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ARTICLE INFO ABSTRACT

Keywords: In this work we present an analysis of fast-camera imaging of Alcator C-Mod's divertor region and of the plasma
C-Mod cross section in the W7-X stellarator. In C-Mod, the dynamics of intermittent edge plasma filaments are imaged at
W7-X 397,100 frames per second in an oblique view. An automatic pipeline was developed to reconstruct the filament

Eilla;nents motion in the R, Z plane of the divertor using EFIT field line projections. Next, we added our fast-framing camera

T Obs I to W7-X's diagnostic suite for the 2017 run campaign, the first with a divertor. It has a tangential view of the
urbulence . . . . . . . .

Fluctuation machine cross section, including part of a divertor module. The view is coupled to the camera via a coherent

fiber bundle. The spatial resolution is 2-4 cm and the typical plasma brightness limits the fastest usable frame
rate to 30k frames/s. We observe filaments in the plasma boundary that rotate around the magnetic axis during
radiative collapse; filaments were observed in steady state in the limiter configuration of W7-X by Kocsis et al.
[1]. We also observe for the first time a 1-2 kHz quasi-coherent fluctuation in divertor target emissions in the
W7-X “standard” magnetic configuration. Finally, a rough analysis of edge gas fueling efficiency using fast

camera data and S/XB coefficients finds that fueling is less efficient at densities higher than 4 x 10*° m >,

1. Introduction

For many years emissive filaments (also called “blobs”) have been
observed at the edge of tokamak plasmas in many devices, including
MAST [2,3], Alcator C-Mod [4,5], and NSTX [6,7]. The size scale of
these filaments is roughly 1 cm in diameter and can be meters long in
the direction parallel to the magnetic field. They travel at speeds in the
1 km/s range perpendicular to the magnetic field, transporting matter
away from the bulk plasma toward the wall [5]. Filaments are therefore
an important component of transport, found to be responsible for up to
50% of radial particle transport in the scrape-off layer (SOL) of the DIII-
D tokamak [8], but their behavior is still not thoroughly understood.
Fast camera diagnostics provide valuable data to build a more complete
picture of filament sizes, generation rates, and directions of transport.

More recently, the dynamics of filaments in the divertor and private
flux regions of the MAST, Alcator C-Mod, and NSTX-U tokamaks have
been studied. In C-Mod, filaments are generated in all confinement
modes, i.e. .-mode, H-mode (EDA, ELM-free, and ELMy), and [-mode. In
the lower single null configuration, filaments were found to move along
the divertor legs and in the private flux region, with different behavior
depending on whether the BxVB drift direction was toward or away

from the X-point [5]. In the MAST tokamak, filaments were also ob-
served moving along the divertor legs and in the private flux region [3],
and their emissivity as a function of R and toroidal angle ¢ was cal-
culated from magnetic reconstructions assuming field-aligned filaments
[9]. In NSTX-U, filaments were visible in C-III and Da emission in the
divertor legs during NBI-heated r-mode discharges [6].

Edge filaments are also of interest in the W7-X stellarator, which
employs a unique island divertor system and was optimized for minimal
neoclassical transport. W7-X was run with a limiter configuration in its
first campaign, with an uncooled divertor in the second, and will have a
water-cooled divertor in the third. The plasma can remain in steady
state for up to 26 s. so far, and the discharge typically ends when
heating is turned off. Occasionally, however, first wall impurities/out-
gassing cause massive radiation and the plasma collapses. W7-X has an
extensive suite of camera diagnostics; the EDICAM machine protection
system provides full coverage of the first wall at a base rate of 444
frames per second, and other cameras with much faster framing cap-
ability are operational [10-12]. During the campaign with plasma
limiters on W7-X, poloidally rotating filaments with blobby behavior
were observed [1].
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Fig. 1. The fast camera on C-Mod views the lower X-point divertor region. The
corners of its view are shown in red, and within them a set of evenly spaced,
toroidally symmetric rings at fixed Z are shown in dark blue. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

2. Experimental setup and methods

A Phantom v710 high-speed camera was used in this work to image
plasmas in Alcator C-Mod and later W7-X. The camera has a
1280 x 800 pixel sensor and can record visible light in grayscale at
rates of up to 397,100 fps when constrained to a resolution of 128 x 64
pixels. Interference filters can be installed to detect specific line emis-
sion. The C-Mod imaging used p-a emission, but the W7-X imaging used
total visible light.

Videos of the Alcator C-Mod divertor were obtained during the 2015
and 2016 run campaigns. The camera had a toroidally tangential,
downward view of the divertor, slightly rotated about the center line of
sight (Fig. 1). Background light was removed from the camera frames
by subtracting from each pixel the minimum value in the surrounding
20 frames, which makes the quickly fluctuating filaments more ap-
parent. In the resulting images, field-aligned filaments appear as curved
lines and propagate in a direction perpendicular to the toroidal mag-
netic field. The motion is difficult to interpret from the videos alone, so
a method was developed to reconstruct the emission profile in the R, Z
plane. This method fits synthetic images of field lines launched from a
grid of R, Z coordinates. The first step in creating the synthetic images is
an iterative solver that plots the trajectory of a particle along a field line
using data from EFIT magnetic equilibrium reconstructions. The field
lines are nearly toroidal in the divertor region. The field line spatial
data is then projected to the camera sensor plane and the synthetic
image is generated by applying a pixel stroke and Gaussian blur onto
the line. In previous work, the synthetic images were used to analyze
the motion by hand, producing the insights reported therein [5].

In this study, the process was improved by automating the selection
of field lines to match real camera frames. Non-negative least squares
(NNLS) fitting is used to reconstruct the camera data. This method is
similar to least squares fitting but constrained to assign only positive
coefficients to the synthetic images, thus associating each field line R, Z
start point with a physically valid emissivity value. Viewing these au-
tomatically generated plots of emissivity in the R, Z plane makes it easy
to interpret the motion of the filaments. Using a library with the Fast
NNLs and Alternating Direction Method of Multipliers (ADMM) algo-
rithms, reconstructing a single frame required less than one second on a
single core [13].

The Phantom v710 camera from Alcator C-Mod was moved to W7-X
and operated during the first diverted run campaign of 2017, recording
641 videos of W7-X plasmas. This MIT camera has a tangential view of
the machine cross section, including part of a divertor module (Fig. 2).
A coherent fiber bundle couples a 5 mm pinhole and front-end optical
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Fig. 2. a) Stellarator viewed from above with camera view cone from pinhole to
beginning of divertor module. The last closed flux surface is shown in blue and
divertor modules are shown in gray. b) CAD model from MIT camera's per-
spective showing the closed flux surfaces (blue) in the standard magnetic
configuration (omitting magnetic islands) at the toroidal angle of the divertor
module edge. c) False color image from MIT camera viewing a plasma in the
high-iota configuration, which has more even edge emissivity than the standard
configuration. Hand-traced machine components are overlaid in blue. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

elements to a beam splitter that shares the view between the MIT
camera and one of the EDICAM machine protection cameras. The fiber
bundle measures 8mm X 10 mm and has a resolution of 50 line pairs
per millimeter. The system has diminished light throughput and spatial
resolution due to a loss of vacuum incident near the front-end optics
which was repaired by adding a vacuum window and moving the fiber
bundle head farther from the original optics. The resulting spatial re-
solution for the MIT camera is 2-4cm in the far field, and light
throughput limits the frame rates to around 30,000 fps. No filter was
used, in order to maximize light throughput with the goal of observing
filaments in steady state. Emissions were mostly H-a and H-f3 during the
limiter campaign of W7-X [14].

A remotely controlled beam splitter allows the view to be shared
between the MIT and EDICAM cameras and can be used to place the
image from the coherent fiber bundle anywhere on the MIT camera's
detector. All of the camera's settings can be configured remotely via an
MDSplus interface.

3. Results and discussion

3.1. Edge turbulent filaments observed with fast imaging in the Alcator C-
Mod divertor

The results of the new analysis of C-Mod divertor images using
NNLS reconstruction confirmed initial observations of the filaments'
trajectories in [5]. An automatic reconstruction of a video frame using
NNLS with synthetic images is shown in Fig. 3b, where it has captured
the essential features faithfully and finds that the filaments are con-
centrated near the inner divertor leg (Fig. 3c). One factor that limits the
resolution and accuracy of the reconstruction is the fact that the syn-
thetic images of the field-aligned filaments are generated assuming
constant brightness along their length, and appear to be brighter in the
far field (left side of the frame) than the background-subtracted camera
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Fig. 3. a) Background-subtracted image from the C-Mod divertor fast camera
(false color). b) Reconstruction using synthetic images of field-aligned synthetic
filaments. ¢) Emissivities of the synthetic filaments used to reconstruct image
(a) superimposed with EFIT magnetic flux contours (turquoise) including se-
paratrix (orange). The peak around R=0.51 m corresponds to the bright fila-
ment at the bottom of figures (a) and (b). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

images. The camera images of filaments may appear less than uniform
due to different gains and/or dark currents in the camera's pixels, which
were not calibrated for using flat-field correction. The pitch of the fi-
laments in the reconstruction also appears different at the edges of the
frame, signaling either a discrepancy between the measured and actual
geometry of the camera or that the filaments are not completely field-
aligned.

The reconstruction process could be improved by increasing the
resolution of the R, Z field line grid and creating synthetic images of
filaments with finer width, rather than rendering them with a thickness
and Gaussian blur that approximately matches the filaments in the
camera images. This would reduce bias in the reconstruction process.
Finally, Moore-Penrose pseudoinversion could be used to guarantee a
unique solution to the problem. This method would be implemented by
multiplying the camera image by the synthetic field line images before
computing the NNLS reconstruction [15].

3.2. Fast imaging of the whole plasma cross section in W7-X

The MIT camera on W7-X has observed breakdown, diverted op-
eration, and collapses over a range of magnetic field configurations,
densities, and heating power levels. Edge filaments were only detected
by this camera system during plasma collapse, when the overall
brightness can as much as double. Other cameras with comparable pixel
resolution observe many thin filaments during steady state [1], so the
MIT camera appears to be limited by lower light throughput and spatial
resolution. The filaments that we observe during the collapse events
appear to be localized inside the last closed flux surface. Filaments
observed in the far field (Fig. 4a) have a poloidal mode number of
approximately m = 6 and rotate variably in the clockwise and coun-
terclockwise directions with a period of around 1 ms. On rare occasions,
overlapping filaments are observed to rotate in opposite directions at
the same time. Near-field filaments (Fig. 4b) are also observed traveling
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Fig. 4. Filaments during a plasma collapse a) in the far field around the divertor
area and b) close to the pinhole. In both cases, the preceding frame was sub-
tracted from the chosen frame to show where light is getting brighter (red) and
darker (blue). While this method produces artifacts, it provides high contrast to
view the structure of the filaments and their unsigned direction of motion. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

a)

in both directions toroidally, traveling the width of the frame in around
0.3 ms. They are usually observed at the same time as far-field fila-
ments.

During steady state operation in the standard magnetic configura-
tion with rotational transform 1 = 5/5 that forms the island chain for
which the W7-X divertor was designed, we observe that divertor-area
emissions undergo quasi-coherent fluctuations with a peak frequency
between 1-2kHz (Fig. 5a and b). This peak frequency remains steady
over the duration of the video and varies only slightly from shot to shot.
In the shot used for Fig. 5, the peak frequency is 1.3 kHz and the full
width at half maximum is 120 Hz. The fluctuation is most significantly
present in the divertor region and appears faintly in reflections of di-
vertor light on the wall (Fig. 5b). The light in the divertor region dims
and brightens uniformly for oscillations near the peak frequency.
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Fig. 5. a) Spectrogram of a pixel time history in the divertor region of the MIT
camera's view, showing a peak frequency of 1.3 kHz which remains steady over
the course of the 1.4 s recording beginning 3 s into shot 171,121,035. b) Power
of the 1.3 kHz frequency in the power spectral density evaluated for each pixel
over a portion of shot 171,121,035 with linear detrend. c) Spectrograms of the
ion saturation current and floating potential of a scanning Langmuir probe
during shot 171,121,035, showing a peak frequency less than 100 Hz away
from the 1.3 kHz fluctuation observed by the MIT camera.
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The fluctuation is also seen in the ion saturation current and floating
potential measurements in the SOL by a scanning Langmuir probe
(Fig. 5¢) on the multi-purpose manipulator system [16]. The cause,
additional dependencies, and effects of this fluctuation are not known
and will be the subjects of investigations during the 2018 W7-X run
campaign.

This quasi-coherent fluctuation is not the first to have been observed
in W7-X. A fluctuation with peak frequency between 150-400 Hz was
found in the SOL of the high-iota magnetic configuration. This fluc-
tuation was observed by multiple diagnostics including the MIT camera,
and was found to result in a loss rate of 20% of the input power [17].
During the first campaign of W7-X with the standard limiter config-
uration, a fluctuation around 7 kHz was observed using Langmuir
probes and Mirnov coils in the SOL and core [18]. Both the 7 kHz and
the ~100 Hz fluctuations were found to depend strongly on the edge
magnetic topology, so it is not surprising that the 1-2 kHz fluctuation is
only present in one magnetic configuration, the standard diverted one.

The MIT camera recordings of the full plasma cross section in W7-X
also enable a very rough analysis of edge gas fueling efficiency. The
total visible light emission rate is calculated as proportional to the sum
of pixel values in the camera frame, excluding those pixels that view the
divertor region, divided by the integration time. We consider this proxy
emission rate as a function of line-integrated density obtained from
interferometer measurements. This analysis uses 20 sample frames,
evenly spaced in time, for 203 shots including helium and hydrogen
plasmas, pellet-fueled shots, and many different magnetic configura-
tions. When collapsing plasmas, with their usually high light levels, are
excluded from the analysis, the visible emission rate appears to rise
linearly with density, but with a break in slope at n.~4 x 10 m™3
and a somewhat steeper slope at higher densities.

The proxy total-visible-emission rate can be roughly converted into
a quantity proportional to the edge gas fueling rate of total ionizations
per second by applying an S/XB factor (ionizations/photon) [19] for a
specified density, temperature, and radiation line. For this analysis we
have employed the H-a S/XB factor at an assumed temperature of 20 eV
and using density measurements from the interferometer diagnostic.
The total light is certainly not 100% H-a, but the S/XB factors for the
brightest He-I and C-III lines show trends similar to that for H-a. Ex-
amining this proxy fueling rate as a function of density, we find that it
continues to exhibit the two linear trends and the break in slope at a
critical density of n.~ 4 x 10'® ~3, as shown in Fig. 6. The fueling
efficiency can be viewed as inversely proportional to the particle con-
finement time, t,*, where

# core particles n,

(total visible light) - S/XB

# edge ionizations/second

corresponds to the inverse of the slope of the lines in Fig. 6. The edge
gas fueling efficiency therefore appears to be lower at high densities
(35% of the low-density efficiency), where a larger increment in ioni-
zation source is required to produce an equivalent density increase. One
explanation is that the neutral opacity is greater at high density and
leads to more ionizations occurring outside the last closed flux surface,
so particles are lost instead of fueling the plasma. Samples in which
pellets were used to increase density are present above and below the
critical density and adhere to the general trend in edge gas fueling ef-
ficiency; this analysis makes no judgment on the fueling efficiency of
the pellets themselves. Similarly, helium plasmas were not found to be
systematically different from hydrogen plasmas in this analysis. Finally,
it was found that divertor emissions on their own were fit well by a
simple linear function of density. As noted above, the analysis leading
to Fig. 6 masks the divertor area pixels, showing that the change in edge
gas fueling efficiency is not a divertor-localized effect. This analysis
could be improved by using the density, temperature, and line emission
ratio in the emission region to calculate the effective S/XB factor.
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Fig. 6. MIT camera count rate and ionization rate derived from counts ignoring
pixels in the divertor region, plotted as a function of line-integrated density.
The data has been separated by eye at a critical density of 4 x 10*® m ™2 where
the linear relationship at higher densities appears steeper than at low densities.
The colored lines are linear fits to the data above (red) and below (blue) the
critical density. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

4. Conclusions

Fast camera data has proven valuable on Alcator C-Mod and W7-X
to better understand phenomena occurring at the plasma edge and di-
vertor. In Alcator C-Mod, an automated pipeline from field line gen-
eration to image reconstruction was developed and used to transform
the oblique images of filaments into more useful R, Z-plane emissivity
data. These analysis improvements can now be used to examine the
dynamics of the divertor filaments and compare to other diagnostics
much more readily.

Edge filaments are not clearly visible in W7-X steady state operation
with the MIT fast camera due to low light throughput and spatial re-
solution in the front-end optics, but filaments are observed during
bright plasma collapses. More importantly, a new 1-2kHz quasi-co-
herent fluctuation has been identified in the most common operation
mode: the standard diverted magnetic configuration. This fluctuation
was found by examining the divertor region emission as seen by the
MIT camera, and its presence also in the SOL was confirmed by
Langmuir probes. Future work on this quasi-coherent fluctuation will
attempt to determine its “existence space” and its dependencies, and
ultimately its cause. Data from other diagnostics will be exploited in
this effort.

Finally, the total light from the MIT camera's view of the full plasma
cross section has been used with line-integrated density measurements
to yield a rough estimate of the scaling of the edge gas fueling effi-
ciency, which appears decreased at densities above 4 x 10'° m ™3, This
analysis may serve to better understand transport, gas fueling, and the
importance of pellet fueling for W7-X operating at higher reactor-re-
levant densities.
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