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Direct Measurement of Current Filament Structures in a Magnetic-Confinement Fusion Device
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Turbulent structures detected in the edge plasma of fusion devices, often described as blobs, are
generally believed to be responsible for confinement degradation. Recent experimental evidence and
theories have suggested their filamentary electromagnetic nature. In this Letter the first direct experi-
mental measurements of the parallel current density associated with turbulent structures in a fusion
experiment are reported. The electromagnetic nature of structures is clearly shown by identifying the
current filaments with a vortexlike velocity pattern and the associated pressure perturbation.
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Understanding and controlling the mechanism behind
anomalous transport are key issues for the experiments
devoted to the magnetic confinement of fusion-relevant
plasmas. The observation of improved confinement re-
gimes [1] and of the associated reduction of plasma fluc-
tuations has fostered the research on plasma turbulence,
with strong emphasis on the understanding of the under-
lying mechanism. In recent years, observations performed
in tokamaks [2—-4], stellarators [5], reversed field pinches
(RFPs) [6], and linear machines [7,8] have revealed the
intermittent nature common to plasma turbulence in all the
different devices. Intermittency is generally associated
with the presence of blobs or structures. These structures
are the result of strong nonlinearities and have been gen-
erally experimentally investigated in the plane perpendicu-
lar to the local magnetic field, although strong interest is
arising nowadays around their three-dimensional (3D)
characteristics, with strong emphasis on the parallel mo-
tion and features. This interest is enhanced by some anal-
ogies with edge localized modes [9], which are indeed
believed to be associated with current filaments parallel
to the guiding magnetic field. Present theories about blob
formation [10] and dynamics in tokamaks suggest that
blobs develop as a result of an effective gravity force
(due, for example, to magnetic curvature effects), which
causes plasma polarization and a corresponding E X B
convection. To ensure plasma quasineutrality, V - J = 0,
a parallel current density perturbation J | arises as a re-
sponse to the charge separation induced by curvature and
grad-B effects in the perpendicular plane. From the experi-
mental point of view hints of the electromagnetic features
of the blob structure have been found in linear devices [11],
and indications of not purely electrostatic filaments have
been found in MAST experiments [9,12]; however, no
direct experimental evidence of a parallel current density
associated with structures has been obtained up to now in
fusion devices in order to support this theory.

In the case of RFPs, resistive interchange modes [13,14]
are found to be unstable because of unfavorable magnetic
curvature both in the outer and inner part of the torus. This
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mechanism does not represent the only possibility for the
formation of electromagnetic current-carrying structures,
as shown, for example, in [15,16], and thus direct experi-
mental measurements are mandatory in order to correctly
describe formation and dynamics of turbulent eddies. In
the present Letter the first direct experimental measure-
ments of parallel current density perturbations associated
with intermittent structures are reported: this represents an
outstanding result proving the electromagnetic nature of
intermittent blobs.

The outer region of RFPs, the magnetic configuration to
which the data presented hereafter refer to, is found to
share many characteristics with other magnetic configura-
tions, such as tokamaks and stellarators. It has been re-
ported that edge parameters, such as electron density,
plasma potential, or electrostatic radial particle flux, ex-
hibit a strong intermittent character [6,17—19]. Intermit-
tency manifests itself as a clear departure from self-
similarity, which can be detected through a multiscale
analysis of the probability distribution function of signal
fluctuations.

In ordinary fluid and plasma turbulence theories, inter-
mittency is the result of the presence of organized struc-
tures, which make the process of energy cascade
inhomogeneous. These intermittent structures, detected
in the edge of fusion plasmas [17-20], have been found
to exhibit a vortexlike shape on the plane perpendicular to
the magnetic field. In RFPs the appearance of these struc-
tures has also been linked to global MHD activity which
governs the configuration [20,21], although it was not clear
in which way the two things are related. A further evidence
of a link between electrostatic and magnetic fluctuations
can be deduced from the observation of a strong coherence
between pressure and magnetic fluctuations in a frequency
range between 50 and 300 kHz [22]. This is not surprising,
taking into account the typical edge parameters investi-
gated, with a density n, in the range of 1 X 10" m~3,
temperature 7', around 20-40 eV, and a magnetic field B,
in the set of discharges to which the data refer, of the order
of 0.15 T. These conditions make the electrostatic limit
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B < m,/M;, where B =n,T,/(B>/2u), not so easily
satisfied. This implies that electromagnetic effects might
be important, in particular, the parallel dynamics, where
magnetic induction, resistivity, or electron inertia may play
a role in the linear response of the parallel current density
to the parallel gradients [23].

The data presented hereafter have been obtained in
the RFX-mod reversed field pinch device (R/a =
2m/0.459m) [24], operating at relatively low plasma cur-
rent (I, = 400 kA) with average normalized density val-
ues in the range n/n, =~ 0.4-0.5 (n, is the Greenwald
density [25]). A new insertable probe, dubbed U probe,
specifically designed to investigate the electromagnetic
features of the edge turbulence, has been installed in
RFX-mod. The system consists of two boron nitride cases,
8.8 cm toroidally spaced. Each case contains 40 electro-
static pins, combined in eight 5-pins rows acting as bal-
anced triple probes, 6 mm radially spaced. A radial array of
7 three-axial magnetic coils is located in each case, in order
to measure the fluctuations of the three components of the
magnetic field. In this way, the probe can measure simul-
taneously and in the same location the electron pressure,
the radial and toroidal components of the fluctuating E X
B velocity, and the resulting vorticity, plus the poloidal
component of current fluctuations, which in the RFP edge
corresponds to the parallel component. Data were digitally
sampled at 5 MHz with a minimum bandwidth of 700 kHz.
According to our knowledge this is the first time that all
these measurements are available simultaneously in the
same location with a high temporal and spatial resolution.
The diagnostics setup is completed by a gas puffing imag-
ing system (GPI). The GPI is a spectroscopic nonintrusive
diagnostic that measures the light emission of the neutral
gas puffed in the plasma edge [26]. The equipment is
completed with three triaxial magnetic coils (of the same
type of those installed in the U probe) measuring the local
components of the magnetic field. The data analysis tech-
nique used to disentangle coherent structures from the
measurements described above is based on a wavelet
analysis and has been described elsewhere [20,27]. It al-
lows locating within the signal individual events related to
the presence of structures at a given scale. Time windows
surrounding these events are then averaged together, ob-
taining a conditional average of the considered structure.
The possibility offered by the probe head system of mea-
suring different plasma parameters locally with their re-
spective radial gradients allows obtaining information on
the structure associated with the strongest bursts in the
plane perpendicular to the average magnetic field (radial-
toroidal for the edge of a RFP).

A first experimental observation is given in Fig. 1, where
the conditional average of different plasma parameters is
shown as a function of minor radius for structures with a
time scale 7 = 5 us. The conditional averaging procedure
has been applied on radial arrays of sensors measuring,
respectively, the floating potential V, the electron tem-
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FIG. 1 (color online). Two-dimensional imaging on electrosta-
tic parameters obtained as conditional average, taking as refer-
ence events bursts on a pressure signal measured at r =421 mm.

perature T,, and the plasma density n,, so that also the
pressure p = n,T, can be estimated. Events detected on
pressure fluctuations measured at » = 421 mm were used
as a trigger for the conditional average. The obtained 2D
images can be considered as pictures of the average spatial
features associated with intermittent bursts in the cross-
field plane, due to the fact that they move toroidally
according to the average E X B flow, as proved by toroi-
dally distributed measurements [22]. In Fig. 1 a well
defined structure on pressure is clearly visible, and its
radial extension seems to be larger than the range of
3 cm covered by the radial array of probes and correspond-
ing to about 5 times the ion sound gyroradius p, = C,/);
(given by the ratio of ion sound velocity to ion cyclotron
frequency). The structure appears to be also slightly
stretched in the toroidal direction, likely due to the pres-
ence of a radially sheared toroidal flow that characterizes
the edge region. The pressure structure is the result of more
complex features characterizing the corresponding ones of
T, and n,, although a fairly clear blob emerges also from
the plasma density picture.

The distribution of V; sensors on the probe head in-
cludes arrays extending in both radial and toroidal direc-
tions, with an arrangement that specifically allows a direct
estimate of the local fluctuation of vorticity, o = V X,
where v is the local flow. Accounting for the mainly
poloidal local magnetic field, the parallel component of
vorticity can be estimated as o) = B%Vﬁ_ Vv, [28].

The average parallel vorticity structure corresponding to
the pressure event is shown in Fig. 2(a). The vorticity
pattern provides two main opposite peaks, with a further
small peak around t = —4 us. The resulting structure is
rather complicated resembling an asymmetric dipolar vor-
tex partially modified with a small positive peak. The
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FIG. 2 (color online). (a) Pressure and vorticity structures,
(b) parallel current density associated with pressure structures.
Data obtained from conditional average over intermittent bursts
on pressure signal at scale 7 =35 us. (c) Scaling of J) peak
associated with pressure perturbation as a function of scale 7.

asymmetric dipolar structure may be reasonably imputed
to the surrounding sheared ambient flow. Dipolar structures
hardly survive in a strongly sheared plasma flow, as in
the present case, where one of the poles of a dipolar
vortexlike structure is prograde and the other is adverse
so that one could expect a not-symmetric structure [6,29].
Furthermore the averaging procedure could affect the de-
tailed structure; however, the vorticity pattern confirms
what can be guessed from conditional average imaging
of floating potential shown in Fig. 1, where two main peaks
of opposite sign are clearly visible. Given that the estimate
of vorticity is obtained by simultaneous information com-
ing from a 2D probe array and that it was found that such a
structure travels in the edge region according to the local
average flow, the consistency with the local measurement
of V allows the conclusion that Taylor’s hypothesis of
frozen turbulence applies [30].

As already mentioned, an analysis of the coherence
between the local measurements of pressure and magnetic
fluctuations has been performed, providing not-negligible
values of this parameter within the range from 50 to
300 kHz, suggesting a not purely electrostatic nature of
the above described structures [22]. However more precise
information can be provided by a direct estimate of the
current density associated with the electrostatic structures.
The set of magnetic sensors installed into the probe head
allows an estimate of V X B, so that a measurement of the
current density can be obtained by applying the Ampere’s
law. In particular, the field aligned component of current
density, approximately corresponding to the poloidal com-
ponent in the external region of RFPs, can be estimated as

The result of a conditional average on the measured
parallel current density fluctuations is shown in Fig. 2(b),
where again bursts on pressure fluctuations have been used
as trigger events. The figure shows a clear relation between

the pressure structures and a peak of parallel current den-
sity, confirming the relationship between pressure, current,
and vorticity postulated by [16,31]. The observed current
results in the order of a few kA/m? and represents a
fraction of a few percent with respect to the total parallel
current.

Given the evidence of a current density parallel to the
main magnetic field, as said before, the balance imposed by
a charge conservation equation requires a transverse cur-
rent J, . In the equivalent circuit of a blob the theoretical
picture foresees an elongated current structure [10,32,33]
due to the low parallel resistivity and to the low ratio
between parallel and transverse perturbation wave vectors.
With the experimental setup described, the radial and
toroidal components of the current density associated
with a single blob can be estimated by neglecting the
parallel derivative (d4 = 0). These components correspond
to the transversal current within the experimental uncer-
tainty of an exact probe orientation. The experimental
estimates of J, and J, result in at least 1 order of magni-
tude lower than the measured parallel one, supporting the
picture of current structure filaments essentially aligned
along the main magnetic field.

The average value of the parallel current density asso-
ciated with a pressure perturbation has been found to
depend on the 7 scale as shown in Fig. 2(c). The scaling
has been calculated still considering the pressure structure
as a trigger event. The current density intensity is found to
scale as a power law up to 7 = 6-7 us and exhibits a peak
around 10 ws. It can be observed that the larger values
correspond to the range of scales typical of the electrostatic
particle flux [34].

In order to extend the investigation of the presence of
such structures to higher plasma current regimes, a GPI
diagnostic is used. Since the GPI does not have any me-
chanical part directly facing the plasma, these measure-
ments can be performed up to the highest plasma current
reached by RFX-mod, namely, about 1.5 MA. The emis-
sion fluctuations measured by this diagnostics depend on
those of electron density and temperature, but if their phase
difference is small [35-37], the spatiotemporal dynamics
of turbulent density fluctuations can be assumed to be
similar to that of the emission fluctuations.

The left panel of Fig. 3 shows the average emission
structure measured by the GPI and the corresponding
structures in the radial and toroidal component of the
magnetic field for a low current plasma discharge (1, =
0.3 MA). The bursts on emitted radiation are selected with
the same statistical method cited above at the same time
scale used in Fig. 2(a). The relation between the coherent
fluctuations detected by the GPI and the cross-field com-
ponents of the magnetic field fluctuations confirms the
result obtained by the probes: the density blobs are asso-
ciated with a magnetic structure, and the circular polariza-
tion in the perpendicular plane shown in the hodogram of
Fig. 3 strengthens the conclusion that the blobs are current-
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FIG. 3 (color online).

424272

(a) Average emissivity structure measured by the GPI; (b) corresponding structures of radial (black solid line)

and toroidal [gray (red) solid line] local magnetic field and respective hodogram. Left and right panels refer to a low (I, = 0.3 MA)

and high ({, = 1.5 MA) current discharge, respectively.

carrying filaments elongated in the parallel direction. An
analogous result obtained at higher plasma current
(1.5 MA) can be seen in the right panel of Fig. 3.
Therefore, the electromagnetic feature of the edge struc-
tures has been assessed within a wide range of plasma
current operating regimes, from 0.3 to 1.5 MA, by means
of electrostatic, magnetic, and optical diagnostics.

Summarizing, a detailed characterization of the edge
region of RFX-mod has been performed. The electromag-
netic nature of coherent structures detected within the
turbulence background has been established without am-
biguity: they are vortices in the perpendicular plane, with a
pressure peak associated with current density filament
aligned along the local magnetic field and traveling accord-
ing to the mean E X B flow. These experimental observa-
tions support the theory reported, for example, in [10,31];
however, other mechanisms also can be invoked [38] for
the presence of electromagnetic structures. This result
suggests the necessity to complete the blobs’ electrostatic
experimental investigation with magnetic measurements
also, as well as to extend the study to other magnetic
configurations with different B8 value.
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