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Coherent structures emerging from turbulence background have been detected in the edge region of the
RFX-mod Reversed Field Pinch fusion device by using a new and original probe system measuring simul-
taneously and on the same location magnetic and electrostatic fluctuations. In agreement with theory it
has been experimentally found that pressure structures detected in the cross-field plane, often referred in
literature as ‘blobs’, correspond to E � B vorticity structures and are associated to current density fila-
ments, oriented along the main magnetic field. The results are compared with those provided by the mea-
sured relationship between magnetic fluctuations and coherent structures on HeI emission observed by
the Gas Puffing Imaging system, confirming the presence of such structures also at high current regimes.

� 2009 Published by Elsevier B.V.
1. Introduction

Understanding and controlling the mechanism behind anoma-
lous transport is a key issue for thermonuclear fusion oriented
experiments. The observation of improved confinement regimes
[1] and associated reduction of plasma fluctuations has fostered
the research on plasma turbulence with strong emphasis on the
underlying mechanisms. Experimental observations performed in
tokamaks [2–4], stellarators [5], Reversed Field Pinches [6] and lin-
ear devices [7] has revealed the intermittent nature common to
plasma turbulence in all the different devices, and the fact that
intermittency is generally associated to the presence of blobs or
structures. These structures are the results of strong non-linearities
and are generally described as 3D structures elongated in the par-
allel direction.

A growing interest is devoted to the study of these structures
because it is believed that they play a major role in driving the
transport in the edge region [8,9]. A recent complete review can
be found in [10].

Scope of this paper is to investigate as much detail as possible
the electrostatic features of such structures observed in the bound-
ary region of the RFX-mod experiment. The investigation will be
performed in terms of local fluctuations of pressure, velocity pat-
terns and vorticity, simultaneously related to the local features of
magnetic fluctuations.
Elsevier B.V.

laore).
2. Experimental setup

Measurements reported herein have been obtained in the edge
region of the RFX-mod [11] Reversed Field Pinch experiment (RFP),
a toroidal device with major radius R = 2 m and minor radius
a = 0.459 m, characterized by a first wall completely covered by
graphite tiles. It is reminded here that in Reversed Field Pinches
the main magnetic field at the plasma edge lies in the poloidal
direction.

For the present measurements a probe head has been used,
dubbed ‘U-probe’. The probe consists of two fingers, 88 mm apart
each other along the toroidal direction, each equipped with a 2D
array of electrostatic pins with a radial and toroidal resolution of
6 mm. Inside each one of the fingers a radial array of 3-axial mag-
netic probes has been placed with the same radial resolution; a
picture of the probe is shown in Fig. 1. The electrostatic pins have
been arranged in such a way to obtain information simultaneously
and in the same location on plasma density, electron temperature
and floating potential as well as on their respective radial gradient.
Both electrostatic and magnetic probes are digitally sampled at
5 MSample/s with a minimum bandwidth of 700 kHz.

The Gas Puff Imaging (GPI) [12] is an optical diagnostics that
measures the light emission fluctuations of neutral gas puffed into
the plasma edge. It observes the cross-field plane covering a region
of 80 mm � 40 mm (toroidal � radial). The system is also equipped
with three 3-axial magnetic coils of the same type described above,
located at r = 0.47 m. All the signals are sampled at 10 MSamples/s.

The typical plasma discharge considered is a H discharge with
low plasma current, Ip = 350 kA, and plasma density of about 1.5–
2 � 1019 m�3, in order to allow insertion of the U-probe up to
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Fig. 3. Conditional average triggered on pressure events at r = 422.5 mm. Top
panels: Vf (r, t) (left); Vf (t) at r = 422.5 mm (right); bottom panels: analogous
quantities for pressure.

Fig. 1. Picture of the ‘U-probe’ and of a magnetic sensor. The probe orientation with
respect to the toroidal (u) and radial (r) reference machine system and to Bh are
indicated.
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50 mm inside the first plasma wall. Larger plasma current regimes,
up to 1.5 MA, have been explored by the GPI.

3. Results and discussion

Measurements of different electrostatic quantities have been
analyzed using the statistical techniques described in [13,14], with
the aim of identifying coherent structures associated to strong
bursts in the fluctuation time series. The average features of these
events have then been extracted by applying the conditional aver-
age method on time window widths adequate to their time scale. A
frequency range of few hundreds of kHz has been used for the
present analysis, close to the typical time scale which characterizes
the particle transport flux measured in the edge region [15].

An example of the result for the floating potential is shown in
Fig. 2. In this case the detection of a burst on pressure signal has
been used as a reference for conditional averaging.

Due to the presence of a radial electric field, and to a magnetic
field essentially poloidal, B � Bh, the edge region is characterized by
an average toroidal E � B flow velocity, that has been found to be of
the order of 104 m/s [16].

From the average time behaviour of the Vf structure a toroidal
information on the structure itself can be deduced by assuming
the structure to be frozen while passing the probe location, so that
dz � vE�Bdt. The hypothesis that these structures travel in the edge
region with the main plasma flow is confirmed by the observation
of emission blob by GPI system on the toroidal array of 16 adjacent
chords having a resolution of 5 mm.

Within this framework the Vf average structure of Fig. 2 (bottom
panel) exhibits a dipolar structure and this is confirmed also by
applying the conditional average procedure to a complete radial
Fig. 2. Conditional average on vorticity (top) and Vf (bottom) signals, pressure
bursts at 300 kHz time scale have been used as reference events.
array of Vf measurements which revealed a finite spatial structure
in the cross-field plane (Fig. 3).

The U-probe arrangement however provides also information
on a 2D array of Vf measurements and specifically they allow an
experimental estimate of the local vorticity given by x ¼ r� v ,
where v is the measured local flow. The field aligned component
of vorticity xh can be estimated by xh ¼ @uvr � @rvu � 1

Bh
r2
?Vf ,

as proposed in [17] and the result is shown in Fig. 2 (top panel).
It can be observed that peaks of vorticity are consistent with the
features of a Vf structure as deduced by a single point measure-
ment, confirming that peaks and valleys in the Vf correspond to
E � B vortices rotating in the cross-field plane.

Given that vorticity peaks and Vf time behaviour are strictly cor-
related, it can be concluded that structures can be considered fro-
zen while passing the measurement location and the Taylor’s
hypothesis applies [18].

Simultaneous measurements of radial arrays of plasma density,
ne, and temperature, Te, provide a 2D picture in the cross-field
plane also of these quantities. In Fig. 3 the average structure of
pressure, p = neTe, is shown. It is clearly related to the Vf average
structure and covers a radial range of few centimetres.

A first indication of a not purely electrostatic feature of the
above described structures can be provided by the analysis of the
coherence between pressure and magnetic fluctuations measured
by the ‘U-probe’. An example of this kind of analysis is shown in
Fig. 4, where the coherence between p and bu is shown: the coher-
ence between these two quantities depends on frequency range
and in particular a broad peak of coherence is found in the range
from 50 to 300 kHz.

The arrangement of the 3-axial magnetic sensors in the U-probe
head allows a direct measurement of the magnetic field curl and
then of the local current density by applying the Ampère’s law.
In order to investigate if any current density is associated to the
above described electrostatic structures the conditional average
triggered on the occurrence of pressure structures has been applied
to the current density signal.

In particular the parallel component of the local average current
density has been evaluated as Jh ¼ 1

l0
ð@ubr � @rbuÞ and the result is

shown in Fig. 5. A peak in the parallel current density is clearly
associated to the peak of pressure. It is worth mentioning that
the relationship between the electric structure the parallel current
and pressure structure is known from theory [19–21]. In the same
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Fig. 4. Spectral coherence between bu and pressure fluctuations measured by
U-probe in a typical shot.
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Fig. 6. Spectral average coherence between GPI and time derivative of the radial
component of the local magnetic field for two different electron density regimes.
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Fig. 7. (a) Average structures of GPI on a 1 MA shot; (b) correspondent structures of
dbr/dt and dbu/dt; continuous lines: experimental measurements; dashed lines:
simulation of a current filament.
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Fig. 5 the corresponding average features of the br and bu fluctua-
tions are also shown.

Within the approximation of small derivative of magnetic fluc-
tuations along the direction of Bh (parallel direction), the arrange-
ment of the U-probe allows the estimate also of the radial and
toroidal components of the current density, Jr and Ju, respectively.
The result is also shown in Fig. 5: both Jr and Ju exhibit average val-
ues about one order of magnitude lower with respect to Jh. From
this result it can be deduced that the peaks of Jh, represent current
density filaments essentially aligned along the magnetic field.

The presence of an elongated parallel current structure Jk, at the
basis of edge turbulence models see Refs. [22,23], following recent
theories of blob formation [10,24] is suggested to arise as a re-
sponse of plasma polarization induced by an effective gravity force,
usually given by magnetic curvature effects; see also [25] for sim-
ulation of turbulence in linear devices. In order to ensure the plas-
ma quasi-neutrality the parallel current is expected to be balanced
by a transverse current J\, through the relationship » � J = 0. A
rough estimate of the ratio J\/J|| can be obtained by the ratio of
the respective characteristic lengths L\/L||. By assuming L||�2pa
and L\ of the order of the radial extent of the structure (about
5 cm, see Fig. 3) it results J||/J\�60. This means that the experimen-
tal estimate of Jr and Ju is about six times larger than expected va-
lue. From the experimental point of view it can be noticed however
that this discrepancy can be reduced accounting for a possible mis-
alignment between the U-probe and the cross-field plane (a differ-
ence of about 100 A/m2 can be accounted for a 2� misalignment)
work is in progress in order to better asses this point.

In order to investigate the link between ‘blobs’ and magnetic
fluctuations also at higher plasma currents, where the U-probe
cannot be used, the relationship between emission data from GPI
diagnostics and local magnetic measurement has been studied.

By using an approach analogous to the one used for the
U-probe, in Fig. 6 the average coherence between GPI and local
magnetic fluctuation signals is reported for plasma current up to
1 MA and for two different values of the normalised electron den-
sity n/nG, where nG is the Greenwald density. The coherence is high
for both ensembles, suggesting the presence of current carrying fil-
ament also at high current. It can be also observed that the fre-
quency of the maximum of the coherence decreases with the
normalised density, indicating that the typical spatial scale of the
turbulent structures can change with this plasma parameter [26].

To investigate the relationship between the bursts detected in
the GPI signal and the related magnetic structure, the conditional
average has been applied also in this case, using as prescribed con-
dition the presence in the optical signal of a burst with a frequency
scale of 300 kHz. In Fig. 7(a) the conditional average structure of
the GPI emission and the corresponding average structures of the
locally measured dbr/dt and dbu/dt, normalised to the respective
rms, are shown (Fig. 7(b) continuous line). The measured local
structure of magnetic fluctuations result consistent with the one
expected (Fig. 7(b) dashed line) for a poloidally elongated 1D



M. Spolaore et al. / Journal of Nuclear Materials 390–391 (2009) 448–451 451
current filament structure moving with the local plasma E � B flow
while passing the GPI location.

This experimental result then supports also for plasma current
regimes up to 1 MA the link between the edge blobs and the cur-
rent filaments.

4. Conclusions

A complete set of diagnostics allowed investigating in detail the
presence and features of edge magnetic and electrostatic fluctua-
tions in the edge region of RFX-mod experiment.

Coherent structures have been detected within the turbulence
background and exhibit E � B local vorticity patterns and magnetic
features under the form of current density. They are characterized
by pressure peaks associated to current density filaments essen-
tially aligned with the local magnetic field and traveling according
to the E � B average flow. The optical and magnetic fluctuations
provide a good indication that such filaments are present also in
high current regimes. It is worth noting that analogous filaments
have been observed also in the boundary region of tokamak exper-
iments as described by Kirk et al. [27].

It is interesting to note that these current filaments present
analogous features to what observed during MHD dynamo relaxa-
tion events at larger time scale (�100s), resulting in the formation
of a poloidal current density filament [28]. Work is in progress in
order to investigate to which generation mechanism these struc-
tures can be ascribed and the results of this investigation will be
the subject of a following paper.
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