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a b s t r a c t

The nature of plasma edge turbulence has been studied in the Reversed Field Pinch (RFP) RFX-mod, mak-
ing use of a Gas Puffing Imaging (GPI) diagnostic, with high time (2 MHz) and space (5 mm) resolution.
The edge turbulence has been characterized in terms of toroidal phase velocity of fluctuations, v/, of the
width of emission structures, 2r, and of their linear density in the toroidal direction. The packing fraction
f p of intermittent structures has been estimated as the fraction of occupied area in a plane perpendicular
to the magnetic field. The behaviors of v/, f p, and 2r are reported as functions of the density normalized
to its Greenwald value, n/nG. A comparison at different plasma regimes of an effective diffusion coefficient
Dp due to the plasma trapped in coherent structures has been discussed. A decreasing trend of Dp with n/
nG values has been guessed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Edge turbulence has a crucial influence on the performance of
fusion devices because it determines the amount of interaction be-
tween the plasma and the first wall.

The edge cross-field transport affects the location and the
strength of the particle flux to the wall, the processes of recycling
and the impurity influx [1]. The edge plasma also sets the condi-
tions for the overall plasma operation either through the formation
of edge pressure gradient [2], of radial electric field and velocity
shear, or by developing the mechanisms that ultimately lead to
the density limit [3,4]. In this context it is important to study the
behavior of the turbulence at different plasma regimes. A useful
global scaling parameter, to this purpose, is the average electron
density normalized to Greenwald density n/nG [5,6].

Despite the widely different magnetic structure, it has been
known for some time that Reversed Field Pinches (RFPs), Tokamaks
and Stellarators do share most of the same edge behaviour. A com-
mon finding is that various diagnostics of edge plasma in different
devices observe intermittent bursts emerging from the background
uncorrelated turbulence. This hints to the simultaneous presence
of two different driving mechanisms: one for the events detected
as coherent structures (blobs) and another for the Gaussian back-
ground turbulence [7]. Particle transport driven by coherent struc-
tures may amount up to 50–70% of the total for n/nG P 0.3 [5,8].

The RFP is a self-organized system where the plasma produces,
through a dynamo mechanism, involving some level of self-gener-
ated non-axis-symmetric magnetic perturbations, its own equilib-
rium characterized by a toroidal component of magnetic field
ll rights reserved.
reversed at the edge with respect to the centre [9]. A reversal
parameter F = B/(wall)/hB/i is commonly adopted to characterize
the RFP equilibrium; F is simply related to the magnetic pitch at
the wall.

The RFX-mod device (major radius R = 2 m, minor radius
a = 0.46 m) is presently the largest RFP machine. A rich and flexible
feed-back control system provides an almost toroidally symmetric
flux surface around the plasma [10]. The data presented in this
work are taken in discharges with plasma current I/ = 0.3–
1.1 MA, corresponding to 10–30 MW of ohmic input power, with
an average electron density range of 0.5–6 � 1019 m�3. Core elec-
tron temperature ranges between 200 and 500 eV (with records
up and above 1 keV at higher plasma current and low n/nG) and
pulse lengths are up to 0.35 s. One of the parameters that affect
the edge turbulence in RFP devices is the local distance kw (func-
tion of the angle /, h) between the last closed magnetic surface
and the wall [11], which quantifies the local plasma deformation.
Its value is negative when there is a gap between the well-confined
plasma and the wall.

To study the dynamical structures of plasma edge turbulence a
GPI diagnostic has been used (see [12] and references therein)
measuring the line radiation (668 nm) emitted from locally puffed
He (1019–1020 atoms/s) in hydrogen discharges. The fan of 16 lines
of sight (LoS) of GPI lies on the plane (r,/), that is perpendicular to
the main magnetic field at the edge (poloidally directed in RFPs).
The LoS are 5 mm toroidally spaced and have an effective field-of
view of 4 mm (both toroidally and poloidally). The bandwidth is
2 MHz. Simultaneous measurements of GPI diagnostic and Lang-
muir probes in another RFP device (TPE-RX) showed a good corre-
lation between emission line and ion saturation current signals
[13], proving that both diagnostics unveil the same dynamic of
the turbulence.
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Fig. 1. (a) Scaling of toroidal velocity of emission fluctuations v/ vs n/nG;; (b) scaling of v/ vs n for different ranges of plasma current.
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2. Cross-correlation results

We discuss experimental results by comparing discharges with
different density and plasma current (quantified in terms of n/nG),
for a selected range of the reversal parameter F and of the local dis-
tance kw. The emission of HeI line indicates that random ‘bursts’
emerge from the background turbulence. Since contiguous LoS’s
show a similar patterns, just shifted in time, there is evidence of
a toroidal propagation of these bursts in the direction opposite to
plasma current, the same as the E � B drift flow [11,14]. The phase
toroidal velocity v/ of the fluctuations (from here on, for short,
‘fluctuation velocity’) is evaluated by one dimensional time-de-
lay-estimation velocity technique, that infer the velocity of plasma
fluctuations using the cross-correlation between spatially sepa-
rated signals [15]. In Fig. 1(a) the scaling of v/ vs n/nG is shown;
each black point is an average over 10 ms during the current flat-
top (this same time average will be used in all the following scal-
ing). The experimental range of 0.1 6 n/nG 6 0.7 has been divided
into 10 intervals and the average values of toroidal velocity, in
the corresponding data sets, have been considered (red dots); the
bar in Fig. 1(a) represents the rms deviation (this kind of visualiza-
tion will be used in all the following scaling). By comparing dis-
charges with various values of n/nG (with selected parameters
�20 6 kw 6 �3 mm and �0.25 6 F 6 �0.07) an increase of |v/| at
lower values is evident, a ‘critical’ density at n/nG � 0.35 is ob-
served, above which a saturation of v/ at a value of about
�15 km/s is found. The fluctuation velocity has been found exper-
imentally consistent, both in direction and absolute value, with the
E � B drift obtained from the radial gradient of plasma potential
[16] and so it is often used as a fluid velocity. The trend of v/ vs
n/nG is not an effect of the electron density alone but also of the
Fig. 2. (a) Toroidal patterns of intermittent structures at two dif
plasma current. Indeed in Fig. 1(b) the scaling v/ vs n for two dif-
ferent ranges of plasma current (300–400, 650–850 kA) is shown
and the saturation of v/ is obtained for different electron densities
at different plasma currents.

3. Analysis of emission bursts

The high spatial resolution of the optical diagnostic gives the
opportunity to study the spatial features of intermittent emission
bursts and to count their number per unit of toroidal length (spa-
tial density). The analysis is carried out using the Conditional Aver-
age technique. For each LoS we consider the fluctuations
normalized to their rms values. The reference signal, against which
the presence of a burst in the emission signal must be discrimi-
nated, is the intensity measured by the central chord of the fan.
A characterization of burst presence at each time scale s can be gi-
ven by Local Intermittency Measure technique [17], based on the
Continuous Wavelet Transform. From the simultaneous measure-
ments of the intensity of the same burst on the 16 toroidally equi-
distant LoS it is possible to reconstruct the toroidal pattern of a
single structure at different time scales. An estimate of the toroidal
width of structures is obtained by averaging all the event patterns
at each time scale within a given time window Dt and superimpos-
ing a best fit of Gaussian shape exp[�(x/r)2] on top of the obtained
average pattern. In Fig. 2(a) the experimental toroidal (dots) pat-
tern and the Gaussian fit (dashed lines) are shown for two different
s values. In general it has been found that the toroidal width 2r(s)
increases non-linearly with s for fixed n/nG [10]. The behavior of
2r(s) vs n/nG is shown in Fig. 2(b) (for two s’s) and a slight de-
crease of the average value with n/nG is pointed out. These results
have been obtained from discharges selected within ranges of
ferent time scales; (b) scaling of toroidal pattern 2r vs n/nG.



Fig. 3. (a) Scaling of total linear density of structures Ntot vs n/nG; (b) packing fraction scaling f p vs n/nG.
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plasma current and reversal parameter (550 6 I/ 6 1100 kA,
�0.2 6 F 6 �0.07). In order to understand the effect of coherent
structures on the transport it is important to know, besides the
width of the blobs, also their density. In RFX-mod, structures ap-
pear as filaments elongated along the poloidal direction [18]: they
fill the whole field of view poloidally. Therefore, it is sufficient to
count the number of structures per unit of toroidal length (from
here on, for short, we will omit specifying the direction). To count
the number of emission bursts per unit of length we consider their
number DN for each time scale s in a time window Dt, the linear
density of emission structure is evaluated as N(s) = DN/(Dt � v/)
at fixed s. In order to study the global effect on the particle losses,
we need the total linear density of the structures Ntot =

P
sN(s), by

summing N(s) over all the turbulence characteristic time scales
1 ls < s < 10 ls. The lower limit is set by the diagnostic setup
and by the turbulence’ characteristic times as evaluated from its
power spectrum [11]; the upper limit has been chosen empirically
as well: no structures spanning times larger than this are observed
and it corresponds at the characteristic frequency f* of power spec-
trum from which the power-law decay begins (f* � 100 kHz in
RFX-mod). The behavior of Ntot vs n/nG has been reported in
Fig. 3(a) for the same discharges of Fig. 2(b): the total linear density
of the structures emerging from the background turbulence in-
creases with n/nG in the range 0.1–0.5; at higher values the statistic
is too poor to draw definite conclusions.

Another quantity that quantifies the role of the edge turbulence
on the plasma transport is the structures’ packing fraction f p [8,19],
estimated as the fraction of the area occupied by emission struc-
tures in the plane perpendicular to the magnetic field:
f p =

P
sDN � 2r(s)dr(s)/(Dt � v/dr(s)) =

P
sN(s) � 2r(s) where dr(s) is

the radial width of coherent structures at time scale s (numerically
f p results a fraction of the length occupied by emission structures).
Smaller scale structures whose time occurrence lies within the
width of the larger ones have not been considered to avoid double
counting. In Fig. 3(b) f p vs n/nG has been reported for the same
plasma shots seen in Fig. 3(a). Despite the fact that the total linear
density of coherent structures increases with n/nG, it is clear that
the average packing fraction value is about constant (�10%) for
n/nG = 0.15–0.45, showing that in this range the smaller scale struc-
tures can be nested into larger scale ones.

4. Diffusion of blobs’ trapped plasma

Together with several affinities, there exist also some points
where it is not yet clear whether RFPs and other devices are run
by the same physics. One such point concerns the kind of transport
associated to structures. In most Tokamaks, as well as other de-
vices, the transport is mainly convective: single lumps of matter
detach from the LCFS and, with a speed a fraction of the sound
velocity, move onto the wall. In RFPs there is no such evidence;
the only motion clearly diagnosed is that along the toroidal direc-
tion, which amounts to an appreciable fraction of the sound speed
as well (these findings, however, are not unique to RFPs: even
some Stellarators and Tokamaks [20] reported similar results). It
is commonly regarded-although not unambiguously established-
therefore, that the nature of transport be diffusive, consequence
of the transfer of matter between structures occurring during
structure-structure collisions (Horton’s potential vortex theory
[19]). The plasma diffusion coefficient can be separated, hence, in
a part due to the plasma transported by coherent structures and
another due to the background uncorrelated turbulence, usually
set equal to the Bohm diffusion [8,19]. An effective diffusion coef-
ficient Dp can be estimated in arbitrary unit as f 2

P � u � Ds where u is
the relative speed between the blobs and Ds their characteristic ra-
dial width [19]. In our analysis the relative speed u has been as-
sumed to be the rms of toroidal velocity v/, u = RMS(v/). In
Fig. 4(a) the scaling of RMS(v/) vs n/nG is shown for the same dis-
charges seen in Fig. 2(b): the average value of RMS(v/) decreases
with n/nG and shows a saturation at about 5 km/s for n/nG > 0.35.
The characteristic width Ds of the structures has been assumed
equal to the toroidal width 2r at the higher time scale s = 10 ls.
Actually, Ds should be taken the size of the structures along the ra-
dial direction, but we do not have available such information,
while it is quite reasonable to assume that the radial and toroidal
width are proportional to each other. Moreover it has been conven-
tionally assumed Ds = 2r(@10 ls) because the larger scales give a
higher effect on the diffusion coefficient Dp and also they can have
nested inside smaller scales. In any case this assumption does not
invalid the target of the analysis that is the study of relative behav-
ior of Dp in different plasma conditions. The scaling of the product
f 2
P � u � Ds with n/nG is shown in Fig. 4(b): it gives the behavior of

particle diffusion from plasma driven by coherent structures..
There is a large scatter of data, especially at low density, however
some evidence for a slight decrease with increasing n/nG may none-
theless be recovered. The higher dispersion of Dp data at low n/nG

values is due essentially to that of RMS(v/). At low n/nG values
the emission bursts are not strong, so the cross-correlation from
different GPI signals is a little faint and the best fit that give v/ is
affected from such dispersion of RMS(v/) values, in any case it is
possible to recover the meaning of the trends of RMS(v/) and Dp

with n/nG considering the average values over a large data base
measurements. These trends can be interpreted as an increase of
blob viscous damping at higher n/nG values [6].

5. Conclusions

In RFX-mod systematic analysis of edge turbulence has been
obtained with GPI diagnostic in a large set of plasma discharges.



Fig. 4. Scaling of relative speed between blobs RMS(v/) vs n/nG; (b) scaling of Dp vs n/nG.
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Average trends with n/nG are obtained for several parameters
(width, packing fraction, velocities). In this work we have focused
specifically on quantifying the transport due to coherent structures,
through an effective diffusion coefficient Dp. We guessed a trend
with n/nG but without unambiguous evidence. Because of its impor-
tance in the overall particle balance at the edge (with relevance for
the important issue of density limits [21]), a more precise investiga-
tion of Dp is sought, as well as a clearer assessment of the precise
nature of transport at the edge (i.e. if and to what extent a convec-
tive contribution should be included). To understand better the
meaning of the edge transport of coherent structures one needs
to measure an effective radial speed of the blobs and their radial
width. Moreover to obtain a more complete view of edge transport
will be useful to resolve the issue of blob creation [2]; this item will
be investigate trough the measurement of the characteristic e-fold-
ing length of radial profile of plasma pressure and its comparison
with the turbulence scale lengths [22].
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