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In Tokamak Chauffage Alfvén Brésilien [R. M. O. Galvio et al., Plasma Phys. Controlled Fusion
43, 1181 (2001)], high magnetohydrodynamic (MHD) activity may appear spontaneously or during
discharges with a voltage biased electrode inserted at the plasma edge. The turbulent electrostatic
fluctuations, measured by Langmuir probes, are modulated by Mirnov oscillations presenting a
dominant peak with a common frequency around 10 kHz. We report the occurrence of phase locking
of the turbulent potential fluctuations driven by MHD activity at this frequency. Using wavelet
cross-spectral analysis, we characterized the phase and frequency synchronization in the plasma
edge region. We introduced an order parameter to characterize the radial dependence of the
phase-locking intensity. © 2008 American Institute of Physics. [DOIL: 10.1063/1.2920211]

I. INTRODUCTION

Many experiments have confirmed that the plasma con-
finement in toroidal devices depends in many ways on the
fluctuating electric and magnetic fields at the plasma edge.l’3
Magnetic fluctuations reduce plasma performance and limit
relevant parameters like the poloidal beta due to the change
of the plasma profiles induced by magnetic instabilities such
as the tearing modes." Electrostatic turbulence is the main
cause of anomalous particle transport at the tokamak plasma
edge that reduces the particle confinement.”™

Although in some toroidal devices, as the reversed field
pinches (see, for example, the experiments in Extrap Tl
reversed-field pinch5 ), both electrostatic and magnetic fluc-
tuations directly contribute to the edge transport, in tokamaks
edge transport is typically determined only by electrostatic
fluctuations.’ However, Mirnov oscillations have also been
found to be associated with decreased energy confinement’
and particle confinement.’” Furthermore, several experiments
in tokamaks show that, under special conditions, the edge
particle transport can be influenced by the magnetic oscilla-
tions. Thus, experiments performed Wlth ergodic dlvertors in
Texas Experimental Tokamak (TEXT),® Tore Supra ' Torus
Experiment for Technology Oriented Research (TEXTOR),"!
Hybtok—II,12 and DII-D" demonstrated that an ergodized
magnetic boundary can influence parameter profiles and re-
duce the transport. Beside this experimental evidence, some
theoretical works also predict a possible influence of mag-
netic fluctuations on the collisional drift-wave turbulence in
tokamaks."*'¢

Experiments in the linear, magnetized, low- plasma de-
vice Mirabelle showed spatiotemporal synchronization of
drift wave turbulence.'” This was modeled by a current pro-
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file with a prescribed mode structure and frequency. In this
work, we argue that some specific experiments in tokamaks
indicate that turbulence synchronization similar to this may
be driven by Mirnov oscillations. Namely, in Texas Experi-
mental Tokamak Upgrade (TEXTUp), for the first time, the
edge turbulence associated with large magnetohydrodynam-
ics (MHD) activity was systematically studied.'® The turbu-
lence was dramatically enhanced for the large MHD activity
discharges with a 2/1 (where m=2 and n=1 are the poloidal
and toroidal mode numbers, respectively) dominant mode
with a measured frequency of 3 kHz. Modulations were seen
in the edge density, floating potential, and electron tempera-
ture associated with the Mirnov oscillations measured by the
magnetic field coils. This kind of modulation was also ob-
served for other natural dominant magnetic modes in the
Tokamak from Brazil (TBR)" and CASTOR,***! and in To-
kamak Chauffage Alfvén Brésilien (TCABR) for a 2/1 domi-
nant magnetic mode created by an ergodic magnetic
limiter.”?

In the TCABR tokamak, plasma confinement can be im-
proved using a voltage biased electrode inserted at the toka-
mak edge.23 Investigations of MHD activity for some experi-
mental conditions show that, after the application of the bias,
the MHD activity can increase in different times and reach
high amplitudes with a dominant 2/1 mode and a sideband
3/1 mode.** The onset of high MHD activity during these
discharges produces evidence of coupling of electrostatic tur-
bulence and magnetic fluctuation in TCABR. However, such
coupling can also be observed without voltage biasing,
whenever the MHD activity increases signiﬁcantly.24 Even
so, we have analyzed discharges with electrode bias, since
the increase in MHD activity is more likely to occur in this
case.

In this paper, we report the observation of a feature of
the coupling between MHD activity and electrostatic fluctua-
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FIG. 1. Scheme of the experimental setup: (a) viewed from above; (b)
cross-sectional view.

tions in the TCABR tokamak. The latter is distinguished
from a simple correlation since Mirnov oscillations modulate
the electrostatic potential fluctuations at the tokamak plasma
edge. Different frequency peaks of the MHD activity modu-
late the previously uncorrelated potential fluctuations, in the
sense that the latter acquire the same frequency peaks of the
former, and they oscillate with a constant phase difference.
Moreover, the usually broadband wave number and fre-
quency spectrum characteristic of electrostatic turbulence is
modified during periods of high MHD activity with a well-
defined peak at f~10 kHz and k~0. This was revealed
through wavelet spectrogram analysis (cross-spectrum) of
MHD activity and turbulence fluctuations and an order pa-
rameter obtained from the phase angle between signals of
floating potential and ion saturation current measured in po-
loidally separated electrostatic probes.

The rest of the paper is organized as follows. In the
second section, we briefly describe the experiment and the
kind of turbulent data we obtain from the tokamak. Section
IIT presents the data analysis using the wavelet spectrum, as
well as the corresponding order parameter. The final section
contains our conclusions.

Il. EXPERIMENT

The experiments were performed in a hydrogen circular
plasma in the Brazilian tokamak TCABR** (major radius
R=61 cm and minor radius a=18 cm). The plasma current
reaches a maximum value of 100 kA with duration 100 ms.
The hydrogen filling pressure is 3X 107 Pa and toroidal
magnetic field By=1.1 T. At the scrape-off layer the electron
plasma density is n,~ 1.5 X 10'® m~3, with an electron tem-
perature 7,~5 eV.

In this work, we analyze fluctuations measured at the
region comprising the plasma edge and the scrape-off layer
(r=a). A set of three movable electrostatic probes was used
to measure the floating plasma potentials in two poloidal
positions separated by 0.4 cm and the ion saturation current
at a toroidal position 0.4 cm apart from the poloidal probes.
With these probes we measured the ion saturation current /
and floating potentials, ¢; and ¢,, at the edge and scrape-off
layer. The whole set was mounted at the outer equatorial
region of the tokamak [Fig. 1(a)]. Radial profiles of electro-
static fluctuations were obtained on a shot-to-shot basis.
Magnetic fluctuations were detected using a Mirnov coil lo-
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FIG. 2. (Color online) Time evolution of the (a) plasma current, (b) central
estimated plasma density, (c) MHD activity, and (d) floating potential (at
r/a=0.94) for a discharge of the TCABR tokamak with bias polarization
(Shot No. 18011). The rectangular bar in (a) indicates the DC bias potential
at the electrode. The vertical lines indicate the time window used in data
analysis.

cated at r=19.5 cm (i.e., 1.5 cm outside the plasma radius).
Probe and Mirnov coil data were digitized at 1 and 0.25
megasample per second, respectively, and filtered by a
300 kHz anti-aliasing filter. A movable electrode with a posi-
tive voltage bias of 350 V was positioned 1.5 cm inside the
plasma (rg/a=0.92) at the equatorial plane and low field side
of the plasma column [Fig. 1(b)], 160° from the graphite
limiter in the plasma current direction (counterclockwise top
view).

Figure 2 shows the time evolution of a typical tokamak
plasma discharge in TCABR (Shot No. 18011). The vertical
bars indicate the window chosen for analyses of the floating
potential and ion saturation current fluctuations and Mirnov
oscillations (to determine the MHD activity). The plasma
current [Fig. 2(a)] grows rapidly in the first 20 ms and
reaches a plateau where the current stays at a 100 kA level,
decaying slowly during the second half until the eventual
disruptions. The DC bias is switched on for 29 ms at 37 ms
after the beginning of the discharge, indicated by a lower bar
in Fig. 2(a). The central estimated electron density, indicated
by Fig. 2(b), exhibits a similar evolution, with a first plateau
level of n,~1.0X 10" m=, followed by an increase and a
second plateau of ~1.5X 10" m™3 during the application of
the DC bias.

The MHD activity measured by B coils is depicted in
Fig. 2(c). The magnetic fluctuations grow during the DC bias
application at unpredictable times. The interesting signals are
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FIG. 3. (Color online) Time evolution of the (a) plasma current, (b) central
estimated plasma density, (c) MHD activity, and (d) floating potential (at
r/a=0.94) for another kind of TCABR discharge with high MHD activity
without bias polarization (Shot No. 18369).

the floating electrostatic potential ¢, a representative ex-
ample being shown by Fig. 2(d), with highly irregular fluc-
tuations roughly in the —100 to +100 V range (standard de-
viation of ~30 V). After the application of the DC bias
voltage, the electrostatic fluctuations increase their standard
deviation to ~65 V.

Figure 3 shows a representative example (Shot No.
18369) of another kind of discharge in TCABR in which the
MHD activity increases even without biasing.24 Thus, in this
discharge we observed spontaneously strong MHD activity
between 40 and 60 ms. In this case, the electrostatic
fluctuations are also influenced by the magnetic activity, as in
Fig. 2.

lll. METHODS AND RESULTS
A. Fourier spectrum analysis

We performed Fourier spectrum analysis of the electro-
static potential fluctuations and of the MHD oscillations, as
shown in Fig. 4. The tokamak discharges we analyze present
periods of both weak and strong MHD activity, and the spec-
tral properties of the signals are greatly influenced by this
fact. Figure 4(a) exhibits the power spectrum for weak MHD
activity (thick line) and potential fluctuations (dashed line).
The magnetic oscillations have a broad spectrum, with a pro-
nounced peak at =25 kHz, whereas the potential fluctuations
are broadband without a peak. As the MHD activity in-
creases, however, the Fourier power spectra of both signals
nearly coincide, exhibiting a peak at the lowest Mirnov char-
acteristic frequency of =~10 kHz.
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FIG. 4. (Color online) Fourier power spectral density (arbitrary units) for
MHD activity (blue thick line) and fluctuating electrostatic potential (red
dashed line) at r/a=0.94. (a) Without and (b) with strong MHD activity.
Frequency and wave-number spectrum for electrostatic potential without (b)
and with (d) strong MHD activity.

This near coincidence of both spectra characterizes a
modulation of the electrostatic potential by magnetic oscilla-
tions, the latter driving the former since it keeps its dominant
frequency and imparts it to the potential turbulent fluctua-
tions. The influence of the MHD activity is not limited to the
time domain, though, since it also produces observable ef-
fects on the spatial distribution of wave numbers. This fact is
captured by the wave number and frequency spectra shown
in Figs. 4(b) and 4(d), obtained without and with strong
MHD activity, respectively. The spectrum of potential fluc-
tuations is not only narrow at the Mirnov frequency but also
in the wave-number domain, drifting from small negative k
values to almost vanishing k. In this sense, we refer to a
phase-locked electrostatic turbulence driven by high MHD
activity.

This second result shows that the potential oscillations,
though aperiodic in time, have the same dominant frequency
of the Mirnov oscillations, and a narrow wave-number spec-
trum. This represents a condensation of the wave-number
spectrum to a few spatial modes. If we think of the potential
fluctuations as coming from a chain of coupled identical os-
cillators, it turns out that the MHD activity drives them to a
state in which the chaotic fluctuations are modulated by a
low-frequency signal and the oscillators themselves are spa-
tially synchronized. The fact that chaotic oscillators can syn-
chronize their outputs has been intensively investigated both
theoretically26 and experimentally in a wide variety of sys-
tems, such as plasma discharge tubes?” and electronic
circuits.”®

The results presented in Fig. 4 suggest a coupling be-
tween electrostatic and magnetic oscillations. We need a bet-
ter characterization of this phenomenon for a sound conclu-
sion. In particular, we would like to investigate the time
evolution of this phase-locking and wave-number condensa-
tion due to strong MHD activity. For this task, we shall use
other and more powerful numerical tools.
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B. Wavelet spectrum analysis

The wavelet spectrum analysis is particularly suited for
dealing with data where high time resolution is needed, e.g.,
for signals with rapidly changing frequencies during short
time intervals; hence it is a suitable technique for turbulent
data in fluids and plasmas.29’3 % A continuous wavelet trans-
form decomposes the time series using a set of basis func-
tions that changes the size and position by scale factors a and
T, respectively.

Let x(7) be a time series, which can come either from the
floating potential [@(¢)] or the ion saturation current [7()]

probes, as well as the Mirnov oscillations [B(7)]. Its wavelet
transform is defined as’!

Wa,7)= J x()W,(t — 7)dt, (1)

where the Morlet wavelet is

1 2mt 1
\I’a(t)=\’—Eexp{iK7—2—az}, (2)
such that the frequency and time resolutions are related to
the frequency f and scale parameter a according to the value
assumed by k.

The wavelet auto-spectrum of the signal x(z) is
To+T/2
Wa, T)Wj(a, 7)dT, (3)
To-T12

Sxx(a’ TO) =

and the cross-spectrum between the signals x(¢) and y(7) is
To+T72

W.(a, T)Wf(a, 7)drT, (4)
Ty-T12 ’

Sxy(a’ TO) =

where 7|, is the center of the time shift interval. The phase
angle corresponding to this cross-spectrum is
Im(S, (a,Tp)]

-l v
0,,(a,T,) = tan Re[S.(@.T0)] | (5)

C. Turbulence modulation by MHD activity

The wavelet spectrogram is a graph showing the normal-
ized value of the auto-spectrum as a function of time. The
auto-spectrogram of the Mirnov oscillations, Sgg, is shown in
Fig. 5(a). It shows, before the application of a DC bias, one
major peak at a frequency of approximately 25 kHz and a
minor one at =13 kHz. After biasing, however, there appear
distinct peaks at frequencies that are multiples of a funda-
mental frequency around f,=10 kHz. The same peaks (espe-
cially the one with the lowest frequency) appear also in the
auto-spectrograms of the floating potential [Fig. 5(b)] and the
ion saturation current [Fig. 5(c)]. Moreover, it should be
mentioned that in the analyzed regime the power spectrum of
magnetic fluctuations (Spp) exhibits a slower increase com-
pared to the power spectrum of electrostatic fluctuations (S,
and S,,,).

Similar results were also obtained in the other regime,
shown in Fig. 3, when the MHD grows without biasing.
However, in this case, the rise time of the power spectrum is
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FIG. 5. (Color online) Wavelet spectrogram showing the time evolution of
the spectral properties of (a) MHD activity, (b) floating potential, (c) ion
saturation current, and (d) transport driven particle flux at r/a=0.94.

almost the same for electrostatic and magnetic fluctuations,
with the respective maxima being reached almost simulta-
neously.

In the present analysis, no precursor instability could be
identified, such that the enhancement of both strong MHD
activity and electrostatic fluctuations seem to take place ba-
sically at the same time, and independent of bias.

D. Transport-related fluctuations

The coincident peaks at 10 kHz shown in Fig. 5 indicate
the existence of a synchronization of these signals when the
MHD activity increases. The synchronization between elec-
trostatic potential and the ion saturation current fluctuations
has an important physical consequence, which is the produc-
tion of a radial particle flux I'=(70,), where V is the E X B
drift velocity. The fluctuation driven radial particle flux is

_(REp
-

r , (6)

where By is the toroidal equilibrium magnetic field.

The average of the fluctuating density and potential that
appears in the above expressions can be readily evaluated
through computing the cross-spectrum of both signals, in
such a way that the radial particle flux can be written as

I'= J dfT,(f). (7)
0

where

Downloaded 16 Nov 2009 to 143.107.134.77. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



062501-5 Electrostatic turbulence...

(a) Spp (a.u.)

£ A LL
§i§ !!W l‘ | W\[ \W’[,]” u’l“|“l‘w‘),\ I ”w‘u | “w M" T i - N
ol \ln’ Uy ﬁ'ﬂl":}; i },"an,; i ﬁJ» il

time (ms)

FIG. 6. (Color online) Wavelet spectrogram showing the time evolution of
the spectral properties of (a) MHD activity and (b) phase angle between
floating potential data sampled at different poloidal locations and r/a
=0.94.

T.(f) = - éwﬁg(fncos[eﬁg(f)], 8)

where E,~—-A¢/Ad is the fluctuating poloidal electric field
and Ad=0.4 cm is the distance between probes along the
poloidal direction.’” The wavelet spectral components of the
particle flux (7), representing the turbulent driven transport,
are depicted in Fig. 5(d). The synchronization with the other
signals at the fundamental frequency of f,=~10 kHz is
clearly visible.

Our results show that the transport increases in the MHD
frequency during the turbulence modulation phase. However,
we should mention that biasing the electrode leads to an
integrated transport reduction (even during the modulation
interval) and an improvement in the confinement quality.23’24
This can be seen in Fig. 3(b), where there is a moderate
density increase after the bias activation at #=37 ms. To
quantify this reduction, we estimate, from Fig. 5(d), the ratio
between the time-averaged turbulent-driven transport at r/a
=0.94 before and after the biasing as 0.45(5) in the interval
without MHD modulation.

E. Phase-locking between potential fluctuations
at different poloidal positions

We assumed that the electrostatic potential fluctuations
were due to waves propagating in the poloidal direction with
phase velocity v,,=w/k. In addition, Fig. 5 shows that the
electrostatic fluctuations are modulated by the MHD activity.
This strongly suggests a phase-locking between signals mea-
sured at different poloidal positions. We verified this is the
case by computing, using Eq. (5), the phase angle 6,, related
to the cross-spectrum of the potential fluctuations, &, (r) and
@, (1), measured at different poloidal positions of the plasma
column (separated by 0.4 cm). The spectrogram of this phase
angle is exhibited in Fig. 6(b), showing a region where this
angle is nearly constant and close to zero for the same base
frequency f,, at which the MHD activity is synchronized with
the potential fluctuations themselves.
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FIG. 7. (Color online) Time evolution of the phase angle between floating
potential data sampled at different poloidal locations at (a) f=15 kHz, (b)

f=10 kHz, and (c) f=5 kHz.

A further illustration of this synchronization between po-
tential fluctuations at different poloidal position is provided
by Fig. 7, where the phase angle itself is plotted against time
for three different frequencies, corresponding to horizontal
sections made in Fig. 6(b). The synchronization between po-
tential fluctuations at different poloidal positions corresponds
to an almost constant phase difference angle near zero at
10 kHz [Fig. 7(b)], a fact not observed for other frequencies
[Figs. 7(a) and 7(c)].

F. Phase-locking between potential and ion saturation
current fluctuations

Since the electrostatic potential and plasma density evo-
lutions (proportional to ion saturation current fluctuations)
are both modulated by the magnetic oscillations, we expect
that the potential and density fluctuations are synchronized
themselves. However, this and other types of synchronization
can also be characterized in a more quantitative way by con-
sidering the so-called order parameter, which is a well-
known diagnostic of synchronization in problems of nonlin-
ear dynamics.33

Let 6,, be the phase angle obtained from the wavelet
cross-spectrum of the signals x(¢) and y(z). The correspond-
ing order parameter is defined as

Ry (.f) = ™), ©)

which is the magnitude of a centroid phase vector, and the
time average

At/2
e[
Ar/2
is computed over an interval of duration Ar=1.5 ms. A com-
pletely synchronized state, like that depicted in Fig. 7(b), is

such that the centroid vector is the coherent sum of all phase
vectors, thus giving R,,=1. Nonsynchronized states, in gen-

(™ dr, (10)

Downloaded 16 Nov 2009 to 143.107.134.77. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



062501-6 Guimaraes-Filho et al.
50 (a) Spp (a.u.)
64
40 N &
= 36
T 30 F 25
: 16
g 20+ L .
10| ‘, F1 o4
1
0 . . : . ]
w | | ‘ ‘ (0)
40 F 0.999
gso— F 0.998
g 204 i F 0.997
104 # ' '_ Yo F 0.996
i TR P LT - t O — o~
0 ‘ . ;"P —— 0.005
20 30 40 50 60 70 80

time (ms)

FIG. 8. (a) Wavelet spectrogram of the MHD activity time evolution. (b)
Time evolution of the order-parameter magnitude computed for the phase
angles between floating potential data sampled at different poloidal locations
and r/a=0.94.

eral, are characterized by lower values of the order param-
eter.

A wavelet spectrogram of the Mirnov oscillations [Fig.
8(a)] can be compared with that obtained for the order-
parameter magnitude R;,(f) for the phase angle 6,, between
floating potentials measured at different poloidal positions
[Fig. 8(b)]. A clearly noticeable synchronization band ap-
pears in the phase spectrogram, reinforcing our previous
claims. However, in the phase spectrogram of Fig. 8(b) some
spurious low-frequency bands appear that do not have physi-
cal origin, being just numerical artifacts of the wavelet tech-
nique due to the fact that the wavelet time resolution in lower
frequency is comparable with the interval duration over
which the time average in Eq. (10) is computed. One way to
circumvent these undesirable results is to use windowed
Fourier spectrograms, as illustrated by Fig. 9.

The windowed Fourier spectrograms of the Mirnov fluc-
tuations [Fig. 9(a)] and order-parameter magnitude R;,(f)
[Fig. 9(b)] are, in fact, similar to their counterparts obtained
from wavelet spectra, but the spurious low-frequency bands
are now absent. Essentially the same results appear when we
plot the wavelet spectrogram of the order-parameter magni-
tude R;5(f) for the phase angle 6;; between potential and ion
saturation current fluctuations [Fig. 9(c)].

Physical quantities related with electrostatic turbulence
typically exhibit a radial dependence, due to the strong den-
sity and temperature gradients in the plasma edge region. For
example, in a previous work we have analyzed the radial
dependence of the degree of deterministic content in time
signals of potential fluctuations, and we found that it has a
maximum just before the plasma edge.34 In the present in-
vestigation, we observed that the phase-locking and spatial
synchronization effects between potential and ion saturation
fluctuations and Mirnov oscillations have different intensities
dependent on the radial position. We have chosen five radial
positions, each of them corresponding to different, albeit
similar, plasma discharges.

In order to quantify this radial dependence, we have
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FIG. 9. (a) Windowed Fourier spectrogram of the MHD activity time evo-
lution. (b) Time evolution of the order-parameter magnitude computed for
the phase angles between floating potential data sampled at different poloi-
dal locations and r/a=0.94. (c) The same as (b), but the phase angle is now
computed between floating potential and ion saturation current data at the
same poloidal position.

computed the average order parameters considered here at
the time and frequency intervals for which the MHD activity
was strong. By “strong activity” we mean an auto-spectral
density of the magnetic oscillations, Sz, above a chosen
intensity threshold of A=10 a.u. [corresponding to a black
part of the magnetic spectrograms, as in Fig. 9(a)]. Our re-
sults, summarized in Table I, point out a high level of spa-
tiotemporal coherence for radii between 17.0 and 18.0 cm
(plasma edge), decreasing for larger radii (scrape-off layer).
In fact, the magnetic surface with g=3 is expected to be
located near 17.0 cm, and the 3/1 turns to be one of the
modes exciting the Mirnov oscillations that drive the electro-
static turbulence in this region.24

TABLE 1. Radial profiles for the average power spectral and order-
parameter values computed for intervals in which the MHD activity is stron-
ger than a threshold A=10. We indicate within parentheses the standard
deviation for the order-parameter values measured during MHD activity.

r (cm) (SpB)sgn (R12)s 5= (Ryg)syp=A
17.0 33.8 0.9995(10) 0.98(4)
17.5 32.9 0.9993(8) 0.97(4)
18.0 33.8 0.9986(14) 0.90(10)
19.0 30.8 0.97(3) 0.73(20)
20.0 347 0.93(6) 0.45(18)
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FIG. 10. (Color online) Wavelet spectrogram showing the time evolution of
the phase angles between (a) floating potential and MHD activity; (b)
plasma density and MHD activity, both considered at r/a=0.94.

G. Synchronization between electrostatic and density
fluctuations due to MHD activity

We observed that the MHD activity induces a synchro-
nization between electrostatic and density fluctuations. The
wavelet spectrograms of the phase angle 6, between float-
ing potential fluctuations and MHD activity fluctuations [Fig.
10(a)] and the phase angle 6, between plasma density fluc-
tuations and MHD activity fluctuations [Fig. 10(b)] exhibit a
common band. The contours of these bands, displayed in Fig.
10, represent level curves indicating that, inside these con-
tours, the MHD activity is strong (in the sense of Sgg
=10 a.u., as used in Table I).

The almost constant values of the phase angle in these
bands indicate that the fluctuations are synchronized, i.e.,
although they are not fully correlated in amplitude (even
showing different irregular behavior), their phases exhibit
coherence, in that their time rates are approximately equal.26
We emphasize that such an effect has been observed in the
presence of MHD activity, the latter being thus interpreted as
the physical cause that triggers this effect.

IV. CONCLUSIONS

Correlations between electrostatic and magnetic fluctua-
tions at the turbulent plasma edge region have been detected
over recent years in some tokamak experiments, especially
when external perturbations enhanced the MHD activity.
Such perturbations can be created, for example, by gas puff-
ing, biased electrodes, divertors, and ergodic limiters.

In this paper, we report the observation of an even stron-
ger feature of these correlations, namely the actual synchro-
nization of electrostatic potential fluctuations with those due
to MHD activity, measured in the TCABR tokamak. A wave-
let spectral analysis revealed that the experimentally ob-
served signals of MHD activity, ion saturation current, and
floating potential present spectral peaks at a fundamental fre-
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quency of 10 kHz and at least two higher harmonic frequen-
cies. Our results essentially agree with those obtained in the
early 1990s in the TEXTUp tokamak (see Ref. 18), and we
provide in this work a dynamical characterization for them,
in the framework of phase and frequency synchronization.

It is remarkable that, while both MHD activity and tur-
bulent electrostatic fluctuations are present virtually during
the entire plasma discharge, these synchronization phenom-
ena were observed only after the MHD activity was en-
hanced. Since magnetic oscillations already presented dis-
cernible frequency peaks (one of them around 13 kHz)
before strong MHD activity was increased, we claim that the
synchronization occurs because the enlarged MHD activity is
actually modulating the electrostatic oscillations. In other
words, given that before synchronization the turbulent poten-
tial fluctuations present a broadband spectrum, after synchro-
nization their power spectral density is transferred to the
characteristic Mirnov frequencies and even some of their
harmonics. In TCABR, MHD activity enhancement may
appear for two kinds of reproducible discharges. In one of
these kinds, this enhancement occurs spontaneously, while in
the other kind it appears only after the electrode bias is
switched on.

But this synchronization is not restricted to the fre-
quency domain, as we showed by considering potential sig-
nals sampled at different poloidal positions in the same dis-
charge, thanks to the use of a two-probe technique. We
obtained, through wavelet cross-spectral analysis, a phase
angle between such signals that surprisingly presents the
same fundamental frequency peak at 10 kHz as the MHD
activity does. This is compatible with the poloidal propaga-
tion of a long wavelength electrostatic wave of a dominant
mode with frequency 10 kHz. Furthermore, we observed that
the phase-locking and spatial synchronization effects be-
tween potential and ion saturation fluctuations and magnetic
oscillations have different intensities according to the radial
positions of the probes, with a maximum level at the plasma
edge.

In summary, our results provide firm experimental basis
to the hypothesis that magnetic and electrostatic fluctuations
are not only correlated but also can exhibit phase and fre-
quency synchronization. Such synchronization may be ob-
served in other tokamak discharges with large MHD activity
excited by instabilities triggered by the use of control devices
like biased electrodes, divertors, and ergodic magnetic
limiters.
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