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a b s t r a c t

Movies of edge turbulence at both the outboard midplane and the region outboard of the typical lower
X-point location in C-Mod have been obtained using gas-puff-imaging together with fast-framing cam-
eras. Intermittent turbulence structures, typically referred to as blobs or filaments, are observed in both
locations. Near the midplane the filaments are roughly circular in cross-section, while in the X-point
region they are highly elongated. Filament velocities in this region are �3x faster than the radial veloc-
ities at the midplane, in a direction roughly outward across the local flux surfaces. The observations are
consistent with the picture that the filaments arise in the outboard region and, as a consequence of the
rapid parallel diffusion of the potential perturbations, map along field lines. Results from a 3D BOUT tur-
bulence simulation reproduce many of the spatial features observed in the experiment.

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

There is great interest, both experimental and theoretical, in the
intermittent convective transport that is routinely observed in the
far scrape-off-layer (SOL) on the outboard ‘bad-curvature’ side of
tokamak plasmas. This convective transport dominates the perpen-
dicular particle transport in the far-SOL [1]. The interest in it de-
rives primarily from its impact on crucial reactor issues like
density-scale-length in the far-SOL, divertor design, wall-recycling,
and the physics of the density limit. Most previous experimental
studies have measured characteristics of this transport phenome-
non in the outboard midplane region. It is the purpose of this work
to present and discuss some of the characteristics of the turbulence
structures responsible for the convective transport in regions away
from the outboard midplane, in particular, in the region outboard
of the lower X-point, and to relate them to characteristics of the
turbulence structures in the midplane region. These turbulence
structures are typically referred to in the literature as filaments
or blobs or mesoscale structures. Our choice to view the X-point re-
gion was made primarily for two reasons: (1) we wanted to get as
close as was practical to the X-point in order to investigate the ef-
fects on the filaments (if any) of the flux expansion and magnetic
shearing that occurs when moving along field lines to the X-point
region, and (2) we wanted to be able to distinguish whether the
ll rights reserved.
primary filament motion there is normal to the local flux surfaces
or is in the major radius direction, since in the midplane region
these directions are the same.
2. Experimental details

Prior to this study, turbulence imaging diagnostics on C-Mod
viewed only the outboard and inboard midplane regions (Fig. 1).
One view of the outboard midplane covers a 6 cm � 6 cm region
and is approximately parallel to the field. The 2D images of this
view are registered using a fast-framing camera [2]. Viewing parts
of the same region are two linear arrays of views, one radial and
the other vertical, that are coupled to filtered photodiodes and
sampled at a 1 MHz rate. Viewing the inboard midplane region is
another radial array. These views are close to gas puff nozzles that
provide a toroidally-localized source of deuterium, whose Da emis-
sions respond to local ne and Te fluctuations and are detected by the
optical diagnostics (so-called gas-puff-imaging, GPI [3]). These
nozzles are typically �1–3 cm from the local separatrix and at
the edges of the views themselves. To complement these diagnos-
tics, we installed a new view of the region just outboard of the
location of the typical lower X-point for the reasons stated above.
(For brevity we will hereafter refer to this as the ‘Xpt view’ or the
‘Xpt region’, even though it does not actually view the X-point.)
This �6 cm � 6 cm view is also approximately along the local field.
A nozzle embedded in the divertor structure under the view pro-
vides the local gas puff. This nozzle is �3 cm below the bottom
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Fig. 1. Poloidal X-section of a DN C-Mod discharge, showing the turbulence
imaging diagnostics: the 2D ‘Xpt view’, outboard of the lower X-pt (red square); the
2D view at the outboard midplane (red square) with the radial and vertical arrays of
diode-coupled views (red dots); and the radial array of views at the inboard
midplane (red dots). For the GPI, gas is puffed from the 3 nozzles (purple). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 2. A single movie image (2 ls exposure) from the Xpt view of a DN plasma
showing the cross-sections of typical SOL filaments. The separatrix is also shown
(white line). The gas is puffed from below the image.
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of the view, �6 cm from the view center, and �7–9 cm below the
typical separatrix location. The view is separated toroidally from
the viewed outboard midplane region, and the two regions are
not connected along magnetic field lines. All views are shown in
Fig. 1. Movies of edge turbulence in the Xpt region and at the mid-
plane are obtained using fast-framing (150000 frame/s) cameras.
While, for this study, movies from both views were not recorded
simultaneously, the outboard midplane ‘diode-views’ were re-
corded simultaneously with the movies at each location. For anal-
ysis of the images of the Xpt region, plasmas in DN, USN, or limited
configuration were used, since in those configurations emission
from the local puff was much greater than the intrinsic Da emis-
sion (as is necessary in order to localize the measurement).

3. Comparisons of filament characteristics – outboard midplane
vs Xpt region

As has been previously reported (see Ref. [4] and references
therein), turbulence in the outboard far-SOL of C-Mod and most
other tokamaks is intermittent. Distributions in the fluctuation
magnitudes of various measured quantities (like local GPI emis-
sion, Isat, and Vfloat) are strongly skewed toward larger magnitude
fluctuations. Imaging at the outboard midplane in the vertical-
toroidal plane shows that the turbulent fluctuations have a fila-
mentary structure, aligned with the local field and with k||� kperp

(e.g. [5,6]). When these filaments are viewed in a vertical-radial
plane at the midplane, along chords parallel to the local field, their
cross-sections are roughly circular in shape with a characteristic
diameter (correlation length) of �1 cm [7]. Images from the out-
board midplane view illustrating this can be found in Ref. [8]. In
the SOL of the outboard midplane the filaments move both radially
and poloidally at speeds up to �1000 m/s [9]. Fluctuations at the
inboard midplane are much reduced, both in absolute and relative
magnitude [8,10]. Filaments are not observed there.

Imaging at the Xpt region also shows intermittent fluctuations.
The cross-sectional shape of the turbulence structures as imaged
with GPI, however, is much different than at the midplane.
Highly-elongated cross-sections – ‘fingers’ – are observed, as illus-
trated in a single frame from this view and shown in Fig. 2. In the
lower-left part of the view, the long dimension of the fingers is typ-
ically tilted by angles of up to �45� below horizontal. Motions of
the fingers there are primarily outward across flux surfaces (i.e.
approximately perpendicular to the separatrix, also shown in
Fig. 2) with speeds �3x the radial speeds of the filament at the
midplane (as determined by the time-delay cross-correlation
method described in [9]). In the upper-right part of the view, the
fingers’ major axes are typically close to horizontal. Analyses of
the Xpt region movies and of the simultaneously-measured out-
board midplane ‘diode view’ time-signals yield profiles of auto-
correlation times for the fluctuations, sauto(q), that are the same
(within the scatter). (q is the distance outside the separatrix when
mapped to the outboard midplane.) For DN discharges sauto is typ-
ically �30 ls just inside the separatrix, falling to 15–20 ls at
qJ 1.5 cm. Thus the auto-correlation times of the fluctuations,
due primarily to the filament motion, are approximately the same
in both regions.

The observations described above are reconciled within the fol-
lowing physical picture: filaments of high density plasma are gen-
erated primarily in the outboard, bad-curvature region. This is
directly or indirectly related to the strong ballooning-like particle
transport that occurs there, as implied by other measurements,
e.g. the observed SOL flows [11], and consistent with the relatively
small level of turbulence at the inboard midplane. Once the fila-
ments are generated, we expect the basic model for filament mo-
tion, first elaborated in Ref. [12]: since the parallel conductivity
of the plasma is large, perturbed electrostatic potentials inside a
filament arising from curvature and Bxr�B drifts are transmitted
rapidly along magnetic field lines. The filament is thus polarized
in a way that depends upon the integration of the cross-field polar-
ization currents along the filament’s length. A parallel diffusion
coefficient for potential fluctuations, Du � r|| 4pV2

alfven=ðc2k2
perpÞ,

can be derived from the current continuity equation,r� j = 0. Eval-
uation of this parallel diffusion coefficient yields the result that any
potential perturbation will be communicated between the mid-
plane and Xpt regions in C-Mod on the fast time scale of �0.1 ls
(for Bt = 4 T, ne = 3 � 1019 m�3, Te = 25 eV, kperp = 200 m�1,
k|| = 3 m) [13]. Thus we expect that the rapid parallel propagation
of potential gives rise to field-aligned filaments whose large-scale
(kperpqs [ 0.04) features map along field lines and whose drive
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Fig. 3. Comparison between measured finger tilts and lengths and those predicted
by mapping 1 cm diameter flux tubes from the midplane to the viewing location.
The angles for which the line integral cross-correlation values in the movie images
are maximum are shown by the red bars, whose lengths are proportional to the
fluctuation correlation lengths along that line. The angles and lengths of the major
axes of the mapped flux tubes are shown by the black bars. The actual correlation
lengths and major diameters are 2.86x longer than shown, but are scaled in the
figure for clarity. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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and damping responses are integrated over at least part of the field
line length.

Previous measurements on a stellarator [5] directly support this
picture. Also previous cross-correlation measurements made on C-
Mod by diagnostics separated by �3 m along a field line [6] are
consistent with the model presented above in that: (1) parallel cor-
relation of density fluctuations was observed, and (2) the measured
dipole structure of cross-correlations of potential fluctuations in
the Xpt region was consistent with the measured size and outward
propagation of the density fluctuations at the midplane.

This picture thus predicts that large-scale cross-field features of
the filaments should magnetically map between the midplane re-
gion and the X-pt region. Indeed, the circular cross-sections of
the filaments at the midplane do map into cross-sections in the
Xpt region that are highly elongated and tilted (i.e. fingers), as ob-
served. We have performed this mapping in detail for specific
shots. Flux tubes that are circular (1 cm diameter) in cross-section
at the midplane i.e. the rough size and shape of the filament cross-
sections observed in the midplane region, are mapped to the Xpt
view, where they are approximately ellipsoidal in cross-section,
having been stretched by flux expansion and tilted by shearing.
We have quantitatively compared the tilts of these mapped flux
tubes with the tilts of the observed fingers and compared the
lengths of the major diameters of the mapped flux tubes with
the correlation lengths of the fluctuations along the finger tilt axes.
The observed tilt angles are determined by finding (at any point in
the image) the angle of the line for which the line-integrated cross-
correlation of the reference location and the rest of the image is
maximum. The correlation length along this line is then calculated.
Typically �300 sequential images are used for these determina-
tions. Results from such a comparison are shown in Fig. 3, where
the black bars represent the lengths and tilts of the major axes of
the 1-cm-mapped-flux-tubes. The alignment of red bars represents
the measured tilt angles, while the lengths of the red bars are pro-
portional to the measured correlation lengths, determined as de-
scribed above. There is typically good agreement in the tilt
angles in the lower-left section of the experimental view. The mea-
sured finger correlation lengths there are within a factor of 2 of the
flux tube major diameters, also in good agreement, given the quan-
tities being compared. In the lower part of the view, we find
approximate agreement with the mapping model in DN, USN,
and limited configurations; thus the finger structure does not de-
pend upon nearness to a primary X-point.

However, a major and obvious inconsistency between the flux-
tube-mapping model and the observations is the disagreement be-
tween finger tilts and finger lengths observed in the upper portion
of the images and those predicted by the mapping model. The fin-
gers in the upper portion of the view are typically nearly horizontal
and 2–5 cm in length, while the mapping predicts tilts of �10� to
�35� with flux tube major diameters of �1.6 cm. We attribute this
discrepancy to a limitation of the gas-puff-imaging in the upper-
right portion of the view. The discrepancy arises essentially be-
cause the toroidal extent of the puff-gas cloud is too large there
and because emission along a field line will appear in the image
as a nearly horizontal line. Modeling of the view and its puff with
the 3D neutrals code DEGAS2 [14] indicates that the toroidal
FWHM of the emission from the puff is �10 cm at the center of
the view, increasing to 15–20 cm at the top of the view. (These ex-
tents are larger for the Xpt view because its nozzle is significantly
further from the view than for the midplane views.) Modeling the
effects of filament emission with different toroidal extents shows
that, if the extent is 20 cm, a filament of very small cross-section
will be imaged as a horizontal line of �2 cm length. If this effect
is convolved over the cross-section expected for the filament from
magnetic mapping, then correlation lengths are longer and finger
tilt angles are more horizontal than those of the mapped filament
cross-sections, as is observed in the upper part of the images. It is
probable that this effect is playing a significant role in the observa-
tions in the upper portion of the image and is the primary reason
for the disagreement with the mapping there. Since the toroidal
extent of the cloud in the lower part of the view is predicted to
be �5 cm, this effect should be and appears to be small there.

The flux-tube-mapping model also predicts that the cross-field
velocities should be roughly normal to the local flux surfaces and
be roughly proportional to the radial flux expansion ratio between
the two viewed regions; since the filament cross-sections map
with the flux tubes, the poloidal dimension of the filament will
be reduced by approximately the same ratio, thereby increasing
Epol in the EpolxB drive. Quantitatively, velocities normal to the flux
surfaces in the Xpt region that are �3x faster than the midplane ra-
dial velocity are expected, roughly what we observe. This result has
not been tested more quantitatively since simultaneous imaging of
the same flux tube at the two locations has not been done. We also
note that any blurring of images due to this motion and the frame
integration time (64 ls) is significantly less than the long dimen-
sion of filament cross-sections in the images. Finally, we note that
many aspects of the flux-tube-mapping of filaments have been dis-
cussed theoretically [13,15,16] before knowledge of these experi-
mental results.

4. Comparisons with turbulence simulation results

Aspects of the spatial structure of the filamentary SOL turbu-
lence have been examined using the BOUT 3D non-linear simula-
tion code [17]. BOUT uses a system of reduced Braginskii fluid
equations in realistic flux tube geometry, including X-point effects.
For this simulation, turbulence in a flux tube domain (whose cross-
section at the outboard midplane is 2 cm radially � 4 cm poloidal-
ly) is simulated for a C-Mod EFIT equilibrium with measured SOL
profiles of ne and Te. Filaments of approximately the same size scale
as in the experiments, i.e. features of �1 cm cross-sectional size,
appear at the midplane, although additional fine scale structure
is present in the simulation that is not resolved in the experiment.
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Fig. 4. (a) The ion density fluctuation at one instant within the Xpt region from the
BOUT simulation, showing multiple poloidal cuts of a typical filament (see text). (b)
Comparison of the tilt angles of the filament cross-sections in the simulation (red
bars) and the tilt angles of the major axes of the mapped flux tubes (black bars). The
lengths of the black bars are proportional to the lengths of flux tube major axes. The
lengths of the simulation fingers were not found, since the correlation lengths along
the tilt angles extended outside the simulation domain. Thus all of the red bars
are the same length. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Since the Xpt view of the experiment is much larger than a single
poloidal cut of the simulation flux tube domain at this location, the
toriodal periodicity in the simulation is used to fill the viewed re-
gion by mapping multiple poloidal cuts to a single plane at con-
stant toriodal angle. This results in different cuts of the same
filament appearing in each frame of the simulation realization, as
seen in Fig. 4(a), where the fluctuation ion density in the Xpt view
is shown. It is clear that in this region the simulation filament
cross-sections are tilted and elongated. Using the same analysis
techniques that were used to determine the finger tilt angles for
the experimental images, tilt angles for the simulation fingers were
determined. As was done for the comparison with experimental tilt
angles in Fig. 3, the simulation tilt angles (red bars) were compared
with those of flux tubes that were magnetically mapped from cir-
cularly cross-sectioned flux tubes at the midplane (black bars). The
result is shown in Fig. 4(b), where on average the angles of the long
dimensions of the filament cross-sections in the simulation match
quantitatively the magnetic mapping. This indicates that the mag-
netic mapping of features with kperpqs � 0.02 is also observed in
the BOUT simulation.

5. Discussion and summary

We have studied the spatial structure and the parallel dynamics
of the plasma filaments that appear routinely in the far-SOL of
Alcator-C-Mod plasmas and are responsible for the bulk of the par-
ticle transport there. By imaging these filaments in the outboard
midplane region and in the region of outboard of the lower
X-point, we find that their cross-sections are roughly circular at
the midplane, but are elongated into finger-like shapes in the Xpt
region. The elongated and sheared cross-sections of the filaments
observed in the lower part of the Xpt view are quantitatively con-
sistent with a magnetic mapping of roughly circular cross-sec-
tioned structures at the midplane region. These features are also
reproduced in a simulation using the BOUT turbulence code. Fur-
thermore, the fingers in the lower part of the Xpt view move out-
ward approximately normal to flux surfaces with speed roughly 3x
the outward radial velocities observed near the midplane. Thus we
have provided measurements of the cross-sectional shapes of the
filaments and their cross-field dynamics at two locations and dis-
cussed a model that can explain many of the observed features.
In the model, rapid parallel diffusion of potential perturbations re-
sults in the magnetic mapping of filamentary structures. Such a
mapping is quantitatively consistent with the observations. Results
consistent with these, as well as similar conclusions, have also
been published in Ref. [5], in which probe measurements of SOL
fluctuations in W7-AS stellarator plasmas were analyzed.

There are a number of implications from this picture both for
transport in the main chamber and for transport and dynamics in
the divertor. Continued magnetic shearing and flux expansion
close to the X-point may have important consequences for parallel
and perpendicular transport, both because of their effects on the
parallel extent [15] and stability of the filament and because, if
the mapping continues to hold, the filaments are deformed into
shapes where the poloidal scale length approaches the ion gyro-ra-
dius [18]. Whether the filaments cross the X-point region into the
divertor is still unknown. If they do or if they arise in the divertor
plasma, there exist possibilities for manipulating them and their
effects on the divertor plasma, as discussed in detail in Refs.
[19,18].
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