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Abstract

®

CrossMark

A new kind of quasi-coherent mode was observed in ohmic plasma in the STOR-M tokamak.
It is featured with a clear solitary peak around 30-35kHz in the power spectra of the ion
saturation current () of Langmuir probe as well as poloidal and toroidal mode numbers

(m = 1,n = 0) as per the prediction of conventional geodesic acoustic mode (GAM) theory.
The dispersion relation of the mode is also similar to GAM and it also shows collisional
damping. In contrast to conventional GAM, the floating potential ¢ of the observed GAM-like
mode does not show similar symmetric poloidal and toroidal mode numbers (m = 0,n = 0),
but has (m = 1,n = 1). The GAM-like mode has also a pronounced magnetic component with
mixed poloidal modes (m = 3 and m = 5;n = 1), as observed by Mirnov coils. This mode is
suppressed by the application of resonance magnetic perturbations.
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(Some figures may appear in colour only in the online journal)

Zonal flow is a universal phenomenon present in turbulent
systems, whether it is magnetically confined laboratory plas-
mas or space plasmas [1, 2]. Experimental [3] and theor-
etical [4, 5] studies of this phenomenon have become highly
important to understand the transformation mechanism from
turbulent or disordered state to ordered state like zonal flows
[6]. Controlling energy/particle transport is crucial to achieve
burning plasmas in reactor-grade tokamaks. Anomalous trans-
port in tokamak plasmas arises due to small scale or turbulent
fluctuations [2, 3]. On the other hand, the formation of zonal
flows, created from electrostatic turbulent energy through a
nonlinear process, helps to reduce cross-field transport. Also,
recent gyrokinetic simulation shows that low frequency zonal
flow can be formed by beta-induced Alfvén-eigenmode(BAE)
[7] and BAE can exist in ohmic discharge tokamak plasma

1741-4326/18/024001+6$33.00

[8]. Zonal flow’s formation is a self-organized process whose
inherent physical nature is still not known.

In general, two types of zonal flow can be found in toroi-
dal systems which are ‘low frequency’ residual zonal flow and
‘high frequency’ zonal flow or geodesic acoustic mode (GAM)
which exist only in toroidal geometry. Conventional GAM is
mainly characterized by (i) symmetric toroidal mode number
(n = 0) for both density fluctuations and potential/radial elec-
tric field fluctuations, (ii) symmetric poloidal mode number
(m =0) only for potential/radial electric field fluctuations,
but it is asymmetric in density fluctuation (m = 1), (iii) strong
domination of plasma potential fluctuations over density fluc-
tuations, ed¢ /T, > dn/n [9]. Theoretically, mode frequency
follows ion sound speed [9], so radially localized GAM fre-
quency is expected. Extensive experimental studies on GAM

© 2017 IAEA, Vienna Printed in the UK
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Figure 1. (a) Geometrical positions of four Langmuir probe
systems in different geometrical locations, (b) RMP coil set, (¢) a
set of twelve Mirnov coils.

have been done in medium-to-large volume tokamaks and stel-
larators like TEXT [10], DIII-D [11], T-10 [12], etc [3].

The small tokamak STOR-M with circular cross-section
has major and minor radii of 46cm and 12cm, respectively,
with discharge duration around 30ms. The plasma bound-
ary is defined by an elliptical stainless steel poloidal limiter,
placed in such a way that its internal major (13 cm) and minor
(12 cm) radii have laid along horizontally and vertically. Three
Langmuir probe systems(top, radial-2, bottom) were installed
through the top, equatorial and bottom ports of the vessel in the
same poloidal cross-section. A fourth one(radial-1) is placed
equatorially, offset toroidally by 90° in a clockwise direction
(top view) with respect to the other three sets. Each probe head
has four pure tungsten probe tips of 1 mm diameter, placed on
four corners of a square with side length of 2.25mm. Each
probe head is dedicated for measuring floating potential fluc-
tuations (¢), Iy fluctuation and current—voltage(I-V) charac-
teristics for electron temperature (7,) from the same plasma
location. A set of Mirnov coils including twelve coils, placed
poloidally with successive coil separation 30°, is dedicated to
measuring magnetic fluctuations. These are located almost
135° apart in a clockwise toroidal direction (top view) with
respect to the location of the group of three Langmuir probe
systems. STOR-M is also equipped with a set of resonance
magnetic perturbations (RMP) coils with (m = 2;n = 1)[13].
The probe head and four probe systems’ geometrical posi-
tions, Mirnov coils set and RMP coils are shown in figure 1.

The study was performed in plasmas with edge safety fac-
tor (¢.) 5.08 < g.(= aBr/RB,) < 6.78, toroidal magnetic
field Br =0.65 T, and plasma current 15 kA < Ip < 20
kA. Electron density (n.) averaged over central chord
25%x 10 m™3 <n, <32x 10 m™3. A typical plasma
discharge scenario is presented in figure 2. Top, radial-2, bot-
tom, radial-1 Langmuir probe systems’ heads were inserted
into the plasma at a plasma radius of around 10cm to meas-
ure I, ¢ and T.. Ideally, Langmuir probe tips should collect
L,¢ and 1-V signals from the same magnetic flux surface.
Locations of all probes at the same flux surface were verified
by a similar amplitude of time traces of Iy, signals with toler-
ance of 10-12 mA, presented in figure 3(e).

A quasimonochromatic oscillation was noticed in Iy, sig-
nals from four probes. Figure 3 presents a typical GAM-like
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Figure 2. Temporal variation of (a) plasma current, (b) loop
voltage, (c)line averaged density, (d) plasma horizontal position and
(e) voltage waveform controlling gas puff.
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Figure 3. (a) Power spectral density of ‘I, signals of top (black
line), bottom (red line), radial-2 (green line) and radial-1 (blue line)
probes (the GAM-like frequency peak, marked by dashed line, is
dominant over the power spectrum), (b) cross power between top
and bottom GAM-like ‘I, signals, (¢) coherence between top and
bottom GAM-like ‘I, signals, (d) phase difference between top
and bottom GAM-like ‘I, signals, (e) temporal variation of the
‘I, signal envelopes of top (black line), bottom (red line), radial 2
(green line) and radial 1 (blue line), (f) temporal envelope of two
radially shifted ¢ signals difference.

behaviour of Iy, fluctuations and clearly illustrates that the
power spectral density (PSD) of top and bottom /g, fluctua-
tions have a dominating solitary peak around 30kHz but PSD
of I, fluctuations from radial-1 and radial-2 have PSD at noise
level. Clear indications of cross power, high coherence around
0.75 and phase difference around 0.97 have been observed in
between top and bottom I, fluctuations. We consider that the
equatorial plane has # = 0, then the top and bottom probes
have corresponding § = 7w/2 and § = —7/2. So, phase dif-
ference is nearly 7 between the top and bottom probes with
nearly equal PSD of them as well as PSD at noise level of
radial-2 density fluctuations, indicating sin 6 distribution of
density fluctuations in the poloidal plane. Again, PSD at noise
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Figure 4. (a) power spectral density of top (black line) and bottom
(dashed line) GAM-like ¢ signals, (b) coherence between top (solid
line) and bottom ¢ signals, (c) poloidal phase difference between
top and bottom GAM-like ¢ signals (black line) as well as toroidal
phase difference between radial-1 and radial-2 GAM-like ¢ signals
(red line) which indicate (m = 1;n = 1), (d) phase difference
between bottom /g, and bottom ¢, (e) PSD of two radially shifted ¢
signals difference.

level of density fluctuations of radial-1 also supports sin
distribution of PSD in the poloidal direction since sinf = 0
at 8 = 0. Also, the poloidal mode number of density fluctua-
tions is m = 1, since the top and bottom probes have nearly 7
phase difference. Numerically, it is difficult to derive the toroi-
dal phase difference in between radial-1 and radial-2 density
fluctuations since both have PSD at noise level. Since both
PSD of radial-1 and radial-2 density fluctuations are at noise
level following sinusoidal distribution in the poloidal direc-
tion, toroidal mode number n = 0 for the density perturbation
is suggested. All these features are consistent with the theor-
etical expectation of GAM [9] (n = 0, m = 1, density pertur-
bation) and experimental observation as well [14].

The mode number of ¢-signals does not show GAM-like
behaviour as per theoretical expectation and experimental
observations [14—16]. Figures 4(a)—(c) presents PSD, coher-
ence and phase between top and bottom ¢. Top and bot-
tom ¢ have almost equal PSD, high coherence but nearly
7 phase difference which indicates poloidal mode number
m = 1. Again, radial-1 and radial-2 ¢-signals have a phase
difference of nearly /2, presented in figure 4(c), which
indicates toroidal mode number n = 1, since radial-1 and
radial-2 probes are separated toroidally by 7/2. So, ¢ mode
number (m = 1,n = 1) is in contrast to conventional GAM
(m = 0,n = 0). Interestingly, the phase difference between
Iy and ¢ in the same geometrical locations always has nearly
0.57 at GAM-like frequency peak, presented in figure 4(d),
which is consistent with GAM features [17]. The difference
between two radial ¢ signals(d¢, = ¢, — ¢r2), collected
from radial-1(¢, ), radial-2(¢,,) which are not located exactly
in the same magnetic surface, has a PSD peak around 30kHz
and provides an indication of radial electric field signal (E,).
The frequency of the PSD peaks of both Iy, and d¢, is well
matched. Figures 3(f) and 4(e) show time traces and PSD
of §¢, signal. Typically, GAM-like fluctuations are excited
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Figure 5. (a) Radial profile of the intensity of GAM-like
frequency peak in the power spectral density of Iy, signal, (b)

frequency of GAM-like oscillations, and square root of electron
temperature (Tel / 2), (c) plasma electron temperature, (d) GAM-like
oscillation frequency at (r/a) = 0.83 versus square root of electron
temperature (7. 1 2

within a plasma discharge time window of around 9-12ms,
shown in figures 2(a) and (b). Its time duration varies from
around 0.5-2 ms. In this typical example (figure 3), time dura-
tion is 9.2-10.2 ms.

The radial width of GAM-like oscillations is derived by
measuring the magnitude of PSD peak of top I, in different
radial locations by moving top I, radially through successive
shots keeping other probes at constant positions. The outer
boundary of the radial width is located at a normalized plasma
radius r/a = 0.97 which is inside and close to the last closed
magnetic flux surface(LCFS), shown in figure 5(a). It is con-
sistent for limiter discharges [18]. However, the inner bound-
ary of the radial width is undetermined because the top I
could not be moved more than 9.75 cm (r/a = 0.89) towards
the plasma center, otherwise the plasma disrupts. The mag-
nitude of PSD peak of top I, increases rapidly towards the
plasma center.

Here, an interesting feature is that the GAM-like oscilla-
tion frequency around 33 kHz remains constant over the inves-
tigated radial width though edge 7. increases slowly towards
the plasma center, as shown in figure 5(c) which is consistent
with feature of global [19, 20] GAM-like mode, shown in fig-
ure 4(b). This is because T, changes around 3eV over stud-
ied region extended from p(r/a) = 0.97 to 0.89. We obtain

0f =2 kHz using formulation &fgam = ﬁ(ﬁ)l/zﬁn at
T. =20 eV and 6T, = 3 eV, which is in contrast with exper-
imental outcomes.

The dispersion relation of GAM-like oscillation is verified
by measuring oscillation frequency (f) and corresponding 7,
at top gy located at plasma radius 10cm. A small variation
of T, is obtained by slightly changing the gas puff as well
as I, where T; is measured from Langmuir Probe I-V char-
acteristics. The dispersion relation of conventional GAM

theory is foam = 5% (2 + l/qz)l/z, where ‘c,” and ‘R’ stand
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Figure 6. GAM-like peaks in the PSD of (a) floating potential
signal ¢ in bottom probe, (b) Mirnov coil oscillations in high field
side, (¢) ion saturation current signal in top probe, coherence in
between (d) bottom floating signal and high field side Mirnov
oscillation, (e) top /s and high field side Mirnov oscillation,

(f) bottom floating signal and top /s, Remarkably, the higher-
frequency satellite accompanies the main GAM-like peak.

for ion-acoustic speed and plasma major radius. The conven-

tional GAM dispersion relation reduced to a simplified form is

foam = 25(£)1/2 at T; = 3T, and neglecting 1/¢* term where

T-+1T; .
¢y = 4/ ——. Here, T; and m; present ion temperature and
i

ion mass. We notice that the f versus T! /2 plot is well matched
with the reduced form of the conventional GAM dispersion
relation, shown in figure 5(d). We got GAM-like f = 30kHz
and 32kHz at corresponding 7. = 18 eV and 21eV.

On the other hand, the dispersion relation of beta induced

Alfvén mode is [21] fegam/BaE = (ﬁ)(%)lﬂ(% + %)1/2_

Jfeae and fgam merge for T, = %Ti because in this condition

foag = (#)(%)'/2 = foam. Again, according to the first

hypothesis, [22] frequency scaling of global betainduced Alfvén
eigenmode is faar < frag/2q, where frag = m
and we can well approximate n;m; = n.m;, where n; is ion
density. For STOR-M, frag =225 kHz at By = 6500 G,
R=46cm, g =5,n, = 5.10"2 cm ™3, m; = 1.6.1072* gm and
feag < 22.5 kHz which is of the same order as the observed
frequency range. It is clear that small tokamak STOR-M can
support frequency range of BAE mode as well.

A typical example of a dominating GAM-like peak around
33.2kHz with pronounced satellite peak around 46.8kHz,
present in all spectra, is shown in figure 6. Long range spatial
correlation [23] of GAM-like ¢, I, and Mirnov oscillations
are examined in the poloidal plane by deriving the coherence
between two parameters with all possible combinations of
top s, bottom ¢ and high field side(HFS) Mirnov signals
as well as the PSD of three signals. These three signals have
been selected from arbitrary positions. Clear frequency peaks
around 33.2kHz of PSD of bottom ¢, top I, and HFS Mirnov
signal have been observed in figures 6(a)—(c). Interestingly,
coherence around f= 33.2kHz has been observed between
two parameters with all possible combinations of top /gy, bot-
tom ¢, HFS Mirnov signal and its magnitude varies from 0.85
to 0.9, shown in figures 6(d)—(f).
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Figure 7. (a) Mode structure, (b) amplitude versus mode frequency.

GAM-like Mirnov oscillations have mixture poloidal
mode numbers m = 3 and m = 5 and toroidal mode number
n = 1. Figure 7(a) shows poloidal mode structure m = 3,5
and figure 7(b) presents amplitude versus modes’ frequency.
Here, mode frequency has two strong peaks around 33.2kHz
and 37.5kHz with other higher order weak peaks. Peaks
around 33.2kHz are matched with the GAM-like mode but
the rest do not match. This example confirms that the GAM-
like mode has the expected electromagnetic component [4,
5] which also follows conventional observations of magnetic
component of turbulence driven GAM [14, 15, 25]. The
higher-frequency satellite peak in all spectra resembles the
earlier observation on tokamaks [14, 24]. A new important
observation is the existence of a satellite peak in the magnetic
component. The appearance of satellite peaks is very clear in
some shots.

The typical behaviour of GAM-like Mirnov oscillations is
shown in figure 8(a) which clearly indicates asymmetry in the
magnitude of PSD of Mirnov oscillations in magnetic field
surface towards the poloidal direction. The local plasma den-
sity has been varied by changing the gas puffing signal and
corresponding top probe Iy,; HFS Mirnov signals have been
recorded. Experimentally, the amplitude of the PSD peak of
GAM-like I, and HFS Mirnov oscillations decay with increas-
ing local plasma density, as shown in figures 8(b) and (c). This
reveals that the mode is damped through collision. Suitable
mathematical functions have been tried to fit with these two
empirical outcomes. It is observed that the amplitude of the
PSD peak versus local plasma density of GAM-like I, and
HFS Mirnov fluctuations is well fitted with 0.95exp(—0.7n.)
and 6.5exp(—0.55n, ), respectively. The exponential decay of
the PSD peak amplitude of GAM-like Mirnov oscillations is
faster than GAM-like I, oscillations.

Resonant magnetic perturbation (RMP [26]) was applied by
the RMP system (m =2,n = 1) during the plasma discharge
time window of 7-10ms which is just before the onset time
of the GAM-like mode. The application of RMP has a notice-
able effect on plasma parameters like ¢y, ¢, ne, T, and P, at
the plasma edge of STOR-M discharge. In presence of RMP,
spatial profiles of all those plasma parameters become steeper
at the plasma edge compared to the reference discharge without
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temperature, (¢) plasma electron pressure, (d) floating potential, (e)
plasma potential, with RMP (open circle connected by red line) and
without RMP (solid circle connected by black line).

RMP, as shown in figures 9(a)—(e), where RMP produced per-
turbing radial magnetic field around 0.0035 T at LCFS. Toroidal
plasma flow is also modulated by the application of RMP in
STOR-M discharge [13] and as a result magnetic fluctuations
are suppressed. Apparently, this may be the possible reason for
improved confinement due to the application of static RMP.

It was noticed that GAM like fluctuations in /g, and Mirnov
probes are completely suppressed after applying magnetic
perturbation where perturbing radial magnetic field is around
0.0035 T at LCFS. A typical example of GAM-like mode sup-
pression in the presence of RMP is shown in figures 10(a)—(f).
It is prominent from the figure that top and bottom GAM-like
I, fluctuations as well as GAM-like Mirnov coil fluctuations
were completely suppressed.

It is clear from the experimental results that this mode, hav-
ing a main frequency component and a high-frequency satel-
lite, has an electromagnetic nature and seems to be a global
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Figure 10. Effect of RMP on the GAM-like peak in Isat ((a), (b))
and Mirvov coils ((¢)—(g)). PSD with RMP (red line), without RMP
(black line).

mode with GAM frequency scaling with T¢.. The considered
mode is strongly dominant in the potential spectra since
(edp/Te) = 50(dne/n.) which is like a conventional GAM
characteristic. Again, similar to conventional GAM, floating
potential fluctuations and density fluctuations in the same
locations have a phase difference of /2. Its density (lsa)
component also shows conventional GAM behaviour, but its
potential component deviates from conventional GAM since
it has m = 1,n = 1. So, the mode is not a conventional GAM
but a sort of GAM-like mode. This mode experiences expo-
nential damping through collision. Remarkably, the magnetic
component decays faster than the I, component. This mode
is suppressed by RMP perturbation through magnetic interac-
tion with the mode.
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