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The electric potential oscillations in the hot plasma zone have been measured directly using a heavy ion beam
probe at the frequencies of geodesic acoustic modes in the T-10 tokamak (the major and minor radii are R =
1.5 m and a = 0.3 m, respectively, and the toroidal magnetic field is B = 1.5—2.5 T). In discharges with the
lowered magnetic field B = 1.55 T, the diagnostic beam can probe a rather wide radial plasma region
(0.06 < r<0.28 m). This made it possible to study the radial structure of geodesic acoustic modes. It has been
shown that the frequency and amplitude of geodesic acoustic modes in the region under study are constant
over the radius in the whole region of observation. Thus, it has been shown experimentally that the observed

frequency of geodesic acoustic modes may not correspond to the predictions of the local theory (f ~ ,\/76 )in

a wide radial range comparable with the plasma minor radius. The numerical simulation of the turbulence
dynamics using the solution of Braginskii magnetohydrodynamic equations for a peripheral plasma has
showed the formation of geodesic acoustic modes in the observed frequency range owing to the nonlinear

interaction between broadband turbulence modes.
DOI: 10.1134/S0021364014210103

INTRODUCTION

Toroidal systems of the tokamak type play the lead-
ing role in the current studies on nuclear fusion. In the
1970s, the neoclassical theory of the energy transport
across the confined magnetic field was elaborated with
allowance for pair collisions of particles in the toroidal
magnetic geometry. According to this theory, being
heated, a plasma may transfer to the collisionless
regime, in which the transport coefficients decrease
with the increase in the plasma temperature, i.e., the
energy confinement is improved. However, it occurred
that transport, particularly of the electron component,
has an anomalous character and does not correspond
to the neoclassical theory. Turbulent oscillations with
different excitation mechanisms, amplitudes, fre-
quencies, wavenumbers, and regions of spatial local-
ization develop in plasma. Small-scale oscillations
may combine into middle-scale and global modes
forming the so-called inverse cascades of oscillation
energy transport. Geodesic acoustic modes (GAMs),
which are the high-frequency branch of zonal flows in
the toroidal plasma, refer to these middle-scale
modes.

The notion of zonal flow is widely used in the
description of the turbulent processes in the atmo-
spheres of the Earth and solar system planets. In mete-
orology, it means the directed flow coming from the
west to the east along the latitude. In a tokamak, zonal
flows are plasma torsional oscillations along the mag-
netic surfaces in the poloidal direction. Geodesic
acoustic modes are the high-frequency (tens and hun-
dreds of kilohertz) branch of the zonal flows. For the
first time, geodesic acoustic modes having the electro-
static potential component with poloidal and toroidal
numbers m = n = 0 and the plasma pressure compo-
nent with m = 1 were introduced within the ideal mag-
netohydrodynamics model [1]. Geodesic acoustic
modes are examples of the self-organization of the
plasma excited by the low-frequency drift modes, in
which the energy is pumped to longer wavelength
oscillations owing to the modulation instability or
inverse cascades. GAMs excited by fast electrons
(EGAMs) were also found.

Geodesic acoustic modes are intensively studied as
a possible mechanism of the self-regulation of plasma
turbulence [2, 3], in which small-scale turbulence
radially carrying the energy from the plasma to the wall
transforms into torsional oscillations of GAMs con-
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serving the energy in the plasma. In addition, the the-
ory predicts that the transitions to the improved
plasma confinement are accompanied by the compli-
cated interaction between the edge small-scale turbu-
lence, electric field, rotation shear (inhomogeneity),
and zonal flows [4].

Recently, it was demonstrated that geodesic acous-
tic modes and Alfvén eigenmodes caused by beta (rel-
ative pressure) of plasma (BAE) having low but non-
zero m and n values on the potential perturbations [5]
have a common expression for the frequency:

Vr,

i

fGAM/BAE = m
(D

x /\/;‘ +7T,+ qiz(gzé + 8T+ 2125)(7 + 415)71,

where 1, = T,/T}; Vzrl_ =2T,/m;; T,and T, are the elec-
tron and ionic temperature, respectively; m; is the ion
mass; and ¢ is the safety factor [6, 7]. In the toroidal
geometry, the ionic pressure perturbations caused by
the toroidal compressibility are anisotropic, which
gives an adiabatic index of 7/4 [8]. The second term t,
in Eq. (1) is associated with the electron compressibil-
ity in the adiabatic limit ® < V7. /gR. We note that the

electron pressure perturbations cause the lateral oscil-
lation band with m = 1. The multiplier (7 + 4t,)~' at

g~? is associated with the longitudinal compressibility
of the ionic and electron liquids (the same as for the
planar ion-sound modes). Expression (1) describes the
local spectrum (continuum), in which the local fre-
quency fGam/pag Varies over the radius because 7, T,
and g are functions of p = r/a.

Experimental studies of the radial structure of geo-
desic acoustic modes performed on modern tokamaks
give ambiguous results. On the TEXT [9] and FT-2
[10] tokamaks, the radius dependence of the fre-
quency of geodesic acoustic modes was observed in
accord with the predictions of the local theory given by
Eq. (1). However, it was shown in experiments on the
JFT-2M [11], HL-2A (where EGAM were studied)
[12], ASDEX [13], TCV [14] and GLOBUS-M [15]
facilities that the observed geodesic acoustic modes
have an almost constant frequency in a certain finite
radial region in which 7, changes noticeably, which
does not agree with (1). We note that the observations
of geodesic acoustic modes are a complicated diagnos-
tic problem requiring the application of special highly
sensitive diagnostics of the electrical field or plasma
rotation. For this reason, each of the experiments
mentioned above involved diagnostic limitations on
the region of observation of geodesic acoustic modes,
which did not make it possible to obtain a comprehen-
sive answer to the question about the radial structure of
geodesic acoustic modes. This answer was the aim of
experiments at the T-10 tokamak, in which the mea-
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surements of geodesic acoustic modes of the plasma
potential were performed in a wide radial interval.
Their results are given in this work. They show that the
frequency and amplitude of the oscillations may not
change over the radius.

The article is organized as follows. First, the dis-
charge parameters and the applied diagnostics are
indicated. Then, the main results of experiments—
radial dependences of the frequency and amplitude of
geodesic acoustic modes—are given. After that, the
numerical model of the edge turbulence is described in
short and the calculation results are presented. The
main results of the work are summarized in the last
section.

EXPERIMENTAL CONDITIONS

In the T-10 circular tokamak (R=1.5m,a=0.3m,
toroidal magnetic field B = 1.5-2.5 T), geodesic
acoustic modes were studied using a heavy ion beam
probe, correlation reflectometry, and Langmuir
probes [3, 16, 17]. It was shown that the frequency of

the mode /°® varies with the temperature as /7 [3,
16]. This confirms that these modes are caused by the

geodesic compressibility and belong to the
GAM/BAE type.

To study the radial structure of geodesic acoustic
modes, we used the method of heavy ion beam probe
(HIBP), which is the unique direct method of measur-
ing the electric potential in the hot plasma zone [18].
We applied the diagnostic beam of TI* ions with the
energy E, < 180 keV [19]. The probing primary beam
moved through the plasma over the Larmor circle to
the ionization point (SV). The secondary TI** ions
with the energy E, moved over the circle with the
radius half as large and got into the energy analyzer.
The energy difference d¢g, = E, — E, made it possible
to find the local potential value at the ionization point
and its fluctuations. Varying the injection angle o and
the primary beam energy, one can change the position
of SV over the so-called detector grid (Fig. 1). In these
experiments, we applied scanning of the position of SV
over the cross section of the plasma using the variation
of the voltage U, with a period of 10 ms. The plasma
density profile n, was measured by multichannel inter-
ferometers. The electron temperature 7, was esti-
mated from the soft X-ray radiation (SXR) and the
second harmonic of the electron—cyclotron emission
(ECE). The central ionic temperature 7,(0) was deter-
mined from the spectrum of charge-exchange neu-
trals. The diagnostics used are described in more detail
in [20].

EXPERIMENTAL RESULTS

In this work, the regime with the lowered magnetic
field B = 1.55 T was used that made it possible to
JETP LETTERS Vol. 100
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Fig. 1. (Color online) Detector grid for the heavy ion beam
probe at the T-10 tokamak in the field B = 1.5 T obtained
at the variation of the beam energy £, and the injection
angle o (the voltage on the deflecting plates for scanning
Us.). Asterisks denote the available points of observation.
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expand the region of observation by the method of
heavy ion beam probe to the center of the plasma. In
this regime, the heavy ion beam probe makes it possi-
ble to observe both the periphery (p = 0.7—1) and cen-
ter (p = 0.2) of the plasma. The studied regime with the
ohmic plasma heating (the current /, = 140 kA) is

characterized by the low chord-averaged density 7,

slowly changing from 1.3 to 2.4 x 10" m~3 owing to the
gas puffing. The time evolution of the main plasma
parameters is shown in Fig. 2. It can be seen that with
an increase in the density, the electron temperature
decreases somewhat and the absolute value of the neg-
ative plasma potential increases. A geodesic acoustic
mode is observed in the power spectrum of the plasma
potential oscillations (PSD) as a characteristic sharp
peak having a high contrast in comparison with the
surrounding background of the broadband oscillations

(Fig. 3). At considerable variation of the density #,

(from 1.8 to 2.4 x 10" m~3), the frequency of the mode
decreases slightly, which corresponds to the weak
square-root temperature dependence predicted by
Eq. (1).

The radial distribution of the frequency of geodesic
acoustic modes is shown in Fig. 4. Modes are not
found outside the limiter beyond the radius » = 0.3 m.
The mode frequency is almost constant in the region
of observation (0.2 < p < 0.9), which is inconsistent
with the calculation of fgam/pag by Eq. (1). The
amplitude of geodesic acoustic modes is also almost
constant over the radius (Fig. 5). Thus, it was shown
that the geodesic acoustic mode in the studied regime
has the properties of a global eigenmode. The existing
theory [4, 5, 21] predicts such a possibility in the pres-
ence of a local maximum for fGam/pag, Which, how-
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Fig. 2. (Color online) Evolution of the chord-averaged
plasma density 7, , local potential value ¢ (p = 0.67), and
central electron temperature 7,(0) in pulse no. 57412 with
the increase in the density.

ever, is not implemented under the conditions of this
experiment. The presence of the other type of eigen-
modes, which do not require the local maximum
Jaamysag for their existence, should also be noted [22].
Such modes can be formed in discharges with a mono-
tonic temperature and positive shear of the magnetic
field. Interestingly, the harmonic of the eigenfunctions
with m = 0 in [21, 22] has a stepwise character, so that
its amplitude remains constant in a considerable
region over the radius. The amplitude step in [21]
occurs near the maximum point and in [22] near the
plasma column. For both types of solutions, the fre-
quency of global eigenmodes exceeds the local fre-
quency over the whole radial region. We note that the
experimental frequency f“® coincides with fGav/sae
only in the periphery of the column (at p = 0.8—0.9)
and it is noticeably lower in its other part (Fig. 4). The
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Fig. 3. (Color online) Spectra of potential oscillations in
the regime with the increase in the density that are mea-
sured at time instants marked with arrows in Fig. 2. A slight
decrease in the frequency of geodesic acoustic modes at
the higher density is caused by the decrease in the electron
temperature.
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Fig. 4. (Color online) Radial distributions of the frequency
of the peak of geodesic acoustic modes at different plasma
densities. The solid curve corresponds to calculations of
the frequency by Eq. (1). A slight decrease in the frequency
of geodesic acoustic modes is caused by the temperature
decrease with the increase in the density.

latter may indicate the considerable role of the nonlin-
ear processes in the generation of geodesic acoustic
modes and the formation of global solutions. With an
increase in the density, the frequency and amplitude

decrease. At the densities exceeding 77, = 2.4 x 10" m=3,

the mode disappears. The weak decay of f°* at the
edge (at p = 0.9) observed at an increase in the density
is in agreement with calculations of fGam/pap With
allowance for a decrease in the temperatures 7, and 7;
at the periphery.

NUMERICAL SIMULATION

As a rule, geodesic acoustic modes and zonal flows
are considered within the linear theory [21, 22]. In this
case, a number of effects associated with the influence
of the nonlinear terms, which can be responsible for
the global structure of geodesic acoustic modes, are
lost. The nonlinear simulation of geodesic acoustic
modes was performed using a five-field code (o, #,, p,,
Pi» V);) capable of solving the nonlinear two-fluid Bra-
ginskii magnetohydrodynamic equations in toroidal
geometry at the tokamak periphery (0.8 < p < 1) at the
developed drift-resistive ballooning turbulence in the
electrostatic approximation [23, 24]. Here, p, and p;
are the pressures of electrons and ions, respectively,
and V), is the longitudinal ion velocity.

The calculation showed that the nonlinear interac-
tion between different spectral components under tor-
oidal conditions leads to the appearance of specific
high-frequency magnetohydrodynamic modes in the
Fourier spectra, which are geodesic acoustic modes
with the properties close to those observed in the
experiment. It was also shown that, in addition to the
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Fig. 5. Radial distribution of the amplitude of geodesic
acoustic modes at different plasma densities.

turbulent Reynolds force, the Stringer—Winsor force
associated with the total-pressure geodesic acoustic
modes noticeably affects the poloidal rotation rate
[24].

Figure 6 shows the calculated turbulent Fourier
spectra of the amplitude of the fluctuations of (a) the
electrostatic potential, (b) the density, and (c) the
velocity of the zonal flow Vi, = (¢/B)do/dr. The
region near the frequency (fgam)™" = 15 kHz calcu-
lated by Eq. (1), where the characteristic spectral max-
ima are located, is shaded. It follows from the calcula-
tions that, under developed turbulence conditions,
geodesic acoustic modes are not strictly coherent.
They are manifested in the form of increased activity
in a rather wide frequency range (~12—28 kHz), which
differs somewhat from the experimental data having a
narrower frequency peak in this range.

The calculations also showed that the frequency
region of geodesic acoustic modes is shifted with an

increase in 7, toward higher frequencies as f ~ ﬁ in
agreement with experiments.

It follows from the results of the numerical simula-
tion that satellite peaks in the region /> (f5am) " and
in the region f'< (fgam)"°" are always present in the
frequency region of geodesic acoustic modes in addi-
tion to the peak (f5ap)"°". The presence of the satel-
lite peak of geodesic acoustic modes in the region >
(foam)™eor corresponds to the results of the measure-
ments [3, 16, 17]. A theoretical analysis of the appear-
ance of the satellite oscillations has not yet been per-
formed. Additional numerical calculations of the tur-
bulent dynamics at different tokamak plasma
parameters are needed for the understanding of the
nature of these satellites using the experimental data-
base on time Fourier spectra from different devices.
2014

JETP LETTERS Vol. 100 No. 9



RADIAL HOMOGENEITY OF GEODESIC ACOUSTIC MODES

2 o \ g
=)
:§ L
o)
E/ 0.2
= L
E 0.1
° I
(=W
0-
Z 0.06
g
5 L
Vo)
5 0.04
2 |
g 0.02
A L
oL
05
g 04
=
o)
L‘E/ 0.3
n 0.2
wS0.1
0 1 TRL A P
10 100
S (kHz)

Fig. 6. (Color online) Amplitude Fourier spectra of (a) tur-
bulent potential fluctuations, (b) density, and (c) zonal
velocity. The region of the excitation of geodesic acoustic
modes is shaded. The dashed line corresponds to the theo-

retical value (fgan) %" = 15 kHz.

CONCLUSIONS

For the first time, the oscillations of the plasma
electric potential caused by geodesic acoustic modes
were measured over almost the total radial interval
(0.2 < p <0.9) in the ohmic regime of the T-10 toka-
mak at the lowered magnetic field B=1.55 T using the
heavy ion beam probe of the plasma. It has been shown
that the frequency and amplitude of geodesic acoustic
modes on the electric potential are constant over the
radius within the experimental error. Thus, it has been
demonstrated that the observed frequency of geodesic
acoustic modes may not correspond to those predicted
by the local theory assuming the strong radial inhomo-
geneity of the frequency owing to its square root
dependence on the local temperature. The obtained
results are the experimental confirmation of the exist-
ence of the global eigenmodes, the basic possibility of
the existence of which is considered in the theory [22].
The numerical simulation of the dynamics of the tur-
bulence by solving the Braginskii magnetohydrody-
namic equations at the plasma periphery has indicated
the possibility of the formation of geodesic acoustic
modes owing to the nonlinear interaction between
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broadband turbulence modes near 15 kHz in qualita-
tive agreement with the experiment.
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