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Abstract

The structure and motion of discrete plasma blobs (a.k.a. filaments) in the edge
and scrape-off layer (SOL) of NSTX is studied for representative Ohmic and H-
mode discharges. Individual blobs were tracked in the 2-D radial vs. poloidal plane using
data from the gas puff imaging (GPI) diagnostic taken at 400,000 frames/sec. A database
of blob amplitude, size, ellipticity, tilt, and velocity was obtained for ~45,000 individual
blobs. Empirical relationships between various properties are described, e.g. blob speed
vs. amplitude and blob tilt vs. ellipticity. The blob velocities are also compared with

analytic models.



1. Introduction

The goal of this paper is to describe the structure and motion of the plasma blobs
in the edge and scrape-off-layer (SOL) of the NSTX spherical tokamak. Plasma “blobs”
are relatively isolated structures which are formed in the plasma edge and move radially
into the SOL (sometimes called “filaments”, “bursts”, or “intermittent plasma objects”).
The present measurements were made using a 2-D gas puff imaging (GPI) diagnostic,
and compared with analytic models for blob velocity. For the sake of simplicity and
clarity we focus on two specific plasma conditions: one Ohmic and one H-mode, using
GPI data from 7 nearly-identical shots in each case. These results are relevant for
understanding the cross-field transport in the scrape-off layer (SOL) of tokamaks, and for
future comparisons of edge turbulence measurements with modeling of the SOL, e.g. for

ITER.

The central concept of the outward convective motion of an isolated blob in the
SOL of a tokamak was proposed by Krasheninnikov in 2001 [1], and since then there
have been many refinements of the analytic theory of blob structure and motion, as
described in the review papers [2,3]. Recent computational studies of blobs have shown
that the expected structure and motion of blobs can become quite complicated, depending
on the details of tokamak geometry [4,5], the regime of collisionality [2,3,6,7], inclusion
of ion temperature effects [8-10], drift wave and other 3D effects [11-13], kinetic effects
[14-16], and density gradients [17-18] Even the relationship between simplified analytic
blob models and the results of computational simulations is not always clear, since the
analytic models generally do not describe the blob formation process or blob-blob

interactions. Some recent models describe blobs only in a statistical sense [19-21].

Given the complexity of blob theory and the difficulty of blob measurements in
tokamaks, it is not surprising that the connection between blob experiments and theory is
imprecise and incomplete. A review in 2011 [3] plotted the dimensionless blob sizes and
radially velocities for nine tokamaks vs. two analytic blob models (sheath-connected and

inertial regimes), and showed that most of the data points fell between these two scalings,



but with considerable uncertainty and scatter. More recently, agreement of radial blob
velocities at about the 50% level with a warm ion model could be obtained for selected
discharges on ASDEX-Upgrade [22]. In a different set of experiments, a regime
transition for blob dynamics was correlated with collisionality in the MAST divertor [5],
and clearer comparisons have been obtained for blobs in simpler magnetic geometries,

such as Torpex [23] and VTF [24].

The present paper builds on several previous experimental and theoretical studies
of blobs in NSTX. The initial GPI results using Hel line emission showed a broad spread
of blob velocity in both radial and poloidal directions, with a radial velocity roughly
independent of blob amplitude [25]. An early theoretical comparison [26] focused on a
small set of blobs in L-mode and H-mode shots, and showed that their radial motion was
bounded by the minimum and maximum speeds predicted from analytic blob models.
Subsequently, a reduced 2-D edge turbulence simulation was made using the SOLT code
[27], and initial results were compared with fluctuation levels, blob structure, and heat
flux SOL width measurements. A synthetic GPI diagnostic was added to SOLT [28] and
further comparisons with GPI were made, including a sensitivity study with respect to
various theoretical assumptions. Intermittent blob-filaments were observed using Lil
light emission near the lower divertor plates in NSTX [29], and were highly correlated
with midplane blobs measured by GPI. The intermittency in the SOL during H-modes
was studied at power levels from Pxgr= 0-6 MW, showing the lowest blob activity in
Ohmic H-modes and low blob activity shortly after L-H transitions [30]. Recent SOLT
simulations and GPI data were compared with respect to the effect of edge sheared flows
on blobs, and detailed GPI blob tracking for one NSTX shot was interpreted in terms of
edge shear flows [31]. A set of Langmuir probe measurements in NSTX showed
intermittent SOL structures with a radial size ~5-10 cm and outward velocity ~3-5
km/sec, roughly consistent with GPI measurements, along with inward propagating voids
inside the separatrix [32]. Recently the variations of edge turbulence and blobs over a
large NSTX GPI database was described [33]. However, that paper discussed only the

average behavior of blobs in each shot (including the shots used in the present paper), but



did not describe the individual blob behavior or the statistical distribution of blobs within

a given type of shot, which is the focus of the present paper.

The outline of this paper is as follows: Sec. 2 describes the plasma parameters for
the shots used in this experiment, Sec. 3 describes the theoretical blob regimes, Sec. 4
describes the blob diagnostics and data analysis, and Sec. 5 gives an overall comparison
of the blobs between Ohmic and H-mode regimes. Section 6 describes the blob radial
velocity, Sec. 7 describes the blob poloidal velocity, and Sec. 8 describes the blob
structure. Finally, Section 9 discusses blob SOL width, and Sec. 10 contains a summary

and discussion.

2. Plasma parameters

Table 1 lists the main parameters for the Ohmic and H-mode discharges used in
this paper, evaluated at the time of the GPI gas puff, based on seven nearly identical shots
for each case (there were too few L-mode cases for a similar data set). All shots had the
same plasma current (830 kA), but the H-mode shots had a slightly higher toroidal field
than the Ohmic shots (B~=4.9 kG vs. 3.6 kG), and the H-mode shots had 4 MW of neutral
beam injection (NBI) and higher stored energy (W=220 kJ vs. 32 kJ for the Ohmic
plasmas). All shots were lower-single-null shape with deuterium fueling, and without
any transient events such as ELMs or large MHD during the time of interest. At the
bottom of Table 1 are edge plasma parameters: the drift-wave gryroraius ps, the electron-
ion collision time T.;, and the electron beta ., along with a summary of blob statistics. A

similar table was used previously in a paper describing the larger database [33].

The edge profiles of Te and n, from the Thomson scattering diagnostic at the time
of the GPI gas puff are shown in Figs. 1(a) and 1(d), averaged over the 7 shots of each
type. These data are plotted with respect to the EFIT separatrix position (which varied by
less than 1 cm within each type), and show the shot-to-shot standard deviations as error

bars. As expected, inside the separatrix (i.e. radius < 0 cm) the T, and n. are much higher



for the H-mode plasmas, but outside the separatrix the values are more similar, although
uncertainties are large, particularly for H-modes at radii > 2 cm. Figures 1(b) and 1(e)
shows the radial gradients dT./dr and dn./dr derived from spline fits to the T. and n. data,
which are much larger inside the separatrix than outside, and much larger for H-mode
than for Ohmic plasmas. Figures 1(c) and 1(f) shows the T, and n. gradient scale lengths
(e.g. T/(dTe/dr), with error bars derived from the error bars in Fig. 1(a) and 1(d). The
gradient scale lengths for H-mode plasma inside the separatrix are near or below those for
Ohmic plasmas, but the uncertainties are too large beyond a radius of 2 cm outside the

separatrix to give useful scale lengths.
3. Blob theory regimes
Based on the plasma parameters of Sec. 2 and the geometry of NSTX, the

dimensionless blob theory parameter regimes for these discharges are shown in Fig. 2.

The collision disconnection factor A is defined by [3]:

Lva;
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and the normalized blob size parameter © = 8°/2 where § =8/ 0., and the characteristic
blob size parameter is given by:
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where the units in the final form of Eq. 2 are in cm, eV, and Gauss for deuterium

plasmas. The main features of Fig. 2 are that all blobs are within a factor of two of the
characteristic size where & = 1. In most of the SOL, and certainly in the far SOL, blobs

are in the sheath-connected (sc) regime. Near the separatrix, primarily due to higher

density and longer connection lengths the blobs are marginally (H-mode) or more fully



(Ohmic) resistively disconnected from the sheaths, i.e. in the regime that is often called

inertial (in).

4. Blob diagnostic and data analysis

The present NSTX GPI diagnostic is the same as described recently [33]. A fast
Phantom 710 camera viewed a 30 cm poloidal by 24 cm radial region in the plane
perpendicular to the local B field just above the outer midplane near the separatrix. A gas
manifold was attached to the nearby wall and puffed deuterium gas into this region, and
the Da light from the neutral deuterium from this puff was viewed through a 657 nm (9
nm FWHM) optical filter at 397,660 frames/sec using an 80x64 pixel array. The
integration time for each frame was 2.1 psec, the time between frames was 2.5 psec, and

the spatial resolution of the optical system was ~0.5 cm at the GPI gas cloud.

Although the GPI data is digitized for ~80 msec per shot, the data in this paper
focuses on time periods within £5 msec of the peak GPI gas puff rate, which includes
4000 frames (i.e. 40 MB) of data per shot. During this time the GPI signal level is
typically 20 times the pre-puff Do level, yet the perturbation of the gas puff on the edge
plasma and edge turbulence was previously found to be negligible [34]. Typical camera
signal levels are ~500-1500 counts per pixel in the region of maximum brightness in
these 12 bit camera images. As usual in these GPI analyses, no attempt is made to
convert the GPI Da data into local density or temperature fluctuations; the interpretation

of the GPI signals in terms of density and temperature was discussed in [33,34].

The blob tracking analysis of this GPI data was done as follows: all frames are
first normalized by a 1 msec rolling time-average of neighboring time frames, in order to
identify the relative local maxima in each frame, i.e. the blobs. Such normalization is
appropriate since the absolute value of the GPI signals depends on the local neutral
density from the GPI gas puff, which is unrelated to the background plasma. A blob is

(arbitrarily) defined as a region where the local normalized level becomes >1.5. The



region around each of these maxima is then fit by contours, and an ellipse is fit to the
half-maximum contour level. The locations of the center of these half-maximum ellipse
fits were then tracked from frame-to-frame, along with their ellipticity and tilt angle. The
maximum allowed displacement of a given blob between frames was limited to 10 pixels
(3.8 cm) to help distinguish different blobs, thus limiting the maximum detectable
velocity to 15 km/s. All blobs were saved in the database if they met these criteria for at
least 2 successive frames (5 ps), but ~91% of the blobs in Ohmic plasmas and ~96% of
blobs in H-mode plasma were contained in blob trails having a lifetime of >15 psec (6
frames). Note that by this definition a blob can be either inside or outside the separatrix,

and that this method does not track negative perturbations (‘“holes”).

Figure 3 shows examples of the blob tracking done for 1 msec of an Ohmic shot
(left) and 2 msec of an H-mode shot (right). The start of each blob trail is shown by an
ellipse with its initial ellipticity and tilt (but not scaled to size), and each colored trail
follow a blob until its end (when it fails to meet the above criteria). The average lifetime
of these blob trails within the GPI field of view is Tpiob~23 psec for the Ohmic cases and
Tviob~36 psec for the H-mode cases. The database quantities calculated for each blob for
each frame are: the blob center location with respect to the separatrix at that horizontal
row, the normalized blob amplitude Apiop, the blob ellipticity (major radius/minor radius),
the tilt angle (as defined in Fig. 3), the poloidal and radial sizes of the blobs Ly, and Lyag
(FWHM, as in Fig. 3), and the poloidal and radial blob velocities Vo1 and Viq. Here
poloidal and radial are approximated as the vertical and horizontal directions in the GPI
image frames. All quantities were evaluated within the 10 msec period near the peak GPI
signal, and the blob data was combined into two separate data sets, one for the 7 Ohmic

shots and one for the 7 H-mode shots.

Figure 4 shows some results from the full blob database for Ohmic and H-mode
separately, where each point corresponds to a single blob in a single frame. There was no
significant difference between the blob results among shots of each type. The Ohmic
data set shown on the left side had ~28,800 individual blobs corresponding to ~2600 blob
trails like those shown in Fig. 3(a), and the H-mode data set on the right has ~18,800



blobs with ~820 blob trails. In Figs. 4(a) and 4(b) the blob amplitudes Apjop are shown
for Ohmic cases (blue) and H-mode cases (red) as a function of the distance from the
local separatrix; in Figs. 4(c) and 4(d) are the corresponding blob V.4, and in Figs. 4(e)
and 4(f) are the blob V,,. There is a wide spread in these blob properties at each radius,
but there are also some systematic variations vs. radius over a spatial scale of ~2 cm, as

discussed in Sec. 5.

5. Overall Comparison of Ohmic and H-mode blobs

Figure 5 shows an overall comparison of the average blob properties between the
Ohmic and H-mode plasmas in this database. The individual blob statistics such as
shown in Fig. 4 have been binned into 2 cm wide radial zones centered between 2 cm
inside the separatrix to 6 cm outside the separatrix. Farther inside this region the blobs
are entirely within closed flux surfaces, where the simplest definition of a blob [1-3] is
not applicable, and farther outside this region there are too few blobs (particularly in
Ohmic plasmas), and the GPI signal levels are low. The estimated uncertainty in the

radial position as calculated by the EFIT reconstruction is £1 cm.

The number of blobs detected per frame per radial zone is clearly different
between Ohmic and H-mode cases, as shown in Fig. 5(a). For Ohmic plasmas the largest
number of blobs per zone is found near the separatrix and few blobs were beyond 4 cm
outside the separatrix, while in H-mode there were very few blobs were inside or near the
separatrix, and the number of blobs was nearly constant from 2-6 cm. On average, there
was ~1 blob/frame in Ohmic plasmas and ~0.5 blob/frame in H-mode plasmas within the
radial region of Fig. 5. Figure 5(b) shows the normalized blob amplitudes, which are
between Apjob=1.5 (the minimum blob amplitude by definition) and Api,=3 for both types
of shots up to 2 cm outside the separatrix, but increase to above 4 at 6 cm for H-mode

plasmas.



The average poloidal and radial blob velocities vs. radius are shown in Figs. 5(c)
and 5(d). For both Ohmic and H-mode plasmas, the magnitude of the blob V, decreases
from ~3 km/sec at 0 cm to ~0.5 km/sec at 6 cm outside the separatrix, all in the negative
direction (i.e. the ion diamagnetic and ion grad-B drift direction). The poloidal blob
velocity at 2 cm inside the separatrix is reversed for Ohmic plasmas, as discussed
previously [33]. The average blob radial velocities Vi, for both Ohmic and H-mode
plasmas are in the range ~0.5+0.5 km/sec and radially outward. However, there is a large
spread in V.4, as shown by the error bars in Fig. 5(d) and data points in Fig. 4, including

some inward blob velocities (see also Sec. 6).

Figures 5(e) and 5(f) show the average blob ellipticity (major/minor axis) and tilt
angle (as defined in see Fig. 3). The average ellipticities are similar for Ohmic and L-
mode plasmas, except for larger ellipticity at 2 cm outside the separatrix for H-mode
plasmas. The tilt angles are also similar between Ohmic and H-mode plasmas, averaging
~90°£10° in all cases, indicating poloidally-elongated blob structures. Figures 5(g) and
5(h) show the average poloidal and radial blob size scales Lo and L, (FWHM), which
are in the range ~2-6 cm for all radii, with an average L,o/Lrag=1.5+0.1 for Ohmic and
Lyo/Lrag=1.8+0.4 for H-mode. The blob L, and L..q in H-mode decrease with increasing

radius, but are nearly constant vs. radius in Ohmic plasmas.

In general, it is somewhat surprising that the average blob properties of Ohmic
and H-mode plasmas in Fig. 5 are so similar, given the large difference in plasma
parameters inside the separatrix. Comparisons of these blob properties with theoretical

models are described in the following sections.

6. Radial blob velocity

The radial blob velocity is perhaps the most interesting blob parameter, since it
determines the radial transport of blobs across the SOL. There has been a considerable

effort to model this velocity theoretically [1-3]. The radial blob velocities expected in the



sheath connected (sc) and inertial range (ir) regions from analytic theory relevant to these

experiments are (see Fig. 2):

Ve = ¢s (Lu/R)(ps/dp)* fi/n [3]

Vi = ¢s(8/R)"” (ii/n)* [4]

where ¢ is the sound speed, Ly is the parallel connection length along B to the divertor
plate (Ly~500 cm), R is the plasma major radius (R=85 cm), ps is the ion gyroradius
evaluated at the electron temperature, Oy is the poloidal radius of the blob (i.e. &, ~
Lyo/2), and ©/n is the relative density fluctuation level in the blob. If the GPI light
emission is linearly dependent on the local electron density, as expected for the SOL of

NSTX, then fi/n =1-1/Ay,}, (this is a better definition than fi/n = Ay, used in [33]).

Thus the theoretical results for a blob propagating in a vacuum are recovered in the limit

of a large Apiop When fi/n =1, and fi/n = 0 when Apjp=1.

Figures 6(a) and 6(b) show the distribution of individual radial blob velocities for
the SOL region from 0 to + 6 cm, binned in velocity increments of 0.1 km/sec. The most
probable velocities are all within 0-1 km/s in the outward (positive) direction, but these
distributions are all broad with 8Vy.g ~ Viag. The fraction of negative Vg (inward blob
velocities) generally decreases at larger radii. Figures 6(c) and 6(d) show the number of
blobs in bins of 0.1 in amplitude for each radial zone. Above the minimum level Apop =

1.5, the number of blobs almost always decreases strongly with the blob amplitude.

Figure 7(a) and 7(b) shows the radial velocity of the blobs binned according to
their equivalent fi/n=(1-1/Apiop) for both for Ohmic and H-mode plasmas, with only bins
having >5 blobs shown. Here fi/n=0.33 corresponds to the minimum level of App=1.5
and the maximum possible blob level approaches fi/n=1. The average blob Vi,4 tends to
increase with increased fi/n over range fi/n ~ 0.33-1.0, with a particularly clear trend for
the H-mode data at +2 c¢cm to +6 cm in the SOL. For example, at a radius of +6 cm the

binned radial blob velocity in H-mode increases from V,,¢~0.5 km/sec at /n~0.4 to Viuq

10



~1.1 at /n~0.9. Note that there were also significant statistical variations in the blob
velocity in each bin, shown for example by the standard deviation error bars for selected
bins for the +6 cm case in Fig. 7(b). These statistical variations make it difficult to see
the trend for increasing Vi,q with f/n when just plotting the individual blobs without

binning.

The V.4 data for each radial zone in Fig. 7(a) and 7(b) are fit by a power law
curve with the power law exponents shown in Table 2, along with R values (correlation
coefficients) indicating the quality of the fit. There are strikingly good fits to the H-mode
data for radii +2 cm to +6 cm, with power law exponents in the range 3.3 to 1.5 and
R~0.93-0.97. However, the Ohmic data over this radial range do not have good power
law fits, with R<0.6. The increasing V4 vs. fi/n shown in the H-mode data of Fig. 7(b)
agrees at least qualitatively the fi/n dependence of Eq. [3] and [4], but with larger power
exponents of ~1.5-4.4 than of those of in these models (i.e. 0.5 or 1.0).

Figure 7(c) and 7(d) shows the radial velocity of the blobs as a function of L, for
Ohmic and H-mode plasmas, binned in increments of 0.1 cm from 2 ¢cm to 10 cm, again
using only bins containing > 5 blobs. The average blob V.4 tends to decrease with
increasing L, in Ohmic plasmas, but with little or no systematic variation in H-mode
(three bins with slightly negative V.4 in H-mode at 0 cm and 2 cm are not shown). There
is again a large statistical spread within each bin, shown by sample error bars in Fig. 7(c).
These Viaq vs. Lpol variations were also fit by the power law exponents shown in Table 2,
along with the R values. There are good power law fits (R>0.6) to the Ohmic data for
radii 0 cm to +4 cm, with power law exponents in the range -0.53 to -0.84. However, the
H-mode data do not show any good power law fits, with R<0.4. The decreasing trend of
V5 vs. 0i/n in the Ohmic data of Fig. 7(c) agrees at least qualitatively with the model of
Eq. [3], but with smaller exponents than that model (i.e. -2). However, the trends in this

data disagree with the model of Eq. [4], which has a +0.5 power law exponent.

An attempt was made to fit all of the whole data set of individual V.4 blob speeds

jointly with fi/n and L. using multiple linear regression analyses for each radial zone,

11



without the binning as done for Fig. 7. However, no good power law fits were found
from any of those regression analyses, i.e. the random variations in the blob data
overwhelmed any simple power-law relationship. There was no also significant linear
cross-correlation between fi/n and L, in any of these cases (R~0.1-0.4), so the trends for

Vi vs. fi/n and Ly, in Fig. 7 appear to be independent of each other.

It is interesting that the H-mode data of Fig. 7(d), particularly at +4 and +6 cm,
suggests at first an increasing trend with Ly, and then a decreasing trend. This is
qualitatively similar to the theory model when the transition from inertial (small blob, &y
< Op+) to sheath-connected (large blob, &, > 0p+) regimes takes place. The observed
breakpoint at Lo~ 4 to 5 cm is similar to the expected transition value of Ly, ~ 28p+~ 3
to 4 cm for this data. A similar regime transition of blob velocity with poloidal size scale
has been previous observed in Torpex [23]. Note that the additional dependences of Va4
on ¢ and ps (i.e. the T, in the blob) should also be taken into account in comparisons with

theory, but these measurements were not available for individual blobs.

Figure 8 shows a comparison of the radial profile of the measured blob velocities
V1.4 With radial profiles of the calculated V. and Vi, for Ohmic and H-mode plasmas in
this database. Here all blobs with amplitude Apiop > 1.5 are averaged together for each
radial zone (with their standard deviation shown as an error bar). The average electron
temperatures vs. radius from Fig. 1 are used to compute c, the average Ly,/2 vs. radius
are used to compute Jy, (see Sec. 8), fi/n is taken to be the average of (1-1/Api0b) for each

zone, and R=150 cm and L;;=500 cm are assumed for all cases.

The measured V,,4 for blobs in Ohmic plasmas is within ~0.5-1.0 km/sec, which is
roughly consistent (within the joint error bars) with the Vi and Vi, in Fig. 8(a), which are
in the range ~0.2-2 km/sec. The measured V.4 for blobs in H-mode plasmas is within
~0-1 km/s, which is close to V. in Fig. 8(b), but x5-10 smaller than the estimated Vi,.
Thus the measured Vo4 in the SOL are fairly well described by sheath-connected model
velocities in both cases, as expected from the blob regime diagram for the SOL in Fig. 2.

However, the uncertainties in the theoretical velocities based on uncertainties in Cs, Apiob,

12



and L, are large, especially outside +2 cm where the Thomson data is very uncertain, so

this comparison is limited.

7. Poloidal blob velocity

The poloidal velocity of edge turbulence is usually considered to be dominated by
the local diamagnetic and/or ExB poloidal flows. However, in the SOL where the
fluctuation levels are large, these fluid flows will also be fluctuating in space and time,

and blob tilting in theory can also cause blob poloidal motion [31].

Figure 9 shows a comparison of the average poloidal blob velocities Vo Vvs.
radius with the estimated electron diamagnetic and ExB flow velocity for Ohmic and H-
mode plasmas in this database. The diamagnetic velocity was taken to be Vgia=csps/Ln in
the electron direction, and the ExB velocity was estimated by assuming a local SOL
potential of ~3T, as expected from connection to the divertor plate sheath (both using B
in the GPI region). Particularly for the H-modes inside the separatrix, the actual electric
field (which was not measured in these discharges) may differ from this estimate. The
error bars on the blob velocities are the standard deviations from the blob database, and
the error bars for Vg, and Vg were estimated from uncertainties in the Thomson

measurements (Fig. 1).

The poloidal ExB velocities in the SOL of ~1-3 km/sec in Fig. 9 are in the same
range and direction as the measured poloidal blob velocities for both Ohmic and H-mode
cases, at least to within the joint uncertainties. The electron diamagnetic velocities are of
the opposite sign, and have considerable uncertainty due to the difficulty in estimating L,
from the Thomson data. In Ohmic plasmas, reversal of the measured blob V,, from the
electron diamagnetic direction inside the separatrix to the ExB (i.e. ion direction) in the

SOL is commonly seen in other experiments and simulations [31]. When T; effects are

important, as they likely are for the H-mode case here, the ion diamagnetic velocity is

13



also relevant. Ongoing simulation studies [10] are exploring the relationship of the blob

velocity to the diamagnetic and ExB velocities.

The variation of poloidal blob speeds vs. in = (1-1/Apjop) is shown in Fig. 10,
binned and plotted similarly to the radial speeds in Fig. 7 and fit with smooth curves (not
power laws). For Ohmic plasmas in Fig. 10(a), the blob V,, appears to become
increasingly negative (in the ion diamagnetic direction) with increasing fi/n for radii
between +2 to +6 cm, although it is nearly constant vs. fi/n at 0 cm. This is similar to the
behavior of Vi, in Fig. 7(a), with the magnitude of both V.4 and V,, increasing with fi/n,
and suggests a coupling between V,gand V. at large fi/n, which is expected in a general
sense from the Reynolds stress mechanism, i.e. fluctuations driven flows. However, this
particularly clear experimental demonstration has not (to our knowledge) been previous
reported for poloidal blob motion, and is not yet understood in detail (see discussion later
in this section). The poloidal velocity in H-mode plasmas at radii of +2 cm and +4 cm in
Fig. 10(b) has a maximum in the ion diamagnetic direction for fi/n~0.5-0.6, which is not

expected or understood, as discussed in Sec. 10(b).

The relationship between V1 and V.4 for all blobs in the SOL for Ohmic and H-
mode plasmas is shown in Fig. 11, along with linear fits to the data in each case. The
linear correlation coefficient R between these two quantities is small for the Ohmic cases
(<0.25), as shown in Table 3. However, there is fairly high correlation between these two
velocities for the H-mode cases between +2 cm and +4 (~0.54 cm), with V,, becoming
closer to zero or more positive (in the electron drift direction) at higher Viu.
Surprisingly, at +6 cm V,, becomes more negative for larger Viq, although the

correlation coefficient is relatively low (0.25).

One possible mechanism for a correlation between Vo) and V.4 1s the tilt angle of
the blob charge dipole, which would tend to convert what would have been radial motion
into poloidal motion. This effect would be zero for tilts of +90°, for which the major axis
of the elliptical blob is in the V, direction, which is where most of the blob tilts lie (see

Fig. 5(f) and the next section). A test of this mechanism was done by re-plotting the data
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in Fig. 11 as Vpo vs. Vig*cos(tilt), which would show a positive correlation if this
mechanism was dominant. However, the cross-correlation coefficients between these
two variables were R <0.4 for all cases, implying that this was not a strong effect in this
data. Further constraining the data to Apiop >3 did not significantly improve these cross-

correlations.

8. Blob structure

The average blob sizes in the poloidal and radial (i.e. vertical and horizontal)
directions in GPI images frames like Fig. 3 were plotted Figs. 5(g) and 5(h). These size
scales were nearly constant vs. radius within this range, with L, = 3.6£1.3 cm for Ohmic
and Ly, = 4.5+1.3 cm for H-mode, and L, = 2.5+0.8 cm for Ohmic and L,q = 2.4+0.8
cm for H-mode. However, there was a nearly factor-of-two increase in Ly for the
innermost radii of -2 cm, perhaps due to the increase in the drift wave parameter p at
higher T.. There was no significant trend for the blob sizes to increase with the blob
amplitudes at any radius, in part due to the definition of blob size as the FWHM of the

blob ellipse fit (i.e. not the size at some fixed normalized level).

There is no simple theoretical prediction for the blob size scales, since the blob
birth processes are not well understood. However, the turbulence correlation scale
lengths at -2 cm over a wide database in NSTX [33] were roughly consistent with kyoi ps

~ 0.1 (using the edge By), and the blob size data at -2 cm was consistent with that scaling.

Plots of the blob tilt angle vs. ellipticity for Ohmic and H-mode plasmas for
various radial zones are shown in Fig. 12, along with linear fits to the data points. Here
the ellipticity is defined as the ratio of major to minor radii of the elliptical fits to the
blobs, and the tilt angle is the clock-wise angle of the major axis with respect to the radial
direction toward the plasma center. The average tilt angles over the range 0-6 cm in the
SOL are 89+33° for Ohmic and 100+14° for H-mode plasmas, corresponding to blobs

nearly elongated in the poloidal direction (90°). These tilts are qualitatively what would
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be expected from the shear in the Vo indicated in Fig. 9 and Fig. 5(f): both less than and
greater than 90° in the Ohmic case (i.e. with tilts looking like "\" inside the separatrix and
"/" in the near SOL, respectively), and greater than 90° in the H-mode case ("/"). There
are no strong variations of tilt with ellipticity, except for a larger spread in tilt for low
ellipticities, which is most likely due to uncertainties in the fitting for small ellipticities.
There are also no strong variations of tilt or ellipticity with normalized blob amplitude in

this database.

The relationship of the blob shape and tilt to the edge sheared flows in NSTX was
previously discussed in [31]. Since there were no direct measurements in NSTX of the
edge Reynolds stress from the fluctuating local fluid velocities R=<8vp1 0viag™ (€.g. from
probes or spectroscopy), a “Reynolds stress proxy” (RSP) was developed in the paper

cited above to estimate the local Reynolds stress based on the blob structure itself:
RSP = -(sin 2*tilt)(1-ellipticity?) [1]
where the tilt angle and ellipticity are defined as above.

Figure 13 shows the radial profile of RSP for all blobs for (a) Ohmic and (b) H-
mode plasmas and with smoothed fits to this data (magenta lines), along with the average
Vol profiles. First, it is significant that nearly the full range of RSP values (-1 to 1) is
attained, particularly for the Ohmic case. This indicates that significant shearing stresses
are acting on the blobs. The large spread in instantaneous RSP values at a particular
radius is suggestive of fluctuating zonal flows. Theoretically, the dimensionless shearing

parameter Vpol,r provides a simple estimate of when local ExB shear significantly affects
blob tilt and ellipticity. Here Vpol’ is the background shearing rate and T ~ L;ag/Vag. For

the Ohmic data presented in Fig. 13(a) we estimate a maximum shearing rate just inside

the separatrix of Vi,o; " ~ 1.5 x 10° /s and T ~ 107 s resulting in Vpol' T > 1 consistent

with significant shearing effects. From radial force balance, Reynolds stress drives

poloidal flows and we expect that flow should be driven in the direction of -d,(RSP).

This is consistent with the negative dip in V, in Fig. 13(a) between the radii -3 and 0

cm where the RSP variation is most pronounced. Qualitatively, these RSP-related
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observations are similar to those reported on in [31] for another NSTX Ohmic discharge.
They suggest that in the Ohmic case sheared flows both affect and are affected by the
blobs.

The present dataset also allows a similar analysis of an H-mode case, which was

not attempted in [31]. Fig. 13(b) shows slightly less total variation in the RSP. We

estimate a maximum shearing rate at +2 cm of V" ~ 1.2 x 10° /sand t~4 x 1073 s
again resulting in Vpol/r > 1 and the implication of significant shearing effects on the

blobs at this location. The most significant spatial gradient of the RSP is in the range +3
to +7 cm. The sign of the gradient implies that Reynold's flows should be driven in the
positive V, direction, but this is not observed. Similarly, there is no positive correlation
between the RSP gradient and the flow in the range 7 to 10 cm. This suggest that some
mechanism other than Reynolds stress dominates flow drive. Inside the separatrix, there
may be too few H-mode blobs to make reliable statements. Theoretically, Reynolds
driven flows might be expected to be subdominant relative to mean pressure-gradient
driven ExB flows, and in the SOL to sheath driven ExB flows. In summary the Ohmic
RSP data suggests that blobs and flows mutually affect each other, while the H-mode
data suggests that flows affect the tilting of the blobs, but the blobs do not dominate the

creation of the flows.

9. Blob SOL width

One potential result of blob structure and motion is a broadening of the scrape-off
layer (SOL) width of particles and heat due to outward blob motion across the separatrix.
Recently there have been many experimental [e.g. 35,36] and theoretical [e.g. 37,38]
studies of the SOL width of tokamaks, motivated mainly by the high divertor plate heat
flux expected in ITER. At present it is not clear what mechanisms determine the SOL

width in present devices.
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The simplest model for the blob contribution to the density SOL width assumes
that blobs move radially outward at a speed V.4 across the separatrix, and that they carry
with them all the ions within the blob. If this assumption is true, then the radial distance

over which these blob ions move into the SOL is therefore:

}\-n ~ Vrad Tblob [5]

where Ty 1S the lifetime of the blobs in the SOL. However, at the same time that the
blobs are moving radially in the SOL, the blob ions are also moving along the B field line
to the divertor plates, where they eventually are eventually absorbed (or recycled). For
the present database, the average lifetime of blobs in the GPI field of view (see Fig. 3) is
Thiob ~ 23 psec for the Ohmic cases and Tyiep ~36 psec for the H-mode cases, most of
which is spent in the SOL. This is significantly less than the timescale for parallel ion
motion along B of T ~ 2Lu/cs~ 500 psec, assuming an ion speed of Viy~ cy/2 ~ 10°
cm/sec and a parallel connection length Ly ~500 cm. Thus Tyiep is used in Eq. [5] instead

Of’l?sol.

For a typical blob radial velocity of Vg~ 0.5 km/sec in the SOL (see Fig. 5(d))
and a typical blob lifetime of tyiop ~ 30 psec, the resulting estimate of the blob-induced
density SOL width from Eq. [5] is Ay ~1.5 cm. This within a factor-of-two of the density
decay scale length measured by Thomson scattering just outside the separatrix in these
experiments as shown in Fig. 1(f); namely, A, ~ 3 cm for the Ohmic case and the A, ~
I cm for the H-mode case. This level of agreement is as good as can be expected,
considering the many factors not taken into account in this simple analysis; for example,
the ionization and recycling source in the SOL, the ion neoclassical orbit effects and

flows, and turbulent (non-blobby) particle diffusion into the SOL.
The simplest model for the effect of blobs on the SOL electron temperature width

assumes electrons are transported radially at V,,q along with the blob density, and that

their heat content diffuses along B to the divertor plate due to the competition between
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electron thermal motion and collisions. The resulting electron temperature SOL width

due to blobs is:

}\-Te ~ Vrad TiLe [6]

The parallel electron heat conduction time Ty = 3/2Li /xue [35] depends on the electron
thermal conductivity e, and for the separatrix conditions here is roughly ti.~ 20 psec.
Since this time is (marginally) less than Ty, the blob lifetime is not dominant in
determining At as it was for A, Assuming V.4~ 0.5 km/sec, the blob-induced electron
temperature SOL width is thus Ar. ~ 1 cm, which is x2-3 lower than the measured T.
scale lengths of Ar.~ 2-3 cm at the separatrix as shown in Fig. 1(c). There are again
several reasons why Eq. [6] should not be an accurate estimate of the temperature SOL
width; for example, the collisional electron heat transport along B may be limited by
other processes [35], there may be significant electron energy loss due to radiation in the
SOL, and some of the radial electron heat flux may be is due to broadband turbulence

rather than blobs.

Note that the SOL width estimates of Eq. [3] and [4] apply only to the blob-like
components of the radial particle and heat flux, and do not imply that a// radial fluxes in
the SOL are due to blobs. More direct measurements of blob transport have been made
using Langmuir probes to directly measure the density and temperature of the blobs
[32,39-41], with the general result that blobs appear to contribute significantly to particle
and heat transport in the SOL of tokamaks. However, some assumptions are still needed

for these estimates, e.g. about the poloidal distribution of the blob-induced transport.

Estimates of the heat flux width, A, were made for the H-mode cases from
measurements of the divertor heat flux via infrared thermography [42] using a fast (1.6
kHz) IR camera [43]. The radial heat flux profiles in these discharges are highly
structured, resulting in a profile that is poorly described by the semi-empirical Diffusive-
Gaussian model [36]. Because of this, the FWHM of the near-SOL heat flux profile is
used to estimate the heat flux width by averaging 20 frames (12.5 ms) of thermography
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data about the time of interest. The divertor heat flux width A, rwinv Y is found to range
from 88-116 mm in these discharges. When magnetically mapped to the outer midplane,
the magnetic flux expansion, fy, is 11.3< fi,< 12.6 as calculated from EFITO02
reconstructions and averaged spatially 5 mm radially outward from the outer strike point
and temporally over the same 12.5 ms as the heat flux profiles. This leads to an inferred
midplane heat flux width of A pwav™® =7.2 — 10.2 mm, which is in reasonable
agreement with other upstream quantities and with the SOL heat flux widths inferred for

blobs above.

10. Summary and discussion

Section 10(a) summarizes the results of this paper, Sec. 10(b) discusses some
open physics issues concerning the 2-D blob velocity, Sec. 10(c) discusses the definition
of a blob, Sec. 10(d) describes comparisons with previous experiments, and Sec. 10(e)

esuggests directions for further experiments.
a) Summary

This paper described the 2-D radial vs. poloidal blob structure and motion in the
edge and SOL of NSTX for representative Ohmic and H-mode discharges, as measured
using a gas puff imaging (GPI) diagnostic. A large database was made for these two
types of shots with individual blob amplitudes, spatial sizes, shapes, and velocities as a
function of radius, which was used for both empirical correlations and comparisons with
blob theory. This extends a previous paper on GPI results in NSTX in which only the

average blob properties for each shot were described [33].

In general, there was surprisingly little difference between the blob properties in
the SOL for Ohmic and H-mode discharges, as illustrated in Fig. 5. Typical average blob
velocities in the SOL were Vo ~ 2+1 km in the ion diamagnetic drift direction and Vg ~
0.5+0.5 km/sec in the outward direction, with spatial scales Ly, ~ 4+1 cm and L.g ~

2.5+1 cm. Elliptical fits to the blob structure had ellipticites of ~2+1 and tilt angles
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~90°+10°, i.e. with the long axis nearly in the poloidal direction. The clearest difference
between Ohmic and H-mode cases was found in the number of blobs detected near or just
inside the separatrix, which was much lower in H-mode plasmas than Ohmic plasmas.
As usual for blob studies in tokamaks, there was a fairly wide scatter in the individual

blob properties even for a given shot and radial zone, as illustrated in Figs. 4-6.

There was a clear trend for the blob V,,q in H-mode plasmas to increase with blob
amplitude (i.e. fi/n) in the binned data of Fig. 7(b), and for V4 to decrease with the blob
poloidal size scale Ly, in Ohmic plasmas in the binned data in Fig. 7(c). These trends
were less clear in the un-binned database due to the large scatter in Vyoq. The power law
fits to the trends in the binned data (Table 2) were qualitatively consistent with analytic
blob theory (Egs. 3 and 4), but with larger power law exponents. The radial profile of
Vg agreed fairly well with the sheath-connected blob model to within the joint
uncertainties, as shown in Fig. 8. The blob poloidal velocities were roughly consistent
with the expected ExB drift motion in the SOL, as shown in Fig. 9, although there were

also some systematic variations of Vo with the blob fi/n, as shown in Fig. 10.

The empirical relationships between the blob V. and V.4 at various radii did not
show strong correlations between these two speeds, as shown in Fig. 11 and Table 3.
There was also little or no empirical correlation between the blob tilts and their ellipticity,
as illustrated in Fig. 12. Finally, a theoretical model for the Reynolds stress-induced
poloidal blob velocity was tested using a Reynolds stress proxy [31], which suggested
that sheared flows both affect and are affected by the blobs, at least for the Ohmic cases.

b) Physics of 2-D motion of blobs

Perhaps the most interesting new result in this paper was the systematic increase
in the blob radial velocity with increased blob amplitude for the H-mode cases shown in
Fig. 7(b). Although such an increase is a robust prediction of blob models such as Eq’s.
[3] and [4], due to an increase in the blob poloidal electric field with increased blob

amplitude, to our knowledge this result was not found in any previous experiments. Also
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interesting was the decrease in blob radial velocity with blob poloidal size in Ohmic
plasmas as shown in Fig. 7(c), which is also qualitatively consistent with the decrease in
local poloidal electric field with blob size in the sheath-connected model of Eq. 3. Fig.
7(d) hints at a non-monotonic dependence of the radial blob velocity on blob poloidal
size in H-mode plasmas, which may be suggestive of inertial effects for smaller size
blobs.

The poloidal motion of blobs is less clearly defined in the analytic blob theory.

1

Small amplitude blobs should "go with the flow" in the poloidal direction, but in Ref.
[31] it was shown that in the Ohmic case the Reynolds stress arising from SOL currents
and radial inhomogeneity is of sufficient strength and direction to explain the Vi
reversal of blob tracks across the separatrix. If this nonlinear Reynolds mechanism is
correct, then it would be expected to drive V1 increasingly negative as Ayjob increases,
apparently consistent with the increase in the (negative) Ohmic V, at large Apiop> 4 (fi/n
>(0.75) in Fig. 10(a). On the other hand, Fig. 10(b) shows that for the H-mode cases with
Apiob > 4, Voo ~ —1 km/s at all radii. Several mechanisms particular to large amplitude
blobs can result in motion in the observed ion diamagnetic direction, such as positive
charging and rotation [31,44] or finite ion pressure [8,10,14,45]. However, at present it is

not understood why any of these mechanisms would result in a nearly constant V, for all

SOL radii when Ayop €xceeds a threshold.

c¢) Definition of a blob

The theoretical concept of an isolated blob in the SOL is well defined and allows
straightforward analytic modeling of blob motion [1-3]. However, the blobs observed in
tokamak experiments are never completely isolated, so there is no universal definition of
a blob in the experimental literature. The blobs in the present paper were defined by a 2-
D blob tracking algorithm appropriate for the GPI diagnostic (Sec. 4), but the blobs in 0-
D or 1-D measurements are defined differently, e.g. by a 2.5 x rms-level threshold [46],
and characterized by a threshold for the skewness or kurtosis of a single-point time series.

Thus it is difficult to compare results on blobs across different experiments, for example
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with respect to the blob creation process, the blob number density, and blob transport

effects.

This lack of clear definition for a blob is not surprising in the context of neutral
fluid turbulence, where the analogous concept of a ‘coherent structure’ is also not well
defined despite many years of research [47,48]. Coherent structures can sometimes be
seen clearly in fluids, e.g. as tornados in thunderstorms, or “bubble and spike” structures
in nonlinear Rayleigh-Taylor instabilities, but usually they are hidden within the
complexity of the turbulence. Although the initial search for ‘blobs’ in a tokamak edge
[49] was motivated by coherent structures in fluids, those results were negative, in that no
clear evidence for ‘coherent structure’ in plasma blobs was found. In the present paper
the strongest evidence for blobs as coherent structures is the degree to which the results

in Fig. 7(b) and 7(c) and Fig. 8 agreed qualitatively with analytic blob theory.

Further attempts to understand the role of blobs in the tokamaks edge could
attempt to directly compare specific blob measurements with synthetic diagnostics from
computational simulations. In that case a unique definition of a blob is not crucial, since
multiple aspects of the blob structure and motion can be compared. Clarification of the
physics of blobs can be pursued by a detailed comparison of the computational results

with the simplified analytic models.

d) Comparison with other tokamak measurements

The properties of blobs in the SOL of tokamaks were summarized in a review in
2011 [3]. There the radially outward blob speed ranged over V;,q ~ 0.2-3 km/sec and the
poloidal blob size scale ranged over L, ~ 1-8 cm (FWHM), with a slight tendency for
increased speed with increased blob size. The blob properties in the present paper are at
the low end of this velocity range and the high end of this size range. Comparisons of
the present results with some of the more recent measurements of blobs in tokamaks are

summarized below (see also other papers in this Special Issue).
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Blob sizes and velocities in the Alcator C-Mod SOL were measured in Ohmic
plasmas using 2-D GPI data with a blob tracking algorithm with [50]. Blob sizes were in
the range Lpoi~ Liag~ 0.7 cm, which is about x4-6 smaller than those in NSTX, most
likely due to the 10x larger toroidal field in C-Mod (B=5 T). The radial blob velocities
were Viag ~ 0.1-0.4 km/sec outward, similar to those in NSTX, while the poloidal blob
velocities Vpoi~0.1-0.4 in the ion diamagnetic direction, somewhat lower than those in
NSTX. Intermittent fluctuations were also studied in C-Mod using time series of GPI
data [51], which showed large amplitude bursts with a fast rise and slow decay, which

were characterized by a stochastic model.

Recent measurements of blobs were also done using GPI in the SOL of L-mode
and H-mode plasmas in ASDEX upgrade [22]. The average poloidal blob sizes were L,
~1.5 cm (FWHM) in Ohmic L-mode and H-mode, with a broad distribution of size scales
in both cases. These sizes are about 3x smaller than those in NSTX (e.g. Fig. 5), most
likely due to the 5x larger toroidal field in ASDEX (B=2.5 T). The radial blob velocities
in ASDEX were Vi ~ 0.3 km/sec in both Ohmic L-mode and H-mode, which is similar
to the radial blob speeds seen in NSTX. There was a reversal of Vo in Ohmic L-mode
plasmas near the separatrix, and a similar blob detection rate in Ohmic than in H-mode,
both of which are similar to the NSTX results of Fig. 5. The radial blob velocities were
also measured in ASDEX upgrade in L-mode plasmas using a 1-D Li-BES array [52],
and these velocities decreased with increased blob size, similarly to the sheath-connected

blob model and at least qualitatively similar to the results of Fig. 7(c) here.

Probe measurements of blobs in the SOL of NSTX [32] were generally similar to
blobs seen by GPI, as discussed there. Probe measurements of SOL density fluctuations
in MAST were recently compared with predictions of the ESEL turbulence code [53],
and distributions of the measured radial size and perpendicular velocity of the filaments
(i.e. blobs) appear to agree with those of the code. The fluctuations measured using
probes in the SOL of TCV [54] were analyzed as a superposition of uncorrelated burst

events, such that the average plasma density and fluctuations in the far SOL are due to
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the radial motion of blob-like structures. This statistical model appears to be at least

qualitatively similar to the picture of blobs provided in the present paper.

e) Experimental directions

There are many possible directions for further experimental work on blobs in the
SOL of tokamaks. Of fundamental diagnostic and physics importance would be the
direct measurement of the 2-D structure of the density and temperature within blobs,
perhaps using the Hel line ratio technique [55]. In addition, it would be valuable to have
independent measurements of the SOL plasma flows and electrical currents on a blob

timescale, e.g. using Mach probes and magnetic probes [56].

Although some good work has been done on the parallel correlation of SOL
turbulence in tokamaks [29,57], it would be highly interesting to image the entire 3D
filamentary structure of blobs, e.g. to determine the effect of the X-point region and to
examine how blobs connect to the divertor plate. This would most likely require multiple
camera views and sophisticated image reconstruction. Finally, it might be possible to
develop active blob control techniques to help manage heat and particle removal at the
tokamak wall; in particular, if the blob radial velocity can be increased, the SOL width
should be increased. To this end, it would be useful to study ‘seeded’ blobs in the edge
of a tokamak using highly localized edge sources, e.g. pulsed electron cyclotron heating

or shallow pellets or dust.

Even without additional diagnostics, the analysis of blob structure and motion in
the existing 2D imaging data can be significantly improved by allowing a variable blob
fitting shape to better track the collisions, merging, and/or splitting of blobs. It is clear
from viewsing the movies of the present data [58] that there are many interesting features

of blobs in the SOL of NSTX which have not been identified by the present analysis.
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Table 1: Parameters for this database

Ohmic H-mode
shot range 141746-756 | 140389-395
time range (sec) 0.213-0.214 | 0.535-0.550
I, (kA) 830 830
B: (kG) 3.6 4.9
kappa (elongation) 1.9 24
Winng (kJ) 32 220
n. average (10”° cm™) | 1.6 5.2
Py MW) 0 4.0
Te(0) (eV) 530 920
n.(0) (10" cm™) 2.3 5.6
Te(a) (eV) 13+6 29+17
ne(a) (10" cm™) 0.37+0.23 | 0.92+0.54
Te @ -2 cm (eV) 23+4 134453
n.@-2cm (10" cm™) | 0.47+0.17 | 2.1+0.47
ps (cm) @ -2 cm 0.2 0.3
Tei (Usec) @ -2 cm 0.5 1.5
Be @ -2 cm 0.0003 0.005
# of blobs identified 28,800 18,800
# of blob trails 2600 820
blob trail lifetime (us) | 23 36

Table 2: Blob radial velocity vs. i/n and L, (power law and R values)

Vrad vs. fi/n | Vrad vs. /n | Vrad vs. Lpol | Vrad vs. Lpol

Ohmic H-mode Ohmic H-mode
0 cm 1.50 (0.73) | 4.4(0.92) -0.84 (0.65) -0.58 (0.29)
+2 cm 0.10 (0.15) |3.3(0.97) -0.67 (0.81) 0.29 (0.10)
+4 cm 0.32 (0.60) | 1.7 (0.95) -0.53 (0.76) -0.20 (0.36)
+6 cm 0.44 (0.53) | 1.5(0.93) -0.33 (0.55) -0.22 (0.25)
Table 3: Linear fit coefficients of Vp, vs. Vg (R values in parentheses)

Ohmic H-mode

0 cm 0.60 (0.21) 1.1 (0.53)
+2 cm 0.28 (0.13) 2.1 (0.52)
+4 cm 0.06 (0.03) 2.1 (0.56)
+6 cm -0.030 (0.02) | -0.31(0.25)
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Figures

Fig. 1 - In (a) and (d) are the profiles of n. and T, from Thomson scattering for the H-
mode and Ohmic discharges in this paper, averaged over the 7 shots of each type. In (b)
and (e) are the radial gradients of these n. and T, profiles, and in (c) and (f) are the radial

ne and T, scale lengths. The error bars represent the shot-to-shot standard deviations.

Fig. 2 — Regime diagram for blob propagation in the parameter space of the collisionality
parameter A and blob size © (see text for definitions). Regimes are: inertial (IN),
resistive X-point (RX), sheath connected (SC) and sheath interchange (CI) (see [26] for
details). Ohmic (blue) and H-mode (red) data are shown for parameters characteristic of

the separatrix, i.e. at 0 cm ("Sep") and of the far SOL, at 6 cm ("SOL").

Fig. 3 — Sample blob trails in the GPI radial vs. poloidal plane for an Ohmic shot (left,
#141746) and H-mode shot (right, #140395), showing all blobs in a 1 msec period for
Ohmic and a 2 msec period for H-mode. The ellipticity and tilt of the initial location of
each blob is shown by the ellipses (but the size is not drawn to scale). More blobs are
born inside the separatrix (dashed lines) in Ohmic plasmas than in H-mode. The RF

limiter shadow is shown by the dotted line. Blob quantities are defined at the right.

Fig. 4 — All blobs from the database for Ohmic (left) and H-mode (right) discharges,
plotted with respect to the distance from the local separatrix. Parts (a) and (b) show the
normalized blob amplitudes, parts (c¢) and (d) show the radial blob velocities (km/sec),
and parts (e) and (f) show the poloidal blob velocities (km/sec). There is a large spread in

these blob properties at each radius, but also some systematic trends vs. radius.

Fig. 5 - Average blob properties for Ohmic (blue) and H-mode (red) plasmas as a
function of distance from the local separatrix. Part (a) shows the number of blobs per
frame Npjop, part (b) shows the normalized blob amplitude Ayob, parts (c) and (d) show
the blob poloidal and radial velocities Vo1 and Viag in km/sec, parts (e) and (f) show the
blob ellipticity and tilt angle (in degrees), and parts (g) and (h) show the blob poloidal
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and radial scale lengths Ly, and Lyg (FWHM). Except for the blob number distribution,

the average blob properties in the SOL are similar between the Ohmic and H-mode cases.

Fig. 6 - Distribution of the number of blobs in various radial zones as a function of the
blob radial velocity in (a) Ohmic and (b) H-mode, and as a function of the blob amplitude
in (¢) Ohmic and (d) H-mode plasmas. The radial velocity distributions V4 are always
broad, with average outward (positive) velocities in all cases, but with a significant
number of inward velocities, especially near the separatrix. The number of blobs is

generally a strongly decreasing function of the amplitude Apiop.

Fig. 7 - Blob radial velocity vs. equivalent blob fluctuation level fi/n=1-1/Api, for (a)
Ohmic and (b) H-mode plasmas, binned in units of 0.1 in @i/n. Part (b) shows a clear
trend for V4 to increase with fi/n for H-mode plasmas. The blob radial velocity vs. Ly
are shown in parts (c) for Ohmic and (d) for H-mode, binned in units of 0.1 cm in L.
Part (c) shows a clear trend for V.4 to decrease with L, for Ohmic plasmas. Each set of
data is fit by a power law curve with exponents shown in Table 2, and standard

deviations of the blob distributions in selected bins are shown as error bars in (b) and (c).

Fig. 8 - Comparison of average blob radial velocity vs. analytic models for sheath
connected (sc) and inertial (in) for (a) Ohmic and (b) H-mode plasmas. The measured
radial blob velocities are generally similar to the sheath-connected model velocities but
lower than inertial velocities, although there are significant uncertainties in the model

estimates, especially in the SOL.

Fig. 9 - Comparison of the average blob poloidal velocity vs. analytic models for the
poloidal electron diamagnetic flow speed Vg, and the poloidal ExB flow speed Vgys.
The measured poloidal blob velocities are in the ion diamagnetic direction in the SOL
and close to those expected from the Vg due to the sheath potential (estimated from the

Te gradient).
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Fig. 10 - Blob poloidal velocity Vi vs. blob fluctuation level fi/n=1-1/Ayqp for (a) Ohmic
and (b) H-mode plasmas, binned in units of 0.1 in fi/n. There is a trend for Vo to
become increasingly negative for high fi/n in Ohmic plasmas for radii from +2 to +6 cm,

and for V| for H-mode plasmas to peak in the negative direction near fi/n~0.5-0.6.

Fig. 11 — Poloidal blob velocity V, vs. radial blob velocity V.4 for radial zones in the
SOL, with Ohmic plasmas at the left and H-mode plasmas at the right, along with linear
fit lines in blue. There is little correlation of Vo and Vg for the Ohmic cases, as shown
by the R values in Table 3, but there is a moderate correlation of Vo and V.4 for the H-

mode cases at 0 cm to +4 cm.

Fig. 12 - Plots of the blob tilt angle vs. ellipticity for Ohmic (left) and H-mode (right) for
various radial zones in the SOL, along with linear fits in blue (tilt is defined in Fig. 3).
The average tilt angles are near 90° (black lines), corresponding to blobs elongated in the

poloidal direction. There is little or no systematic variation of tilt with ellipticity.

Fig. 13 - Radial profiles of the Reynolds stress proxy (RSP) for all (a) Ohmic and (b) H-
mode plasmas, along with smoothed fits to the RSP data (purple lines) and the average
blob V, profiles (in units of km/sec/10). The Ohmic RSP data suggests that blobs and
flows mutually affect each other, while the H-mode data suggests that flows affect the
tilting of the blobs, but the blobs do not dominate the creation of the flows.
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