. Evolution of intermittent filaments in the scrape-off layer of NSTX
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Turbulence in the scrape-off layer (SOL) of tokamak plas-

M. Lampert,* A. Diallo,! and J. R. Myra?
D Princeton Plasma Physics Laboratory, Princeton, NJ, United States of America®
D Lodestar Research Corporation, Broomfield, CO, United States of America

Filamentary structures naturally arise from background turbulence in the scrape-off layer (SOL) of plasmas, leading
to significant particle and heat transport that can degrade overall plasma confinement. This enhanced transport can
contribute to unacceptably high heat loads on plasma-facing components. As such, understanding the physics of SOL
plasma filaments is critical for predicting and mitigating their effects in future fusion devices.

On the National Spherical Torus Experiment (NSTX), plasma filaments—commonly referred to as "blobs"—were in-
vestigated using the gas-puff imaging (GPI) diagnostic in the edge and SOL regions. The analysis involved identifying,
segmenting, and tracking the characteristic contours of the blobs in each frame of GPI video sequences. Their evolution
was characterized through shape descriptors, velocity, and angular velocity derived from their contour coordinates.

The results indicate that as the blob area increases, their shapes become more concave and less circular, suggesting
reduced structural stability in larger blobs. This result aligns with previous theoretical results where it was shown
that larger blobs are more susceptible to instabilities'>. A positive correlation was observed between radial velocity
and radial position, suggesting radially outward acceleration of the filaments, potentially driven by decreasing viscous
drag towards the far SOL. Interestingly, blobs in background SOL turbulence exhibited minimal spinning in contrast
to filaments originating from ELMs, which show substantial rotation during their paths®. Statistical analysis of the
solidity and total curvature shape descriptors, along with their temporal evolution, revealed relatively broad, near-
Gaussian distributions. This suggests that blob morphology is strongly influenced by stochastic turbulent processes in
the surrounding plasma environment.

Blob parameters were also compared with bulk plasma and radial profile measurements. Notable trends were found
between blob rotation and poloidal velocity with collisionality and line-integrated density. These findings contribute to
a deeper understanding of blob dynamics and provide valuable insights for refining SOL turbulence models.

Visual inspection of gas-puff imaging (GPI) videos on the
;2 NSTX (National Spherical Torus Experiment) tokamak ex-
33 hibited interesting morphology evolution of filamentary struc-

mas results in substantial heat and particle losses from the
confined core plasma. This turbulence is predominantly inter-
mittent and manifests as discrete filamentary structures with
elevated density and temperature compared to the background
plasma. These filaments are aligned along the magnetic field
lines, with poloidal cross-sections resembling blobs, hence the
commonly used term blob-filaments, or blobs. Blobs play a
significant role in radial particle transport, contributing to con-
finement degradation and increased heat flux to plasma-facing
components. Such structures have been observed across a
wide range of magnetic confinement devices, including toka-
maks (e.g., DIII-D4, NSTX5), stellarators®, and linear plasma
devices’, as well.

o Previous research has primarily focused on aspects such
as the relative blob fraction®, blob generation rates’, forma-
tion mechanisms!?, and basic blob characteristics including
velocity and size!!. The temporal and spatial structures of
+ blobs have been explored in studies by Zweben!"!>. How-
ever, detailed investigation into the morphological evolution
of blobs has been limited. Prior work has largely concen-
trated on changes in blob elongation due to interactions with
the edge shear layer”, without extending to more comprehen-
sive shape descriptors such as convexity, roundness, solidity,
or total curvature.
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tures. A more complex morphological evolution was seen
than the typically investigated structure elongation and tilting.
The conventional analysis techniques typically utilize two-
dimensional Gaussian or ellipse fits, which are insufficient
to capture fine details or temporal changes in blob morphol-
ogy. Understanding the evolution of blob shape could provide
deeper insights into the driving physics mechanisms behind
blob evolution and their contribution to radial transport.

The structure of the paper is as follows. Section II pro-
vides an overview of the experimental setup, including the
NSTX tokamak and the gas-puff imaging (GPI) diagnostic.
Section III outlines the analysis methodology, detailing the
pre-processing steps, blob structure identification, segmenta-
tion and tracking procedures, as well as the shape descriptors
used. Section IV presents the results, including both a detailed
analysis of a single discharge and a statistical evaluation of
the complete blob database. The results are discussed in Sec-
tion V. Finally, Section VI summarizes the key findings of the
study.

Il. EXPERIMENTAL SETUP

The results presented in this paper are based on mea-
surements obtained using the gas-puff imaging (GPI)
diagnostic'® on the National Spherical Torus Experiment
(NSTX) tokamak'“. A brief overview of these systems is pro-
vided below, while detailed descriptions can be found in their
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respective references.

A. The NSTX tokamak

NSTX is a medium-sized, low-aspect-ratio spherical toka-
mak located in Princeton, NJ, USA. It has a major radius of
R = 0.85 m and a minor radius of a = 0.67 m, resulting in
an aspect ratio of R/a > 1.26. The maximum toroidal field
achievable is Bt = 0.6 T. Plasma heating is provided by up
to 5 MW of neutral beam injection (NBI) and 6 MW of high-
harmonic fast wave (HHFW) heating.

B. Gas-puff imaging (GPI)

Gas-puff imaging utilizes a puff of neutral gas in the SOL
and edge plasma to enhance the local light emission. Gas neu-
trals get excited through collisional excitation with the plasma
electrons and emit light during de-excitation. As filamentary
structures in the SOL and edge plasma pass through the gas-
cloud region, they excite the gas neutrals. The emitted light is
a function of the local electron density and temperature, and
can be used to investigate their sizes, velocities, and shapes.

Figure 1 illustrates the gas-puff imaging (GPI) setup on
the NSTX tokamak. Deuterium gas is introduced through
a gas manifold (indicated in pink), forming a quasi-two-
dimensional gas cloud (red) that is observed through a view-
port (green) along a viewing direction (cyan) nearly parallel
to the magnetic field lines (yellow). A hypothetical plasma
filament is depicted in orange. The radial (r) and poloidal (z)
bi-normal directions are indicated in white.

The gas cloud is imaged using a fast visible camera (Vision
Research Phantom v710) through a D, band-pass interference
filter. The temporal resolution is 2.5 ys with an exposure time
of 2.1 us. The pixel resolution is 64 x 80 (radial x poloidal)
with each pixel covering an area of 3.75 mm x 3.75 mm. The
camera has a dynamic range of 12 bits, and the exposure time
was selected to prevent saturation. The effective optical reso-
lution is approximately 10 mm. During the experiments, Deu-
terium was injected for approximately 50 ms.

The GPI diagnostic on NSTX does not allow for indepen-
dent resolution of local plasma parameters, such as electron
density and temperature, due to the nonlinear dependence of
the emitted light intensity on both quantities. Nonetheless, the
measured emission provides valuable spatial and temporal in-
formation about filamentary structures. When combined with
independently measured or inferred plasma parameters from
complementary diagnostics, GPI data can be effectively used
to investigate correlations between blob position, velocity, and
morphology. This enables further insight into the underlying
physical mechanisms governing blob evolution.
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FIG. 1. The gas-puff imaging setup on NSTX illustrating the approx-
imate magnetic field direction (yellow), viewing direction (cyan), gas
manifold (pink), and gas cloud location (red). A hypothetical plasma
filament is shown in orange.

Parameter [ Range [
Toroidal field Bt 033-054T
Plasma current Ip 0.6—-1.2MA
Electron density | <ne>|1.3—-6.2-10°° m—3
Greenwald-fraction | ne /ngw 0.19-0.96
Heating Paux 0—6 MW

TABLE 1. Plasma parameter ranges for the discharges in the blob
database: toroidal magnetic field (Bt), plasma current (Ip), line av-
eraged electron density (< ne >), and total auxiliary heating power
(Psum)-

C. Blob database

To characterize the blob evolution in NSTX plasmas, a
database was constructed using data from 86 plasma shots in
which the GPI diagnostic was available. Only shots without
edge localized mode (ELM) bursts near the time of peak GPI
signal were included. The shots included low confinement L-
mode and high confinement H-mode shots in both NBI and
HHFW heating scenarios. Although GPI was measuring for
200 ms from the time of the gas injection, the analysis was
limited to a +5 ms window around the peak light emission
where the signal-to-noise ratio was the highest. In cases where
large transient events, such as edge localized modes (ELMs),
occurred within this window, the interval was adjusted to ex-
clude the transient peak. Key plasma parameters of the dis-
charges included in the database are summarized in Table 1.

As previously noted, the database includes both L-
mode and H-mode discharges. Significant differences in
blob dynamics are not expected between these confinement
regimes'>. While the blob generation rate and waiting time
distribution may vary due to the suppression of edge turbu-
lence in H-mode plasmas, detailed investigation of these as-
pects was beyond the scope of this study. Nevertheless, sepa-
rate results of the analyses for L- and H-mode discharges can
be found under the supplementary material in the Data Stor-
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age under Ref. 16 for the curious reader. Detailed discussion
of these results is not provided there, it is reserved for a future
publication.

ll. METHODOLOGY

This section presents the methods used to process GPI
data, including blob identification, segmentation, tracking,
and shape descriptor estimation. While each of these tech-
niques has been applied individually in previous studies -
such as the pre-processing steps in ELM filament analysis!7,
structure identification in fast camera data'®, object track-
ing in traffic analysis'®, and shape characterization”® — their
combined application in the context of fusion plasma research
is unprecedented. The complete suite of data analysis tools
developed for this work is openly available in the correspond-
ing GitHub repository under Ref. 21.

Multiple blob-tracking algorithms have been developed for
analyzing GPI data across different fusion devices. Prior
methods implemented on Alcator C-Mod??, NSTX“, and
TCV (Tokamak & configuration variable)> typically relied
on identifying contours exceeding a fixed intensity threshold,
with tracking performed using binary overlap, non-overlap
criteria. On MAST-U, a watershed-based segmentation ap-
proach was applied to fast-camera imaging data'®; however,
filament tracking was not pursued.

The method presented in this study offers advantages over
these approaches by incorporating enhanced watershed seg-
mentation capable of resolving closely spaced and even touch-
ing structures. Furthermore, tracking is performed using the
intersection-over-union (IoU) metric, which provides a ro-
bust framework for handling filament merging and splitting
events, and it can resolve tracking of multiple adjacent struc-
tures more efficiently than the binary overlap-based tracking
schemes. These aspects of our watershed-based filament iden-
tification and tracking method represent key advantages of
the methodology over traditional contour-based tracking al-
gorithms.

A. Pre-processing

The pre-processing steps used in this analysis follow the
procedures described in detail in Ref.!”; therefore, only a brief
summary is provided here.

In gas-puff imaging data analysis, the emission from neu-
tral gas atoms responding to the slowly varying plasma back-
ground must be suppressed to isolate light emission originat-
ing from the intermittent fluctuations. This is achieved by ap-
plying an elliptic infinite impulse response filter with a 1 kHz
bandwidth. To mitigate edge effects and filter-induced oscil-
lations at the temporal boundaries, the data is symmetrically
extended by £ 1ms before filtering.

In GPI diagnostic measurements, the signal can be approx-
imately modeled as the product of the fluctuating plasma den-
sity, the spatial distribution of neutral gas atoms in the back-
ground and the electron density distribution of the background
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plasma. The latter two terms vary slowly in time and can be
approximated by the low-frequency component of the light
emission measured by the GPI diagnostic. To suppress this
background contribution, the original GPI signal is divided by
the filtered signal. This normalization approach was found to
be more effective than background subtraction in isolating the
fluctuating component of interest.

As a final pre-processing step, a threshold is applied to the
normalized data: at each time point, pixels with values below
the threshold are set to zero. The threshold level is defined as
the mean signal plus one standard deviation over the selected
time interval.

B. Filament identification

Before characterizing the evolution of SOL filaments, they
must first be identified and segmented within the GPI video
frames. This is achieved using the watershed segmentation
technique®*, which is well-suited for separating distinct, over-
lapping, or adjacent structures.

The traditional watershed method begins by identifying ob-

200 ject contours and computing the distance transform?, which
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assigns each pixel a value based on its distance from the near-
est background pixel. The peaks in the distance-transformed
image are treated as local minima in an inverted topographi-
cal surface — analogous to the lowest points in a landscape
— where virtual "water sources" are placed. Water is then al-
lowed to fill these basins until it reaches either a predefined
threshold or encounters another growing region. In the latter
case, a boundary or "watershed" is constructed between the
competing regions, effectively separating the objects. This
makes the method particularly effective for identifying oc-
cluded or closely packed structures.

To adapt this technique for GPI image segmentation, sev-
eral modifications were implemented, as described in the fol-
lowing paragraphs.

To apply the watershed segmentation technique, the image
must first be separated into object and background pixels. This
is accomplished using Otsu’s thresholding method®®, which
analyzes the histogram of pixel intensities to identify two
dominant peaks corresponding to object and background re-
gions. The optimal threshold is chosen to minimize intra-class
variance between these two groups. This method is effective
when the objects are distinguishable from the background and
exhibit relatively uniform intensity. These conditions are sat-
isfied in GPI measurements.

Blobs in scrape-off layer plasmas can be reasonably
approximated as two-dimensional Gaussian-like structures,
which resemble the distance-transformed shapes of regular
objects typically analyzed using watershed segmentation (see,
for example, Fig. 4 in Ref. 25). Consequently, the dis-
tance transform step is omitted in the present workflow. In-
stead, source locations for the watershed algorithm are di-
rectly assigned to the intensity maxima within the perimeters
of the preliminarily segmented structures. To prevent over-
segmentation, a minimum separation of 5 pixels is enforced
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FIG. 2. Steps of the watershed segmentation process: (a) raw GPI
frame; (b) pre-processed frame after background suppression; (c) bi-
nary frame showing separation of structure and background; (d) fi-
nal segmented structures, with different colors representing distinct
structures.

235 between source points. Following this, the segmented struc-
tures are labeled, and their characteristic contour polygons are
computed. The steps of the watershed segmentation are de-
s picted in Fig. 2.
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These segmentation steps are applied to each frame of the
20 GPI video sequence. The resulting data are compiled into a
database that records the contour polygon of each identified
structure in every frame. At this stage, however, no temporal
correspondence is established between structures in consecu-
tive frames — that is, the structures are not yet tracked over
time.
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C. Structure tracking

246

27 Once structures are identified and segmented in individual
28 frames, they must be tracked to establish temporal continuity,
29 1.€., assign consistent labels to the same structure as it evolves
250 from the time of its appearance until its disappearance.

In earlier NSTX GPI studies®!’, tracking was primarily
»2 performed by evaluating the intersection of contour polygons
between consecutive frames. However, this approach is prone
to errors in cases where multiple structures are in close prox-
imity or overlapping, leading to ambiguous matches.

To address this limitation, the intersection-over-union (IoU)

251
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256

Raw »| Normalize with »| Background |
frame 1kHz LPF signal "| thresholding
- Otsu’s Binary Watershed | _ >
method image | segmentation
Tracking based .| Labelling based
N > . ->
on loU on loU matrix

Calculation of
blob parameters

Filtering based
on blob lifetime

FIG. 3. Flowchart illustrating the watershed-based identification and
segmentation process, followed by the Intersection-over-Union (IoU)
metric—based tracking method.

metric is employed'®. ToU is a dimensionless quantity defined
as the ratio of the area of intersection to the area of union be-
tween two structures in consecutive frames. This metric is
computed for all overlapping structure pairs across adjacent
frames and compiled into a score matrix. While additional
metrics, such as the pairwise correlation coefficient or nor-
malized differences of shape descriptors, can be incorporated
into the score matrix, they were found to introduce noise or
ambiguity. As a result, the IoU metric alone was selected for
optimal tracking performance.

To establish temporal correspondences between structures,
the score matrix must be converted into a tracking matrix.
This is commonly achieved using the Hungarian algorithm?’,
which solves the assignment problem by optimizing the over-
all matching cost. However, in the present analysis, this
method was found to yield suboptimal results, particularly
in the context of close-proximity or overlapping filamentary
structures. Instead, a simpler maximum-score selection ap-
proach was adopted, which provided more reliable tracking
outcomes.

In this method, for each row of the score matrix, the entry
with the highest IoU score is set to "1" in the tracking matrix,
while all other entries are set to "0". Unique numerical la-
bels are then assigned to structures based on these maximum-
score associations, allowing consistent identification of each
blob throughout its observation. A flowchart summarizing the
tracking procedure is shown in Fig. 3.
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D. Shape descriptors

284

Shape descriptors provide quantitative metrics to character-
ize the geometry of structures. Effective shape descriptors are
invariant to size, translation, and rotation, enabling consistent
comparison across varying conditions. Different descriptors
capture distinct aspects of shape and its evolution. A compre-
200 hensive discussion of these metrics can be found in Ref. 20.
201 Here, a list of key shape descriptors is provided along with a
202 brief description.
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* Convex hull: The smallest convex polygon that fully
encloses the structure, used as a reference for several
derived metrics.

» Convexity: Defined as the ratio of the perimeter of the
convex hull to the perimeter of the actual structure.

* Roundness: Calculated as the ratio of the structure’s
area to the square of its convex hull perimeter, normal-
ized such that a perfect circle yields a roundness of one.

¢ Solidity: The ratio of the structure’s area to the area of
its convex hull.

e Total curvature: The average curvature computed
across all vertices of the polygon, based on the angles
formed by neighboring vertex triplets along the perime-
ter.

These shape descriptors are computed for the characteris-
tic contour polygons of each identified and tracked blob for
each time point of their observation across all shots in the blob
database.

Shape descriptors may be influenced by measurement noise
if the signal-to-noise ratio (SNR) is insufficient. These de-
scriptors are derived from the contours of the identified struc-
tures, which are determined based on the measured light in-
tensity. At low light levels, this intensity is inherently noisy
due to photon statistics. However, in GPI diagnostic measure-
ments analyzed in this study—focused around the peak emis-
sion levels—the SNR typically ranges between 100 and 200.
At these levels, significant distortion of the structure shapes
due to noise is not expected.

The dynamic range of the camera can also influence the ac-
curacy of the results, particularly if the light intensity is poorly
resolved or if saturation occurs. In this study, a 12-bit camera
was used, providing sufficient resolution to accurately capture
the intensity variations necessary for analyzing blob filament
shapes. Additionally, the camera exposure time was chosen to
avoid saturation while maintaining the peak detected intensity
close to the maximum allowable range for optimal dynamic
range.

E. Additional estimated parameters

In addition to shape descriptors, further blob parameters
were derived from the characterizing polygon and the fitted
ellipse. The area of each blob was calculated using the sur-
veyor’s (or shoelace) formula applied to the polygon’s vertex
coordinates’®. Similarly, the polygon’s perimeter was com-
puted from these coordinates and was subsequently used in
the evaluation of several shape descriptors.

Each identified structure was characterized by fitting an el-
lipse to its polygonal boundary. The fitted ellipse provided
key geometric parameters, including the lengths of the semi-
major and semi-minor axes, the centroid, and the orientation
angle of the major axis relative to the horizontal. The angular
velocity of the structures was determined from the temporal
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derivative of this orientation angle. Elongation was computed
based on the projected lengths of the ellipse axes onto the ra-
dial and poloidal directions.

The position of each structure can be estimated using mul-
tiple methods. One approach calculates the centroid by aver-
aging the coordinates of the polygon’s vertices. Alternatively,
the center of the fitted ellipse can be used. A third method
applies the center-of-gravity (COG) formula, averaging the
pixel coordinates within the polygon weighted by pixel in-
tensity (analogous to mass in the COG formula). All three
position estimates were computed for each structure, and the
resulting trends and correlations were found to be nearly iden-
tical. For consistency, the fitted ellipse center is used to define
position throughout this paper. The velocity of the structures
is derived from the temporal derivative of this position.

IV. RESULTS

A. Evolution of blob shape in an H-mode plasma

The structure identification algorithm was initially applied
to a single GPI measurement from an H-mode plasma dis-
charge, #141319. An example sequence of identified struc-
tures is shown in Fig. 4. Structures intersecting the edges of
the measurement frame were excluded from the analysis to
avoid boundary artifacts. The figure demonstrates that mul-
tiple blobs propagate within the observation region and un-
dergo shape evolution as they propagate radially outward and
poloidally downward, consistent with motion in the ion dia-
magnetic drift direction.

The results of the shape descriptor analysis for the example
shot (#141319) are presented in Fig. 5. To illustrate the track-
ing performance of the algorithm, the radial and poloidal posi-
tions of the tracked blobs are also included. A selected subset
of shape descriptors is shown, namely: area, orientation angle,
roundness, and total curvature. To eliminate structures arising
from noise or insufficient tracking, only those observed for a
minimum duration of 25 us (equivalent to 10 frames) were
included in the analysis.

Figures 5(a) and (b) display the temporal evolution of
the radial and poloidal positions, respectively. These plots
demonstrate that, for most structures, the tracking algorithm
achieves smooth and consistent blob tracking. Notably, the
algorithm successfully tracks multiple structures simultane-
ously, as observed around t = 0.5440 s and t = 0.5467 s.

Figure 5(c) shows the evolution of blob area over time.
Most tracked structures exhibit areas in the range of approx-
imately 50 - 200 mm?. No clear trend is observed in the de-
picted time range.

Figure 5(d) presents the evolution of the angle of the blob’s
major semi-axis obtained from ellipse fitting. No clear char-
acteristic trend of the orientation is seen in this result.

Figure 5(e) presents the temporal evolution of the blob’s
roundness. In some cases, an increase in roundness is ob-
served at the onset of the blob’s trajectory, followed by a
decrease towards the end of the observation period. How-
ever, the opposite behavior is also visible in certain instances,
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FIG. 4. Example of identified and tracked blobs in shot #141319. For
each structure, the characteristic contour (different colors), the cor-
responding fitted ellipse (black), and the major semi-axis (magenta)
are shown. Different colors indicate distinct tracked blobs. Struc-
tures that intersect the edges of the observation frame are excluded
from the analysis. These tracked blobs were not filtered for their
observation time. The red curve in each sub-plot represents the sep-
aratrix calculated by the automatic equilibrium reconstruction tool,
EFIT (Equilibrium Fitting), for the discharge.

for example, at t = 0.5477 s, indicating that the evolution of
roundness is not uniform across all tracked structures. As
shown in Fig. 5(f), no systematic or consistent trend is ob-
served in the total curvature throughout the displayed time in-
terval either.

While the preliminary assessment of GPI video sequences
revealed notable blob shape evolution, the analysis of a single
time series does not provide conclusive evidence of character-
istic behavior. To gain a more comprehensive understanding,
a statistical evaluation of the shape descriptors across the en-
tire database is necessary. This broader analysis is presented
in Section IV B.

B. Statistical analysis of filament parameters

Following the inconclusive findings from the single H-
mode shot analyzed in Section IV A, a statistical analysis was
conducted on the full blob database. After filtering out dis-
charges containing edge-localized modes (ELMs) around the
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peak intensity of GPI measurements, 86 shots remained in the
dataset. In total, 11075 blobs were identified, segmented, and
tracked, each persisting in the field of view for a minimum
duration of 25 us.

1. Filament parameter histograms

As a first step, the distributions of shape descriptors and fil-
ament parameters are analyzed. Figure 6 presents histograms
of these parameters (previously shown in Fig. 5) along with
their corresponding numerical time derivatives. In Fig. 6, fila-
ment parameters are evaluated on a frame-by-frame basis for
each identified blob, without any temporal averaging. Conse-
quently, rapid variations in filament parameters between con-
secutive frames are preserved in the analysis rather than being
smoothed out.

Fig. 6(a) and (b) show the histograms of the blob area and
its temporal change, respectively. The area distribution is pos-
itively skewed, with a peak at approximately 12 cm?. The dis-
tribution of the area change (i.e., numerical derivative of the
area) is slightly negatively skewed, indicating that blobs tend
to shrink over time. However, the skewness of -0.1 suggests
that this shrinking trend is relatively weak.

Fig. 6(c) and (d) display the angle and angular velocity dis-
tributions. In this context, the angular velocity refers to the
spinning of the blob about its own axis, defined as the tem-
poral rate of change of its tilt angle. This is distinct from
the term blob rotation, which typically denotes the combined
poloidal and toroidal motion around the torus. The angle dis-
tribution peaks at 1.36 rad (approximately 78 degrees), indi-
cating a preferential alignment close to the poloidal direction.
The angular velocity is approximately normally distributed
with a mean near 0 rad/s, implying no systematic spinning
for blobs. The (tilt) angle of blobs was previously studied by
Zweben et al in Ref.!!. Fig. 6(f) therein depicts the tilt angle
vs radius for Ohmic and H-mode plasmas. Significant rotation
is not observed for Ohmic plasmas from R = Rgep —2 cm to
R = Ryep + 6 cm; however, spinning was found for H-mode
blobs at the level of @ = 545rad/s (calculated from the ap-
proximate tilt of 10, 8 cm radial distance and 500 m/s radial
velocity). This study, however, only considered 7 H-mode
discharges with 820 identified blobs. Those relatively low
statistics therein could have contributed to their different re-
sults; however, further investigation is needed to uncover this
difference, that is outside the scope of this current paper.

Fig. 6(e) and (f) present the distribution of the round-
ness parameter and its temporal derivative. The distribution
of roundness peaks at 0.82, although values as low as 0.25
are observed, indicating significant deviation from a circular
shape (roundness equals 1 for a perfect circle). The deriva-
tive of the roundness is slightly positively skewed (skewness
= (0.232) indicating that blobs tend to evolve into shapes with
higher roundness. The distribution deviates from Gaussian,
indicated by a kurtosis of 3.8 (compared to 1 for a Gaussian
distribution).

Fig.6(g) and (h) show the distributions of the total curva-
ture and its temporal derivative. The distribution of the total
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FIG. 5. Structure tracking and shape descriptor analysis for shot #141319. Shown are the temporal evolutions of the (a) radial position, (b)
poloidal position, (c) area, (d) orientation angle of the fitted ellipse, (e) roundness, and (f) total curvature of the tracked blobs.

curvature is peaked at k = 0.98. The curvature has an upper
limit of one corresponding to the pixel size, suggesting that
the characteristic contour of the identified structure is created
from mostly right-angled corners. Consequently, this estimate
is not reflective of the actual shape of the structures but is a
result of the pixelated measurement. Smoothing the contours
was attempted with fourth-order splines; however, the result
introduced artifacts. Further analysis of the total curvature
was outside the scope of this paper.

2. Pearson matrix

To investigate interdependencies among the estimated blob
parameters, zero-lag Pearson correlation coefficients were
computed for all parameter pairs. The calculations were per-
formed without temporal averaging; instead, data arrays were
constructed for each estimated parameter across all identified
blobs and discharges, and correlations were evaluated directly
on these datasets.

Correlations falling below a significance threshold were ex-
cluded from the matrix (white squares). This threshold was
calculated by following these steps:

490 * Generating as many random number pairs as the num-
401 ber of data points that are correlated.

402 ¢ Calculating the Pearson correlation coefficient between
493 the random number pairs.

a0 » Repeating these steps 10000 times and calculating the

495 mean and variance of the correlation coefficients.
496 * Setting the threshold to the mean Pearson correlation
a97 coefficient plus two sigma.

w8 Following these steps for the 11075 blobs and the result-
a9 Ing 221895 data points, the correlation threshold was set to
so0 0.43%.

s After calculating the pair-wise correlation coefficients, the
s result is stored in the so-called Pearson matrix. The matrix is
so3 comprising 11 x 11 key parameters, and is shown in Fig. 7.

se  Based on these results, eight notable and non-trivial param-
sos eter dependencies with relatively high correlation coefficients
sos were identified. These parameter pairs are further analyzed in
so7 Section IV B 3.
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ss 3. Parameter dependence: two-dimensional distributions

s Following the calculation of the Pearson matrix, the pair-
si0 wise dependencies between blob parameters were further ex-
su amined by evaluating their two-dimensional probability distri-
si2 butions. The resulting distributions are presented in Figure 8.
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Figure 8(a) shows the joint distribution of blob area and
convexity. A significant negative correlation is observed, in-
dicating that larger filaments tend to exhibit more concave
shapes. One speculative explanation for this behavior is that
larger blobs may be more susceptible to instabilities!-, which
could result in increasingly concave morphologies and even-
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tual breakup into smaller, more convex structures. A similar
trend is evident in Fig. 8(b), where radial size is plotted against
convexity. A strong negative correlation is found here, as well.

Figure 8(c) displays the correlation between elongation and
roundness. A significant positive correlation is observed be-
tween these parameters. However, since elongation is pre-
dominantly negative and roundness is a positive-definite quan-
tity, this result indicates that greater absolute elongation cor-
responds to a reduction in roundness. Although elongation
is derived from the fitted ellipse parameters, and roundness
is calculated directly from the polygonal contour, their rela-
tionship is likely driven by their shared geometric foundation.
For instance, a perfect circle exhibits zero elongation and a
roundness of one. Conversely, elongated structures, partic-
ularly those with strong (poloidal) elongation, tend to have
reduced roundness, which is clearly reflected in the data.

Figure 8(d) presents the relationship between radial posi-
tion and radial velocity. A positive correlation is observed
indicating radially outwards acceleration. This finding is con-
sistent with the observations reported in Fig. 5(c),(d) and Fig.
8(d) in Ref. 11, where outward radial acceleration of blobs
was identified. One possible qualitative explanation of the
acceleration is that blobs experience drag due to the back-
ground plasma density, which decreases radially outward in
the SOL?°. This decreasing background drag could allow
blobs to accelerate more freely as they move outward. This
result is consistent with the observations on Alcator C-Mod,
where the radial velocity of blobs was also found to be in-

creasing radially outwards in different plasma regimes>C.

The radial acceleration could be influenced by the shape
or size change of the filaments, as well. Calculating the ra-
dial velocity contribution from the radial size change revealed
a maximum 10% contribution to the overall radial velocity,
which is insignificant in the scope of this study.

Figures 8(e) and (f) illustrate the dependence of the radial
velocity on the minor and major semi-axes of the fitted el-
lipses, respectively. Both relationships exhibit significant neg-
ative correlation, indicating that blobs with larger semi-axes
tend to propagate more slowly in the radial direction. This
result resonates with the findings of Zweben et al in Ref. 11
where similar trends were found between the radial velocity
and the poloidal size of blobs (see Fig. 8(c) and (d) therein).
The underlying cause of this correlation requires further in-
vestigation, which lies beyond the scope of this manuscript.
Interestingly, despite these correlations, blob area itself does
not show a significant correlation with radial velocity, as in-
dicated by the Pearson matrix. A similar trend was found by
Birkenmeier et al in Ref.3! where the blob’s radial velocity
scaled inversely to the radial size of the blobs, indicative of
the sheath-connected blob regime. In lower single null TCV
discharges reported by Tsui et al in Ref. 32, the normalized
radial velocity, ¥, scaled as ¥ ~ a!/2 with the normalized blob
size 4 consistent with resistive-ballooning conditions. In our
results on NSTX, the blob regimes in the discharges were not
assessed individually, but based on the overall negative trend
between the radial velocity and the blob sizes, it can be sus-
pected that either the sheath-connected or the resistive X-point
regime dominated the discharges.
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In lower single-null discharges on TCV, Tsui et al.’? re-
ported that the normalized radial velocity scales with the
square root of the normalized blob size, consistent with pre-
dictions for the resistive-ballooning regime. In the present
NSTX analysis, individual blob regimes were not explicitly
identified; however, the observed overall negative correlation
between radial velocity and blob size suggests that blob dy-
namics in these discharges may be governed by either the
sheath-connected or resistive X-point regime, both of which
predict reduced radial velocities for larger structures.

In Figure 8(f), the negative correlation between the two
quantities is not immediately apparent. When the correla-
tion analysis is restricted to events with radial velocities in
the range of [0, 1 km/s] and major semi-axes between [1 cm,
2 cm], a positive correlation results. However, a substantial
number of events fall outside this peak region, contributing
disproportionately to the overall trend and ultimately shifting
the global correlation to a negative value.

Figure 8(g) presents the relationship between the area dif-
ference and the roundness difference parameters. A signifi-
cant negative correlation is observed, implying that a decrease
in blob area over time is typically accompanied by an increase
in roundness, and vice versa. This result aligns with the ear-
lier observation in Fig. 8(a), where convexity was negatively
correlated with blob area.

Figure 8(h) displays the correlation between radial position
and the major semi-axis of the fitted ellipse. A significant
negative correlation is evident, suggesting that blobs located
further radially outward in the SOL tend to exhibit smaller
major semi-axes.

In addition to the parameter pairs with significant correla-
tions, it is worth noting that some parameter pairs unexpect-
edly show no significant correlation. For example, previous
studies reported a linear dependence between radial and an-
gular velocities for ELM filaments>!7; however, no such re-
lationship is observed for the SOL blobs. Furthermore, the
expected angular velocity of the blobs is below the resolution
of the analysis, indicating the possible absence of a coherent
driving mechanism, such as the one present in ELM dynamics.
In contrast to this, finite blob spin and a positive dependence
and a scaling law between the radial velocity and blob rota-
tion were reported from DIII-D by Molesworth et al in Ref.
33. Further investigation is needed to uncover the reason why
we have not seen such behavior. D’Ippolito et al developed an
analytical theory describing blob stability in relation to their
internal rotation®*. In the present analysis, no significant cor-
relation was identified between blob spin and the convexity
or solidity shape descriptors (quantifying the stability of their
shape). Consequently, the experimental results reported here
do not provide validation for the theoretical predictions.

Surprisingly, shape descriptors such as convexity, solidity,
and roundness do not show significant correlation with the ra-
dial position. This suggests that blob shapes do not evolve
in consistently or characteristically as they propagate radially
outward through the SOL.
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V. DISCUSSION

In this section, the results are discussed and, where appli-
cable, related to existing physical models. Section V A exam-
ines the relationships between plasma and blob parameters,
focusing on the identified correlations and observed trends.
Section V C outlines the assumptions inherent in the analysis
method and discusses the limitations of the implemented algo-
rithms and their application. Finally, Section V D presents an
outlook for future research directions and potential improve-
ments to the methodology.

A. Dependence between blob and plasma parameters

Several methods were employed to investigate the relation-
ships between blob properties and plasma parameters. In addi-
tion to traditional Pearson correlation coefficient analysis, we
computed the mutual information metric®> and the predictive
power score3® metrics, as well. These were evaluated between
plasma parameters, characteristic of the 10 ms time window
associated with blob analysis, and time-averaged blob param-
eters. The computations were carried out for three cases: shot-
averaged, blob-averaged, and unaveraged blob data. Surpris-
ingly, these metrics did not provide any conclusive insights.
For completeness, these results are shown in the Appendix at
Section VII.

Despite the inconclusive metric-based analysis, examina-
tion of parameter trends revealed notable associations be-
tween certain plasma parameters and blob characteristics.
From the database, every blob-plasma parameter-pair trend
was evaluated and the non-trivial ones having high coef-
ficients of determination were chosen for further analysis.
These results are presented in Fig. 9. Each subplot includes
a linear regression along with its confidence interval, and the
coefficient of determination (R?) is indicated for each fit, as
well. While the R? values remain relatively low, peaking at
0.65 for the trend between sound speed and blob tilt, these
linear fits serve to highlight general trends rather than estab-
lish definitive quantitative relationships.

Figure 9(a) illustrates the relationship between the edge
electron density and the minor semi-axis of the fitted ellipse
characterizing the blob shape. A positive trend is observed, in-
dicating that larger blobs are associated with higher edge den-
sities. This observation is consistent with findings reported by
Zweben in Ref. 11, where an increase in edge density corre-
sponded to an increase in blob size. Similar trends were ob-
served by Carralero et al in Ref. 37 where an investigation
of collisionality revealed that filament sizes increased with
higher collisionality, corresponding to elevated edge densities.

Figure 9(b) shows a positive trend between the line-
integrated electron density and the tilt angle of the blob. Prior
studies on the EAST tokamak have demonstrated that higher
line-integrated electron densities are associated with increased
blob lifetimes®. Based on this finding, the observed increase
in tilt could be attributed to the blob remaining longer in the
edge shear layer in higher-density plasmas, thus experiencing
greater tilting. However, due to the limited spatial measure-
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FIG. 9. Trends between selected plasma parameters during gas puff imaging (GPI) injection and the corresponding average blob parameters.
Each subplot displays the Pearson correlation coefficient quantifying the linear relationship between the variables. The orange line indicates
the best-fit linear regression, with the shaded region representing the 10 confidence interval. (a) Line integrated electron density, ne 1 1p, vs the
minor semi-axis of the fitted ellipse, bejiipse; (b) ne, Lp Vs the angle of the blob, Byop, With respect to horizontal; (c) the ion sound speed at the
steepest electron pressure gradient, Cs maxvp, VS Bplob; (d) the electron pressure at the steepest electron pressure gradient, pe maxvps VS Bblobs
() Electron temperature pedestal width, A, ped, Vs the poloidal velocity vp,; (f) Electron-ion collisionality at the steepest electron pressure
gradient, Ve; vp, ...» V8 Vpol; (&) The electron density at the steepest electron pressure gradient, ne vy, . VS Vpol; (h) ne Lip vs the angular

velocity of the blobs @yjob; (1) Vei,Vpe max VS Dblob-

ment frame of the GPI diagnostic, direct lifetime measure-
ments were not feasible; therefore, only speculative conclu-
sions can be drawn regarding the causality of this trend.

Figure 9(c) presents a clear positive trend between the
sound speed and the blob tilt angle. The sound speed was
calculated from the electron temperature at the location of
the maximum electron pressure gradient in the pedestal. One
possible interpretation is that elevated electron temperatures,
if accompanied by strong pressure gradients, may generate
stronger sheared flows, leading to increased blob tilt. How-
ever, no statistically significant correlation was found between
the absolute electron pressure and its gradient, suggesting that
this mechanism cannot be conclusively verified. Notably, this
parameter pair exhibits the highest coefficient of determina-
tion in this analysis, although an exact linear relationship re-
mains unclear.

Figure 9(d) shows a positive trend between the blob tilt an-
gle and the local electron pressure near the pressure gradient
maximum. A previous study by Myra et al*® has linked the
strength of the pedestal pressure gradient to enhanced edge
shear flows, which can induce blob tilt. In contrast, the present
result suggests a potential direct influence of the local electron
pressure on the tilt, a connection that has not been reported in
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earlier literature. As with the previous case, no significant
correlation was found between the pressure gradient and the
electron temperature, limiting the ability to confirm a shear-
driven mechanism solely based on pressure.

Figure 9(e) shows the relationship between the width of the
electron temperature pedestal and the poloidal velocity of the
blob. The results indicate that blobs exhibit higher absolute
poloidal velocities in plasmas with broader pedestals. A po-
tential explanation is that narrower pedestals are typically as-
sociated with stronger edge shear layers, which may act to
decelerate blobs. However, this interpretation remains spec-
ulative and warrants further investigation, ideally through de-
tailed edge and scrape-off layer filament modeling.

Figure 9(f) shows a strong positive dependence between the
poloidal velocity and the plasma collisionality (negative trend
for the absolute poloidal velocity). Myra et al investigated the
effects of collisionality on the radial blob velocity in an ana-
lytical model and found a positive dependence*’; however, the
poloidal velocity was not investigated. One speculative expla-
nation for the observation could be that neoclassical viscos-
ity increases with plasma collisionality, leading to increased
damping of the blob dynamics, eventually leading to lower
absolute poloidal velocities. N. Bisai has previously investi-
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gated the effects of neoclassical viscosity on blob rotation in
Ref.*! but not its effect on the blob’s poloidal velocity. It is
noteworthy that while in our measurements the blob velocity
was estimated in the SOL, the plasma collisionality was es-
timated at the position of the largest pressure gradient in the
pedestal. In order to get a better estimate of the plasma colli-
sionality in the SOL, the SOL measurement capabilities would
need to be enhanced, which was unavailable at the time of the
experiments.

Figure 9(g) shows the trend between the electron density at
the location of the maximum pedestal pressure gradient and
the poloidal velocity of the blob. Although a direct link be-
tween these parameters has not been explicitly explored in
prior studies, some related observations can provide context.
For example, Zweben et al reported in Ref. 8 that discharges
with a higher fraction of blob coverage, i.e., a larger rela-
tive number of blobs in the GPI field of view, tend to ex-
hibit lower edge electron densities and higher poloidal veloc-
ities. Additionally, Ref. 11 noted a relationship between blob
velocity and relative density fluctuation amplitudes, though
it did not explicitly analyze the impact of pedestal density.
Following similar reasoning as in the interpretation of Fig.
9(e), it is plausible that higher pedestal densities correspond
to steeper pressure gradients, which may in turn impede blob
motion through increased damping or shear. However, con-
firming this hypothesis would require dedicated simulations
of blob dynamics in the SOL, which lie beyond the scope of
the present study.

Figure 9(h) illustrates the relationship between the line-
integrated electron density and the angular velocity of the
blobs. A clear positive trend is observed, supported by a rel-
atively strong Pearson correlation coefficient of pcory = 0.65.
This behavior may be interpreted in terms of increased col-
lisionality, which is directly proportional to electron density
in collisional plasma regimes. Higher collisionality can influ-
ence the internal dynamics of blobs, including their rotation,
as discussed further below.

Figure 9(i) presents the dependence of blob angular veloc-
ity on pedestal collisionality. A positive trend is again ob-
served, though the data exhibit considerable scatter, and no
definitive functional relationship can be identified. Theoret-
ical work by Myra et al in Ref. 42 examined blob vorticity
within the framework of a Krook collision model but did not
derive a direct dependence between vorticity and collisional-
ity. More recently, Bisai investigated the effect of neoclassical
viscosity on blob rotation and found that increased viscosity
suppresses blob spin*!. Our findings are qualitatively consis-
tent with this result: in collisional regimes, plasma viscosity
increases with collisionality, leading to enhanced damping of
blob vorticity. Consequently, in lower collisionality plasmas,
where viscous damping is weaker, blobs can sustain higher
angular velocities. This trend underscores the potential impor-
tance of collisional viscosity in regulating filament rotation.
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785 B. Analysis of blob regimes

Filaments in the scrape-off layer can behave differently
77 based on the blob regimes they are in. The two region model
78 defines the different blob regimes based on whether they are
750 connected or disconnected from the divertor region*’. In the
o sheath-connected regime (Cg), filaments are connected to the
71 divertor plate, and the parallel current is driven by the mid-
72 plane curvature which is limited by the sheath resistivity. In
the ideal-interchange regime (Cp), the mid-plane curvature
drive is balanced by perpendicular ion polarization currents
enhanced by the X-point geometry. In the disconnected resis-
tive X point regime, parallel currents are limited by divertor
77 plasma resistivity. Finally, in the resistive ballooning regime
(RB), the mid-plane drive is balanced by inertia at the mid-
790 plane.
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a0 These regimes can be identified based on A, the dimension-

less collisionality parameter, and @, the dimensionless blob

size parameter. © is defined by 62 where & = &,/8,. Here,

8 = \/A/m is the characteristic blob size where A is the

s« blob’s area. The normalizing factor, /g*, is the characteristic
2\ 1

blob scale defined by 8, = p; (pLSR)
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802

803

805 where L is the paral-

lel connection length, ps is the sound Larmor radius, and R is
the major radius. The parallel connection length is estimated
from the mid-plane magnetic pitch angle and the geometri-
cal distance between the mid-plane to the lower X-point and
from there to the outer strike point. The rest of the parame-
ters are estimated from the SOL plasma parameters from the
equilibrium reconstruction and Thomson-scattering (TS) pro-
file measurements.
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A is defined as 5'—‘)” where V,; is the electron-ion colli-
eMs

sion frequency, and €. is the electron gyro-frequency. An-
other parameter used for defining the blob regimes is the X-
point magnetic fanning parameter, &. The exact calculation
for this can be found in Ref. 40. Here, we use an approxi-
mate value of & = 0.1 calculated by Scotti et al in Ref. 43
for NSTX. The dimensionless parameters were calculated for
each plasma discharge for averaged blob parameters and equi-
librium reconstructions and TS measurements taken within
the time range of the blob average. The results of the cal-
culation are shown in Figure 10.
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FIG. 10. Blob regime diagram for the four blob regimes of Resistive
Ballooning (RB), Resistive X-point (RX), sheath-connected (Cg) and
ideal interchange (Cjy) regimes. The boundary between regions Cg
and Cy was estimated from ® = 1/&, ~ 10. Theta is the dimension-
less blob size calculated from the average blob size in each plasma
discharge. A is the dimensionless collisionality parameter calcu-
lated for each discharge from the equilibrium reconstruction and the
Thomson-scattering measurement.

Figure 10 shows the boundaries of the four blob regimes
along with the dimensionless blob size and dimensionless col-
lisionality data pairs for each discharge. The figure displays
that all of the blob observations fall within the sheath-limited
blob regime. To compare blob dynamics and morphology
between the different blob regimes, the blob database would
need to be extended with further discharges which is outside
the scope of this paper.

To investigate how blobs are influenced by dimension-
less collisionality and parallel connection lengths, their trends
were investigated with linear regression. The calculation re-
sulted relatively low R? values between them. Therefore, only
the ones, which were higher than R% > 0.2, were plotted. In
Ref. 40, connection between the dimensionless blob velocity
and the dimensionless collisionality was investigated numer-
ically and theoretically; therefore, the trends between them
were plotted here, as well. The results are shown in Figure
11.
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vs dimensionless velocity (V); (f) dimensionless collisionality (A) vs
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Fig. 11 (a) displays the trend between the connection length
and the blob angle. Significant negative trend is seen between
these two parameters fortified by the relatively high -0.62 cor-
relation coefficient. The coefficient of determination is 0.39
which is higher than for the rest of the parameter pairs but
does not indicate a clear linear relationship between the pa-
rameters.

The negative trend can be speculatively explained by geo-
metrical effects. The two-dimensional plane of the quasi-2D
GPI gas cloud’s angle with respect to the line-of-sight is in-
dependent of the magnetic configuration. Shorter connection
lengths are a result of higher magnetic field pitch angles which
make the blob angle with respect to the gas cloud distorted.
The lower the connection length, the higher the poloidal field
is resulting in a higher pitch angle at the measurement loca-
tion. Should a blob enter the observation area with a finite
angle, its apparent angle will be higher due to the distortion.
This argument does not explain the large range of observed
angles, though, and would only work in a narrow range of
angles.
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Fig. 11 (b) shows the trend between the parallel connection
length and the spin (angular velocity) of the blob. Significant
negative correlation, p = —0.51 is found between these pa-
rameters, however, the negative trend is not as apparent as in
(a) due to a large scatter in the data. The coefficient of deter-
mination is also low at R> = 0.26 meaning that no clear linear
relationship exists between these two parameters.

Positive trends are seen between the parallel connection
length and the roundness and solidity shape descriptors in Fig.
11 (¢) and (d). Similar correlation coefficients and coefficients
of determination are found between them. The latter coef-
ficients are low meaning that no clear linear relationship is
found between them. The high correlation coefficient how-
ever indicates, that plasmas with higher connection lengths
exhibit rounder and more solid blobs.

Fig. 11 (e) and (f) display the trends between the paral-
lel connection length, the dimensionless collisionality and the
dimensionless blob velocity. The dimensionless blob veloc-

ity is calculated from ¥ = vy,q/v, where v, = cs("‘ﬁ)l/ 2 and
P
* = TR /SH Positive trend is seen between the parallel con-
nection length and ¥, and the dimensionless collisionality and
¥, as well. Even though the correlation coefficients are rela-
tively low, the positive trend aligns well with the blob theory
presented by Myra et al in Ref. 40. The coefficient of determi-
nation is close to zero indicating the lack of linear relationship
between the parameters.

C. Assumptions and limitations of the analysis

Several assumptions and limitations underlie the method-
ologies employed in this study. These pertain to the diagnos-
tic constraints of the GPI system, the resolution of Thomson
scattering measurements, and the performance of the image
segmentation and structure tracking algorithms. This section
outlines these considerations to contextualize the results and
guide future improvements.

1. Limitations of the GPI diagnostic

The GPI diagnostic operates by measuring light emission
resulting from the interaction between the neutral gas and the
plasma. In the analysis, the neutral gas cloud is assumed to be
quasi-two-dimensional. However, due to the ~22° half-cone
angle of the gas injection, the gas cloud develops consider-
able depth by the time it reaches the separatrix. This volumet-
ric spread can degrade the effective spatial resolution, espe-
cially if the line-of-sight of the diagnostic is not well-aligned
with the magnetic field lines. Although the NSTX GPI's LOS
is approximately aligned with the magnetic field, variations
in magnetic configuration between discharges can introduce
misalignment, leading to degradation in spatial resolution.

It is important to note that the injected gas puff imposes lim-
itations on the radial observation range of filaments. Closer to
the core plasma, the neutral density is significantly attenuated
due to increased ionization and collisional excitation in the
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higher-density region, which reduces the available neutrals for
light emission. As a result, blob detection within more than
a few centimeters away from the separatrix is constrained by
a low signal-to-noise ratio. Outside the confined region, in
the far SOL, the neutral density remains high near the gas in-

a9 jection manifold; however, the background plasma density is
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low, leading to weak background emission. Despite this, fila-
ments with locally elevated density and temperature can still
excite the neutrals sufficiently, enabling their detection even
in the far SOL.

2. Limitations of the blob database

The blob database was compiled from 86 discharges from
the 2010 NSTX experimental campaign, encompassing both
low- and high-confinement (L-mode and H-mode) plasma
regimes. The plasma regimes affect certain dynamics of blobs
as it was shown in previous studies>!3. Blob dynamics are in-
fluenced by the local SOL conditions, particularly the electron
temperature, which determines whether filaments evolve in
the sheath-limited or conduction-limited transport regime**.

In the present study, the dependence of blob dynamics
and morphology on the overall confinement regime or lo-
cal transport regime was not explicitly analyzed. Instead,
the focus was on characterizing the general morphological
and dynamical features of blobs in a regime-agnostic man-
ner. It’s noteworthy to mention that a preliminary compar-
ison of blob properties in L-mode and H-mode plasmas in-
dicated no substantial differences in parameter distributions,
correlations, or observed trends. A detailed analysis of these
regime-dependent effects is beyond the scope of this work but
is planned for future investigation.

3. Limitations of Thomson scattering profile fits

The dependency analysis between blob and plasma param-
eters in Section IV B 3 relies on Thomson scattering measure-
ments to extract pedestal density and temperature profiles. In
spherical tokamaks, this presents a challenge: pedestal widths
are typically narrow (on the order of 1-2 cm), while the spa-
tial resolution of the TS system is limited. As a result, accu-
rate fitting of the pedestal gradients is constrained, introduc-
ing uncertainty in the extracted plasma parameters. Planned
upgrades to the NSTX-U TS system, including improved dig-
itizers and enhanced spatial resolution, will allow for more
precise characterization of pedestal structures in future exper-
1ments.

4. Image segmentation and tracking algorithm performance

The blob characterization relies on a complex multi-stage
image processing pipeline (Fig. 3). This method relies on sev-
eral assumptions as follows.
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* Background normalization: the raw GPI image frames
are normalized using a 1 kHz low-pass filter. This as-
sumes that the background gas evolves on timescales
much slower than 1 ms, while blobs evolve much faster.
This assumption holds in both L-mode and H-mode
regimes; however, during edge localized mode events,
the background can be perturbed on sub-ms timescales.
To mitigate this, time windows containing ELMs were
excluded from the analysis.

Thresholding techniques: two approaches, intensity
thresholding and Otsu’s method, are used to separate
blobs from the background. Both methods rely on the
assumption that blob emission is significantly more in-
tense than the background. This is valid only dur-
ing peak emission periods when the neutral cloud is
most dense. The analysis is restricted to these periods,
thereby justifying this assumption.

L]

Watershed segmentation: structure identification is per-
formed using the watershed algorithm, which assumes
each blob has a single local intensity maximum with
a monotonically decreasing intensity profile. This as-
sumption is generally valid due to the approximately
Gaussian nature of blob density distributions. However,
occasional blob merging or splitting (which occurs in
about 5% of the frames with blobs in the GPI videos)
may result in over- or under-segmentation. Given its
low frequency, this limitation is not expected to signifi-
cantly impact statistical results.

Tracking via intersection over union: blobs are tracked
between frames by calculating the ToU, assuming spa-
tial overlap between consecutive observations. Given
the 2.5 us frame rate of the GPI diagnostic and the rela-
tively slow dynamics of blob motion, this is a reason-
able assumption. However, if structure identification
fails in a single frame, the blob may be erroneously split
into two distinct entities in the tracking phase. This lim-
itation has a negligible impact on averaged parameter
statistics but constrains analysis of properties such as
blob lifetime, birth-rate, or interaction dynamics. These
analyses are deferred to future work.

5. Temporal Resolution Mismatch in Parameter Correlation

Correlations between plasma parameters and blob proper-
ties are constrained by the temporal mismatch between diag-
nostics. Plasma parameters are typically measured at 16 ms
intervals using TS on NSTX, whereas blob parameters are de-
rived from GPI data sampled at 2.5 us. In this study, it is
assumed that the plasma profiles remain stationary over the
~10 ms time window used for blob analysis. This assump-
tion is valid within selected time intervals representing steady-
state plasma conditions. However, the lack of higher time res-
olution TS data limits the precision of the correlation analysis.
Future studies incorporating faster TS systems will be essen-
tial to resolve this limitation.
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D. Outlook for future research

This study analyzed legacy NSTX data from 2010, a period
during which the gas puff imaging (GPI) diagnostic operated
at optimal performance and the plasma conditions were ideal
for blob observation. With NSTX-U scheduled to resume op-
eration in 2026, future experiments will offer new opportu-
nities to expand the blob database using higher-performance
discharges. In parallel, diagnostic capabilities are expected to
significantly improve. Notably, the Thomson scattering sys-
tem will offer enhanced temporal and spatial resolution, en-
abling more precise measurements of the electron density and
temperature pedestal profiles. This improvement will support
more accurate profile fitting and facilitate higher-fidelity anal-
ysis of the dependencies between blob dynamics and edge
plasma parameters.

Estimating blob shape parameters from GPI data remains
a challenge due to the finite extent of the neutral gas cloud
and the complex three-dimensional geometry formed by the
relative orientations of the gas cloud, magnetic field lines,
and diagnostic line-of-sight. One promising avenue is the de-
velopment of a reduced synthetic GPI diagnostic model cou-
pled with the computation of a local fluctuation-response ma-
trix. Inverting this matrix and applying it to experimental data
could allow reconstruction of the local electron density fluc-
tuations, thus providing more accurate estimates of filament
shape and structure®. On Alcator C-Mod, the DEGAS 2
Monte Carlo neutral transport code was employed to develop a
synthetic GPI diagnostic*®, with the resulting simulations sub-
sequently used to validate the XGC gyrokinetic full-f code*’.
For NSTX, the feasibility of applying DEGAS 2 to generate a
fast and accurate synthetic GPI diagnostic remains to be eval-
uated. In addition, a realistic observation module will need
to be incorporated into the synthetic diagnostic framework to
model the specific optical characteristics of the NSTX GPI
system.

Since the implementation of the watershed-based segmen-
tation algorithm used in this work, significant progress has
been made in the field of image segmentation. For instance,
region-based convolutional neural networks (Mask R-CNNs)
have shown promising results in segmenting structures in GPI
images*®. While these deep learning models require substan-
tial supervised training and computational resources, their ap-
plication to filament detection in future NSTX-U data could be
explored to assess their robustness and accuracy compared to
traditional methods. The application of such advanced meth-
ods was beyond the scope of this work, but remains a com-
pelling direction for future research.

Some of the trends observed in this study, particularly
those concerning blob velocity and shape dependence on edge
plasma parameters, cannot yet be fully explained by existing
theoretical models. To gain a deeper understanding, compre-
hensive numerical simulations of scrape-off layer turbulence
in relevant plasma regimes will be essential. Such simula-
tions could be performed using advanced gyro-kinetic codes,
such as GKEYLL*® or XGC*/, which can resolve filamentary
dynamics in realistic spherical tokamak geometries. GENE-
X is also a strong candidate for SOL turbulence simulation



1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

studies, as it is capable of modeling plasmas with realistic X-
point geometries®’. Recent developments, including the im-
plementation of a spectral representation of velocity space,
have resulted in substantial computational speed-ups®!, fur-
ther enhancing its suitability for large-scale edge and SOL
turbulence investigations. Fluid codes such as GBS>>%3 and
SOLT>* were also compared to GPI measurements before and
could be used again to gain understanding of the results pre-
sented here.

Vi. SUMMARY

Filamentary structures in the scrape-off layer of tokamak
plasmas are a major source of intermittent heat and particle
transport, thereby degrading overall plasma confinement. Un-
derstanding the dynamics of these filaments is critical for the
success of future fusion reactors such as ITER.

To analyze blobs, a novel image analysis workflow was de-
veloped based on an enhanced watershed segmentation algo-
rithm. This method enables robust identification, segmen-
tation, and tracking of filaments in gas-puff imaging data.
Tracked structures were further analyzed using geometric
shape descriptors, including convexity, roundness, solidity,
and total curvature.

A comprehensive database was compiled from 86 dis-
charges, yielding 11075 individual identified blobs. Statisti-
cal analysis of their shape descriptors revealed that filament
area follows a positively skewed distribution, while the time
derivative of the area approximates a Gaussian distribution.
Filament alignment angles peaked at 78 degrees, indicating a
predominantly poloidal orientation. The distribution of angu-
lar velocities was centered around zero, contrasting results of
ELM filament analysis, where significant spinning was found
in previous research. Roundness of blobs peaked near 0.82
but exhibited substantial variability, reaching values as low as
0.25. This is a result of the elongation of blobs in the poloidal
direction. The time derivatives of roundness and curvature ex-
hibited distributions with a peak at zero, indicating that blobs
do not change their shape characteristically during their time
evolution.

Two-dimensional joint distribution analyses between blob
parameters uncovered several significant dependencies. A
strong negative correlation between area and convexity in-
dicated that larger filaments tend to assume more concave
and potentially unstable shapes. Consistent with behavior ob-
served in edge localized mode (ELM) filaments, a positive
correlation between filament radial position and radial ve-
locity was found, potentially due to decreasing background
plasma density, which reduces the retaining force on larger
blobs. No clear dependency was observed between angular
velocity and other shape parameters.

To further explore the physics of blob dynamics, cross-
analysis was performed between blob properties and back-
ground plasma parameters. While metrics such as cross-
correlation, mutual information, and predictive power score
did not uncover previously unseen relationships, trend analy-
sis revealed interesting dependencies. Notably, a near-linear
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relationship was observed between line-integrated electron
density and blob angular velocity, and between sound speed
and blob tilt angle, as well.

Future work will build on these findings using new data
from the upcoming NSTX-U campaigns. Development of
a synthetic GPI diagnostic is also planned to investigate the
impact of 3D observational geometry on apparent filament
shape. Finally, future work will include systematic compar-
isons of experimental observations with first-principles sim-
ulations, including gyrokinetic codes such as GKEYLL and
XGC, as well as fluid turbulence models such as GBS and
SOLT, in order to obtain deeper physical insight into filament
dynamics.
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Appendices

VIl. METRICS CALCULATED BETWEEN BLOB AND
PLASMA PARAMETERS

During the analysis, three different metrics were calculated
to uncover the relationship between plasma and blob param-
eters: correlation coefficient, predictive power score and mu-
tual information. The results of this calculation were incon-
clusive and no new physics could be uncovered based on
them. However, they are shown for the potential interest of
the reader.

Fig. 12 shows the Pearson correlation coefficients calcu-
lated between the shot-averaged blob parameters and the es-
timated profile parameters and with the blob-blob and the
plasma-plasma coefficients. Relatively high correlation can
be seen between all of the parameters which is a result of the
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FIG. 12. Correlation coefficients calculated between shot averaged
blob parameters and plasma profile parameters. Blob-blob (red
square) and plasma-plasma (magenta square) parameter correlations
are also shown.

low statistics due to the low temporal resolution of the pro-
file diagnostics. Correlation analysis of blob-averaged and un-
averaged data were also attempted. Blob-average means that
for every identified blob, the estimated parameters were aver-
aged resulting in a number of data points equal to the number
of identified blobs. Unaveraged means that data at each time-
point of each identified blob was considered as separate. To
calculate the correlation coefficients between these extended
number of data-points and the plasma profile parameters, the
latter had to be interpolated with the nearest neighbor method.
This analysis, however, did not reveal further insights into the
physics of blobs.

Fig. 13 shows the mutual information (MI) calculation be-
tween the blob and plasma parameters. This metric is sym-
metric similar to the correlation coefficient. Mutual informa-
tion quantifies the amount of information obtainable from one
random variable about another random variable®. Similar MI
values are observed between all blob-plasma parameter pairs
in the range of 0.2 - 0.5. This analysis did not reveal a clear
connection between the blob and the plasma parameters. High
mutual information values can only be seen between plasma-
plasma parameter MI values where the parameters are a func-
tion of each other.

Fig. 14 shows the predictive power score (PPS between

the shot-averaged estimated blob parameters and the plasma
parameters. Note, that this metric is not symmetric unlike the
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FIG. 13. Mutual information matrix calculated between shot aver-
aged blob parameters and plasma profile parameters. Blob-blob (red
square) and plasma-plasma (magenta square) parameter mutual in-
formation are also shown.

Pearson-correlation coefficient or the mutual information met-
rics. Only low values of PPS are found for blob-plasma and
plasma-blob calculations. High PPS values are present in the
plasma-plasma parameter analysis for parameter pairs that are
a function of each other, e.g., the plasma frequency and the
plasma density.

These cross-parameter analyses did not reveal any novel
dependency between the plasma and the blob parameters.
One reason for this negative result is that the number of
plasma profiles that were used for the analysis was low, only
one for each time range. Should another means for fast
profile measurement be available, e.g., alkali beam emis-
sion spectroscopy for fast absolute electron density profile
measurements>>, a more detail investigation can be done.
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¢ I. SCOPE

7 This preliminary draft manuscript provides an overview of the comparison between L and H-
s mode filamentary dynamics and serves as supplementary material for the publication titled "Evo-
o lution of intermittent filaments in the scrape-off layer of NSTX". This material is stored along
10 with the data used in that publication and is presented without detailed discussion, references or

1 data availability which is deferred to a future publication.

» II. FILAMENT PARAMETERS IN L-MODE AND H-MODE REGIMES

13 In this supplementary material, the analyses of L-mode and H-mode discharges were separated
1 to show the difference between these regimes to the curious reader.

15 There are 20 L-mode and 58 H-mode discharges in the 86 shot database. In the case of the
16 missing 8 discharges, the confinement regime of the plasma in the analyzed time-range could not

17 be identified neither as L- nor H-mode.

18 A.  Parameter histograms

1w Figure 1 shows the estimated blob parameter’s distributions for the L-mode and the H-mode
20 plasmas in the database.

a1 It is visible that in some cases, especially in the case of the filament angle, the distributions
22 differ. The differences are quantified by the first four moments of the distributions and are sum-

23 marized in Table 1.

AThe author to whom correspondence may be addressed: mlampert @pppl.gov
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FIG. 1. Parameter histograms for the L-mode (blue) and H-mode (orange) discharges. (a), (b) area and
its difference; (c), (d) angle and its time derivative; (e), (f) roundness and its time derivative; (g), (h) total

curvature and its time derivative.

2 B. Pearson matrix

»s  In this section, the Pearson matrices are shown separately for the L-mode and the H-mode

2 plasmas. Figure 2 shows the Pearson correlation coefficients for L-mode plasmas.

2



average o skewness kurtosis

L-mode|H-mode |L-mode | H-mode | L-mode | H-mode |L.-mode | H-mode

Area [cm?]

Angle [rad]

o [krad/s]
Roundness [a.u.]
ARoundness [a.u.]

Curvature [a.u.]

ACurvature [a.u.]

AArea [cm? /sample]| -0.136 | -0.231 | 4.201 | 4.377 | 0.024 | -0.173 | 12.093 | 17.503

14.018 | 16.254 | 7.603 | 9.186 | 1.423 | 1.630 | 3.448 | 4.791

1.531 | 1.354 | 0.573 | 0.426 | -0.038 | 0.578 | 0.305 | 2.277
-1.446 | -0.569 |114.145| 91.459 | -0.013 | 0.018 | 8.934 | 14.317
0.741 | 0.718 | 0.134 | 0.142 | -0.672 | -0.528 | 0.125 | -0.331
1.244 | -1.460 | 85.939 | 80.074 | 0.308 | 0.191 | 3.758 | 3.924
0.983 | 0981 | 0.016 | 0.017 | -3.742 | -3.696 | 21.985 | 21.924

-0.087 | -0.126 | 15.858 | 15.087 | -0.006 | -0.043 | 22.453 | 27.821

TABLE I.

Filament distribution moments for L-mode and H-mode plasmas
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FIG. 2. Pearson correlation coefficients for L-mode plasma filament parameters.

27 Figure 3 presents the correlation coefficients for H-mode plasmas.

s To quantify the different between the two matrices above, the difference between the H-mode

20 and the L-mode results was calculated. The results are shown in Figure 4. A positive value shows

30 higher correlation for H-mode plasma, while negative value shows higher correlation for L-mode

3
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the H-mode, negative number means the L-mode coefficients are higher.

s1 plasmas.
2 There are slight differences visible between L and H-mode plasma blob behavior, especially

33 between their fitted ellipse sizes and the radial velocity.
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s C. Two-dimensional distributions

s The two-dimensional distributions were plotted each for the L-mode and for the H-mode
ss plasma cases in Fig. 5 and Fig. 6, respectively. Similar behavior is seen between the two plasma
37 regimes.

ss A quantitative assessment of the similarities can be given by calculating the numerical differ-
30 ences between the probability values. The result of the calculation is depicted in Fig. 7.

w0  The largest differences are found between the convexity vs area, radial position vs radial veloc-

a1 ity and Radial position vs major semi-axes.

2 D. Dependence between blob and plasma parameters

s The plasma parameters characteristic to the blob observation times were compared to the blob
s« parameters by plotting them as a function of each other. The results are plotted in Fig. 8. The
ss L-mode results are plotted in blue while the H-mode results are shown in orange.

s It is visible that there are differences between the two regimes. These are caused mainly by
« the different electron density and electron pressure ranges L-mode and H-mode shots have. The
s trends are very similar and the signs of slopes of the fitted lines remain the same for all of the

s trends. Further investigation of the differences are deferred to a future publication.
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