges with ohmic and
ECR heating of various power up to the maximum Pec<2.2 MW

Figure 6 shows the frequency difference between GAM and its satellites, Afir and Afye for the experimental
conditions shown in Fig. 5. We see that Af s = Afur = Af ~ 4 kHz. When the temperature value Te +7/4T; (ream
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= 27 cm) approaching 0.7 keV, a systematic decrease in Af, or convergence of the main GAM and HF satellite
peaks is observed up to their complete merging (Fig. 7).
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FIG. 6. Frequency difference for GAM peaks, left Af_r, right - Afue. For OH and low-power ECRH, Pec < 0.5 MW, the
frequency differences are close to each other. When the temperature value Te +7/4Ti (ream = 27 cm) approaching 0.7
keV, the merging of the main GAM and HF-satellite peaks takes place.
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FIG. 7. Merging of the main GAM peak with the satellite during powerful ECRH. (a) Temporal evolution of the potential
fluctuation power spectrum, average density (light blue) and ECRH power (purple). (b) Power spectral density before
(OH-phase, black) and after (ECRH - phase, red curve) merging.

Note the higher intensity of the merged GAM + HF-satellite peak (red curve) in powerful ECRH phase
compared to each of them in OH phase (black curve).

5. INTERACTION OF GAM WITH BROADBAND TURBULENCE

We use the bispectral analysis to study the interaction of GAM with turbulence [10, 20]. The three-wave
interaction is described by the bicoherence coefficient b and biphase 6:

| <@, (), (HR)P;(fi + ) > P

2 — 2
bx,y,z(fl: fZ) - < |¢x(ﬁl)¢y(f2)|2 >< I@Z(ﬁl +f2)|2 >l 0 < bx,y,z(fl; fz) < 1

_ Im<®x(f1) Py (£)P7(f1+12)>
Oua(fi o) = arctg o>

—nTt<0<m.

A statistically significant b2 and a finite (non-stochastic) biphase indicate the presence of a three-wave interaction
between GAM and turbulence at frequencies fi, f,, fi+f, [22]. Three-wave interaction characterizes nonlinear
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media, it occurs in various fields of physics and engineering. For example, in hydrodynamic turbulence described
by the Navier-Stokes equation, a quadratic nonlinearity arises — the Reynolds stresses.

Bispectral analysis indicates a three-wave interaction for each of the three GAM peaks with background
turbulence in a wide frequency band from 0 < f < 330 kHz, that is, in the range of quasicoherent modes. Each
GAM peak has its own characteristic frequency range of interaction, including a low-frequency quasi-coherent
(LFQC) mode, a high-frequency quasicoherent (HFQC) mode, and a stochastic low-frequency (SLF) mode. An
example of the b?(¢, ko, fot) for shot No. 72287 is shown in Fig. 8. The signal of the total HIBP current Iy
represents the local plasma density. Figure 8 means that the QCM frequencies f;°C and f,°C follows the coupling
with GAM as f;°C=f,%C+fsam.
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FIG. 8. Three-wave interaction between GAM and turbulence. A statistically significant quadratic bicoherence coefficient
indicates the presence of a three-wave interaction between the GAM and LF + HF QCM frequencies; shot No. 72287, OH,

Ne ~ 0.7x10"° m=.

Figure 9 is the zoomed picture of Fig. 8, which shows details of the interaction between GAM and satellites with
SLF and QCM in the wide frequency range from 0 to 330 kHz [23].
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Figure 10 shows the dependence of the biphase and the quadratic coefficient of bicoherence on the frequency. The
biphase is taken within the range (-2r+1, 1) to avoid the phase jumps. Figures 9 and 10 show that each of the three
branches of GAM has its own intervals of intensive interactions: for GAM with LF+HF QCM: 100 - 330 kHz; for
LF satellite with HF QCM: 150 - 330 kHz; and for HF satellite with LF QCM: 100 - 250 kHz. Accordingly, the
biphases for GAM and satellites with QCM are: 6gam = -3.1£0.3; OLr sar= -3.1£0.3; Onr_sa= -3.1£0.3 and for GAM
and satellites with SLF, 6gam = 0£0.5; Or_sa= 0£0.5; Onr_sar= 0+0.5.

300 r 0.020

(@) —— GAM ) N e LF sat 1, © - LF sat
—— HF sat =2 . GAM
£ 200 -~ LF sat 0.015 i & 01— ——HF sat
5 =
g ooy 8 LFQCM HFQCM
T 100+ = Ez- o |
0.005 | N . 15
0 . = SRR W :
0.000 . . 1 Ate 0 100 200 300
S 4 S -2 -1 0 100 200 300 400 f (kHz)

Biphase f (kHz)

FIG. 10. Interaction of GAM and satellites with turbulence. The dependence of the biphase and the quadratic coefficient
of bicoherence on frequency. (a) the histogram for the biphase in interactions with QCM has a maximum of about 27; (b)
the bicoherence for interactions with QCM; (c) the biphase spectrum for interactions with various types of turbulence.

CONCLUSIONS

We found that GAM has not only HF, but also an LF satellite. Thus, the GAM consists of three separate frequency
peaks: the main GAM peak, the HF satellite, and the LF satellite.

As arule, the amplitude of the LF satellite is significantly (2-4 times) lower than the amplitudes of the main peak
and HF satellite. Thus, the theoretical analysis of the GAM frequency structure presented in [12, 13] requires
further development and clarification.

For plasma with ohmic and low-power ECR heating (Pec < 0.5 MW), all three GAM peaks: the main, LF, and
HF satellites have a square root temperature dependence of their frequencies typical for GAM.

A three-wave interaction of all three GAM frequency peaks with turbulence in the wide frequency band from 0 to
330 kHz (stochastic low frequency mode and quasicoherent modes, both LF and HF) has been detected. Each
GAM peak has its own typical frequency range of interaction.

The almost constant frequency difference between the three peaks makes it possible to interpret the HF satellite
as the second geodetic acoustic mode, born in a deeper region of plasma with a higher temperature, and the LF
satellite as the third GAM, born in an outer region with a lower temperature.

For plasma with high-power ECR heating, 0.5 MW < Pgc <2.2 MW, the frequencies of the main GAM peak, as
well as LF and HF satellites deviate from the prediction of the local theory, the square root dependence of the
frequency on temperature f(T) goes into saturation. Thus, an upper frequency limit for GAM has been found.

In this parameter range, with an increase in the ECRH power (temperature), the frequencies of the main peak and
HF satellite merge into the single peak.

These new experimental facts require additional theoretical analysis.
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