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Abstract

®

CrossMark

This paper presents the first observation of divertor localized turbulence in the NSTX-Upgrade
spherical tokamak. Previous work in NSTX discharges (Maqueda et al 2010 Nucl. Fusion

50 075002) described fluctuations on the divertor target due to blobs generated on the low

field side midplane. In the region that shows disconnection from upstream turbulence (private
flux region and proximity of the strike point), divertor-localized fluctuations are observed via
imaging of C III and D-« emission in diverted L-mode discharges and are characterized in

this paper. Field-aligned filaments connected to the divertor target plate are radially localized
at the separatrix on the outer divertor leg and in the private flux region on the inner divertor
leg. These are limited to the region below the X-point with fluctuation levels up to 10%—-20%.
The filaments have comparable poloidal and radial correlation lengths (10-100 ion gyroradii
pi) and parallel correlation lengths of several meters. Toroidal mode numbers are in the

range of 10-30 and 2-10 for outer and inner leg filaments. The poloidal motion of outer leg
filaments has the same direction and comparable magnitude to advection due to E x B drift
calculated by the multi-fluid edge transport code UEDGE with inclusion of cross field drifts.
Disconnection between inner and outer leg filaments as well as the absence of correlation with
upstream turbulence support the hypothesis of X-point disconnection for divertor leg filaments.
Simulations with the ArbiTER linear eigenvalue solver and a resistive-balooning model were
performed with a simulation grid limited to the divertor legs. Instabilities localized to the bad
curvature side of the divertor legs were observed, in qualitative agreement with the experiment.

Keywords: turbulence, divertor, plasma imaging, scrape-off layer

(Some figures may appear in colour only in the online journal)

1. Introduction

A narrow scrape-off layer (SOL) heat flux width A, will rep-
resent a challenge for wall materials in fusion reactors. The
multi-machine database [2] and the heuristic drift model for
the power scrape-off width [3] project to a sub-mm A, in
ITER. Recent simulations with the XGC-1 code [4] predict
larger \; (~5mm) in ITER, due to a transition from neoclas-
sical to turbulence-dominated A,.

SOL turbulence [S] can contribute to the heat and particle
fluxes to the first wall and divertor plate in tokamaks [6].
Clarifying the three dimensional (3D) structure of SOL and
divertor turbulence and its scaling with plasma parameters is
therefore critical for the understanding and extrapolation of

1741-4326/18/126028+15%$33.00

divertor heat fluxes as well as for the interpretation of divertor
transport and radiation, usually based on average quantities.

On the low field side (LFS) midplane of toroidal plasma
devices, SOL turbulence, due to drift waves and interchange
instabilities, has been characterized in multiple machines [5]
and is known to have parallel and perpendicular scale lengths
of many meters and a few centimeters, respectively. However,
it has not been clear until recently to what extent SOL tur-
bulence extends to the divertor plate, or whether there is any
additional turbulence generated in the divertor region itself.
Divertor turbulence has been investigated via active/passive
imaging and Langmuir probes in several devices [1, 7-11] and
divertor filamentary structures were generally interpreted as
the divertor extension of midplane blobs.

© 2018 IAEA, Vienna Printed in the UK
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X-point disconnection of turbulent filaments due to col-
lisionality and magnetic geometry has been discussed in theor-
etical papers [12, 13]. Parallel connection of outer midplane
turbulence to the divertor was characterized in the National
Spherical Torus Experiment (NSTX) [1] and Alcator C-Mod
[8] via cross correlation of blobs measured via the gas puff
imaging diagnostic (GPI) [14] and divertor fluctuations meas-
ured via imaging and probes. NSTX results showed a loss of
correlation approaching the strike point [1]. Passive imaging
of the lower divertor in the Mega Ampere Spherical Tokamak
(MAST) showed a reduction in fluctuations approaching the
separatrix [15].

Along with divertor fluctuations due to midplane tur-
bulence, divertor-localized fluctuations could enhance the
spreading of particle and heat fluxes near the separatrix.
Recently, intermittent filaments in the divertor legs have been
observed in multiple tokamaks. Divertor leg here indicates
the region below the X-point and radially limited to a few
cm around the separatrix in both common and private flux
regions. Divertor leg filaments were studied in the private flux
region of the inner divertor leg via visible fast camera imaging
from a tangential viewport in MAST [7]. Similar filaments
were observed in the C-Mod divertor via imaging of deute-
rium Balmer-a (Do) emission [16].

Theoretical papers have studied the possibility of divertor-
localized fluctuations; however, the relationship of these
models to the recent experimental measurements has not yet
been established. Fluctuations resulting from radial electron
temperature gradient VT, and sheath boundary conditions were
conjectured for tokamak SOL plasma [17, 18]. VT,-driven
flute-like instabilities limited to the region between the divertor
plate and the X-point were then considered, with X-point dis-
connection discussed in this context as a mechanism to limit
instabilities to the divertor region [13, 19]. Dispersion relations
were derived and geometry effects were considered for growth
rates, dynamics and mode localization [20-22].

This paper presents the first observation in the National
Spherical Torus eXperiment Upgrade (NSTX-U) [23] of
divertor fluctuations localized on the divertor legs and limited
to the divertor region. Statistical properties, spatial/temporal
scales and filament motion are characterized as a step towards
the identification of these instabilities. The paper is organized
as follows: SOL flux tube structure in section 2, experimental
setup in section 3, interpretation of divertor filamentary fluctu-
ations in section 4, 2D filaments cross correlations in section 5,
filament motion in section 6, correlation with midplane turbu-
lence in section 7 and scaling with plasma parameters in sec-
tion 8. Sections 9 and 10 present discussion and conclusions.

2. SOL flux tube structure in the NSTX-U divertor

Given the rapid motion of electrons along a field line, the
spatial structure of divertor turbulence can be visualized from
the field line mapping of flux tubes with an originating point
in the LFS midplane (for midplane blobs) and in the divertor
region (for divertor-localized modes). Figure 1 shows render-
ings (performed with the ray tracing code POV-Ray [24]) of
flux tubes in the NSTX-U divertor for discharge 205020. The

Figure 1. Rendering of the NSTX-U divertor with flux tubes
corresponding to a midplane blob (a), divertor-localized fluctuations
(b) and their intersection with the divertor floor (c). The separatrix
is rendered in yellow at two toroidal locations.
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Figure 2. Li I imaging of divertor fluctuations in NSTX: fluctuating
(left) and average (right) components.

equilibrium reconstruction is generated by the EFIT0O2 code
and flux tubes are created following magnetic field lines. The
separatrix is shown in yellow at two toroidal locations.

Figure 1(a) shows the field line mapping of a midplane
blob (flux tube with a circular cross section at midplane, 1 cm
in radius, 4 mm outside the separatrix) in red. Flux expansion
and magnetic shear squeeze the circular flux tube to a ribbon-
like cross section in the divertor region. Figure 1(b) shows in
cyan the structure of three inner divertor leg filaments and in
blue the structure of ten outer leg filaments obtained via field
line mapping of circular flux tubes in the private flux region
of the inner leg and on the outer leg separatrix, respectively.
Figure 1(c) shows the footprint of these filamentary structures
(i.e. the intersection with the divertor plate), limiting the com-
bined rendering of figures 1(a) and (b) to 1 cm of the divertor
floor and moving to a top—down view. Midplane blobs inter-
sect the divertor plate with a spiral footprint while divertor
leg-localized filaments have elliptical footprints.

The difference in shape and spatial localization of these
flux tubes can be used to distinguish turbulence originating at
midplane and extending in the divertor from turbulence origi-
nating on the divertor legs. Passive imaging via different emit-
ting species (different elements or different charge states) can
isolate fluctuations in separate 7, regions and sample distinct
radial or poloidal divertor zones e.g. to image the poloidal
structure or the filaments intersection with the divertor plate.
As an example, passive divertor imaging via neutral lithium
emission (localized on the divertor surface due to the short
ionization mean free path) [25] enabled imaging of the helical
divertor footprint of midplane turbulence in NSTX. Figure 2
shows Li I emission from the top—down view: fluctuating
(left) and mean (right) component. The spiral structures are
caused by filaments generated upstream (see figure 1(a))
while their surface localization is controlled by the emission
of the monitored species. Imaging of divertor leg filaments
(i.e. as in figure 1(b)) will require emission localized at higher
T. and is discussed in section 3.

3. Experimental setup and method

The results in this paper are from the first NSTX-U exper-
imental campaign [26-28]. NSTX-U is the upgrade to the
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Figure 3. (a) NSTX-U equilibrium reconstruction with overlay of
diagnostic fields of view: radial downward view (blue), top—down
view (red), midplane field-aligned view (green); (b) close-up of the
divertor with schematic of C III and D-o emission regions.

NSTX tokamak, with a new center stack (doubling the toroidal
field Br up to 1 T and the plasma current /, up to 2 MA) and
the addition of a second neutral beam (doubling the input
power Pygy to 15 MW). The discharges analyzed in this paper
are NBI-heated (1.5-3.5 MW) L-mode lower single null or
double null discharges (d;_s;, = 0—4mm) with weak shaping
and long divertor legs (elongation x = 1.7, triangularity
0 = 0.47, X-point height Zy = 0.6 m) as shown in figure 3.
The B x VB direction was towards the lower divertor.

In NSTX-U discharges with attached divertor plasma con-
ditions, the C III emission at 465nm (associated with T, ~ 5
—10eV [29]) was localized to the divertor legs and was a
candidate for the imaging of divertor leg fluctuations. C III
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Figure 4. (a) Image of the lower divertor from the radial-downward
view, (b) C III emission averaged over 1 ms; (b) raw frame (9.3 us
exposure); (c) raw frame after high pass filter (d). Separatrix (red),
inner (green) and outer (blue) divertor legs, inner (cyan) and outer
(orange) strike points are overlaid.

Inner
strike

Outer
strike

Figure 5. Image of the lower divertor from the top—down view. A
D-a image from the cropped view is overlaid.

emission is typically about 10x less bright than D-« or Li
I emission. A new imaging setup was implemented with a
more sensitive camera and optimized throughput. A Vision
Research [30] Phantom v1211 fast CMOS camera was uti-
lized. The camera has 1280 x 800 square 28 pm pixels, 12 bit
digitization and is five times more sensitive than the Phantom
v710 used in NTSX for GPI and passive divertor imaging [1,
25]. A coherent fiber bundle (1000 x 800 10 pm fibers) was
used to relay the image to the camera where optics optimized
for throughput (collimating f = 85 mm F/1.4, focus f = 50mm
F/1.2) provided a 1:1.7 imaging on the detector. The setup
enabled imaging at up to 140kHz at a resolution of 272 x 192
pixels (generally limited by available light). A 3 inch narrow
bandpass filter (Andover [31], AX ~ 10.0nm in full width at
half maximum FWHM) with peak transmission ~0.75 was
used to isolate C IIT emission. Other transition lines (i.e. C IV,
He II) within the bandpass did not contribute more than a few
% of the collected light. The field of view is shown in blue in
figure 3(a), overlaid to an NSTX-U equilibrium reconstruc-
tion. A close-up of the divertor in figure 3(b) shows in blue the
typical C III emission region around the divertor legs.

In order to interpret 3D fluctuating structures from this
radial-downward view, a synthetic diagnostic was devel-
oped using the interactive data language (IDL) code [32].
Coordinates of the plasma facing components (PFCs) were
obtained from in-vessel metrology. The camera view was
reconstructed in IDL and the rectilinear projection of the
PFCs onto the detector was calculated. The camera angle and
focal length were adjusted until a match between the calibra-
tion image and the reconstructed PFCs was obtained, with an
accuracy on the order of 1cm. Figure 4(a) shows the calibra-
tion image acquired with in-vessel illumination. The projec-
tion of the reconstructed PFCs measured with the metrology
arm is overlaid with red lines. Dashed green lines represent
the projection of the PFCs not directly measured but extrapo-
lated from the measurements at a different toroidal location.

The synthetic diagnostic enabled the overlay of 3D struc-
tures such as the separatrix or field lines onto the acquired
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Figure 6. C III emission along the outer divertor leg versus time
and poloidal elevation from the strike point. Details of filaments
trajectories are shown in the inset.

images and the creation of poloidal/toroidal reference projec-
tions that were used for the interpretation of fluctuation char-
acteristics. Figure 4(b) shows an image of the lower divertor
C III emission averaged over 1 ms. Projection of the separatrix
(red), inner (green) and outer (blue) divertor legs, inner (cyan)
and outer (orange) strike points from the EFIT02 reconstruc-
tion are overlaid at three toroidal locations. Figure 4(c) shows a
raw frame acquired at 100kHz (9.3 us exposure). Filamentary
structures corresponding to the flux tubes shown in figure 1(b)
are observed on both divertor legs in the raw image. The con-
trast of these structures is enhanced in figure 4(d)) with a
moving minimum subtraction over =100 ys.

Two other cameras completed the imaging diagnostic suite
used in this work. The first was a Vision Research Phantom
v710 fast camera filtered for D-a emission with a wide-angle
top—down view of the lower divertor [25]. The field of view
is shown in figure 5 while the PFCs were illuminated by the
in-vessel filaments. A crop of the full field of view was used
limiting the toroidal extent to enable higher framing rates. A
resolution of 256 x 64 pixels was employed with a 280kHz
frame rate and 3 ps exposure. Raw D-a emission from the
cropped view is overlaid onto the full field of view. Emission at
the inner strike point (ISP) and at the outer strike point (OSP)
can be observed. The D-a emission is poloidally localized to
the proximity of the strike point (as in figure 3(b)) and will
be employed for the analysis of the footprint of divertor fluc-
tuations. The second additional camera is a Vision Research
Phantom v710 camera looking at the LFS midplane passive
D, emission with a field aligned view via the GPI optics [33].
Upstream D-« emission was acquired at 100kHz framing rate
with a 9 us exposure. The fields of view of these cameras are
shown in figure 3: green box for upstream D-« and red region
for the top—down D-« view.

4. Statistics of divertor-leg filaments

General properties (appearance, statistics, time scales) of
inner and outer leg divertor filaments are presented in this sec-
tion. Figure 4(b) showed the average C III emission in the
NSTX-U divertor. C III emission is localized radially around
the separatrix location and poloidally to the entire inner
divertor leg and most of the outer leg (see blue shaded region
in figure 3(b)), thus highlighting the region of interest for the
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Figure 7. ((a) and (b)) Time histories of a pixel in the outer and
inner divertor legs, (¢) power spectra and (d) PDFs for inner and
outer divertor leg fluctuations.

study of divertor leg modes (as rendered in figure 1(b)). In
figure 4(d), several filamentary structures can be observed on
both inner and outer legs. These intermittent filaments in light
emission are assumed to be representative of n. fluctuations
(appendix) and have helical shapes approximately following
field lines, with typical size across the field much shorter than
along the field (k. > k).

C III emission from this view is interpolated onto a pro-
jection of the outer divertor leg (blue reference curve in
figure 4(b)). Figure 6 shows the contour plot of the raw C III
emission along the outer divertor leg as a function of time and
poloidal distance from the strike point. Filamentary structures
are observed at frequencies ~10-30kHz. Filaments show an
upward movement (towards the X-point) and can be followed
for 50-100 us. An axisymmetric modulation at a few kHz of
the divertor emission is also observed but related to upstream
modes.

Time histories of a single pixel after subtraction of the mean
and normalization by the standard deviation are shown in fig-
ures 7(a) and (b) for a pixel in the outer divertor leg and for a
pixel in the inner divertor leg, respectively. Fluctuation levels
inferred from the root-mean-squared (RMS) fluctuations
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Figure 8. 2D cross correlation maps for outer (a) and inner ()
leg filaments. The reference pixel for the 2D cross correlation is
indicated with a red cross.

normalized by the average counts are up to 10%—-20%.
Fluctuation levels due to divertor leg filaments are on the
order of 2.5-9 times the single pixel noise level. Figure 7(c)
shows power spectra for outer and inner leg fluctuations indi-
cating broadband fluctuations with characteristic frequencies
on the order of 10kHz for inner leg filaments and 20-30kHz
for outer leg filaments. Probability density functions (PDFs)
for inner and outer divertor leg fluctuations are shown in
figure 7(d), with similar near-Gaussian PDFs. Gaussian fits to
the PDFs are also overlaid, indicating a small positive skew-
ness to the experimental PDFs.

Characteristic time scales for the divertor leg filaments
are inferred from the auto-correlation of single pixel time
series on the inner and outer legs. The auto-correlation time
Teorr (inferred from the FWHM of the auto correlation func-
tion) is ~10-30 ps for outer leg filaments and 30-100 us for
inner leg filaments. In order to take into account the effect of
poloidal/toroidal filament motion, the maximum of the time
delayed cross correlation as a function of delay was evalu-
ated for pixels within a few cm across the direction of motion,
leading to an estimate of up to ~50 us for the lifetime of outer
leg filaments.

5. 2D filament cross correlations

Filaments spatial structure is inferred from the zero-delay 2D
cross correlations maps of the time series of a reference pixel
with that of each other pixel in the camera view. Time series
of 5ms are utilized while a high-pass filter at a 8 kHz is used
to filter-out the low frequency axisymmetric modulation in
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Figure 9. Poloidal correlation function for outer (a) and inner (b)
leg filaments at different elevations, (¢) poloidal correlation lengths
as a function of poloidal distance along the outer and inner divertor
legs.

divertor emission (as in figure 6). Pixels corresponding to dif-
ferent elevations and radial locations on both the inner and
the outer divertor legs are taken as the reference point for the
2D correlation maps. Spatial cross correlations are calculated
for both divertor cameras discussed in the previous section (C
II and D-a) to determine radial (Lraq), poloidal (Lp,) and
parallel (L) correlation lengths. Since the two cameras are
looking at different emitting species, the different localization
of the emission along the same fluctuating structures allows
for complimentary quantities to be extracted. Time-delayed
cross correlations are discussed in section 6.

5.1. Poloidal filament structure

Poloidal and parallel correlation lengths as well as effective
toroidal mode numbers are inferred from the radial-downward
view (see figure 3(b) for the typical C III emission and figure 4
for the camera field of view), interpolating the 2D cross cor-
relation maps onto poloidal and toroidal pixel projections
of the camera view. Figure 8 shows contour plots of the 2D
cross correlation function for a reference pixel in the outer
leg (a) and a pixel in the inner leg (b) at an elevation of 10cm
above the strike point along the divertor leg. The value of each
pixel in the correlation maps (272 x 192 pixels) represents
the correlation value between the time history of that pixel
and that of the reference pixel (indicated with a red cross in
each correlation map). Overlaid in blue is the projection of
the separatrix at two toroidal locations. Correlation regions
appear as filamentary structures approximately field aligned
with Ly, < Ly Correlations above random are observed for
over a toroidal turn for inner leg filaments and for about half
of a toroidal turn for outer leg filaments. L is on the order of
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Figure 11. (a) Toroidal correlation function for outer leg filaments
at two elevations 7 (black) and 22 cm (red) and (b) their toroidal
mode number spectrum.

a few meters (~2-3 m) for both inner and outer leg filaments
(the latter being possibly limited by the extent of the C III
emission shell). No correlation is observed between inner and
outer leg filaments.

The poloidal projection of the 2D cross correlation func-
tion along the divertor leg is plotted in figures 9(a) and (b)
for outer and inner leg filaments, respectively, as a func-
tion of poloidal distance along the leg for a reference pixel

spectrum is overlaid in red to guide the eye.

EFITO2 Separatrix Outer leg filament
EFITO2 Outer leg field line  Inner leg filament
EFITO2 Inner leg field line Y Reference point

VK d

Figure 13. 2D cross correlation for an inner (blue) and an outer
(red) leg filament. Magnetic field lines from EFITO2 equilibrium
reconstruction are overlaid for the inner (orange) and outer (green)
divertor.

located at three elevations. Characteristic L, estimated as
the FWHM of the cross correlation function, are ~1-3.5¢cm
for both outer and inner leg. Field-aligned regions of nega-
tive correlation (white) are observed in the proximity of the
positively correlated regions, leading to partially wave-like
poloidal correlation functions (with largest negative correla-
tion values ~—0.2). Figure 9(c) shows the poloidal correlation
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length as a function of elevation from the divertor strike points
for outer (black) and inner (red) leg filaments. For outer leg
filaments, L, decreases moving the starting pixel upward
along the divertor leg and for increasing parallel distance
along the region correlated with a single pixel. For inner leg
filaments, Ly, are observed to increase moving the starting
pixel poloidally upward along the divertor leg.

The difference in the L, profile for inner and outer leg fila-
ments in figure 9(c) is consistent with the expected squeezing
of a flux tube due to the X-point shear [13]. Given the camera
setup, flux tube squeezing is expected to happen along the
viewing direction for outer leg filaments and across the viewing
direction for inner leg filaments. This is illustrated in figure 10,
where the field line mapping of a circular flux tube is carried
out in the inner and outer divertor leg SOL (filled) and private
flux region (empty). The initial circular flux tube is shown in
red, subsequent crossings after full toroidal turns are shown in
green and blue. The viewing direction is also overlaid in orange.

The 2D correlation map is interpolated onto a toroidal pro-
jection ata given elevation along the leg, created with the synth-
etic diagnostic, to evaluate toroidal mode numbers. Figure 11
shows the toroidal projection of the 2D correlation function
(a) as a function of toroidal angle for two elevations along the
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Figure 15. (a) Radial and (b) toroidal profiles of cross correlation
functions from the top—down D, view.

divertor leg (7 and 22 cm) and the mode number power spec-
trum for f > 7 kHz (b), obtained from its FFT. The toroidal
correlation function has a partial wave-like correlation struc-
ture with an effective toroidal mode number ~10-30. Contour
plots of power spectra as a function of frequency and toroidal
mode number are shown in figure 12(a) for outer leg filaments
and in figure 12(b) for inner leg filaments, obtained from the
2D FFT of the raw emission data interpolated onto a toroidal
projection. Lower effective toroidal mode numbers (2—10) are
observed for filaments in the inner leg.

5.2. Radial filament structure and localization

Radial localization of the filaments is important to assess the
mechanisms of filament destabilization (e.g. curvature drive).
The assumption of field-alignment of the fluctuations can be
exploited to determine their radial location. Figure 13 shows
the 2D correlation regions for an inner (blue) and an outer
(red) leg filament from C III emission. Magnetic field lines
from the EFITO2 reconstruction are overlaid for both the inner
divertor (orange) and the outer divertor (green). The radial
location of the field line was adjusted to obtain agreement
between the correlated region and the projected field line.
Inner leg filaments were identified to extend into the private
flux region while the purely radial view did not allow local-
ization of outer leg filaments to the private or common flux
region within the uncertainty due equilibrium reconstruction
and the synthetic diagnostic.
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The top—down camera view (D, emission, see figure 3)
was therefore used to provide complimentary information for
the radial localization of the outer leg filaments. Figure 14(a)
shows the time-averaged D, emission near the lower divertor
plate: the outer strike point emission is located at R ~ 85 cm
and the inner strike point emission on the angled section of
the center stack is projected to R ~ 20 cm on the divertor
floor. The radii used here are quoted for the vertical pixel at
the center of the view. 2D cross correlation maps from the
top—down view are shown in figures 14(b)—(d), moving the
reference pixel radially from the private flux region (), to the
strike point (c¢) and the SOL (d). The value of each pixel in
the correlation maps (256 x 64 pixels) represents the correla-
tion value between the time history of that pixel and that of
the reference pixel (indicated with a red cross in each correla-
tion map). The outer strike point position, as inferred from the
peak D-« is overlaid with a blue dashed line.

In the private flux region (figure 14(b)), no correlation
structures above the random correlation level are observed. In
the few pixels radially localized around the outer strike point
(figure 14(c)), the spatial correlation function is both toroi-
dally and radially localized with a partial wave-like pattern
in the toroidal direction. Negative correlation regions (white)
are observed toroidally nearby the positive correlation region.
This correlation structure corresponds to the footprint of the
divertor leg filaments observed in C III emission from the
radial-downward view (see the footprint of the blue flux tubes
rendered in figure 1(c)), indicating the connection of these
filaments to the divertor target. No more than a single filament
is observed radially at a given toroidal location and negatively
correlated regions are not observed in the radial direction. In
the SOL (figure 14(d)), correlation regions are helical in shape.
This shape is characteristic of upstream turbulence connected
to the divertor target, as described in [1] (also see footprint
of red flux tubes in the rendering in figure 1(c)). The differ-
ence in the shape of the fluctuating structures indicates the
physical separation of these different turbulence phenomena
in the radial direction.

Radial and toroidal correlation functions are derived inter-
polating the 2D correlation maps in figure 14 onto radial and
toroidal projections. Radial and toroidal profiles of the corre-
lation function of D-« fluctuations at the divertor target plate
are shown in figures 15(a) and (b), respectively. Correlation
functions are plotted for a reference point (dashed line) in
the private flux region (blue), in the SOL (black), and for a
reference point associated with a toroidally localized correla-
tion function (red), corresponding to the cases shown in fig-
ures 14(b)—(d). The normalized radial and toroidal profile of
D, emission is overlaid in green. Pixels that show toroidally-
localized correlation functions are radially localized at the
peak of the D, emission profile, which is representative of the
peak incident particle flux and can be associated with the sep-
aratrix location. L., estimated from the FWHM of the radial
correlation function, is ~2cm and is comparable to Lpor and
to the radial scale length of the divertor plasma parameters.
Correlation functions for turbulent fluctuations in the SOL are
uniform along the spiral mapped onto the divertor. Overall,
both inner and outer divertor leg fluctuations are localized to
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Figure 16. ((a)—(f)) Contour plots of 2D correlation functions for
outer leg filaments at different delays. (g) Poloidal location of the

maximum of the cross correlation function for outer and inner leg

filaments as a function of delay.

the bad curvature side (outward in R) of the divertor legs and
radially limited to the proximity of the separatrix.

6. Filament motion

The average turbulence motion is evaluated from the time-
delayed cross correlation of a single pixel with every other
pixel in the image. Time-delayed cross correlations are per-
formed for both inner and outer leg filaments and for both the
radial-downward view and for the top—down view.

6.1. Poloidal filament motion

Time delayed cross correlations from the radial-downward
view are used to determine the filaments poloidal/toroidal
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Figure 17. Contours of the 2D cross correlation function for
different delays (from —14 to 14 us) from the top—down view
monitoring D-a emission for an outer leg filament.

motion. Figure 16 shows contour plots of the 2D cross cor-
relation maps for an outer leg filament with 6 different delays
(=20, —10, 0, 10, 20, 30 us). The reference point at zero-
delay is indicated with a red cross. An apparent upward propa-
gation (towards the X-point) is observed for both the outer leg
filaments and the inner leg filaments (not shown). The 2D cor-
relation maps are interpolated onto a poloidal projection in the
synthetic diagnostic at the toroidal location of the reference
pixel. Figure 16(g) shows the poloidal location of the max-
imum of the correlation function for outer and inner leg fila-
ments as a function of delay. The average propagation velocity
is estimated from the linear fit of the poloidal position as a
function of delay. Velocities on the order of 1-2 km s~ are
observed on both legs. Given the opposite field line helicity on
the inner and outer divertor legs, the observed poloidal motion
towards the X-point is equivalent to opposite toroidal rotation
for inner and outer leg filaments: in the co-current direction
for the inner filaments and in the counter-current direction
for the outer filaments. The apparent poloidal propagation of
outer leg filaments is in the opposite direction of the propaga-
tion typically observed for midplane filaments on the low field
side SOL (poloidally downward) in NSTX. The footprints on
the divertor plate of midplane and divertor-localized filaments
(spirals and spots, as in figure 1(c)) therefore rotate in oppo-
site directions in the lower divertor.

6.2. Radial filament motion

Time delayed cross correlations from the top—down view
are used to determine the filaments radial motion from the
motion of their footprint. In figure 17(a), contour plots of the
2D cross correlation function are shown for an outer leg fila-
ment with 7 different delays (from —14 to 14 us). The con-
tours represent the 70% of the maximum correlation at each
delay. The main propagation is toroidal with a finite radial
motion. The same contours are fitted with ellipses and plotted
versus radial distance from the strike point in figure 17(b).
The radial velocity is estimated from the evolution of radial
location of the ellipse center. Radial velocities are on the
order of 0.25 km s~
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Figure 18. (a) Magnetic equilibria for discharge 204963, time
evolution of divertor leg angle (b), fluctuation levels and upstream
separatrix density (¢), ((d)—(f)) 2D cross correlation functions for
the three leg angle positions in (a).

7. Correlation with outer midplane turbulence

Cross correlation analysis with outer midplane turbulence
was carried out to confirm the disconnection between outer
leg filaments and upstream turbulence. Passive imaging of
the LFS midplane D-a emission was used in NSTX-U for
the evaluation of midplane SOL turbulence. Field-aligned
intermittent structures are observed in the passive D, images.
Cross correlation of the time series of every pixel in the outer
midplane D-a view with every pixel in the radial downward
divertor C III view was performed at zero delay (for a total
of 64 x 80 x 272 x 192 cross correlations). For each pixel in
the GPI view the maximum in the correlation value over the
entire divertor view (272 x 192 pixels) was taken. No signifi-
cant correlation was observed, with a peak value of 0.3 just
outside the separatrix. This is to be compared to the typical
correlation observed for SOL filaments which is up to 0.8 [1].
The region in the lower divertor associated with the largest
correlation value upstream corresponded to the axisymmetric
divertor strike point and was therefore indicative of residual
coherent plasma motion or axisymmetric particle fluxes.

8. Scaling of filament characteristics

Divertor leg filament characteristics were investigated in
a series of 13 discharges with comparable low ¢ shape,
Pngr ~ 1-4 MW, 7, ~ 1-5 x 10" cm™2 in L-mode regimes.
Filaments on the outer leg were always observed in lower
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single null and double null even with a small upward bias
(0r—sep > 0). Filaments on the inner leg were observed in
lower single null and lower divertor biased double null
discharges and disappeared when the double null had any
upward bias. Fluctuations spatial scales and dynamics only
showed small variability in the discharges in the database.
Propagation was consistently towards the X-point on the
outer leg with a decreasing velocity as the upstream n,
ramped during the discharge. Propagation of inner leg fila-
ments reversed direction through the discharge: directed
towards the target in the low n. early phase and directed
towards the X-point and with increasing speed as the dis-
charge progressed. Filaments observed before the reversal
appeared to have a shorter parallel extent.

Discharges in the database were used to investigate the
effect of leg geometry (divertor leg poloidal length L and angle
a with respect to the target plate surface on the common flux
region side) on the structure of divertor leg filaments. In the
magnetic configurations of NSTX-U L-mode discharges, no
variation of the inner divertor leg length (~30cm) and angle
(~85°) were available. A natural scan of the outer strike point
radius was generally carried out through the time evolution of
the discharges. Given the nearly fixed X-point position, this
resulted in a scan of the divertor angle from 60° to 100°. The
evolution of the equilibrium is shown in figure 18(a) for dis-
charge 204963 at 3 times while figure 18(b) shows the tem-
poral evolution of the divertor leg angle for both inner and
outer divertor legs. Contour plots of the cross correlation func-
tion carried out at a constant elevation for the three different
divertor leg angles are shown in figures 18(d)—(f). Similar
fluctuating structures are observed in the three configurations.
As a function of the divertor angle, no significant change in
Lpor, or Lrap Was observed. A decrease in poloidal propaga-
tion velocity and an increase in the fluctuation level was found
but could not be separated from the effect due to the concom-
itant increase in upstream n. (figure 18(c)). No change was
seen in the radial localization of the fluctuations with respect
to the separatrix as identified from the D-« emission.

9. Discussion

Main experimental observations are summarized below:

* Intermittent field-aligned filamentary structures localized
to the divertor are observed on the bad curvature side of
inner and outer divertor legs.

* Divertor filaments are connected to the divertor plate.

* Characteristic frequencies are ~10kHz and ~20-30kHz
for inner and outer leg filaments, respectively.

° LPOL ~ 1-3.5cm NLRAD ~ 2 cm, L” ~2-3m.

* Toroidal mode numbers are ~10-30 and 2-10 for outer
and inner leg filaments, respectively.

¢ Inner and outer leg filaments are not correlated.

* Divertor filaments and midplane blobs are not correlated.

e Inner and outer leg filaments propagate towards the
X-point with poloidal velocities ~1 km s~

* Outer leg filaments propagate outwards radially at ~0.25
kms~!.

1

9.1. Comparison with other devices

Divertor leg filaments have been recently observed in MAST [7]
and Alcator C-Mod [16]. Spatial and temporal scales were con-
sistent with the NSTX-U measurements, with Lpo;, ~ 10-100
pi and lifetimes ~10—100 ps. Analysis on MAST was limited to
filaments on the inner divertor leg although outer leg filaments
were also observed. With B X VB towards the lower divertor,
propagation for the inner leg filaments, localized in the private
flux region, was towards the inner strike point, i.e. away from the
X-point. In C-Mod filaments were observed on both inner and
outer divertor legs. With B X VB towards the lower divertor,
filaments were observed only on the inner leg, were localized
to the separatrix and the common flux region and propagated
away from the inner target and towards the X-point. Filaments
deep in the private flux region were less commonly observed and
propagated towards the inner strike point. Outer leg filaments
were only observed with B X VB in the unfavorable direction
and propagated towards the X-point. While spatial and temporal
scales were comparable among the devices, occurrence, local-
ization and propagation are still not understood.

9.2. X-point disconnection

Results presented in this paper are qualitatively consistent
with conjectures on filament disconnection due to the defor-
mation of fluctuating structures near the X-point resulting
from magnetic shear [13]. The shape of the divertor filaments
(LpoL ~ Lrap) suggests their generation in the divertor, since
flux expansion and magnetic shear would stretch a flux tube
with circular cross section at midplane into a ribbon-like struc-
ture in the divertor (figure 1). Lpor, decreased moving upward
along the divertor leg for outer leg filaments and increased
along the divertor leg for inner leg filaments, consistently with
flux tube squeezing due to X-point shear (figure 10).

The limited L for inner leg filaments (i.e. absence of cor-
relation with outer leg fluctuations) and the absence of cor-
relation of outer leg filaments and outer midplane turbulence
indicated that these structures do not propagate across the
X-point and into the main chamber. Field line mapping of flux
tubes representative of divertor leg fluctuations in the LFS
common flux region results in highly elongated structures
upstream due to the large magnetic shear (from 1cm radius
to elliptical structures 1 m and 0.1 mm in cross section). The
flux tube deformation would lead to the radial wavenumber
becoming large compared to the inverse p; and to the dissipa-
tion of the perturbation [20].

In the common flux region of the outer divertor, radial sepa-
ration is observed between divertor leg filaments (observed at
the separatrix location) and filaments due to midplane blobs,
consistent with the disconnection of midplane turbulence
from the divertor target in the very proximity of the LCFS.

9.3. Interpretation of experimental observations via multi-fluid
modeling

Simulations with the multi-fluid edge transport code UEDGE
[34] were performed to help interpret divertor filament
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characteristics in the absence of local measurements of
plasma parameters. The UEDGE simulations are used in this
section to calculate background plasma parameters for theory
estimates and code simulations and to understand filament
propagation with respect to the local cross field drifts.

Due to the nature of the steady-state UEDGE solution,
this method can only estimate time-average quantities and
therefore neglects the effect of fluctuations on the dynamics
of the filaments. Additionally, turbulence-averaged upstream
profiles are used. The non-Maxwellian character of SOL tur-
bulence and the non-linear transport equations and atomic rate
coefficients can limit the accuracy of fluid codes in describing
experimental results [35, 36]. These effects might be less
important for divertor leg turbulence than at the outer mid-
plane due to the low intermittency character of this turbulence
and the low fluctuation level (up to 10%-20%).

UEDGE was run on a balanced double null grid (24 x 110
radial and poloidal cells) generated from the lower half of an
EFITO2 reconstruction with the inclusion of the full cross field
drifts model. The simulations were constrained by upstream
kinetic profiles (T, ne, T;), LFS midplane D-« emissivity and
lower divertor D-« brightness. Poloidally-uniform diffusive
radial transport coefficients were derived matching midplane
profiles.

Figures 19(a)—(d) shows contour plots of the results of the
UEDGE simulations for T¢, Ti, n. and poloidal component
of the E x B drift velocity. Radial plasma parameters at the
divertor plate are plotted in figures 19(e) and (f) for both
outer and inner divertor leg. On the low field side SOL, E x B
velocity is directed towards the target (red contour values).
The drift direction reverses approaching the separatrix and
into the private flux region where it is directed away from the
outer divertor target and into the inner divertor target plate.
E x B velocities are on the order of 1 km s~! in the outer
leg towards the X-point and 0.2-0.5 km s~! away from the
X-point in the private flux region of the inner divertor leg.

Based on the UEDGE solution, p; in the proximity of the
divertor plates can be estimated to be ~0.6 mm in the outer leg
and 0.15 mm in the inner divertor leg. Local 3is on the order of
3 x 10~*and of 2 — 3 x 10> on the outer and inner divertor
legs. Parallel velocities into the divertor target are ~10—-15 km
s~ ! at the outer strike point and 5-8 km s~ ! at the inner strike
point. The characteristic density SOL width [, estimated as
the FWHM of the n, profiles at the target, is ~4 cm for both
legs. The incident separatrix angle a is ~80-85° for both legs.
Divertor leg length L is 55 cm for the outer leg and 30 cm for
the inner leg. The ratio of toroidal to poloidal magnetic field
is ~10 and 6 for inner and outer divertor legs. Lpor, is there-
fore ~30 p; and 100 p; for outer and inner leg filaments. It
should be noted that this is an upper estimate of Lpgy, as the
effect of poloidal motion is not included (vpe X At ~ 0.9 cm
versus Ly ~ 1.5-3.5 cm). The experimental poloidal propa-
gation in the outer leg is on the order of 1-2 km s~!. This
is in the same direction and of the same magnitude of the
local E x B drift velocity derived from UEDGE simulations.
On the inner leg, the filaments velocity is 1-2 km s~ ! gener-
ally towards the X-point and thus in opposite direction with
respect to the simulated E x B drift velocity.
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9.4. Comparison with instability theories

Experimentally, divertor leg filaments were observed on the
bad curvature side of both divertor legs, indicating a possible
curvature-driven mechanism. Drift-wave and interchange
modes are responsible for midplane edge/SOL turbulence in
tokamaks and instabilities in simple magnetized toroidal con-
figurations (e.g. TORPEX [37], Helimak [38]) and could be
playing a role in the generation of divertor leg filaments. In
particular, while collisionality can greatly differ, the geom-
etry of devices such as TORPEX and Helimak (open helical
field lines connected to end plates without any plasma on
closed field lines) can be similar to the divertor leg geometry,
relative to turbulence generated locally on the divertor legs.
These considerations motivated simulations performed with
the ArbiTER code with a resistive-balooning model on a grid
limited to the divertor legs and presented in section 9.5.

Work by Cohen and Ryutov [19, 21] discussed the possi-
bility of sheath-driven divertor instabilities. The experimental
filament properties in NSTX-U can be compared with this
theory using parameters derived from the UEDGE simula-
tions. The derivation of sheath instabilities assumes radial VT,
to be the dominant gradient. This is the case for the NSTX-U
outer leg while in the inner leg V. is the dominant gradient.
Long divertor leg assumptions (L > [) are satisfied and the
approximation of zero tilt of the separatrix with respect to the
normal to the divertor plate is appropriate. From the discus-
sion in section 9.3, kpoip; is ~0.06 and 0.015-0.02 for outer
and inner leg filaments, respectively, with k; ~ kyo. Based
on the theory from Cohen and Ryutov and following equa-
tion (30) in [21], characteristic sheath-instability frequencies
are ~30-60kHz for outer leg and of 4-30kHz for inner leg
filaments. Scale lengths of fluctuations observed in NSTX-U
would correspond to the long wavelength branch of sheath
instabilities discussed in [20]. Experimental wavenumbers on
inner and outer leg are close to those expected for maximum
growth rate for the long wavelength branch (kp; ~ 0.1 on the
outer leg and kp; ~ 0.06 on the inner leg), which also corre-
sponds to kpol = k.

In NSTX-U, the presence of filaments did not depend on
the incident angle, which is generally expected to be a desta-
bilizing factor for sheath instabilities. However, evaluation of
their dispersion relation (equation (34) in [20]) for NSTX-U,
with kpo1 ~ ki, indicates that small angle variations around the
normal to the divertor target should not play a significant role.
Evaluation of the real part of dispersion relation indicates that
on both legs the phase velocities of the long wavelength mode
can be on the order of the local drift velocities. This could pos-
sibly explain the different propagation observed on inner and
outer leg in the laboratory frame and the propagation reversal
observed during the discharge on the inner leg.

9.5. Comparison with ArbiTER simulations

The ArbiTER (arbitrary topology equation reader) code [39]
was used to understand the possible drivers for divertor leg
modes and the disconnection of midplane turbulence from
the divertor target. ArbiTER is an eigenvalue solver for linear
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Figure 19. UEDGE parameters for NSTX-U discharge 205020: (a)
Te, (b) T, (c) ne, (d) poloidal component of the E x B drift, radial
profile of T, and n, at the inner (e) and outer (f) divertor leg.

edge plasma physics problems based on the SLEPc [40] eigen-
solver package. The ArbiTER flexible topology makes it ideal
to study instabilities in X-point geometry configurations. In
order to simulate filamentary structures using a linear code, the
assumption is made that such a structure can be represented
as a superposition of a toroidally symmetric perturbation of
the density profile with a toroidally asymmetric instability.
The density profile is perturbed with a Gaussian perturbation a
short distance outside the separatrix, creating a region of strong
ne gradients. The ArbiTER output is processed to identify the
fastest growing eigenmode that is localized near this strong n,
gradient region. The model used for the instability is a three-
field resistive-ballooning model. In this model, instability is
driven by the interaction of n. gradients with curvature. The
model equations can be found in [39].

Background plasma profiles for the ArbiTER simula-
tions are based on the upstream experimental plasma profiles
and a parallel variation function derived from fits to the 2D
UEDGE solution. The simulation grid is based on the EFIT02
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reconstruction for discharge 205020. A study was performed
using a reduced grid, allowing an increase in the radial resolu-
tion. The grid extended only between the X-point and divertor
plate (both private and common flux regions) without including
any SOL facing plasma on closed field lines. Grids were con-
structed separately for the inner and the outer divertors. The
grid geometry was justified by the divertor localization of the
filaments and the absence of correlation between inner and
outer leg filaments. Sheath boundary conditions at the divertor
plate and conducting boundary conditions at the X-point were
utilized. In both divertor legs, modes localized on the bad cur-
vature side of the leg were identified. The instability was driven
by the interaction of density gradients with geodesic curvature.
Normal and geodesic curvature have effects with the same sign
so, while most of the instability drive comes from geodesic
curvature, the existence of the instability is correctly predicted
looking only at normal curvature. Scans in toroidal mode num-
bers were performed to map growth rates of these instabilities.
Outer leg modes show growth rate saturation for higher mode
numbers than inner leg modes, in qualitative consistence with
experimental observations.

The ArbiTER code was also used to investigate the parallel
connection of midplane instabilities to the divertor target. For
these simulations a grid using the full NSTX-U geometry from
discharge 205020 was employed, with the same experimental-
based profiles already discussed. A perturbation to the den-
sity profiles at midplane was employed and linear simulations
were performed with the resistive-balooning model discussed
earlier and compared at toroidal mode number n = 15. The
degree of connectivity between eigenmodes localized near the
outboard midplane and the divertor plate was quantified with
the following approach. Consistent with the numerical eigen-
mode solution, the mode structure was assumed to be flat in
the parallel direction until the X-point and to exponentially
decay in the divertor leg. The density perturbation at the outer
divertor plate was compared to the density perturbation at the
outboard midplane to evaluate a divertor connection length
for the instability. If a mode falls off exponentially, the char-
acteristic decay length A as a fraction of total length L can
be written as A\/L = —1/log(dngiy/dnmia)- This ratio of the
mode connection length to the total connection length is used
to quantify the degree of connectivity. In the proximity of the
separatrix, the mode is disconnected by the long divertor leg.
The mode connectivity is observed to increase as the mode
moves away from the separatrix, with A/L of 0.1132 at the
separatrix increasing to 0.3116 at a flux surface .536.cm fur-
ther out on the outboard midplane. This is consistent with the
experimental observations in section 5, showing a radial sep-
aration between divertor localized modes and spirals corre-
sponding to upstream blobs.

10. Conclusions

Divertor-localized fluctuations were observed for the first
time in NSTX-U discharges via fast camera imaging. Field-
aligned filaments connected to the divertor target plate were
radially localized to the bad curvature side of each divertor
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leg and limited to the region below the X-point. Filaments
had Lpor, and Lgap of 1-3.5cm (10-100 p;) and L of 2-3
m. Toroidal mode numbers were ~10-30 and 2-10 for outer
and inner leg filaments, respectively. Disconnection between
inner and outer leg filaments and the absence of correlation
with upstream turbulence support the hypothesis of X-point
disconnection of divertor leg filaments. Divertor leg filaments
were observed to be radially separated from divertor fluctua-
tions due to midplane blobs, indicating the limited penetration
of midplane modes in the divertor near the separatrix.

Assessing the role of leg filaments with respect to divertor
heat flux spreading near the separatrix is critical given the pos-
sible disconnection of midplane turbulence. Visible imaging,
as in this paper, can not be directly used for measurements of
particle or heat fluxes, since this requires knowledge of the
absolute 7. and/or T, fluctuations, along with the local radial
fluid velocities (and relative phases). Fluctuation-induced
transport measurements are envisioned in the future with
Langmuir probes in NSTX-U.

Understanding the spatial and temporal scales of divertor
leg fluctuations, as carried out in this paper, is necessary
for the development and validation of theoretical models in
codes, which in turn can be used to study their impact on heat
and particle fluxes. Initial comparisons were presented in
this paper with instability theories of sheath instabilities and
simulations of resistive-balooning modes with the ArbiTER
code. The latter identified unstable modes in the bad curvature
region of the divertor legs with mode numbers in qualitative
agreement with the experimental observations.
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from the inner leg on the two camera views, () cross correlation
between the two time series.

Appendix

In NSTX-U attached divertor conditions, C III emissivity was
mostly due to electron impact excitation and can therefore
be written as Ec_yy = ne+ X ne X PECc 1—ex Where neo+
is the density of doubly ionized carbon ions and PECc 1—ex
is the photon emission coefficient for electron impact excita-
tion (mostly a function of T,). The fluctuating C III emissivity
can thus be due to a combination of fluctuations in ne, nce+
and T.. Figure Al(a) shows time histories of inner divertor
leg fluctuations from a pixel in the radial-downward C III
view (black) and a pixel, magnetically connected to the C III
pixel but toroidally separated, from the D-a top—down view
(red). Consistent fluctuating structures are observed in the
two diagnostics with zero-delay cross correlation up to 0.75
as shown in figure A1(b). The D-a emissivity can be written
as Ep_q, = npo X ne X PECpo_, > Where npo is the deuterium
neutral density. The large correlation observed suggests that
divertor-localized fluctuations imaged via C III can be mainly
representative of n. fluctuations, which is the only common
factor in the two emissivities. The dependence of the emissivi-
ties on other quantities, prevents the direct use of the bright-
ness fluctuation level to represent the n. fluctuation level.
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