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ABSTRACT

This paper describes a study of the cross-correlations between edge fluctuations as seen in the gas puff imaging (GPI) diagnostic and low
frequency coherent magnetic fluctuations (MHD) in H-mode plasmas in NSTX. The main new result was that large blobs in the scrape-off-
layer were significantly correlated with MHD activity in the 3-6 kHz range in 21 of the 223 shots examined. There were also many other
shots in which fluctuations in the GPI signal level and its peak radius Rpeak were correlated with MHD activity but without any significant
correlation of the MHD with large blobs. The structure and motion of the MHD are compared with those of the correlated blobs, and some
possible theoretical mechanisms for the MHD-blob correlation are discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006515

I. INTRODUCTION

Blobs are discrete high-density plasma structures, which are born
in the edge regions of tokamaks and which carry particles and heat
across the edge and scrape-off-layer (SOL) plasmas.H These blobs
(also known as edge filaments) are therefore important in determining
the pattern of heat and particle fluxes to the wall and divertor plate
and also for affecting the transport of impurities between the wall and
the main plasma.

The present paper describes evidence for a new phenomenon in
which large blobs at the edge of the NSTX tokamak are significantly
cross-correlated with low frequency coherent magnetic fluctuations
measured near the outer midplane, which for brevity we refer to here
as “MHD.” This result is surprising since MHD modes usually have a
global (full-torus) structure in space and are periodic in time, whereas
blobs have a much smaller (mesoscale) structure and are randomly
distributed in time. As far as we know, this correlation of coherent
magnetic fluctuations and blobs has not been observed previously or
predicted theoretically in a tokamak.

Blobs in tokamaks are normally created near the magnetic sepa-
ratrix or last closed flux surface where large edge density gradients and
strong turbulence are present. For example, in the JET tokamak, blobs
and their associated negative-density holes were born in the edge shear
layer just inside the separatrix,” and in the HL-2A tokamak, blobs
were also born just inside the separatrix where the density gradient
was maximum and the turbulence skewness was near zero.” In the
NSTX tokamak, blobs are born in the edge with a density and

temperature characteristic of the plasma conditions where underlying
linear edge drift-curvature instabilities are localized.”

Blob generation has also been measured in other types of magne-
tized plasmas. For example, in the TJ-K stellarator, blobs were gener-
ated by drift-wave turbulence near the last closed flux surface in
regions of negative mean normal curvature,” and blobs in the simple
torus TORPEX were observed to form from radially extending positive
crests of the interchange waves that are sheared off by the E x B flow.’
These experimental results’ * suggest that blobs are generated by elec-
trostatic drift-wave or interchange instabilities combined with local
flow shear, both of which can be strong in the edge region due to the
large density and/or temperature gradients. These experimental results
have been compared at least qualitatively with analytical and numeri-
cal computations of blob formation based on electrostatic instability
models,”'""'* as discussed further in Sec. IV D.

The first numerical computations of blob formation and propa-
gation were carried out in two-dimensions perpendicular to the mag-
netic field, assuming approximately constant conditions along both
the blob-filament and the background magnetic field, as discussed in
Ref. 4 (and references therein). Blob emission triggered by large scale
plasma transients was observed in the simulations of Ref. 13. More
recently, a number of three-dimensional codes have been employed to
study blob formation and evolution using both fluid'*'" and
kinetic'®'” models. The models are increasing in realism, incorporat-
ing effects such as X-point geometry'” and neutral-plasma interac-

tions.”’*? Nevertheless, the basic idea remains that blobs form in the
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presence of edge turbulence and are propelled radially by interchange
forces (i.e., curvature and grad-B drifts creating an effective accelera-
tion g ~ ¢,*/R), which give rise to internal charge polarization of the
blob and a subsequent radial E x B drift. These concepts will be
employed in Sec. IVD where possible interaction mechanisms
between MHD modes and blobs will be discussed. To the best of our
knowledge, no simulations to date have studied the interaction of
MHD modes with blobs.

Related, purely theoretical investigations have been carried out.
Of particular relevance to the present paper are theories describing the
interaction of background modes with blobs.””** These endeavors
have so far only considered how small-scale background turbulence
participates in blob formation through wave-wave coupling and mod-
ulation instability; however, a similar wave-coupling approach may
shed light on how large-scale modes can interact with blobs.

MHD modes are large-scale coherent magnetohydrodynamic
plasma oscillations, which are seen in all tokamaks. In general, MHD
modes can be driven by gradients in plasma pressure, current density,
or energetic particles and can be diagnosed using external magnetic
field sensor coils, x-ray emission from the core, or emission or reflec-
tion of microwave radiation. The MHD modes discussed in this paper
were measured using external magnetic coils located near the outer
midplane, and their correlation with blobs is examined in the low fre-
quency range of 1-10 kHz, which is in the range of blob lifetimes in
NSTX. Typical toroidal MHD mode numbers were n = 3-5, with the
dominant mode of n = 4. Based on comparison with earlier measure-
ments (see below), these MHD modes were localized in the edge ped-
estal region of H-mode plasmas.

Although MHD-correlated blobs have not, to our knowledge,
been observed previously, the present results may be related to previ-
ous experimental work on the interaction between small-scale turbu-
lence and larger-scale coherent modes. For example, blob creation
associated with an m = 1 electrostatic (not MHD) mode was observed
in the linear device CSDX,”” and the correlation of MHD activity with
edge electrostatic turbulence (although not blobs) was observed during
lower hybrid current drive experiments in the HT-7 tokamak.”® The
blob frequency and blob transport were reduced with the application
of (static) external m/n=6/2 or 3/1 resonant magnetic perturbations
in the TEXTOR” and J-TEXT tokamaks.”® A correlation between
externally imposed rotating magnetic islands and edge turbulence was
studied in the REX-Mod reversed field pinch, where local vorticity was
suggested as the interaction mechanism.”” In a wider context, the
multi-scale interaction of core neoclassical tearing modes with local
turbulence has been observed and modeled in DIII-D.*" In theory,
edge turbulence can also generate seed magnetic islands on low order
rational surfaces,” possibly causing MHD modes.

From the perspective of edge MHD modes in tokamaks, this
work is most closely related to a previous paper, which showed SOL
heat flux broadening due to edge harmonic oscillations (EHOs) just
inside the separatrix in NSTX.” However, that paper focused on
counter-rotating edge MHD modes that were seen in the GPI view as
upward propagating structures near the separatrix, whereas the pre-
sent paper focuses on co-rotating MHD structures that are correlated
with blobs that propagate downward in the SOL. Co-propagating
EHO-like structures have also been observed in NSTX,” in JET as a
“current ribbon” at the top of the H-mode pedestal,”* and in quiescent
QH-mode discharges with EHO modes in DIII-D.*>*° However, in
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none of these studies were the EHO-like modes observed to be corre-
lated with SOL blobs.

The present paper aims to show examples of a new phenome-
non in which MHD activity seen in the magnetic pickup coils is sig-
nificantly correlated with SOL blobs as seen by GPI in NSTX.
However, a complete characterization of this MHD activity is beyond
the scope of the present paper. This paper is organized as follows:
Sec. 1T describes the GPI and MHD diagnostics and database used in
this paper, Sec. III describes the experimental results, Sec. IV is a
discussion of these results and their theoretical interpretation, and
Sec. V contains a Summary and Conclusion. There are also two
Appendixes: Appendix A describes the blob tracking algorithm and
Appendix B describes the MHD-blob cross-correlation analysis.

Il. DIAGNOSTICS AND DATABASE

The gas puff imaging (GPI) diagnostic of NSTX has been
described in several recent papers,”” " so only a brief summary is pre-
sented here. A photograph of the GPI diagnostic geometry is shown
Fig. 1, along with the B-dot coil used to measure the MHD activity.

In GPI, a fast camera (Vision Research Phantom 710) views a
deuterium neutral gas cloud puffed into the plasma, using a Do filter
to image a neutral deuterium emission line during the steady-state
part of the discharge. This neutral gas cloud increases the Do, emission
in the camera line of sight by a factor of at least x 10 over a distance of
~12 cm along the B field line,” which localizes this line emission to
the region near the gas puffer. The camera viewing angle is as near as
possible aligned along the local magnetic field, which is tilted at an
angle of 36° with respect to the toroidal direction, resulting in images
of the local Da light emission from the cloud, which are approximately
radial (ie., perpendicular to the local separatrix) vs poloidal (ie., along
the local separatrix) planes with 64 x 80 pixels at 400 000 frames/s
(2.5 us/frame). The GPI camera frame covers an area 24 cm radially
and 30 cm poloidally centered ~20 cm above the outer midplane™
near the separatrix. Most of this GPI light emission occurs within

R (o700

' B-field line =" :
(approx.) x\
i S ‘ o B'dot
rare - coil

FIG. 1. Photograph inside the NSTX vessel showing the GPI diagnostic geometry
and the B-dot coil used for analysis in this paper. The Dx light emission from the
GPI gas puffer located just above the outer midplane was viewed from the GPI
viewport located just below the outer midplane. The B-dot coil was below the outer
midplane at the wall ~30° toroidally from the GPI gas puffer. This coil was chosen
to be as close as possible to the magnetic field line going through the GPI gas
cloud, as indicated (approximately) by the yellow dashed line.
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+5-10cm of the separatrix, where the electron temperature is high
enough to excite the Do line but low enough so that the neutrals are
not completely ionized (typically within T, ~ 10-200€V). The GPI
gas puff in NSTX occurs over ~50 ms, but for this paper, only 10 ms
near the time of peak signal is analyzed.

The Do light emission seen in GPI fluctuates due to the local
electron density and temperature variations, including both turbulent
and coherent (i.e, MHD) fluctuations. Thus, it is not surprising that
the GPI signal fluctuates in phase with an edge MHD mode; however,
it is surprising that localized blobs are correlated with the large-scale
MHD, which motivates this paper.

Various issues and assumptions in the interpretation of these
GPI images were discussed in a recent diagnostic review paper.*’ For
example, the present blob analysis is done using the Da light emission
images with no attempt to unfold the underlying electron density fluc-
tuations, and the spatial resolution of the system can be affected by
slight misalignments of the camera view with respect to the local field
line. The neutral density fluctuations due to the turbulence itself might
affect the space-time structure of the Do line emission, and the GPI
data alone are not sufficient to determine turbulent transport since the
density and radial velocity fluctuations are not directly measured.
However, the present GPI analysis is well suited for the identification
of blobs and coherent edge fluctuations within its field of view.

The MHD data used in this paper came from a single magnetic
field fluctuation sensor (Mirnov coil HNO), which measured the rate
of change of the vertical magnetic field (B-dot signal). This coil was
located ~50 cm below the outer midplane and ~30° toroidally from
the GPI image plane, as illustrated in Fig. 1. The location of this coil
was chosen to be as close as possible to the magnetic field line going
through the GPI gas cloud center, as indicated in Fig. 1. This coil was
located on the vessel wall at a distance of about ~1.2 m from the GPI
gas cloud and approximately along the angle of the GPI view (36° ver-
tically). This coil location produced the highest cross-correlations with
blobs seen in GPI among a toroidal array of similar coils at the same
height (see Sec. IV E). The frequency response of these coils was over
1 MHz, but the B-dot data for this paper were bandpass filtered to
within a frequency range of 1-10 kHz, in which the MHD period was
comparable to the ~100 us lifetime of the blobs. The small hardware
timing difference between the GPI camera and B-dot coils was not
measured directly, but the maximum cross correlations were evaluated
using a much larger variable lag time of up to =500 us. There was no
effect of the GPI gas puff on the magnetic signals analyzed in this

paper.

TABLE I. NSTX parameters.

scitation.org/journal/php

Typical parameters for the NSTX database used in this paper are
shown in Table I, including plasma current I toroidal field By, line-
averaged electron density n,, total stored energy W4, and neutral
beam injection (NBI) power Py, The first two columns describe
the shots from 2010 runs that are used in Secs. I1I B-IITF to illus-
trate the MHD-blob correlation phenomenon. The left column is
for a set of 7 similar shots selected to have a “high MHD-blob
correlation,” and the middle column is for a different set of 7 simi-
lar shots selected to have a “low MHD-blob correlation.” These
two sets of shots are in H-mode and Ohmic plasma states, respec-
tively; however, not all H-mode shots have a high MHD-blob cor-
relation. These are the same shots used previously to study the
statistics of blobs in H-mode shots and Ohmic plasmas,38 but the
correlation between MHD activity and large blobs in the H-mode
shots was not noticed at that time.

A wider database of 223 shots with GPI data from the same run
is discussed in Sec. III G, with parameters shown in the right column
of Table I. These 223 shots include all the available shots with both
GPI blob data and MHD data from 2010, and represent the general
behavior of NSTX shots from this run. These include 40 Ohmic shots
with auxiliary power Py, <0.1 MW, 117 shots with Py, > 2MW
(which are mostly in H-mode), and 66 shots with P, = 0.1-2 MW,
which are a mixture of L-mode and H-mode plasmas. The auxiliary
power included RF on 28 shots and NBI on 154 shots.

lll. EXPERIMENTAL RESULTS

The main goal of this section is to describe experimental results
that demonstrate a cross correlation between large blobs as seen in the
GPI signal and MHD activity as seen in the magnetic sensors. To grad-
ually and systematically lead up to this result, we will present three dif-
ferent types of cross-correlation analyses for each of three different
datasets. Subsection III A gives an overview of the data and analysis in
Sec. I11. Discussion of the physical interpretation of these results is pre-
sented in Sec. IV.

A. Overview of data and analysis

We use three different types of cross-correlation analyses in this
section. The first two correlation analyses compare the GPI signal level
and its peak radius to the MHD signals, while the third (and most
interesting) correlation analysis compares the large blobs with the
MHD signals. We also use three different datasets to systematically
present the results. The first dataset contains just two sample shots for

High MHD-blob corr.

Low MHD-blob corr. 223 shot database

Shot type H-mode Ohmic Mixed
Shot # range 140389-395 (7 shots) 141746-756 (7 shots) 137582-142275
Time (ms) 532-547 212 128-814
I, (kA) 830 830 600-1200
B, (kG) 49 3.6 34-54
n(cm™) 52 x 10" 1.6 x 10" 1.3-7.2 x 10"
Wona (&) 220 32 18-344
P,,, (MW) 40 0 0-6.0
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(a) GPIframes un-normalized (#140390)

radial

poloidal

ARTICLE scitation.org/journal/php

(b) GPI frames normalized (#140390)

radial

poloidal

FIG. 2. An example of showing the 2D motion of large blobs within the GPI camera view during a shot with high MHD-blob correlation (#140390). Each frame covers 24 cm
radially (horizontal) and 30 cm poloidally (vertical), with 15 us (6 camera frames) between each image. The images in (a) are un-normalized raw camera data, while the images
in (b) are normalized by a time-average image and plotted with a color scale ranging from 0 (black) to 8 (white), with 4-6 as green. The separatrix is shown by the dashed
line, the radially outward direction is to the right, and the downward blob motion is in the ion diamagnetic direction.

illustration, the second dataset contains 7 similar shots of each of these
types to demonstrate the reproducibility of these results, and the third
dataset has the widest possible sample of 223 shots from the 2010
NSTX run (see Sec. 1I).

We start in Sec. III B with an example of the raw GPI imaging
data that are the basis of this analysis. The example used in Fig. 2 is
chosen from a shot that will later be shown to have large blobs cor-
related with MHD activity. Section III C and Figs. 3-5 give initial
evidence for the cross correlations between the GPI signal level
and its peak radius with the MHD signal for the shot of Fig. 2 and
compare this with a shot that does not show such correlations.
Note that these two cross correlations are made using the GPI sig-
nals but not yet using the large blobs. Section IIID and Fig. 6
define the large blobs in the context of this paper and illustrate
their trajectories for the two sample shots, while Fig. 7 of Sec. ITI D
shows the good reproducibility of these blob velocities for the 7
similar shots of each type. Note that these two sets of seven shots
were previously used for a study of blob statistics in NSTX,™ so
the previous detailed description of the blob statistics and profiles
can be applied in the present paper.

Section IIIE presents the most important result of this paper,
namely, the correlation between large blobs and MHD activity. Figure
8 illustrates this correlation using the two sample shots of Fig. 3, and
Fig. 9 shows the periodicity of these large blobs at the MHD frequency.
Figure 10 shows explicitly a cross-correlation function between large
blobs and the MHD signals for the two sample shots (i.e., the “blob-
bdot correlation”), and Fig. 11 gives all three cross-correlation coeffi-
cients for the 7 similar shots of each type, again showing their good
reproducibility. Section III F shows (for the sake of completeness) the
variation of the blob-bdot correlation as a function of the blob thresh-
old amplitude. Finally, Sec. Il G presents all three GPI vs MHD cross-
correlation coefficients for the wider database of 223 shots in Fig. 12,

along with various parameter scaling trends in Fig. 13 and a few exam-
ples from the wider database in Fig. 14.

Since the description of these correlation results is the main goal
of this Sec. 11, we chose not to present in this section the MHD mode
spectra and toroidal mode structure but instead point the interested
reader to Sec. IV A and Figs. 15 and 16 for a discussion of these data in
connection with the physical interpretation of these results. As men-
tioned in the Introduction, the MHD modes in the relevant range of
1-10kHz have a toroidal MHD mode number in the range n=3-5
and are localized in the edge pedestal region. Although clearly relevant,
a full characterization of the MHD activity is beyond the scope of the
present work, except for the limited information in Sec. IV A.

B. Example of large blob formation during MHD
activity

Figure 2 shows a time sequence of 24 GPI image frames of Du
emission over 350 us for a shot with MHD activity (#140390). The
same frames are shown in both Figs. 2(a) and 2(b), but those in (a) are
un-normalized raw camera data, while those in (b) are normalized
(i.e., divided by) the time-averaged frame over 10 ms. The time separa-
tion between images for both is 15 us (i.e., 6 camera frames), and the
spatial scale of each frame is 24 cm radially (ie., horizontal) by 30 cm
poloidal (vertical). The color scale in Fig. 2(a) is linear with black-to-
white ranging from 0 to 1000 counts, and for the normalized images
in Fig. 2(b), it is linear from 0 to 8, where white is 8 and green is ~4-6.
The magnetic separatrix (EFIT02) is shown by the dashed white line.

The first large blob in this sequence can be seen most clearly in
the normalized images of Fig. 2(b), starting at the top of frame #4 just
outside the separatrix and ending about frame #12, during which its
peak normalized amplitude is always above 4 (green) and often above
8 (white). This blob moves downward poloidally (ion diamagnetic
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(b) low MHD-blob correlation (#141749)
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FIG. 3. Comparison of GPI and B-dot signals from two shots, the one at the left in (a) with high MHD-blob correlation (#140390) and the one at the right in (b) with low MHD-
blob correlation. The timescale shown for both cases is 10 ms near the peak of the GPI gas puff. The top panel shows the time dependence of the average GPI signal levels
over the entire frame, and the second panel shows the same signals after high-pass filtering and normalization (GPIsig). The third panel (red) shows the radial location of the
peak of the GPI signals measured with respect to the local separatrix (Rpeak), and the bottom panel (blue) shows the B-dot signal level, after filtering between 1 and 10 kHz.
There are clear modulations in the GPlIsig and Rpeak signals along with the B-dot signals at ~4 kHz in shot (a), while there are no clear coherent oscillations in shot (b).

direction) and outward radially for about 100 us. A second large blob
starts at about frame #19 and also moves downward and outward
through the last frame in this sequence. The time between the start of
these two blobs is close to the MHD period, as discussed below. Note
that the normalized amplitude, area, and shape of these large blobs
vary considerably over their lifetime.

C. Evidence for correlation of the GPI signal with MHD
activities

Figure 3 compares GPI and MHD signals from two different
shots, one shot with a “high MHD-blob correlation” in Fig. 3(a)
(#140390) and the other with a “low MHD-blob correlation” in Fig.
3(b) (#141749). The actual calculation of the MHD-blob correlations
will be discussed in Sec. 11 E, but for the moment, these shots will be
referred to this way without yet specifying the magnitude of these cor-
relations. These data are shown for a 10 ms period near the peak of
the GPI gas puff, which occurred during the steady-state, constant
current portion of these discharges. The shot in (a) is a NBI-heated
H-mode plasma, and the shot in (b) is an Ohmic plasma (see Table I
for parameters). The overall blob statistics in similar shots were dis-
cussed in detail in Ref. 38.

The top panels in (a) and (b) of Fig. 3 show the time dependence
of the GPI signal level averaged over the entire image frame (see Fig. 2),
and the second panels show a high-pass version of this signal after a
smoothed version (by 200 frames or 0.5 ms) was subtracted, followed
by normalization (division by) the smoothed signal. This normalized
high-pass version of the total GPI light emission vs time will be called
“GPIsig” below. For the shot with a high MHD-blob correlation in Fig.
3(a), these second panels show a coherent fluctuation at ~4 KHz with a
modulation amplitude of about +30% (peak-to-peak), while for case
with a low MHD-blob correlation in Fig. 3(b), there are large but
random-looking fluctuations with no clear period. The third panels (in
red) show the radial (i.e, horizontal) location of the peak of the GPI
signals measured with respect to the local separatrix, averaged over
vertical image rows 10-70 (of 80). This radial location of the peak GPI
signal with respect to the separatrix vs time will be called “Rpeak”
below. These modulations in “GPIsig” and “Rpeak” can also be seen in
the images of Fig. 2(a), where the time range of Fig. 2 is shown by the
small green boxes in the middle panels of Fig. 3(a).

For the case with a high MHD-blob correlation in Fig. 3(a), there
is a near-periodic modulation of up to ~4 cm (peak-to-peak) in the
radial location of the peak GP1I signal location, while in Fig. 3(b) with a
low MHD-blob correlation, there is no such modulation. The bottom

Phys. Plasmas 27, 052505 (2020); doi: 10.1063/5.0006515
Published under license by AIP Publishing

27, 052505-5


https://scitation.org/journal/php

Physics of Plasmas

(a) high MHD-blob correlation

GPIsig spectrum

‘ T T T | T T T | T T T ‘ T T T

3.8 kHz 140390

o
=)

el b b b

TTT[TIT[TIT[TTT] 77T

0 2 4 6 8
frequency (kHz)

(=]

Rpeak spectrum

Rpeak power

gL e e oD
L O

0 2 4 6 8 10

frequency (kHz)

Bdot spectrum
QO020F T T T [ T T T [ T [ T T T [ T T T4
5 0.0015F =
g = E
o C =
S 0.0010}~ 3
° = &
e = =
© 0.0005 — =
0.0000E 11 3

0

frequency (kHz)

ARTICLE scitation.org/journal/php

(b) low MHD-blob correlation

GPlsig spectrum
T T ‘ T T T ‘ T T T ‘

T

2
=)

~
~
~
<o)

I N R ARl A

?

(=]
N

4 6
frequency (kHz)

oo
O

Rpeak spectrum

0.5

Rpeoak power

090 0 o o
[=JRES TR TS

frequency (kHz)

Bdot spectrum
Q0020F T T T [ T T T [ T T T [ T T T [ T 1T

0.0015

0.0010

Bdot power

0.0005

[EETN SRR RNRNE RN

%

0.0000

(=]
N

4 6 8
frequency (kHz)

(=]

FIG. 4. Power spectra vs frequency within 110 kHz for the second and third and fourth panels in Fig. 2 for both shots. For (a) with high MHD-blob correlation, there is a clear
peak at 3.8 kHz in the GPI signal level “GPIsig” (top), the GPI peak radius “Rpeak” (middle), and the B-dot signal (bottom), but there are no clear peaks in the shot low MHD-

blob correlation in (b).

panels of Fig. 3 (blue) show the magnetic fluctuation (or “B-dot”) sig-
nal from the coil nearest to the GPI diagnostic along a B-field line (see
Sec. 1I), after filtering within a frequency range of 1-10 kHz. There are
clear modulations in the B-dot signal at ~4 kHz in (a), while there are

(a) high MHD-blob correlation
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no clear coherent oscillations in (b). Thus, Fig. 3 shows evidence for
an oscillation in both the GPI signal amplitude and the GPI radial
peak location at nearly the same the frequency as the MHD activity.
Although such an MHD-induced modulation has not been

(b) low MHD-blob correlation
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FIG. 5. Cross-correlation function between the GPI peak radius (Rpeak) signals and B-dot signals used for the spectra of Fig. 3. The peak of the cross-correlation function
(within a lag time range of 500 us) for the shot high MHD-blob correlation in (a) was is 0.83, while the peak for the shot with low MHD-blob correlation in (b) was only 0.19.
There is a clear oscillating cross-correlation function in (a) with a period of ~0.26 ms (3.8 kHz), while there is no clear oscillation in the cross-correlation function of the shot in
(b) without low MHD-blob correlation. This demonstrates the correlation between the GPI signals and MHD signals in the shot with high MHD-blob correlation in (a).
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FIG. 6. Large blob tracks for 10 ms periods in shots (a) with high MHD-blob correlation (#140390) and (b) with low MHD-blob correlation (141749). For both cases, the blob
trigger threshold was at a normalized amplitude of T=4. The first frame in each track is marked with a square, and the subsequent symbols are separated by 1 frame
(2.5 us). The radial distance is measured with respect to the local separatrix, and the vertical dashed lines show the radial range over which the search is made for the blob
trigger. There were 27 blob tracks in (a) and 25 tracks in (b), all of which moved radially outward to the right and almost all of which moved downward (ion diamagnetic drift
direction). The blob tracks were strikingly self-consistent for the shot with high MHD-blob correlation.
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FIG. 7. Average radial vs poloidal velocities for all large blobs in 7 H-mode shots
high MHD-blob correlation (purple) and seven shots with low MHD-blob correlation
(green). For all cases, the blob trigger threshold was at a normalized amplitude of
T =4. Each point represents the average velocity from the start point to the end
point of a single blob. These average velocities are much more self-consistent for
the shots with high MHD-blob correlation.

documented previously for NSTX GPI data, it is relatively common
and not too surprising since an edge MHD mode will modulate the
local electron temperature and density profiles, which will then modu-
late the GPI amplitude and radial profile (see Sec. IV B).

Figure 4 shows the frequency spectra within the range of
1-10kHz for the second (GPI signal), third (GPI peak radius), and
fourth (B-dot) panels of Fig. 3 for both shots. This frequency range
was chosen to match the measured blob lifetime of ~100 us and
excludes a stronger higher frequency mode at ~16 kHz, which is not
correlated with blobs (see Sec. IV A). For the shot with a high MHD-
blob correlation in Fig. 4(a), there is a dominant peak at 3.8 kHz in the
power spectrum of the GPI signal (top), the GPI peak radius (middle),
and the MHD signal (bottom), with smaller peaks at ~5 and 2.5 kHz.
However, for the shot with a low MHD-blob correlation in Fig. 4(b),
there are no dominating peaks in either the GPI or MHD spectra in
this frequency range.

Figure 5 shows the cross-correlation function between the GPI
peak radius (Rpeak) signals and B-dot signals used for the spectra of
Fig. 4. Both signals were re-binned into 10 000 point time series (1 us/
step) to perform this correlation. The peak of the cross-correlation
function for the shot with a high MHD-blob correlation in (a) is rela-
tively high (0.83; within a =500 us lag time), while the peak for the
shot with a low MHD-blob correlation in (b) is relatively small (0.19).
There is clearly an oscillating cross-correlation function in (a) with a
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FIG. 8. Timing of blob events (black on/off pulses) along with the B-dot (blue) and peak GPI radius Rpeak (red) signals for the two shots in Fig. 6. The 27 large blobs in Fig.
8(a) with high MHD-blob correlation all occur near a local maximum in the radius of the peak GPI signal and have a periodicity similar to the B-dot signal. The 25 large blobs
in the shot with low MHD-blob correlation in Fig. 8(b) have a more irregular timing and do not seem to correlate well with the MHD signal.

period of ~260 us (ie., 3.8 kHz), while there is no clear oscillation in
the cross-correlation function of the shot in (b). This demonstrates
explicitly the correlation between the GPI peak radius Rpeak and B-dot
signals in the shot in (a). The lag time of the peak in (a) is 60 us, which
depends on the exact phasing of the B-dot and GPI signals (see Sec. IV).

The conclusion from this section is that the GPI signal level and
its peak radial position can be highly correlated with the low frequency
coherent MHD. This is not too surprising since the GPI signal
depends on the local electron density and temperature, which are
modulated by the MHD (see Sec. IV B). What is surprising is that
mesoscale blob formation can also be correlated with the large-scale
MHD activity, as illustrated in Secs. III D and 11 E.

D. Large blob trajectories

In this section, we describe statistics and trajectories for large
blobs for the two types of shots in Table I. The focus here is on com-
paring the set of seven shots with “high MHD-blob correlation” to the
set of seven shots with “low MHD-blob correlation.” As mentioned
previously, the actual calculation of the MHD-blob correlations will be

discussed in Sec. IIIE, but for the moment, these datasets will be
referred to this way without yet specifying the magnitude of these
correlations.

Since there is no precise physics-based definition of a blob, the
algorithm used to define and track blobs has varied with different diag-
nostics and applications. The simplified algorithm used for the present
paper is described in detail in Appendix A. This algorithm focuses on
large amplitude blobs with a normalized GPI signal amplitude thresh-
old of at least 4 times the time-averaged value at the pixels of interest
(i.e., T=4), which attain a relatively large area of at least 14 cm?
(N=100 pixels) above the threshold sometime during its lifetime.
This algorithm finds only the largest blob within the GPI frame at
each time and follows this blob from its trigger time when at an area
of 14 cm? back in time to its start at a small area (1.4 cm?) and forward
to its end at this same small area, as illustrated in frames #4-12 in Fig.
2(b). The normalized blob amplitude contours at T = 4 are fit by ellip-
ses, and the ellipse centers are tracked vs time, as discussed in
Appendix A.

Figure 6 shows the tracks of the centers of all large blobs within a
10 ms period for the shot with high MHD-blob correlation in (a)
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FIG. 9. Waiting time distribution between large blob triggers for the set of 7 similar shots with high and low MHD-blob correlations, using the same blob dataset as in Fig. 7.
There is a clear peak in the waiting time distribution of Fig. 8(a) in the bins centered at 200-250 us, which is consistent with the average frequency of the dominant MHD peak
of 4.3kHz in these seven shots (average period, 230 us). For the case with low MHD-blob correlation in Fig. 8(b), there is no clear peak and only a broad waiting time

distribution.

(#140390) and the shot with low MHD-blob correlation in (b)
(#141749). This plot shows a map of the same GPI frames as in Fig. 2
but with the horizontal coordinate re-scaled as the radial distance with
respect to the local separatrix (measured at the vertical center of the
image) and the vertical scale as the relative poloidal (i.e., binormal) dis-
tance in this image. The start frame of each blob track is marked with
a square symbol, and subsequent symbols in each blob track are sepa-
rated by 1 frame time (2.5 us). In case (a) with high MHD-blob corre-
lation, there were 27 blob tracks (counting only blobs lasting more
than three frames), each shown in a different color, and in case (b)
with low MHD-blob correlation, there were 25 such tracks. All these
blob tracks moved radially outward (to the right), and almost all

(a) high MHD-blob correlation
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moved downward (ion diamagnetic drift direction). The dashed lines
show the radial range over which the search was made for the blob
trigger (see Appendix A).

The 27 large blob tracks for the shot with high MHD-blob corre-
lation in Fig. 6(a) show a surprising self-consistency in their direction
of motion, velocity, and radial location, compared to the shot with low
MHD-blob correlation in Fig. 6(b). The trajectories with low MHD-
blob correlation in Fig. 6(b) are considerably more diverse; for exam-
ple, several blobs in Fig. 6(b) switch from nearly poloidal to nearly
radial motion, and several blobs reverse their poloidal direction. The
blobs with low MHD-blob correlation are also born nearer to the sepa-
ratrix than in the case with high MHD-blob correlation.

(b) low MHD-blob correlation
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FIG. 10. The cross-correlation between the blob timing signals and the B-dot signals for the shots of Fig. 8. There is a clear modulation of the cross-correlation function at
3.8kHz in (a) with high MHD-blob correlation, with a relatively high maximum cross-correlation coefficient of 0.58. However, there is no significant cross correlation in (b) with
low MHD-blob correlation, with a maximum cross correlation of 0.15 (absolute value). These results look similar to those of Fig. 5 in which the GPI signal level was cross-
correlated with the B-dot, but here the discrete blob signal is used for cross correlation with the B-dot.
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FIG. 11. The absolute values of the maximum of the cross-correlation functions for
the three GPI vs B-dot cross-correlations, as evaluated within a lag time of =500 us.
The horizontal axis is the maximum cross correlation between the continuous GPI
signal levels and the B-dot signal levels. The solid filled symbols show a maximum
cross-correlation coefficient between the blob pulses and the B-dot signals, which for
the seven shots with a high MHD-blob correlation was 0.56 = .04 and for the seven
shots with a low MHD-blob correlation was 0.14 == . 03. The open symbols show the
maximum cross correlation between the Rpeak signals and the B-dot signals, which
for the seven shots with a high MHD-blob correlation was 0.80 = 0.03 and for the
seven shots with a low MHD-blob correlation was 0.20 = 0.05.

To check the results of Fig. 6(a) with a larger database, Fig. 7
shows the average radial and poloidal blob velocities for two sets of 7
similar shots, one set with high MHD-blob correlation including the
shot in Fig. 6(a) (ie., #140389-140395) and the other set with low
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MHD-blob correlation including the shot in Fig. 6(b) (i.e., #141746,
47, 49, 51, and 54-56). All shots were analyzed exactly as in Fig. 6 with
a blob amplitude trigger threshold of T =4 and N = 100 pixels over a
time period of 10 ms. Each point represents the average velocity evalu-
ated from the start point to the end point of each blob, assuming that
the radial is horizontal and the poloidal is vertical within the GPI
image.

The seven shots with high MHD-blob correlation (purple) in
Fig. 7 had a total of 210 blobs (with a lifetime > 3 frames), and the
seven shots with low MHD-blob correlation (green) had a total of 152
blobs (> 3 frames). The average velocities are much more self-
consistent for the shots with high MHD-blob correlation, as also seen
in the trajectories of Fig. 6. The average blob velocities for the shots
with high MHD-blob correlation were V,,q = 0.69 = 0.13km/s and
Vpor = —0.86 * 0.31 km/s, and with low MHD-blob correlation, they
were Vi,q = 0.80 = 0.43 km/s and V,,q; = —1.8 = 1.2 km/s. The statis-
tical variation (standard deviation) in these blob velocities was at least
3 times smaller for the shots with high MHD-blob correlation com-
pared to the shots with low MHD-blob correlation, demonstrating the
self-consistent motion of the large blobs for shots with high MHD-
blob correlation. This self-consistency is even greater for larger blobs,
as shown in Sec. IV E, since many of the blob velocities in Fig. 6(a)
are somewhat higher shortly after their birth when these blobs are
relatively small.

We note that some of the differences in blob trajectories of
Fig. 7 between the two sets of seven shots were also seen in a pre-
vious paper,”® in which the statistics of all (not just large) blobs
were analyzed in the same two shots in the context of Ohmic vs
H-mode plasmas. There the set of all blobs in the H-mode shots
(with high MHD-blob correlation) also had a smaller spread in
poloidal and radial velocities than the Ohmic shots (with low
MHD-blob correlation) and perhaps more regular consistent
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FIG. 12. Data from the wider database of 223 shots discussed in Sec. Il G. In (a) is the blob-Bdot cross correlation vs the GPlIsig-Bdot correlation, including the seven shots
with high MHD-blob correlation marked in purple and the seven shots with low MHD-blob correlation marked in green. There are 21 shots with a significant cross-correlation
level of 0.3, indicated by the dashed line. In (b) is the Rpeak-Bdot cross-correlation level for the same shots, showing a nearly linear relationship. The shots marked “A” and

“C” are used as examples in Fig. 14.
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FIG. 13. Variations of the blob-Bdot cross-correlation coefficients on various parameters in the wider database of 223 shots. In (a) is the dependence on the total stored plasma
energy Wtot (kJ) at the time of interest, in (b) is the dependence on the outer midplane separatrix radius Rse, (cm), and in (c) is the dependence on the amplitude of the peak
magnetic fluctuation level. In (d) is the standard deviation of the fluctuations in the Rpeak radius over the 10 ms time of interest, in () is the peak MHD frequency in the range
of 1-10 kHz, and in (f) is the number of large blobs detected in the 10 ms time of interest. In (a) and (b), the data are labeled as Ohmic or H-mode shots, with a few transition-

ing cases labeled as “uncertain.”

trajectories. As mentioned in Sec. II, it was not noticed at the
time of the previous paper that there was a correlation between
MHD activity and blobs in these H-mode shots. As mentioned in
Appendix A, the total number of large blob trajectories found in
these seven shots was 210, whereas the total number of all blob
trajectories analyzed in Ref. 38 was 820, so the present paper ana-
lyzed only the largest 25% of all blobs. Further analysis of the
blob velocities as a function of the blob threshold amplitude is
presented in Sec. IIL F, where it is shown that the spread in blob
velocities becomes larger when the blob threshold level is reduced
(Table 1), consistent with the smaller spread in blob velocities in
Fig. 7 compared with Ref. 38.

E. Correlation of large blobs with MHD

Figure 8 shows the start-to-end times for all the large blobs of
Fig. 6 in the form of discrete on/off pulses (black), along with the GPI
peak radial location “Rpeak” (red) and B-dot signals vs time (blue) for
the shots with high MHD-blob correlation (#140390) and low MHD-
blob correlation (#141749). This 1-10 kHz bandpass version of the B-
dot signals shows the dominant 3.8 kHz mode in Fig. 4(a). Note that
the blob start and end times are defined using a local amplitude

criterion for the normalized GPI signals (Appendix A), whereas the
GPI peak radial location Rpeak is defined using the average values of
the unnormalized GPI signals vs radius. Thus, the blob center motion
can be entirely outward as in Fig. 6(a), while the Rpeak motion is oscil-
latory in radius as in Fig. 8(a).

The 27 large blobs in Fig. 8(a) with high MHD-blob correlation
all occur during outward radial excursions in the Rpeak signal (red)
and have a periodicity similar to the MHD signal (blue). However,
some of the ~38 cycles of the B-dot signal did not contain large blobs,
and occasionally, more than one blob occurred during an MHD cycle,
such as, in the beginning, near 527.2 ms. The number of large blobs in
the shot with high MHD-blob correlation was ~70% of the total num-
ber of dominant 3.8 kHz MHD mode periods. The 25 large blobs in
the shot with low MHD-blob correlation in Fig. 8(b) are more irregu-
lar in time, although there still seems to be some correlation of the
blob timing with the Rpeak signals.

Figure 9 shows the “waiting time” distribution between large
blob trigger times for the set of seven shots with high MHD-blob cor-
relations and seven shots with low MHD-blob correlation, using the
same blob dataset as in Fig. 7. There is a clear peak in the waiting time
distribution of Fig. 9(a) in the bin centered at 200-250 us, which is
consistent with the average frequency of the dominant MHD peak of

Phys. Plasmas 27, 052505 (2020); doi: 10.1063/5.0006515
Published under license by AIP Publishing

27, 052505-11


https://scitation.org/journal/php

Physics of Plasmas ARTICLE

(a) MHD but almost no blobs

T T

scitation.org/journal/php

T T T T T T T

T T T
T=4 139966

§ i
| ! L ! | L L L | L L | L L L | L
358 360 362 364 366
time (msec)
(b) Blobs but almost no MHD
- ' [ ' [ [ ' ' ' ' ' ' T=4 139045 —
T oo | =
g -2
5 —gmwx/v\/ww
LB
C | L L L L I | | L |
408 410 412 414 416
time (msec)
(c) Partial correlation of blobs and MHD
E ‘ T ' \ ‘ ‘ ' T=4 139430 -
T o Il | mun =
S LE N 13
H 27 U‘M \JM\JM P [ \m\} \A\! W M@
= _6: WA\ J\«/\,\/\ ’\/\/\/‘/\AV‘/‘/\'J‘/\/"\/"/\ f\/\/'u\f/\/ /V\/\V»/\/”V\n V] /\,J"\@
270 l ‘ 27‘2 K 27‘4 27‘6 I

time (msec)

FIG. 14. Three examples of interesting shots in the wider database. Part (a) shows a shot with a large amplitude MHD signal but almost no blobs (shot labeled “A™ in Fig. 12),
part (b) shows a shot with large fluctuations in Rpeak and some blobs but almost no MHD signal activity [shot labeled “B” in Fig. 13(d)], and part (c) shows a shot with a mar-

ginal level of blob-Bdot correlation (shot labeled “C” in Fig. 12).

4.3 £ 0.7 kHz in these seven shots (average period, 230 us). This sug-
gests that the large blobs could be correlated with the MHD periodic-
ity. For the case with low MHD-blob correlations in Fig. 9(b), there is
no clear peak in the waiting time distribution.

The direct cross correlation between the start-to-end pulses of
the large blobs and the B-dot signals for the two sample shots of Fig.
8 is shown explicitly in Fig. 10. There is a clear modulation in the
cross-correlation function in the case of Fig. 10(a) at ~260 us corre-
sponding to the peak frequency of 3.8 kHz in this shot, with a maxi-
mum cross-correlation coefficient (within a lag time of *500 us) of

0.58, which is relatively high. However, there is no clear correlation in
the sample shot of Fig. 10(b), with a maximum cross correlation of
—0.15. These results look similar to those of Fig. 5 in which the GPI
signal level was cross-correlated with the B-dot signal, but in this case,
the B-dot was correlated with the blob timing signal, which was a dis-
crete on/off time series and not a continuous function.

It is important to note that the maximum possible cross correla-
tion between a discrete blob pulse signal and a continuous B-dot signal
depends on the ratio of the blob lifetime to the MHD mode period
and on the fraction of mode periods that do not have blobs, as
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FIG. 15. Frequency spectrum of coherent modes in the B-dot coil signal used for
analysis in this paper as a function of time. The time and frequency ranges of the
GPI-MHD analysis are shown as a blue-shaded region. The dominant mode during
this time is n = 4, with smaller features at n=1, 3, and 5 in the frequency range of
1-10kHz. There is also a strong n =1 kink mode at 16 kHz, which is not included
in the correlation analysis.

discussed in detail in Appendix B. For the case of the shot in Fig. 8(a),
where the average blob duration was 82 us for 27 blobs in this 10 ms
period, the model of Appendix B would predict a blob-Bdot correla-
tion of ~0.6, based on a blob lifetime/MHD period of 0.3 (82 us/
263 us), and a fraction of periods without blobs of (12/38)= 30%.

140390 t=0.533590 s
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FIG. 16. Image of the lower divertor taken from a wide angle divertor camera using
neutral lithium light with an 8 microsecond exposure and a 20 kHz framing rate.
The divertor image was remapped as a function of the toroidal angle (horizontal
axis) and divertor plate radius (vertical axis). The localization of neutral lithium
emission to the divertor target plate surface enables the imaging of the intersection
of the flux tubes perturbed by the MHD mode with the divertor target plate. In the
divertor, the MHD mode appears as nested spirals (dominantly n =4 at this time)
rigidly rotating at the mode frequency. The outer strike point is at 36 cm.
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Thus, the measured blob-Bdot correlation for this shot of 0.58 is close
to that expected if the observed blobs were well correlated with a
coherent B-dot signal.

Figure 11 shows a summary of the three main cross-correlations
between the GPI data and the B-dot data based on the two shot groups of
Figs. 7 and 9. Each point of Fig. 11 gives the absolute value of the maxi-
mum of the cross correlation as evaluated within a lag time of 500 .
The horizontal axis is the maximum cross-correlation coefficient between
the total GPI signal level “GPIsig” (after high pass filtering and normaliza-
tion as in Fig. 2) and the B-dot signal, which indicates the overall extent
of modulation of the GPI signal with the magnetic activity. For the seven
shots with high MHD-blob correlation, the average cross correlation of
the GPI signal with the B-dot was 0.77 = .04, while for the seven shots
with low MHD-blob correlation, this average was 0.21 = .04. The solid
filled symbols show a maximum cross-correlation coefficient between the
discrete blob pulses and the B-dot signals, which for the seven shots with
high MHD-blob correlation was 0.56 * .04, while for the seven shots
with low MHD-blob correlation, it was 0.14 = .03. The open symbols
show the maximum cross correlation between the Rpeak signals and the
B-dot signals, which for the seven shots with high MHD-blob correlation
was 0.80 = 0.03, while for the seven shots with low MHD-blob correla-
tion, this average was 0.20 = 0.05. Thus, all three cross-correlations
between the GPI signals and B-dot signals were significantly higher in the
shots with high MHD-blob correlations.

It is interesting to determine how many large blobs are detected
for each MHD period. For the seven shots with high MHD-blob corre-
lation, the peak frequency of the MHD mode in the B-dot signals in the
analysis range of 1-10kHz varied from 3.7 to 52kHz. The average
number of blobs per MHD mode cycle varied from 0.46 to 0.81 in these
shots, with an average of 0.69, and the average lifetime of the blobs var-
ied from 68 to 83 s, with an average of 73 us. These average parameters
can be put into the blob-MHD correlation model of Appendix B to
predict the maximum possible blob-Bdot cross correlation. For an
average blob lifetime per MHD period of 73 us/230 us ~0.3 and an
average blob skip fraction of ~0.3, the expected blob vs B-dot cross
correlation is ~0.6. This is close to the average blob-Bdot correlation
of 0.56 = 0.04, indicating that the blob-Bdot correlation was near to
its maximum possible value for these shots.

The main conclusion from this subsection is that that there is a
distinct difference in the large blob statistics and trajectories between
shots with high and low MHD-blob correlations, as illustrated in Figs.
8(a) and 11. It is important to note that there is no reason why exactly
one large blob should be seen at every cycle of MHD activity within
this GPI field of view since this view covers only a range of poloidal
angles ~11° wide just above the outer midplane. Also, the mechanism
of the blob-MHD correlation is not yet clear, as discussed in Sec. I'V.D.

F. Variations with blob threshold amplitude

The analysis of Secs. III D and III1 E focused specifically on large
blobs with a normalized amplitude threshold of T = 4. For the sake of
completeness, it is also interesting to see how the MHD-blob correla-
tion varies with a larger or smaller blob amplitude threshold. Note that
a choice of the amplitude threshold T in this analysis does not exactly
define the blob amplitude, but only the minimum amplitude is used to
trigger the blob tracking process. However, the average blob amplitude
does increase with this threshold level. A study of the blob velocities vs
blob amplitudes for Ohmic vs H-mode plasma was previously
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TABLE II. Blob statistics vs blob threshold level T (seven shots with high MHD-blob correlation).

T (amplitude threshold) # blobs" (average) # short blobs” Vadial (km/s) Vooloidal (km/s) Blob vs. Bdot correlation
2 34 11 0.57 = 0.22 —1.37 * 1.2 0.33 £ 0.08
3 34 5 0.67 = 0.12 —0.93 = 0.40 0.54 = 0.06
4 30 2 0.69 = 0.13 —0.86 = 0.31 0.56 = 0.04
6 24 1 0.75 £ 0.14 —0.98 = 0.27 0.52 £ 0.03
8 14 0 0.78 = 0.13 —1.1 £0.26 0.40 = 0.09

*per 10 ms period per shot.

reported in Ref. 38, although not specifically as a function of MHD
activity.

The blob tracking analysis done for T=4 in Sec. I[IID was
redone for higher blob thresholds of T =6 and T = 8 using the same
seven shots with high MHD-blob correlation and the same pixel
thresholds (e.g., triggering when there are N = 100 pixels above T). As
shown in Table II, the total number of detected blobs (lasting >4
frames) decreased from 30 blobs/10 ms for T=4 to a significantly
lower 14 blobs/10 ms for T = 8. This is not surprising since the num-
ber of blobs generally decreases with their amplitude™ and since the
large blobs are also detected at the small amplitude thresholds. The
average blob velocities at T = 8 (as defined in Sec. III D) became some-
what larger and even more self-consistent than at T = 4, with standard
deviations of only *£17% in V,,q and =23% in V.. However, the
blob-MHD correlation coefficient was lower at T = 8 since there were
only about half the number of blobs detected than at T=4 (see
Appendix B).

At the lowest blob threshold level of T =2 in Table II, the blob
tracks became more irregular, with larger variations in their velocity
and smaller MHD-blob correlations than at T = 4. At this low thresh-
old level, many of the triggered blobs were stopped short at <4 frames
(as shown in the second column), mainly due to large jumps of the
blob centers caused by the presence of other blobs in the same frame
(see Appendix A). Thus, the highest correlation of the blobs with the
Bdot signal occurred for blobs with T = 4, with somewhat lower corre-
lations for T =3 and T = 6. This motivated the assumption of T =4
used for the analysis of Sec. I1I B-III E.

G. Wider database

Figure 12 shows the three GPI vs MHD cross-correlation coeffi-
cients as analyzed in Fig. 11 but now for a wider database of 223 shots
(see Table I). These 223 shots were selected from the full 300 shot
2010 database of good GPI data, removing only shots with no mag-
netic sensor data (60 shots) and shots with no large blobs within the
analysis time interval (21 shots).

The seven shots previously used for Figs. 7, 9, and 11 with high
and low MHD-blob correlations are shaded in purple and green,
respectively. As in Fig. 11, these plots show the absolute value of the
maximum value of the blob-Bdot and Rpeak-Bdot cross correlations
within a =500 us lag time, which corresponds to at least one period of
the filtered B-dot signal range of 1-10 kHz. The blob events are all trig-
gered as in Sec. IIID at a threshold amplitude of T=4 and area
N = 100 pixels within the radial range outside the separatrix, but some
shots have a larger separatrix radius and a smaller radial triggering

width. Shots with ELMs and other large transient events during the 10
ms times of interest have been excluded from this database.

The plot in Fig. 12(a) shows the maximum blob-Bdot cross cor-
relation for the 223 shots vs the GPIsig-Bdot correlation coefficient
(i.e., the relative influence of the MHD on the GPI signal level). The 7
points “with high MHD-blob correlation” previously used for Fig. 11
(purple dots) are among the shots with the largest blob-Bdot correla-
tion in this database, and the 7 points “with low MHD-blob
correlation” (shown with green dots) are in the group with a small
blob-Bdot correlation. There are 21 shots (9%) with a significant level
of blob-Bdot cross correlation above about 0.3 (dashed line) and 33
shots (15%) above a marginally significant correlation level of 0.23 (see
Appendix B). About 17% of the 223 shots had high GPIsig-Bdot corre-
lation levels of >0.5 (horizontal axis), and about 44% had a moderate
GPIsig-Bdot correlation of >0.3. It is interesting that some shots have
a high correlation between the GPI signal level “GPIsig” and the B-dot
signal (i.e., > 0.5 on the horizontal axis), but they do not have a high
level of blob-Bdot correlation, such as point A discussed below.

The plot in Fig. 12(b) shows the cross-correlation coefficient
between the fluctuations in the peak GPI radial location “Rpeak” and
the B-dot fluctuations, again as a function of the correlation coefficient
between the GPI signal level “GPIsig” and B-dot. The approximate lin-
ear dependence between these two correlations indicates that when
the GPI signal level is strongly modulated by the MHD, there is also a
high modulation in the peak GPI radial location. This is not too sur-
prising since the MHD mode modulates the edge density and temper-
ature, which modulates both the GPI signal and its radial location (see
Sec. IV B).

Figure 13 shows variations in the blob-Bdot cross correlation
with respect to several parameters in this wider database. The 21 shots
with significant correlations are all located above the dashed lines at a
correlation of 0.3. It is difficult to identify any clear parametric
dependences in this database since most shots have blob-bdot correla-
tion below the significant level.

Figure 13(a) shows that significant blob-Bdot correlation
occurred only for shots in H-mode with relatively high stored energy
Wiow as discussed in more detail in the paragraph below. Figure 13(b)
shows that the largest blob-Bdot correlations occur when the outer
midplane separatrix radius is relatively far from the outer wall (i.e., at
Reep = 141-147 cm) and not close to the wall as for RF heated shots
(Reep > 150 cm). Figure 13(c) shows the blob-bdot correlation as a
function of the amplitude of the peak magnetic fluctuation level of the
MHD mode, as discussed in more detail in Sec. IV A. Figure 13(d)
shows that the largest blob-Bdot correlations occur when the standard
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deviation of the Rpeak radius fluctuations is ~1 * 0.4 cm, i.e., with a
peak-to-peak radial modulation of about 3 cm, as in Fig. 3(a). Figure
13(e) shows that the largest blob-Bdot correlations occur when the
peak MHD frequency is ~3-6kHz, i.e., well within the 1-10kHz
range over which the Bdot signal is analyzed. Finally, Fig. 13(f) shows
that the largest blob-Bdot correlations occur when there are about
30 = 5 blobs detected during the 10 ms analysis period, i.e., about 0.6
large blobs per MHD period (as discussed in Sec. I1I E).

Figure 13(a) shows that all 21 shots with a significant blob-bdot
correlation level were in H-mode; however, most of the 137 shots in
H-mode did not have a significant level of blob-bdot correlations. The
reason why all high correlation shots were in H-mode is not yet clear.
Higher edge gradients as seen in H-mode can drive MHD instability,
but shots with the highest MHD level did not necessarily have the
highest blob-bdot correlation, as shown in Fig. 13(c). The cause of the
high blob-bdot correlation may have to do with the specific MHD
mode spectrum, as discussed in Sec. [V A.

Other results from this database (not shown) are as follows: (a)
the highest blob-Bdot cross-correlations occurred for an I/B ratio of
~0.15-0.2 MA/KG, which is in range when the GPI viewing angle is
well-aligned along the local field line; (b) the highest blob-Bdot cross-
correlations occurred at a moderate (i.e., not the highest) GPI signal
level; and (c) the average blob lifetime was ~70 % 8 us for the shots
with a blob-Bdot correlation of >0.3, which was somewhat higher
than the 57 = 15 us average for the blob lifetime in all shots in the
database, indicating that the blobs last somewhat longer for the shots
with large MHD-correlated blobs. The average number of blobs per
MHD period (i.e., inverse of peak frequency) for the 21 shots with the
highest blob-Bdot cross correlation was ~0.6.

Figure 14 illustrates three examples of interesting shots in this
wider database. Figure 14(a) shows shot “A” of Fig. 12(a), with 3 MW
of NBI at B=4.5kG and I=0.8 MA with 146k]J of stored energy
(#139966). This shot had the largest cross-correlation coefficient
between the GPI signal modulation and the Bdot signal (0.92), and the
largest cross correlation between the “GPIsig” and “Rpeak” signals
(0.93) but had a very low blob-Bdot cross correlation (0.08). This shot
had only one large blob and had a kink or tearing mode at ~8 kHz but
no EHOs. Figure 14(b) shows the shot marked by “B” in Fig. 13(d),
with 6 MW of NBI at B=4.9 kG and I = 1.0 MA with 260 k] of stored
energy (#139045). This shot had one of the largest fluctuation levels in
Rpeak (1.3 cm) but only a low level of blob-Bdot correlation (0.22),
since even though there were six large blobs and several large radial
excursions, there was no coherent MHD activity within 1-10kHz in
this case. Finally, Fig. 14(c) shows the shot marked by “C” in Fig.
12(a), with 0 MW of NBI (i.e., Ohmic) at B=4.4kG and I=0.9 MA
with 75KJ of stored energy (#139430). This shot had a marginally sig-
nificant level of blob-Bdot correlation (0.32) and GPIsig-Bdot correla-
tion (0.47), with a complex spectrum of B-dot fluctuations within
1-10kHz. This case seems to have some quasi-periodic blobs up to
276 ms (when there is small ELM) and illustrates a period of partial
blob-Bdot correlation.

We note in closing that the present results on correlations
between low frequency MHD and GPI are not related to the oscilla-
tions previously described as “quiet periods” in NSTX"' or to the small
amplitude oscillations observed in L-mode or before L-H transition in
EAST, which were observed by Mirnov coils.”” Those oscillations were
associated with few kHz poloidal (i.e., zonal) edge flows just prior to
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the L-H transition, whereas the present data showing blob-MHD cor-
relations were observed in H-mode plasmas well after the L-H transi-
tions. Note also that the MHD vs GPI correlations discussed in the
present paper are also not related to ELMs since they occur during
quasi-continuous MHD oscillations and not in periodic bursts.

IV. DISCUSSION

This section discusses in more detail some physical interpreta-
tions of these results. First, some properties of the MHD modes are
described in Sec. IV A, and then, the relationship between the MHD
and the GPI signals (not the blobs) is discussed in Sec. IV B. Section
IV C contains a discussion of the 3D structure and motion of blobs vs
MHD, Sec. IV D describes theoretical mechanisms for MHD-blob cor-
relation, and Sec. IV E discusses experimental factors affecting the
blob-MHD correlation.

A. Properties of the MHD activity

Figure 15 shows the coherent fluctuations vs time in the B-dot
coil used to monitor the MHD activity for the sample shot with high
MHD-blob correlation shown in Figs. 3-6 and 8 (#140390). The dom-
inant toroidal mode number at the time of interest in the 1-10kHz
range (shaded blue region) is n = 4 at 3.8 kHz, with smaller n=3 and
5 modes with a near constant frequency difference between the modes.
This type of MHD activity appears to be similar to the edge harmonic
oscillations (EHO) discussed previously for NSTX">** and other devi-
ces,”"° which were toroidally rotating magnetic perturbations with
multiple frequencies in the 1-10kHz range. There is also a larger
amplitude n=1 kink mode at ~16kHz, which was not correlated
with GPI signal modulation or blob formation in this shot.

Another view of the toroidal mode structure for shot #140390 is
shown in Fig. 16, which is an image of the lower divertor viewed in
neutral lithium light taken from a wide angle divertor camera with an
8 us exposure and a 20 kHz framing rate. The localization of neutral
lithium emission to the divertor target plate surface enables the imag-
ing of the intersection of the flux tubes perturbed by the MHD mode
with the divertor target plate. The divertor image was remapped as a
function of the toroidal angle and divertor radius, as described in Ref.
43. Similar patterns have been found previously for the divertor foot-
print of EHOs.”>** Those images show nested spirals with a periodic
spatial structure like that of the MHD (n =4, 5) moving with a con-
stant toroidal velocity, unlike the intermittent and short lived
(~100 us) spirals due to midplane blobs that were previously seen to
move radially outward in the SOL.* The dominant n=4 toroidal
mode can be seen in the upper part of this figure, where the flux sur-
face corresponding to the GPI center is about 84 cm and the outer
strike point separatrix is about 36 cm. The toroidal velocity of the
n =4 mode in this camera view is ~9 km/sec in the co-plasma current
direction (NBI direction), which is the same as the toroidal n=4
mode velocity determined by the Mirnov coils. Note that both this
camera and B-dot coils measure only outside the separatrix, and so,
they cannot directly determine the radial location of the mode inside
the separatrix. Data from the NSTX reflectometers previously showed
that EHO modes were localized within the steep pedestal gradient
region just inside the separatrix of this type of H-mode plasma.”

The relationship between the peak MHD fluctuation amplitude
0B and the blob-Bdot correlation is shown in Fig. 13(c) for the data-
base of 223 shots. The 21 shots with a significant blob-Bdot correlation
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>0.3 all had a moderately high 0B amplitude, but there were also 30
shots with a higher peak magnetic fluctuation amplitude but a smaller
blob-bdot correlation. Most of those 30 shots had a single large peak
in the range of 1-10 kHz, such as shot #139966 in Fig. 14(a), which
had a MHD kink or tearing mode but few blobs. Although H-mode
shots tended to have a larger peak MHD level than Ohmic shots, there
was no clear relationship between the peak magnetic fluctuation
amplitude and the blob-bdot correlation.

A qualitative evaluation of the MHD mode spectrum was made
for the 21 shots with the highest level of blob-MHD cross correlation
in the wider database. Most shots (16/21) had EHO-like modes in the
1-10 kHz range, although the 2 shots with the strongest EHO modes
did not have the highest blob-MHD correlations, and were not among
the seven shots with high MHD-blob correlation of Fig. 12.
Furthermore, in a few cases, kink modes were dominant in the
1-10kHz range, and there were at least 8 shots in the wider GPI data-
base, which had EHO-like modes, but no significant level of blob-Bdot
correlations (~0.1-0.25). Thus, the connection between EHO-like
modes and high blob-MHD correlation is not yet clear and requires
further investigation.

B. Relationship of MHD and GPI (not blobs)

The most surprising new result of this paper was the high MHD-
blob correlation in some shots, but it was also interesting that a signifi-
cant fraction of the wider database of Sec. III G showed a high cross
correlation between GPI signal modulation and MHD activity. About
17% of these shots had a high (>50%) correlation between the B-dot
signal and both the GPI signal and its peak radius, and almost half the
shots had a moderate GPIsig-Bdot correlation level (>30%), as shown
in Fig. 12(b). These high GPIsig-Bdot correlations can occur without a
significant blob-Bdot correlation, as shown, for example, by shot “A”
in Fig. 11(a) and illustrated in Fig. 14(a).

Correlations between the edge MHD activity and GPI signals are
not too surprising since the electron temperature and density are mod-
ulated by the MHD mode. Since the peak of the GPI (i.e., Do) signals
in NSTX plasmas occurs at Te =100 eV, the peak will move radially
in phase with the local Te in the GPI gas cloud. The GPI emissivity at
this peak depends on the local plasma density as modulated by the
MHD and on the neutral density, which increases with the radius in
the NSTX edge. Therefore, both the GPI Rpeak and its signal level
GPIsig will be modulated by the edge MHD. For the 37 shots with a
high (>50%) cross correlation between Rpeak and B-dot fluctuations,
the average cross correlation between the Rpeak and GPIsig was very
high (0.76), with an average lag time between the two of only 8 us at
peak correlation. Thus, for the shots with a high GPI-MHD correla-
tion, the Rpeak radius was closely in phase with the GPI signal level, as
expected from the above arguments. This relationship is also illus-
trated in Fig. 3(a).

Since, for cases with high MHD-blob correlations, there is also a
high correlation between the B-dot signals and the Rpeak signals, it is
interesting to consider whether this radial motion could cause the blob
formation and therefore be the cause of the MHD-blob correlation.
This is in fact the basis of two of the theoretical MHD-blob correlation
mechanisms outlined in Sec. IV D. However, there are also clear cases
in which outward Rpeak excursions are correlated with blob formation
but in the shots with low MHD-blob correlation, as illustrated in Figs.
8(b) and 14(b). In these cases, the formation and outward motion of
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the blob itself are apparently enough to cause the peak location of the
GPI signal to move outward, independent of any MHD-induced radial
motion. Thus, the Rpeak signal modulation cannot be viewed as a reli-
able indicator of the MHD-blob interaction.

C. 3D structure and motion of blobs vs MHD

It is well known that the structure of blobs is filamentary in 3D,
i.e., with a very long correlation length in the direction parallel to the
magnetic field in the tokamak scrape-off layer (SOL).* However, the
full 3D blob structure cannot be resolved using GPI since it only mea-
sures the local radial vs poloidal structure at one toroidal location. It
would be helpful to clarify the relationship between the 3D structure
and motion of the large blobs discussed in this paper with their corre-
lated MHD modes, especially since the blobs are on open field lines in
the SOL, while the MHD modes are centered on closed field lines
inside the separatrix.

One piece of information about this relationship is that the high-
est cross correlation between large blobs as seen in the GPI (just above
the outer midplane) and the toroidal array of 10 B-dot coils (just below
the outer midplane) was found for the B-dot coil nearest to the B-field
line going through the GPI view, as illustrated in Fig. 1 and described
in Sec. 1. This was at first somewhat surprising since the MHD mode
normally has a global mode structure. However, when there are multi-
ple n-modes (as here), the phase of the total magnetic perturbation
changes with the toroidal location, so the blobs can be best correlated
with the MHD when both are near the same B-field line.

The perturbations in the SOL as seen in the camera (Fig. 16)
rotate toroidally at the same velocity as the MHD mode in the plasma
edge, as seen by the toroidal array of magnetic coils. The toroidal
velocity of the dominant n = 4 mode in the SOL for a typical shot with
MHD (#140390) is Vtor ~ 27150 cm#3.8 kHz/n ~ 9 km/s in the co-
current (and co-NBI) direction, as measured by both the outboard B-
dot coils and the top-down camera. Thus, we might expect that the
poloidal (i.e., binormal) velocity of the MHD mode perturbation as
seen within the GPI viewing region (tilted at 36° with respect to the
toroidal direction) is Vpol ~ 5km/s. However, this is significantly
larger than the measured poloidal velocity of the large blobs of
Vpol=0.82 = 0.4km/s downward (Fig. 7). Thus, the large blobs as
seen in the SOL are at least somewhat decoupled from the ExB velocity
of the MHD mode and not frozen with it, although both move down-
ward in the ion diamagnetic direction.

This partial decoupling of the large blobs in the SOL from the
MHD mode is also evident from the finite lifetime of the blobs
(~75 us), which is only a small fraction (~0.3) of the period of the
dominant MHD mode, and from the unidirectional outward radial
velocity of the blobs. Thus, the observed blobs may be viewed as fila-
ments, which are “shaken off” by the MHD mode near the outer mid-
plane separatrix and which then propagate into and through the SOL
and are not frozen to the MHD mode. Although these large blobs are
highly correlated with an outward movement of the GPI Rpeak signal,
it is not yet clear at what phase of the MHD mode, the blob birth
begins, or whether every cycle of the MHD mode creates a blob. The
number of blobs observed in the GPI viewing region per mode cycle
averaged ~0.6 for the 21 shots with the best blob-MHD cross correla-
tion, but less than half of the outer midplane is viewed by the GPI

Finally, it is important to recall that the B-dot coils measure mag-
netic perturbations, whereas the GPI diagnostic measures mainly
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density perturbations, so these fluctuations may not have the same ori-
gin. Possible physical relationships between these fluctuations are dis-
cussed in Sec. IV D.

D. Theoretical mechanisms for MHD-blob correlation

A single compelling explanation for the observed MHD-blob cor-
relation is not yet apparent. Further data analysis and quantitative
modeling of the phenomena are beyond the scope of this paper.
However, in this section, we discuss a few possible mechanisms that
could, in principle, correlate MHD modes and blob motion: (i) local
pressure gradient increase, (i) MHD mode acceleration, (iii) MHD
mode radial velocity, (iv) MHD mode poloidal velocity and shear, and
(v) unidirectional blob current.

(i) Local pressure gradient increase—The driving mechanism for
blob propagation is generally attributed to curvature-induced charge
polarization in the presence of the blob’s internal pressure gradient."”
This is essentially the well-known MHD interchange mechanism in a
nonlinear blob-localized context. If a large-scale MHD mode is super-
imposed on the blob, then one might expect that the pressure gradient
of the MHD mode would add to the internal pressure gradient of the
blob, increasing the interchange drive and blob propagation velocity
and/or perhaps triggering its emission in the first place. Indeed,
avalanche-like processes for blob formation depending on local gra-
dients have been proposed.””**

(ii) MHD mode acceleration—If the MHD mode has a finite fre-
quency in the plasma frame, then it will shake the field lines on which
a nascent blob sits, back and forth in the radial direction. The emerg-
ing blob will experience this shaking as an acceleration of order da,,nq
~ > 0.4, where  is the MHD mode frequency and 6&,,q is the
amplitude of the radial displacement caused by the MHD mode. If
Oamng is comparable to the effective interchange acceleration for blob
motion, g = cSZ/R, then it is plausible that the MHD acceleration could
induce emission of a blob when the phase of the MHD mode is such
that da,,nq adds to g. For present experiments, this mechanism seems
too weak by at least an order of magnitude, even if the lab frame fre-
quency is of order o and §¢&,,q was as large as a few cm. It could be rel-
evant if one postulates a near-marginal condition for blob emission in
the absence of the MHD mode.

(iii) MHD mode radial velocity—Distinct from the MHD-mode-
induced pressure gradient, the MHD mode also provides an oscillating
background flow on which the blob sits. Estimating the MHD radial
velocity in the lab frame as 0V ypdrad = @ 0&1ag, Where @ ~ 27 3.8 x
10 s7! is now the frequency in the lab frame, and estimating 0&,,q ~
2cm [e.g, from Fig. 3(a), GPI peak radius], one finds a lab frame
velocity of 0Viyndraa ~ 0.5km/s, which is significant compared with
typical radial blob velocities shown in Fig. 7.

(iv) MHD mode poloidal velocity and shear—The MHD velocity
perpendicular to B is given by JE x B; therefore, 6V yndpol ~ 6Vinhd,rad
(Kead/kpo1)> Where kg and k) refer to the MHD mode. Measurements
of these wave-vectors are not available; however, since the mode has
a low toroidal mode number and radial edge scale lengths are short,
we expect ky,a/kpor > 1, which would imply that 6V ynd por could be
up to a few km/s and significant compared with typical poloidal
blob velocities shown in Fig. 7 (note that this poloidal velocity per-
turbation amplitude is distinct from the phase velocity of the mode
discussed in Sec. IV C). Furthermore, if the radial scale length of
OV imhd,pol is @ few cm, then the shearing time L;,q/0V mnq,pol could be
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of order 10 s or less and thus potentially participate in the velocity
shearing mechanism for blob formation.”""***

(v) Unidirectional blob current—Measurements on the MAST
device’' have shown that ELM filaments can carry a unidirectional
parallel current of order 190 A, comparable to the filament cross-
sectional area multiplied by the background plasma current den-
sity at the “birth” location of the filament. Subsequently, it was
proposed that electromagnetic interactions of current-carrying fil-
aments may influence their dynamics through J x B forces.”
Direct measurements of field-aligned current filaments associated
with blobs have also been made using magnetic probes in the RFX-
Mod reverse field pinch™ and in the simple magnetized torus
TORPEX.™ It is worth investigating whether similar currents in a
blob-filament could interact with MHD mode currents and if such
interaction could explain the observed correlations. The basic idea
is that the parallel currents in the blob and the mode behave quali-
tatively as current-carrying parallel wires. Depending on the rela-
tive direction of the currents (i.e., phase of the MHD mode relative
to the blob), an attractive or repulsive force exists on the blob,
which, if large enough, could trigger its emission at the correct
phase of the MHD mode. A rough order-of-magnitude estimate of
the strength of this mechanism follows.

Based on the B-dot measurements and the B-dot coil separation
from the plasma edge, it is estimated that the measured current pertur-
bation during blob emission is on the order of 50 A. The force per unit
length between current carrying wires with separation d is F' = piol; 1,/
(2md). Using the mass per unit length of a blob filament mndy’,
where 0y, is the blob radius, we find the acceleration on the blob
ar= ptol; L/(2n*dmn;d,%), where I; and I, are the currents in the blob
and MHD-mode. We do not have independent measurements of these
individual currents. If we estimate I; ~ I, =50 A, n, =1.x10"* cm™>,
and S, =d=3cm, then a; ~ 2.0 x 10'°cm s 2. This is competitive
with g=c/R ~ 6.4 x 10'°cm s~ obtained using R =150 cm and
T.=20eV. We conclude that the electromagnetic force could plausi-
bly be significant; if so, blob emission may be triggered by the mode,
and conversely, the current in the blobs could locally enhance the
mode. This might explain why blobs seem to be correlated with a par-
ticular phase of the B-dot signal, as seen in Fig. 8(a).

Of the mechanisms discussed here, (ii) seems to be the least likely
explanation of the present observations, but the plausibility of the
other proposed mechanisms will require testing with additional data,
analysis, and modeling.

E. Experimental factors affecting MHD-blob
decorrelation

There are several experimental factors, which could have caused
some decorrelation of blobs and MHD in the analysis of Sec. III and
which could be minimized in future experiments on this topic. First,
the B-dot coil used for the cross-correlation analysis was not at the
same location as the GPI viewing region, even though it had the best
available alignment along the magnetic field (see Sec. I1). For example,
for shot #140390, the blob-MHD cross correlation decreased from
0.56 * 0.04 for the best-aligned coil toroidally (shown in Fig. 2) to a
slightly lower 0.50 = .04 at 30° toroidally away at the same height (i.e.,
below the GPI gas puffer) and to about 0.4 about halfway around the
machine. This shows that the MHD-blob correlation was moderately
localized near the B-field line going through the GPI, probably due to
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the multiple n-spectrum of modes. Ideally, the B-dot coil should be as
close as possible to the GPI viewing region.

Second, the analysis time was arbitrarily chosen to be %5 ms
from the peak of the GPI signal, independent of the time evolution of
the MHD modes in any particular shot. Ideally, the analysis time
should be chosen to maximize the overlap with those MHD modes
that are most likely to cause the blob-MHD correlation. Third, the lim-
ited GPI viewing region most likely missed many of the MHD-
induced blobs since the average number of blobs observed per MHD
mode period was only ~0.6 (see Sec. 111 E). Ideally, the blob diagnostic
should cover the whole poloidal cross section, which would also help
to identify the mechanism of MHD-induced blobs.

Finally, the available GPI database did not provide a systematic
scan, which controlled the blob-MHD correlation. The available data-
base scans shown discussed in Sec. II1 G and shown in Fig. 13 did not
point to a plasma parameter that optimized this correlation. Ideally,
new experiments can be designed specifically to test the theoretical
mechanisms discussed in Sec. IV D.

V. SUMMARY AND CONCLUSIONS

This paper described a study of the cross correlations between
edge fluctuations as seen in the GPI diagnostic and coherent low fre-
quency magnetic fluctuations in NSTX (MHD). The main new result
was that the presence of large blobs in the SOL was sometimes signifi-
cantly correlated with MHD activity in the 3-6 kHz range. There were
also many cases in which the GPI signal level and its peak radius
Rpeak were highly correlated with the MHD activity but without any
significant cross correlation with blobs.

The analysis of the GPI data for seven shots with high MHD-
blob correlation showed that the large blobs moved downward in the
SOL (ion diamagnetic direction) at Vo ~ 0.9km/s (Figs. 6 and 7),
which is considerably less than Vo ~5km/s expected for the phase
velocity of the MHD mode itself, based on its measured toroidal veloc-
ity. Thus, these large blobs in the SOL are at least somewhat decoupled
from the MHD mode due to their differing poloidal velocity, as well as
due to their outward radial velocity of V,,q = 0.69 km/s and their finite
lifetime of 73 us (see Sec. IIIE). For the 21 shots with significant
MHD-blob correlations, there were ~0.6 blobs/MHD periods within
the (limited) GPI field of view, which is roughly consistent with blobs
being “shaken off” near the outer midplane during almost every MHD
mode cycle.

As far as we know, there are no previous studies that showed a
correlation as seen here between blobs and low frequency coherent
magnetic fluctuations in a tokamak. It is interesting that many of the
shots in the wider database with high MHD-blob correlation also
appear to have multiple-mode structures similar to “EHO modes”
(edge harmonic oscillations) previously reported in NSTX and other
devices.”” ** On the other hand, there were also shots with EHO-like
modes but with only low MHD-blob correlations, so the connection
between EHO-like modes and high blob-MHD correlation requires
further investigation (see Sec. IV A).

Several theoretical mechanisms were discussed in Sec. 1V D,
which could potentially explain the observed MHD-blob correlation,
namely, (i) local pressure gradient increase, (ii) MHD mode accelera-
tion, (iif) MHD mode radial velocity, (iv) MHD mode poloidal velocity
and shear, and (v) unidirectional blob current. Of these mechanisms,
(i) seems to be the least likely explanation of the present observations,
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but the plausibility of the other proposed mechanisms will require test-
ing with additional data, analysis, and modeling. Note that these
mechanisms may apply to any edge MHD activity and are not specific
to EHO modes.

Although edge particle and heat transport due to blobs was not
discussed in this paper, it is plausible that this MHD-blob interaction
may broaden the SOL heat flux width, as noted previously for EHO
modes in NSTX,32 or cause increased edge particle transport, as seen
for EHO modes in DIII-D.” The enhanced creation of blobs with
MHD during H-mode plasmas may also modify the ELM cycle in a
way not presently incorporated into the theory of ELM stability. It
may even be possible to intentionally create low frequency edge MHD
modes to control the SOL transport and ELM cycle through this blob
creation process.

There are a number of other open issues on the MHD-blob corre-
lation, which should be followed up with further data analysis, experi-
ment, and theory. The exact phasing of the blob birth with respect to
the MHD mode structure could be determined by additional data anal-
ysis, which would help identify the MHD-blob coupling mechanism.
The surprising self-consistency of the large blob tracks with MHD
remains to be explained. An analysis of the expected MHD-induced
modulation in the GPI signals could be done with a GPI simulation
code like DEGAS 2,"* assuming that the mode density and temperature
perturbations are characterized. The magnetic perturbations due to the
parallel currents in large blobs could be directly measured as done in
Refs. 53 and 54, and their interaction and possible contribution to the
MHD modes could be identified. Finally, the existing numerical simu-
lations of blobs could be extended to include superimposed MHD
modes, which could help clarify the physics of the interaction discussed
in this paper.
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APPENDIX A: BLOB TRACKING ALGORITHM

The blob tracking algorithm in the present paper is similar to
that used in a previous paper on the NSTX blob structure and
motion’ but simplified to specifically detect the largest blobs. The
first step is the same as before: the raw GPI image frames such as
those in Fig. 1(a) are normalized to their time-average over the 10
ms analysis period. This removes the large-scale spatial variations
within the field of view: for example, the radial variation due to the
electron temperature profile and the poloidal variation due to the
gas puff cloud shape and optical vignetting. These normalized
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FIG. 17. Examples of the blob tracking algorithm as discussed in Appendix A. In (a), the vertical axis is the number of pixels per frame N above the chosen normalized trigger
level (T =4), and the horizontal axis is the relative time in frames from when this number crosses N =100 (upper dashed line) to trigger a blob. For this shot, there were 27
blobs found within the analysis time of 532 =+ 5 ms, as shown in the various colors. The blob start times and end times were determined when this number of pixels first falls
below 10 (lower dashed line). Part (b) shows the calculated blob contours at the trigger level T =4, with the start and stop and every fifth contour highlighted in darker lines.
This blob changes the size and shape as it moves down and outward to the right, as also seen in the first blob in Fig. 2(b).

images were then smoothed over *1 pixels (0.4 cm) in both spa-
tial directions and reduce pixilation at low signal levels. The result-
ing normalized images such as shown in Fig. 2(b) have a time-
average value of 1.0 at each pixel and show more clearly the relative
space-time variations due to the blobs.

The next steps focus on 2D tracking of the large blobs vs time.
The blob trigger times are determined by inputting a desired nor-
malized blob trigger level “T” and the number of pixels “N” above
this level required for blob triggering. For example, choosing T =4
and N =100 pixels triggers on blobs which have a normalized sig-
nal level of 4x the time-averaged signal over in least 100 pixels in
the 64 x 80 pixel frame, corresponding to an area of ~14cm’ in
the radial vs poloidal plane (N =100 was used for all blobs in this
paper). A blob threshold of T > 4 is considered to be a large blob in
this context. This blob trigger search is also constrained in the radial
direction from the column nearest the separatrix to 30 columns out-
side this separatrix, i.e., over a radial range of ~11cm in the SOL
(as shown in Fig. 6), or up to column 60 for shots with a larger sep-
aratrix radius.

To implement this blob triggering algorithm, the ~4000 GPI
frames (10 ms) for each shot are sequentially searched for all times
when these conditions are marginally met, i.e., when the threshold
of N =100 pixels per frame above a normalized amplitude level T
is crossed. Beginning at each of these blob trigger times, the start
time for that large blob is then determined by going backward in
time for up to 60 frames until the number of pixels above T falls
below a specified lower limit of 10 pixels, corresponding to the
smallest blob, which can be reliably identified (~1.4 cm?).
Similarly, the end time for that blob is determined by going for-
ward in time up to 60 frames from the blob trigger time until the

number of pixels with signal levels above T again falls below 10.
Only blobs with >4 frames from start-to-end are retained for
analysis.

An example of this process is shown in Fig. 17(a) for the blob
trigger threshold T =4 and N =100 for shot #140390 (also used in
Fig. 2). The vertical axis is the number of pixels in each frame above
T =4, and the horizontal axis is the relative time in frames from the
blob trigger time (1 frame = 2.5 us). For this shot, there were 27
blobs within the analysis time of 532 £ 5 ms, as shown in the vari-
ous colors (corresponding to the colors in Fig. 6). All blobs were
triggered when N = 100 was crossed (upper dashed line). The blob
start times and end times were determined when the number of pix-
els above a T=4 fell below 10 (lower dashed line). In this case,
there was a clear separation in time between these large blobs and
other blobs within *60 frames (=150 ys).

The next step in this algorithm is to draw contour lines at the
trigger level T within each frame from the blob start time to its end
time, using the IDL “contour” function in a x 10 re-binned space of
640 x 800 pixels. This function identifies all contours at this level,
but only the contour with the largest perimeter is used to identify
the largest blob in each frame, which helps ensure that only a single
large blob is followed as a function of time. An example of these
contours for one blob is shown in Fig. 17(b), where the start and
stop contours and every fifth frame are highlighted in darker lines.
It is clear that that this blob contour changes the size and shape as
it moves down and outward to the right, as was also evident from
the normalized images this blob in Fig. 2(b). Each blob contour is
then fit with an ellipse, which characterizes its center, axis size, area,
ellipticity, and tilt angle, including contours, which are not
completely closed within the field of view.
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The final step in this algorithm is to start from the blob trigger
and to halt the blob tracking if and when the center of the blob (i.e.,
center of the ellipse fit to its contour) jumps by more than 5 pixels
per frame in the 2D GPI plane, corresponding to an inferred blob
speed (7.5 km/s), above which the blob centroid is difficult to track
reliably. This further ensures that the tracking does not jump from
one blob to another and also eliminates the effect of occasional bad
ellipse fits to the contours. The resulting smoothly varying tracks in
Fig. 6 illustrate that a single blob was followed in each track.

As mentioned at the start of this section, the present blob
tracking method is different than that used in the previous study of
blobs in NSTX.”® The main goal there was to study the overall sta-
tistics of the blob structure and its local velocity, including all blobs
with a normalized amplitude of >1.5 (measured at half-height). In
contrast, the present simplified algorithm follows only the largest
blob in each frame with a normalized amplitude of (typically)
T > 4, which at some trigger time attains an area of at least N =100
pixels (14 cm?). For comparison, the seven shots with high MHD-
blob correlation used for Figs. 7 and 9 had a total of 210 large blob
tracks at T =4, whereas the same shots had a total of 820 blob
tracks with the previous algorithm. Thus, the present study focuses
on only the largest of the blobs studied previously.

APPENDIX B: CROSS-CORRELATION OF
CONTINUOUS MAGNETIC FLUCTUATIONS
WITH DISCRETE BLOBS

The most interesting new result in this paper was a significant
MHD-blob cross correlation between the magnetic B-dot fluctua-
tion signal (a continuous function) and the blob timing signal (a
discrete on/off or 1/0 function), as illustrated in Figs. 8 and 11.
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Since cross-correlation functions are normally calculated between
two continuous functions, this Appendix describes a numerical
experiment which clarifies the use of this type of continuous vs dis-
crete cross correlation.

A test case was chosen based on a sine wave proxy for an
MHD signal with 20 periods in a 10 000 point time series. A blob
timing signal (“1” state) was triggered only above a specified MHD
signal amplitude, which was varied from +0.0 to 0.9 times the
sine wave amplitude (i.e., only on positive-going MHD signals), as
illustrated at the top of Fig. 18(a). The continuous MHD signal
(blue) was then cross-correlated with the discrete blob (black) sig-
nal, as illustrated for one case at the bottom of Fig. 18(a), and the
peak level of the time-delayed cross-correlation function was found
as a function of the fractional time the blob signal was “on.” The
numerical results are shown in Fig. 18(b) as the top red “0%” curve.
The resulting blob-MHD cross correlation decreased monotonically
from 0.9 to 0.56 as the blob lifetime/MHD mode period (horizontal
axis) decreased from 0.5 to 0.14, as expected, since for the zero blob
width, the cross correlation should be zero.

Then, some fractions of the blob “on” signals were skipped
(i.e., forced from 1.0 to 0.0), where this fraction was varied from
10% to 70%, as illustrated in Fig. 18(a) and summarized by the
upper (colored) curves in Fig. 18(b) for various blob skip fractions
(written at the right of each curve). With an increasing fraction of
blob skips at a fixed blob lifetime/MHD period, the maximum cross
correlation was lower, as expected, since for zero blobs, the correla-
tion should be zero. For example, with 30% blob skips, as for the
seven shots with high MHD-blob correlation in Fig. 11 (see Sec.
11 E) and for the observed blob lifetime/MHD period of ~0.3, the
expected maximum cross-correlation coefficient was ~0.6 (blue cir-
cled region). The measured blob-Bdot cross correlation for these

(b)
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FIG. 18. Numerical test case for the cross correlation between a continuous sine wave and a discrete blob pulse timing signal as discussed in Appendix B. A typical test case
is shown in part (a), with blobs occurring only above an MHD signal level of 0.8, corresponding to a blob lifetime/MHD period =0.21 and with 4/20 = 20% of blobs “skipped,”
resulting in a peak cross correlation of 0.59. In part (b), the peak cross-correlation results are shown for various blob lifetime/MHD period fractions and skip fractions. The col-
ored curves are labeled with the fractions of blobs skipped, with 0% for no skips (one blob per MHD period). The results for this blob model are shown in color, and random
blobs are shown in black. The blue circle region corresponds to the data for the seven shots with large MHD-blob correlations discussed in Sec. I E.
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seven shots with high MHD-blob correlation was 0.56 * 0.04 (Fig.
11), approximately consistent with this blob model result. In this
model, the maximum cross correlation occurs at zero time lag, but
for the actual measured data, the maximum correlation was evalu-
ated within a time lag of =500 us, to allow for a variable blob-Bdot
phase of at least one MHD period.

The same model was applied using randomly timed blobs in
order to find the level of the random cross correlation between blobs
and a sinusoidal B-dot signal, with results shown in black curves at
the bottom of Fig. 18(b). The symbols represent the same skip frac-
tions as above. The result was that all random cross-correlations
within the ranges of (blob lifetime/MHD period) = 0.1-0.5 and skip
fractions of 0.0-0.7 were below 0.3, and the random cross correla-
tion for a skip fraction of 0.3 and (blob lifetime/MHD period)=0.3
was 0.23. Thus, a cross correlation level of 0.3 is used in Sec. III G to
identify statistically significant blob-Bdot cross-correlations in the
wider database.
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