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Zonal flows and their high-frequency counterpart, the geodesic acoustic modes (GAMs) are considered as
a possible mechanism of the plasma turbulence self-regulation. In the T-10 tokamak, GAM and broadband
(< 200kHz) turbulence of plasma potential and density have been directly studied by heavy ion beam probing
from the plasma core to the edge. Regimes with Ohmic and auxiliary electron cyclotron resonance heating
(ECRH) were studied (B, = 1.7-2.4T, I, = 140-250KkA, fie = (0.6-3) X 10" m™3, Pgc < 1.2MW) for the
plasma with tungsten rail limiter. GAMs are more pronounced during ECRH, when the typical frequencies fgam
were in the band 22 - 27 kHz for the main frequency peak and 25 - 30 kHz for the higher frequency satellite. Both
GAM and satellite have uniform structure with constant frequencies over a wide radial extension, exhibiting the
features of plasma eigenmodes. The main GAM peak has wider outer bound at the plasma edge than satellite.
faam follows the theoretical expectation fgam ~ VT /m;/R (for electron temperature at r/a = 0.7) for both OH
and ECRH regimes in the wide temperature area, covering the whole operational limit of T-10. At the plasma
periphery, the quasicoherent electrostatic mode with frequency 50 - 120 kHz coexists with GAM and satellite.
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1. Introduction

In the recent years tokamak plasma fluctuations attract
the significant interest since their relevance to the proper-
ties of the turbulent transport. It is believed that zonal flows
and their high-frequency counterpart, geodesic acoustic
modes (GAMs) presents a mechanism of the turbulence
self-regulation [1]. GAMSs involving m = 0 component
of the electrostatic potential and m = 1 component of the
plasma pressure were first introduced in [2] within the ideal
MHD model. The general properties of GAMs have been
reviewed in [3]. Recently GAMs were intensively studied
in a number of tokamaks and stellarators [4-6]. To analyse
the temperature dependence of GAM, the following equa-
tions were used:

Jfeam = ¢s/27R, (D

where R is the major radius and the sound speed c is:

cs = V(Te + Ti)/mi. 2

author’s e-mail: Melnikov_AV@nrcki.ru
*) This article is based on the presentation at the 26th International Toki
Conference (ITC26).
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In most of the experiments, GAMs were found to be
an edge phenomenon [7], while this was often caused by
the limitations of the used diagnostics. However, it has
been recently found that GAM may be radially extended
[8,9]. Several experimental works show the radial varia-
tion of the GAM frequency [10]. However, other exper-
iments suggest that the observed GAM fluctuations have
constant frequency over some radial extent, limited by di-
agnostic capabilities [8, 11], presenting the structure of the
radially extended eigenmode. So, the GAM radial struc-
ture is still an open question at the moment. It presents the
challenge for the diagnostics to detect GAMs in the plasma
core.

In the T-10 tokamak, the modes in the geodesic acous-
tic frequency range have been studied by the heavy ion
beam probing (HIBP) [12, 13], correlation reflectometry
and multipin Langmuir probes (MLP) [14]. Previously our
measurement in outer zone at the low field side have shown
that the mode frequency f°* scales approximately as VT’
that confirms that these modes are induced by the geodesic
compressibility and belong to the GAM type. These results
were obtained with a conventional carbon limiter. One of

© 2018 The Japan Society of Plasma
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the goals of this work is to study the properties and radial
structure of such modes in the whole radial range of T-10
from the plasma edge to the central region in the plasma
with all-metal wall [15].

Electron cyclotron resonance heating (ECRH) is
known as a powerful tool for the radially localized heat-
ing of the plasma electrons. Significant progress has been
reported regarding the physical understanding of empiri-
cal actuators like ECRH core heating to avoid impurity
accumulation as a potential showstopper for the develop-
ment of fusion energy [16]. Recent advances in the HIBP
[17, 18], opens the possibility to study plasma turbulence
in a wide frequency range and in higher densities. The
paper describes the recent observations of the properties of
GAMs and broadband plasma turbulence in OH and ECRH
plasma discharges limited by the rail tungsten limiter made
by ITER technology [15].

2. Experimental Set-Up

Experiments in the T-10 circular tokamak (R = 1.5 m,
a = 0.3m), were performed with a reduced magnetic field
B, = 17T, and current I, = 200kA, so the edge safety
factor was g(a)~2.5, while density evolves within the
range 7. = (0.2-2.5) x 10! m™3. The discharge scenario
is shown in the Fig. 1. On top of that, the discharges with
auxiliary ECR heating with the power Pgc up to 1 MW
were studied. The main diagnostic to study plasma electro-
static turbulence in the core plasma of T-10 is HIBP. It uses
TI1* ions with initial energy Ey,; = 200-300keV. HIBP is
capable to measure the profiles of local plasma potential
sy in the Sample Volume (SV) from difference of pri-
mary and secondary energies: ¢ = ¢syv = (Ev; — Epp) /e,
(e is the elementary charge) and relative density fluctua-
tion 7igy/ngy from the secondary beam current Tiot/ Iior in
the frequency range < 500kHz. The 5-slits energy ana-
lyzer allows us to get the local potentials in several spatial
points (SVs) simultaneously, so to retrieve the electrostatic
turbulence particle flux, as discussed in [19].

HIBP scans the plasma cross section by periodical
variation of beam entrance angle to the plasma (scanning
voltage Usc,y) with period from 10 to 100 ms. Calcula-
tions of beam orbits have shown that HIBP is capable
to observe the considerable part of plasma cross section
0.2 < psy = rsy/a < 1. For the experimental condi-
tions, shown in Fig. 1, the plasma density is not very high
(nsy < 2.2x10' m™3), so one can neglect the path-integral
effect [20] and suppose that the density fluctuation mea-
surements are rather local.

Plasma potential and density signals were measured
in a series of the reproducible discharges, with a sampling
frequency < 1 MHz and radial resolution < 1 cm.

HIBP beam energy was changed from shot to shot, so
various radial areas were observed. For the each beam en-
ergy, the sample volume position was periodically changed
during ~ 10 ms by the scan of the beam entrance angle.
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Fig. 1 The typical discharge scenario, which allows to look at
the GAM and broadband turbulence in a density range
fie = (0.5-2.2) x 10" m~3, #70991.
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Fig. 2 (a) Power spectrogram of the plasma potential; (b) the
time variation of sample volume position rgy.

An example of the results, obtained in such experiment is
shown in Fig. 2.

Figure 2 (a) shows the time evolution of the potential
power spectral density (power spectrogram, PSD) in the
low-frequency range, while Fig. 2 (b) shows the time vari-
ation of pgy. The radial length of 1 cm has been passed dur-
ing 1-3ms, so it took from 1 to 3 X 103 samples, and forms
the so-called “slow scan” with high temporal resolution.
Then the Fourier power spectrograms were reconstructed
with Hann sliding window, having a time-series (NFFT)
~ 103 samples per 1ms, so providing the high temporal
and spectral resolution.

For slow evolving processes, assuming the absence of
the fast irregular changes during 1 ms, one may transfer
the time dependence of the power spectra (PSD) to the
radial spectra dependence. Figure 2 (a) shows that GAM
is strongly dominating in the potential spectrogram. This
holds for the whole observed radial range.

3. Experimental Results
3.1 Ohmic plasma

Potential power spectrograms from different radial ar-
eas were unified into a set presented in Fig. 3. This is a joint
picture, covering the whole radial observation range for the
regime under analysis. Each row of the matrix presents the
radially resolved potential PSD, obtained for a specific en-
ergy Ey;. The upper row corresponds to the lower Ey,; and
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Fig. 3 The radial reconstruction of potential PSD for the series
of identical shots with B, = 1.7 T, I, = 220kA. Scans are
chosen at density 71, = 1.0 x 10" m=3.

the outer radial range. The radial ranges are not equal for
each Ey,; due to the peculiarities of the beam trajectories.
For each pair of the neighboring spectrograms there is a ra-
dial area of the overlapping. Figure 3 shows that the spec-
trograms in the overlapping area are identical that proves
the consistency of the measurements. The radial length
of fragments is varied from 3 to 10 cm, depending on the
beam energy.

Figure 4 shows the unified radial PSD over the whole
observation area. It shows the uniform radial structure
of GAM frequency foam = 20kHz. In addition, there
is a satellite peak with a weaker power and frequency
fsat = 24kHz, which also has a uniform radial structure.
This radial uniformity of both peaks is consistent with
the earlier observation, performed at low magnetic field
B = 1.55T [11]. Finally, one may see that GAM on T-
10 presents the features of the radially extended or global
eigenmode with a constant frequency over the plasma mi-
nor radius.

Figure 5 presents the radial profiles of the amplitude
for GAM and satellite. Figure 5 shows that the GAM am-
plitude in potential is about 75V, while for the satellite it
is in a factor of 3 less, i.e. about 25 V.

The turbulence structure at the edge presents a spe-
cific interest. Figure 6 shows the density (a) and potential
(b) PSD in the edge plasma. Inner part of the spectrogram
shows the spectra, which are typical for the core plasmas.
It contains the quasimonochromatic GAM excited in po-
tential spectra at the frequency fgam = 20kHz. Besides,
it contains the quasicoherent (QC) mode [14] excited in
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Fig. 4 The joint picture of the radial reconstruction of potential
PSD (a. u.) for the series of identical shots with B, =
17T, I, = 220KA, 7i. = 1.0 X 10" m™>.

90 -

80

GAM

Satellite

Noise level

8 10 12 14 16 18 20 22 24 26
r (cm)

Fig. 5 The radial profiles of the amplitude of potential perturba-
tion for GAM and satellite. Color curves are amplitudes
taken from the shots of Fig.3, red curves are best fits.
Grey curve is the noise level. B, = 1.7T, I, = 220kA,
fi. = 1.0x 10 m™.

the frequencies from foc = 50 to 150kHz. This mode is
dominating in the density spectra. Radially outward part
of the spectrogram shows the spectra, which are typical for
the scrape-off layer (SOL) plasmas. It contains the specific
low-frequency oscillations limited to 20 kHz.

The typical density spectra for the core plasma and
SOL are presented in Fig.7. They are taken from the
shot, presented in Fig.6. One may see the dominating
low-frequency oscillations in SOL-like spectrum, while in
the core the quasicoherent mode dominates. The SOL-like
spectrum demonstrates fast decay in a range of about two
decades, while the core spectrum presents significant val-
ues in the frequency range up to 200 kHz.

Remarkably, there is a sort of gap between the core
and SOL types of spectra. In the gap there is no pro-
nounced activity in the observed frequency range up to
300 kHz.

Figure 8 shows the spectrum observed by the Lang-
muir probe in SOL, which is similar to SOL spectrum
shown in Fig. 7.
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Fig. 6 The turbulence structure at the edge. (a) PSD of the
plasma density with dominating QC peak, (b) PSD of
plasma potential with dominating GAM peak, (c) evolu-
tion of the sample volume position; #69607, B, = 2.4 T,
I, = 210kA, 7. = 1.2 x 10" m™. Vertical lines show
radial positions of spectra in Fig. 7.
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Fig. 7 Density turbulence power spectra in the core plasma
(black) and in the SOL (red). QC peak is pronounced
in the core spectrum.

3.2 ECRH plasma

ECRH presents an effective instrument to heat plasma
electrons directly and locally. ECRH affects both GAM
and QC. Figure 9(a) shows the plasma potential PSD
of the discharge with auxiliary ECRH. Both GAM and
satellite peaks became more intensive due to the ECRH.
Time trace of the amplitude of the GAM-related activity,
including both GAM and satellite, was estimated at the
time-frequency domain, marked by polygonal region in
Fig.9(a). This time trace is presented in Fig.9(c). Fig-
ure shows the fast increase of the amplitude in a factor of 2
from 75V to 150V followed by gradual decay. GAM fre-

Fig. 8 Spectrogram of floating potential fluctuations measured
by Langmuir probe in SOL (r = 32cm); B, = 2.3 T, I, =
220kA, 7, = 2x 10 m™,
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Fig.9 Temporal evolution of GAM and QC mode in dis-
charges with ECRH. Plasma potential (a) and density (b)
power spectrograms; (c) amplitudes of GAM on poten-
tial (green) and QC on density (black) perturbations, in-
tegrated over the marked domains; (d) line-averaged den-
sity and electron temperature evolution. B, = 2.42T,
I, = 250 KA.

quency is evolving with 7. variation shown in Fig. 9 (d) as
predicted by the scaling (1). Figure 9 (b) shows the plasma
density power spectrogram. It shows the increase of the
QC peak due to the ECRH. Time trace of the QC ampli-
tude, estimated at the time-frequency domain, marked by
polygon in Fig. 9 (b) is presented in Fig. 9 (¢).

We see the fast increase of the amplitude in a factor
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Fig. 10 GAM dependence on T.. OH regimes - open symbols,
ECRH regimes - closed symbols. The theoretical scaling
(3) is shown by solid line.

of 2 from 2 % to almost 4 % followed by gradual decay.
Remarkably, both time traces demonstrate the similar be-
havior due to the auxiliary ECRH. It is important to note
that in earlier experiments, performed with higher densi-
ties [14] the opposite effect was observed by both corre-
lation reflectometry and HIBP: QC mode was suppressed
by ECRH. So, the details of the QC mode behavior under
ECRH still present an open question.

The overall GAM frequency dependence on the elec-
tron temperature is presented in Fig.10. Figure shows
that despite the radially global character of GAM on T-
10, which is inconsistent with the local theory [2], the
GAM frequency follows the scalings (1 -2) in the follow-
ing sense: the frequency of the global eigenmode is driven
by the sound speed ¢, (Eq. (2)) taken at some representative
radial point. This point happens to be p = 0.7 for all exper-
imental points of Fig. 10. At the plasma edge T; ~ T, [21],
so the scaling for the GAM frequency may be rewritten as:

féam = 1/27R 2T /m;. 3)

It is shown by the solid line in Fig. 10.

4. Summary
The structure of the electrostatic turbulence in the
ohmic plasmas of the T-10 tokamak is as follows:

There are two dominating modes in the power spec-
tra: GAM (~20kHz) and QC (50- 150kHz). GAM dom-

inates in plasma potential while QC dominates in the den-
sity spectra.

GAM has constant frequency and amplitude over the
whole plasma column up to the periphery. Higher fre-
quency satellite has the same structure, but it starts deeper
in plasma.

SOL is characterized by a specific type of the spectra
with strongly dominating low-frequency (< 20 kHz) band.

Both GAM and QC are affected by ECRH: GAM fre-
quency increases with T, due to ECRH, while GAM am-
plitude increases with ECRH. The dynamics of QC is more
complicated. In contrast to the decrease of the QC under
ECRH observed earlier [14], in the considered regimes QC
were excited. In future, we plan to study the features of QC
mode and GAM frequency scaling with account of T; for
ECRH discharges.
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